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Comparing the resulting dependencies , it can be noted that changing the air velocity diagram in 

the channel contributes to increase in the divergence of the trajectories and, accordingly, in the efficiency of 

separating the grain material into fractions. 

A promising direction for improving the quality of the separation of grain material into fractions in a 

horizontal flow is the use of inertial forces when the grain moves against the direction of the air flow. In this 

case, the speed of air flow around the caryopsis increases when entering the channel and the resistance force. 

An increase in the air velocity in the zone of grain entry into the channel by changing the air velocity 

diagram increases both the resistance forces  and strengths , , which will act as “lifting”. 

Figure 3 presents the diagram of the pneumo-inertial separator and the force interaction of the weevil 

with the air flow. 
 

 

1 — pneumatic channel, 2 — fans, 3 — feed rollers, 4 — collectors of fractions. 

Figure 3. Scheme of a pneumo-inertial separator (a) and the force interaction of a weevil with an air flow (b) 

Let us assume a linear distribution of the air flow rate along the channel height: 

   (16) 

The system of differential equations for the movement of a grain in a horizontal uneven flow with a 

countercurrent feed of material in coordinate form will look like: 

  (17) 

Where , . 

Force projections ),( yxZF  and ),( yxMF  on the axis of the rectangular coordinate system XOY can be 

written as: 

  (18) 

  (19) 
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Substituting the value of the acting forces in equation (17), we finally get: 
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  (23) 

To close system (22) — (23), it is necessary to have the dependence )(t  . In the presence of the 

initial rotation speed of the weevil 0  (which is provided by the rollers of the feeding device (Figure 3a), 

rotating at different speeds. 

The change in the angular velocity of rotation of the caryopsis can be determined from the equa-

tion [13]: 

 )(15
)(

2
t

rdt

td





   (24) 

where   — coefficient of dynamic viscosity of air. 

On condition ;0t  ;0   the change in the speed of rotation in time is determined by the depend-

ence: 

 
2

15

0)( r

t

et 






   (25) 

To solve the system of equations, the initial conditions are formulated: 

 ;0t  ;0x  ;0y  ;cos
)(

00 V
dt

tdx
  ;sin

)(
00 V

dt

tdy
  .0    (26) 

0V  — the rate of introduction of grain material into the pneumatic separation channel. 

The system of equations (22)–(24) with the initial conditions (26) was solved in the Mathcad computer 

environment. The results are presented in the form of the trajectory of movement of individual components 

of the grain material in Figure 4. 
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Figure 4. Trajectories of caryopses with different values of windage coefficients 

The main disadvantages of vertical pneumatic separation channels of traditional rectangular cross-

section, besides significant volumetric unevenness of the air flow rate, stagnant corner zones, are the imper-

fection of the system for feeding grain into the channel (curved pitched boards, multilevel input), which do 

not provide: uniform grain distribution, channel; stratification and separation of the grain stream, which in 

turn, leads to the jet introduction of the grain material into the air stream. 

Multiple collisions of grains incorporate the involvement of small fractions in the traces of movement 

of larger components. As a result, some of the main fractions are carried away, while some of the trash impu-

rities end up in the east of the commercial fractions. 

Using cylindrical pneumatic channels with an annular cross-section can significantly improve separat-

ing the CPM into fractions. The use of “volumetric” feeders (conical or in the form of surfaces of revolution 

with a curvilinear generatrix) provides uniform along the perimeter of the channel, the introduction of grain 

(almost a monolayer) into the air flow, and also eliminates stagnant zones in the channel. 

At the same time, it should be noted that the unevenness of the air flow velocity field in the annular 

channel negatively affects the separation efficiency of the grain material. 

Without resorting to the details of the technical implementation of the change in the air flow velocity 

diagram in the annular channel, let us consider the movement of weevils in an air flow with an artificially 

formed air velocity irregularity. Diagrams of the pneumatic separation channel and the force interaction of 

the weevil with the air flow are shown in Figures 5a and 5b, respectively. 
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Figure 5. Scheme of a pneumo-gravity separator (a) and the force interaction of a weevil with an air flow (b) 

The OS axis conventionally divides the air volume of the channel into two parts (along the axis), in 

which the average air flow rate is the same. 

In the first part, the distribution of air velocity is described by a power law: 

 
10

1

max)( 









b

x
x    (27) 

and in the second part, the air velocity distribution is described by the exponential law: 

 
ykVex  max)(     (28) 

On a weevil in an air channel except for gravity     , and aerodynamic resistance 

 22 )()()( xvxVmktmukR pVV  , lateral (deflecting) forces act ),( yxZF  and ),( yxMF . 

The equation for the dynamics of the movement of a weevil in a vertical irregular flow in the coordinate 

form will be as follows: 

 

 

 






















cossin)()(sin
)(

sincos)()(
)(

)()(2

2

2

)()(2

2

2

m

FF
xvxVkg

dt

tyd

m

FF
xvxVk

dt

txd

yMyZ

pV

xMxZ

pV

  (29) 

From the analysis of the interaction of the forces acting on the grain and the equations of motion (29), it 

follows that the lateral forces ),( yxZF  and ),( yxMF  deflect grains of different mass and windage in one direc-

tion throughout the entire time of movement in the channel. Moreover, one can see from the equations that 

less mass lateral forces have a greater effect on caryopses with a smaller mass and a less effect on caryopses 

of a larger mass, which contributes to the divergence of the trajectories of movement of caryopses of differ-

ent fractions. 

The projections of the forces acting on the weevil are determined by analogy with the previous study in 

the following form: 
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- Within the channel (- b…0): 
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Initial conditions: 

 ;0t  ;bx   ;0y  ;cos
)(

00 v
dt

tdx
  ;sin

)(
00 v

dt

tdy
   (33) 

Limiting conditions: 

 at ;0  1),(1),(),(),( ;; yxMyxZyxMyxZ FFFF     (34) 

at 
;0
 2),(2),(),(),( ;; yxMyxZyxMyxZ FFFF   

The solution of equations (28)–(29), taking into account (30)–(31) under the initial conditions (32) and 

limiting conditions (33), was obtained in the Mathcad computer environment by means of the trajectories of 

the caryopses in a uniform air flow (Fig. 6a) and with an artificially formed velocity field (Fig. 6b). 
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Study of aerodynamic parameters of the sail blade 

This article studies the aerodynamic characteristics of a triangular sail blade of various parameters. For this 

purpose, we made a triangular sail blade with a dynamically changing surface shape. The airflow velocity 

varied from 3 to 12 m/s. The dependences of the aerodynamic forces of the sail blade on the flow velocity 

were investigated at various angles of the apex of the triangular blade. The experiments were carried out at 

different vertices of the angles: 00; 300; 600; 900. As a result of the experiment, it was revealed that at the ver-

tex angle γ = 900, the triangular sail blade has optimal aerodynamic parameters. The dependences of the aero-

dynamic coefficients on the dimensionless angle of attack are obtained. It is found that the optimal number of 

triangular blades for a wind power plant with sailing blades is 6. It is established that at the angle of attack α 

= 00, the maximum value of the middle section of the wind wheel to the streamlined airflow will introduce a 

decrease in the value of the drag coefficient with an increase in attack α. The analysis of the experiment re-

sults on the change in α from the speed of the airflow of the sail blade is carried out. When the blade position 

changes, drag changes relatively to the airflow. The wind wheel will change its position relative to the stream 

with an increase in the attack angle. With an angular position change, the area of the middle section of the 

wind wheel begins to decrease relative to the incoming flow. With a decrease in the middle section of the 

wind wheel, the drag force decreases, and the drag coefficient decreases accordingly. Thus, the total result of 

pressure changes on the leeward and windward surfaces of the sail can be represented as one resultant aero-

dynamic force directed at an angle to the line perpendicular to the wind direction. 

Keywords: sail, wind turbine, flow speed, aerodynamic force, wind tunnel T-1-M, attack angle. 

 

Introduction 

The wind potential of the area primarily determines the development of the wind energy industry in Ka-

zakhstan. The wind resource of the Republic of Kazakhstan is rich and has no territorial boundaries. Over 

50 % of the country’s territory has wind with speeds of 3–4 m/s, and in some open areas, one can observe 

higher wind speeds of 6 m/s and higher. 

Foreign and domestic scientists and engineers have developed wind power plants with wind speed lim-

its for starting work. These installations are designed for wind speeds ranging from 5–6 m/s. Based on this, 

an urgent issue arises in developing and studying wind power plants and their working power elements for 

low speeds of the air oncoming flow. 

One of the representatives of wind power plants for low wind speeds is wind power plants with dynam-

ically variable blade surfaces (a sail); the threshold speed for starting the installation is 3 m/s. 

Invention [1] aims to increase the windage of the blades and increase the efficiency of using wind ener-

gy. Gandhi et al. [2] investigated the combined operation of solar photovoltaic installations with wind power 

installations with sail blades. A distinctive feature is that the sail blades are square-shaped. 

Ghosh et al. [3] provided the study of the aerodynamic characteristics of a Cretan-type wind turbine, a 

wind turbine with a horizontal sail-type axis. Ignazio et al. [4] presented the pressure tendencies for different 

angles of attack of the sail. Finally, He et al. [5] determined the sail model’s performance coefficients and the 

sail’s optimal attack angle based on the results of tests in a wind tunnel. Jean-Baptiste [6] gave a detailed 

overview of various features of leeward sail flow, including the effect of separation bubbles and vortexes at 

the leading edge. 

Blades with a dynamically changing surface shape solve the problem of increasing the wind energy uti-

lization factor with an air incoming airflow with minimal values. The explanation for this is that when the air 

flows around the oncoming flow, favorable conditions are created, which, in turn, are also close to continu-

ous flow, entailing an increase in the lift coefficient of the blades. For this purpose, the blades have the shape 

of a triangular sail. During the conversion of the energy of the airflow by the sailing blades into energy con-
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venient for use, aerodynamic forces appear. The thrust force, which is part of the aerodynamic forces, con-

tributes to the rotational movement of the wind power plant. The change in the value of the aerodynamic 

force is influenced by a change in the pressures, namely, a change in dynamic and static pressure when the 

blades are blown by the wind [7]. 

The airflow in front of the sail blade is divided into two parts: leeward and windward. The cross-section 

of the wind flow will be smaller than the cross-section of the initial flow from the wind side, and the speed, 

respectively, is greater than the actual wind speed. Considering Bernoulli’s Law, the atmospheric pressure on 

the leeward side of the sail can be said to be less than atmospheric pressure. Most of all, the speed will in-

crease in the front part of the sail, where there will be an area of slightest pressure, or, in other words, the 

most significant vacuum [8]. 

By similar reasoning, it is easy to establish that on the windward side of the blade, the wind speed will 

decrease slightly in the area of the front part of the sail. As a result, the static pressure will increase and be-

come higher than the atmospheric pressure, i.e. there will be additional pressure above the existing atmos-

pheric pressure. Thus, the useful work of the sail will be caused by the fact that pressures that differ in mag-

nitude from atmospheric pressure will form on it. Their action is directed perpendicular to the sail fabric, and 

the value changes depending on the difference in the air flow rate at a given point. 

The purpose of this work is to study the aerodynamic forces and their coefficients of the blades in the 

form of a triangular sail of a wind power plant. 

Experimental 

The authors of the work conducted laboratory experiments to study the aerodynamic forces of the sail 

blade. During which, the optimal linear dimensions of the triangular sail were determined. Tests of a sail 

blade with a movable end were carried out in the T-1-M wind tunnel (laboratory of Aerodynamic measure-

ments), where it was fixed in the working part of the pipe. The values of the airflow velocity varied from 3 to 

12 m/s. 

In the proposed work, a study was carried out for an optimized blade with a dynamically variable shape, 

for the subsequent creation of an improved model of a wind turbine with increased efficiency. A distinctive 

feature is the use of nylon as a sail material. 

Nylon has become one of the first synthetic fabrics in the world to be made from polyamide. In appear-

ance, it is similar to silk — it has the same shine and smooth front surface. The fabric is strong and elastic; it 

is difficult to tear it. Nylon is more elastic, so it easily absorbs overloads caused by changes in wind speed 

values. Figure 1 illustrates an experimental sail made of nylon. 

The main differences between nylon and polyester are: 

1. Appearance and tactile sensations. Nylon is smooth to the touch and resembles silk. Polyester has a 

rough matte surface with a visible weave pattern. 

2. Weight. A large nylon canvas weighs little. Polyester is also light, but it is larger than nylon. 

3. Water resistance. The water-repellent properties of polyester are several times lower. 

 

 

Figure 1. Experimental sail sample 
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According to the theory of aerodynamics, the following indicators influence the drag force and lift: 

a) dynamic pressure; 

b) area of the sail, m
2
; 

c) angle of installation of the sail relative to the wind direction; 

d) linear dimensions of the sail, its profile, the fullness of the belly, etc.; 

e) properties of the sail fabric, i.e. its smoothness, rigidity, ductility, density, etc.; 

f) angle of inclination of the sail. 

Considering the shape of the sail, it should be noted its elongation, which is directly proportional to the 

height of the sail H and inversely proportional to the length of the middle chord of its profile l (Figure 2) [9]. 

For rectangular sails, it is equal to the ratio 
H

l
. Also, the elongation is determined by dividing the height of 

the sail H by its average width for a number of sails, such as guari, triangular, gaff, etc. The average width 

can be calculated by dividing the area of the sail S by its height H: 

 Elongation = 
2


H H

S S

H

  (1) 

The fullness of the sail, i.e. the belly of the sail is directly proportional to the magnitude of the deflec-

tion arrow and inversely proportional to the length of the chord of the sail profile l: 

 Fullness = 
f

l
  (2) 

The influence of all these factors can be taken into account with some remarks when determining the 

aerodynamic force according to certain formulas. It is established that two identical sails (in shape, cut, fab-

ric, etc.) differ only in area and work with the same angle of attack, in any winds form aerodynamic forces 

proportional in magnitude to the dynamic wind pressure and sail area. 

Having expressed the factors specified in paragraphs c, d, g, e in terms of the coefficient C, the aerody-

namic force generated by the flow of the sail is found through the following formula: 

 20,0625  kF qSC V SC   (3) 

Where F is the aerodynamic force in kg, Vk is the wind speed in m/s, S is the windage area in m
2
, C is 

the coefficient of aerodynamic force [7]. 

The characteristic of the aerodynamic qualities of the sail is the polar, which shows how the coefficient 

of lift varies depending on the coefficient of drag and angle of attack (Figure 3) [9]. 

 

  

Figure 2. Puffiness and elongation of the sail Figure 3. Polar of the sail 

The coordinate axes show dimensionless coefficients Cy and Cx, so that this graph can be applied to a 

sail with any geometric data. The coefficients are calculated by dividing the magnitude of the measured force 
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by the dynamic wind pressure q, as well as by the windage area S, respectively, the coefficients will be ob-

tained: 

 ,x yC C  or  
qS

YorFX
C

,
  (4) 

With a polar, it is possible to determine the lift and drag force values and their components — the thrust 

force. The sail polarity allows selecting the most favorable angle for setting the sails on a given course in 

relation to the wind, i.e., the pulling force is at its maximum value. 

