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ELEMENTARY PHYSICOCHEMICAL PROCESSES

FORMATION OF IONIC NETWORKS IN MOLTEN SALT MIXTURES. 
COMPUTER EXPERIMENT
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Abstract. Molten salts are used as heat-conducting media in liquid salt reactors and solar installations. 
Knowledge of the thermal conductivity of molten salt is necessary for the safe operation of these units. 
Computational methods are an alternative way to the hard-to-reach experimental way of determining thermal 
conductivity. In this work, the temperature dependence of the thermal conductivity of the molten salt FLiNaK, 
as well as this molten salt with NdF3 dissolved in it, was calculated using the method of equilibrium molecular 
dynamics. The temperature trend of thermal conductivity, as well as its change after the dissolution of NdF3 
in FLiNaK, is explained based on the determination of the dynamic network of ionic bonds that exists 
in the molten salt model. Networks of ionic bonds were established with an upper limit of interionic distance 
of 0.2 nm for both types of salt melts and with a limit of 0.27 nm for the Nd–F network in a melt containing 
NdF3. These networks of bonds appear in different parts of the system over time and may disappear completely. 
The total number of dynamic network nodes, determined during the correlation of heat flows, has an impact 
on the thermal conductivity value of the simulated system. A new method for interpreting the temperature 
behavior of the thermal conductivity of molten salt in a computer model can be used for predictive purposes 
when fluorides of various lanthanides and actinides are dissolved in salt melts.

Keywords: dynamic ionic bond, fluoride, molecular dynamics, molten salt, phonon, thermal conductivity
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1. INTRODUCTION
The  interest in  molten fluoride salts is  largely 

dictated by their use in liquid salt reactors (LSRs) [1, 
2]. Depending on the type of reactor, liquid fluoride 
salts can act both as a coolant and simultaneously 
as a  solvent for  nuclear fuel. Such application 
of fluoride salts is connected with their stability under 
irradiation, minimal parasitic absorption of neutrons 
and relatively low melting point. High-temperature 
molten salt acts as a heat accumulator and is used as 
a coolant in solar thermal power plants, which provide 
uninterrupted power supply during peak hours [3]. 
Due to high fluorine activity, low-molecular fluorine 
polymers are able to form new analogs during pyrolytic 
processing [4].

In  spent nuclear fuel (SNF) reprocessing, the 
goal is to extract and separate from each other all 

useful elements, including rare earth elements, 
and to minimize radioactive waste. Rare earth 
elements are practically significant. They are used 
in the development of fiber optics, electron beam tubes, 
and liquid crystal displays [5]. Rare earth elements 
have properties similar to those of actinoids. The rare-
earth element neodymium (Nd) is  a  constituent 
of  spent nuclear fuel. The  element Nd is  non-
radioactive and can serve as an actinoid simulant 
in model experiments on nuclear fuel reprocessing.

Molten salts are  an unsafe corrosive medium. 
This dictates the need to know their thermophysical 
properties, the  key among which is  thermal 
conductivity [6, 7]. The  error of  determination 
of experimental data on thermal conductivity is high, 
and the accuracy of calculated data is questioned 
[8, 9]. According to  traditional ideas, thermal 
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conductivity should be inversely proportional 
to the distance between atoms [10]. Fluoride molten 
salts have a positive coefficient of thermal expansion 
[11]. With increasing temperature, the interatomic 
distances in fluoride salt melt increase. Therefore, 
its thermal conductivity should decrease. However, 
many experimental data indicate that the thermal 
conductivity of these systems increases with increasing 
temperature [12, 13].

There is  an opinion that the  non-standard 
behavior of  thermal conductivity with increasing 
temperature of  the  system is  due to  the  neglect 
of contributions due to  radiation and convection. 
This is  supported by data for  single-component 
chloride salts obtained by the  method of  forced 
Rayleigh scattering [14]. The scattering data show 
a  negative temperature trend for  the  thermal 
conductivity of the salt. However, the same method 
applied to a fluoride salt (FLiNaK) indicates a small 
but slightly positive temperature trend [15]. Such 
studies were performed for  FLiNaK of  eutectic 
composition (LiF-NaF-KF (46.5–11.5–42 mol%). 
Measurements are performed at time intervals (μs) 
and distances (μm) too short for convection to play 
a role in heat transfer. The radiative contribution 
in this method of heat transfer measurement is also 
small. Thus, so far, no reasonable explanation has 
been given for the phenomenon of increasing thermal 
conductivity of fluoride salt melt with increasing 
temperature.

The  term phonon or a  quantum of  energy 
of elastic vibrations of a medium was interpreted up 
to a certain time as a coordinated vibrational motion 
of atoms of a solid body. However, gradually this 
term was extended to the liquid state. In a simple 
liquid, collective excitations of acoustic type with 
short waves were found in liquid rubidium [16]. They 
appear due to the viscoelastic response of the liquid. 
In  multicomponent liquids containing charges 
of both signs, collective excitations of both acoustic 
and optical types have been experimentally found 
[17]. The appearance of the latter can be caused by 
the vibrational process of mutual diffusion of ions.

Some experimental and theoretical facts confirming 
the  existence of  phonons in  alkali metal halide 
melts can be cited. The study of phonon dynamics 
of molten NaI by inelastic X-ray scattering has shown 
the possibility of propagation of a fast sound mode, 
about 45% higher than the speed of sound propagation 
in  the ultrasonic range [18]. Optical phonon-like 

excitations were found computationally in molten 
NaCl [19]. The authors suggest that such excitations 
can be associated with rapid fluctuations of the mass 
concentration (charge in  NaCl). The  presence 
of  mutual dependence of  the  wave sources leads 
to the joint generation of waves of different nature [20].

The  aim of  the  present work is  to  determine 
the temperature trend of thermal conductivity of pure 
molten FLiNaK as well as this salt mixture with 
dissolved neodymium trifluoride (NdF3), the molar 
concentration of which was 15 mol%.

2. COMPUTER MODEL
Molecular dynamic (MD) modeling was 

performed using the  FLiNaK model containing 
20000 particles. The composition of the salt mixture 
(LiF-NaF-KF) was defined as 46.5–11.5–42 mol.%, 
i. e., corresponding to  the  eutectic composition 
of FLiNaK. Thus, the model consisted of 9300 ions 
of the LiF component, 2300 ions (NaF) and 8400 ions 
(KF). Integration of  the equations of motion was 
performed with a time step of 0.1 fs. The Nose-Hoover 
thermostat and barostat were used in the calculations.

The interaction between ions in molten FLiNaK 
salt mixture was determined using the Born-Huggins-
Meyer potential [21]. This means that molten FLiNaK 
was modeled as a system of point charges in a medium 
with unit dielectric permittivity, i. e., polarizability 
effects were not taken into account. The  basis 
for the representation of the potential is the Born 
solid sphere model. The  total energy describing 
the interaction between ions in the Fumi-Tosi form 
[22] is represented as

	 U r U r U r U rij
tot

ij
rep

ij
disp

ij
q q( ) ( ) ( ) ( )� � � � .

The  contribution Uij
rep, describing short-range 

repulsion, characterizes the  “overlapping” forces 
arising between ions. The form of repulsive interaction 
was proposed by Huggins and Mayer [21]:

 
	U r A

r
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r
ij
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� ��

�
�

�

�
� �

��
�
�

�
�
�exp exp

� �
�

�
�
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Here, the  parameter A  for  the  ions included 
in FLiNaK was determined by the Poling parameters 
[23], and  for  the  description of  the  interaction 
of neodymium with FLiNaK, the value of A was 
established by quantum mechanical calculation 
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[24]. The parameters σi and σ j  are defined as “base 
radii” for  ions i  and  j; �ρ is a “stiffness parameter” 
characterizing a particular salt.

The  van der Waals-type dispersion forces are 
written as

	 U r
C

r

D

rij
disp ij ij
( ) ,� � �

6 8

here Cij  and Dij  are  the dipole-dipole and dipole-
quadrupole dispersion coefficients, respectively, 
obtained by Mayer from quantum mechanical 
calculations based on  experimental data on  UV 
absorption; it  has been shown that higher-order 
interactions are negligibly small [25].

The last contribution is determined by the pairwise 
Coulomb interaction:

	 U r
q q

rij
q q i j� �( ) ,

Where qi  and q j  are ion charges.
The Born-Huggins-Meyer potential parameters 

for  the  components of  the  molten FLiNaK salt 
are shown in Table 1 [26].

The interaction parameters of FLiNaK melt ions 
with NdF3 additive were determined in  separate 
calculations using density functional theory 
(DFT) [24]. These data are summarized in Table 2. 
The dispersion interaction was absent in this case, i. e., 
it was assumed that Cij  = 0 and Dij  = 0.

When using periodic boundary conditions (PBCs), 
the Coulomb interactions between ions were calculated 
using the Particle-Particle-Particle-Mesh (PPPM) 
method [27]. The data obtained in MD calculations 
using PPPM can be extended to the case of confining 

the  basic MD cell to  atomically smooth metal 
walls, on which the energy stability of the deposited 
atom is independent of the adsorption site [28]. As 
in the work [24], the modeling involved two steps. First, 
melting of LiF, NaF, KaF, and NdF3 crystals in NVT 
ensemble was carried out. The system was superheated 
to 3000 K and good mixing in the equilibrium melt 
was achieved within 0.5 ns. The second step (under 
NPT and  NVE ensemble conditions) involved 
bringing the system to the experimental density value, 
geometric optimization, relaxation and calculation 
of physicochemical properties. After 2.5 ns, when 
the  system reached equilibrium, we proceeded 
to calculate the thermal conductivity (λ). Fig. 1 shows 
the FLiNaK-NdF3 (15 mol%) system before melting 
and  upon completion of  the  equilibrium melt 
at T = 1020 K (right).

We will establish categorical collective oscillations 
in the model based on the composition of the salt melt. 
This is due to the fact that ions having the same electric 
charge but differing in size and mass behave differently 
in the molten salt. The content of bonds in the system 
was monitored by a special program written by us, 
with the help of which it was possible to determine 

Table 1. Parameters of the Born-Huggins-Meyer potential for the components of the molten FLiNaK salt [26]

Ion pair A, eV σ, Å ρ, Å Cij, eV ‧ Å6 Dij, eV ‧ Å8

F– – F- 0.15795 2.358 0.330 10.31 12.26
F– – Li+ 0.29007 1.995 0.299 0.449 0.374
F– – Na+ 0.21096 2.349 0.330 2.8 2.37
F– – K+ 0.21096 2.642 0.338 12.17 13.107

Li+ – Li+ 0.42192 1.632 0.299 0.0455 0.0187
Li+ – Na+ 0.29007 1.986 0.3145 0.54 0.25885
Li+ – K+ 0.29007 2.279 0.2855 7.6 7.49

Na+ –Na+ 0.2637 2.340 0.330 1.04 0.499
Na+ – K+ 0.2637 2.633 0.334 8.1 7.7345
K+ – K+ 0.2637 2.926 0.338 15.16 14.97

Table 2. Parameters of  interaction of  Nd3+ with components 
of molten salt

Ion pair A, eV ρ, Å σ, Å
Nd3+ – Nd3+ 0.723 0.117 1.96

Nd3+ – F- 1.634 0.3328 2.31
Nd3+ – Li+ 0.012 0.110 1.74
Nd3+ – Na+ 0.028 0.121 2.00
Nd3+ – K+ 0.032 0.146 2.36
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which ions and in what quantity form a bond network 
with a certain size of bond length. First of all, when 
studying the systems FLiNaK and FLiNaK+ NdF3, 
we were interested in the number of Li+ bonds with F-. 
This is because Li+ ions are the most representative 
among the positive ions in these systems. In addition, 
they are the most dynamic ions that respond more 
sharply than all other positive ions to  changes 
in external conditions, i. e., temperature and density. 
Finally, these ions form the closest instantaneous 
bonds with F- ions, characterized by the  shortest 
bond length. According to [29], a chemical covalent 
bond between pairs of  Li-F and  Nd-F atoms 
is formed when they approach each other at distances 
of  0.185 and  0.258, respectively. The  program 
for determining the bonding of ions in the system 
analyzed the coordinates of all ions in the system 
recorded at equal time intervals (5 ps). Using this 
program, it  was found that at  all temperatures 
and  densities considered, bonds with lengths no 
greater than 0.2 nm are established almost exclusively 
between the Li ions+ and F-. All other positive ions 
accounted for less than 0.1% of such bonds with F- 
ions. Thus, the value of 0.2 nm served as the main 
bonding parameter in the models of the studied salt 
melts. Due to the large charge, Nd3+ ions are much 
more strongly attracted to F- ions than univalent ions. 
Therefore, when the system with dissolved NdF3 was 
investigated, attention was also paid to the formation 
of a bonding network consisting of Nd3+ and F- ions. 
In this case, a value of 0.27 nm served as the threshold 
value for bond formation. Both threshold distances 

(0.20 and 0.27 nm) fall in the range between the first 
maximum and minimum of the corresponding partial 
radial distribution function. The minimum distance 
between Li+ and F- ions in molten FLiNaK and this 
salt containing neodymium trifluoride at different 
temperatures was ~0.14–0.17 nm, and between Nd3+ 
and F- ions was 0.203–0.207 nm.

The  principle of  operation of  the  connectivity 
program is based on the selection of distances between 
all (or some specific) positive and all negative ions 
of the system that satisfy the connectivity condition. 
When the list of such distances was saved, the numbers 
of  ions between which these small distances were 
set were simultaneously saved. After complete such 
processing of the entire configuration, the connectivity 
of  the  selected charged particles was analyzed 
on the basis of the stored numbers of the selected 
ions. The necessary condition for obtaining a cohesive 
structure, i. e., a network, was the presence of at least 
two bonds (close neighbors) for each selected ion. 
In other words, the number of each bonded ion had 
to appear in the list of numbers at least twice. Thus, 
at the output we had the coordinates and numbers 
of the ions forming the linked network. Now, in order 
to establish the numbers and quantities of different 
ions forming the network, it was enough to perform 
another reduction of  the  list of  ions so that each 
of the ions forming the network appeared in it once. 
As a result, we obtained the numbers, and, hence, 
the  coordinates of  the  ions forming the  network 
of bonds. In addition, the minimum and maximum 
distances in  the  resulting bond network were 

F3

LiF

NaF

KF

Fig. 1. General view of the FLiNaK + 15 mol.% NdF3 system before MD calculation (t = 0 s, shown on the left), and at the end 
of the calculation when the melt was obtained at T = 1020 K (t = 2.5 ns, shown on the right).
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determined. The  number of  ions (both positive 
and negative) forming a bonded network is visualized 
in relative units or percentages with respect to the total 
number of ions in the system. In the following, two 
types of dynamic categorical bonds will be considered, 
whose lengths do not exceed 0.2 nm and 0.27 nm. 
The former are mainly related to the Li+ -F- ion pair, 
and the latter to the Nd3+-F- pair.

The thermal conductivity of the pre-equilibrated 
structures was calculated according to  the Green-
Cubo formalism [30]:

	
�� � �� � � � �

�

�
1

0
2

0k VT
S t S t

B

d
, 

where kB  is the Boltzmann constant, t is time, T and V 
are the temperature and volume of the system, and 
S t S� �� � � �0  is the current autocorrelation function 

of the α component of heat. The total correlation time 
was 50 ps and the simulation was run for 2.1 ns.

Each of the components α = x, y, z of the heat flux 
was determined according to the expression:

 
	S m u r r F

i

N

i i
j i

N

ij i
i

N

j i

N

ij ijV V V� � ��

�
�
�

�

�
�
�

� � ��
� � � �
� � ��1

2
1
2

1

2

1
ii , 

where mi, vi are the mass and velocity of the i ion; 
u rij� � is  the  contribution to  the  potential energy 
from the interaction between the ions i and  j, and 
rij  is the distance between these ions; the strength 
of the interaction between the ions i and j is denoted 
as Fij; N is the number of ions in the system.

Here, the first summand reflects the flux of total 
energy, while the second summand reflects the flux 
associated with the  forces acting between atoms. 
The value of λ was determined as an arithmetic average 
for its three components (λx, λy and λi).

3. MODELING RESULTS
The  distribution over the  number of  nodes 

in  the  bond network during the  correlation 
time for  the  thermal conductivity calculation 
of  the FLiNaK+15 mol% NdF3 system is  shown 
in Fig. 2. Fig. 2a shows the number of nodes formed 
by Li+ and F- ions in  the network, while Fig. 2b 
shows the number of nodes in the network formed by 
Nd3+ and F- ions. In both cases, the number of grid 
nodes is presented as a percentage of the total number 
of ions in the whole system. It is clear from the figure  

that those and  other networks of  closely related 
ions can appear and disappear during the evolution 
of the system. The number of Li+ ions in the system 
exceeds the number of Nd3+ ions more than 5 times. 
Therefore, the  networks formed involving Li+ 
ions are more representative. It can be noted that 
the average number of nodes in the Nd-F network 
decreases with increasing temperature, starting from 
T = 850 K. However, this pattern is not observed 
in the case of the Li-F network.

Li+ ions fill the whole volume of  the MD cell 
reflecting the  FLiNaK+15 mol% NdF3 system 
(Fig. 3). However, it  cannot be said that their 
distribution over the cell volume is homogeneous. 
The  periphery of  the  cell is  less populated with 
Li + ions, than the center of the cell. This is probably 
due to  the  specificity of  the  periodic boundary 
conditions in a disordered multicomponent ionic 
system.

Fig. 4 shows the  largest observed ionic Li-F 
network in the system with NdF3. It should be noted 
that in general the time fluctuating Li-F networks 
in  the  system containing NdF3 incorporation 
are more representative than those in pure FLiNaK 
under similar external conditions. It  means that 
dilution of  the salt melt by introduction of much 
heavier trivalent ions Nd3+, as well as introduction 
of  imbalance between the  number of  positive 
and  negative ions in  the  studied system (while 
maintaining the equality of common charges between 
those and other ions) promotes the convergence of Li+ 
and F- ions and their unification into a single network 
with the network link size ≤ 0.2 nm.

Heavy Nd ions+ are  distributed unevenly over 
the MD cell volume (Fig. 5). This non-uniformity 
may be due to a number of factors present in the model 
system (the shape of the interaction potentials used, 
neglecting the effect of polarizability on ion interaction, 
the influence of periodic boundary conditions, etc.). 
However, it is possible that such inhomogeneity will 
also occur in real molten salt systems due to some 
other reasons, such as insufficiently effective mixing. 
Trivalent Nd3+ ions tend to retain F- ions near them. 
Due to the low mobility of Nd3+ ions, their distribution 
pattern in the MD cell does not change much with 
increasing temperature. In  this case, temperature 
changes in  the morphology of  the Nd-F network 
occur mainly due to the much more mobile F- ions. 
The Nd-F network obtained at 1020 K appears as an 
irregularly shaped cluster (Fig. 6). At all temperatures 
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Fig. 2. Relative number of interconnected positive and negative ions in the FLiNaK+15 mol.% NdF3 system: (a) forming Li+ – 
F– bonds with the length not exceeding 0.2 nm and (b) Nd3+- F- bonds with the length ≤0.27 nm; the dashed line and figures 
show the average values of the number of interconnected ions Nb; the temperature to which the obtained dependence applies 
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Fig. 3. Placement of Li ions+ in the system FLiNaK+15 
mol% NdF3 (800 K) at the end of the calculation.
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Fig. 4. Nodes of the largest bond mesh with bond lengths 
of  0.2 nm or less between positive and  negative ions 
in the FLiNaK+15 mol% NdF3 system at 800 K.
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considered, the size of Nd-F networks is  inferior 
to that of Li-F networks. However, their appearance 
should also influence the  value of  the  thermal 
conductivity coefficient of the salt mixture.

The average number of ions forming a temporary 
bonding network in  the  molten salt systems 
FLiNaK and FLiNaK+15 mol% NdF3 as a function 
of temperature is shown in Fig. 7. As can be seen from 
the figure, the average number of Li+ and F- ions 

creating a network in the system containing Nd3+ ions 
at all considered temperatures exceeds the analogous 
characteristic for  the  same ions in  the  FLiNaK 
system. The Nd3+ and F- ions creating their network 
increase the aggregate of ions producing temporary 
ionic networks, bringing their average number 
in the temperature range 750 ≤ T ≤ 1020 K to 8.05% 
of the total number of ions in the system. In pure 
molten FLiNaK over the same temperature range, 
the average fraction of Li+ and F- ions producing ion 
networks was 5.10%. Thus, dissolution of neodymium 
trifluoride in  molten FLiNaK increases ion 
network formation, which in  turn enhances 
the thermal conductivity of the salt melt. The trend 
of  the  temperature dependences is  represented 
in Fig. 7 by dashed lines. The upper dashed lithium 
line reflects a  linear approximation of  the  two 
temperature dependences shown in  the  figure 
for the system containing Nd3+ ions, while the lower 
dashed line refers to pure FLiNaK. It can be seen 
that in the case of both systems, the fraction of ion 
network nodes decreases with increasing temperature. 
We believe that the appearance of  ionic networks 
is  an important factor in  increasing the  thermal 
conductivity of the system. Therefore, in both systems 
we should expect the thermal conductivity to decrease 
with increasing temperature.

Z

X
Y0.2 nm

Fig. 5. Placement of Nd3+ ions in the FLiNaK+15 mol% 
NdF3 system at the end of the calculation at 1020 K.

Z

X Y0.2 nm

Fig. 6. Bond mesh nodes between Nd3+ and  F- ions 
in the FLiNaK+15 mol% NdF3 system with bond lengths 
of 0.27 nm or less at the end of the calculation at 1020 K.
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Fig. 7. Temperature dependence of  the  relative number 
of bound ions for the systems: FLiNaK and FLiNaK+15 
mol.% NdF3; dotted line is  a  linear approximation 
of the presented dependences; in the Fig. the term “total 
number” means that the bond lengths Lb of  all positive 
ions with F- not exceeding 0.2 nm and Lb of dissolved ions 
with Nd3+–F– bonds not exceeding 0.27 nm are  taken 
into account.



ADVANCES IN CHEMICAL PHYSICS  Vol. 44  No. 1  2025

10	 GALASHEV	

Fig. 8 shows the  temperature dependences 
of thermal conductivity of molten salt mixtures of 
FLiNaK and FLiNaK+15 mol% NdF3 calculated 
by our MD model. The experimental temperature 
dependence of  pure FLiNaK obtained by laser 
flash method [31] is  also shown here. As can 
be seen from the  figure, all the  dependences 
presented therein have a  negative temperature 
trend. In addition, each of the dependences is well 
approximated by a  linear approximation. A good 
agreement between the  calculated data for  pure 
FLiNaK and  the  corresponding experimental 
data is  observed. The  coefficient λ obtained 
at  all considered temperatures for  the  salt melt 
with dissolved NdF3 turns out to be higher than 
the corresponding coefficient calculated for pure 
FLiNaK. On average, the difference between thermal 
conductivities of FLiNaK and FLiNaK+15 mol% 
systems at the temperature range 750 ≤ T ≤ 870 K 
amounted to 6.7%. There is reason to believe that 
the increase in thermal conductivity in the salt melt 
containing NdF3 is achieved by increasing the size 
of  pulsating ionic networks when this additive 
appears in  FLiNaK. The average size of  ionic 
networks in systems with NdF3 increased by 25.2% 
in the temperature range over which the thermal 
conductivity was determined.

4. DISCUSSION OF RESULTS
In  common parlance, thermal conductivity 

describes how easily a  material can transfer heat 

in the presence of an applied temperature gradient. 
Lattice heat conduction is usually referred to as heat 
conduction due to vibrations of lattice ions in a solid. 
The interaction of phonons causes anharmonicity 
of  the  vibrations. The  interaction of  two modes 
�1 1,q� � and  �2 2,q� � may result in  a  third mode 
�3 3,q� �. A nonzero probability of this process exists if:

	 � � �1 2 3� �  and �q q q Q1 2 3� � � ,

if Q is equal to the inverse lattice vector, the so-called 
overshooting process occurs. In this case, the total 
phonon flux changes direction. It is the overshooting 
processes that cause thermal resistance, not 
the  normal processes when Q  = 0. The  physical 
mechanisms explaining the  thermal conductivity 
of molten salts are still insufficiently understood.

There are  experimental facts indicating 
the  dependence of  thermal conductivity on  the 
coordination number and  degree of  bonding 
of  atoms in  various systems with covalent bonds. 
It has been shown that when a-SiO, a-SiC and a-Si 
films are hydrogenated, their thermal conductivity 
can decrease up to 2 times [32]. It was found that 
the speed of sound, atomic density and heat capacity 
cannot explain the measured decrease in  thermal 
conductivity of thin amorphous films. Energy transfer 
occurs through a non-hydrogen network of atoms. 
The disruption of the cohesion of the basic atoms 
is the reason for the decrease in thermal conductivity 
of amorphous films.

The  rupture of  the  continuity of  the  medium 
can lead to a sharp decrease in thermal conductivity. 
Thus, in the case of strengthening of aluminum-based 
composite material by reinforcing with graphene 
flakes, the  thermal conductivity of  the composite 
decreased (relative to aluminum) by 9 times [33].

The  thermal conductivity of  a  thin film 
of aluminum nitride decreased by a factor of 3.6 during 
its heating from 100 K to 400 K [34]. The authors 
explain the sharp decrease in thermal conductivity 
by the  formation of  vacancies during heating, 
the presence of which causes the greatest dissipation. 
At the same time, 50% of the thermal conductivity 
was provided by phonons with a wavelength less than 
0.3 μm.

The  thermal conductivity can be controlled 
by changing the  coordination of  atoms. Based 
on  MD modeling, it  was shown that the  mass 
density and  coordination of  atoms significantly 

Т, К
750 780 840810 870

λ, W/m·K

0.6
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FLiNaK + 15 mol.% NdF3 (MD)
pure FLiNaK (MD)

pure FLiNaK (experiment)

Fig. 8. Thermal conductivity of  the  FLiNaK 
and  FLiNaK+15 mol% NdF3 systems determined 
in  the  molecular dynamic calculation (present work) 
and  in  the  λ coefficient experiment by laser flash 
method [31].
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affect the  fundamental vibrational characteristics 
of the a-SiC: H system [30]. The median coordination 
of atoms increases with increasing density, which 
entails a linear increase in thermal conductivity.

Ions in  the salt melt oscillate and are exposed 
to  thermal energy. In collisions, the  ions transfer 
kinetic energy to their neighbors, who then excite 
the ions further downstream from the heat source. 
The  vibrations caused by the  thermal energy 
propagate through the material to cooler regions. 
The thermal conductivity of most liquids decreases 
with temperature, and when approaching the boiling 
point, the decrease in thermal conductivity becomes 
almost linear.

Due to  the  Coulomb long-range action, 
some instantaneously locally stabilized parts 
of the salt melt appear to be bound together [35]. 
Therefore, in the region of low temperatures there 
are prerequisites for the realization of a phonon-like 
mechanism of heat conduction in the salt melt. Here 
phonons propagate over small distances within a short 
time interval, and the low-temperature melt has high 
thermal conductivity. As the temperature increases, 
a  breakdown of  the  partially bonded structure 
of the melt is observed. Breaks in the continuous 
bonding of  salt melt fragments, often repeated 
in  time, create obstacles for phonon propagation. 
With increasing temperature such obstacles become 
more and more. Therefore, due to increased phonon 
scattering, the thermal conductivity of the salt melt 
decreases with increasing temperature. Various 
impurities existing in the real system can contribute 
to consolidation or, on the contrary, create a rupture 
in  the  continuity of  the  salt melt. As a  result, 
the  temperature behavior of  thermal conductivity 
in  a  physical experiment can take somewhat 
unexpected forms, for  example, be insensitive 
to  temperature changes, or even increase with 
increasing temperature.

In  the  present work, we have considered only 
two types of categorical bonds formed by Li+ -F- 
and  Nd3+-F- ion pairs. These fluctuating bonds 
are stronger than the bonds formed by Na+ and K+ 
ions with F- ions. This is because Li+ cations, because 
of  their small size, can approach the  F- anions 
at closer distances than Na+ and K+ ions are able 
to do. At the same time, Nd3+ ions, because of their 
large electric charge, have a significantly greater ability 
to attract F- ions compared to Na+ and K+. In other 
words, the categorical bonding networks formed by 

Li+-F- and Nd3+-F- pairs appear to be significantly 
more effective by the nature of the effect on thermal 
conductivity (as well as viscosity).

In this work, for the first time, attention is drawn 
to  the  ion connectivity observed in  a  molten salt 
mixture. Each configuration of  the  ion network 
is short-lived. It arises and disappears. In addition, 
the ion network is able to move through the volume 
of the system. Previously, when studying the structure 
of salt melts, only attention was paid to the formation 
of complex ionic groups, for example, in the melt 
of  Na3AlF6, Al-F groups were formed [36, 37]. 
In this case, the system consists of sufficiently light 
ions of three types: Na+, Al3+ and F-. Using the first-
principles molecular dynamics, three rather stable 
formations were found in such a molten salt: AlF4, 
AlF5, and AlF6 [37].