Results and Discussion 

The values of the lifting force obtained for a triangular sail blade with vertices angles γ (0
0
; 30

0
; 60

0
; 

90
0
) at a speed range from 3 to 12 m/s are represented by the dependence shown in Figure 4. Also, under the-

se conditions, the drag forces were determined (Figure 4). 

 

 

 

Figure 4. Graph of dependences of the lift  

forcing of the sail blade on the flow velocity at various 

angles γ of the apex of the triangular blade 

Figure 5. Graph of the dependences of the drag  

forces of the sail blades on the flow velocity at different 

angles γ of the apex of the triangular blade 

 

From the obtained dependencies (Figures 4, 5), a proportional dependence of the blades’ lift force and 

drag force on the flow velocity is visible. At the lowest wind speeds from 3 to 5 m/s, the appearance of lift-

ing force is observed at values of about 2 N with a vertex angle of γ = 90
0
, which proves the effectiveness of 

use for a range of low speeds. In a comparative analysis of the results obtained, it was found that the maxi-

mum lifting force has a sail blade with a vertex angle γ = 90
0
. 

Thus, a flexible sail blade with an apex angle γ = 90
0
 has optimal aerodynamic characteristics.

 

The dependence of the change in the drag coefficient on the dimensionless angle of attack β of the wind 

is constructed, under the condition when the flow velocity was 5 m/s (Figure 6). 

 

 

Figure 6. Dependence of the aerodynamic coefficient (drag) from β 
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One can see from Figure 6, the drag coefficient decreases with increasing β, this phenomenon can be 

explained as follows: at the attack angle β = 0
0
, the Middle area of the sail blade to the streamlined air flow 

will be maximum. Accordingly, when the air flows around the sail blade, the resistance force will be maxi-

mum. The sail blade will change position in relation to the stream with an increase in the attack angle. With 

an angular position change, the area of the middle cross-section of the blade begins to decrease relative to the 

incoming flow. With a decrease in the middle section of the blade, the drag force decreases, and the drag co-

efficient decreases accordingly. 

The dependence of the change in the lift coefficient on the dimensionless angle of attack β of the wind 

is constructed, under the condition when the flow velocity was 5 m/s (Figure 7). 

 

 

Figure 7. Dependence of the aerodynamic coefficient (lift) from β 

Figure 7 demonstrates that up to β = 15
0
, the value of the lift coefficient increases to 1.75, after which a 

sharp decline is observed. The reason for this is that up to a certain value of the angle of attack, the fullness 

of the belly of the sail is zero, and the sail bends, thereby increasing the pressure. 

With a further increase in β, the streamlined area of the sail will decrease, which entails a decrease 

in lift. 

Figure 8 shows the sail blade polaritites for an airflow velocity of 5 m/s. 

 

 

Figure 8. Sail blade polarities 

Due to the fact that the ends of the triangular blade are regulated by a flexible attachment, thereby creat-

ing a dynamically changing shape of the blade surface, the drag coefficient of the sail of the authors of the 

work is greater than the sails, the ends of which are rigidly fixed. 

Figures 9, 10 designate the dependences of the aerodynamic coefficients on n (the number of blades). 
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Figure 9. Dependence of the aerodynamic coefficient (lift) from n 

From Figure 9, one can notice that the lift coefficient increases with an increase in n from 1 to 6. This 

phenomenon is observed, although the flow velocity, angle of attack, and area of the wind wheel do not 

change. 

 

 

Figure 10. Dependence of the aerodynamic coefficient (drag) on n 

Figure 10 represents that when the number of blades reaches 2, there is an intensive increase in the lift 

coefficient. When the number of blades is further increased to 8, there is a slight increase. Based on this, a 

further increase in the number of blades is not advisable, because the material consumption and the price of 

the wind turbine increases. 

The task of a sailing wind wheel is to use all available power coming to the swept area. According to 

Bernoulli's law, when the flow velocity decreases, the pressure increases. As a result, we have increased 

pressure from the windward side of the wind wheel and discharge from the downwind side. It is the 

triggering of the energy of this pressure drop that quantifies the operation of the windmill. 

From experimental data, it has been established that the optimal number of triangular blades for a wind 

power plant with sailing shovels is 6. Compared with winged wind turbines [10] for which the optimal 

number of blades is 3, in which the wind turbine has high performance, increasing the number of blades, a 

physical phenomenon is observed for them when the wind freely penetrates between the blades to the 

opposite side of the wind wheel — equalizing the pressure, resulting in reduced productivity. The error in the 

experiment was 4–5 %, which falls within the acceptable range. 

Conclusions 

We investigated the aerodynamic coefficients of a sail blade and a wind wheel made of nylon materials. 

Compared with the results of work [11], where polyester was used as the material of the sail blade, the lifting 

force of nylon is 15–20 % higher. 

During the study, the following optimal results were obtained: 

- The aerodynamic forces of the sail blade depend on the flow velocity at different angles of the top. It 

is established that at γ = 90
0
 the triangular blade has the maximum values of aerodynamic forces, with a 

decrease in the angle to 0
0
 there is a decrease, this is due to an increase in the area of resistance relative to the 
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air flow. This phenomenon can be explained by the fact that the drag force is directed against the speed of 

movement, its magnitude is proportional to the characteristic area of resistance. At the optimal angle γ = 90
0
 

around the triangular blade, the occurrence of air vortices is minimal, thereby leading to the prevention of 

disruption of vortices from the ends of the triangular blade. 

- With a decrease in the mid-section of the wind wheel, the aerodynamic forces decrease, and their 

coefficients decrease accordingly. This is due to the fact that the reverse process of reducing the airflow 

velocity and increasing pressure begin behind the midsection of the sail blade. At the same time, increased 

pressure is created on the front side of the body, and reduced pressure is created on the backside. The 

boundary layer flowing around the sail blade, having passed its midsection, breaks away from the sail and, 

under the influence of reduced pressure behind the body, changes the direction of movement, forming a 

vortex. This happens both at the upper and lower points of the sail; 

- The optimal number of triangular blades for a wind power plant with sailing shovels is 6. 
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Желкенді қалақшаның аэродинамикалық параметрлерін зерттеу 

Мақалада әртүрлі параметрлердегі үшбұрышты желкенді қалақшаның аэродинамикалық 

сипаттамалары зерттелген. Осы мақсатта динамикалық өзгеретін беті бар үшбұрышты желкенді 

қалақша жасалды. Ауа ағынының жылдамдығы 3-тен 12 м/с-қа дейін өзгерді. Үшбұрышты қалақша 

шыңының әртүрлі бұрыштары кезінде желкенді қалақшаның аэродинамикалық күштерінің ағынның 

жылдамдығына тәуелділігі зерттелді. Тәжірибелер шыңдардың әртүрлі бұрыштарында жүргізілді: 

00; 300; 600; 900. Шыңның бұрышы γ=900 кезінде үшбұрышты желкенді қалақша оңтайлы 

аэродинамикалық параметрлерге ие болатыны айқындалды. Аэродинамикалық коэффициенттердің 

шабуыл бұрышының өлшемсіз тәуелділігі алынған. Динамикалық өзгеретін бет пішіні бар қалақшалы 

жел турбинасы үшін қалақшаның оңтайлы саны n=6 екендігі анықталды. Шабуылдың α=00 бұрышы 

кезінде желдоңғалағының миделдік ауданының максималды мәні ағылатын ауа ағынына α шабуылы 

артқанда маңдайлық кедергі коэффициенті мәнінің төмендеуіне әкеледі. Желкенді қалақшаның ауа 

ағынының жылдамдығынан α-ның өзгеруі бойынша тәжірибе нәтижелеріне талдау жүргізілген. 

Қалақшаның орны өзгерген сайын маңдайлық кедергі ауа ағынына қатысты өзгереді. Желдөңгелегі α 

мәнінің жоғарылауымен ауа ағынына қатысты өз орнын өзгертеді. Бұл жағдайда бұрыштың орны 

өзгерген кезде қозғалатын ағынға қатысты желдоңғалағының мидель қимасының азаюы байқалады. 
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Жел доңғалағының мидель қимасының төмендеуімен маңдайлық кедергі күші төмендей бастайды, 

сәйкесінше маңдайлық кедергі коэффициенті төмендейді. Осылайша, желкеннің ық жағы және жел 

жақ беттеріндегі қысымының өзгеруінің жалпы нәтижесін жел бағытының перпендикуляр сызығының 

кейбір бұрыштарына бағытталған, бір тең әсер ететін аэродинамикалық күш ұсынылуы мүмкін. 

Кілт сөздер: желкен, желэнергетикалық қондырғысы, ағынның жылдамдығы, аэродинамикалық күш, 

Т-1-М аэродинамикалық құбыры, шабуыл бұрышы. 

 

А.Ж. Тлеубергенова, Н.К. Танашева, К.М. Шаймерденова,  

Л.Л. Миньков, А.Н. Дюсембаева, С.Ж. Узбергенова 

Исследование аэродинамических параметров парусной лопасти 

В статье изучены аэродинамические характеристики треугольной парусной лопасти различных пара-

метров. Для данной цели была изготовлена треугольная парусная лопасть с динамически изменяемой 

формой поверхности. Скорость воздушного потока варьировалась, начиная 3 до 12 м/с. Была исследо-

вана зависимость аэродинамических сил парусной лопасти с разными углами вершинами от скорости 

потока. Эксперименты проведены при различных углах вершинах: 00; 300; 600; 900. В результате экс-

перимента выявлено, что при угле вершине γ=900 треугольная парусная лопасть обладает оптималь-

ными аэродинамическими параметрами. Получены зависимости аэродинамических коэффициентов от 

безразмерного угла атаки. Обнаружено, что для ветротурбины с парусными лопастями оптимальным 

числом лопастей является n=6. Установлено, что при угле атаки α=00 максимальное значение миделе-

во площадь ветроколеса обтекаемому воздушному потоку введет собою к убыванию значения коэф-

фициента лобового сопротивления с увеличением атаки α. Проведен анализ результатов эксперимента 

по изменению α от скорости воздушного потока парусной лопасти. При изменении положения лопа-

сти лобовое сопротивление меняется относительно воздушного потока. Ветроколесо изменяет свое 

положение относительно воздушного потока, с увеличением значения α. При этом наблюдается 

уменьшение площади миделево сечения ветроколеса относительно к набегающему потоку при изме-

нении углового положения. С уменьшением миделево сечения ветроколеса сила лобового сопротив-

ления начинает убавляться, соответственно снижается коэффициент лобового сопротивления. Таким 

образом, суммарный результат изменения давлений на подветренной и наветренной поверхностях па-

руса можно представить в виде одной равнодействующей аэродинамической силы, направленной под 

некоторым углом к линии, перпендикулярной к направлению ветра. 

Ключевые слова: парус, ветроэнергетическая установка, скорость потока, аэродинамическая сила, аэ-

родинамическая труба Т-1-М, угол атаки. 
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Evaluation of the Nurse-Saul method using maturity sensors  

for concrete strength control 

The article presents the results of experimental studies on the strength of concrete grade B25 brand M350 by 

direct and indirect methods of control. To conduct tests, 17 cylindrical, 15 small, and 2 large cubic specimens 

were manufactured. 15 cylindrical specimens by 3 pieces were tested for compression in a hydraulic press on 

1, 3, 7, 14, and 28 days of curing, and in the remaining two for 28 days the curing temperature was measured 

in order to obtain the strength-maturity relationship by the method of Nurse-Saul. The curing temperatures of 

the larger specimens were measured similarly, from which the concrete maturity and strength values on days 

1, 3, 7, 14, and 28 were estimated. On the same days, compression tests were carried out on small specimens 

and by the shock pulse method on large specimens. As a result, the strength gain curves were obtained and 

calibration dependencies were plotted. The calibration dependencies showed a sufficiently close convergence 

of the results of the direct method of control (i.e., compression of small specimens) and the Nurse-Saul meth-

od of maturity, in contrast to those of the shock pulse method. The determination coefficients of these de-

pendencies amounted to 0.9357 and 0.8965, respectively. 

Keywords: maturity method, concrete strength, embedded sensors, compression test, curing temperature, 

shock-pulse method, calibration dependence. 

 

Introduction 

Inspection methods in modern construction increasingly overlap with information technology. Various 

methods and tools are used to figure out the compliance of the material with the design requirements [1, 2]. 

One of the frequently used and tested materials is concrete. There are many ways to determine its strength. 

The methods are regulated by various standards that contain a defined procedure for laboratory tests [3]. Dif-

ferent tools and devices can be used to identify the current and limited properties of concrete [4]. 

Nowadays, indirect methods of non-destructive concrete strength gain control are more popular than lo-

cal destructive methods [5]. These methods give quick results and require minimal costs, with the result be-

ing made by the laboratory, but the curing time of the concrete requires intermediate solutions to complete 

the construction in a specified time or sooner than required by the customer [6]. Interim solutions can be 

formwork removal, structural loading, test scheduling, etc. The methods are based on parameters occurring 

during the concrete curing process, such as temperature, pressure, current conductivity, shock pulse impact, 

elastic rebound, plastic deformation, etc. [5]. 

Many standards of the CIS countries, regulating non-destructive control methods, are based on external 

influence. While in foreign countries, they practice such standards to determine the strength of internal pa-
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rameters, which consider the temperature and curing time of concrete [7]. The method of temperature-

strength control is widely used in the USA, Canada, South Africa, and European countries (Table 1). 

T a b l e  1  

Foreign standards for methods of temperature-strength control of concrete [4] 

No. Standard indication Name of the standard Region 

1 ASTM C1074 Standard Practice for Estimating Concrete Strength by Maturity Method 

USA 

2 ASTM C918 
Standard Test Method for Measuring Early-Age Compressive Strength 

and Projecting Later-Age Strength 

3 ACI 318-6.2 Building Code Requirement for Structural Concrete and Commentary 

4 ACI 228.1R In-place Methods to Estimate Concrete Strength 

5 ACI 306R Guide to Cold Weather Concreting 

6 AASHTO T 325 
Standard Method of Test for Estimating the Strength of Concrete in 

Transportation Construction by Maturity Tests 

7 CSA A23.1/A23.2 
Concrete Materials and Methods of Concrete Construction/Test Methods 

and Standard Practice for Concrete 
Canada 

8 NCH 170 Hormigon-Requisitos generals (Concrete- General requirements) 
South 

Africa 

9 EN 206–1:2002 
Concrete — Part 1: Specification, performance, production and conformi-

ty 

Europe 10 BS EN 13670 Execution of concrete structures 

11 NEN 5970 
Determination of Strength of Fresh Concrete with the Method of 

Weighted Maturity 

12 
ST-NP SRO SSK-04–

2013 

Temperature and strength control of concrete during the construction of 

monolithic structures in winter 
Russia 

 

The study of temperature and strength control dates back to the 1970s by the American National Bureau 

of Standards. It was caused by the gradual collapse of a building under construction in Fairfax County, Vir-

ginia, which was not without casualties. According to the final inspection report, the problem was early re-

moval of the formwork. The decision to remove the formwork was made 4 days after the concrete was 

poured, which was based on the average temperature readings [9]. Such cases prompted the American Occu-

pational Safety and Health Administration to develop a standard for monitoring the curing rate over the en-

tire 28-day period. Thus, this method has found use in several other countries, considering the specifics of 

the construction area and raw materials for concrete. 