When heavy ions such as Th4+ and U4+ are dissolved 
in AF- fluoride salt melts (A=Li+, Na+, K+), thorium 
and uranium cations can collect an average of 8 F- ions 
[38]. The formation of such complexes when dissolved 
in the electrolyte up to 35 mol% of ThF4 or UF4 leads 
to an increase in the viscosity of the salt melt.

5. CONCLUSION
The  development of  new reactors and  solar 

energy systems requires accurate prediction 
of  the  thermophysical properties of  molten salts. 
Thermal conductivity is one of the most important 
properties in  this respect. In  the  present work, 
the temperature dependence of thermal conductivity 
of  the  molten salt FLiNaK, including dissolved 
neodymium trifluoride, has been calculated by 
the  molecular dynamics method. To  explain 
the  change in  thermal conductivity caused by 
dissolution of the lanthanide salt NdF3 in this salt 
mixture, as well as the temperature trend of thermal 
conductivity of pure FLiNaK, the formation of certain 
ionic bonds in the systems under consideration has 
been investigated. The  existence of  connectivity 
between the  ions creating the  shortest bonds (≤ 
0.2 nm) in both types of the considered systems, as 
well as the connectivity of Nd3+ and F- ions (with 
bond length ≤ 0.27 nm) in the system in dissolved 
NdF3 was established. The revealed dynamic networks 
of ionic bonds have a pulsating character in time, i. e. 
they can appear from time to time in different parts 
of the system and completely or partially disappear. 
The correlation between the total number of ionic 
network nodes, on  average existing on  the  time 
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interval of determining the autocorrelation function 
of heat fluxes, and the value of thermal conductivity 
of the system under study has been established. Thus, 
by determining the degree of development of dynamic 
ion networks of the established categories, it is possible 
to  predict changes in  the  thermal conductivity 
of the system caused by the dissolution of heavy ion 
fluorides and temperature changes.

The  developed method for  predicting thermal 
conductivity behavior will be useful in predicting 
this important thermophysical property 
for  multicomponent salt melts with dissolved 
lanthanide and actinoid fluorides.
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1. INTRODUCTION
The  rapid (both experimental and  theoretical 

[1–3]) development of multi-pulse coherent solid-
state NMR spectroscopy, which began in the late 
1960s, led to  the emergence and further intensive 
development, beginning in  the  1980s, of  multi-
quantum (MQ) NMR spectroscopy [4–6]. The new 
NMR methods that emerged with the  growth 
of MQ spectroscopy proved to be extremely useful 
and effective, for example, in the study of clusters 
and  local structures, in  particular those formed 
on  surfaces [7], liquid crystal structures [8], 
nanoscale cavities [9], for the study of the structure 
of  macromolecules (e. g., proteins) (Nobel Prize 
in Chemistry for 2002) [10], and so on.

The basis of MQ-spectroscopy is the observation 
of the behavior of multispin-multiquantum coherent 
states. Multiquantum coherences are  coherent 
transitions between states with a change of the magnetic 
quantum number by more than one. Usually in MQ 
NMR spectroscopy this change is  counted from 
the main filled state of  the system with total spin 
equal to  0 at  high temperatures. The  magnitude 
of  the  change in  the  magnetic (spin) quantum 
number is called the coherence order. The above-

mentioned coherent states arise due to the so-called 
“spin alchemy”, when the  secular Hamiltonian 
of  inter-nuclear dipole-dipole interactions (see 
below) acting usually in a solid body is replaced by 
a transformed Hamiltonian (from “lead Hamiltonian 
to  gold Hamiltonian”), non-secular with respect 
to the external permanent magnetic field [1,4–6], due 
to very fast irradiation of the sample with a certain 
sequence of radio-frequency pulses. The correlated 
coherent states arising under the action of the new 
Hamiltonian propagate through the sample, forming 
clusters of correlated states.

Emerging coherent states turned out to  be 
fundamentally important in  the study of physical 
processes necessary for the development of quantum 
informatics (creation of  quantum registers) [11]. 
The point is  that the  system of nuclear magnetic 
moments (spins) of a solid body observed by NMR 
methods serves as a good example of a closed system, 
and, as it  is  known, in  a  closed system quantum 
information is preserved with time [11]. At the same 
time, initially localized in single-particle (single-spin) 
states, this information is redistributed over the set 
of  degrees of  freedom, which can be represented 
by the  appearance of  time correlation functions 
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(TCFs) of a very complex structure. It turns out that 
these TCFs describe, in principle, the propagation 
(“spreading”) of quantum information practically 
on any multiparticle system. The mentioned process 
of propagation is called scrambling (see, for example, 
[12–14] and  the  bibliography given there), 
and the above mentioned TCFs have, in a certain 
sense, universal character.

The construction of a consistent theory describing 
the high-temperature spin dynamics of solids and any 
rigorous calculation of the corresponding TCFs is an 
extremely complex multi-particle and still very little 
investigated problem. In  the  traditional statistical 
model [4,5], by means of  the  simplest algebraic 
estimation of the number of transitions between levels 
of large clusters, a Gaussian distribution was proposed, 
in fact empirically, for the distribution of coherences 
of different order M in the MQ spectrum

	 G T
K

M
KM ( )

( )
exp

( )
� �

�

�
��

�

�
��

1 2

� � �
.� (1) 

The second moment (dispersion) of the distribution 
in this model K  (τ)/2 is determined by the average 
number of spins K  (τ) between which a dynamical 
correlation has been established during the preparation 
time τ [5, 15]. This number, called the  number 
of correlated spins or the effective (average) cluster 
size, grows with increasing preparation time τ.

In [15,16] we found that for three-dimensional 
nuclear spin systems with secular dipole-dipole 
interaction (or with effective two-spin-two-quantum 
interaction (see below)) the second moment of the MQ 
NMR, which determines the number of correlated 
spins, grows exponentially with time τ in the absence 
of any external perturbations. Although the above 
result was obtained with the help of a very complicated 
diagrammatic technique of iterative type, developed 
specially in  [15], which significantly complicates 
the qualitative understanding of the general picture 
of  what is  happening, the  formulas obtained 
in [15,16] allowed, in particular, to correctly describe 
the experimental data of [17–20] on the observation 
of emerging clusters of correlated spins containing up 
to about 105 particles.

The purpose of the present work is to describe 
the functional dependence of the growth and growth 
rate of the number of correlated particles in clusters 
on the basis of the Smoluchowski equation describing 
particle aggregation [21, 22]. This allows us to give 

at  least a  qualitative description of  the  above 
experimental facts. Here we will consider the process 
of  correlation expansion as a  process of  merging 
(aggregation) of clusters. In this case, one spin is also 
a “single-particle cluster”.

2. HAMILTONIAN, SPIN-SPIN 
INTERACTIONS AND THE PROCESS 

OF CORRELATION FORMATION
As is known [23], the main reason for the broadening 

of NMR B lines in nonmetallic diamagnetic solids 
is the secular part of the inter-nuclear dipole-dipole 
interactions, which fully determines the dynamics 
of the nuclear spin system:
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Where b r rij ij ij ij� �� �2 2 31 3� �
( cos ) / �,  is the vector 

connecting spins i and  j, θij is the angle formed by 
the vector rij  with a constant external magnetic field, 
γ is the gyromagnetic ratio, Sαi is the α -component 
(α = z,+,-) of the vector operator of the spin at node i. 
Hereinafter the energy is expressed in frequency units.

Usually, when using pulsed methods in solid-state 
NMR, the base Hamiltonian (2) is transformed using 

“spin alchemy” into other Hamiltonians of interest 
to the researcher [1]. For example, in conventional 
MQ NMR spectroscopy, the  base Hamiltonian 
is transformed into an effective Hamiltonian [4,5]:

	 H b S S S Seff ij i j i j
i j

� � �� � � �
�
�( ) ( ),1/4  � (3)

non-secular with respect to  the  external 
magnetization. Under its influence, during the so-
called “preparatory period” of  some duration τ, 
the  initial magnetization is  pumped into various 
TCFs of  rather complicated structure depending 
on  the product of a different number (Q) of  spin 
operators, which we will call clusters. In other words, 
the  equilibrium high-temperature density matrix 
in a strong permanent magnetic field has the form [23]

	 �eq z j
j

NH
kT

S� �
�
�1 0

1

� , � (3а)

(where k is  the  Boltzmann constant, T is  the 
temperature, N is  the  total number of  spins 
in the sample), turns into a nonequilibrium density 
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matrix, which is  conveniently represented as 
a sum of non-diagonal elements ρM with a certain 
difference M of magnetic quantum numbers, called 
multiquantum coherences (M-order of coherence):

� � � � � � �( ) exp{ } exp{ } ( ),� � � �iH iHeff eq eff M
M

� (4)
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where QMp i{ }  is the basis operator in which Q 
single-spin operators form a product linking Zeeman 
states differing by M units. {i} are  the  numbers 
of the lattice nodes occupied by a given cluster. Thus, 
{i} here is essentially a multi-index. Summing over 
{i} implies summing over both the  set of  clusters 
and the set of spins within each cluster. The summed 
expression depends only on  the  differences 
of  the coordinates it  is given. That is, there is no 
dependence on one of the coordinates. Setting this 
coordinate arbitrary, we obtain that the summarized 
expression dampens rather quickly on other coord
inates. A cluster here is a group of spins for which 
the summarized expression is not negligibly small. 
The index p numbers different ground states with 
the same values of Q and M. N is the total number 
of spins in the system. The coherence arising during 
the preparation time τ can be labeled using the phase 
shift ϕ, proportional to time [4,5]. The resulting phase 
shift is proportional to Mϕ, where M is an integer. 
Thus, Q-spin correlations are also distinguished by 
the number of quanta (M≤ Q) [4–6]. Further these 
coherences can be allowed to relax (if it is reasonable) 
during the time t, called the free evolution period, 
under the action, for example, of the secular dipole-
dipole (or its same, but averaged by the momentum 
sequence [1]) Hamiltonian (2).

At the end of the period of free evolution, a new 
impulse sequence is applied to the system, changing 
the sign of the effective Hamiltonian (3) to the opposite 
one and, thus, the  “time reversal” is  performed 
[24,25], as a consequence of which the order is again 
pumped into the observable quantity – the single-
quantum longitudinal magnetization. If necessary, 
the  amplitude of  the  partial (for  a  given value 
of M) magnetization or its full magnitude without 

“qualification by grades” (i. e., by M) can be measured 
using a π/2 – pulse that rotates magnetization into 
the plane perpendicular to the external magnetic field.

It  should be emphasized that the  observation 
of signals of MQ-coherence is possible only under 
certain conditions, due to which all contributions 
to  the  coherence of  a  given order appear (after 
the recovery (mixing) period) with the same phase 
[4]. Due to  the  fundamental importance of  this 
circumstance, let us discuss this aspect of  MQ 
spectroscopy in detail.

The  amplitude and  phase of  the  partial 
magnetization are  completely determined by 
the prehistory of the spin system development. Thus, 
if during the preparatory period the development 
of  the  system takes place under the  action 
of the Hamiltonian (3) (the corresponding propagator 
U(τ)=exp(–iHeffτ)), and during the mixing period 
τ΄ the  development takes place under the  action 
of some, generally speaking another Hamiltonian H΄eff 
(the corresponding propagator V(τ΄)=exp(–iH΄effτ΄)), 
the total magnetization amplitude is described by 
the expression [4]:
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Let us calculate the  trace of  this expression 
in  the  basis of  the  eigenfunctions of  the  secular 
dipole-dipole Hamiltonian (2), denoting them by |i〉, 
|j〉. Writing the complex matrix elements in the form:

Pij(τ) = 〈i U |+ (τ)SzU(τ)|j〉; Qij(τ΄) = 〈i V |+ (τ΄)SzV(τ΄)|j〉,

we obtain

	G t P Q exp i tij ji i j
i j

0 � � � � � �, , ( ) ( ) { ( ) }
,

� �� � � � �� .

Here ωi, ωj are  the  eigenvalues (in  frequency 
units) of  the  Hamiltonian (2). From the  above 
it  is  clear that if the  Hamiltonians controlling 
the development of the spin system at the preparatory 
period and at the mixing period are different, then 
the MQ-coherence created at the preparatory period 
will undergo only an additional transformation 
at  the  mixing period. If the  operator controlling 
the development of the system at the mixing period 
is designed so that V+ (τ΄)= U(τ), or it differs from U(τ) 
only by the phase multiplier φ, i. e. V+= exp(– iφSz)
U exp(iφSz), which is the situation realized by means 
of time reversal, the observed signal acquires the form 
of a Fourier series of coherences of different order [4]:
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Thus, under the  above developments, each 

of the partial coherences includes contributions from 
all coherences of a given order, differing from its 
neighbors in phase by ± φ.

3. GROWTH DYNAMICS AND EVOLUTION 
OF CLUSTERS OF COHERENT STATES

In the proposed work we assume to consider only 
the direct and reverse influence on the nuclear spin 
system of the non-secular Hamiltonian (3) leading 
to  the  development of  spin correlations. That is, 
the effect on the spin system is assumed to be two-stage: 
the preparatory period is replaced directly by the mixing 
period after time reversal. A possible intermediate 
period of free evolution (relaxation) between these 
stages is absent [4–6]. Moreover, we will not consider 
here the processes of degradation of coherent states 
(decoherentization processes). We will consider 
in  general, not taking into account the  possible 
separation by “quantumness”, M. The restrictions 
put forward will allow us to study in a pure, though 
somewhat idealized form, the dependence of the rate 
of development of correlated clusters on the  time 
of the preparatory period.

We will further consider the process of correlation 
expansion as a  process of  merging (aggregation) 
of clusters. As noted in textbooks [26]- “aggregation 
processes are ubiquitous: from milk souring and blood 
coagulation to  star formation by gravitational 
accretion”. It  should be noted that in  describing 
aggregation processes the  concepts and  methods 
of nonequilibrium statistical mechanics are widely 
used and many of its basic concepts, such as scaling, 
phase transitions, etc., are realized.

The  description of  aggregation relies on  an 
infinite set of  basic kinetic equations describing 
the evolution of the cluster mass distribution ck(t). 
It is important for us that if all “monomolecular units” 
have the same mass, the symbol k becomes simply 
the number of particles in the corresponding cluster 
and the equation below [26] becomes an equation 
for  the  distribution over the  number of  particles 
in the cluster:

	 dc
dt

D c c c D ck
ij i j

i j k
k ik i
i

� �
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� �1

2 1

. � (5)

Let us list the  main assumptions underlying 
equation (5), [26]:

1. Spatial homogeneity. The system is assumed to be 
well mixed, so that the probabilities that reactants 
in  close proximity to  each other factorize into 
the product of single-particle densities is a mean-field 
approximation.
2. Only “pairwise” cluster interactions are assumed.
3. Mass (number of particles in a cluster) is the only 
dynamical variable. The  shape of  the  cluster 
is immaterial for evolution.
4. thermodynamic limit: the system is large enough 
to neglect the influence of discretization.

The  mean-field approximation is  usually 
asymptotically accurate in the physical case of three 
dimensions [26]. The basic kinetic equation (5) is an 
extremely complex infinite set of  interdependent 
differential equations, which are solved only for a few 
special kinds of Di, j kernels. The solution was first 
studied by Smoluchowski [21] for kernels Di, j=const. 
In general, however, the kind of kernel Di, j is unknown. 
Sometimes it is tried to determine it from the obtained 
experimental data.

In  the  case of  continuous distribution, when 
the sizes of particles involved in aggregation processes 
are continuous variables the discrete system (5) can be 
replaced by an integro-differential equation:

 
 
 

�
�

� � � �

�

�
f k t
t

D k y y f k y t f y t dy

D k y f x t f y t

k
( , )

( , ) ( , ) ( , )

( , ) ( , ) ( ,

1
2

0

))dy
0

�

� � (6)

The  operator D is  called the  coagulation/
aggregation kernel. It describes the  rate at which 
particles of size k1 coagulate with particles of size k2. 
An analytical solution to equation (6) exists by now 
for three kinds of kernel: D= const, D= k1+ k2, D = k1∙ 
k2. For each of the listed fixed kernel functions there 
exists a single solution of this equation [27].

Further we will consider an integro-differential 
equation of  the  type (6) with a  constant kernel 
(constant equal to D = p). Then, equation (6) takes 
the form [22]:

�
�
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f k t
t

pf k t p f k t f k k t dk
k
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( , ) ( ', ) ( ', ) '.

0
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Here the distribution function is normalized by 
the condition f k t dk( , ) ��

� 1
0

 p is the aggregation 
rate constant. We emphasize that, as we assume 
here, it does not depend on the size of associating 
clusters and, consequently, on the number of particles 



ADVANCES IN CHEMICAL PHYSICS  Vol. 44  No. 1  2025

18	 KINETICS THE PROLIFERATION OF CORRELATIONS IN MULTIPLE QUANTUM	

in  the  cluster. For  the  convenience of  the  reader, 
the solution of equation (7) is given in the Appendix 
and has the form:

	 f k t
K

k
K

( , ) exp( )� �
1 . � (8)

Here K kf k t dk� �
� ( , )
0

 is  the  average number 
of particles in the cluster at a given time. Note that 
the  solution (8) of  equation (7) is  valid at  times 
t ≫ 1/p and  at  these times the  above solution 
is automodelic [22].

The  automodel solution does not depend 
on the initial conditions and is “self-similar” when 
evolving in time. Substitution of (8) into (7) further 
gives:

	 dK
dt

pK= ,� (9)

That entails, in  general (if  the  parameter p 
does not depend on  time), a  simple exponential 
growth of  the average number of correlated spins 
in the sample with time, observed experimentally 
under the  conditions described at  the  beginning 
of this section of the paper in [17–20].

It  follows from our [15,16] treatment 
of  experimental results obtained in  [17–20] that 
for crystals of adamantane (C10H16) and calcium 
fluoride (CaF2), which have quite different crystal 
structures, the growth of the number of correlated 
spins is  very well described by an exponential 
dependence:

	 N(t) = Аeexp{aet},� (10)

and 

	 ae = 0.3(M2)1/2.� (11)

For adamantane, the parameters found [15,16] by 
the least squares method are: A(A)

e= 3.24, ae = 0.0083 
(1/μsec). The second moment of adamantane, was 
calculated in [28]: (M2)1/2 = 4.19 kHz. Unfortunately, 
for calcium fluoride, it is not possible to determine 
the  numerical values of  the  constants ae and  Ae 
directly based on the experimental results of [20], 
because the  experiment in  [20] was performed 
on a single-crystal sample and the crystal orientation 
is not specified. Meanwhile, the  second moment 
in CaF2 single crystals depends very significantly 
on  the  orientation of  the  crystal with respect 

to the external magnetic field [23]. However, if we 
associate the exponent with the Lyapunov exponent, 
the value of the constant ae for at least three main 
orientations of the external magnetic field agrees well 
[29] with formula (11).

4. CONCLUSION
Above we have considered the growth processes 

of correlated spin clusters under ideal conditions, 
when nothing prevents their growth. However, 
in principle, there are many reasons causing loss 
of  coherence and, thus, degradation of  clusters 
of  correlated spins. The  study of  these processes 
is  very important for  understanding/researching 
quantum information propagation processes. This 
is one of the reasons why very often in the intervals 
between the  preparatory period and  the  mixing 
period in  the  standard MQ NMR technique [4] 
include a period of free evolution. During this interval, 
the system evolves under the influence of the usual 
dipole-lipole interaction (2). In order to investigate 
the coherence loss processes, the standard MQ NMR 
technique was significantly modified for the first time 
in [30]. The declared purpose of the modification 
is  to  investigate the question: “How far quantum 
information can be transmitted in  the  presence 
of  gates of  finite (and  experimenter-controlled) 

“precision”?. In other words, the authors investigated 
the question: how large a cluster of correlated spins 
can grow under such conditions. In  this regard, 
the authors [31,32] observed the growth of clusters 
of  correlated spins by introducing a  controlled 
perturbation to the Hamiltonian (2) that creates them. 
As expected [30,31], the maximum cluster size in such 
a situation will be bounded, with clusters of maximum 
size being in a state of dynamical equilibrium with 
their surroundings. If the initial cluster size is larger 
than its equilibrium value, it  decreases under 
the action of the perturbative Hamiltonian (according 
to  the  authors [29,30]), while the  unperturbed 
Hamiltonian leads only to an unbounded growth 
of the cluster size. The above equilibrium cluster size, 
according to the authors, decreases with the increase 
of  the  perturbation intensity. All of  the  above, 
in accordance with the concept of the papers [30, 31], 
means the localization process according to Anderson 
[32] in spite of the actually infinitely high temperature 
of the spin system (see formula (2a)).

In  connection with the  above, it  is  reasonable 
to  note that the  approach to  the  above problems 
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developed in the present work opens new possibilities 
for  studies of  the propagation of correlated states 
and  their possible degradation in  the spin system, 
including possible localization. In particular, one can 
(and probably even should) assume that the aggregation 
rate constant p from equation (6) depends on time, 
which seems to have nontrivial consequences.

Finally, we note that the present study can be useful 
both for other sections of spectroscopy [33] including 
femtosecond spectroscopy) [34] and  for  applied 
structural studies [35–37].
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APPENDIX
Consider the original equation
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Let’s
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Typically, the Fourier transform is used in the form:
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If we put f(k, t)=0 at  k<0 then at  s = iω 
the difference between (App. 4) and (App. 3) will 

be only in the multiplier 1 2π . Thus, taking into 
account the convolution theorem [36], we obtain Eq:
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This equation is easy to solve:
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Then it follows from the solution of (App. 6) that 
g(0, t) = 1 and finally we obtain:
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Let us show that the function f(k, t) from (App. 7), 
where g i t( , )ω  is written in the form (App. 6) under 
condition tp>>1 has the following form
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Let us differentiate g i t( , )ω  from (App. 3) by ω 
and put ω = 0. Then
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On the other hand, by differentiating g i t( , )ω  from 
(App. 6) and putting ω=0 we obtain,
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Comparing (App. 9) and (App. 10) we find:

	 K t K pt( ) ( )exp( )= 0 . � (App. 11)

Since f k t dk M2
0

( , ) ��
�  = 1 and provided that 

f k t dk M2
0

( , ) ,��
�  where M is  not too large, 
we can assume that g i t( , )ω  is  close to  1 only 
in the neighborhood of 0. Therefore, in formula (App. 
6) at tp>>1 we should take into account the following 
term in the expansion of g i( , )ω 0  at small ω. We obtain

	 g i K i( , ) ( )� �0 1 0� � � (App. 12)

Thus, the formula (App. 6) for g i t( , )ω  at small ω 
can be rewritten in the form
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Since ω is small, we finally obtain
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Now, using (App. 11), the function f(k, t) using 
the inverse Fourier transform of the function g i t( , )ω  
from (App. 14) can be rewritten as

	 f k t
exp i k
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Having calculated this integral (for example, with 
the help of tables [38]) we obtain the relation (8).
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Abstract. The kinetics of cathodic reduction of hydrogen on low-carbon steel in 2 M HCl (t = 25 °C) containing 
corrosion inhibitors – catamine AB and IFKhAN‑92 – was studied. The main rate constants for the stages 
of hydrogen gas evolution and the introduction of hydrogen atoms into steel are determined. The additions 
of catamine AB and IFKhAN‑92 inhibited the cathodic reduction of hydrogen and its permeation into steel 
in an HCl solution. The most effective inhibitor of hydrogen absorption is IFKhAN‑92. The inhibitory 
effect of this compound is due to a decrease in the ratio of the hydrogen concentration in the metal phase 
to the degree of hydrogen filling of the surface. The reduction of hydrogen concentration in the volume of 
metal by IFKhAN-92 addition determines the preservation of the plastic properties of steels during corrosion 
in HCl solutions. The high efficiency of IFKhAN‑92, as an inhibitor of cathodic reduction of hydrogen and its 
absorption, is the result of chemisorption of this compound on the surface of the steel and the formation 
of a polymolecular protective layer.
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strength steel, hydrochloric acid
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1. INTRODUCTION
Earlier [1] we studied the  effect of  nitrogen-

containing organic corrosion inhibitors 
(CIs) – catamine AB and IFKhAN‑92 on the kinetics 
of cathodic release and hydrogen introduction on steel 
in  sulfuric acid solution. These substances were 
shown to be effective inhibitors of both the corrosion 
process and hydrogenation of steel. The absorption 
of hydrogen by an array of steel can significantly reduce 
its mechanical characteristics, making the metal brittle. 
Molecular hydrogen is formed through the adsorption 
stage of atomic hydrogen, which partially penetrates 
into the metal volume. Theoretical aspects of atomic 
hydrogen adsorption on metallic materials of different 
nature are discussed in [2–6]

Hydrochloric acid solutions are  used in  many 
technological processes. The  influence of  CIs 
on the corrosion process is widely studied, but when 
a steel structure comes into contact with aqueous 

acid solutions, in  addition to  corrosion damage, 
metal hydrogenation may occur, which will affect 
the  mechanical properties of  the  material. This 
is especially important for metal structures operating 
under load (gas and oil pipelines, etc.). Few studies 
[7–9] have shown that nitrogen-containing organic 
CIs in  acidic media inhibit the  rate of  hydrogen 
introduction into steel.

In connection with the above, it seems important 
to reveal the regularities of the influence of nitrogen-
containing organic CIs on the kinetics of cathodic release 
and introduction of hydrogen into steel in hydrochloric 
acid solutions. Two previously studied CIs, catamine 
AB and IFKhAN‑92, were chosen for the present study.

2. EXPERIMENT
2.1 Materials

As working electrodes, samples from low-carbon 
steel (composition,% by mass: 0.05 C, 0.03 Si, 0.38 Mn, 
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0.09 Ni, 0.04 S, 0.035 P, 0.05 Cr, 0.15 Cu and 0.16 Al) 
and from high-strength steel (composition,% by mass: 
0.7 C, 1.52 Si, 0.52 Mn and 0.3 Cr) were used.

Aqueous 2 M HCl solution was used as 
a  background electrolyte, which was prepared 
from concentrated acid of b. h. grade and distillate. 
Deaerated solutions with argon were used 
in  electrochemical studies. Corrosion tests were 
carried out with free access to  air. As retarders 
of steel corrosion we used commercially available 
product – catamine AB, which is  a  mixture 
of  alkylbenzyl dimethylammonium chlorides 
([CnH2n+1N+(CH3)2CH2C6H5]Cl–,  where 
n = 10–18) and inhibitor IFKhAN‑92 (derivative 
of 3‑substituted 1,2,4‑triazole). It was previously 
shown [1] that the  maximum effect is  achieved 
when the  concentration of  the  mixed inhibitors 
in H2SO4 solution is 5 mM. Due to the low solubility 
of IFKhAN‑92 in the acid solution, it was introduced 
in the form of a concentrated ethanol solution, with 
the concentration of ethanol in the etching solution 
being 0.24 mol/L.

All experiments were performed at  room 
temperature (25 ± 1 °C).

2.2 Methods
2.2.1 Bipolar electrode (membrane) method

The rate of hydrogen introduction into the metal 
was measured in  a  Devanathan-Stachursky cell 
[10, 11]. Membranes made of low-carbon steel with 
a thickness of 0.1 mm and a working surface area 
of 4.25 cm2 were used. The technique of preparing 
the working electrode and conducting the experiment 
are described in detail in [1].

2.2.2 IPZ analysis method
The  reaction of  cathodic hydrogen release 

on iron in acidic media proceeds by the mechanism 
of discharge – chemical recombination, coupled rate 
control or slow discharge – irreversible chemical 
recombination [1, 12, 13]. The IPZ analysis method 
allows us to calculate the constants of the main stages 
of cathodic discharge and hydrogen introduction into 
steel using experimental data: the cathodic polarization 
curve and the dependence of the current of hydrogen 
introduction into the metal on  the potential [12]. 
IPZ analysis can also be applied in  cases when 
a part of the electrode surface is blocked by some 
adsorbed substance, such as CIs [8]. In  this case, 
it is assumed that the discharge of H+ ions+ occurs 

on the metal surface not occupied by adsorbed atomic 
hydrogen, the introduction of a corrosion inhibitor 
into the solution does not change the mechanism 
of the cathodic reaction

To calculate the rate constants of the H+(k1, i) ion 
discharge stage, chemical recombination of hydrogen 
atoms (kr), kinetic-diffusion constants (k), as well as 
the degree of hydrogen filling of the electrode surface 
(θ  H)  and  the  concentration of  diffusion-mobile 
hydrogen in the metal phase (CH

s .), we used a variant 
of  the  IPZ analysis method, which is  described 
in detail in [1].

2.2.3 Electrochemical impedance spectroscopy
The CIs adsorption studies were carried out by 

electrochemical impedance spectroscopy (EIS) 
in a three-electrode cell on a rotating disk electrode 
(n = 1000 rpm) made of mild steel with a working area 
of 0.64 cm2.

The degree of surface filling with inhibitor (θinh) 
was determined by the formula:

 
	 �inh

Ñ Ñ

Ñ Ñ
�

�
�

dl dl

dl dl'

0

0
,� (1) 

where Cdl
0 , Cdl and  Сdl′ – are  the  capacitance 

of  the  double electric layer of  the  steel electrode 
in the background solution, in the inhibited solution 
and  under the  conditions of  the  limiting degree 
of adsorption of the inhibitor on the metal, respectively.

2.2.4 Gravimetric method
The  corrosion rate of  high-strength steel was 

determined by mass loss of samples with a working 
surface area of 17.6 cm2:

	 � �� � ��mS 1 1,� (2)

where ∆m is  the change in mass of the specimen; 
S is  the  area of  the  specimen, τ is  the  duration 
of corrosion tests.

The effectiveness of inhibitors was evaluated by 
the value of the degree of inhibition

	 Z inh� �� � ��� � �0 0
1 100%,� (3)

where ρ0 and  ρinh are  the  corrosion rates in  the 
background solution and in the solution with the 
studied additive, respectively.
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2.2.5 Determination of the amount of hydrogen 
absorbed by the metal by vacuum extraction method

The  hydrogen concentration in  the  volume of 
high-strength steel (CH

v .) was determined by vacuum 
extraction. After corrosion tests, the  sample was 
placed in a vessel from which air was evacuated to a 
residual pressure of 1.33·10–4 Pa, and heated to a 
temperature t = 500 °C. The amount of hydrogen 
released during heating of  the  sample in vacuum 
was estimated by the pressure change over 10 min 
(Ptotal) measured by a McLeod manometer at constant 
volume of the vacuum part of the system. The pressure 
of  released hydrogen (PH2) was calculated from 
the change in total pressure (Ptotal) by the formula:

	 P P PH total correct2
� � ,� (4)

where Pcorrect. is the correction of the idle experience.
The  molar concentration of  hydrogen atoms 

in the steel volume was calculated by the formula:

	 CH
v . = F PH2 V‑1� (5)

where F is a constant related to the volume of the 
analytical part of the unit; V is the volume of the steel 
sample.

The  values of  hydrogen concentration in 
the volume of  metals are  given corrected for 
metallurgical hydrogen, which for high strength steel 
is 2.4·10–6 mol/cm3.

2.2.6 Determination of the degree of protection 
of steel against hydrogenation

The effectiveness of inhibitor action was determined 
using the  values of  subsurface concentration 
of diffusible mobile hydrogen CH

v . (method 2.2.2).

	 ZH
s .= [( .CH

s  – C CH
s
inh H

s
, ) . –1]100%,� (6a)

and  molar concentration of  hydrogen atoms 
in the steel volume (CH

v .) (Method 2.2.5.)

	 ZH
v .= [(CH

v . – C CH
v
inh H

v
, ) . –1]100%, � (6b)

where CH
s . and CH

s
inh,  are the subsurface concentrations 

of diffusively mobile hydrogen in the background 
solution and in the inhibited solution, respectivel; 
CH
v . and CH

v
inh,  are molar concentrations of hydrogen 

in the steel volume after exposure in the background 
solution and in the inhibited solution, respectively.

2.2.7 Determination of mechanical 
properties of steel (ductility)

The  ductility of  high-strength steel was 
evaluated on  the  device NG‑1-3M, comparing 
the number of kinks before fracture of strip samples 
(length – 110 mm, width – 8 mm, thickness – 0.5 mm) 
in  the  initial state (P0) and  after their exposure 
in the working solution of different composition (P). 
Plasticity of steel was determined by the formula:

	 ð
P
P

� �
0

100%.� (7)

For  the  steel under study, the  average value 
of P0 = 87.

2.2.8 Voltammetric studies
Electrochemical measurements were performed 

on  flat specimens made of  high-strength steel 
(S = 0.16 cm2). The sample was kept in the test solution 
for 30 min at a current-free potential. The sweep rate 
of the steel electrode potential was 0.0005 V · s‑1

2.2.9 X-ray photoelectron studies  
of steel surface

The  quantitative and  qualitative composition 
of surface layers formed by inhibitors on the surface 
of mild steel was analyzed by X-ray photoelectron 
spectroscopy (XPS) on disk electrodes with a diameter 
of 10 mm. For this purpose we used Auger microscope 
HB100 (VG, UK), equipped with an additional 
camera for registration of XPS spectra.

The characteristic peaks of the following elements 
were measured: C(1s), О(1s), Fe(2p), N(1s), 
and  Cl(2p). The  photoionization cross sections 
of  the corresponding electron shells given in  [14] 
were used for quantitative evaluation. The integral 
peak intensities were obtained after background 
subtraction using the Shirley method [15] and by 
fitting the  observed peaks by Gaussian curves 
with the  contribution of  the  Lorentz component. 
The integral areas under the peaks of C(1s), О(1s), 
Fe(2p), N(1s), and Cl(2p) were used to calculate 
the film thicknesses.

An important element of such studies is a long 
(up to 18 min) ultrasonic washing in distilled water 
or acid solutions of the surface of metal samples from 
CIs. During this procedure, the CI molecules held 
on the metal surface by physical forces are removed 
from the surface of the samples preliminarily aged 
in an inhibited acid solution. CI molecules bound 
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to  the  metal surface by chemical forces are  not 
removed during ultrasonic surface cleaning.

IPC-PRO MF potentiostats (Cronas Ltd., 
Moscow, Russia) were used for  electrochemical 
studies. A platinum electrode was used as an auxiliary 
electrode and a silver chloride electrode as a reference 
electrode. All electrode potentials are given relative 
to standard hydrogen electrode.

3. DISCUSSION OF RESULTS
3.1 Kinetics of cathodic release 

and introduction of hydrogen into iron 
in the presence of corrosion inhibitors

Polarization curves and  dependences of the 
rate of  hydrogen introduction into steel on  the 
potential in  hydrochloric acid solution and  with 
additives (5 mM) of  organic CIs (catamine AB 
and  IFKhAN‑92) were obtained (Fig. 1). As we 
can see, in the presence of CIs the cathodic current 
and the rate of hydrogen introduction into the metal 
significantly decreases.

To  calculate the  constants of  the  main stages 
of hydrogen release and introduction of hydrogen 
into the metal in media containing catamine AB 
and IFKhAN‑92, it is necessary to know the degree 
of filling of the metal surface by the inhibitor itself 
(θinh). In 2 M HCl solutions containing CIs, the EIS 
method was used to  determine θinh. The  steady-
state values of θinh calculated from Eq. (1) were 0.95 
for catamine AB and 0.99 for IFKhAN-92. In all 
the  studied solutions, both background and  CI 
containing, applying the  IPZ analysis method 
[1] (Fig. 1), the kinetic constants of  the  reaction 
of hydrogen release and hydrogen permeation into 
the metal were calculated (Table 1).

Using the values of kinetic constants, (Table 1) we 
calculated the degrees of hydrogen filling of the surface 
of  cathodically polarized steel (θН), the  values 
of subsurface hydrogen concentration in the metal 
(Cs

H.), as well as the degree of protection of steel from 
hydrogen absorption (Z s

H).

As follows from Table 1, the  introduction 
of corrosion inhibitors into hydrochloric acid solution 
significantly reduces the  hydrogen concentration 
in  the metal. The  influence of CIs on  the degree 
of  hydrogen filling of  the  surface is  ambiguous. 
When 5 mM catamine AB is introduced into HCl 
solution, the value of θН increases slightly. This is due 
to a decrease in the hydrogen monolization constant 
(kr), which can be explained by the inhibition of surface 
diffusion of  hydrogen atoms during adsorption 
of inhibitor particles on the metal. In the presence 
of IFKhAN‑92, the value of θН decreases because 
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Fig. 1. Cathodic polarization curves on steel in 2 M HCl 
solution containing 5 mM CI (a) and plot of the rate of 
hydrogen permeation into steel vs. potential (b).

Table 1. The values of kinetic constants, the degree of filling of the metal surface with hydrogen atoms (θН), the subsurface concentration 
of diffusively mobile hydrogen (Cs

H.), and the degree of protection of steel against hydrogen absorption (Z s
H.) during cathodic polarization 

(E = –0.3 V) of steel in 2 M HCl solution containing 5 mM CI

Solution k1, i, mol/(cm2 s) k, cm3/mol kr, mol/(cm2s) θН Cs
H., mol/cm3 Z s

H.,%
Blank 9.73х10–9 3.5 х105 7.5 х10–6 3.4 1.0 х10–7 –
Catamine AB 1.50х10–9 2.6 х106 3.0 х10–7 3.9 1.5 х10–8 85,0
IFKhAN-92 1.10 х10–10 2.5 х106 6.0 х10–7 1.1 5.5 х10–(9 94.5
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the discharge rate of H+ ions decreases to a greater 
extent than the rate of H atoms monolization.

The studied compounds are inhibitors not only 
of  corrosion but also of  hydrogenation, because 
they decrease the rate constant of H+ ion discharge 
(k1,  i)  and  increase the  kinetic-diffusion constant 
(k), i. e., they change the ratio between the values 
of θН and CH

s . (Table 1). The latter effect is probably 
related to the fact that CI blocks hydrogen absorption 
centers and impedes the transition of H atoms from 
the surface to the metal phase.

Catamine AB and  IFKhAN‑92 are  effective 
inhibitors of hydrogen absorption. When its 5 mM 
is introduced into the solution, the degree of protection 
of steel from hydrogen absorption is 85.0 and 94.5%. 
Significant decrease in the concentration of diffusion-
mobile hydrogen in the metal should have a positive 
effect on the mechanical properties of steel, which 
is especially important for high-strength steels prone 
to hydrogen cracking under mechanical stresses.

3.2 Effect of corrosion inhibitors on the rate 
of electrode reactions of steel

The  introduction of  corrosion inhibitors into 
hydrochloric acid solution leads to  a  decrease 
in the rate of cathodic and anodic reactions of high-
strength steel (Fig. 2). The  observed Tafel slope 
angles of  the  anodic curves (ba) in  the  presence 
of catamine AB and IFKhAN‑92 are 0.15 and 0.16 V, 
which is higher than the value of ba = 0.12 V observed 
in  the  background. For  the  cathodic reaction, 
this effect is  more significant since a  limiting 
current is  observed in  the  presence of  both CIs, 
although in  the  background the  Tafel slope 
is  bc = 0.16 V. The  additions of  these CIs reduce 
the  anodic dissolution rate of  steel, for  example 
at E = –0.10 V, by a factor of 8.8 and 15 for catamine 
AB and IFKhAN‑92, respectively. The rate of cathodic 
reaction at E = –0.30 V decreases in the presence 
of  these CIs by 9.4 and  13 times. It  can be seen 
that under other equal conditions the  influence 

of the inhibitor IFKhAN-92 on electrode reactions 
of  high-strength steel is  more significant than 
for catamine AB. The conducted corrosion studies 
confirm it.

3.3 Influence of inhibitors on corrosion 
and mechanical properties of high-strength steel
The study of corrosion of high-strength steel in 2 M 

HCl solution showed that these CIs reduce corrosion 
mass loss of metal (ρ) and hydrogen concentration 
in the metal volume (CH

s .) (Table 2). As we can see, 
the minimum mass loss of steel samples is observed 
in HCl solutions containing IFKhAN‑92 (Table 2). 
It should be emphasized that in the presence of 5 mM 
IFKhAN‑92 the  plastic properties of  metal (p) 
practically do not change (Table 2). Consequently, 
IFKhAN‑92 is  the  most effective inhibitor 
of corrosion and hydrogenation of steel. The obtained 
results agree with the data of Section 3.1, i. e., both 
inhibitors reduce both diffusively mobile hydrogen 
concentration (CH

s .) and total hydrogen content (CH
v .) 

in the metal, and IFKhAN‑92, as a more effective 
inhibitor, allows maintaining the ductility of high-
strength steel.
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Fig. 2. Polarization curves on  high-strength steel 
in  2M HCl (1) with 5 mM additives: catamine AB (2) 
and IFKhAN‑92 (3).

Table 2. Effect of 5 mM CI on corrosion, hydrogen absorption and ductility of high strength steel in 2 M HCl.

Solution ρ, g/(m2 ‧ h) Zcor,% CH
v ., mol / cm3 ZH

v .,% p,%

Blank 11,4 – 3,2 х10–5 – –*
Catamine AB 6,36 44,2 1,2 х10–5 62,7 –*
IFKhAN-92 0,59 94,8 3,9х10–7 87,2 100

* total loss of plasticity.
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3.4 Nature of adsorption interaction 
of IFKhAN‑92 inhibitor with steel surface

To understand the reasons of effective inhibition 
of  electrode reactions of  steel by the  inhibitor 
IFKhAN‑92, it is necessary to determine the nature 
of its adsorption interaction with the steel surface. 
In  solutions containing IFKhAN‑92, the  EIS 
method was used to determine θInh. The impedance 
spectra of  the  steel electrode in  background 
and IFKhAN‑92 inhibited solutions of 2 M HCl, 
presented as Nyquist diagrams, are  perfect half 
circles and  are  described by a  simple equivalent 
circuit that includes the capacitance of the electrical 
double layer (Cdl), the  reaction resistance (Rct), 
and the resistance of solution (Rs) (Fig. 3). In the acid 
solution in the presence of IFKhAN‑92, the increase 
in the holding time of the steel electrode leads to an 
increase in  the  radius of  the  hodograph, which 
indicates the  slow adsorption of  the  inhibitor 
in  time. The  dependence of  the  degree of  filling 
of the steel surface by the inhibitor IFKhAN‑92 on its 
concentration in the corrosive medium (adsorption 
isotherm) is given in Fig. 4.

As follows from Fig. 4, the  adsorption of 
IFKhAN‑92 on  the  surface of  low-carbon steel 
at medium degrees of filling of the metal surface with 
CI obeys the Temkin isotherm:

	 �inh inhf BC� � ��1 ln ,� (8)

where f is  the surface inhomogeneity factor, B 
is the adsorption equilibrium constant, Cinh is the 

concentration of inhibitor in solution. The calculated 
value of f is 4.25 and B is 5.31x105 L/mol. The free 
energy of adsorption (–∆Gads) was determined using 
the relation:

	 � � � ��G RT Bads ln .55 5  � (9)

and equals 42 kJ/mol.
The obtained value of the free energy of adsorption 

of IFKhAN‑92 on the surface of low-carbon steel 
suggests the chemisorption character of interaction 
between the metal surface and inhibitor molecules, 
since (–∆Gads) > 40 kJ/mol [16]. It is this character 
of interaction of the inhibitor with the surface of steels 
that allows to obtain the highest protective effect, 
which we observed.

3.5 Composition and structure of protective layers 
formed by IFKhAN‑92 inhibitor on steel surface
The  XPS spectroscopy data provide valuable 

information on  the  composition and  structure 
of protective layers formed on steel in HCl solutions 
containing IFKhAN‑92. Based on  the  position 
of complex peaks Fe(2p3/2) and Fe(2p1/2) of the XPS 
spectra of  iron and  their satellite peaks observed 
at high binding energies (Fig. 5), we can assume that 
on the steel surface there is a layer consisting of Fe3O4 
(Eb = 710.8 eV). The presence of oxygen of different 
types is indicated by the O1s spectrum, which can be 
decomposed into three peaks due to adsorbed water 
molecules (Eb = 533.5 eV), hydroxyl groups (531.8 eV), 
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Fig. 3. Equivalent electrical circuit and Nyquist diagrams 
of steel electrode in 2 M HCl (1), taken after introduction 
of 0.01 mM IFKhAN‑92 into the solution with exposure 
time (min): 2–5, 3–15, 4–60, 5–120, 6–180
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Fig. 4. Adsorption isotherm of IFKhAN‑92 (1) on steel 
(E = –0.30 V) in 2 M HCl solution.
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and oxygen incorporated into the iron oxide lattice 
(530.3 eV) (Fig. 6).

Despite ultrasonic washing of  the  samples 
in distilled water, which removes physically bound 
inhibitor layers from the metal surface, the complex 
XPS spectrum of N1s electrons (Fig. 7)  indicates 
the presence of an inhibitor film on the surface of steel 
aged for 24 h in 2 M HCl + 5 mM IFKhAN‑92. 
The  observed N1s spectrum can be decomposed 
into 2 peaks (401.4 and 399.5 eV) with the ratio ~ 1: 
3 ± 0.5, and the second peak should be attributed 
to the nitrogen atoms of the triazole group.

Based on the quantitative ratios of XPS spectra 
of atoms of the steel surface aged in the inhibited 
HCl solution without and with subsequent ultrasonic 
cleaning, it  can be concluded that an organic 
polymolecular layer with a thickness of more than 
4 nm is formed on the steel. After ultrasonic cleaning 

of the samples, only a monolayer of inhibitor with 
a thickness of no more than 2 nm remains on the steel 
surface. Such a layer is firmly retained on the metal 
due to  the  chemisorption interaction of  surface 
iron atoms and nitrogen atoms of the triazole cycle, 
which are part of the inhibitor. The inhibitor layers 
above the  chemisorbed layer are  weakly bound 
to  it  and  to  each other by physical interaction 
and are removed by such washing. The chemisorbed 
layer is not removed from the metal surface during 
ultrasonic washing and in the course of XPS studies 
under deep vacuum conditions. There is no peak 
of Cl (2p)-electrons in the XPS spectrum of the steel 
surface, which indicates the absence of chloride 
anions in the composition of the film. The metal 
surface under such a layer is oxidized to iron oxide, 
which occurs on the steel during washing of samples 
in air.
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Fig. 5. Standard XPS electron spectrum of Fe2p (spin orbital splitting—doublet) of the steel surface, after preliminary adsorption 
of the inhibitor (2 M HCl + 5 mM IFKhAN‑92, 24 h).
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Fig. 6. XPS spectrum of O1s electrons from the surface of steel, after preliminary adsorption of the inhibitor (2 M HCl + 5 mM 
IFKhAN‑92, 24 h).
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4. CONCLUSIONS
1. Additions of  the  inhibitors catamine AB 

and  IFKhAN‑92 inhibit the  cathodic reduction 
of hydrogen and its penetration into the metal during 
cathodic polarization of steel in HCl solution. Using 
the IPZ analysis method, the kinetic constants of both 
processes were calculated both in the background 
medium and  in  the  presence of  the  inhibitors. 
In the presence of CIs, the reaction rate of H+ ion 
discharge decreases and the ratio between the degree 
of hydrogen filling of the surface and its concentration 
in  the  metal phase (kinetic-diffusion constant) 
increases. As a  result, the  amount of  hydrogen 
absorbed by steel decreases. The  most effective 
inhibitor of hydrogenation is IFKhAN‑92.

2. As a result of reduction of the rate of hydrogen 
penetration into steel by the inhibitor IFKhAN‑92, its 
plastic properties during corrosion in HCl solutions 
practically do not change and its resistance to cracking 
increases significantly.

3. Inhibitor IFKhAN‑92 significantly reduces 
the  rate of  anodic dissolution of  steel in  HCl 
solution. This effect, in combination with inhibition 
of the rate of cathodic hydrogen release, determines 
the effectiveness of IFKhAN‑92 as an inhibitor of acid 
corrosion of steels.

4. High efficiency of IFKhAN‑92 is determined 
by the peculiarities of the mechanism of protective 
action of this inhibitor. When protecting steels in HCl 
solutions, this compound forms a  polymolecular 
protective layer of triazole molecules up to 4 nm thick 
on the metal. The triazole monolayer directly adjacent 
to the metal is chemically bound to it, the overlying 

layers are  bound to  it  and  among themselves by 
physical interaction.

This work was supported by the Ministry of Science 
and Higher Education of the Russian Federation.
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Abstract. The work concerns the studying the accuracy of the quasi-static approximation for the calculation 
of the kinetics of singlet fission (SF) in molecular semiconductors. The SF is known to be accompanied by 
inverse TT-annihilation (TTA), which essentially controls the specific features of the SF-kinetics. The analysis 
of the SF-kinetics in the wide time region has been made, which covers both short times usually associated 
with the stage of geminate TTA and long times typical for the bimolecular TTA. The simple models have 
been proposed, analysis of which demonstrated good accuracy of formulas, derived within the quasistatic 
approximation, in the description of SF kinetics. High accuracy of interpolation formulas, which combine 
the obtained expressions and allow for describing the kinetics at different stages of the process, is also demonstrated. 
The proposed formulas are shown to significantly simplify the description of the experimental results.
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1. INTRODUCTION
Photophysical processes in  molecular semi

conductors are very important for many applications 
and  especially for  the  development of  efficient 
technologies concerning solar energy conversion. 
The mechanisms of these processes have been actively 
investigated for  many years [1–3]. In  particular, 
it has been found that the significant manifestation 
of  the  above-mentioned photophysical processes 
is usually due to efficient energy transfer processes 
in  the  investigated processes and, for  example, 
the efficient migration and interaction of singlet (S) 
and  triplet (T) excitons. Efficient energy transfer, 
in particular, essentially controls the fluorescence 
kinetics, as well as a number of important phenomena 
accompanying this process, such as up- and down-
conversion of absorbed energy [1–15].

In  our work we consider the  kinetic features 
of  a  very important type of  these processes, the 
spontaneous splitting of a singlet excited state (S1

∗) into 
a pair of triplet (T) excitons, called in the literature 

“singlet fission (SF)”. Further in the paper we will use 
the abbreviation “SF” to denote the splitting of singlet 

state. The T-exiton pairs formed in the considered 
process are assumed to be able to either recapture 
[and  react back by geminate TT annihilation (g-
TTA)] or dissociate to form pairs of free T-exitons 
[and  nevertheless annihilate by bimolecular TTA 
(b-TTA)]. It is important to note that in the realistic 
limit of low T-exiton concentrations, the geminate 
(short-time) and  bimolecular (long-time) stages 
of the TTA-processes are essentially separated in time, 
which leads to a similar essential separation in time 
of the corresponding geminate (g-SF) and bimolecular 
(b-SF) stages of the overall SF-process.

Traditionally, SF kinetics has been studied using 
a kinetic scheme [1–3]:

S S   S S   TT   T+T0 0 0 1� � � � �

�

k

k

k

k

kr

s

s

e

e

( ) [ ] [ ]  .� (1)

The first stage of the SF-process is the transition 
(at  the  rate k s− ) from the  initial state ( )S S0 1� �  
to the [TT]-state of a pair of interacting T excitons 
(hereafter referred to as the c-state). The evolution 
of the TT pairs in the [TT]-state is controlled by TTA 
(at the rate ks), as well as by the dissociation into 



ADVANCES IN CHEMICAL PHYSICS  Vol. 44  No. 1  2025

32	 SHUSHIN	

the [T+T]-state (or e-state) of a pair of free T-exitons 
and recapture into the [TT]-state at the rates ke and 
k e− , respectively. The SF process is also accompanied 
by deactivation of the S1

∗-state with the velocity kr .
Within this scheme, the  geminate g-SF-stage 

kinetics (at  short times) is  described in  terms 
of the fluorescence intensity I tg ( ) from the S1

∗ state 
at times corresponding to the (short-time) g-SF-stage. 
As for the (long-time) bimolecular b-SF-stage, i. e., 
the fluorescence intensity I tb ( ) at long times, this part 
of the fluorescence arises from the splitting of S1

∗-states 
that are generated by the reversible bimolecular TTA 
reaction (in  the  [T+T]-state). Experimental SF 
kinetics is usually analyzed in terms of normalized 
fluorescence intensity from the S1

∗-state [1,2]:

	 y t I t I g� �( ) ( ) / ( )� 0 , .( , )� � g b � (2)

In  this definition, the  function I t k n tr s�
�( ) ( )�  

represents the observed fluorescence intensity, n ts
ν( ) 

the concentration of excited states S1
∗ at the stage v, 

( , )� � g b  , n t ns
g

si
( )= =0  the initial concentration 

of S1
∗-states, and y tν ( ) -the corresponding norma

lized populations of S1
∗ -states. The normalization (2) 

implies the initial condition y tg ( )= =0 1.
This work is  devoted to  analyzing the  kinetic 

properties of the SF process (1) over a wide range 
of times. We will analyze it within the framework 
of  the  two-state model (TSM) [16–18], which 
allows us to  describe quite accurately the  effect 
of diffusive migration of T-exitons on TTA and, thus, 
on SF kinetics. In the TSM framework, migration 
effects are treated in terms of transitions between 
kinetically bound states: [TT]-states of interacting TT 
pairs and [T+T]-states of exciton pairs performing 
isotropic relative diffusion in three-dimensional (3D) 
space.

Using the  proposed approach, expressions for 
the g-SF and b-SF kinetic dependences y tg ( ) and 
y tb ( ) are obtained. These expressions are combined 
into one interpolation formula for kinetics y t( ), which 
correctly describes SF kinetics at both small and large 
times. In particular, this formula allows us to describe 
with good accuracy the SF kinetics measured in films 
of  rubren-containing nanoparticles [distributed 
in poly(vinyl-alcohol) (PVA)] [7] over a wide range 
of  times. The derived expression for y t( ) predicts 
a marked effect of diffusion-assisted TTA in the form 
of SF kinetics, manifested by a smooth transition from 
y tg ( ) to y tb ( ) -kinetics with increasing time.

2. KINETIC MODELS OF THE SF-PROCESS
In this chapter, the kinetics of SF processes (1) 

in amorphous molecular semiconductors is analyzed 
within the framework of two models over a wide range 
of times, including both small times corresponding 
to geminate processes and large times at which SF 
kinetics is determined by bimolecular processes.

It  should be noted that SF-processes are 
spin-selective (and  causes, in  particular, the 
magnetodependence of  their kinetics [19]). 
The  kinetics of  such processes are  described by 
the stochastic Liouville equation (SLE) for the spin 
density matrix of  the  system, which is a complex 
system of many equations describing the evolution 
of  a  large number of  spin states of  the  system. 
To simplify the analysis, we consider the kinetics 
of SF processes in the realistic limit of fast spin-lattice 
relaxation (in TT pairs), usually realized in processes 
in amorphous semiconductors. This limit is observed 
due to strong fluctuations of the zero-field interaction 
in T excitons [20], caused by the migration of excitons 
through the  sample volume. In  the  limit of  fast 
relaxation, leading to  almost complete averaging 
of  the  spin-selectivity effects, the  SLS simplifies 
considerably, being reduced to a much smaller number 
of equations for functions (averaged density matrices) 
[20,21].

The two models mentioned can be visualized as 
follows:

1)  The  first model is  a  semi-empirical kinetic 
model based on the use of nonlinear kinetic equations, 
the  right-hand side of  which is  a  combination 
of  contributions from linear terms controlling 
the short-time (geminate) g-SF stage of the process 
and nonlinear (quadratic in T-exciton concentration) 
terms determining the  long-time (bimolecular) b-
SF stage of  the kinetics. This model will be used 
to analyze approximations and evaluate the accuracy 
of methods for treating process kinetics;

2) The second model is a realistic two (kinetically 
coupled) state (TSM) model [16–18] describing 
the effect of the relative motion of diffusing T excitons, 
which are generated by the dissociation of TT pairs 
born from the primary splitting of S1

∗ -states at a rate 
k s−  [see (1)]

A semi-empirical kinetic model.
In a simplified formulation, the kinetic equations 

of the semiempirical model describing SF kinetics 
in accordance with the kinetic scheme (1) over a wide 
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range of geminate and bimolecular TTA-stage times 
are written as:

 
	

dn dt k k n k n

dn dt k n k n k n

s r s s a T

T s s d T a T

/ ( )

/

� � � �

� � �
�

�

2

22 2
.� (3) 

Equations (3) describe a  simplified version 
of the SF process (3), in which the effect of [TT]-
state of interacting T excitons is not taken into account.

In  these equations, n ts( ) and n tT ( ) are the 
concentrations of excited S1

∗  -states and T-exitons 
in the sample, respectively, kr  and k s−  are the rate 
constants defined in scheme (1), kd  is the gobelite 
rate of  T-exitons, and kà  is  the  rate constant 
of the bimolecular TTA process.

According to the kinetic scheme of the process (1), 
equations (3) must be solved with the initial condition:

	 n t ns si
( )= =0  and n tT ( )= =0 0.� (4)

In this paper we will analyze the most realistic 
limit of small initial concentrations nsi , defined by 
the inequality:

	 n k ks rs ai
 / ,� (5)

where k k krs r s� � � .
It is important to note that condition (5) guarantees 

the smallness of both n ts( ) and  n tT ( ) at all times, 
which, in  turn, results in the essential separation 
in time of the two stages of the SF-process described 
by equations (3): short-time g-SF and long-time b-
SF (see below).