A good example of a country where the method of temperature-strength control regarding GOST has 

been developed is Russia. The standard was developed by the nonprofit partnership “Self-regulated Organi-

zation of the Union of Construction Companies of the Urals and Siberia”, owned by the Urban Building 

Code of the Russian Federation [10]. This standard has been in use since 2013. As stated earlier, the specifics 

of the territory of construction require increased attention. If we compare countries with predominantly hot 

climates, it is only one temperature range that affects the strength gain, while countries with sharply conti-

nental climates also take into account negative temperatures. This point is considered in [11]. The basis for 

the creation of the standard [10] was the thermal stress state during curing or heat treatment of concrete. The 

standard has only recently been introduced and not all issues have yet been covered. 

The maturity method regulated by the American standard is increasingly being used in the CIS coun-

tries as well. The applicability of this approach is already being tested on domestic construction sites 

[12, 13]. Thus, the authors of this study have developed a measuring complex for wireless temperature moni-

toring and estimation of the current strength of concrete “BDM-1” [14, 15], which implements the Nurse-

Saul method [16]. An important principle of BDM-1 operation is automation of temperature data acquisition 

since the calculation method requires particular measurements, as well as individual calculation of number 

and location of maturity sensors, which are reflected in construction feasibility study. To test its performance 

and to assess the applicability of the standard [16], many tests were carried out in this work, applying differ-

ent methods. 

Based on the aforementioned, this study is aimed at assessing the applicability of the Nurse-Saul ma-

turity method for Kazakhstan construction sites in conjunction with the BDM-1 measuring complex. Thus, 
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the object of study is the curing temperature and strength of M350 B25 marketable concrete, produced by 

local manufacturers. 

Experimental 

The test program in this work was developed to study the process of concrete strength gain in the natural 

conditions using foreign [16, 17] and domestic standards [18, 19], applying different instrumentation (Table 2). 

T a b l e  2  

Certified equipment used in the test program 

No. Equipment 
No. of the certificate of type ap-

proval of measuring instruments 
Equipment name 

1 IPS-MG4.03 12148 Strength meter of building materials 

2 HP-Testing 9885 Hydraulic press 

3 BMD-1 3575 Wireless complex for concrete strength monitoring 

 

Ready-mix concrete of grade B25 and brand M350 was tested (Table 3). Concrete of this grade and 

brand was chosen because of its wide use in the construction market [20]. 

T a b l e  3  

Composition of the tested concrete 

No.  Component name Consumption, kg/m
3 

1 Portland cement 390 

2 Washed sand 810 

3 Crushed stone, fraction 5–20 mm 1080 

4 Water 140 

5 Chemical additive based on polycarboxylate esters HPS-3 2,73 

 

The selected concrete mixture was used throughout the experiment. The data obtained in laboratory 

tests can only be used for a given concrete with the same consumable components [17, 21]. 

17 cylindrical specimens with a diameter and height of 15 cm each were prepared for testing by the 

method [16] (Fig. 1), of which 15 were tested in compression with a hydraulic press in the laboratory, by 3 

specimens at 1, 3, 7, 14, and 28 days [17]. Sensors [22] were immersed in the remaining 2 specimens to 

measure the curing temperature of the concrete in the specimens at a frequency of 0.5 hours up to 28 days. 

The purpose of these tests was to derive the “strength-maturity” relationship of the concrete, where maturity 

is an index of temperature and time, according to the Nurse-Saul method [16, 23, 24]. This ratio was derived 

as a logarithmic function. It was used to calculate the current strength of concrete in a real structure, assum-

ing the same composition was used. 

 

  

Figure 1. Cylindrical specimens 

The temperature-time factor was determined by the following equation [15]: 

               ;  (1) 
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where TTF — the time-temperature factor at age t (degree-days, degree-hours); ∆t — time interval (days, 

hours); Ta — average concrete temperature during time interval (°C); T0 –– datum temperature, –10 °C. 

To simulate a real structure made of the same concrete composition, two large cubic specimens sized 

50x50x50 cm were prepared, in which temperature sensors were also immersed (Fig. 2 (a)). From the tem-

perature history measured at a frequency of 0.5 hours, using the same Eq. 1, concrete maturity values (TTF) 

were calculated. Then, by applying these values to the derived logarithmic function, the strength values of 

the concrete in the structure on days 1, 3, 7, 14, and 28 of curing were estimated. On the same days, large 

specimens were subjected to non-destructive shock pulse testing [18] using the IPS-MG4 measuring device 

(Fig. 2 (b)). 

In parallel with the previous tests there were molded 15 small cubic specimens of 10×10×10 cm in size, 

which were tested in compression by destructive method [19] on a hydraulic press, by 3 specimens on 1, 3, 7, 

14, and 28 days of curing (Fig. 2 (c)). 

Then, using the average strength values obtained by the three different methods, the diagrams of con-

crete strength gain and calibration dependencies were plotted. 

 

 

a) 

 

b) 

 

с) 

Figure 2. Cubic specimens: a — large specimens, b — large specimens shock pulse testing, c — small specimens 

Results and Discussion 

Figure 3 illustrates the results of testing cylindrical concrete specimens using the maturity method. 

 

   
a)  b)  c) 

Figure 3. Results of tests of cylindrical concrete specimens: a — temperature mode of curing,  

b — concrete strength gain diagram, c — strength-maturity relationship 

Using the Nurse-Saul method, the temperature of the two cylindrical specimens was monitored for 28 

days. In Fig. 3 (a), one can notice the presence of the highest curing temperature in the first 3 days (21 °C), 

then, there is a sharp decline with a slight increase in temperature on the 7
th
 day. Thus, the temperature on the 

28th day is about 8 °C. Fig. 3 (b) shows a diagram of the strength gain in the cylinders. The trend increases 

sharply in the first 3 days, after showing a gradual rise. From the cylinder curing temperature history using 

the equation (1), concrete maturity values at days 1, 3, 7, 14, and 28 were calculated. By plotting these values 

against the strength values on the same days of curing, a strength-maturity relationship was plotted (Fig. 3 
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(c)). It can be seen from the Figure 3 that the obtained dependence has a fairly high coefficient of determina-

tion equal to 0.9793, which indicates its further applicability in estimating the strength of the real structure 

(i.e. large cubic specimens) from the same composition of concrete. The test results of the large specimens 

are shown in Figure 4. 

 

   
a)  b)  c) 

Figure 4. Results of tests of large cubic concrete specimens: a — temperature mode of curing,  

b — Nurse-Saul strength gain curve, c — shock-pulse strength gain curve 

The curing temperatures (Fig. 4 (a)) of the two large cubes for 28 days provide the average value for the 

Nurse-Saul strength gain curve (Fig. 4 (b)). As shown in Fig. 4 (a), compared to the curing regime of the cyl-

inders, the temperature increase on the first day of curing of large specimens are more intense. In the first 2 

days, the temperature rose to 32 °C and then decreased smoothly to 8 °C. This can be explained by the mas-

siveness of large specimens compared to small ones. Concrete maturity values on 1, 3, 7, 14, and 28 days 

were calculated in a similar manner for large specimens. By applying these values to the strength-maturity 

relationship obtained above, the strength values for the same days were estimated, from which the strength 

gain diagram was plotted (Fig. 4 (b)). According to the results of tests of large specimens by shock-pulse 

method (Fig. 4 (c)), during the first 7 days, the strength of concrete intensively increased, after that, it 

smoothly passed to stabilization. 

To compare the results of the indirect methods obtained above with the direct ones, a diagram of the 

strength gain from the tests of small cubic specimens in compression in a hydraulic press was plotted as 

shown in Figure 5. 

 

 

Figure 5. Results of tests of small cubic specimens by compression 

The strength gain curve of small cubic specimens has a similar outline to the one obtained by the ma-

turity method. However, the strength value at 28 days is higher. For visual comparison of the results of indi-

rect (maturity method, shock pulse method) and direct (compression of cubic specimens) methods, their 

strength gain curves were combined into one diagram and calibration dependencies between these methods 

were derived (Fig. (6)). 
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a)  b) 

Figure 6. Comparative analysis of the results: a — strength gain curves, b — calibration dependencies,  

N-S, S-P, and C — Nurse-Saul, Shock pulse methods and Compression test, respectively 

According to Fig. 6 (a), on the first day, there is no difference between the strength gains, however: 

 on days 3, 7, and 14, the shock pulse method values are higher than those of the compression tests by 

an average of 13.5 %, while on 28 day, they are lower by 8.4 %. 

 values from the maturity method beginning from day 3 up to day 28 were lagging the compression 

test by an average of 10.7 %. 

Figure 6 (b) demonstrates the calibration dependencies between the direct and indirect methods used in 

this study. The power functions and their coefficients of determination were derived for each of the depend-

encies. One can notice from Figure 6 that the coefficient of determination of the dependence between the 

compression test and the maturity method, equal to 0.9357, is slightly higher than those between the com-

pression test and the shock pulse method, equal to 0.8965. This indicates that the convergence of the first two 

methods is greater than that of the second. 

Conclusions 

In this work, the authors conducted several strength tests of concrete B25 M350 by direct and indirect 

methods and measurements of curing temperature with specialized instrumentation and equipment. Accord-

ing to the results of tests and measurements, the diagrams of strength gain and temperature curing for small 

(10x10x10 cm) and large specimens (50x50x50 cm) were obtained, strength-maturity relationships, as well 

as calibration dependencies between direct and indirect methods, were plotted. The following conclusions 

can be drawn from the analysis of the obtained results: 

- The final compressive strength of the small specimens at 28 days was higher (34 MPa) than that ob-

tained by the maturity and shock pulse methods on large specimens, although all the specimens were kept at 

the same temperature and humidity conditions. This is due to their lower massiveness. 

- The shock pulse method, according to the strength gain curve, looks rather idealized and does not im-

press sufficient confidence. There are no drops; strength gain is smooth and stable. 

- The strength gain curve obtained by the Nurse-Saul maturity method has a fairly realistic outline. 

There are small steps and unstable gains of strength. The strength values from the Nurse-Saul method were 

lower than those of the others. In this regard, it can be assumed that it is more reliable and has a potential 

margin of safety when controlling the strength by this method. 

- Comparison of the direct and indirect methods by plotting the calibration dependencies revealed a 

greater convergence of the maturity method with the compression test in comparison with the shock pulse 

method; the determination coefficients of the obtained dependencies were 0.9357 and 0.8965, respectively. 
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Е.Б. Утепов, А. Анискин, А.С. Тулебекова, С.Б. Ахажанов, Ш.Ж. Жарасов 

Бетонның беріктігін бақылау үшін кемелдену датчиктерін  

қолдану арқылы Nurse-Saul әдісін бағалау 

Мақалада М350 маркалы және В25 класты бетонның беріктігін тікелей және жанама бақылау 

әдістерімен эксперименттік зерттеулердің нәтижелері келтірілген. Сынақ жүргізу үшін 17 цилиндрлік, 

15 шағын және 2 үлкен текше үлгілер дайындалған. Әрқайсысы 3 данадан тұратын 15 цилиндрлік 

сынама гидравликалық престе сығымдалу үшін қатайтудың 1, 3, 7, 14 және 28-ші күндерінде 

сыналған, ал қалған 2-уі Nurse-Saul әдісі бойынша «беріктік-кемелдену» тәуелділігін алу мақсатында 
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қатаю температурасы 28 күн бойы өлшенген. Үлкен үлгілердің қатаю температурасының ұқсас 

тәсілдері тіркелді, оған сәйкес бетонның жетілу деңгейлері және 1, 3, 7, 14 пен 28-ші күндегі беріктік 

мәндері есептелді. Сонымен қатар, көрсетілген тәулікте шағын үлгілерді сығуға және үлкен үлгілерді 

соққы-импульстік әдіспен сынау жүргізілді. Нәтижесінде беріктік қисықтары алынды және 

градуирлеу тәуелділіктері құрылды. Градуирлеу тәуелділіктері тікелей бақылау әдісі (яғни шағын 

үлгілерді сығу) нәтижелерінің және Nurse-Saul кемелдену әдісінің соққы-импульстік әдісімен 

салыстырғанда өте жақын ұқсастығын көрсетті. Осы тәуелділіктерді анықтау коэффициенттері 

сәйкесінше 0,9357 және 0,8965 болып шықты. 

Кілт сөздер: кемелдену әдісі, бетонның беріктігі, кіріктірілген датчиктер, сығымдау сынағы, қатаю 

температурасы, импульстік–соққы әдісі, градуирлеу тәуелділігі. 

 

Е.Б. Утепов, А. Анискин, А.С. Тулебекова, С.Б. Ахажанов, Ш.Ж. Жарасов 

Оценка метода Nurse-Saul с применением датчиков  

зрелости для контроля прочности бетона 

В статье представлены результаты экспериментальных исследований прочности бетона класса В25 

марки М350 прямым и косвенным методами контроля. Для проведения испытаний было изготовлено 

17 цилиндрических, 15 малых и 2 больших кубических образца. 15 цилиндрических образцов по 3 

штуки испытывались на сжатие в гидравлическом прессе на 1, 3, 7, 14 и 28-е сутки твердения, а в 2-х 

остальных на протяжении 28-и суток измерялась температура твердения с целью получения зависи-

мости «прочность–зрелость» по методу Nurse-Saul. Аналогичным способом фиксировалась темпера-

тура твердения больших образцов, по которой вычислены уровни зрелости бетона и значения прочно-

сти на 1, 3, 7, 14 и 28-е сутки. Кроме того, в указанные сутки проводились испытания на сжатие малых 

образцов и ударно-импульсным методом больших образцов. В результате были получены кривые на-

бора прочности и построены градуировочные зависимости. Градуировочные зависимости показали 

достаточно близкую сходимость результатов прямого метода контроля (т.е. сжатие малых образцов) и 

метода зрелости Nurse-Saul, в сравнении с ударно-импульсным методом. Коэффициенты детермина-

ции данных зависимостей составили 0,9357 и 0,8965 соответственно. 