In what follows, it  is  instructive to  analyze 
the system of equations (3) in the adiabatic (quasi-
stationary) approximation based on  the  use 
of a significant difference in the characteristic times 
�g rsk�

�1 and �b a sk n
i

� �( ) 1 of the g-SF and b-SF stages 
(respectively) in the limit (5):

	 � � �� �g b a s rsk n k
i

/ /  1� (6)

In this approximation, in the lowest order of small-
parameter decomposition τ τg b/  1 the SF kinetics 
is  represented as the  sum of  two contributions: 
geminate (at  small times t g� � ) and bimolecular 
(at large times t b� � ) [22] [22]:

1. Geminate stage. The contribution of this stage 
is  determined from the  solution of  equations (3) 

obtained in neglecting the bimolecular TTA process 
(i. e., at kà = 0):

n t n es
g

s
k t

i
rs( ) � � , 

 
n t k d n e nT s s

t k t
T

rs( ) ( ) ( )� � ��
��2 1

0

0� � .� (7)

In these expressions, k k krs r s� � �  and n Y nT T si
0 = , 

where Y k kT s rs� �2 / . (8)
Note that the initial concentration of T-exitons 

nT
0 essentially determined by their yield YT  

in the geminate SF process (at t g~ τ ).
2. Bimolecular stage. The bimolecular contribution 

is  formed in  the  process of  adiabatic evolution 
of the above discussed geminate subsystem (treated 
by equations (3) with kà = 0). The evolution is due 
to nonlinear summands proportional to nT

2.
In the adiabatic approximation in the lowest order 

expansion in of τ τg b/  1, the  evolution of n ts
b ( ) 

is determined by the stationary version of the first 
of equations (3) (i. e., in which dn dts

b / = 0):

	 n t k k n ts
b

a rs T( ) ( / ) ( )= 2 . � (9)

Substituting relation (9) into the  second 
of  equations (3), leads to  an equation describing 
the  kinetics of  the  evolution of  the  T-exiton 
concentration [22]:

	 dn dt k n K nT d T a T/ � � �2 2, � (10)

where K k k ka a r rs= / .
In this equation Ka is the effective rate of TTA. 

Solving equation (10), we obtain:

	 n t n tT T( ) ( )� 0 � , � (11)

where �( ) ( )t e ek t
a

k td d� � �� 1  and �à a T dK n k� 2 0( / ).
The  corresponding concentration of  states S1

∗ 
n ts
b ( ) at the bimolecular stage is determined from 

relation (9)

 
 
	

n t k k n t

K n k Y t

s
b

a rs T

a s r Ti

( ) ( / )( ) ( )

( / ) ( ).

� �

�

�

�

0 2 2

2 2 2

�

� � (12)

Expressions (7) and  (12) for n ts
g ( ) and n ts

b ( ), 
obtained in  the  framework of  the  simple kinetic 
model (3), are conveniently represented in  terms 
of the populations of S1

∗ , i. e. the states at the geminate 
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(g-SF) and bimolecular (b-SF) stages of the process 
y t n t ns si�

�( ) ( )/�  ( , )� � g b :

	 y t eg
k trs( ) � �  and, y t y tb b( ) ( )� �0 2� � (13)

where y K n k Yb a s r Ti

0 2= ( / )  and K k k ka a r rs= / .
3. Interpolation formula. The obtained kinetic g-SF- 

and b-SF-functions y tg b, ( ) can be combined into an 
interpolation formula for y t n t ns si

( ) ( )/= , describing 
both limits:

 
 
	

y t y t y t

y t y

e e

g b

g b

k t
a

k td d

( ) ( ) ( )

( )

( )

� �� � �

�
�

� ��
�

�
�

�0 2

0

2
1

�

�
.� (14) 

A two-state diffusion model
We will formulate the kinetic equations of a more 

realistic TSM separately for  the  geminate g-SF- 
and bimolecular b-SF-stages.

1. Geminate stage. In the considered TSM at the g-
SF stage of  the process (1), the primary splitting 
of the S1

∗ -state,  S S   TT( ) [ ]0 1� �� , is interpreted 
as a  first-order reaction. In  contrast, the  second 
stage, [ ] [ ]TT   T+T↔ , is  interpreted in  the  two-
state approximation developed earlier [16–18]. 
In this approximation, the spatial evolution of TT 
pairs is modeled by transitions between two states: 
the intermediate [TT]-state of interacting excitons 
and the [T+ T]-state of freely diffusing T excitons.

In TSM, the time-dependent population of -state 
S1
∗ y tg ( )  is controlled by the space-time evolution 

of TT pairs in [TT] and [T+ T]-states, described by 
the populations σ( )t  and ρ( , )r t  of these two states, 
respectively (where r is  the  interexciton distance). 
The  populations satisfy the  stochastic Liouville 
equation [19], which in the TSM is written in the form 
of three equations [16–18]

 
	

dy dt k k y k

d dt k K S K k y

d dt

g r s g s

s l l s g

/

/

/

� � � �

� � � � �

�

�

� � �

( ) ,

( ) ,

�

� � �

� LL
�

�
� �� � �r l lS K K r l� � � �( ) ( ),1

 �(15) 
 

where S ll � 4 2�  is the area of the spherical surface 
of  the  [TT]-state with radius, l  L

� �� � �D r rr r r
2 2( ) 

is the radial part of the relative diffusion operator 
of T-exitons and ρl (t)=ρ(l, t).

The  terms proportional to  K ±, represent 
the transitions between the [TT] and [T+ T] states 

[16–18]. In what follows, we consider the limit of fast 
thermalization of TT pairs in the [TT]-state, in which 
[16–18]:

	 K � � � and K K Z lw� � �/ / 2.� (16)

In the second of relations (16), Zw is the partition 
function in the [TT]-state.

The  scheme of  the  process (1) implies 
for the equations the initial condition:

y tg ( )= =0 1 and .� �( ) ( )t r t� � � �0 0 0, �(17)

Equations (15) must be solved with the  total 
reflection boundary condition for ρ( )r t,  at:r l=  
� ��r r l�| 0.

Solving equations (15) by the  Laplace 
time transformation method, def ined as 
� � � �( ) ( )� ��

� dt t e t

0
, gives [16–18]:

 
y t eg

s s

s e e e
i

d k
k

k k
rs

i

i
t( )

( )
/

� �
��

�
��

�
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� �

� �

�

�
�

1
2 1 2

1

�
� �

�

� � � �
� ,,�(18) 

in  which, krs=kr+k–s �s sk� 1
9  is  the  average rate 

of the TTA

	 k D l Ze r w= /  and �e e rl k D� 2 / .� (19)

In formula (19), ke is the dissociation rate of the [TT]-
state (bound T-exitons), and ξe is a dimensionless 
parameter that determines the  anomalous 
splitting of the amplitude of the geminate function 
y t tg e( ) ~ /� �3 2 at large times due to the non-analytic 
behavior of  the  Laplace transform in  time yg ( )ε  
at small: ε  y yg g e( ) ( ) ~ /0 1 2� � � �  [16–18].

2. Bimolecular stage. The kinetics of the long-time 
b-SF stage is  controlled by the  bimolecular TTA 
described by equation (10):

	 dn dt k n K nT d T a T/ � � � 2 2 ,� (20)

for the concentration of T-exitons n tT ( ) , reacting 
at the rate [22]:

	 K D l k k k k k k ka r r s rs e s s s� � � �
�( )( )[ ( ) ]4 1� .� (21)

As in the previously analyzed simple model (3), 
in the more realistic model (15), which takes into 
account diffusion of T-excitons, at the bimolecular 
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stage (at large times) the evolution of the concentration 
n ts
b ( ) can be determined in  the  quasi-stationary 

(adiabatic) approximation from a relation like (9), 
represented as [22]:

	 k n t K n tr s
b

a T( ) ( )= 2 .� (22)

Using the solution of equation (20) and relation 
(22), we obtain

	 y t y tb b( ) ( )� �0 2� ,� (23) 

where, �( ) ( )t e ek t
a

k td d� � �� 1  
as well as y K n k Yb a s r Ti

0 2= ( / )  , �à a s T dK n Y ki�2( )/  and 
Y k k k k k kT e s rs e r s� ��

�2 1( )( )  .
3. Interpolation formula. Similar to the simplified 

model, the  obtained g-SF- and  b-SF-functions 
y tg b, ( )  can be conveniently combined into an 
interpolation formula for y t n t ns si

( ) ( )/=  [close 
in form to formula (14)], reproducing the limits g-SF- 
and b-SF [22]:

 
y t y t y t
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e e
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g b

k t
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3. DISCUSSIONS OF RESULTS
The  results obtained within the  framework 

of the simplified model (3) allow us to draw important 
conclusions regarding the accuracy of the adiabatic 
approximation and, in particular, of the interpolation 
formula (14) obtained within this approximation. 
Comparison of the functions y t( ), found by numerical 
solution of  equations (3), with the  approximate 
ones calculated using the  interpolation formula 
(14), shows high accuracy of  the  formula even 
at relatively large values of the initial concentrations 
of  -states S1

∗nsi  , corresponding to  the  values of 
� � �� � �g b a s rsk n ki/ ( )/ .0 2 (Fig. 1).

The given estimates of the accuracy of the used 
quasi-stationary (adiabatic) approximation suggest 
a  sufficiently high accuracy of  the  proposed 
interpolation formula derived not only in  the 
framework of simple models of type (3) [formula 
(14)], but also in the realistic model (15) [formula 
(24)].

The high accuracy is also confirmed by the good 
agreement found between the  theoretical SF 
function calculated using expression (24) and the SF 
function experimentally measured in films of rubren-

containing nanoparticles of 200 nm diameter [7] over 
a wide range of times, as shown in Fig. 2.

In the calculation of the geminate kinetic function, 
the parameters of  the diffusion TSM model were 
used, which are conveniently represented as a vecto r 
z � �( , , , )z z z zs s r e  , where z k krs� �� / , as well as the 
parameters, k k krs r s� � � ξe and the dimensionless 
time � �k trs . In the calculation of the bimolecular 
kinetic function, the initial concentration of singlet 
excitations nsi  and the radius l of    the  [TT]-state 
of  interacting TT pairs were variable quantities. 
The full kinetic curve y t n t ns si

( ) ( )/=  shown in Fig. 2 
was calculated using the interpolation formula (24) 
and the following parameter values: krs = 0 37. ,ns  
z = ( . , . , . , . )0 8 0 16 0 2 0 14  and �e � 1 7. . The values of 
l ≈ 1 2. nm and n lsi

3 43 2 10� � �.  were also used.
Fig. 2 also shows, to further illustrate the results, 

the  characteristic geminate kinetic function 
y tg ( ), (dashed curve) calculated in neglecting T-exiton 
migration, i. e., with the  same diffusion model 
parameters (TSM) but at �e � 0. It can be seen that 
neglecting migration leads to a significant difference 
in the behavior of the experimental and theoretical 
functions y tg ( ).

y

τ100
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10‒1 101 102

Fig. 1. Comparison of the exact dependence of the SF-
kinetic function y y( ) ( )� ��  on the dimensionless time 
� � k trs , obtained by numerical solution of the equations 
within the  simple kinetic model (3) (lines), with those 
approximated using the  interpolation formula (14) 
(points) for three sets of model parameters, q k ks s rs� �� /  
q k kd d rs= /  and  κa (defined in  (11)). The  three sets 
of parameters used, denoted as vectors q � �( , , )q qs d a�  
[and  the  corresponding obtained functions 
y y( ) ( )� �� ] can be represented as: q1 0 2 0 001 0 1= ( . , . , . ) 
[solid lines and  circles], q2 0 1 0 001 0 04= ( . , . , . ) [dashed 
lines and triangles], and q3 0 1 0 001 0 01= ( . , . , . ) [dashed 
lines and squares]
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4. CONCLUSION
In this work, we analyze the accuracy of the quasi-

stationary approximation for the calculation of SF-
kinetic functions over a wide range of times, including 
both small times characteristic of the g-TTA geminate 
stage (which essentially controls the behavior of SF-
kinetics) and large times typical of the bimolecular 
b-TTA stage. Simple phenomenological models 
of  SF-processes are  formulated, the  analysis 
of which made it possible to demonstrate quite good 
accuracy of formulas for SF-kinetics obtained within 
the  framework of  the  models. Special attention 
is paid to analyzing the accuracy of the proposed 
interpolation formulas for  SF-kinetic functions. 
These formulas are  found to  describe a  number 
of experimental results with good accuracy, reducing 
the calculations to the simplest algebraic operations. 
Particularly important are the formulas that make 
it  possible to  generalize the  results to  the  case 
of realistic models, for example, describing the effect 
of  diffusive migration of  T-excitons. It  is  shown 
that the proposed generalized expressions describe 
with good accuracy recent experimental studies 

of the kinetics of SF processes in amorphous rubren 
films [14, 15], in which exciton migration plays an 
important role.

In conclusion, it should be noted that the developed 
method of approximate description of SF-processes 
allows us to analyze in detail complex effects in these 
processes, for  example, magnetic effects [19]. 
The proposed approaches can be used to describe 
the magnetic in SF-processes of interest for practical 
applications.
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1. INTRODUCTION
Many currently used catalysts include nanoparticles. 

In  particular, gold nanoparticles are  contained 
in  catalysts for  low-temperature oxidation of  CO 
[1], production of vinyl acetate and vinyl chloride 
[2], isomerization of  epoxides into unsaturated 
alcohols [3], hydrogenation of carbonyl [4] and nitro 
[5] compounds, and many other processes involving 
hydrocarbons.

An extended experimental study of  reactions 
in  the  nanogold-oxygen-hydrogen system was 
performed in [6]. In the first series of experiments, gold 
nanoparticles 2–3 nm in size were electrodispersed [7] 
onto a substrate of highly oriented pyrolytic graphite 
(HOPG) and  placed in  this form in  a  tunneling 
microscope chamber, where at room temperature they 
were sequentially exposed to 1) oxygen, 2) hydrogen, 
3) repeatedly O2, and 4) repeatedly H2. The time of each 
exposure was 30 min at a gas pressure of 10–6 Torr. 
After each exposure, the pressure in the microscope 
chamber was reduced to a deep vacuum of 10–10 Torr 
and after 14 h of exposure at this pressure, the volt-

ampere characteristics (VAC) of the nanocontact with 
gold nanoparticles were measured.

In  the  absence of  adsorbed atoms O, H or 
their combinations on  the  surface of  particles, 
the  S-shape characteristic of  the  nanocontact 
formed by conductors was observed. The appearance 
of a forbidden zone with zero current in a certain range 
of applied voltages on the VAC indicated the presence 
of  O- or H-containing adsorbates on  the  surface 
of particles.

According to  the  results of  the  first series 
of experiments, the following was found: 1) 14 hours 
after exposure to  O2, no adsorbed oxygen was 
found on the nanoparticle surface; 2) 14 hours after 
exposure to  H2, the  volt-ampere characteristics 
of  the  nanoparticles had a  forbidden zone, 
indicating the presence of H-containing adsorbates 
on the nanogold surface; 3) after repeated exposure 
to oxygen, the VACs also had a forbidden zone after 
a 14‑hour exposure, but the width of the forbidden 
zone (0.5–1 eV) was different from the forbidden 
band width for adsorbed hydrogen (1.5–2 eV). This 
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means that repeated exposure to  O2 after H2 led 
to the formation of a new adsorbate on the surface 
of gold particles, the nature of which was not revealed 
in [6]; 4) finally, in the last experiment of the series, 
repeated exposure to  H2 led to  the  purification 
of the nanogold surface from any adsorbates after 
14‑hour exposure of the sample in vacuum: about 
97% of the WAC measured on the nanoparticles had 
an S-shape characteristic of pure metal. Reactions 
leading to the removal of adsorbates upon repeated 
exposure to H2 were also not detected.

In the second series of experiments, the influence 
of the substrate material on the adsorption of oxygen 
and  hydrogen on  a  single gold nanoparticle 
was determined. For  this purpose, the  tungsten 
electrode with a nanoscale tip used in the first series 
of  experiments (the  second electrode was a  gold 
nanoparticle on  HOPG) was replaced by a  gold 
electrode also with a  nanoscale tip, and  the  role 
of  the  second electrode was played by a  plate 
of pure HOPG. In this case, the gold tip modeled 
the gold nanoparticle located on the massive gold. 
The  further mode of experiments was completely 
identical to  the  mode of  experiments in  the  first 
series described above, when gold nanoparticles were 
on the surface of the HOPG. According to the results 
of the second series, it was found that for the case 
of gold nanoparticles on massive gold, all the effects 
of hydrogen or oxygen adsorption detected in the first 
series (gold nanoparticles on carbon) were absent. 
The authors [6] suggested that the different reactivity 
of gold nanoparticles on carbon or gold substrate 
is related to the charge of gold nanoparticles located 
on the surface of the HOPG. The charging is associated 
with different values of electron yield work of graphite 
(4.75 eV) and gold (5.1–5.5 eV). The difference leads 
to electron flow from the material with lower yield 
work to the material with higher yield work, resulting 
in negative charge of gold nanoparticles on the HOPG. 
For the case of gold nanoparticles on massive gold, 
there is no particle charging.

The influence of charging of gold nanoparticles 
on  their catalytic activity in  CO oxidation was 
investigated in [8, 9]. The charge on nanoparticles 
was created by applying a voltage to an electrically 
conductive substrate with particles deposited on it. 
It was found experimentally that the creation of both 
negative and positive charge on the nanoparticles 
accelerates CO oxidation, but the effect of positive 
charging exceeds that of  negative charging. An 

explanation based on quantum chemical calculations 
for  the  results obtained is  proposed. In  [10], 
the interaction of CO and H2 with gold nanoparticles 
in the presence of an electric field was investigated. 
It  was shown that depending on  the  direction 
of the electric field vector, the adsorption of molecules 
from the  gas phase is  accelerated or decelerated. 
Quantum-chemical modeling of  adsorption of  H 
atom on AunNim and AunCum clusters was performed 
in [11].

The objectives of the present work are to obtain 
on the basis of quantum-chemical calculations 1) data 
on the heats of adsorption of H2 and O2 on electroneutral 
and negatively charged gold nanoparticles and 2) data 
on  the  sequence and  energetics of  elementary 
reactions on the surface of negatively charged gold 
nanoparticles when hydrogen, oxygen, and hydrogen 
again are supplied to them under the experimental 
conditions described above [6]. Calculations were 
performed for  the  simplest electrically neutral or 
negatively charged gold nanoparticles, Au3 or Au3

–, 
using the OpenMX‑3.7 software package [12, 13]. 
The basis sets were the sets recommended in [12, 13] 
for the most accurate calculations – s3p3d2f1 for Au, 
s3p2d2 for O, and s2p2d1 for H.

2. DISCUSSION OF RESULTS
Fig. 1 shows the  calculated structures 

of  electroneutral and  negatively charged gold 
particles Au3 and  Au3

–, as well as the  structures 
of  isomers formed by adsorption of  H2 on  these 
particles. The calculated heats of adsorption are also 
indicated in the same figure. Electrically neutral Au3 
and adsorbates Au3H2 model pure and coated gold 
nanoparticles adsorbed with hydrogen on a solid gold 
substrate, while negatively charged Au3

– and adsorbates 
(Au3H2)– model gold nanoparticles and H-containing 
adsorbates on a carbon substrate. As follows from 
Fig.1, the  most stable is  the  negatively charged 
isomer (H-Au3-H)– with calculated adsorption heat 
Q = 43.7 kcal/mol, while for  electrically neutral 
Au3H2 isomers the adsorption heat is significantly 
lower and does not exceed 16.4 kcal/mol. Note that 
the calculated for (H-Au3-H)– heat of adsorption 
Q = 43.7 kcal/mol agrees with the experimentally 
estimated Qexptl.≥ 37 kcal/mol for adsorption of H2 
on nanogold deposited on a carbon substrate [6].

The  calculated heats allow us to  estimate 
the adsorbate lifetime τ on the nanogold surface using 
Frenkel’s formula [14]:
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	 τ = τ0exp(Ea/RT), � (1)

where τ0 = 10–13s, is  the  characteristic period 
of  adsorbate oscillations, Ea is  the  desorption 
activation energy, which for estimations can be taken 
equal to  the  heat of  adsorption Q. If the  sample 
residence time t in deep vacuum is much less than 
τ, t << τ, then hydrogen adsorbed on  nanogold 
is retained on the gold surface, and if t >> τ, then 
hydrogen is completely desorbed and the gold surface 
becomes clean. For the case of nanogold on carbon, 
Q = 43.7 kcal/mol and  under the  experimental 
conditions [6] (t = 14 h at room temperature) t/τ ~ 10–14. 
In this case, the adsorbed hydrogen should be retained 
on the surface of nanogold, which is consistent with 
and explains the experiment. However, for the case 
of nanogold on gold, Q = 16.4 kcal/mol and t/τ ~ 
106. In  this case, hydrogen should be completely 
desorbed from the nanogold, which was observed 
in the experiments.

Fig. 2 shows the calculated structures of isomers 
formed by adsorption of O2 on electrically neutral Au3 

(modeling nanogold on massive gold) and negatively 
charged Au3 particles (modeling nanogold on graphite). 
The calculated heats of  adsorption are also given 
there. Just as for the adsorption of H2, the appearance 
of negative charge on Au3 leads to an overall increase 
in the heat of adsorption of O2. The negatively charged 
isomer 4_(O-Au3-O)– possesses the  highest heat 
of adsorption Q = 38.3 kcal/mol. For such a large heat 
of adsorption, the lifetime of the isomer is 10 orders 
of  magnitude greater than the  residence time 
of the nanogold sample on graphite in deep vacuum, 
t/τ ~ 10–10, and  if O2 adsorption were to  occur, 
the presence of oxygen on the nanogold would be 
experimentally detected. However, in the experiments, 
the gold surface remained clean. This means that 
no oxygen adsorption occurred during the  time 
that the  nanogold/graphite sample was exposed 
to oxygen (30 min at Po2 = 10–6 Torr). This is possible 
only when adsorption occurs with some activation 
energy Ea, the value of which can be estimated as 
follows. For  the  above-mentioned parameters 
of oxygen exposure on nanogold, each surface gold 
atom experiences approximately 2000 collisions 
with O2 molecules during the  entire exposure 
time. In order that at such a number of collisions 
the  adsorption probability does not exceed 10% 
(which in experiments would allow to define the gold 
surface as clean), it is necessary to fulfill the following 
condition

	 0.1≤ = 2000exp(–Ea/RT),� (2)

i. e., Ea≥ 6 kcal/mol.
As for  the  adsorption of  O2 on  electrically 

neutral Au3 (modeling nanogold on massive gold), 
the maximum heat of adsorption Q = 25.6 kcal/mol 
is inherent to the 2_(Au3-O2) isomer. For this heat, 
the calculated ratio t/τ = 0.2, which theoretically 
means the adsorption of O2 under the conditions 
of  the  experiment. However, in  the  actual 
experiment, no adsorption was detected after 14 hours 
of the sample in vacuum. Such a discrepancy between 
the calculation and the experiment can be explained 
by an error in the calculation of the heat of adsorption, 
since a  reduction of  Q by only 2 kcal/mol leads 
to t/τ = 5, which is sufficient for almost complete 
desorption of oxygen for 14 hours in a deep vacuum.

Fig. 3 shows the detailed mechanism of interaction 
of  oxygen with stable negatively charged 
isomer (H-Au3-H)– established by calculations. 
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Fig. 1. Structures of Au3 and Au3
–, as well as the structures 

of  the  electroneutral and  negatively charged adsorbate 
isomers Au3H2 and  (Au3H2)–. Gray labels are  Au, 
black labels are  H. Distances are  in  Angstroms. Heats 
of adsorption in kcal/mol are given in square brackets.
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The  calculated heats of  the  elementary reactions 
of the interaction are also given there. The interaction 
of oxygen with (H-Au3-H)– models the interaction 
of oxygen with negatively charged gold hydride formed 
on the surface of the nanogold/graphite sample after 
exposure of the sample in hydrogen.

According to Fig. 3, two O2 molecules are involved 
in the interaction. When interacting with the first 
O2 molecule, complex 1_(H–Au3–H–O2)– 
is formed first. Subsequent migration of the H atom 

from the  Au atom to  the  adsorbed O2 molecule 
leads to the formation of the energetically favorable 
compound 3_(H–Au3–O2H)– with the HO2 group.

The interaction with the second O2 molecule also 
begins with the  formation of  the  O(2)-containing 
complex 4_(O2-H-Au3-O2H)–. However, in  this 
complex, it is energetically more favorable for the H 
atom to migrate not to the adsorbed O2 molecule 
but to  the  previously formed HO2 group to  form 
the H2O-complex 8_(O2-Au3-O-H2O)–. Subsequent 
desorption of H2O and O2 from this complex leads 
to the formation of negatively charged oxide (Au3O)–. 
The total heat effect of the reaction is 45.1 kcal/mol 
kcal/mol,

	 3 2 2 3 2( ) (Au H O Au O O.) H− −+ → + � (3)

The  limiting step is  the desorption of O2 from 
compound 9_(O2-Au3O)–.

Fig. 3 explains the  mechanism of  oxidation 
of hydrides on the surface of nanogold on a graphite 
substrate. In the resulting gold oxide, each O atom 
is bonded to one gold atom. The structures obtained 
and not identified in [6] after the interaction of oxygen 
with surface hydrides of nanogold belong to such 
oxides.

Note that during the formation of oxide (Au3O)– 
from two gold atoms bound to H, one Au atom bound 
to O is formed, and the second Au atom becomes 
free from external bonds. In this case, the oxide-free 
fraction of  the nanogold surface should be equal 
to 50%, which was observed in the experiments [6].

Fig. 4 demonstrates the  mechanism 
of interaction of H2 with negatively charged oxide 
(Au3O)– established in the calculations. The heats 
of elementary reactions are also given in the same 
figure. The interaction of (Au3O)– with H2 simulates 
the final stage of the experiments [6], when the gold 
oxide formed earlier on the nanogold/graphite sample 
was exposed to hydrogen.

According to  Fig. 4, first, the  complex 1_(H2-
Au3-O)– is  formed on  the oxygen-free gold atom. 
Subsequent dissociation of H2 in the complex leads 
to the formation of hydride 2_(H-H-Au3-O)-. Then 
migration of one of the H atoms to the oxygen atom 
leads to the formation of hydroxyl 4_(H-Au3-OH)–, 
and migration of the second H atom to the O atom 
leads to the formation of water and a reduced pure 
Au3 cluster. The  total heat effect of  the  reaction 
is 40.0 kcal/mol,
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	 ( )3 2 3 2Au O H Au H O.− −+ → + � (4)

The  limiting step is  the  migration of  the  H 
atom from the  Au atom in  the  Au-H group 
(compound 5) to the Au atom in the Au-OH group 
(compound 6).

CONCLUSION
On the basis of quantum-chemical calculations, 

we proposed an explanation of the experimental data 
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on the interaction of hydrogen and oxygen with gold 
nanoparticles placed on substrates made of carbon or 
massive gold. Nanogold on solid gold is electrically 
neutral, while nanogold on carbon has a negative 
charge because the work of electron yield from gold 
exceeds the  work of  electron yield from carbon. 
In calculations, the mechanism of interaction of H2 
and O2 with electroneutral or negatively charged gold 
nanoparticles, as well as the energetics of elementary 
reactions were determined on  the  examples 
of reactions of the simplest gold nanoparticles Au3 
and Au3

–. According to the results of calculations, 
the following was found:

1. The  heat of  adsorption of  H2 on  Au3
– 

is Q = 43.7 kcal/mol, while the heat of adsorption 
of  H2 on  Au3 is  significantly lower and  does 
not exceed 16.4 kcal/mol. At Q = 43.7 kcal/mol, 
the  adsorbate lifetime on  the  adsorbing surface 
with room temperature is  τ1015 hours. In  this 
case, 14 hours after the  hydrogen exposure 
of  the  nanogold/graphite sample is  completed, 
almost the entire surface of the nanogold should be 
covered with adsorbed hydrogen, which is consistent 
with and  explains the  experiment [6]. However, 
at Q = 16.4 kcal/mol τ < 10–4 hours and after 14 hours 
exposure, the surface of nanogold in the nanogold/
massive gold sample should be completely cleared 
of hydrogen, which also agrees with and explains 
the experiment [6].

2. The  heat of  adsorption of  O2 on  Au3
– 

is Q = 38.6 kcal/mol with the adsorption activation 
energy Ea≥ 6.0 kcal/mol. The presence of the above 
activation energy prevents the adsorption of O2 under 
the  experimental conditions [6], which explains 
the oxygen free gold surface in the nanogold/graphite 
system 14 hours after the end of oxygen exposure [6].

Within the accuracy of the calculation, the heat 
of adsorption of O2 on Au3 is Q = 23.6 kcal/mol. 
When Q = 23.6 kcal/mol, the adsorbate lifetime is τ 

~ 3 hours. In this case, 14 hours after the completion 
of oxygen exposure of the nanogold/massive gold 
sample, almost the whole surface of the nanogold 
should be free of oxygen, which is also consistent with 
and explains the experiment [6].

3. The detailed mechanism of interaction of oxygen 
with negatively charged gold hydride (Au3H2)– has 
been established. It  is  shown that the  interaction 
products are negatively charged gold oxide (Au3O)– 

and water H2O, (Au3H2)– + O2→ (Au3O)– + H2O, 
Q = 45.1 kcal/mol.