Ключевые слова: метод зрелости, прочность бетона, встраиваемые датчики, испытание на сжатие, 

температура твердения, ударно-импульсный метод, градуировочная зависимость. 
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Electric pulse method of processing cullet 

The article considers the issue of obtaining a recycling resource during the processing cullet, which harms the 

environment. During the preparation of raw materials in the household waste recycling stages, the material is 

crushed to the right size. This is implemented in mills based on various methods of destruction. In this regard, 

analyses of the currently existing types of mechanical mills were carried out and their disadvantages were in-

vestigated. To solve glass recycling problem, this study presents the results of processing cullet by the electric 

pulse method. We provide a description of operation principle of the experimental setup and the design of the 

working chamber for processing the material under study. In this technology, the processing cullet is carried 

out with an increase in the discharge voltage of the storage from 25 kV to 35 kV, the capacitor capacity from 

0,25µF to 1 µF, the number of pulse discharges from 100 to 600. By using the electric pulse method particles 

cullet with an initial fraction of 2 mm and 5 mm were crushed from 1 mm to 0.1 mm. The dependence of the 

output of the final product on the electrical parameters of the installation and the diameter of the obtained 

glass powder were received. The results of the grinding raw materials with the formation of pulsed electric 

discharges in a liquid medium allowed assessing the degree of grinding of the material. According to the ob-

tained research data, optimal parameters of cullet grinding were established. 

Keywords: electrohydraulic effect, coal powder, discharge energy, output of finished products, pulsed 

electrical discharges. 

 

Introduction 

In any industry, special attention is paid to the efficient use of natural resources in the production of 

various building materials. The problem of rational and integrated use of raw materials is closely related to 

the level of product development and is currently important for all industrialized countries. The creation and 

implementation of waste-free technologies for more complete use in the production of recycling resources 

and related products will improve the quality management of raw materials and final products, and reduce 

waste losses [1]. 

The cullet is one of those wastes that in natural conditions do not lose their properties for hundreds of 

years. The raw material is suitable for complete secondary processing with no waste. Cullet of various frac-

tions (1–0.1 mm) is used as an additive to Portland cement and polymers. The average content of crushed 

glass in the composite material is about 20–50 %. These building materials are highly resistant to weather 

and are suitable for use as cladding materials. Another advantage of using recycled glass is that it reduces the 

number of landfills, contributing to reduce carbon dioxide emissions, which is an unwanted byproduct of 

cement production and the culprit in global warming [1–4]. 

The stages of processing cullet comprise processes that include crushing and grinding of raw materials. 

The grinding of raw materials is carried out depending on the purposes and production features of the subse-

quent use of the material. In these processes, various crushers are used as the main technological installa-

tions, and their intensity largely depends on the quality of products produced at the stages of recycling valu-

able material. The efficiency of the grinding process depends not only on the structure and technical charac-

teristics of devices for obtaining the granulometric composition of glass powder of the required size, but also 

on the properties of the starting material and the solutions for obtaining the product. 

For fine grinding of solids, the following equipment is most widely used [5]: 

 ball mills, the productivity of material processing and energy consumption of which depend on the 

speed of rotation of the drum, the weight and size of the grinding bodies and the concentration of the suspen-

sion during wet grinding; 

 rod mills, in which the grinding of the material is carried out by crushing, abrasion when rolling the 

rods in a rotating drum; 
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 cone crushers, based on crushing the material with the approximation of the gaps between the surfac-

es of internal movable and external stationary cones; 

 drum mills, in which the material is crushed inside the rotating body under the action of grinding bod-

ies or by self-grinding; 

 jet mills, in which the material is crushed by feeding a jet of gas from sonic and supersonic injectors. 

The above mills have several disadvantages: bulkiness, heavyweight, noise during operation, more 

complex and expensive design, installation complexity, high dust formation, wear of grinding bodies and 

contamination by-products of this wear, high energy consumption, and, as a consequence, the high energy 

intensity of processes [5–7]. The disadvantages of the methods used in glass recycling necessitate cause the 

use of improved technologies. The electrohydraulic effect can be used in the development and creation of 

new technologies. The essence of this method is that when carried out inside a volume of liquid in an open or 

closed vessel, a specially formed pulsed electric discharge is around the zone of its formation, ultra-high hy-

draulic pressures arise, able to commit useful mechanical work [8]. The electric pulse method finds applica-

tion in the disintegration of diamond-bearing rocks, the processing of solutions for leaching uranium, the 

production of finely dispersed waters coal fuel, the disinfection of plant products and liquid raw materials, 

the descaling of heat exchangers [9–14].  

The purpose of the work is to research the influence of electric discharges on the selective grinding of 

glass waste. We used a household cullet. The initial diameter (d0) of the material before processing was 2 

mm and 5 mm, and the obtained glass powder was d= 0,1–1 mm. 

Experimental installation for crushing cullet 

The experimental installation consists of a power supply unit providing constant voltage (control panel, 

generator, capacitors, spark gap) and a working chamber for grinding material in a liquid medium (Figure 1). 

The working chamber is equipped with a metal cylindrical corpus, which contains a mixture of glass frag-

ments and industrial water (Figure 2). In the working environment, electric pulse discharges are formed be-

tween metal electrodes, with the tips of the electrodes arranged in a vertical direction against each other. The 

electrode (positive), powered by electric current, is fixed on the cover of the working channel made of 

caprolon, and the second electrode (negative) is placed on the grounded bottom of the metal vessel. 

 

 

Figure 1. Flowchart of an electric pulse installation 

 

Figure 2. Working chamber: 1 — metal cylindrical corpus,  

2 — positive electrode, 3 — working chamber cover, 4 –– negative electrode 
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The installation for the grinding cullet works as follows. After the generator is powered by alternating 

current from the control unit, the amplified current from the generator accumulates in the capacitor until a 

value is reached that allows punching the air space between the metal hemispherical electrodes in the arrest-

er. Further, the current in the form of a spark discharge formed in the spark gap is fed through a cable to the 

positive electrode of the working chamber. In the working chamber, when an electric explosion occurs be-

tween the ends of the positive and negative electrodes in a liquid medium, solid bodies are crushed due to 

shock waves and collisions of materials in them. 

Methods of conducting experiments and analysis of the obtained results 

The weight of the initial cullet was determined using electronic scales and for each experiment, the 

mass of the initial material and the volume of liquid was constant (the mass of the cullet was 100 g, the vol-

ume of industrial water – 400 ml). After drying at room temperature, the glass crushed by the electric pulse 

method was sieved through special standard sieves to analyze the granulometric composition of the resulting 

product. The yield of the required product (K, %) was determined by the ratio of the mass of the obtained 

product to the mass of the feedstock and was measured as a percentage. 

The work on grinding cullet was carried out depending on the different values of energy and the number 

of pulse discharges (Figure 3). Depending on the parameters of the bank, the pulse discharge energy varied. 

The discharge voltage of the storage was conversed by changing the gap of the metal electrodes in the spark 

gap. It was noted that with an increase in the electrical parameters of the installation, the output of the fin-

ished product increases. 

 

 

a) d0=5 mm, d=0.2 mm, C=0.25–1μF; U=25 kV 

 

 

b) d0=5 mm, d=0.2 mm, C=0.25–1 μF; U=30 kV 

 

 

c) d0=5 mm, d=0.2 mm, C=0.25–1 μF; U=35 kV 

Figure 3. Dependence of the output of the finished product (powder diameter 0.2 mm)  

on the electrical parameters of the electric pulse installation 

The following researches were devoted to the analysis of the granulometric composition of the material 

with a diameter of the initial fraction of 2 mm and 5 mm after electric pulse treatment (Figure 4). The exper-

iment was carried out with the following parameters: storage discharge voltage is 25–35 kV, capacitance of 

the capacitor is 0,75µF, discharge energy is 237–459,4 J, the number of pulse discharges is 600. 
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a) d0=2mm 

 

 

b) d0=5 mm 

Figure4. Dependence of the output of the finished product  

on the diameter of the obtained glass powder 

Figure 4 illustrates that as the discharge energy increased, the number of crushed cullet particles in-

creased in the range from 0,1 mm to 0,4 mm. Thus, under the action of an electric pulse shock in a liquid 

medium, the granulometric composition of the destruction of glass waste was changed. The conversion of the 

parameters of pulse discharges into different values made it possible to increase the thin classes in the 

coarseness of the necessary raw materials. 

Conclusions 

The results of the experiment showed that the electric pulse method can be used for the disintegration of 

cullet. Received a powder product with a diameter of 0,1–0,4 mm, used as an additive to Portland cement 

and polymers. The fractional composition of the material and the degree of the output of final product were 

regulated by the selection of parameters of pulse discharges. The following values are accepted as effective 

parameters of pulsed discharges when grinding glass waste: capacitor of the capacity 0,75 μF, storage 

discharge voltage 30 kV, discharge energy 337 J. 
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А.К. Хасенов, Б.Р. Нусупбеков, Д.Ж. Карабекова,  

Г.А. Булкаирова, Б.У. Шашубай, M.М. Болатбекова 

Шыны сынықтарын қайта өңдеудің электримпульстік әдісі 

Мақалада қоршаған ортаға теріс әсер ететін әйнек сынықтарын өңдеу кезінде қайталама ресурстарды 

алу мәселесі қарастырылған. Тұрмыстық қалдықтарды өңдеу кезеңдерінде шикізатты дайындау 

процесінде материал қажетті мөлшерге дейін ұсақталады. Бұл әртүрлі әдістерге негізделген 

ұнтақтағыштарда іске асуда. Осыған байланысты қазіргі уақытта қолданыстағы механикалық 

диірмендердің түрлеріне талдаулар жүргізіліп, олардың кемшіліктері зерттелді. Аталған мәселені 

шешу үшін ғылыми жұмыста шыны сынықтарын электрлік импульсті әдіспен өңдеудің нәтижелері 

берілген. Тәжірибелік қондырғының жұмыс істеу принципі сипатталған, зерттелетін материалды 

өңдеуге арналған жұмыс камерасының құрылымы келтірілген. Аталмыш технологияда шыны 

сынықтарын өңдеу жинағыштың разряд кернеуін 25 кВ–тан 35 кВ–қа дейін, конденсатордың 

сыйымдылығын 0,25 мкФ–тан 1 мкФ–қа дейін, импульстік разрядтардың санын 100-ден 600-ге дейін 

арттыру арқылы орындалды. Электримпульстік әдістің көмегімен, бастапқы фракциясы — 2 және 5 

мм болатын шыны бөлшектері 1 мм–ден 0,1 мм–ге дейін ұсақталды. Дайын өнімнің түсімінен 

электрлік параметрлік анықталды және ұсақталған шыны ұнтақтың диаметріне тәуелділігі алынды. 

Сұйық ортада импульстік электр разрядтарын қалыптастыру үшін шикізатты ұнтақтау нәтижелері 

материалды ұнтақтау дәрежесін бағалауға мүмкіндік берді. Зерттеу жұмыстарынан алынған 

мәліметтерге сәйкес шыны сынықтарын ұнтақтаудың оңтайлы параметрлері белгіленді. 

Кілт сөздер: электргидравликалық эффект, көмір ұнтағы, разряд энергиясы, дайын өнімнің түсімі, 

импульстік электр разрядтары. 

 

А.К. Хасенов, Б.Р. Нусупбеков, Д.Ж. Карабекова,  

Г.А. Булкаирова, Б.У. Шашубай, M.М. Болатбекова 

Электроимпульсный метод переработки стеклобоя 

В статье рассмотрен вопрос получения вторичного ресурса при переработке стеклобоя, оказывающий 

негативное воздействие на окружающую среду. В процессе подготовки сырья на этапах переработки 

бытовых отходов материал измельчается до нужного размера. Данный процесс осуществляется на 

мельницах, основанных на различных методах разрушения. В связи с этим был проведен анализ 

существующих в настоящее время типов механических мельниц и исследованы их недостатки. Для 

решения указанной проблемы в научной работе приведены результаты обработки стеклобоя 

электроимпульсным методом. Описан принцип работы экспериментальной установки, приведена кон-



A.K. Khassenov, B.R. Nussupbekovet al. 

80 Вестник Карагандинского университета 

струкция рабочей камеры для обработки исследуемого материала. В данной технологии переработка 

стеклобоя выполнена с увеличением разрядного напряжения накопителя от 25 кВ до 35 кВ, емкости 

конденсатора от 0,25 мкФ до 1 мкФ, числа импульсных разрядов от 100 до 600. С помощью электро-

импульсного метода частицы стеклобоя с исходной фракцией —  2 и 5 мм —  измельчались от 1 мм 

до 0,1 мм. Получена зависимость выхода готового продукта от электрических параметров установки и 

диаметра измельченного стеклянного порошка. Результаты измельчения сырья с образованием им-

пульсных электрических разрядов в жидкой среде позволили оценить степень измельчения материала. 

По полученным данным исследовательских работ установлены оптимальные параметры измельчения 

стеклобоя. 

Ключевые слова: электрогидравлический эффект, угольный порошок, энергия разряда, выход готовой 

продукции, импульсные электрические разряды. 

 

 

References 

1 Pavlushkina, T.K., & Kisilenko, N.G. (2011). Ispolzovanie stekolnogo boia v proizvodstve stroitelnykh materialov [The use 
of glass cullet in the production of building materials]. Steklo i keramika — Glass and ceramics, 5, 27–34 [in Russian]. 

2 Ketov, A.A., Ketova, G.B., Puzanov, A.I., Puzanov, I.S., Rossomagina, A.S., & Saulin, D.V. (2002). Stekloboi kak syre dlia 
polucheniia teploizoliatsionnogo materiala [Cullet as a raw material for obtaining heat-insulating material]. Ekologiia i 
promyshlennost Rossii — Ecology and industry of Russia, 8, 17–20 [in Russian]. 

3 Dvorkin, L.I., & Dvorkin, O.L. (2007). Stroitelnye materialy iz otkhodov promyshlennosti [Construction materials from in-
dustrial waste]. Moscow: Feniks [in Russian]. 

4 Shevchenko, V.V. (2012). ASR effect in glasses used as additives to Portland cement. Glass Physics and Chemistry, 38(5), 
466–471. 

5 Erenkov, O. Yu., & Bogachev, A.P. (2014). Oborudovanie mekhanicheskikh protsessov v khimicheskoi tekhnologii [Equip-
ment of mechanical processes in chemical technology]. Khabarovsk: Izdatelstvo Tikhookeanskogo gosudarstvennogo universiteta, 80 
[in Russian]. 

6 Puzyrevskaia, I.A. (2014). Obogashchenie poleznykh iskopaemykh [Mineral enrichment]. Blagoveshchensk: Izdatelstvo 
Amurskogo  gosudarstvennogo universiteta, 96 [in Russian]. 

7 Massola, C.P., Chaves, A.P., & Albertin, E. (2016). A discussion on the measurement of grinding media wear. Journal of 
Materials Research and Technology, 5(3), 282–288. 