The energetics of elementary reactions leading 
to  the  formation of  (Au3O)– and  H2O has been 
calculated. The  interaction of  O2 with (Au3H2)– 
simulates the interaction of O2 with negatively charged 
gold hydride formed on  the  surface of nanogold/
graphite sample after exposure of  the  sample 
in hydrogen [6].

4. The  detailed mechanism of  interaction 
of hydrogen H2 with negatively charged gold oxide 
(Au3O)– has been established. The interaction leads 
to  the  reduction of  gold and  formation of  water, 
(Au3O)– + H2 → Au3

– + H2O, Q = 40.0 kcal/mol. 
The  energetics of  elementary reactions leading 
to the formation of Au3

– and H2O has been calculated. 
The  interaction of  H2 with (Au3O)– simulates 
the interaction of H2 with negatively charged gold 
oxide formed on the surface of the sample nanogold/
graphite as a result of sequential supply of hydrogen 
and then oxygen to the sample [6].

The data obtained in the present work can be used 
to model the interaction of hydrogen and oxygen with 
both electrically charged nanogold and electrically 
charged massive gold. For massive gold, the charge can 
be created by applying an electric voltage to the gold.
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Abstract. The paper investigates the effect of the content of the Fe + Co + Cr + Ni + Al metal binder 
and mechanical activation (MA) on the combustion rate, elongation of samples during synthesis, mixture 
yield and size of composite particles after MA, morphology and phase composition of combustion products 
and activated mixtures in the system (Ti + 2B) + (Ti + C) + x(Fe + Co + Cr + Ni + Al. In the process 
of the mixture MA, a multicomponent highentropy alloy is formed – a solid solution based on γ-Fe with 
a FCC lattice (MHEA). A composite material consisting of ceramics and a high-entropy alloy was obtained 
by the method of self-propagating high-temperature synthesis (SHS). MA increases the maximum content 
of the metallic binder in the mixture, at which SHS is carried out at room temperature, from 60 to 80%. 
After MA, the elongation of the product samples and the combustion rate (in the case of a metal binder 
presence) of mixtures (Ti + 2B) + (Ti + C) + x(Fe + Co + Cr + Ni + Al) increases. For a mixture (Ti + 2B) + 
(Ti + C) without a binder, the combustion rate decreases after MA. With an increase in the content of the metal 
binder Fe + Co + Cr + Ni + Al in mixtures (Ti + 2B) + (Ti + C), the size of composite particles increases, 
the combustion rate, the yield of the activated mixture and the elongation of the samples of the reaction products 
of MA mixtures decreases. For the initial mixtures, the dependence of the elongation of the combustion product 
samples on the content of the binder is nonmonotonic, has a maximum.

Keywords: combustion, mechanical activation, SHS, multicomponent high-entropy alloy, cermet, TiB2, TiC
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1. INTRODUCTION
Materials based on TiB2 and TiC are in demand 

due to such properties as high values of elastic modulus 
(more than 450 GPa) and hardness (more than 25 GPa), 
rather low density values (4.52 and 4.93 g/cm3 for TiB2 
and TiC, respectively), good resistance to oxidation 
and elevated temperatures [1–3]. Self-propagating 
high-temperature synthesis (SHS) makes it possible 
to obtain ceramic materials based on titanium carbide 
and  diboride in  one technological operation [3]. 
Combustion of powder mixtures of titanium with boron 
was studied in [4, 5], titanium with carbon – in [6–10].

The method of mechanical activation (MA) is often 
used to change the reactivity and properties of powder 
mixtures [11–16]. The combustion behavior of activated 
powders of titanium with carbon was studied in [17, 
18], and titanium with boron studied in [19, 20].

Multicomponent high-entropy alloys (MHEAs) 
containing five or more metallic components that 
can form a single-phase crystalline alloy are a new 
class of  materials with unique microstructure 
and attractive properties [21–24]. The Fe-Cr-Co-
Ni-Al system, which belongs to the family of MHEAs 
based on 3d – transition metals, is of interest due 
to  its high values of  tensile strength and ductility 
[25], ultimate fracture strain at reduced and even 
cryogenic temperatures [26], strength and hardness 
[27], and superplasticity 28].

High-entropy alloys are produced by induction 
melting [21, 29], electric arc melting in vacuum [30, 
31], mechanical alloying or mechanical activation 
(MA) [32, 33] and other methods. There are published 
works in which SHS method is used to obtain HEAs. 
[20, 34, 35].
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Metal-ceramic materials combining the properties 
of  metal alloys and  ceramics are  widely used. 
Materials based on metal-ceramics are often used as 
high-temperature structural materials, cutting tools, 
wear-resistant materials, etc. [36–38]. Studies have 
been published in which HEAs are used as a binder 
in  metal-ceramics and  materials such as: TiB2-
CoCrFeNiAl [20, 39], TiB2-CoCrFeNiTiAl [40], 
TiB2-TiC–CoCrFeNiTiAl [41] are obtained. These 
materials are supposed to be the origin of a new family 
of metalloceramics [42].

In the present work, the aim was to synthesize 
cermet with high-entropy TiB2-TiC-FeCoCrNiAl 
bond by SHS method and to investigate the influence 
of  mechanical activation and  bond content 
on the synthesis process.

2. EXPERIMENT
Experiments were performed using aluminum 

powder ASD‑4 with an average particle size of 10 μm, 
nickel powder NPE‑1 with an average particle size 
of 150 μm, carbonyl radio-technical iron powder 
P‑10 with an average particle diameter of 3.5 μm, 
chromium powder PH‑1M with particle size less than 
125 microns, cobalt powder PK‑1u with particle size 
less than 71 microns, boron powder black, amorphous, 
particle size less than 1 micron, titanium powder 
grade PTM‑1 with average particle size 120 microns 
and carbon black powder grade P‑803 with dispersity 
1–2 microns.

High-entropy binder Fe+Co+Cr+Ni+Al was added 
to the powder mixture (Ti+2B) + (Ti+ C) (60 wt.% 
Ti+2B and 40 wt.% Ti+C) (all metals of the binder 
in equimolar ratio, i. e. Fe – 22.12 wt.%, Co – 23.34 wt.%, 
Cr – 20.6 wt.%, Ni – 23.25 wt.%, Al – 10.69 wt.%). 
The binder content varied from 0 to 90 wt%. Mixtures 
of powders (Ti+2B)+ (Ti+ C) +x(Fe+Co+Cr+Ni+Al) 
were prepared by mixing the  initial components 
in a porcelain mortar in a given amount (x varied from 
0 to 90 wt.%). The Fe+Co+Cr+Ni+Al bond will be 
denoted for convenience as 5Me.

MA of powder mixtures was carried out in a water-
cooled AGO‑2 mechanoactivator at an acceleration 
of 90 g using steel balls with a diameter of 9 mm in an 
air atmosphere. The ratio of ball mass to powder mass 
in the activator drums was 20:1, activation duration 
was 5 min.

To  study the  combustion process, cylindrical 
samples with a  diameter of  10 mm and  a  height 
of  12–17 mm were obtained from the  initial 

and activated powders by cold double-sided pressing. 
The mass of samples varied from 2 to 4 g, pressing 
pressure was 95–130 Kg/cm2. The mass of the samples 
increased with the  growing HEA content 
in  the mixture to maintain relative density values 
in the range of 0.56–0.6.

The combustion process of compressed samples 
was carried out in a constant pressure chamber in an 
inert argon environment at a pressure of 760 mm 
Hg. [11, 13, 15, 17, 19, 20, 34, 35]. The process was 
videotaped through a viewing glass on a video camera. 
By frame-by-frame viewing of the video recordings 
of  the  combustion process, the  combustion rate 
of the samples was determined. The synthesis was 
initiated by a heated tungsten spiral through a Ti+2B 
ignition tablet from the  upper end of  the  sample 
to ensure stable ignition conditions.

The  relative elongation of  the burned samples 
was taken as the ratio of their height to the height 
of the original samples.

The values of pressing pressure, relative elongation 
and  combustion rates of  the  samples, as well as 
the yield of the mixture after MA were determined 
as an average of the results of several experiments, 
the error of determination did not exceed 10%.

X-ray phase analysis (XRD) was performed 
on a DRON 3 diffractometer (CuKα radiation).

The  fractional composition and  particle size 
distribution of the mixture were determined according 
to  the  standard method on  the  laser analyzer 

“Microsizer‑201C”. The measurement error did not 
exceed 1.2%.

3. DISCUSSION OF RESULTS
X-ray phase analysis (XRD) of the activated powders 

(Ti+2B)+(Ti+ C)+x(5Me) showed that during the MA 
process lasting 5 min a multicomponent high-entropy 
alloy – solid solution based on γ-Fe with FCC lattice 
(HEA) was formed. Reflexes of initial titanium (boron 
and carbon black are amorphous) were also observed 
on  X-ray diffraction images of  activated mixtures. 
Reflexes of individual metals included in the binder 
(iron, cobalt, chromium, nickel, and  aluminum) 
are  not observed, thus it  can be concluded that 
transition metals formed the MHEAs (Fig. 1).

Part of the powder adheres (sticks) to the walls 
of the activator drums and the surface of the balls 
in the process of MA [20, 13]. As the yield of the 
mixture after activation, we take the ratio of the mass 
of non-sticky activated mixture, which can be easily 
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removed after MA from the  drum, to  the  mass 
of  the  initial powder mixture put into the  drum 
before MA. Addition of 5Me metal binder, in which 
plastic metals are present, to the activated mixture 
increases the powder sticking during the MA process 
on the drum walls and ball surface. As a result, as 
the  content of  metal binder increases, the  yield 
of the mixture after MA decreases (Fig. 2).

During the MA process, the particles of the initial 
components deform, collapse and agglomerate among 
themselves, forming composite particles [13–16, 20]. 
The size of composite particles of the activated mixture 
(Ti+2B)+(Ti+C)+x(5Me) increases with the increase 

in the metal bond content, but this increase does not 
exceed 12.5% (from 28 to 32 μm) (Fig. 3).

In the case of specimens pressed from activated 
mixtures, the  values of  pressing pressure applied 
to  obtain specimens of  a  given density decrease, 
indicating that the  compaction of  the  mixtures 
improves with increasing metal binder content (Fig. 4).

The maximum metal bond content x, at which 
the combustion of pressed samples could be initiated 
and  the  samples burned to  the  end, in  the  case 
of initial mixtures (Ti+2B)+(Ti+ C)+x(5Me) was 
60 wt.%. Activation increased the  limiting value 
of x at which combustion was realized to 80 wt%. 
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Similar results were obtained earlier on the system 
(Ti+2B)+x(5Me) [20].

The dependences of the experimentally measured 
combustion rate of the samples on the content of metal 
binder (5Me) for the initial and activated powders 
are presented in Fig. 5. It can be seen that for all 
mixtures the combustion rate of the samples decreases 
with the  increase in  the  content of  metal binder 
in the mixture. These trends are expected, because 
after the  addition of  metal binder to  the  mixture 
(Ti+2B)+(Ti+C), in addition to the main exothermic 
reactions between titanium and boron and titanium 
and  carbon, there is  also melting of  metals with 
the  subsequent formation of  a  multicomponent 
high-entropy alloy, which does not lead to the release 
of significant amounts of heat.

The  combustion rate of  MA powders exceeds 
the combustion rate of initial powders in the case 
of the presence of metal binder (5Me) in the mixture. 
Moreover, this excess increases with the  increase 
in  the  content of  metal binder in  the  mixtures. 
For the mixture (Ti+2B)+(Ti+C) without bonding, 
the combustion rate decreases after MA (Fig. 5).

It was noted earlier that during the MA process 
additional impurity gases enter the processed powder 
[13, 15, 19, 20, 43, 44]. The release of these gases 
during combustion of samples from MA mixtures 
leads to their destruction at a binder content of 50 wt.% 
and less (Fig. 6).

A part of impurity gases can be released in front 
of the combustion front, slowing down its propagation 

rate, in accordance with the convective-conductive 
model of combustion [45]. Thus, there are factors that 
increase the combustion rate of the mixture after MA 
(increase in the contact area and removal of diffusion 
difficulties between components of  the  activated 
mixture), and  there are  factors that decrease 
the combustion rate after MA (increase in the amount 
of impurity gases).

Probably, in  the  case of  the  mixture 
(Ti+2B)+(Ti+C) without binder, after MA, the effect 
of  the factor decreasing the combustion rate (i. e., 
the increase of impurity gases in the activated powder) 
prevails. This leads to a decrease in the combustion 
rate of the samples after MA.

In  the  case of  powders (Ti+2B)+(Ti+C) + 
x(5Me) with a metal bond, the effect of MA prevails, 
increasing the  burning rate of  the  powder after 
activation (increasing the contact area and removal 
of  diffusion difficulties between the components 
of the activated mixture). In favor of this is evidenced 
by the decrease in  the content of  impurity gases 
and  the  maximum combustion temperature 
of  powders (Ti+2B)+(Ti+C) + x(5Me) with 
increasing content of metal bond. Earlier it was found 
that dilution of powder mixtures Ti+C and Ti+2B 
with metals not participating in  the  exothermic 
reaction (Fe, Co, Cr, Ni, Al, Cu) reduces the amount 
of impurity gases emitted during combustion of these 
powders and decreases their maximum combustion 
temperature [20, 34, 35, 46–50]. According to XRD 
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data, only reflexes of titanium carbide and titanium 
diboride phases, as well as high-entropy alloy, 
are observed in the combustion products of activated 
mixtures (Fig. 7b). That is, the addition of a metallic 
bond (5Me) to the system (Ti+2B)+(Ti+C) can be 
considered as inert. As a result, for (Ti+2B)+(Ti+C) 
+ x(5Me) powders, the  combustion rate after 
MA increases, and  this increase increases with 
the increase in the content of metal bond (5Me) 
(Fig. 5).

It should be noted that at combustion of the initial 
mixture Ti+2B + Ti+C without a metallic binder, 
the  reflexes of TiB2 and TiC phases are observed 
in the product. When the binder is added, the X-ray 
diffraction patterns of both MA products and initial 
powders show reflections corresponding to the solid 
solution based on γ-Fe with FCC lattice (HEA), as 
well as those corresponding to the solid solution based 
on α-Fe with BCC lattice (HEA) (Fig. 7a, b).

It  was noted earlier that during the  synthesis 
process behind the  combustion front, elongation 
of  samples often occurs due to  the  release 
of impurity gases [13, 15, 20, 51–53]. When adding 
to  the  initial powder (Ti+2B) + (Ti+C) a  small 
amount (10 wt.%) of metal binder, which is more 
fusible than TiB2 and  TiC, the  amount of  liquid 
phase in  the  combustion front increases, which 

leads to an increase in the elongation of the sample 
in  the  combustion process (Fig. 8). With further 
increase in the amount of metal bonding in the initial 
mixture, probably, the effect of reducing the amount 
of  impurity gases and  decreasing the  maximum 
reaction temperature begins to prevail, which leads 
to a decrease in the elongation of the reaction product 
samples [20, 34, 35, 46–50] (Fig. 8).

As noted above, during the MA process, additional 
impurity gases are introduced into the treated powders. 
The  release of  these gases during combustion 
of  samples from activated mixtures led to  their 
destruction (Fig. 6). Only at the content of metal 
binder in MA mixtures 60 wt.% and more reaction 
products retained their integrity, which allowed 
to  measure their elongation (Fig. 8). Samples 
of synthesis products of initial powders containing 
less impurity gases, as compared to activated mixtures, 
retained their integrity at all values of the metal binder 
content (Fig. 9).

It  can be seen that the  elongation of  samples 
of  combustion products of  activated powders 
significantly exceeds the  elongation of  samples 
of combustion products of initial mixtures. In addition, 
the elongation of samples of MA powder products, as 
well as in the case of the initial mixtures, decreases with 
increasing content of metal bonding in the mixtures 

1 2

6 7 8 9

3 4 5

Fig. 6. Photograph of samples of combustion products of activated mixtures 60%(Ti+2B)+40%(Ti+C)+x(5Me), x=: 1–0%, 
2–10%, 3–20%, 4–30%, 5–40%, 6–50%, 7–60%, 8–70%, 9–80% wt.%
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due to a decrease in the amount of impurity gases 
and a decrease in the maximum reaction temperature 
(Fig. 8).

The results of this work can be used to optimize 
the production of cermets based on MHEAs.

4. CONCLUSION
In  the  process of  MA powders (Ti+2B)+ 

+(Ti+C)+x(5Me) lasting 5 min, a multicomponent 
high entropy alloy – solid solution based on γ-Fe with 
FCC lattice (MHEA) is formed.

With increasing content of  5Me metal bond 
in mixtures (Ti+2B)+(Ti+C) the size of composite 
particles after MA increases, the  combustion 
rate, the yield of activated mixture and elongation 
of  samples of  reaction products of  MA mixtures 
decrease. For  initial powders, the  dependence 
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of  elongation of  combustion product samples 
on the binder content is non-monotonic and has 
a maximum.

MA increases the  mass content of  5Me metal 
bond in  the  mixture (Ti+2B)+(Ti+C), at  which 
the  combustion of  samples at  room temperature 
occurs, up to 80%.

The elongation of the combustion product samples 
and the combustion rate (in the case of metal bonding) 
of  (Ti+2B)+(Ti+C)+x(5Me) mixtures increase 
after MA. For the mixture (Ti+2B)+(Ti+C) without 
a binder, the combustion rate decreases after MA.

A  composite material consisting of  ceramics 
and high-entropy alloy was obtained by SHS method.
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Abstract. The  effect of  TiB2, AlMgB14, (NH4)2TiF6, NH4BF4 and  Ca3(PO4)2 additives-modifiers 
on the combustion parameters of composite propellants based on ammonium perchlorate (about 60%), 
powdered aluminum (about 20%), and a binder of the methylpolyvinyl tetrazole type (about 20%) was studied. 
The additives were introduced in an amount of about 2%. The burning rates of the propellants were measured 
and the condensed combustion products were studied at a pressure of 0.35 MPa. The effect of additives 
was assessed in terms of their influence on the burning rate, as well as on the mass, size and incompleteness 
of combustion of agglomerates. The most effective additives were TiB2 and AlMgB14. Conclusions were 
made on the possibility of regulating the specified combustion parameters by introducing small additives into 
the propellant and on the need for further research in this direction.

Keywords: model composite propellant, aluminum, additives, combustion modifiers, titanium diboride, aluminum-
magnesium boride, ammonium tetrafluoroborate, ammonium-titanium fluoride, calcium phosphate 3‑substitut-
ed, burning rate, agglomeration, condensed combustion products, sampling method, agglomerates, oxide particles, 
granulometric composition, combustion completeness
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1. INTRODUCTION
The development of rocket technology is partly 

ensured by the  improvement of  fuel formulations. 
The  purpose of  rocket propellant is  to  release 
the  required amount of  energy and  working fluid 
at  a  given rete during combustion under certain 
conditions. To  date, many effective combustibles, 
oxidizers and binders are known [1–4], with a special 
place occupied by composite propellants containing 
metal particles as a fuel [5–7]. Aluminum has become 
the most widely used due to the successful combination 
of such qualities as high heat of combustion and density, 
safety of handling powder, harmlessness of combustion 
products, and  commercial availability. However, 
aluminum is  characterized by the  phenomenon 
of agglomeration [8], which consists in the unification 
and merging of the original particles into agglomerates 
in  the  combustion wave. Agglomeration usually 
leads to  undesirable consequences – a  decrease 

in the completeness of metal combustion, accumulation 
of slag in the engine chamber, etc. Therefore, the search 
for ways to reduce agglomeration is the subject of many 
experimental studies. The main factors that affect 
the  agglomeration and  combustion of  aluminum 
in the composition of propellants are listed below.

The  formulation factors are  the  aluminum 
content [9–11], the  granulometric composition 
of the components [9, 12], the nature of the binder 
[13–16], the  presence of  nitramines [17–19], 
ammonium nitrate [20–23] or other alternative 
oxidizers [24–29]. The physical factors are the pressure 
[30] and  the  burning rate [31]. The  burning rate 
depends on the pressure and dispersion of ammonium 
perchlorate (AP) [11, 31], therefore, in order to reduce 
agglomeration while simultaneously meeting other 
propellant requirements, it is necessary to optimize 
a complex system with numerous direct and reverse 
dependesies. The  following are  promising 
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ways of  influencing the  behavior of  the  metal 
in the combustion wave, including agglomeration: 
modification of  the  properties of  the  metal 
in the volume, for example, by introducing a second 
metal [32–34]; preparetion of composite particles [35, 
36]; modification of the particle surface or the oxide 
layer covering it [35, 37–44]; introduction of additives 
into the propellant composition [24, 45–47]. In this 
case, the introduction of nanosized aluminum [48, 49] 
can be considered both as an additive to the propellant 
and as a modification of the properties of aluminum. 
General ideas about the  mechanism of  action 
of additives introduced into the propellant or directly 
into the metal particles are presented in [50].

This work is aimed at experimentally assessing 
the effect of five additives on aluminum agglomeration 
in a typical propellant formulation with AP and an 
active binder. The  essence of  the  work is  to  test 
the  possibility of  achieving beneficial effects by 
introducing additives. With regard to agglomeration, 
these include a decrease in the size and mass of large 
agglomerate particles, an increase in the completeness 
of  metal combustion, and  a  decrease in  the  size 
of  small oxide particles. The  work is  exploratory 
in  nature and  was performed using a  simplified 
method for sampling combustion products. More 
detailed studies, in particular, of the mechanisms 
of action of additives, make sense only if the desired 
effects are detected.

2. PROPELLANTS 
AND ADDITIVES UNDER STUDY

The experiments were carried out with uncured 
model mixtures that had a paste-like consistency 
and  contained the  following components: 
Ammonium perchlorate of one of  two fractions – 
coarse with particle sizes of 500–630 μm (APc), or 
medium with particle sizes of 180–250 μm (AP); 
active fuel-binder – methylpolyvinyltetrazole 
(MPVT) type [20]; micron-sized aluminum 
powder of  the ASD‑4 brand (Al). The mass ratio 
of  the  components AP/binder/Al = 60/20/20 or 
62/20/18. The procedure for preparing the propellant 
mass samples included weighing the components 
on an MV 210-A analytical balance with an accuracy 
of 0.0001 g and mixing them manually in a bronze 
cup with a  fluoroplastic spatula. When working 
with the spatula, they acted very carefully so as not 
to crumble of the large AP particles. The typical mass 
of the prepared portion of propellant is approximately 

5 g, and in such a portion it is easy to visually control 
the homogeneity of mixing.

The granulometric characteristics of the powder 
components are  presented in  Table 1 and  Fig. 1 
in the form of normalized functions of the density 
distribution of the relative mass of particles by size. 
The normalization was carried out in such a way that 
the area under the curve (mass) was equal to 1.

The mean particle sizes of the powders Dmn were 
calculated using the formula

D D N D Nmn m n i
m

ii

k
i
n

ii

k� � � � �� �� � �� �1 1
,� (1)

where m, n are integers specifying the order of the mean 
size, k is the number of size intervals in the histogram, 
Ni is the number of particles in the i-th interval, Di 
is  the  middle of  the  i-th interval. From here on, 
the calculated values of the mean diameters are given 
without rounding.

The scheme of variation of propellant compositions 
is presented in Fig. 2. There are base propellants P1, 
P2 and P3. Propellant P1 contains 20% of binder, 
20% of Al and 60% of APс. Propellant P2 differs 
in  the size of oxidizer particles and contains 20% 
of  binder, 20% of  Al and  60% of  AP. Propellant 
P3 has a  reduced Al content (18%), an increased 
AP content (62%) and the same amount of binder 
(20%). Following [51], additives-modifiers were 
introduced into each base propellant in an amount 
of about 2% (over 100%). Additives: titanium diboride 
TiB2, aluminum and magnesium boride AlMgB14, 
ammonium titanium(IV) fluoride (NH4)2TiF6, 
ammonium tetrafluoroborate NH4BF4, calcium 
phosphate 3‑substituted Ca3(PO4)2. The  choice 
of additives is due to the presence of “combustible” 
atoms of Al, Mg, B, Ti or an F atom as an oxidizer 
and at the same time an element capable of interacting 
with the  oxide film covering aluminum particles. 
The  compound Ca3(PO4)2 is  conditionally inert 
and is used for comparison. Below we will discuss 
three “lines” of  formulation obtained from base 
propellants P1, P2 and P3 by introducing the listed 

Table 1. Mean particle sizes of powdered propellant components 
(in µm)

Propellant D10 D30 D32 D43

APc 712 723 734 746
AP 221 232 242 249
Al 4.2 5.8 8.7 15
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Fig. 1. Mass distribution functions of aluminum, coarse (APc) and medium (AP) ammonium  perchlorate particles by size.

Table 2. Component composition (%.wt) of the studied propellants

Fuel Binder Al APc AP AlMgB14 TiB2 NH4BF4 (NH4)2TiF6 Ca3(PO4)2

P1 20 20 60 – – – – – –
P11 20 20 60 – 2 – – – –
P12 20 20 60 – – 2 – – –
P13 20 20 60 – – – 2 – –
P14 20 20 60 – – – – 2 –
P15 20 20 60 – – – – – 2
P2 20 20 – 60 – – – – –
P21 20 20 – 60 1.6
P22 20 20 – 60 1.8 – – –
P23 20 20 – 60 – – 2 – –
P24 20 20 – 60 – – – 2.1 –
P25 20 20 – 60 – – – – 2.5
P3 20 18 – 62 – – – – –
P31 20 18 – 62 2 – – – –
P32 20 18 – 62 1.5
P33 20 18 – 62 – – 2.4 – –
P34 20 18 – 62 – – – 1.5 –
P35 20 18 – 62 – – – – 2.2

Note: Additives were introduced in excess of 100%
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additives (Fig. 2). The compositions of the model 
propellants are presented in Table 2.

3. CONDUCTING AND PROCESSING 
THE RESULTS OF EXPERIMENTS

The experimental method is based on burning 
the test propellant sample in a small high-pressure 
vessel (mini-bomb) at  a  pressure of  0.35 MPa 
in nitrogen. At the same time, the combustion process 
is video-recorded through windows and condensed 
combustion products (CCP) are  collected into 
the liquid.

The  appearance of  the  high-pressure vessel 
(mini-bomb) is shown in Fig. 3. The outer diameter 
of  the  body is  90 mm, the  effective diameter 
of the windows is 30 mm, the working pressure is up 
to 3 MPa, the volume is 0.33 L.

The  sample is  ignited using a  nichrome wire 
heated by an electric current. A glass with a “freezing” 
liquid, distilled water, is placed under the sample. 
The glass diameter is 0.5 mm smaller than the inner 
diameter of  the  vessel. The  sample in  the  form 
of a paste-like mixture is placed in a plexiglass cup 
with an inner diameter of 5 mm and a depth of 5 mm 
and fixed in the vessel so that the combustion torch 
is directed downwards. The distance from the surface 
of  the  sample to  the  surface of  the  liquid before 
the experiment was 1.5 cm. The pressure is created 
by gas from a cylinder and controlled by a manometer. 
The combustion process of the sample is recorded 
using a  video camera. Burning metal particles-
agglomerates flying out of the surface of the sample go 
out upon entering the liquid. Oxide particles in the free 
volume of the high-pressure vessel after combustion 
of the sample, upon sufficiently long exposure, settle 
on  the surface of  the  liquid. The  table 3 presents 
the results of the assessment of the velocity and time 
of settling of particles with a density of 3.7 g/cm3 
(aluminum oxide) in gas at a pressure of 0.35 MPa. 
The calculations were carried out using the AeroCalc 
aerosol calculator [52] to determine the holding time. 
The settling distance is 65 mm, which corresponds 
to the height of the free volume of the vessel, equal 
to the distance from the liquid surface to the top lid. 
The  settling time was determined as the quotient 
of  division the  distance and  the  settling velocity. 
The  settling velocity of  spherical particles with 
a  diameter of  2.2 μm and  a  density of  3.7 g/cm3 
is 0.54 mm/s. They will cover a distance of 65 mm 
in 120 s. The gas suspension was held in the vessel 
for 5 min so that particles larger than 2 μm guaranteed 
to have settled into the liquid.

Thus, in  the  conducted experiments, the 
agglomerates leaving the burning surface of the sample 

No additives

Line 1

Р15 Р25 Р35

Р14 Р24 Р34

Р13 Р23 Р33

Р12 Р22 Р32

Р11 Р21 Р31

Р1 Р2 Р3

Line 2 Line 3

AlMgB14

TiB2

NH4BF4

(NH4)2TiF6

Ca3(PO4)2

Fig. 2. Scheme of variation of propellant composition.

Table 3. Estimation of the velocity and time of settling of particles 
in gas

Particle 
diameter, µm

Sedimentation 
velocity, mm/s

Re 
number

Sedimentation 
time, s

10 11.2 0.026 5.8
5 2.8 0.0032 23
3 1 0.0007 65

2.5 0.7 0.004 92
2.2 0.54 0.0027 120
2 0.4 0.0026 163
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are  quenched and  completely sampled. Oxide 
particles are not completely trapped. Some amount 
of oxide particles smaller than 2 µm exit with the gas 
when the pressure is released after the experiment. 
The “mass average” D43 was used as a characteristic 
size of the agglomerates, and the “surface average” d32 
was used for the oxide particles. The specified sizes 
were calculated using formula (1).