8 Yutkin, L.A. (1986). Elektrogidravlicheskii effekt i ego primeneniie v promyshlennosti [Electrohydraulic effect and its 
application in industry]. Leningrad: Mashinostroenie, 253 [in Russian]. 

9 Kornev, I., Osokin, G., Yavorovsky, N., Morozov, A., & Litvinenko, V. (2016). Pulsed electric discharge treatment of urani-
um leaching solutions: A method for accelerated extraction. Hydrometallurgy, 162, 37–41. 

10 Martynov, N.V., Dobromirov, V.N., & Avramov, D.V. (2020). Elektrogidravlicheskaia tekhnologiia dezintegratsii 
almazosoderzhashchikh porod [Electrohydraulic technology of disintegration of diamond-bearing rocks]. Obogashchenie rud — Ore 
dressing, 1(385), 8–14 [in Russian]. 

11 Dobromirov, V.N., Avramov, D.V., & Martynov, N.V. (2019). Tekhnologiia obezzarazhivaniia zhidkostei na osnove 
elektrogidravlicheskogo effekta [Disinfection technology of liquids based on electrohydraulic effect]. Voda i ekologiia — Water and 
Ecology, 2(78), 17–23 [in Russian]. 

12 Evrendilek, G.A., & Tanasov, I. (2017). Configuring pulsed electric fields to treat seeds: an innovative method of seed disin-
fection. Seed science and technology, 45(1), 72–80. 

13 Nussupbekov, B.R., Khassenov, A.K., Karabekova, D.Zh., Nussupbekov, U.B., Stoev, M., & Bolatbekova, M.M. (2019). 
Coal pulverization by electric pulse method for water-coal fuel. Bulletin of the Karaganda of University-Physics, 4 (96), 80–84. 

14 Khassenov, A.K., Nussupbekov, U.B., Karabekova, D.Zh., Stoev, M., & Bolatbekova, M.M. (2020). Electric pulse method 
for producing a small-dispersed product of coal-water fuel. Eurasian Physical Technical Journal, 17(2), 96–99. 



Selection of inoculant additives… 

Серия «Физика». № 1(105)/2022 81 

DOI 10.31489/2022PH1/81-88 

UDC 621.74.011:669.017 

E.N. Eremin 

Omsk State Technical University, Omsk, Russia 

E-mail: weld_techn@mail.ru 

Selection of inoculant additives for modifying nickel alloys 

Heat-resistant nickel alloys are widely used in the production of castings for aircraft and industrial gas turbine 

engines. Structural factors are the main determinants of the performance properties of cast nickel alloys. The 

main disadvantage of castings obtained from these alloys is the coarse-crystalline structure, uneven grain size 

and columnar crystals in the cross-section. Therefore, the creation of an optimal alloy structure is an im-

portant condition for obtaining high properties and ensuring the increased operability of cast parts. Obtaining 

a fine-grained structure has a beneficial effect on the level of mechanical and operational properties of cast 

metal. The most promising way to create such a structure is to introduce a small number of additives into the 

melt that cause heterogeneous formation of crystal nuclei, i.e. modification of the melt with dispersed parti-

cles of refractory elements and inocular compounds. To select the type of inocular particles required to initi-

ate crystallization of a particular phase, it is necessary to have a set of data that allows one to form a theoreti-

cal understanding of the principles of such a choice. The paper provides a rationale for the selection of the 

type of particles of inoculators capable of causing the process of artificial changes in the structure of cast 

metal. For a heat-resistant nickel alloy, the use of refractory particles of ultra-dispersed titanium carbo nitride 

powder as inoculators are the most effective. When introduced into the melt 0.025 wt. % of such particles, a 

fine-grained structure of the alloy is obtained, and its ductility in comparison with the unmodified one is more 

than doubled. 

Keywords: high-temperature nickel alloy, melt, modification, crystallization, inoculators, particles, properties, 

structure. 

 

Introduction 

Heat-resistant nickel alloys of various alloying degrees are widely used in many industries. They are 

mainly used in the production of castings of the most critical, highly loaded parts for aircraft and industrial 

gas turbines of engines [1, 2]. 

Heat-resistant cast nickel alloys are complex multi-component hetero phase systems. Structural factors, 

along with chemical composition, are the main factors that determine such properties of nickel alloys as duc-

tility, heat resistance, fatigue resistance, and others [3]. The disadvantage of castings obtained from these 

alloys is a coarse-crystalline structure, uneven grain size and columnar crystals in the cross-section. There-

fore, the creation of an optimal structure for a given alloy is an important condition for obtaining the required 

properties and ensuring increased material performance. 

The most versatile tool that has a beneficial effect on the level of mechanical and operational properties 

of cast metal is to obtain a fine-grained structure [2, 3]. The greatest effect of dispersion of the primary struc-

ture should be expected when it is formed as fine equiaxed grains. To obtain such a structure, certain condi-

tions must be created. One of these conditions is the creation of the entire volume of the melt of a minimum 

temperature gradient, which would be distributed within the range of crystallization of the alloy. In this case, 

the nucleation of crystals would occur simultaneously throughout the entire volume of the bath. The most 

promising way to create such crystallization centers is to introduce into the melt a small number of additives 

that cause heterogeneous formation of crystal nuclei, i.e. modification of the melt with dispersed particles of 

refractory elements and inocular compounds. This modification method is a universal way of controlling the 

crystal structure of cast metal [4–6]. 

At the same time, to select the type of inocular particles required to initiate the crystallization of a par-

ticular phase, it is necessary to have a set of data that allows one to form a theoretical understanding of the 

principles of such a choice. The available information is extremely contradictory. Thus, J.V. Wood [7] 

showed the universality of the action of only two types of particles: TiC and ZrB2 in steels crystallizing 

through α- and γ- lattices. As established by J. Campbell and J.W. Bannister [8], TiC refines grain in steel 

with α-grid, and there are no reliable inoculators for phases with a γ-grid. G.S. Ershov and V.A. Chernyakov 

[9] concluded that only TiN, ZrN, and ZrB2 can serve as stable inoculators of steel. 
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Ahlroth & Kettunen [10] found that as a result of the introduction of 0.3... 0.4 % of refractory metal 

particles (molybdenum, niobium, tungsten) into nickel alloys with a size of 200–400 microns, the metal 

structure changed significantly, which led to an increase in the plastic properties of the resulting castings. In 

[11], a similar positive effect was obtained when modifying chromium-nickel stainless steel with refractory 

metals. 

Using the available factual material, it is possible to formulate the basic requirements for inoculating 

particles. They must have: 

 high thermodynamic stability in the melt; 

 the highest possible electrical conductivity compared to the melt; 

 possibility to differ less from the melt in terms of density. 

In connection with the above, the work posed substantiating the choice of the type of modifier particles 

capable of causing the process of artificial changes in the structure and properties of nickel alloy castings. 

Experimental 

Alloy Kh10N60K10V10Yu5T3M2B, which is the most prominent representative of the family of high-

alloy heat-resistant nickel alloys, widely used for manufacturing parts for aviation equipment [2], was chosen 

as the object of research. The casting of the test ingots was carried out by vacuum induction melting, 

in ceramic crucibles, on a U117–7 remelting unit. The chemical composition of the cast metal is shown in 

Table 1. 

T a b l e  1  

Alloy composition Kh10N60K10V10Yu5T3M2B by main alloying elements 

Composition 
Content of elements,% 

C Cr Co Al Ti Mo W Nb 

Requirements for 

Specifications 
0.13–0.19 8.0–9.0 9.0–10.1 5.1–5.7 2.0–2.6 1.2–1.7 9.5–10.1 0.8–1.1 

Investigated alloy 0.18 8.5 9.9 5.6 2.4 1.6 9.8 0.9 

 

The experiments were carried out on cast samples of alloy Kh10N60K10V10Yu5T3M2B with various 

additions of refractory particles in amounts used in the practice of modification. For modification, we used 

plasma-chemical synthesis powders with a dispersion of about 100 nm. The introduction of particles into the 

liquid metal was carried out using briquettes as tablets. They were obtained by mixing powder components 

followed by pressing at a pressure of 10–15 t/cm
2
 on a PG-476 hydraulic press in a specialized press mold of 

the size corresponding to the tablet, ensuring its dissolution in the melt for 20–40 seconds. 

The ingots were cast using the following parameters: 

 Operating frequency of the generator — 25650 Hz; 

 Residual pressure in the melting chamber — 10–2 mm Hg; 

 Heating temperature of the melt — 1700
о
С; 

 Holding time at a given temperature (power 5 kW) — 5 min; 

 Temperature of modifier input — 1650
о
С; 

 Holding time at a given temperature — 3 min; 

 Cooling of the melt (power 0 kW) –– 10 min. 

The macrostructure of the alloy was investigated on thin sections after etching in a solution of ferric 

chloride and a Marble reagent. A Carl Zeiss Axio Observer Alm optical microscope was used for metallo-

graphic analysis. 

Tensile tests were carried out under the requirements of GOST 1497–84. 

Results and Discussion 

The choice of inoculars was made based on their resistance to dissolution in the melt, and then their 

electrical conductivity and density were taken into account. 

Analysis of the heterogenizing ability of refractory compounds of the putative modifiers shows that, 

from the point of view of resistance to chemical interaction and dissolution in the melt, they do not all meet 

the requirements. Thus, borides are not stable in nickel and its alloys because of the high diffusion mobility 

of boron and the ability to form low-melting boron nickelides. Oxides are the most stable in terms of re-
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sistance to chemical interaction and dissolution, but they are poorly wetted by nickel alloys and can only be 

introduced together with thermodynamically active elements (Ca, Ba, etc.), the use of which is fraught with 

great difficulties. Therefore, the greatest preference when choosing modifiers, especially for high-

temperature alloys, is given to inoculators in the form of nitrides, carbides and some oxides that are well wet-

ted by melts [4, 7, 12–14] (Table 2). 

T a b l e  2  

Contact angles of wetting θ in the system refractory compound — Ni * 

Compound 
*
 T, °С Environ 

TiC 38/62/30 1 500/1 550/1 450 vacuum 

ZrC 24/32/30 1 400/1 500/1 550 vacuum 

VC ~0/-/17 1 450/-/1 380 vacuum 

NbC ~0/-/18 1 450/-/1 380 vacuum 

TaC ~0/-/16 1 400/-/1 380 vacuum 

HfC -/-/28 -/-/1 450 argon 

TiN 70/-/98 1 550/-/1 450 argon 

Si3N4 90/-/105 1 435/-/1 500 argon 

ZrN -/10/72 -/1 500/1 550 argon 

TiB2 64/-/39 1 480/-/1 550 helium 

ZrB2 55/-/42 1 500/-/1 500 vacuum 

CrB2 40/30/20 1 500/1 460/1 500 vacuum 

Al2O3 128/-/- 1 500/-/- vacuum 

ZrO 118/-/- 1 500/-/- vacuum 

TiO2 120/57/- 1 500/1 480 helium/vacuum 

Cr2O3 0/56/- 1 400/1 500 argon/vacuum 

* Work data are separated with a slash [12], [13], and [14] 

 

The phase diagrams of Ni-C-Me (carbide-forming element) studied by H.J. Goldschmit [15] indicate 

that all the most stable carbides (TiC, ZrC, HfC, NbC) exhibit polymorphism in low temperatures and carbon 

concentrations region, can be present in the of bcc and hcp modifications, and in high temperatures and car-

bon concentrations region, all carbides have an fcc lattice and can serve as crystallization centers. 

Polythermal section of the Ni TiC system, investigated by V.N. Eremenko, showed that it is quasi-

binary and has the form of a simple diagram with a eutectic [16]. The maximum solubility of TiC in nickel 

occurs at a eutectic temperature of 1280°C and is 6.2 %. The solubility of carbides in liquid nickel alloys 

decreases in the order TiC → NbC → ZrC → HfC, but only at moderate temperatures. These carbides, as 

well as other interstitial phases, are characterized by a tendency to deviate from the stoichiometric composi-

tion with a deficit in carbon content, which increases the decomposition temperature of carbide systems. The 

deviation decreases in the following sequence [15]: TiC0.28 → ZrC0.28 → HfC0.5 → NbC0.7. 

Deviations from stoichiometry play an important role in the kinetics of diffusion, decarburization, dis-

solution and oxidation processes. The vacancies in carbides can be filled with atoms of components, for ex-

ample N and O. Carbonitrides, and especially oxycarbonitrides, are more stable in metal melts. However, it 

is known that in cermets of the MeOх-MeN type, with an increase in the proportion of MeO, the electrical 

resistance increases, i.e. the proportion of free electrons decreases and the wettability deteriorates. The con-

tact angles θ of carbides with nickel alloys are low, nitrides are wetted worse, and oxides are poorly wetted 

(Table 2). Improvement of the wetting of refractory compounds with liquid metals occurs after a certain time 

of their contact due to ion-exchange reactions and mutual diffusion. 

Nitrides are more stable than carbides [4, 15, 16]. At the same time, the use of nitrides for modification 

can lead to an increase in the nitrogen concentration in the melt and the formation of eutectic nitrides along 

the grain boundaries. However, a moderate increase in the nitrogen content (0.003 %) has a modifying effect 

on the structure of heat-resistant nickel alloys. With a further increase in its concentration, the plasticity of 

alloys in which there are no primary MeC carbides deteriorates, and in those alloys in which they are present, 

an increase in the nitrogen content worsens their morphology, which also has a negative effect on the proper-

ties of the metal. 
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Usually, when modifying, coarse nitride powders with a particle size of 10–200 μm are used in an 

amount of 0.1–0.2 % of the melt mass [4]. The dissolution of such a quantity of nitrides causes a significant 

increase in the nitrogen concentration in the melt and contributes to the accumulation of nitrides in the circu-

lating charge. The use of ultrafine powders (UDP) by an order of magnitude reduces the amount of added 

additive (0.01–0.02 % of the melt mass) and reduces the risk of nitride accumulation [6]. 

Considering the above and comparing the properties of the main refractory compounds, it is possible to 

choose a number of inoculant additives that most fully satisfy the requirements imposed on them  

(Table 3). 

T a b l e  3  

List of compounds that best meet the selection criteria for inoculators 

Сompound 
Density at 

1550 °С, 10–
3
 kg/cm

3 
Specific electrical 

resistance at 1550 °С, μOhm·cm 
Literary source 

TiB2 4.43 105 13 

ZrB2 5.91 66 13 

WC 15.49 31 13 

TiC 4.73 147 13 

ZrC 6.44 175 14 

NbC 7.29 120 13 

HfC 12.3 140 13 

TaC 13.89 112 14 

TiN 5.33 132 12 

ZrN 7.06 126 12 

HfN 12.96 122 12 

TiCN 4.9 - 17 

VN 6.04 - 13 

TaN 14.1 138 14 

VC 5.36 - 14 

 

Examining data from Tables 2, 3, we conclude that for the modification of nickel alloys; it is most ra-

tional to use carbides and nitrides of refractory compounds, primarily titanium as inoculants. An even greater 

effect can be expected from titanium carbonitride, which has the highest stability in metal melts [17, 18]. 