4. PREPARATION AND ANALYSIS 
OF SAMPLED CCP PARTICLES

After removing the sampling glass, the suspension 
in it was filtered through a wire sieve with a mesh size 
of 80 μm. Particles larger than 80 μm were considered 
agglomerates. It is assumed that the boundary size DL 
separating agglomerates and oxide particles depends 
on  the  propellant formulation and  combustion 
conditions [53]. There are  various values of  DL 
in the literature. For example, in [54, 55] agglomerates 
were considered to be particles larger than 30 µm, 
in [56] DL = 49 μm was taken, in [17] the size of DL 
was 119 μm. In this work, DL = 80 μm is accepted 
as a  certain “universal” value, justified also by 

considerations of  practical convenience – “wet” 
sifting of an aqueous suspension of particles through 
an 80 μm sieve is carried out quite easily. The residue 
on the sieve was dried at room temperature, weighed 
and the dimensionless mass of the agglomerates m80 
was determined as a relation the mass of particles larger 
than 80 µm to the mass of the propellant sample before 
the experiment.The absolute error in determining 
the value of m80 usually does not exceed 0.02.

The dried agglomerate particles were subjected 
to  morphological, granulometric and  chemical 
analyses. The  morphology of  the  particles was 
studied under an MBS‑10 optical microscope with 
a DCM‑300 ocular camera. Particle size analysis 
was carried out using an Pictoval optical projection 
microscope (Carl Zeiss Jena, Germany) and a semi-
automatic 23‑channel counting device with measuring 
circles on  a  transparent template ruler [57, 58]. 
The absolute error in measuring the particle diameters 
is  ±22 µm. The  incompleteness of  agglomerates 
combustion was determined by the cerimetric method 
of analytical chemistry [59, 60] using reducing number 
RN, which characterizes the  ability of  a  material 

General external appearance

Top lid of bomb

Sample with igniting wire

Fig. 3. Photographs of a high-pressure vessel (mini-bomb) and its equipment.
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to attach oxygen, that is, to oxidize. The measure 
of  incompleteness of  combustion η is  the  ratio 
of the RN numbers after combustion, that is, RNccp 
for combustion products, and RNprop for propellant. 
The reducing number for CCP RNccp is calculated 
taking into account the mass of agglomerates:

	 RNccp = (RN for agglomerates)⋅m80.� (2)

The  reducing number for  propellant RNprop 
is calculated as the product of the reducing number 
for  metallic fuel RNmf determined as a  result 
of chemical analysis and the mass fraction of metallic 
fuel mmf in the propellant:

	 RN RN mprop mf mf� � .�  (3)

As a result, the  incompleteness of agglomerate 
combustion:

	 � � RN RNccp prop .� (4)

In this definition, incompleteness of combustion 
can vary from 1 (nothing burned) to  0 (every
thing burned). The ratio of  the  measured 
RNmf and its theoretical value gives an idea 
of the “degradation” of the metallic fuel. For the used 
ASD‑4 RN = 10.14 ± 0.28 (averaged over 6 samples), 
while the  theoretical value for  aluminum is  11.12 
[60]. The  value 10.14/11.12 = 0.912, or 91.2%, 

can be interpreted as the  content of  active 
(unoxidized) metal in  the  original aluminum. 
The value mmf = 0.2 for propellants of lines 1 and 2 
and mmf = 0.18 for propellants of line 3. Relative error 
of determination η typically 5%-7%.

The “pass” through the 80 µm sieve – a suspension 
of fine oxide particles in water – was analyzed on an 
automatic granulometer “Malvern‑3600E” (Great 
Britain). Mode: size range 0.5–118 µm, ultrasonic 
treatment of  suspension within 30 s before 
measurement, mechanical stirrer is  on  during 
measurement.Each sample was analyzed twice. 
The  measurement was repeated after 3 minutes, 
the results were averaged. Relative measurement error 
of the sizes – 10%.

Based on the obtained empirical size distribution 
functions, we calculated mean diameters of fine oxide 
particles dmn and agglomerate particles Dmn according 
to formula (1) in the ranges of 0.5–80 µm and 80–Dmax, 
respectively. Here Dmax is the right boundary of the last 
histogram interval in  the  distribution function 
of agglomerates.

Sample burning rate (r, mm/s) determined by 
dividing the length of the sample by its burning time. 
The  length of  the  sample is  the depth of  the cup 
5 mm; the burning time was determined by processing 
video recordings of  the  combustion process. 
The  absolute error in  determining the  burning 
rate is 0.1 mm/s. Fig. 4 shows frames from a video 
recording of the sample combustion process.

1

2

3

x L

Fig. 4. Video footage of the combustion process of a miniature sample in a mini-bomb for the collection of combustion product 
particles. Shooting in the passing background light with illumination through the rear window of bomb: Left frame – view before 
combustion, right frame – during combustion: 1 – sample in a plexiglass cup, fixed to a bracket; 2 – ignition wire; 3 – burning 
surface. It is visible that it has shifted from the cut of the cup inward (upward); x – one of the parasitic reflections that form 
on the edges of the glass with freezing liquid; L – distance from the sample to the surface of the liquid before ignition of the sample.
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5. RESULTS AND DISCUSSION
5.1. Burning rate

Fig. 5 shows the burning rate levels of propellants 
with additives – modifiers. The additive formulas 
are signed under the abscissa axis, the burning rate 
is plotted along the ordinate axis. The points belonging 
to each of the three formula lines are connected.

As can be seen, the  additives AlMgB14 
and TiB2 increase the burning rate, while the additives 
Ca3(PO4)2, (NH4)2TiF6, NH4BF4 mainly decrease 
the  burning rate compared to  the  corresponding 
base propellants. Here the words “mainly” are used 
due to  the  fact that the  effect of  the  last three 
additives is  ambiguous for  different formulation 
lines. For  propellants of  line 3, the  additives 
Ca3(PO4)2, (NH4)2TiF6, NH4BF4 have a weak effect 

on the burning rate, but still slightly (within the error) 
increase the rate.

5.2. Mass and size of agglomerates
The  mass of  agglomerates is  characterized by 

a dimensionless parameter m80 (see Fig. 6). From 
this figure it can be seen that for propellants of lines 
1, 2 and 3 all the studied additives lead to an increase 
in the mass of m80 agglomerates, with the exception 
of the additive (NH4)2TiF6 for propellant of line 1.

Table 4 shows the mean sizes of agglomerates Dmn. 
Fig. 7 shows the effect of additives on the agglomerate 
mean size D43.

The effect of additives in different propellant lines 
is ambiguous. Let us note the cases of the desired effect – 
reduction of D43. For propellants of line 1, additives 

r, mm/s
3.0

2.6

2.2
2

3

1

1.8

1.4

1.0

0.6
No additives AlMgB14 TiB2 NH4BF4 (NH4)2TiB6 Ca3(PO4)2

Fig. 5. Burning rates of the studied propellants at a pressure of 0.35 MPa: numbers 1, 2, 3 – correspond to propellants of lines 1, 2, 3.
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0.06
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0.14

0.18

0.22

No additives AlMgB14 TiB2 NH4BF4 (NH4)2TiB6 Ca3(PO4)2

Fig. 6. Dimensionless mass m80 of agglomerate particles: numbers 1, 2, 3 – correspond to propellants of lines 1, 2, 3.
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of AlMgB14 and TiB2 lead to a noticeable reduction 
of D43, additives NH4BF4 and Ca3(PO4)2 – to a slight 
decrease. For propellants of line 2, no additive led 
to a decrease in D43. For propellants of line 3, additives 
of AlMgB14 and TiB2 lead to a decrease in D43.

For  comparison, the  maximum possible 
agglomerate size was calculated using the tetrahedral 

pocket model [61], in which the pocket parameters 
and agglomerate size are calculated assuming that large 
oxidizer particles are located at the vertices of a regular 
tetrahedron. The internal volume of the tetrahedron 
is filled with a mixture of binder and metal and forms 
a pocket that generates an agglomerate. The calculated 
agglomerate size for propellants of lines 1, 2, 3 is 341 μm, 
114 μm and 109 μm, respectively. As can be seen from 
Fig. 7, the experimental values for propellants of lines 
2 and  3 significantly exceed the  calculated ones, 
which indicates an “interpocket” [11] agglomeration 
mechanism. The model works better for propellants 
of  line 1 with coarse AP. In  this case, for  three 
of  the  additives under consideration, the  relative 
difference between the calculated and experimental 
values of  D43 is  13%, 5% and  9% for  propellants 
P11, P12 and  P13, respectively. This indicates 
the suppression of “interpocket” agglomeration by 
the additives AlMgB14, TiB2, (NH4)2TiF6.

5.3. The agglomerate combustion incompleteness 
of and sizes of oxide particles

Values of agglomerate combustion incompleteness 
for  the  studied propellants, η, versus the  type 
of additives are presented in Fig. 8. Analysis of the data 
in Fig. 8 shows the following. For propellants of lines 
1 and 3 only additive Ca3(PO4)2 somewhat reduces 
the incompleteness of combustion η. For propellants 
of  line 2, the  value of  η is  reduced by additives 
(NH4)2TiF6 and Ca3(PO4)2.

Fig. 9 shows the results of the effect of additives 
on the d32 sizes of fine particles. Chemical analysis 
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No additives AlMgB14 TiB2 NH4BF4 (NH4)2TiB6 Ca3(PO4)2

Fig. 7. Mean sizes of D43 agglomerate particles: broken curves 1, 2, 3 correspond to propellants of lines 1, 2, 3; horizontal dotted 
lines 1c, 2c, 3c – calculation according to model [57] for propellants of lines 1, 2, 3.

Table 4. Mean sizes Dmn of agglomerates (in µm)

Propellant D10 D30 D32 D43 D53

P1 246 306 373 431 457
P11 225 252 279 303 214
P12 245 272 301 325 336
P13 268 304 341 374 390
P14 310 376 453 522 551
P15 281 316 355 399 422
P2 186 210 235 254 263
P21 234 267 300 326 338
P22 267 307 350 396 420
P23 197 219 240 258 265
P24 212 235 258 278 287
P25 214 235 257 274 282
P3 157 194 234 262 274
P31 135 160 188 217 232
P32 138 161 184 200 206
P33 183 209 236 257 267
P34 191 214 237 258 267
P35 171 193 216 232 239



ADVANCES IN CHEMICAL PHYSICS  Vol. 44  No. 1  2025

62	 EFFECT OF ADDITIVE MODIFIERS	

of these particles was not carried out, since it is expected 
that these particles are predominantly oxide [14].

The mean size d32 of oxide particles in most cases 
is in the range of 2–3.5 μm and changes slightly with 
the introduction of additives. The “outliers” for line 
1 propellants (base and propellant with the additive 
(NH4)2TiF6 are  probably due to  the  peculiarities 
of particle preparation. At the initial stage of the studies, 
we did not pay due attention to  strict adherence 
to the holding time of the gas suspension in the bomb. 
Insufficient holding time could lead to incomplete 
sedimentation of relatively small particles in the liquid, 
their subsequent loss during the release of gas from 
the bomb, and, as a consequence, to an overestimated 
value of  the  mean particle size that had time 

to settle in the liquid. Without taking into account 
the “outliers”, we note the multidirectional influence 
of the AlMgB14 additive – a positive effect (a decrease 
in d32 compared to the conditional “average” level) 
in the case of  line 1 propellants, a negative effect 
in the case of line 2 propellants, and no effect for line 
3 propellants.

Table 5 presents the main parameters – dimen
sionless mass of  agglomerates m80, burning rate 
r, mean size of agglomerates D43, incompleteness 
of agglomerate combustion η, mean size of fine oxide 
particles d32, as well as the “relative effect” showing 
the influence of the additive on each of the listed 
parameters under consideration. Definition 
of the relative effect for the abstract parameter p:

η
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Fig. 8. Change in combustion incompleteness η: numbers 1, 2, 3 correspond to propellant lines 1, 2, 3.
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Fig. 9. Comparison of fine particle sizes d32: curve numbers 1, 2, 3 correspond to the propellants of lines 1, 2, 3.
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where p is m80, r, D43, η, or d32.
The presented results show that:
1. For propellants of  lines 1 and 3, the studied 

additives lead to  a  decrease in  the  mean size 
of D43 agglomerates, with the exception of propellant 
P14 with the  additive (NH4)2TiF6. The  greatest 
effect of  reducing the  mean D43 is  observed 
for  the  AlMgB14 additive and  is  ZD43

 = –0.30 
(propellant P11). A  good result is  also given by 
the  TiB2 additive (the  effect is  ZD43

 = –0.25 
and  ZD43

  = –0.24 for  propellants P12 and  P32, 
respectively). For propellants of line 2, no additive 
leads to a decrease in the mean size of agglomerates.

2. The  studied additives lead to  an increase 
in  the  mass of  agglomerates in  most cases, with 
the  exception of  the  additive (NH4)2TiF6 when 
introducing it into the base propellant P2. However, 
even in  this case the  effect is  insignificant, 
Zm80 = –0.04 For propellant P24.

3. Additives AlMgB14 and TiB2 increase the burning 
rate of  all propellants. Additives Ca3(PO4)2, 

(NH4)2TiF6, NH4BF4 increase the  burning rate 
only in propellants of line 3. The maximum effect 
of  increasing the  rate is  observed in  propellant 
P21 with the additive AlMgB14 and is Zr= 0.44.

4. For  propellants of  lines 1 and  2 additive 
Ca3(PO4)2 reduces the incompleteness of combustion η. 
The  effects are  Zη= –0.23 (propellant P15) 
and Zη = – 0.62 (propellant P25, and this is maximum 
effect). For propellants of lines 2 and 3 the value η 
reduces additive (NH4)2TiF6, effects Zη = – 0.46 (P24) 
and Zη= – 0.40 (P34).

5. The effect of additives on the d32 size of fine 
particles could not be studied. As a trend, it can be 
said that propellants of line 1 with large AP generate 
larger oxide particles compared to  propellants 
of lines 2 and 3 with medium AP. The characteristic 
particle sizes d32 are approximately 3 µm and 2 µm, 
respectively.

Table 6 formally summarizes the results obtained. 
The (+) sign in a cell denotes a positive effect, the (–) 
sign denotes a negative effect, and (0) denotes no effect. 
The (0) sign also stands in cases of a weak effect, when 
its value is less than the error of the parameter under 

Table 5. The main parameters of the studied propellants and the influence of various additives on them

Propellant m80 Zm80
r,

mm/s Zr
D43,
µm ZD43

η Zη d32,
µm Zd32

P1 0.088 0 1.4 0 431 0 0.13 0 7.8 0
P11 0.106 0.20 1.5 0.07 303 –0.30 0.19 0.46 2.2 –0.72
P12 0.122 0.38 1.5 0.07 325 –0.25 0.17 0.31 3 –0.62
P13 0.17 0.93 1 –0.29 374 –0.13 0.33 1.54 3 –0.62
P14 0.16 0.81 1 –0.29 522 0.21 0.24 0.85 6.8 –0.13
P15 0.103 0.16 1.1 –0.21 399 –0.07 0.10 –0.23 2.1 –0.73
P2 0.042 0 1.8 0 254 0 0.13 0 2.4 0
P21 0.173 3.08 2.6 0.44 326 0.28 0.44 2.38 3.3 0.38
P22 0.193 3.55 2.4 0.33 396 0.56 0.37 1.85 2 –0.17
P23 0.054 0.27 1.5 –0.17 258 0.02 0.15 0.15 2.1 –0.12
P24 0.041 –0.04 1.8 0 278 0.09 0.07 –0.46 2.1 –0.12
P25 0.07 0.66 1.6 –0.11 274 0.08 0.05 –0.62 2.1 –0.12
P3 0.039 0 1.6 0 262 0 0.10 0 2.1 0
P31 0.053 0.36 2 0.25 217 –0.17 0.14 0.40 2.2 0.05
P32 0.083 1.14 2.2 0.38 200 –0.24 0.19 0.90 2 –0.05
P33 0.069 0.78 1.7 0.06 257 –0.02 0.18 0.80 2.1 0
P34 0.063 0.62 1.8 0.12 232 –0.11 0.06 –0.40 2.1 0
P35 0.043 0.11 1.7 0.06 258 –0.02 0.2 1 2.1 0

Note. Errors of values: m80 – 0.02 (abs.), r – 0.1 mm/s (abs.), D43 – 22 µm (abs.), η – 7% (rel.), d32 – 10% (rel.).
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consideration. The cells of the table with a positive 
effect are shaded. The last column of the table is the S 
(scores) parameter, the total number of “points” scored 
by a particular additive. The parameter is numerically 
equal to  the  sum of  the  “+” signs in  the  row 
of Table 6. As can be seen, the most effective in terms 
of the totality of the parameters studied turned out 
to be NH4BF4 additives, TiB2 and AlMgB14. Features 
of the substance NH4BF4 – high fluorine content. 
The NH4BF4 molecule contains about 72% fluorine, 
and in the molecule (NH4)2TiF6 approximately 58% 
fluorine. This suggests the influence of the element 
F on  the  processes occurring during combustion. 
A feature of TiB2 and AlMgB14 powders is their high 
dispersion. Both powders were obtained by plasma 
recondensation [49], so their particles are mainly 
submicron in size.

6. CONCLUSION
The effect of  the modifying additives titanium 

diboride TiB2, aluminum and magnesium boride 
AlMgB14, ammonium titanium (IV) fluoride 
(NH4)2TiF6, ammonium tetrafluoroborate NH4BF4, 
calcium phosphate 3‑substituted Ca3(PO4)2 
on  the  combustion parameters at  a  pressure of 
0.35 MPa was investigated for the composite 
propellant consisting of aluminum ASD-4 as a fuel 
(≈20%), ammonium perchlorate as an oxidizing agent 
(≈60%) and an active binder based on MPVT (≈20%). 
The mass fraction of additives in the propellant is about 
2% over 100%. In  the  experiments, the  burning 
rate of  propellant samples was measured using 
video recording and characteristics of condensed 
combustion products, by the quenching and sampling 
particles in  a  liquid. By analyzing the  sampled 
particles, the  mass, size and  incompleteness 
of  combustion of  aluminum agglomerates larger 
than 80 μm, as well as the sizes of small (2–80 μm) 

oxide particles were determined. As a result, it was 
revealed how exactly each of  the  listed additives 
affects the determined parameters. The effect was 
assessed from the standpoint of increasing the burning 
rate, reducing the mass, size and  incompleteness 
of combustion of agglomerates, as well as reducing 
the  size of  small particles. It  was noted that 
the additives have a stronger effect on propellant with 
coarse AP (500–630 μm) than on propellants with 
medium AP (180–250 μm). The studied additives can 
be arranged in the following row in descending order 
of the totality of registered positive effects:

NH4BF4 = TiB2 > AlMgB14 = Ca3(PO4)2 > (NH4)2TiF6.

Despite some positive effects, none of  the five 
additives provides a  simultaneous significant 
reduction in both the size and mass of agglomerates. 
At  the  same time, the  analysis, although based 
on a limited set of experimental data (one pressure 
level of 0.35 MPa, one type of binder), demonstrated 
the fundamental possibility of additives influencing 
the  selected combustion parameters. Therefore, 
work on finding new additives capable of reducing 
the intensity of agglomeration should be continued. 
Highly dispersed powders of substances with a high 
fluorine content seem promising.
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Table 6. Qualitative influence of additives on the parameters under consideration

Additive Propellant m80 r D43 η d32 Propellant m80 r D43 η d32 Propellant m80 r D43 η d32 S

AlMgB14 P11 – 0 + – + P21 – + – – – P31 – + + – 0 5

TiB2 P12 – 0 + – + P22 – + – – + P32 – + + – 0 6

(NH4)2TiF6 P13 – – + – + P23 – – 0 – + P33 – 0 0 – 0 3

NH4BF4 P14 – – – – + P24 0 0 0 + + P34 – + + + 0 6

Ca3(PO4)2 P15 – – + + + P25 – – 0 + + P35 – 0 0 – 0 5

Note. Positive effects (marked+): reduction of agglomerate mass, increase of burning rate, reduction of agglomerate sizes, reduction 
of combustion incompleteness, reduction of oxide particle size
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Abstract. The pulsed radiation-induced conductivity of polyethylene and polypropylene was studied at low 
(about 100 K) temperatures under the influence of electron pulses with an energy of 50 keV and a duration 
of 1 ms. To explain the results obtained, the Rose-Fowler-Vaisberg model was used. It is shown that when using 
it, it is necessary to take into account the difference in the shifts of carriers in a unit electric field before the first 
trapрing (� �0 0 ) and those moving by recapture along traps (� �0 0) appearing in the theoretical Rose–Fowler–
Vaisberg model. Both of these parameters were calculated based on the results of experimental results.
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1. INTRODUCTION
From the mid‑70s to the late 80s, the scientific 

school led by A. P. Tyutnev, V. S. Saenko 
and  E. D. Pozhidaev performed a  series of  works 
on the radiation-pulse electrical conductivity (RPEC) 
of engineering polymers when they are  irradiated 
with pulses of  accelerated electrons, usually 
at  room temperature [1–4]. The obtained results 
were interpreted on  the  basis of  the  quasi-zone 
Rose-Fowler-Weisberg model (RFW) [1, 5] with 
the  involvement of  the basic theoretical concepts 
borrowed from the ion-pair mechanism of radiolysis 
of liquid hydrocarbons (Onzager theory, Langevin 
recombination). It is quite obvious that these data 
relating to  the  bulk irradiation of  polymer films 
in the small-signal regime most directly characterize 
the transport of excess charge carriers in polymers. 
It  is  found that in  the  response of  polymers 
it  is  possible to  distinguish the  instantaneous 
and  delayed components of  the  RPEC. The  first 
of them is described by first-order kinetics with a time 
constant of the order of fractions of a nanosecond. 
The  second one is  caused by hopping transport 
of charge carriers both in the composition of hemin 

(twin) pairs (the case of low temperatures) and free 
charges (room temperature).

Currently, the RPEC of polymers under pulse 
irradiation has been well studied not only at room 
temperature [3, 4, 6] but also at low temperature [7–9]. 
It turned out that the RPEC of polymers is also well 
described by a semiempirical model of RFW based 
on the multiple capture formalism (most convincingly 
shown in [8]). This fact is extremely surprising, because 
at  low temperature (77–103 K)  the  application 
of  the quasi-zone multiple-capture model should 
encounter serious difficulties, since in this temperature 
region the  dominant position is  occupied by 
the tunneling mechanism of charge carrier transport 
[10]. This situation required a careful consideration 
of the situation both from the theoretical point of view 
and additional experimental studies.

The aim of the present work is to study the RPEC 
of polyethylene and polypropylene at low temperature 
(around 100 K), similar to what was done earlier 
for normal conditions [11] and to give an explanation 
of the obtained results using a modified RFW model.

The  system of  equations of  the  classical RFW 
model has the following form:
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By definition, the radiation conductivity

	 � �r t e N t� � � � �0 0 ,

where N0(t) is the concentration of the main charge 
carriers (hereinafter electrons) in the conducting state 
(in the transfer zone) with microscopic mobility µ 0; 
N(t) is their total concentration; g0 is the rate of bulk 
generation of  electrons and  holes; kr is  the  bulk 
recombination coefficient of  quasi-free electrons 
with fixed holes acting as recombination centers; kc 
is the rate constant of trapping of quasi-free electrons 
on traps; M0 is total concentration of biographical 
traps exponentially distributed in  energy (E  >  0 
and counted down from the bottom of the transfer 
zone); �0 0

1� � ��k Mc  is lifetime of quasi-free electrons 
before capture; � E t,� �  – density of  distribution 
of  trapped electrons on  traps of  different depth; 
ν0 is  effective frequency factor of  thermal release 
of trapped electrons from traps; E1 is a parameter 
of  exponential distribution of  traps in  energy. 
The  dispersion parameter � � kT E/ 1, where k 
is the Boltzmann constant and T is the temperature.

According to the RFW model, ionizing radiation 
creates pairs of free charges (i.e, charges moving under 
the action of an external electric field only), of which 
only electrons are mobile. The holes formed do not 
participate in the transfer of electric current and serve 
as recombination centers. Initially, electrons appear 
in a mobile state with microscopic mobility µ 0, but 
their motion occurs in the presence of numerous traps, 
the depth of which is distributed in a wide energy 
range according to the exponential law.

A distinctive feature of the RFW model is that the 
parameters µ 0 and τ0 enter the analytical formulas 
only as their product [1–4], while α, τ0, and ν0 appear 
in the expression for the transit time even as a triple 
product � � ��0 0 0  [1, 4, 11]. To determine the frequency 
factor ν0, we have proposed a special procedure that 
uses short pulses of radiation [9, 12].

The  recombination rate constant kr reflects 
the bimolecular nature of the process, but can be much 
smaller than its Langevin value (so-called non-Langevin 
recombination [1]). The RPEC of polymers at low 
temperatures decreases to the level of the instantaneous 
component of the radiation conductivity γ p, which 
within the framework of the RFW model is equal to 
� � � �p pR K e/ 0 0 0 0� � , where R0 is the dose rate, K p 
is the reduced instantaneous component of the RPEC, 
and η0 (m‑3Gr‑1) is the initial concentration of hemin 
electron-hole pairs formed in the polymer for every 
100 eV of absorbed ionizing radiation energy [1, 8, 9]. 
The parameter K p under these conditions becomes 
one of the main experimental quantities characterizing 
the RPEC and, moreover, the most easily determined 
by measurements.

It turned out that the value � �0 0, appearing in K p, 
is not always equal to � �0 0, determined by the RFW 
model from analyzing the properties of the delayed 
component � � �rd r p� �  [4]. To reflect this difference, 
it is denoted as � �0 0 . Typically � � � �0 0 0 0� k  and 
k ≤ 1.

The  temperature dependence of  the  RPEC 
of polymers enters the equations of the RFW model 
through the  parameter η0 (generally speaking, 
at nitrogen temperatures, it is a weak dependence) 
and the frequency factor ν0, which carries the major part 
of the activation dependence. Charge carrier transport 
in disordered solids at low temperature is believed 
to occur by thermally activated tunnel jumps involving 
molecular motions of polymer structural units acting 
as hopping centers [13, 14]. The concept of transport 
level [15, 16], which has been intensively developed 
recently, allows us to reduce these theoretical results 
to the multiple capture equations, on which the RFW 
model is based. A direct experimental determination 
of ν0 appears to be an urgent experimental problem, 
allowing us to parameterize a modified RFW model 
that distinguishes between the parameters � �0 0 and 
� �0 0 .

2. EXPERIMENTAL RESULTS AND THEIR 
DISCUSSION

2.1 Experimental methodology
To  conduct the  experiments we used 

the methodology described in [7]. Films of technical 
high-pressure polyethylene (HDPE) of  domestic 
production and polypropylene (PP) of “Torayfan” 
trademark with thicknesses of 20 μm and 12 μm, 
respectively, were used. Samples of 40 mm diameter 
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with sputtered aluminum electrodes of  32 mm 
diameter were irradiated with monoenergetic electrons 
with energy of 50 keV at the duration of rectangular 
irradiation pulses of 1 ms at low (103 K) temperature. 
All experiments were performed at an electric field 
strength in the sample of 4×107 V/m.

Table 1 shows the calculated values of the absorbed 
dose rate from the current of 1 nA electrons falling 
on the flap and registered directly when they flow 
to the ground. When estimating the averaged dose 
rate, the depth course of the dose rate calculated by 
the Monte Carlo method [3] was taken into account. 
The data are given both in the presence and absence 
of a 5 μm thick light- and heat-reflecting polyethylene 
terephthalate (PET) film over the irradiated sample, 
since the measurements at room temperature were 
carried out without the PET film.

2.2 Experimental results and their analysis
Figs. 1 and  2 show that in  both cases the 

instantaneous component of the RPEC dominates, 

and after the end of the radiation pulse the conductivity 
sharply decreases by more than an order of magnitude. 
Under low temperature conditions, the concentration 
of charge carriers cannot change appreciably during 
the beam turn-off time [8, 9]. Thus, the observed effect 
is related to the specificity of transport of thermalized 
electrons.

When working with rectangular radiation pulses 
in the small signal mode (as in the present work), 
the  transient RPEC current density jr  at  any 
moment of time is proportional to the dose rate, so 
it is convenient to consider not the current density 
jr , but its reduced value K j Rr r= / 0, calculated per 
unit dose rate. The dimensionality of Kr  coincides 
with the dimensionality of the reduced instantaneous 
component K p or its theoretical analog K p

'  (see below), 
which appears in the RFW model.

The  procedure for  determining k is  illustrated 
on  the  example of  RPEC of  LDPE at  room 
temperature (Figs. 3 and 4), since the experimentally 
recorded drop in conductivity after the end of the pulse 

Table 1. Absorbed dose rate for tested polymers (data kindly provided by D. N. Sadovnichiy)

Material Thickness, µm
Absorbed dose rate (Gy/s) per 1 nA of primary electron current  

registered by the shutter
without PET film PET film

LDPE 20 2.8 2.1
PP 12 2.3 1.7

Kr/Kp

100
1.02

0.024

10‒1

101 102 103 104

t, µs 

t ‒0.88

1

2

10‒2

10‒3

Fig. 1. Experimental (1) and  calculated (2) radiation-
pulse electrical conductivity of LDPE at 103 K, dose rate 
2.1×104 Gy/s

Kr/Kp

100

1.02

0.024

10‒1

101 102 103 104

t, µs 

1

2

10‒2

Fig. 2. Experimental (1) and  numerically obtained (2) 
radiation-pulse electrical conductivity of  PP at  103 K, 
dose rate 1.7×104 Gy/s
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(Fig. 3)  is  well labeled. These data are  based 
on unpublished results of [4].

Having determined the parameter Kp, we estimate 
the value of � � �0 0

0 1
3� . Kp [1], where ρ is the density 

of  the  polymer (see Table 2). It  is  assumed that 
the absorbed energy of 100 eV leads to the formation 
of three electron-hole pairs [1].

After that, the  dispersion parameter α 
is  determined by the  decline of  the  delayed 
component after the end of irradiation, represented 
in  logarithmic coordinates lg lgj trd −  at  t t p≥ 3  
( j trd � � �1 �), where t p is the duration of the radiation 
pulse (Fig. 3, curve 1). The parameter ν0 can be 
found by the method given in [12] (see Fig. 4). At 
�0 4t p �  the decline curve of the delayed component 
of  the  RPEC is  transformed into a  straight line, 
at �0 4t p �  the  curve is  convex in  the  sense that 
the slope of the curve decreases when approaching 
the  end of  the  pulse from the  high time side as 
in curve 5 in Fig. 4. At �0 4t p � , the decline curves 
become convex as in curves 1–3 in Fig. 4. Curve 3 
(�0

56 5 10� �.  c‑1) allows us to determine the value 
of this parameter for LDPE at 298 K (Table 2).

After that, it  is  necessary to  determine 
the experimental value of the delayed component 
reduced to  the  unit of  dose rate at  the  moment 
of pulse termination (Kd1) and the dimensionless 
ratio �d d pK K1 1� / , equal to  0.28 for  curve 1 
in  Fig. 1. Further, for  the  found values of α and 
ν0 we determine the  parameter δd2  by the  value 
of  the  delayed component of  the  RPEC at  the 
moment of  pulse termination, expressed in  units 
of the instantaneous component of the RFW model 
K ep

' � � � �0 0 0  [4, 8], using the MathCad program, 
as in [11, 12]. In the calculations, it was assumed 
that both µ0, and µ0  are equal to 10–5 m2/B ‧ s, and 
τ0 and τ0 � are  chosen so that the  product of � �0 0 

retains the required value. Thus, the value of Kd1 
for LDPE at 298 K is 0.28 Kp (curve 1 in Fig. 3), i. e. 
�d1 0 28� . , and K Kd p2 1 7= . '  (curve 3 in the same 
figure) i. e. �d2 1 7� . . In determining k, we proceed from 
the original relation K K Kd p d p d1 1 2� �� �'  and find 
that � � � � � � � � �0 0 1 0 0 2 0 0 2d d dk� � � � . Here each term 
of the equality is reduced by the common multiplier 
η0e. Hence we find that k d d� �� �1 2 0 28 1 7/ . / .  

=  0.165 (Table 2). The  control calculation by 
the  RFW model fully confirmed the  correctness 
of the calculation of the coefficient k.

Table 2. Values � �0 0 calculated using the described methodology with the necessary parameter values for calculation

Polymer / 
temperature

Kp ⋅ 1015, 
F / (m ⋅ Gr)

ν0⋅ 10–3, 
с–1 α δd1 δd2 k � �0 0

1610� , 
m2/B

� �0 0
1610� , 

m2/B

LDPE
298 К 5.5 600 0.43 0.28 1.7 0.165 1.9 0.31
103 К 3.5 4 0.12 0.024 0.24 0.1 1.2 0.12

PP
298 К
298 К

5.6
5.6

20
4

0.38
0.38

0.1
0.07

2
0.7

0.05
0.1

2.0
2.0

0.1
0.2

103 К 4.7 0.17 0.17 0.024 0.024 1.0 1.7 1.7

Note. The density of LDPE and PP is 0.95 and 0.92 g / cm3, respectively. The first line for PP at 298 K corresponds to curve 2 and the second 
line corresponds to curve 3 in Fig. 5

Kr/Kp

100

100

0.28

1.28

1.7

2.7

10‒1

10‒1 101 102 103

t, µs 

1

2

3

10‒2

10‒2

t ‒0.57

Fig. 3. Experimental (1, black, on  the  ordinate axis 
the  ratio K Kr p/ ) and  numerically obtained (2, 
on  the  ordinate axis the  ratio K Kr p/ ' ) RPEC curves 
of LDPE at 298 K, dose rate 6.2×105 Gy/sec. Curve 2 
almost coincides with curve 1, which drops sharply to zero 
at t ≤ 0 4.  μs (shown in dashed line) due to the influence 
of methodological factors (measurement time constant, 
inertia of  the  electronic system, etc.). The  electron 
pulse duration is  20 µs. The  calculated curve (3, blue) 
is  calculated for  the  parameter � �0 0

161 9 10� � �.  m2/V 
(Table 2)
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The table shows the values of � �0 0, for LDPE 
and PP at 103 K (for PP and at 298 K), calculated 
by the above described method with the necessary 
data for calculation. Let us point out one peculiarity 
of  the  above methodology. Fig. 5 shows that 
the course of the delayed component decline curve 
allows ambiguity of  interpretation at  the earliest 
stage after the  end of  the  pulse. The  data 
of Table 2 refer precisely to the type of the decline 
curve adopted in the figures (highlighted in red). 
In  the  approach used for  curve  3 in  Fig. 5, 
the parameter �d d pK K1 1� /  will decrease to 0.07 
at �0

34 10� �  s‑1 (the decline curve is a straight 
line up to the end of the tp pulse), so that � �0 0 appears 
to  be 0.2×10–16m2/V (k  = 0.1), which is  two 
times the  original value. This result emphasizes 
the  importance of  determining the  exact course 
of the decay curve of the delayed RPEC component 
immediately after the end of the radiation pulse.

Table 2 also shows that in PP the parameter � �0 0  
practically does not change at transition from room 
temperature to 103 K and is within the experimental 
error± 20%.

One more peculiarity should be noted: k in PP 
increases with decreasing temperature and approaches 
unity. In  LDPE the  opposite effect is  observed – 
the coefficient k, when passing from room temperature 

to 103 K, decreased. This issue requires serious study 
and interpretation in the future.

The  model used in  this work can be applied 
to analyze the photogeneration of current carriers 
in organic solar cells at low temperature [17, 18]. Also, 
this model of an effective homogeneous medium 
can be applied to study the properties of modern 
composite materials [19, 20], which are of interest 
for various fields of science and technology.

3. CONCLUSION
The  technique we have described allows us 

to  estimate the  parameter � �0 0 directly from 
the experiment. Thus, all parameters of the RFW 
model are estimable from experimental data, although 
this procedure relies on  obtaining accurate data 
on the decay of the delayed component immediately 
after the end of the radiation pulse, as demonstrated 
in Fig. 3 curve 1, which is not always possible in a real 
experiment. The modified dispersive transport model 
can be called a two-parameter model, distinguishing 
between shifts of  carriers in  a  unit electric field 
before the first trapping (� �0 0 ) and those moving 
by recapture across traps (� �0 0). These parameters 
were determined experimentally for both polymers 
(see Table 2). Thus, the  fundamental difficulty 
in explaining such a significant drop in the RPEC 
(up to a factor of ten, as observed in LDPE and PP 
at 103 K) immediately after the end of the radiation 

jrd, a.u.
100

10‒1

101 102 103

t, µs 

1

2

3
4

5

t ‒0.57

Fig. 4. Experimental (black) and calculated curves (1–5) 
demonstrating the method of  frequency factor selection 
on  the  example of  LDPE (normalized to  the  value of
jrd  at  the  moment of  radiation pulse termination). 
The temperature is room temperature, the pulse duration 
is 20 µs. The frequency factor values are 107 (1), 10(6) (2), 
6×105 (3), 2×105 (4), and 8×104 s‑1 (5)

Kr/Kp

100

10‒2

10‒1

101 102 104103

t, µs

1

2

1.1

0.1

3
t ‒0.62

Fig. 5. Experimental (1) and numerically calculated (2, 
3) RPEC curves of PP at 298 K, dose rate 1.7×104 Gy/s. 
For curve 2 the parameter �d1 0 1� . , for curve 3 it is equal 
to �d1 0 07� .  (shown by arrows)
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pulse has been eliminated. In [11], this phenomenon 
was erroneously explained by the influence of hemin 
recombination.

In the future it is necessary to elucidate the issue 
related to  the  temperature dependence of  � �0 0 
to  explain the  different temperature dependence 
of the shift of thermalized charge carriers in a unit 
electric field.
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Abstract. Dielectric characteristics of polyvinyl alcohol films obtained from aqueous solutions of the polymer 
have been investigated. The results of low-frequency (25 Hz – 1 MHz) and high-frequency (9.8 GHz) 
measurements are presented. The influence of filtration of aqueous solution of polyvinyl alcohol on dielectric 
parameters of the studied samples was found. The IR spectra of both types of films are identical and correspond 
to the literature data.
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1. INTRODUCTION
One of  the  promising directions in  the  search 

for new functional materials with different properties 
is  the  production of  composite materials based 
on polymer matrix. The choice of polyvinyl alcohol 
(PVA) as the  main polymer for  various types 
of nanofillers is promoted by its biocompatibility, 
nontoxicity, biodegradability, film-forming ability, 
hydrophilicity, water solubility, chemical resistance, 
availability and ease of processing [1, 2]. The large 
number of  hydroxyl groups in  PVA prevents 
agglomeration with nanofillers and promotes their 
uniform dispersion in its matrix, and hence improves 
the properties of nanocomposites [2]. Due to such 
properties, PVA is chosen as a base matrix for fillers 
in various applications [1, 3–6].

The reduction and elimination of electromagnetic 
radiation (EMI) pollution and  new wireless 
telecommunication standards require a  variety 
of affordable, lightweight, EMI shielding and radio-
absorbing composite materials. Carbon nanoscale 
structures used as fillers in  polymer composites 
allow the  development of  new approaches 
to  create new materials with different properties 
and  therefore different practical applications 
while reducing the amount of fillers and reducing 
the weight of composite materials. The combination 

of  the  above-mentioned properties of  polyvinyl 
alcohol and carbon nanoscale structures allows us 
to consider composites based on them as promising 
materials absorbing EMI.

The  present work is  devoted to  the  study 
of electrophysical properties of PVA polymer films 
for their possible use as a basis for composite materials 
containing carbon nanoscale structures.

2. EXPERIMENT
Commercial polyvinyl alcohol grade 098–15(G) 

(Sinopec, China) with a mass fraction of the main 
substance (CH2CHOH)n of at least 95.3%, density 
of 1.19–1.31 g/cm3, melting point of 220–230 °C, 
degree of hydrolysis of 98.6%, and decomposition 
temperature of 160–200 °C without prior purification 
was used as a polymer material for film preparation. 
To obtain a 1‑nF film sample, 6 g of PVA was dissolved 
in 95 mL of water at 80–93 °C for several days. Then 
6 g of the solution was placed in a 2.4*7.1 cm2 Teflon 
container and dried for 1 day at (2–3)*10–2 mmHg 
pressure and room temperature. Then, the aqueous 
solution of PVA was filtered with No. 2 filter paper 
to  free the  insoluble part. The  2-F film sample 
was made similarly from 10 mL of  the  resulting 
filtered solution. Freshly prepared films were used 
in the experimental measurements. The films were 
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0.025 (1‑nF) and 0.013 (2-F) cm thick with respective 
densities of 0.95 and 0.55 g/cm3.

The  IR spectra of  PVA films were recorded 
on a FT‑02 FT-IR spectrometer (Lumex, Russia) 
in  the  wave number region 450–3500 cm‑1 with 
a resolution of 4 cm‑1. In low-frequency measurements, 
the capacitance C and resistance R of PVA films were 
determined in a two-electrode system with a diameter 
of brass electrodes of 5 mm at a pressure of 2 MPa 
in the frequency range of 25 Hz‑1 MHz using an 
E7–20 immittance meter (Russia). To  correctly 
determine the  values of  dielectric permittivity 
and low-frequency conductivity (σLF), which depend 
on the sample inhomogeneity, these measurements 
were carried out in  different parts of  the  sample 
and  these values were averaged. The  complex 
dielectric permittivity of the samples (CDP) at high 
frequency (9.8 GHz) was measured by the resonator 
method, for this purpose the samples were placed 
in glass ampoules with an inner diameter of 2–2.5 mm. 
The obtained values of dielectric permittivity (ε′), 
dielectric loss (ε ″) and tangent angle of dielectric loss 
(tanδ) were averaged over several measurements. All 
measurements were performed at room temperature, 
and  their accuracy was 10 and  20% for  ε′ and  ε″, 
respectively. The  above methods are  described 
in [7–10].

3. DISCUSSION OF RESULTS
The  frequency dependence of  dielectric 

characteristics of materials is described by the complex 
dielectric permittivity ε(ω) = ε′(ω)  –  jε′′(ω), 
where ω  = 2πf, f is  the  frequency of  the  applied 
electromagnetic field, ε′(ω) and ε′′(ω) are the real and 
imaginary parts of the CDP characterizing dielectric 
polarization and losses in the dielectric, with dielectric 
loss angle tangent tanδ = ε′′/ε′. The measured values 
of capacitance C and the tanδ dielectric loss angle 
tangent were used to calculate the  low-frequency 

dielectric parameters. The  values of  ε′ were 
determined as ε′ = Cd/Sε0, where d is the thickness 
of the sample, m, S is the area of the electrode, m2, 
ε0 =8.85*10–12 F/m is the dielectric constant of free 
space. The values ε′′ were calculated by the relation 
ε′′ = ε′tanδ. In case of high-frequency measurements 
tgδ was determined from the measured values ε′ and ε′′. 
The low-frequency and high-frequency conductivities 
(σLF and σHF) were calculated by the ratio σ = ε0wε′′.

Taking into account the  technological process 
of  PVA production, in  which polyvinyl acetate 
(PVAc) is the main material, it is possible to analyze 
the experimental results, considering the produced 
PVA films as a system of PVA+PVAc+water, each 
component of  which can contribute to  their 
dielectric characteristics. Since polyvinyl alcohol 
is a hygroscopic polymer with OH-group, its properties 
can be influenced by many factors such as the method 
of  its preparation, molecular weight distribution, 
branching, degree of hydrolysis, presence of residual 
acetate groups, and water [11–16]. These factors can 
lead to structural inhomogeneities of the films.

The  measured IR spectra of  PVA films 
(Fig. 1)  contain characteristic absorption bands 
attributed to  stretching vibrations of  C-O bonds 
at 1050–1140 cm‑1 [17], C-H/CH2 at 2880–2960 cm‑1[1, 
4, 17–19] and O-H at 3100–3500 cm‑1 [1, 4, 17–20], 
and to bending vibrations of O-H bonds at 510–740 cm‑1 
[18] and CH2 at 1320–1470 cm‑1[19]. Absorptions 
at 850 cm‑1 and 918 cm‑1 are attributed to vibrations 
of the carbon framework of PVA [4, 17]. At 1235 cm‑1, 
a  weak absorption corresponding to  C-H bond 
vibrations is observed [4, 17], and  the absorption 
at 1660 cm‑1 is attributed to C=O stretching vibrations 
of the carbonyl group of PVA [4].

The  measured low-frequency parameters 
of the PVA films are presented in Fig. 2. For specificity, 
Table 1 summarizes these values for  both films 
at  frequencies of  60 Hz, 10 kHz and  1 MHz. 

Table 1. Low-frequency electrophysical characteristics of polyvinyl alcohol films

Sample f, Hz ε′ ε′′ tanδ σLF, S/m

1‑nF
60 4,99 0,35 0,07 1,33*10–9

104 4,15 0,22 0,05 1,16*10–7

106 3,40 0,28 0,08 1,50*10–5

2-F
60 3,09 0,17 0,06 7,11*10–10

104 2,67 0,12 0,05 6,67*10–8

106 2,57 0,20 0,08 1,08*10–5
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The decrease of the low-frequency values of the real 
part of the dielectric constant ε′ (Fig. 2a) and increase 
of  σLF values (Fig. 2d) with frequency is  typical 
for many polymers, and in the literature it is attributed 
mainly to dipole polarization [1, 21]. The behavior 
of ε′′ seems to reflect the structural heterogeneity 
of the studied PVA polymer films and the uncontrolled 
water content.

Filtration of aqueous polyvinyl alcohol solution 
resulted in changes in the low-frequency and high-
frequency CDP values of  PVA films. The  low-
frequency values of ε′, ε′′, tanδ and σLF decreased 
while maintaining the  trend of  their frequency 
dependence (Fig. 2, Table 1). It  can be assumed 
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Fig. 1. IR spectra of  films made from unfiltered (1) 
and  filtered (2) aqueous solutions of  polyvinyl alcohol. 
1‑film 1‑nF, 2‑film 2-F.
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Fig. 2. Effect of  filtration of  aqueous polyvinyl alcohol solution on  the  low-frequency complex dielectric permittivities 
and conductivities (ε′ (а), ε′′ (b), tanδ (c), σLF (d)) of 1‑nF (1) and 2F (2) PVA films

Table 2. High-frequency electrophysical characteristics of polyvi-
nyl alcohol films at 9.8 GHz

Sample ε′ ε′′ tanδ σHF, S/m
1‑nF 2,97 1,62 0,52 0,89
2-F 2,97 2,09 0,75 1,16
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that the 2-F sample obtained from the filtered PVA 
solution is more homogeneous in composition than 
the 1‑nF sample obtained from the original solution, 
it may have fewer uncontrolled impurities, which 
is  reflected in  the  low-frequency characteristics. 
Table 2 summarizes the high-frequency dielectric 
characteristics. The increase in the high-frequency 
dielectric loss values of the PVA film prepared from 
filtered aqueous PVA solution can be attributed 
to  the  more porous structure of  the  2-F film, as 
indicated by its lower density. The decrease in density 
seems to be due to the increase in free volume [16], 
i. e., the air-bound water ratio has changed.

The low-frequency and high-frequency values of ε′ 
and ε′′ presented in the present work, which exceed 
the  similar values for  PVA powder [14], indicate 
the role of water contained in the studied PVA films. 
Adsorbed water affects the dielectric and physical 
and mechanical properties of polymer composites 
[13, 15, 16, 21–23]. The  low-temperature regime 
for  obtaining the  studied PVA films (<100  °C) 
promotes water retention due to  its interaction 
with polymer molecules. Evaporation of free water 
occurs at temperatures up to 200 °C, and removal 
of  chemically bound water occurs in  the  range 
230–400 °C [19]. In the investigated films, the values 
of ε′ (Fig. 2a) are much lower than those for free water 
[24] and this may be due to the influence of adsorbed 
water. The  binding of  water and  PVA molecules 
in the aqueous solution, the subsequent attachment 
of  water molecules to  the  groups of  the  polymer 
molecule of  PVA may limit their motion 
and increase the relaxation time compared to free 
water molecules [14]. Comparison of the frequency 
characteristics of the dielectric permittivity of water 
in different states (solid, adsorbed, liquid) revealed 
a shift of the frequency dispersion of the dielectric 
permittivity to  the  region of  lower frequencies 
and a significant increase in the dielectric relaxation 
time of adsorbed water compared to water in the liquid 
phase [24].

Dielectric characteristics of  PVA films allow 
us to consider the possibility of their use as a basis 
for polymer composite materials containing carbon 
nanoscale fillers that absorb electromagnetic radiation 
[8, 10].

4. CONCLUSION
Low-frequency (25 Hz‑1 MHz) and  high-

frequency (9.8 GHz) measurements of  complex 

dielectric permittivity and electrical conductivity 
of  polymer films of  polyvinyl alcohol obtained 
from aqueous solutions of the polymer have been 
carried out. The influence of filtration of aqueous 
solution of polyvinyl alcohol on the electrophysical 
parameters of  the  films obtained from it  was 
demonstrated. The influence of filtration on the IR 
spectra of  the  films was not found and  they 
correspond to the literature data. Polyvinyl alcohol 
can be considered as a basis for polymer composite 
materials with carbon nanostructured fillers that 
absorb electromagnetic radiation.
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Abstract. The effect of the synthesis method of NiO–In2O3 composites on their structural, conductive 
and sensory characteristics when detecting hydrogen was studied. Impregnation of indium oxide nanoparticles 
with a nickel nitrate salt and a hydrothermal method with aqueous solutions of the corresponding salts 
were used. It has been shown that during the impregnation process, nickel oxide is formed in the form 
of amorphous nanoparticles on the surface of indium oxide, and during hydrothermal treatment, nickel ions 
are introduced into In2O3 structures. In impregnated composites, the particle size of indium oxide does not 
depend on the composition and is 60 nm, while in hydrothermal composites it decreases from 35 to 30 nm 
with increasing nickel content. With an increase in nickel content from 0 to 3 wt.% for both synthesis methods, 
the conductivity decreases, and the resistance for hydrothermal samples is an order of magnitude higher than 
for impregnated ones. The sensory response was almost twice as high.

Keywords: composite, hydrothermal method, impregnation method, indium oxide, conductivity, sensory response, 
hydrogen
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1. INTRODUCTION
The  continuous growth of  toxic and  explosive 

gas emissions into the atmosphere leads to the need 
to develop sensors for their detection. Semiconductor 
sensors are  of  interest due to  their commercial 
availability, ease of  fabrication, good stability 
and prospects for modernization. The n-type metal 
oxides In2O3, ZnO, SnO2, CeO2 have been widely 
used in gas detection systems (see, for example, [1–4]). 
In binary sensors, the use of In2O3 is associated with 
a high concentration of electrons in the conduction 
zone [5–8].

Indium oxide crystallizes in  two polymorphic 
modifications: cubic and rhombohedral, the properties 
of  which affect the  conductive and  sensory 
characteristics. The conductivity of the rhombohedral 
phase of  indium oxide is  8–12 times higher 
and the sensory response 1.5–2 times higher than that 
of its cubic phase [6]. Addition of catalytically active 

oxide to indium oxide leads to increased sensitivity 
in detection of various gaseous substances [9]. Doping 
In2O3 with ions of different valence also improves 
selectivity and sensitivity in the detection of hazardous 
gases [4].

One of the most promising p-type semiconductors 
as an additive for  gas sensors is  nickel oxide due 
to  its chemical and  thermal stability and  high 
catalytic activity. Such an additive helps to reduce 
the operating temperature and response/recovery 
time [10]. The  doping of  indium oxide with 
5 mol% NiO contributes to increase in the sensory 
response compared to pure In2O3 for the detection 
of  200 ppm CH4 at  a  relatively low operating 
temperature [11]. The incorporation of 2 mol% Ni 
into In2O3 leads to a 12‑fold increase in the response 
to 10 ppm NO2compared to pure In2O3, at an operating 
temperature of 200 °C [12]. In addition, the sensor 
showed a low detection limit of 5 ppb of nitric oxide.
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In  this work, the  influence of  the  synthesis 
method on the structural characteristics, conductivity, 
and sensory properties of layers based on nanoscale 
NiO-In2O3 composites for  hydrogen detection 
in  a  wide temperature range was investigated. 
The  composites were prepared by impregnation 
of indium oxide nanopowder with nickel nitrate salt 
with its subsequent transformation into oxide and by 
hydrothermal method using nitrate aqueous solutions 
of nickel and indium.

2. EXPERIMENTAL PART
NiO-In2O3 composites containing 0 to 3 wt.% 

nickel oxide were synthesized by two methods: 
hydrothermal [13] and impregnation [14]. Commercial 
In2O3 powder (AnalaR grade, 99.5%, BDH/Merck 
Ltd., Lutterworth, Leicestershire, UK) and chemically 
pure (CP) nickel nitrate Ni(NO3)2 · 6H2O (GOST 
5106–77) were used to obtain impregnated composites. 
Indium oxide powder was placed in  an aqueous 
solution of  nickel nitrate and  incubated at  room 
temperature for  24–48 hours. Further removal 
of water was carried out at a temperature of about 
70–80 °C, then heated the samples for several hours 
to 500 °C to obtain impregnated composites.

Indium nitrate In(NO3)3 · 4H2O (≥99.5%) 
and nickel nitrate Ni(NO3)2 · 6H2O (≥99%) were 
used as precursors for  hydrothermal synthesis. 
To obtain indium oxide, 2 mmol of indium nitrate 
and  18 mmol of  urea were dissolved in  80 mL 
of distilled water. To form the composites, the required 
amounts of nickel nitrate were added to the above 
composition. The  synthesized solutions were 
incubated in an ultrasonic bath for 1 hour at 30 °C. 
Then they were placed in a 100 mL Teflon-coated 
autoclave for hydrothermal treatment for 3 hours 
at 160 °C. The resulting hydroxides were separated by 
centrifugation for 5 min at 4500 rpm and then washed 
with distilled water and annealed in air at 500 °C.

The phase composition, structure and morphology 
of the obtained composites were studied by X-ray 
diffraction (XRD) on  a  Rigaku Smartlab SE 
diffractometer using Cu(Kα)-radiation with 
a wavelength of 1.5406 Å and transmission electron 
microscopy (TEM) on a Tecnai Osiris FEI instrument 
equipped with an energy dispersive analysis system.

To  determine the  conductivity and  sensory 
properties, the synthesized composites were mixed 
with distilled water, and the resulting paste was applied 
to a special chip equipped with a heater and contacts. 

Further, the temperature was gradually increased up 
to 550 °C until a constant resistance of the obtained 
film was achieved.

The  sensor response to  H2 was investigated 
using the developed setup in the temperature range 
from 300 to  550  °C. The  chip with the  applied 
sensing layer was placed in a special chamber with 
a volume of about 1 cm3, into which purified air 
or a gas mixture containing 0.9% H2 was supplied. 
The  pumping rate of  gases through the  chamber 
was 200 ml/min, and the accuracy of temperature 
maintenance was within 1  °C. The  response was 
defined as S = R0/Rg, where R0 is  the  initial 
sensor resistance (before the analyzed mixture was 
introduced) and Rg is the minimum value of the sensor 
resistance after the  analyzed gas was introduced. 
The change in sensor resistance was recorded using 
a Keysight digital multimeter, the signal from which 
was transmitted to a computer.

3. DISCUSSION OF RESULTS
The  data of  X-ray phase analysis showed that 

regardless of the synthesis technique, when adding 
different concentrations of NiO to the composite, only 
peaks corresponding to the cubic phase of indium 
oxide with preferential orientation (222) are registered. 
The absence of nickel or its compounds may be due 
to the dissolution of nickel ions in the In2O3 lattice, 
the  formation of  an X-ray amorphous phase, or 
a small amount of Ni O.

With increasing nickel content in  composites 
synthesized by the  hydrothermal method, 
there is  a  shift of  the  diffraction angle towards 
higher values, while in  impregnated composites 
the shift of peaks is insignificant. The ionic radius 
of Ni2+ is 0.75 Å, which is smaller than this value 
for In3+ – 0.81 Å. Consequently, the introduction 
of  nickel ions into the  In2O3 crystal lattice leads 
to a shift of the diffraction peaks of indium oxide 
towards larger angles.

As NiO is introduced into the composites obtained 
by the hydrothermal method, the lattice parameter 
decreases due to the difference in ionic radii, while 
in  impregnated samples the  lattice parameter 
is practically independent of the nickel oxide content 
in the composite (Fig. 1a). That is it can be assumed 
that for hydrothermal samples nickel is embedded 
in the structure of indium oxide, and in impregnated 
samples X-ray amorphous nickel oxide is  formed 
on the surface of In2O3.
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The particle sizes were calculated from X-ray phase 
analysis data, using the Debye-Scherrer equation 
by the peak width at its half-height and amounted 
to about 60 nm in the case of impregnated samples 
and  35–30 nm for  composites obtained by 
the hydrothermal method (Fig. 1b). The increase 
in the concentration of nickel oxide in hydrothermal 
composites is  accompanied by a  decrease 
in the particle size from 35 to 30 nm, which is associated 
with the occurrence of deformation due to indium 
substitution in the crystal lattice. The introduction 
of nickel ions into the In2O3 structure prevents crystal 
growth. In the case of impregnated samples, unlike 
hydrothermal samples, the addition of nickel oxide 
does not significantly affect the particle size (Fig. 1b).