Consequently, for the castings of experimental samples, titanium carbides, nitrides, and carbonitrides were 

chosen as inoculant particles during modification. 

The amount of refractory particles in the modifier, which ensures the optimal structure and properties of 

the cast metal, depends on many factors: the chemical state of the alloy, technological parameters of melting 

and pouring, etc., as a result of which these parameters can be determined for a specific case only experimen-

tally. 

Castings from the alloy under study have extremely low plasticity values. So, the values of the relative 

elongation of the cast metal obtained by vacuum induction melting are usually in the range of 3.0–3.7 %, 

which in many cases does not meet the production requirements [2]. 

The study of the influence of the type and amount of the selected particles-inoculators on the elongation 

(Table 4) confirmed the validity of the theoretical conclusions. 

T a b l e  4  

Influence of the type and amount of selected particles on the elongation of the alloy 

Inoculator 
Average value of the relative elongation depending on the number of particles (weight),% 

0.01 0.025 0.05 0.075 0.1 

TiN 4.6 6.2 4.8 4.6 4.1 

TiC 4.4 5.5 4.5 4.2 3.9 

TiCN 4.9 7.6 6.1 4.7 4.5 
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The use of ultrafine powder of titanium carbonitride as particles — inoculators is the most effective. In-

troducing 0.025 wt.% of such particles into the melt increases the plasticity of the alloy by more than 2 times 

compared to unmodified, while the results are much worse when other particles are used. 

Metallographic studies show that modification of the alloy Kh10N60K10V10Yu5T3M2B with titanium 

carbonitride manifests itself in a significant refinement of the macrograins of the alloy (Figure 1). 

 

    
 

a)      b) 

a — initial; b — modified 

Figure 1. Macrostructure of a microsection of alloy Kh10N60K10V10Yu5T3M2B with a diameter of 60 mm 

The macrostructure of an unmodified nickel alloy ingot is characterized by large columnar grains (Fig-

ure 1a), up to 30 μm in size, in which liquation chemical inhomogeneity and pores are revealed. The modifi-

cation prevented the formation of columnar grains. The structure is dominated by equiaxed grains up to 1.5 

mm in size (Figure 1b). 

This may be because titanium carbonitride has high stability in nickel alloys and has a density close to 

the carbide phase of the alloy. 

In the mechanism of structure refinement during this modification, two factors can be distinguished that 

contribute to this process: mutual blocking and misorientation of dendrites growing in a non-uniform tem-

perature (concentration) field; intensive separation of dendritic branches from the trunk, associated with a 

non-uniform concentration distribution. The first factor is realized at the growth stage, the second — during 

the transformation of dendrites when they coexist with the melt in a two-phase state. Introducing a dispersed 

solid phase into the melt distorts the local temperature and concentration field, which causes a violation of 

the columnar structure. 

Introducing ultrafine particles of titanium carbonitride causes the creation of inclusions in the melt with 

a concentration and temperature different from the main melt and does not allow the formation of a columnar 

structure. Changes in the temperature gradient and the rate of movement of the crystallization front signifi-

cantly affect not only the dendritic structure but also the morphology and topography of the components and 

the phase composition of heat-resistant alloys. 

Conclusions 

When modifying nickel alloys, using carbides and nitrides of refractory compounds, primarily titanium 

as inoculants, is the most rational choice. We achieved the best results when ultrafine particles of titanium 

carbo nitride were used as inoculators, in an amount of 0.25 wt. % providing a fine-grained structure and a 

twofold increase in the ductility of castings. 
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Е.Н. Еремин 

Никельді қорытпаларды түрлендіру үшін,  

оның құрамын жақсартатын қоспаларды таңдау 

Ыстыққа төзімді никель қорытпалары ұшақтар мен өндірістік газ турбиналы қозғалтқыштарға 

арналған құю өндірісінде кеңінен қолданылады. Құрылымдық факторлар – құйылған никель 

қорытпаларының пайдалану қасиеттерін анықтаушы болып саналады. Бұл қорытпалардан алынған 

құймалардың негізгі кемшілігі – ірі түйіршікті құрылым, түйіршіктердің біркелкі еместігі және 

қимада бағаналы кристалдардың болуы. Сондықтан, қорытпаның оңтайлы құрылымын жасау жоғары 

қасиеттерді алу және құйылған бөлшектердің сапалы өнімділігін қамтамасыз етудің маңызды шарты 

болып табылады. Құйылған металдың механикалық және пайдалану қасиеттерінің деңгейіне пайдалы 

әсер ететін ең әмбебап құрал – бұл ұсақ түйіршікті құрылымды алу. Мұндай құрылымды құрудың ең 

перспективалы жолы – балқымаға аз мөлшерде кристалл ұйытқысының гетерогенді түзілуін 

тудыратын қоспаларды енгізу, яғни балқыманы баяу балқитын элементтердің дисперсті 

бөлшектерімен және инокулярлы–қосылыстарымен түрлендіру. Нақты бір фазаның кристалдануын 

бастайтын қажетті инокулярлы бөлшектердің түрін таңдау үшін, осындай таңдау принциптері туралы 

теориялық түсінік қалыптастыруға мүмкіндік беретін мәліметтер жиынтығы болуы керек. Жұмыста 

құйылған металл құрылымының жасанды өзгеру процесін тудыруы мүмкін инокуляторлар 

бөлшектерінің түрін таңдау негіздемесі келтірілген. Ыстыққа төзімді никель қорытпасы үшін титан 

карбонитридінің ультрадисперсті ұнтағының баяу балқитын бөлшектерін инокулятор ретінде қолдану 

тиімді екендігі көрсетілген. Балқымаға енгізгенде 0,025 салмақ, яғни мұндай бөлшектердің % –ы 

қорытпаның ұсақтүйіршікті құрылымын алу арқылы қамтамасыз етіледі, ал оның илемділігі 

түрленбегенмен салыстырғанда екі еседен астам артады. 

Кілт сөздер: ыстыққа төзімді никель қорытпасы, балқыма, түрлендіру, кристалдану, инокуляторлар, 

бөлшектер, қасиеттері, құрылымы. 
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Е.Н. Еремин 

Выбор инокулирующих добавок для модифицирования никелевых сплавов 

Жаропрочные никелевые сплавы находят широкое применение в производстве отливок деталей авиа-

ционных и промышленных газовых турбин двигателей. Структурные факторы являются определяю-

щими эксплуатационные свойства литых никелевых сплавов. Основным недостатком отливок, полу-

ченных из этих сплавов, являются грубокристаллическое строение, разнозернистость и наличие 

столбчатых кристаллов по сечению. Поэтому создание оптимальной структуры сплава является важ-

ным условием получения высоких свойств и обеспечения повышенной работоспособности литых де-

талей. Наиболее универсальным средством, оказывающим благоприятное влияние на уровень меха-

нических и эксплуатационных свойств литого металла, является получение мелкозернистой структу-

ры. Наиболее перспективный путь создания такой структуры — это ввод в расплав небольшого коли-

чества добавок, вызывающих гетерогенное образование зародышей кристаллов, т.е. модифицирование 

расплава дисперсными частицами тугоплавких элементов и соединений-инокуляров. Для выбора типа 

частиц инокуляров, требуемых для инициирования кристаллизации конкретной фазы, необходимо 

иметь набор данных, позволяющих сформировать теоретические представления о принципах такого 

выбора. В работе приведено обоснование выбора типа частиц инокуляторов, способных вызывать 

процесс искусственного изменения структуры литого металла. Показано, что для жаропрочного нике-

левого сплава наиболее эффективно использование в качестве инокуляторов тугоплавких частиц 

ультрадисперсного порошка карбонитрида титана. При введении в расплав 0,025 вес. % таких частиц 

обеспечивается получение мелкозернистой структуры сплава, а его пластичность, по сравнению с не-

модифицированным, увеличивается более чем в два раза. 

Ключевые слова: жаропрочный никелевый сплав, расплав, модифицирование, кристаллизация, иноку-

ляторы, частицы, свойства, структура. 
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Preparation of bio-ceramic composite coatings on Ti6Al4V  

titanium alloy by gas-detonation spraying 

The paper presents study of a new approach to manufacturing carrier implants with a combination of 

bioactivity, biocompatibility, and mechanical properties, composite powders of hydroxyapatite and titanium 

with a mass content of 50:50 % when sprayed by gas detonation spraying. Experimental studies of the surface 

morphology and cross-section microstructure, phase composition and mechanical properties of HATi compo-

site coatings are obtained. The experimental results showed that the cross-section microstructures of HATi 

composite coatings are typical plate structures comprising curved strips formed by well-deformed and oxi-

dized Ti plates and limited deformed HA plates. Composite coatings’ morphology and phase states were stud-

ied using scanning electron microscopy and X-ray diffractometry. It was found that the deprived coatings 

mainly consist of the phases HA, Ti and TiO. The elemental composition study results designated that the 

atomic ratio of calcium and phosphorus in the obtained coatings is Ca/P ~ 1.64, which is close to the value of 

the initial powder — Ca/P ~ 1.67. This indicates a limited change in the chemical composition during the 

coating formation. 

Keywords: gas-detonation spraying, HATi composition coating, microstructure and phase composition, me-

chanical properties. 

 

Introduction 

In modern medicine, progress is closely linked with new drugs and treatment methods and the devel-

opment of materials designed to interact with biological systems. Such materials, called biomaterials, are 

used mainly in restorative medicine, where they replace the tissues of a living organism as implants [1]. The 

modern direction in the development of implantable biomaterials is modifying their surfaces by obtaining 

coatings [2]. These coatings ensure the functioning implants in the environment of a living organism and 

promote integration with its tissues [3]. One of the most important materials widely used for this purpose is 

hydroxyapatite (HA) — Ca10(PO4)6(OH)2 [4]. Besides improving biocompatibility, hydroxyapatite shows 

high bioactivity and contributes to the intensification of osseointegration [4]. Hydroxyapatite owes such 

properties to its chemical and biological similarity to bones, contributing to new bone tissue [5]. Metals coat-

ed with hydroxyapatite are usually used to manufacture implants since they combine the biological proper-

ties of hydroxyapatite and the mechanical properties of metals [6]. However, the hydroxyapatite coating suf-

fers from poor mechanical properties, such as low viscosity, fretting fatigue and resistance to abrasive wear 

due to the internal fragility of hydroxyapatite [7]. To coordinate the bioactivity, biocompatibility, and me-

chanical properties of the biomedical implant carrier, research is continuing on substrate materials [3–6], 

coating materials, and manufacturing technologies [1, 2]. For coating materials, amplification phases or ions 

are usually entered into hydroxyapatite to form composites based on hydroxyapatite [2–5]. Alloying of cati-
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ons (Na
+
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+
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2+
) and anions (HCO

3−
, HPO4

2−
, Cl

−
 and F

−
) is considered 

as an effective approach to changing the bioactivity of hydroxyapatite [4]. On the contrary, the addition of a 

second reinforced phase has been confirmed as an appropriate way to improve and optimize the mechanical 

properties of the hydroxyapatite coating [1, 2, 4]. Metals, Ti [2, 5, 6], Al [7], Co [8] and Zn [9], ceramics, 

including TiO2 [3, 10], SiO2 [11], Y2O3 [12], ZrO2 [13], Al2O3 [14], and other materials are commonly used 

as the second amplified phases. Many studies [2–14] have investigated changes in the microstructure, com-

positional, morphological, or surface properties of such coatings and their effect on bioactivity, mechanical 

strength, and adhesion strength. Titanium (Ti) is a traditional biometal, which is a widely used reinforced 

phase for HA. When Ti particles are added to HA, the mechanical properties of composite coatings signifi-

cantly improve compared to the HA coating [2, 5, 6]. The homogeneous distribution of Ti particles can 

strengthen the brittle HA matrix due to the mechanism of dispersion hardening [15]. Besides, Ti particles 

added to HA improve the melting degree and spatter plastic deformation and reduce the size of the spatter 

crystals of HA [16], which is favourable for the formation of the coating with a dense microstructure and 

better adhesive strength. The addition of Ti particles to HA can also reduce the mismatch of thermal 

expansion coefficients between HA-Ti coatings and metal substrates, which leads to a decrease in thermal 

stress inside the coatings, which favourably affects the improvement of the coating/substrate surface 

adhesion [17]. 

Given the high importance of biocompatible coatings, the selection of appropriate coating technology is 

therefore an important consideration. The most common coating methods include thermal spraying, 

immersion, dynamic mixing, sol-gel, pulsed laser deposition, and others [17–23]. Among other spraying 

methods, gas thermal spraying methods are widely used to obtain various biocompatible coatings. These 

methods include conventional plasma spraying (PS), high-velocity oxygen fuel spraying (HVOF) and cold 

spraying [16, 17, 21–23]. For most methods, low or intermediate adhesive strength of the coating and low 

crystallinity of the resulting coatings are some of the important factors limiting their application. It is 

necessary to develop new methods or approaches to improve the properties of coatings. 

Among the coating methods by thermal spraying, gas detonation spraying (GDS) technology has been 

used to obtain biocompatible coatings, such as HA coatings, for orthopedic applications [17, 21, 24, 25]. 

Gledhill et al. conducted a comparative study of HA-based coatings obtained using air plasma spraying 

(APS) and GDS technologies [26]. This study demonstrated that APS coatings have higher crystallinity and 

lower residual stress compared to GDS coatings, which can lead to a slow dissolution rate in vitro and in vi-

vo. The authors suggested that APS coatings are preferable to further clinical use. At the same time, Gledhill 

et al. studied the fatigue behavior of HA coatings obtained using the APS and GDS methods in Ringer’s so-

lution. It was shown that the APS coatings completely peeled off from the substrates after 1 million cycles in 

Ringer's solution, while the GDS coatings turned out to be stable even after 10 million cycles [27]. In addi-

tion, the results of another study showed that HA-based coatings obtained by the APS method exhibit low 

crystallinity and the appearance of a significant content of additional phases in the coatings. Such phase 

transformation may be the result of an extremely high temperature in the plasma atomizer of the APS ap-

proach [28]. It is important to emphasize that in the HVOF and PS methods, continuous flame or plasma 

spraying is used for coating [21–23]. This can lead to undesirable overheating or melting of particles and a 

significant increase in substrate temperature, which is the main limitation of these methods. The GDS meth-

od uses a pulsed operating mode [29, 30]. This makes it possible to minimize the aforementioned negative 

consequences. On the other hand, the particle velocity in the GDS method is much higher compared to the 

HVOF and PS methods [21], which has a positive effect on important parameters of coatings, such as adhe-

sion strength. The results of early studies devoted to the evaluation of HA coatings obtained on Ti-based 

substrates were not very encouraging, mainly due to the low crystallinity [26] and high porosity of the coat-

ings. However, recent results of Popova et al. demonstrated that uniform coatings with a regular thickness 

can be obtained by the GDS method using HA powders with a particle size between 50–300 μm [31]. In ad-

dition, the Ca/P ratio equal to ≈1.67 can be achieved by optimizing the parameters of the GDS process [32]. 

To achieve the required quality of the GDS coatings, a very careful selection of the technological regime and 

the automation of technological equipment are required to exclude the human factor [33, 34]. Gryshkov et al. 

used the GDS method to design the endoprostheses for various applications, as well as to obtain HA coatings 

on pure magnesium with a low melting point of 650 °C, to develop biodegradable magnesium-based im-

plants with bioactive coatings for temporary bone fixation. Thus, the results of [33–35, 36] show that the 

GDS process is effective for modifying the surface of implants. 

The purpose of this work is to get composite coatings based on HATi applying gas detonation spraying. 
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Experimental 

HATi composite coatings with a thickness of about 60 microns were applied to the Ti6Al4V substrate 

using the CCDS2000 gas detonation complex (CCDS-2000, developed by Siberian Protective Coating Tech-

nologies LLC, Novosibirsk, Russia), the working principle is described in [37]. The general view and deto-

nation spraying process schematic diagram are shown in Figure 1. The gun barrel is filled with gases using a 

high-precision gas distribution system controlled by a computer. The process begins with filling the barrel 

with carrier gas. After that, a particular explosive mixture is fed so that a layered gas medium consisting of 

an explosive charge and a carrier gas is formed. With the help of a carrier gas flow, the powder is injected 

into the barrel (using a computer-controlled feeder) and forms a cloud. After a part of the powder is injected, 

the computer signals initiate detonation. This is implemented with the help of an electric spark. The duration 

of the explosive combustion charge is about 1 ms. A detonation wave is formed in the explosive mixture, 

passing into a shockwave in the carrier gas. Detonation products (heated to 3500–4500 K) and carrier gas 

(heated by a shock wave to 1000–1500 K) move at supersonic speed. The interaction time of gases with 

sprayed particles is 2–5 ms [38]. By characterizing the phase composition of the resulting coatings HA, ap-

plied at various spraying parameters, it is possible to determine suitable spraying conditions in the GDS. Our 

previous studies have shown [21] that by controlling the modes of detonation spraying (the filling percentage 

of the barrel with an explosive gas mixture, the spraying distance), the temperature and the coating rate can 

be varied, respectively, this significantly affected the melting and decomposition of HA. Preliminary studies 

of the microstructure, phase composition and chemical structure of GDS HA coatings applied under various 

spraying modes and optimal spraying conditions for applying HATi composite coatings without thermally 

decomposed HA phase were carried out were determined (Table 1). 

T a b l e  1  

Spraying conditions 

Parameters  Values 

Fuel/oxidizer ratio 1,856 

Barrel filling volume, % 30 

Spraying distance, mm 100 

Shot number 10 

 

 

Figure 1. Schematic diagram of the CCDS2000 detonation complex 

Ti6Al4V titanium alloy was used as the substrate material. The sample used to observe the microstruc-

ture was a rectangular size of 30 mm × 20mm × 3 mm. The composition of the Ti6Al4V titanium alloy is 

shown in Table 2. The samples were sanded (using SiC paper with a grain size of 100 to 2000). Before 

coating, the substrates were sandblasted with a grain size of 250–300 microns of aluminum oxide and treated 

with an ultrasonic bath. 

T a b l e  2  

Chemical composition of Ti6Al4V alloy (weight percent). 

Ti Al V Fe C O N H 

88,5–92,5 5,5–6,5 3,5–4,5 <0,25 <0,08 <0,13 <0,05 <0,012 
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Angular hydroxyapatite (HA) powder (99.95 %, produced by Sigma-Aldrich, Steinheim, Germany) 

with a diameter of 5–25 microns and spherical titanium powder (CL42TI) (made by Concept Laser, 

Germany) with a diameter of 15–45 microns were used as feedstock. HATi composite powders were 

obtained by mechanically mixing HA powder with Ti powder for 0.5 x using a PULVERISETTE 23 

planetary ball mill. The mass ratio HA to Ti for composite powders HA-Ti was 50:50. 

The sample’s phase composition was studied by X-ray structural analysis on X'PertPro diffractometer 

using CuKα –radiation λ=2,2897 А0. The survey was carried out in the following mode: voltage across the 

tube U = 40 kV; tube current I = 30 мА. The decoding of diffractograms was carried out using the HighScore 

program. The coating’s surface roughness was estimated by the parameter Ra using profilometers of model 

130. The obtained coating’s mechanical properties (Young's modulus, nano hardness) were studied using the 

NanoScan-4D Compact nanohardometer. Nano-indentation of coatings was carried out by the Oliver and 

Farr method using a Berkovich indenter at a load of 100 mN (ASTM E2546–07). The surface morphology 

and sample cross-section were studied by scanning electron microscopy (SEM) using backscattered electrons 

(BSE) on a TESCAN MIRA scanning electron microscope at accelerated voltages. 

Results and Discussion 

According to the results of scanning electron microscopy, the surface morphology of the composite 

coating comprises a layered-porous structure with a pronounced relief, which is typical of detonation 

coatings. In the resulting coatings, pores are observed that form when the coating particles melt. According 

to the analysis results of the coatings elemental composition, other elements besides the basic powder com-

position were not identified. One of the main parameters in determining bioactivity is the Ca/P ratio. The 

elemental analysis allows comparing the elements' concentrations that make up the coating and calculating 

the Ca/P ratio. The study results of the elemental composition showed that the atomic ratio of calcium and 

phosphorus in the sprayed coating is Ca/P ~ 1.64, which is close to the value of the initial powder — Ca/P ~ 

1.67 indicates a limited change in the chemical composition during the coating formation. Figure 2 shows the 

SEM image and the elemental analysis of the composite coating surface. 

 

 

Figure 2. SEM image and EDS analysis of the HATi composite coating surface. 

Plenty of scientists notes [32–37] that the coatings phase composition significantly affects the growth of 

bone tissue during the osseointegration of implants. The phase compositions of HATi composite powders are 

shown in Figure 3a. The peaks appearing at about 35°, 38°, and 40° in the Ti diffractogram (Fig. 3a) were 

identified as Ti crystal planes corresponding to (100), (002), and (101) [24]. Peaks appearing at approximate-

ly 26°, 32°, and 33° in the diffractogram (indicated by HA in Figure 3a) were identified as crystal planes of 

HA corresponding to (020), (211) and (030) [11, 38]. The characteristic sharp peaks of HA and Ti demon-

strate good crystallinity of the phases of HA and Ti. In the HATi composite coatings, there was a phase of 

HA, Ti and TiO. However, there was no calcium oxide (CaO), tricalcium phosphate (α or β TCP) or tetra 
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calcium phosphate (TTCP), which are usually present in other thermal-coated HA coatings [3, 14, 23]. This 

confirms good phase transplantation during the formation of the HA coating by the GDS method. Compared 

with the corresponding composite powder, the intensity of the HA phase peaks in the coating of the HATi 

decreased somewhat, and some new phases formed by Ti oxidation appeared. However, the positions of the 

characteristic peaks of the HA phase were slightly changed. The decrease in Ti content is due to its strong 

oxidation during the coating formation, which was confirmed by significant titanium oxides. 

 

 

Figure 3. Diffractogram of composite powder and coating HATi. 

The microstructure study of the composite coating cross-section showed a layered structure with a 

thickness of 60 microns (figure 4). According to the microstructure results of the coating cross-section, no 

visible cracks were found at the coating/substrate interface, which indicates good surface contact. A thor-

ough microstructure study showed that most of the small grey stripes have a dense structure. The grey areas 

are a non-compact structure with some irregularly shaped micropores. These paid shallow grey stripes were 

formed due to compaction caused by the impact of falling HA particles that occurred in a dense area on the 

upper and lower surfaces of HA splashes. In addition, there was also a porous layer on the coating’s upper 

surface. This may result from limited deformation of the HA spray due to little melting in the process GDS 

[21] and minor compaction of the coating surface layer caused by the impact of falling particles [27]. This 

porous structure on the top surface of coatings helps improve biological properties. 

 

 

Figure 4. Microstructures of the HATi composite coating cross-section. 

The EDS analysis showed that the white curved bands mainly consist of Ti and O, with a small content 

of Ca, P. The grey areas and shallow grey stripes are mainly Ca, P, O with some quantity Ti. In combination 

with the phase composition, it is recognized that the white curved stripes are mainly composed of TiO. Grey 
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areas and small grey stripes are mainly composed of HA. A thorough microstructure study showed that the 

white curved stripes shape differed from the initial Ti particles microstructure shape, demonstrating that dur-

ing the HATi coating formation, significant plastic deformation and some oxidation of Ti spots occurred. 

There were few pores or cracks at the interface between the white curved stripes and the grey matrix, indicat-

ing suitable contact interfaces between the HA and TiO spots. Figure 5 shows the EDS analysis of the cross-

section of the HATi composite coating. 

 

 

Figure 5. Cross-sectional microstructure and EDS analysis of the HATi composite coating. 

Figure 6 illustrates the results of EDS analysis along the lines of the cross-section. The EDS analysis on 

the line showed that the HATi coverage comprises Ca, P, O, C and Ti. The SEM photos were taken in BSE 

mode, so areas with high brightness may indicate a high Ti content. Combined with the X-ray results, the 

bright white areas in the composite coating of the HATi are mainly composed of Ti, and the white regions 

are primarily formed of TiO. The above experimental results demonstrate that HATi coatings are dense mi-

crostructures with layered properties and compact interfaces with the Ti6Al4V substrate. During the HATi 

composite coating formation, strongly deformed and oxidized Ti spots led to the appearance of white curved 

stripes consisting of TiO and a certain amount of Ti. Limited deformation of HA spots formed a grey matrix 

and light grey stripes. During detonation spraying, Ti and TiO phases evolved from separate and white 

curved bands into interconnected and aggregated ones, forming improved frameworks in HATi composite 

coatings. 

 

 

Figure 6. EDS analysis along the cross-sectional line of the HATi composite coating 
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Table 3 represents the measurement results of composite coatings’ roughness. The coating surface has 

an inhomogeneous structure with pores, and typical layered wavelike arrangements of structural components 

are also observed. The surface roughness of composite coatings was measured using a model 130 

profilometer on a 7 mm length segment on the sample surface. From the data obtained, it is established that 

the roughness of composite coatings by parameter has a value of Ra = 6.58. 

T a b l e  3  

Measurement results of composite coatings roughness 

 Ra (µm) Rz (µm) Rt (µm) Rq (µm) Rpk (µm) Rk (µm) Rv (µm) 

HАTi 6,58 44,3 46,6 8,42 19,9 20,3 27,6 

 

To study the effect of Ti particles on the mechanical properties of coatings, the hardness and modulus 

of elasticity of composite coatings HATi were determined (Figure 7). The hardness and modulus of elasticity 

of composite coatings HATi were determined by nano-indentation using a triangular Berkovich pyramid. 

The nano-indentation curves analysis was carried out by the Oliver–Farr method. Figure 7 shows distribution 

graphs of hardness and modulus of elasticity over the coating depth. The average hardness and modulus of 

elasticity of HATi composite coatings were 7.11 = 0.16 GPa and 90.37 = 0.29 GPa, respectively. Thus, it can 

be argued that the formation of solid phases, TiO and Ti, can significantly improve the hardness and modulus 

of elasticity of coatings based on HATi. The microhardness of TiO and Ti is 9.3 GPa [17] and 4.4 GPa, re-

spectively [38]. The interconnected textures of TiO and Ti in HATi composite coatings can increase the 

modulus of elasticity. The addition of Ti can increase deformable effects and enhance the impact effect of 

falling particles during impact, which helps to improve the phase ratio between the coating and the substrate. 

On the other hand, the formation of interconnected solid phases TiO by oxidation of Ti can enhance the in-

terfacial connection of thin composite coatings HATi. The synergistic effect of these factors has significantly 

improved mechanical properties, including microhardness and modulus of elasticity. 

 

 

Figure 7. The hardness distribution graph and the modulus of elasticity over the depth of coatings.. 
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Conclusions 

The method of gas-detonation spraying makes it possible to successfully produce HATi composite coat-

ings using mechanically mixed HATi powders without decomposition of the HA phase. HATi composite 

coatings with gas detonation spraying are a lamellar microstructure with a compact coating-substrate inter-

face. The Ca/P ratio in composite coatings was comparable to the ratio of the initial powder. Composite coat-

ings of HATi with gas detonation spraying showed significantly improved hardness, modulus of elasticity. 

The increased compactness explains these mechanical properties improvements and textures formed by well-

deformed and oxidized Ti spots in HATi coatings obtained by gas-detonation spraying. According to the 

analysis of the results, the HATi based composite coatings obtained by gas detonation spraying demonstrate 

potential use as load-bearing implants in the biomaterial. 
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Д.Р. Байжан, Б.Қ. Рахадилов, Л.Г. Журерова, Қ. Төребек 

Газ-детонациялық тозаңдату әдісімен Ti6Al4V титан қорытпасында 

биокерамикалық композиттік жабындарды алу 

Жұмыста биобелсенділік, биосәйкестік және механикалық қасиеттері үйлескен көтергіш 

имплантанттарды және газды-детонациялық тозаңдату әдісімен тозаңдату кезінде массалық құрамы 

50:50 % болатын гидроксиапатит пен титан композитті ұнтақтарын дайындаудың жаңа тәсілін зерттеу 

ұсынылған. Көлденең қиманың беткі морфологиясы мен микроқұрылымының, ГаTi композиттік 

жабындарының фазалық құрамы мен механикалық қасиеттерінің эксперименттік зерттеу нәтижелері 

алынды. Эксперименттердің нәтижелері көрсеткендей, Тi композиттік жабындарының көлденең 

қимасының микроқұрылымдары жақсы деформацияланған және тотыққан Ti тақталарынан және 

шектеулі деформацияланған ГА тақталарынан құралған қисық жолақтардан тұратын типтік тақтайша 

құрылымдарды қамтиды. Растрлық электронды микроскопия және рентгендік дифрактометрия 

әдістерімен композиттік жабындардың морфологиясы мен фазалық күйлері зерттелді, оған сәйкес 

алынған жабындар негізінен ГА, Ti және TiO фазаларынан тұрады. Элемент құрамын зерттеу 

нәтижелері алынған жабындардағы кальций мен фосфордың атомдық қатынасы ca/P~1,64 екені 

анықталды, бұл бастапқы ұнтақ — Ca/P 1,67 мәніне жақын, бұл өз кезегінде жабынды қалыптастыру 

кезінде химиялық құрамның шектеулі өзгеруін көрсетеді. 