According to  TEM data of  impregnated NiO-
In2O3 nanocomposites, spherical particles up to 20 nm 
are formed on the porous surface of indium oxide 
(particle size up to 100 nm) after impregnation with 
nickel nitrate and further heat treatment. In the case 
of hydrothermal samples, the particles have a cubic 
shape with a size of about 30 nm, which agrees with 
the XRD data. The results of energy dispersive analysis 
showed that in the hydrothermal composites, nickel 
ions are uniformly distributed in the indium oxide 
particles. While in impregnated composites, particles 
containing only nickel ions are observed on the surface 
of indium oxide. At the same time, some amount 
of nickel is distributed in the surface layer of indium 
oxide particles. The data of TEM, energy dispersive 
and X-ray diffraction analyses are in good agreement 
with each other.

For  NiO-In2O3 composites obtained by 
impregnation and  hydrothermal method, 
conductivity and  sensory properties were 
investigated in  the  temperature range from 300 
to 550 °C. Regardless of the synthesis method, an 
increase in conductivity with increasing temperature 
was observed, which is  characteristic of  n-type 
semiconductors. The  dependence of  resistance 
on nickel content for impregnated and hydrothermal 
composites is shown in Fig. 2a. It can be seen that 
the resistivity increases with increasing nickel content 
for both synthesis methods.

Since the electron yield work of NiO (5.5 eV) is larger 
than that of In2O3 (4.3 eV), electron transfer occurs 
from nanoparticles In2O3 to NiO nanoparticles, which 
leads to an increase in the resistance of composites 
due to a decrease in the concentration of electrons 
in the well-conducting indium oxide particles. During 
the hydrothermal synthesis process, nickel ions (Ni2+) 
are introduced into the In2O3lattice, replacing In3+) 
ions. Simultaneously, positively charged oxygen 
vacancies V+

O are formed, which provides a balance 
of positive and negative charges during substitution. 
A similar process was observed during the formation 
of hydrothermal composites ZnO-In2O3 containing 
up to 20 wt.% of zinc oxide [15].

Note that the resistance of hydrothermal samples 
is an order of magnitude higher than impregnated 
composites. This may be due to  the  fact that 
the number of  In3+ ions substituted by Ni2+ ions 
during hydrothermal synthesis of composites is greater 
than during impregnation, when the  composite 

a b
1.0120

1.0118

1.0116

1.0114

1.0112

1.0110

1.0108

1.0106

1.0104

1.0102

30

35

60

0.5 1.0 1.5 2.0 3.02.50 0.5 1.0 1.5 2.0 3.02.50

La
tti

ce
 p

ar
am

et
er

s, 
nm

Pa
rti

cl
e s

iz
e,

 n
m

NiO content, wt.% NiO content, wt.%

Fig. 1. Dependence of lattice parameter (a) and particle size (b) of In2O3 on NiO content in composites obtained by different 
methods



ADVANCES IN CHEMICAL PHYSICS  Vol. 44  No. 1  2025

	 IKIM et al. 	 81

formation is concentrated mainly in the surface layers 
of nanocrystals.

In  NiO – In2O3 composites, regardless 
of the method of their synthesis, the temperature 
dependence of  the  sensor response has a  typical 
for semiconductor sensors curve with a maximum Smax 
at certain temperature Tmax. Increasing the content 
of nickel oxide leads to a decrease in the operating 
temperature in  hydrothermal samples by 60  °C, 
and in impregnated samples by 20 °C. This decrease 
may be due to  the high catalytic activity of Ni O. 
For example, the operating temperature of composites 
obtained by solvothermal method was reduced by 
60 °C in methane detection [16]. The sensory response 
of hydrothermal composites at hydrogen detection 
for all compositions is almost two times higher than 
that of the samples obtained by the impregnation 
method (Fig. 2b). The reason for this may be the small 
size of  indium oxide nanoparticles, as the  bond 
strength in  their lattice is weakened, which leads 
to a significant decrease in the vacancy formation 
energy. The increase in the concentration of oxygen 
vacancies, which are the centers of chemisorption 
of oxygen and analyzed gas, contributes to the increase 
in the sensory activity of hydrothermal composites.

The method of synthesis of NiO-In2O3 composites 
significantly affects the character of change of their 
sensory response depending on the concentration 
of nickel oxide (Fig. 2b). For impregnated samples 
a maximum is observed at 1% NiO, further introduction 
of nickel oxide into the composite leads to a slight drop 
in the sensory response in contrast to hydrothermal 

composites where 3% NiO causes a sharp increase 
in sensory sensitivity. This is due to the interaction 
between the components: in hydrothermal composites, 
nickel ions are embedded in the lattice of indium oxide, 
while in composites synthesized by impregnation, 
nickel oxide nanoparticles are formed on the surface 
of In2O3 nanoparticles [17].

4. CONCLUSION
Studies of properties of NiO – In2O3 composites 

demonstrate a significant influence of the method 
of  their synthesis on  structural characteristics, 
conductivity and sensitivity at hydrogen detection. 
In the case of sample synthesis by impregnation method, 
X-ray amorphous NiO is  formed on  the  surface 
of large indium oxide particles of the order of 60 nm. 
The formation of nickel oxide nanoparticles does 
not lead to a change in the structural characteristics 
and particle size of indium oxide. On the contrary, 
in hydrothermal samples nickel ions are uniformly 
distributed over the volume of In2O3 nanoparticles, 
the size of which decreases from 35 to 30 nm with 
increasing nickel concentration.

The  conductivity of  the  samples, regardless 
of  the  method of  synthesis, monotonically 
decreases with increasing concentration of nickel 
oxide in  the  composite. This change in  the  case 
of impregnated samples is associated with electron 
transfer between nanoparticles forming the composite, 
and  in  hydrothermal samples by modification 
of  the electronic structure of  In2O3. At  the  same 
time, the values of resistance and sensory response 
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to hydrogen of hydrothermal composites at all nickel 
concentrations are higher than those of impregnated 
ones.

The  detailed study of  the  properties of  NiO-
In2O3 composites performed in this work indicates 
the  essential role of  the  interaction between 
the metal-oxide components, which will allow further 
consideration of the mechanisms of such interaction 
in the sensing process.
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Abstract. The detailed microstructure of human hair in the transverse and longitudinal directions was 
studied using of atomic force microscopy (AFM) in the mode of intermittent probe oscillation (known as 
TappingModeTM). In addition, operating in AFM-based nanoindentation the local elastic properties (Young 
modulus, Eloc) were determined in various zones of the hair. For quantitative analysis of Eloc precise calibration 
of the AFM system and assessment of the tip apex geometry were carried out. To calculate the numbers of Eloc 
the adapted Sneddon contact mechanical model was used.

Keywords: human hair, atomic force microscopy, nanoindentation, keratin, internal structure of hair in longitudi-
nal and transversal sections, local Young modulus in longitudinal and transversal sections
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1. INTRODUCTION
Structurally, human hair is a complex hierarchical 

organization based on keratin – keratinized derivatives 
of epithelial cells of the skin. Keratins are a family 
of fibrillar proteins with high mechanical strength. 
Chemically, hair is composed of 65–95% α-aliphatic 
amino acids tyrosine, glycine and cysteine, 15–35% 
water, 1–9% lipids and less than 1% enzymes, pigments 
and cholesterol. The high content of sulfur-containing 
cysteine leads to the establishment of disulfide bonds 
between neighboring keratin chains, forming cysteine 
units. Along with disulfide bonds, the hair structure 
contains many peptide bonds containing numerous 

–CO and –NH groups that form hydrogen bonds 
between neighboring protein fibers. The resulting 
cross-linked keratin structure is  responsible 
for the shape, structure and strength of the hair fibers 
[1]. It has been found that the chemical composition 
of hair can vary depending on the origin, sex, age 
and other conditions of the organism.

The hair consists of three morphological regions: 
the  outer (cuticle), cortical (cortex), and  core 
(medulla) (Fig. 1a). The cuticle is the outer protective 
sheath of  the  hair shaft, which is  a  keratinized 
nucleusless cells arranged in the form of scales forming 

a characteristic pattern and composed of a protein 
substance containing keratin and sulfur.

The  structure of  the cuticle is  complex and  is 
divided into several functional sub-layers: epicuticle, 
A-layer, exocuticle and  endocuticle. Organic 
components of the cuticle (lipids, proteins and wax-
like substances) provide hair with elasticity and natural 
shine. When the cuticle is damaged, its outer cells die 
and begin to peel off, and the hair surface loses its 
smoothness and healthy appearance [2].

The  middle part of  the  hair (cortex) occupies 
up to  80% of  the  volume of  the  hair shaft 
and determines to the greatest extent the complex 
of  its mechanical properties. The  cortex is  built 
of  long, densely packed cells of  different types 
(para- and  ortho-) of  spiral shape, connected by 
intercellular substance. The paracortical cells have 
a uniform shape and are only found in straight hair, 
while due to the orthocortical inhomogeneous cells, 
the hair is curly. Each cortex cell consists of bundles 
of keratin protofibrils, successively forming micro- 
and then macrofibrils oriented along the main axis 
of the hair [3]. In addition, it has been established 
that it is the cortex that contains the pigment melanin, 
which determines hair color [4].
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The innermost layer of the hair shaft (medulla) 
is a  loosely packed channel of proteinaceous non-
corneal cells in the central part of the hair, which may 
be continuous or fragmented. It has been suggested 
that the  medulla is  part of  the  excretory system 
of  the hair and  contains heavy metals and  traces 
of drugs [2].

Hair consists of 80–90% keratin. The remaining 
substances are mainly water (for elasticity) and lipids 
(for protection). In essence, the hair shaft is different 
types of keratin assembled into differently shaped 
elements that are  bound together by keratin-like 
cement [2]. As early as 1951, using X-ray and protein 
modeling experiments considering bond lengths 
and valence angles, it was shown that the fibrillar 
material of hair consists of spiral-shaped α-keratin 
fibers [5]. It  has also been suggested that there 
is  another form of  keratin assembly in  the  form 
of folded plates of β-keratin that can be reversibly 
stretched to  approximately 100% elongation 
(Fig. 2) [6]. Such an extremely complex structure 
provides high mechanical properties of the hair.

A large number of studies on natural wool fibers 
have been conducted to establish the relationship 
between the fine texture of  the microfibril matrix 
and  the  macroscopic properties of  the  fiber. 
The molecular mechanism of microfibril deformation 
has been described as a  gradual transition from 
α-helical tufts to β-layered structures [7]. Using this 
mechanism as the main mechanism, attempts have 
been made to explain the elastic response of keratin 
fibers in terms of its two structural subcomponents [8]. 

The value of the elastic modulus (Young’s modulus) 
can vary from 2 to 8 GPa depending on the ethnicity, 
gender and age of the individual. The tensile strength 
ranges from 200 to 300 MPa, which is equivalent 
to that of lead, copper or platinum and comparable 
to that of steel [4, 9].

Currently, scanning probe microscopy (SPM) [10], 
which includes several methodological approaches, 
is  widely used to  obtain structural information 
of various materials: tunneling probe microscopy, 
which allows obtaining information on the topography 
and electrical characteristics of electrically conductive 
materials [11–14] and  atomic force microscopy 
(AFM) [15].

AFM has made it possible to extend the scope 
of application of the SPM method to a wide range 
of materials by recording various forces of interatomic 
interaction between the  probe and  the  sample 
surface. The basic principle of AFM is  to  record 
various forces of interaction (attraction or repulsion) 
between the probe located at the end of an elastic 
microcantilever (cantilever) and  the  surface 
of the sample [16]. Unlike the widely used electron 
and  transmission electron microscopy, which 
require special techniques for surface preparation 
and contrasting of sample components, AFM is not 
an invasive methodology. In addition, AFM allows 
to simultaneously investigate topography, structural 
features and probe local physical and mechanical 
properties (elasticity, adhesion, electro-magnetic 
characteristics) of a wide range of materials with high 
spatial resolution [17].

Cuticle
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4 µmЕ  = 5.3 GPa

0
10

30

Cortex

Medulla

а b

Fig.  1. a – Schematic image of the internal structure of the hair [saylordotorg.github.io]. b – Three-dimensional topographic 
image of  the  outer layer of  the  hair, obtained on  a  scanning probe microscope MultiModeTM (Bruker NanoSurface Inc., 
USA) in the oscillation mode (Tapping ModeTM). The Young’s modulus of the hair in uniaxial tension was determined on an 
Instron‑3365 tensile testing machine (UK)
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A key step in the development of AFM applications 
was the  development of  an oscillating mode 
(or  intermittent contact) called TappingMode™ 
[18]. In  this mode, the  probe interacts with 
the sample surface for a very short period of time, 
which minimizes the  influence of  lateral friction 
forces during scanning and allows the examination 
of very soft samples without damaging their surface. 
At the beginning of the procedure, an elastic beam 
(cantilever) with a probe at the end is driven into free 
oscillation in the vertical direction at  its resonant 
frequency and corresponding amplitude by means 
of a piezo element. The damping of the amplitude due 
to the resulting attraction forces between the probe 
and  the  sample is  the  mechanism for  generating 
the surface topography. At the same time, a so-called 
phase image is mapped, the contrast change on which 
is caused by the shift of the phase angle of oscillations 
when the probe interacts with material regions having 
different mechanical properties. As a rule, a brighter 
contrast on the phase image corresponds to the most 
rigid and  less dissipative regions of  the  material. 
However, one cannot quantitatively extract any 
specific mechanical characteristic of  the material 
from the  phase contrast, since the  phase shift 
of the cantilever oscillations is due to the convolution 
of elastic, adhesive, and dissipative contributions 
at the moment of probe-sample contact [19].

Indentation [20] has become a  theoretically 
and experimentally confirmed method for quantitative 
determination of  local physical and  mechanical 
properties of materials, including the application 
of the AFM methodology called nanoindentation 

[21]. This method of  testing materials is  based 
on  indentation of  the  indenter into the  specimen 
and  recording, so-called force curves (FC), 
representing the dependence of the indentation depth 
(H) on the applied load (F) (Fig. 3).

The  loading curve reflects the  work expended 
to overcome the resistance of the material, determined 
by its stiffness (hardness) when the  indenter 
is  pushed in. The  reverse process of  unloading 
is the work expended to restore the material. In many 
cases, deformation occurs with the  development 
of plasticity, when the recovery is not elastic, but with 
a delay due to the presence of structural elements 
of  different viscosity in  the  material. This leads 
to energy loss (dissipation) during the unloading cycle 
and is manifested on the SC as the difference between 

α-

α-keratin

β-

β-keratin

Fig. 2. Illustration of the packing of spiral-shaped ensembles of α-keratin that transform into folded plates of β-keratin when 
stretched
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the  loading and  unloading curves, or hysteresis. 
Therefore, to  calculate the  modulus of  elasticity 
(E), only the upper straight section of the unloading 
curve is analyzed by the tangent of its slope, where 
the  material responds elastically in  response 
to  the  applied force (Fmax) and  the  influence 
of adhesion forces is minimal and hysteresis is not 
yet manifested.

At  the  same time, an adequate interpretation 
of  AFM data and  their subsequent use 
for  characterizing local mechanical properties 
of  materials requires a  good understanding 
of the effects of probe-sample interactions. There 
are many contact models for determining the hardness 
and elasticity of materials during an indentation. One 
popular approach in this area is based on the Sneddon 
solution, which relates load to strain and the generated 
contact area to  determine the  shape coefficients 
of various axisymmetric indenters (cylinder, cone, 
ball, and paraboloid of rotation) [21].

Nanoindentation has been used to  perform 
studies regarding structural mapping and probing 
of  elastic and  plastic properties of  hair, however, 
mainly at  the  qualitative level [22–25]. However, 
for  quantitative extraction of  the  mechanical 
characteristics of  the  material, it  is  necessary 
to perform an accurate calibration of the AFM system 
parameters, determine the stiffness of the cantilever 
and rationally select and digitize the probe shape.

The  purpose of  this study is  to  demonstrate 
the capabilities of AFM in the study of topography, 
microstructure and  measurement of  quantitative 
local elastic properties (Young’s modulus) of human 
hair in transverse and longitudinal directions with 
accurate calibration of the AFM system. The variety 
of mechanical actions on the probe side gives a wide 
choice for hardware realization.

2. EXPERIMENT
Before the study, a sample of Caucasian human 

hair (purchased from https://haircenters.ru) was 
thoroughly washed in  deionized water and  dried 
at room temperature. After that, the hair fragments 
were impregnated in epoxy resin and after its curing 
were dissected transversely and  longitudinally 
with a diamond knife at  room temperature using 
a MicroStar 01 microtome (Microstar Technology, 
USA).

AFM studies were performed at room temperature 
using a  MultiModeTM atomic force microscope 

and a Nanoscope IIIATM controller from Bruker 
NanoSurface Inc. (USA). Before the nanoindentation 
procedure in order to select the most morphologically 
informative site, structural studies of  the samples 
in the Tapping ModeTM were performed.

To probe the local elastic properties of the material 
using the nanoindentation method, force curves (FC) 
were generated to  record the  forces of  attraction 
and repulsion between the indenter and the surface 
of  the  investigated sample (Fig. 3). The modulus 
of elasticity (Young’s modulus) Eloc was determined 
by the slope of the tangent to the initial linear section 
of the unloading curve.

In order to measure Eloc on a quantitative level, 
a  complete calibration of  the  system was carried 
out. The  stiffness of  cantilevers was determined 
through the procedure of thermal excitation of free 
oscillations using the  built-in  SPM-system from 
the company “PolyTec” (Germany). The obtained 
stiffness values were in the range from 50–53 N/m. 
The cantilevers with probes of symmetrical parabolic 
shape with radius of curvature 30–50 nm with wear-
resistant silicon carbide coating from “TeamNanotec 
GmBH” (Germany) were used. The choice of such 
probes was due to the possibility of more accurate 
characterization of  their apex geometry. Probe 
geometry was assessed using SEM-micrographs 
followed by a piecewise linear interpolation procedure 
(Fig. 4).

The values of Eloc were calculated using LabVIEW 
program within the framework of Sneddon’s contact 
mechanical model [22]:
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where: H is  the indentation depth; a  is  the probe-
sample contact radius; E is  the sample modulus 
of elasticity; ν is the Poisson’s ratio of the sample; 
k is the cantilever stiffness; D(a, E) is the cantilever 
bending during indentation; f’ (x) = w(ax), where 
w is  the  coefficient describing the  geometry 
of  the  probe apex, equal to  1.5 for  a  paraboloid 
of  rotation. The  details of  the  probe geometry 
estimation and Eloc calculation using the adapted 
Sneddon model minus the hysteresis contribution 
are presented in [27].
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3. DISCUSSION OF RESULTS
3.1. Cross section
3.1.1. Structure

Figure 5a shows an optical photograph of a cross-
sectional microtomized hair impregnated in epoxy 
resin. The  AFM topographic image of  a  cross 
section including the  outer cuticular zone 
and part of the adjacent right cortex zone is shown 
in Fig. 5b. The cuticle is  an ensemble of parallel 
oriented sublayers, a detailed image of which is shown 
in Fig. 5 (c, d). Each sublayer (450–600 nm wide) 
is tightly connected with the neighboring one, forming 
the so-called membrane complex. As noted above, 
the  main structural elements of  each membrane 
are the so-called A-layer, exocuticle and endocuticle. 
According to [9] the outer A-layer is a component 
with a high cysteine content (>30%). It  is highly 
cross-linked and tightly binds neighboring protein 
layers via disulfide bonds, which provides significant 
mechanical strength, chemical resistance and low 
swelling of hair in water. The exocuticle immediately 
adjacent to the A-layer contains ~15% cysteine, while 
the endocuticular layer contains only ~3% cysteine 
[28]. The topographic image in Fig. 5c shows that 
the exocuticular cells are 150–200 nm wide deepened 
and  the  endocuticular layer cells are  elevated by 

~13 nm and  their width is  300–400 nm. In  [29], 
endocuticular cells were found to be more friable due 
to lower cross-linking sulfur content. This conclusion 
is supported by the phase image in Fig. 5g, where a less 
dense (porous) packing of the material is visualized.

The most voluminous part – the cortex – structurally 
represents irregularly shaped domains with a transverse 

size from 0.2 to  2.0 μm (Fig. 5 e, f). In  contrast 
to the cuticle, it is in the cortex that rounded-shaped 
inclusions with a diameter of~ 100 nm are visible, 
which appear to  be particles of  melanin pigment 
that determines hair color (Fig. 5e, f). In addition, 
the  detailed phase image (Fig. 5e)  clearly shows 
that a single subdomain of the cortex is surrounded 
by a light in contrast chain-like border. The latter 
is  probably the  so-called S-border formed by 
transverse disulfide cross-links, which provide high 
mechanical strength and elasticity of the hair.

3.1.2. Nanoindentation
Figure 6a shows a  topographic image of  the 

cuticular zone of  the  hair with traces left after 
the nanoindentation procedure. It can be seen that 
indents in the elevated exocuticular zones are clearly 
visualized and have a much larger diameter than indents 
in the endocuticular layers. This fact correlates with 
the above-mentioned statement about a denser degree 
of cross-linking and corresponds to the data of [29]. 
In addition, around the indents in the exocuticular 
layers, light contrast framing is  visible, indicating 
a more pronounced irreversible plastic deformation (G) 
developed during nanoindentation. This conclusion 
is confirmed by the characteristic force curves for both 
zones (Fig. 6b, c). It  can be seen that the  plastic 
deformation in the stiffer zones is almost 2 times smaller 
than in the more pliable zones. The averaged values 
of Eloc determined from the slope of the unloading 
curve in its initial zone using the modified Sneddon 
equation are: 6.1 ± 0.6 GPa for the stiffer endolayer 
and 3.9 ± 0.7 GPa for the exolayer.
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Fig. 4. Estimation of the probe geometry using the piecewise linear interpolation method. a – SEM-micrograph of the parabolic 
probe; b – Profile of  the  probe through a  set of  rectilinear segments; c – Scheme of  the  probe indentation into the  sample 
surface; d – Graph of the function H(a) determining the radius of the probe contact with the hypothetical sample at any current 
indentation depth
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Figure 7 illustrates a  topographic image 
of  the  cortex zone in  the  transverse direction 
with traces of  indents and  force curves obtained 
in characteristic structural regions. Three regions can 
be distinguished, where diameter and depth of indents, 
as well as local elastic modulus differ markedly 
(Fig. 7b – d). The variation of the elasticity index 
in the cortex matrix is probably related to the presence 
of  functionally different cortical cells (para- 
and ortho-), which differ in the degree of cysteine 
cross-linking and the density of fibril twisting. Straight 
hair contains mainly paracortical cells, while curly hair 
is enriched with orthocortical cells. In our experiment, 
the paracortical regions of the cortex are 2.5 times 

stiffer than the orthocortical regions (highlighted 
by a rectangle): Eloc para- = 7.8 ± 0.5 GPa (Fig. 7b) 
vs. Eloc ortho- = 2.8 ± 0.6 GPa (Fig. 7c). At melanin 
pigment localization sites (highlighted by circles 
in Fig. 7d), Eloc melanin = 0.9 ± 0.4 GPa.

3.2. Longitudinal section
3.2.1. Structure

Figure 8a shows an optical photograph of 
a longitudinally microtomized hair impregnated in epoxy 
resin. AFM topographic image of the conjugated zones 
of  cuticle and  cortex in  the  longitudinal direction 
is  shown in  Fig. 8b, c. Comparing the  structural 
features in  transverse and  longitudinal directions 
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Fig. 5. Features of the internal structure of the hair in perpendicular section. a – Optical image of microtomized hair impregnated 
in epoxy resin. b – Topographic image of  the outer cuticular zone (left) and part of  the cortex zone (right). c, d – Detailed 
topographic and phase images of the cuticle. e, f – Detailed topographic and phase images of the cortex
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(Fig. 5a vs. Fig. 8a), one can see the  obvious 
manifestation of morphological anisotropy in both 
cuticle and cortical areas. It should also be noted that 
the spiral-shaped structure of the hair cuticle obtained 

by AFM visually coincides with the α-keratin image 
predicted by Pauling and  Corey using the  X-ray 
method (Fig. 2) [5]. Figure 8c shows that the width 
of a single twisted cuticle cell is about 600 nm.
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Fig. 6. a – Topographic image of the cuticle showing indentation marks and indices of local Young’s modulus values for the endo- 
and exolayer. b, c – Characteristic force curves
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Characteristic force curves in different zones of the cortex
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Figure 8g illustrates the topography of the cortex, 
which shows elongated fibers (filaments) of various 
widths from 70 to 180 nm located along the hair. 
According to [30] the organization of these filaments 
is an ensemble of hierarchically organized α-helices. 
Small clusters of three protofibrils twisted together 
then twist into nine, forming a kind of “cable” known 
as a microfibril, which is embedded in an amorphous 
protein-rich matrix. The hundreds of microfibrils 
are  then organized into a  fibrous bundle called 
polypeptide macrofibrils.

The  topographic image (Fig. 8d)  also shows 
that polypeptide marcofibrils are  connected 
in  the  perpendicular direction by ~15 nm wide 
ties. These ties are probably cysteine bridges with 
disulfide bonds involved in  the  elastic stretching 
mechanism of the hair. In addition, Fig. 8g visualizes 
light inclusions of rounded shape with a transverse 
size of 80–100 nm, which are probably inclusions 
of melanin pigment.

3.2.2. Nanoindentation
Structural anisotropy is also manifested in the 

difference of  the  elastic response in mutually 
perpendicular sections of  the  hair. Fig. 9a shows 
a  topographic map of  the  cuticular zone in  the 

longitudinal direction with localization of the locations 
where nanoindentation was performed.

It  can be seen that, in  contrast to  previous 
cases, no indentation marks are  observed. This 
is explained by the fact that the cuticular cell in the 
direction perpendicular to the helix turn behaves 
elastically during indentation, demonstrating 
the effect of rapid restoration of the original shape 
of the material after applied loading without 
development or with a  small manifestation of 
hysteresis (Fig. 9b, c). The averaged local Young’s 
modulus in  these zones is Eloc = 9.2 ± 0.7 GPa. 
The white points (Eloc = 7.3 ± 0.4 GPa) correspond 
to the location of indents that fell outside the main 
plane of  the helical link. In dark contrast zones, 
located between neighboring turns of the helix, SCs 
were not produced due to a large height difference 
(~ 100 nm).

Figure 10a illustrates the  topography of  the 
longitudinal section of  the  cortex zone with 
indentation traces and  local Young’s modulus 
values. In  this zone, we were only able to obtain 
force curves in  the  monolithic keratin regions 
located along the  main axis of  the  hair, where 
the average local Young’s modulus was found to be 
Eloc = 4.2 ± 0.4 GPa. However, force curves that 
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Fig. 8. Features of internal structure of hair in longitudinal section. a – Optical image of microtomized hair impregnated in epoxy 
resin; b – AFM topographic image of substructures in conjugated areas of cuticle and cortex c, d – Magnified topographic images 
of cuticle and cortex areas, respectively
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could be taken into account were not reproducibly 
produced in the darker contrasting (lower) regions. 
This was probably due to the probe being snagged 
by transverse disulfide binding ties during extraction 
from the  material, and  the  initial slope of  the 
unloading curve was not reliably reconstructed. 
The modulus of elasticity at melanin localization sites 
was Eloc mel = 1.0 ± 0.3 GPa.

It  should also be noted that the  accuracy 
of the modulus measurement results is affected both 
by height differences between different morphological 
elements on the topographic map and by the ratio 
between the geometric dimensions of structural units 
and the probe tip. When the linear size of a structural unit 
is smaller than the size of the contacting probe, the so-
called convolution effect – overlapping of the measured 
structure by the probe – appears. In such situations, 
the measured values will differ from the true values, 
which affects the value of statistical scatter.

4. CONCLUSION
The features of the internal structure of the main 

functional zones (cuticle and cortex) of the native 
human hair microtomized in  transverse 
and longitudinal directions have been characterized 
in  detail using the  AFM method. It  is  these 
morphologically complexly organized areas that 
determine the strength, elasticity and color of hair. 
It  is  demonstrated that the  hair microstructure 
is characterized by pronounced structural anisotropy 
in both morphological zones.

In addition, the local Young’s modulus in each 
structural element was quantitatively measured using 
AFM nanoindentation. In  order to  quantitatively 
measure the local Young’s modulus, a preliminary 
procedure was carried out to fully calibrate the AFM 
system. The calibration included the steps of measuring 
the  system sensitivity, determining the  cantilever 
stiffness, and estimating the probe apex geometry 
using TEM followed by a piecewise linear interpolation 
procedure. An adapted Sneddon model using static 
analysis was used to calculate Young’s modulus.

The nanoindentation method was used to quantify 
the local elastic modulus in all structurally different 
regions of  the  sample, which is  not possible 
in macroscopic studies when generalized integral 
information is  collected for  the  entire volume 
of the material under study. The nanoindentation 
experiment showed that it is the cuticle with densely 
packed spiral bundles of α-keratin, despite its smaller 

volume fraction compared to the cortex zone, that 
determines the elastic properties of the hair.

In  the  next stage of  the  study, the  structure 
and measured local elastic properties of hair from 
the same batch after chemical treatment procedures 
are expected to be studied using similar techniques.
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