Кілт сөздер: газ-детонациялық тозаңдату, ГАТi композиттік жабындар, микроқұрылымдар және 

фазалық құрамы, механикалық қасиеттері. 
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Д.Р. Байжан, Б.К. Рахадилов, Л.Г. Журерова, К. Торебек 

Получение биокерамических композитных покрытий на титановом  

сплаве Ti6Al4V методом газо-детонационного напыления 

В работе представлены исследования нового подхода изготовления несущих имплантатов с сочетани-

ем биоактивности, биосовместимости и механических свойств, композитных порошков гидроксиапа-

тита и титана с массовым содержанием 50:50 % при напылении методом газо-детонационного напы-

ления. Получены результаты экспериментальных исследований морфологии поверхности и микро-

структуры поперечного сечения, фазового состава и механических свойств композитных покрытий 

ГATi. Результаты экспериментов показывают, что микроструктуры поперечного сечения композит-

ных покрытий ГATi представляют собой типичные пластинчатые структуры, состоящие из изогнутых 

полос, образованных хорошо деформированными и окисленными пластинами Ti и ограниченными 

деформированными пластинами ГA. Методами растровой электронной микроскопии и рентгеновской 

дифрактометрии были исследованы морфология и фазовые состояния композитных покрытий, со-

гласно которым установлено, что полученные покрытия в основном состоят из фаз ГA, Ti и TiO. 

Результаты исследования элементного состава показали, что атомное соотношение кальция и фосфора 

в полученных покрытиях составляет Ca/P~1,64, что близко к значению исходного порошка — Ca/P 

1,67, что, в свою очередь, указывает на ограниченное изменение химического состава во время фор-

мирования покрытия. 

Ключевые слова: газо-детонационное напыление, ГATi композитные покрытия, микроструктуры и фа-

зовый состав, механические свойства. 
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Research of regimes of applying coats by the method  

of plasma electrolytic oxidation on Ti-6Al-4V 

In this work, ceramic coatings were formed on Ti6Al4V titanium alloy using a technique of plasma electro-

lytic oxidation. Plasma electrolytic oxidation was carried out in electrolytes with different chemical composi-

tions and the effect of the electrolyte on the macro-and microstructure, pore size, phase composition and wear 

resistance of coatings was estimated. Three types of electrolytes based on sodium compounds were used, in-

cluding phosphate, hydroxide, and silicate. The composition of the electrolyte affects the intensity and size of 

microcharges and the volume of gas release of various electrolytes. The plasma electrolytic oxidation pro-

cesses were carried out at a fixed voltage (270 V) for 5 minutes. The results showed that the coating was 

mainly composed of rutile- and anatase TiO2, but a homogeneous structure with lower porosity and a large 

number of crystalline anatase phases was obtained in the coating prepared in the silicate-based electrolyte. 

The diffractogram electrolytes did not reveal the peaks of the crystalline phases associated with the PO4
3— 

and SiO3
2— anions. This means that these anions included only oxygen in the coatings. The morphology and 

phase composition of the samples were studied using a scanning electron microscope and an X-ray 

diffractometer, respectively. Wear resistance was evaluated by the “ball-disc” method on the TRB3 

tribometer. The wear resistance of various coatings formed on Ti6Al4V titanium alloys showed completely 

different wear resistance. The lowest coefficient of friction (µ = 0.3) was demonstrated by the coating ob-

tained based on phosphate. This may be due to a large number of crystal phases of rutile. The sample 

prepared in a hydroxide-based electrolyte showed a high wear coefficient (µ=0.52). This effect can be 

obtained by eliminating surface defects (microcracks and micropores). 

Keywords: plasma electrolytic oxidation, anatase, rutile, structure, phase. 

 

Introduction 

The manufacture of modern implants for traumatology and dentistry requires careful research and selec-

tion of the product material and surface treatment. Titanium alloys are the most widely used in surgery be-

cause of their bioinertness and corrosion resistance [1]. The disadvantage of using alloys, for example, Ti-

6Al-4V is the content of harmful alloying components, and the use of pure titanium is hampered by insuffi-

cient strength. The solution to the problem of reducing the harmful alloying components of the metal can be 

found in introducing modern technology of nano-structuring into production [2]. Various methods of surface 

treatment have improved osseointegration and biocompatibility of titanium and titanium alloys [3], among 

which plasma electrolytic oxidation (PEO) has significant advantages. PEO — an ecologically pure and 

high-manufacturing process that makes it possible to obtain coatings with good adhesion, developed porosity 

for integrating osteoblast cells [4]. 

Recently, the PEO process has attracted considerable interest as an economically efficient, ecologically 

pure, and highly efficient technology for the deposition of porous and well-adhesive ceramic pellicles on Ti 

surfaces [5]. 

The features of PEO coatings lead to a process similar to anodizing of alternating current. In both 

processes, the metal substrate and counter electrode are conductively coupled to a power source and 

immersed in an aqueous electrolyte. However, in PEO, an alternating current is supplied under conditions of 

a higher voltage than during anodizing, which leads to the development of different surface morphologies 

[6]. 

The resulting porous oxide layer contains species obtained from the substrate and electrolytes [7]. 

Moreover, this porous oxide pellicle consists of an inner dense layer and an outer porous one [8]. The prop-

erties of formed PEO coatings depend on several factors, including processing time, electrical parameters, 

electrolyte composition, and substrate. One of these parameters, which have a great influence on the proper-

ties of PEO coatings, is the chemical composition of the electrolyte, which can be changed by changing the 
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concentration of the components or adding various additives. By adding various additives to the electrolyte 

(calcium hydroxide Ca (OH)2, sodium phosphate Na3PO4, sodium hydroxide (NaOH), sodium phosphate 

silicate (Na2SiO3), sodium tetraborate (Na2B4O7), and sodium fluoride (NaF) can be obtained on coatings 

based on hydroxyapatite and calcium phosphates [7–9]. 

The addition of nano– and microparticles in electrolytes can have a significant effect on the phase com-

position, microstructure, thickness and, consequently, on the corrosion properties of PEO coatings on titani-

um and its alloys. In most cases, particles can participate in PEO coatings by applying electrophoretic force 

and mechanical stirring. These two reinforcements transfer the negatively charged particles suspended in the 

electrolyte onto the oppositely charged conductive substrate. The particles are then incorporated into the 

PEO coating. Particles, entering, filling and sealing micropores, reduce the porosity of PEO coatings and 

modify the microstructure. This improved microstructure reduces the penetration of destructive ions from the 

coating into the substrate. It leads to an increase in the corrosion resistance of PEO coatings. 

Changing the chemical composition of the electrolyte, oxidation time and electrical parameters (density, 

mode and frequency of current) in PEO contributes to obtaining films of biocompatible oxide — anatase 

(TiO2) and to develop the surface relief in order to have a beneficial effect on the osseointegration of the 

implant surface in the recipient’s body. 

Experimental 

As a substrate material for processing, we chose square-shaped samples of Ti6Al4V titanium alloy with 

a size of 20 mm × 20 mm × 3 mm. Table 1 illustrates the composition of the Ti6Al4V titanium alloy. 

The samples were ground and polished (using SiC paper with grain sizes from 100 to 2000 and using GOI 

paste (abrasive ability 0.3–0.1 μm)), washed with distilled water, and then dried before the PEO. For the 

deposition of coatings, PEO baths with different compositions were used (Table 2). In addition, 4 g of KOH 

(potassium hydroxide) was added to all baths to increase the conductivity of the electrolyte. The Ti6Al4V 

sample acted as an anode and a stainless steel container was used as a cathode. The PEO processes were 

performed using a constant voltage (270 V) for 5 minutes. The power source was a powerful rectifier, giving 

the maximum output value of 360V/100A as direct current. Using the cooling system, the temperature of the 

electrolyte during the experiments was cooled below 40°C. The samples were washed with distilled water 

and dried in a flow of cold air after each treatment. A schematic representation of the PEO installation is 

shown in Figure 1. 

T a b l e  1  

Chemical composition of Ti6Al4V alloy (weight percent) 

Ti Al V Fe C O N H 

88.5–92.5 5.5–6.5 3.5–4.5 <0.25 <0.08 <0.13 <0.05 <0.012 

 

 

Figure 1. Schematic representation of the installation for PEO processing. 
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T a b l e  2  

Electrolyte composition for the PEO processes. 

Electrolyte code Electrolyte composition 
Current density  

A/cm
2
 

H 20 g L
-1

 NaOH 26 A/cm
2
 

P 20 g L
-1

 Na3PO4 34 A/cm
2
 

S 20 g L
-1

 Na2SiO3 28 A/cm
2
 

 

The phase composition of the samples was studied by X-ray diffractometer X’PertPro (Philips Cor-

poration, Netherlands) using CuKα radiation. Data processing and quantitative analysis were performed 

using PowderCell 2.4. The surface morphology was studied by scanning electron microscopy on a 

TESCAN MIRA scanning electron microscope with an electron-probe attachment for local microanaly-

sis. 

Results and Discussion 

The chemical composition of the electrolyte significantly affects the acceleration of metal pa s-

sivation and dielectric breakdown and, consequently, the formation of a thin insulating film [10]. There-

fore, different electrolytes of different compounds (phosphate, silicate and hydroxide) were chosen here. 

In fact, a spark, known as a combustion phenomenon and an exothermic reaction containing an oxidi z-

ing agent, occurs as a result of absorption of a sufficient amount of oxygen. A micro-arc discharge leads 

to the eruption of molten substances from the discharge channels and the subsequent formation of 

micropores in the form of craters on the coating surface [11] (Figure 2).  

 

 

Figure 2. Surface morphology of PEO coatings of various electrolytes  

(a) H, (b) P, (c) S 

The spark voltages due to the nature of the electrolytes (electrolyte composition) were different for 

each electrolyte (Table 2). The composition of the electrolyte affects the intensity and size of micro-

charges and the volume of gas evolution of various electrolytes. On the surface of the sample prepared 

in electrolyte (H), there are several dark black spots, which can be caused by the large size and high 

intensity of the generated sparks at the points of low dielectric strength on the coating surface during the 

process. 

The surface morphology of various coatings formed on Ti6Al4V titanium alloys is shown in Fig-

ures 2, 3. The coatings made with different electrolytes exhibited completely different microstructures. 

All coatings, due to the formation of micropores as a result of discharges accompanied by an avalanche 

of electrons at the interface between the electrolyte and the oxide layer, showed a typical structure of 

PEO, which contained micropores in the form of craters. When molten oxides leave the discharge chan-

nels and meet the surrounding electrolyte, they quickly solidify, and pores are formed on the coating 

surface [11]. On the other hand, a large amount of gas is formed on the discharge channels, which is 

then released into the electrolyte. At the early stage of the PEO process, the intensity of sparks and the 

amount of gas generated in the exhaust channels are much higher. Due to the gas ejection, molten oxides 
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are thrown out of the outlet channels, they cannot fill the outlet channels, and, accordingly, a large num-

ber of micropores are formed. Due to a decrease in the intensity of sparks, the volume of gases formed 

in the discharge channels decreases to some extent [12]. 

 

Figure 3. Pore distribution of PEO coatings in various electrolytes  

(a, a-1) H, (b, b-1) P, (c, c-1) S. 

In PEO processes, the characteristics of sparks and the amount of gas release affect the morphology 

of the coating surface. Larger sparks result in more and fewer micropores, while smaller sparks create 

more and smaller micropores and, consequently, form a more uniform structure. The average size of 

micropores and the percentage of porosity of the coatings are shown in Figure 4. According to Figures 3 

and 4, it is obvious that due to the large number of small sparks and a small amount of gas evolution, the 

electrolyte coating (S) (Figure 3 (c, c-1)) possessed the smallest (with a porosity of 1.22 %), the smallest 

(with an average size of 0.48 microns) micropores. In this sample, the micropores are well distributed 

over the coating surface and are identical in size. The sample prepared in electrolyte (H) (Figure 3 (a, a -

1)) had some large micropores with inhomogeneous dispersion, as well as large spherical condensation 

products formed by the rapid growth of the coating as a result of strong discharges [13]. In addition, the 

largest average micropore size (1.49 μm) was associated with electrolyte preparation (H). On the surface 

of the sample (P), several micropores and many microcracks were observed (Figure 3 (b, b-1)). 

Microcracks appear during the coating growth process due to the release of thermal stress and discharge 

activity [14]. Thus, the high temperature of the plasma discharges leads to the melti ng of oxides around 

the discharge channels, followed by rapid cooling with the electrolyte. Then, a rapid change in tempera-

ture causes the appearance of microcracks [15]. Although the average size of micropores in the sample 

(P) was smaller, and the percentage of porosity was higher compared to the sample (H). 
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Figure 4. Average size of micropores and percentage  

of porosity of PEO coatings in various electrolytes. 

Anatase, rutile, and brookite are the three main polymorphs of titanium oxide (TiO2). In fact, TiO2 and 

especially anatase are considered biocompatible. In addition, rutile has higher stability, high hardness, and, 

therefore, better mechanical properties and higher density than anatase. The temperature is low in the first 

stage of the PEO process. Thus, the anatase phase is formed earlier than rutile. With an increase in the ap-

plied voltage and current density, the temperature rises, and anatase is converted to rutile at 1461 °C, which 

is a more stable TiO2 phase at high temperatures [16]. Diffraction patterns of coatings obtained in various 

electrolytes are shown in Figure 5. As can be seen in the figure, all coatings consisted of both rutile and 

anatase crystalline phases. The diffractogram of the (H), (P) and (S) electrolytes did not reveal the peaks of 

the crystalline phases associated with the PO4
3—

 and SiO3
2—

 anions. This means that these anions included 

only oxygen in the coatings. 

 

 

Figure 5. X-ray diffraction patterns of PEO coatings obtained in various electrolytes (a) H, (b) S, (c) P. 

Quantitative analyses were performed using PowderCell 2.4. Table 3 shows the data of X-ray phase 

analysis. 
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T a b l e  3  

Results of X-ray phase analysis. 

Sample Detected Phases 

Phase Structure Data  

in the Powder Cell Database Structure Type 
Phase Content 

wt.% 
Grid Type Spatial Group 

P 

Ti hexagonal P63/mmc (194) D6h
4
 32 

TiO2 (Anatase) tetragonal I41amd (141) D4h
19

 15 

TiO2 (Rutile) tetragonal P42/mnm (136) D4h
19

 53 

S 

Ti hexagonal P63/mmc (194) D6h
4
 46 

TiO2 (Anatase) tetragonal I41amd (141) D4h
19

 48 

TiO2 (Rutile) tetragonal P42/mnm (136) D4h
19

 6 

H 

Ti hexagonal P63/mmc (194) D6h
4
 56 

TiO2 (Anatase) tetragonal I41amd (141) D4h
19

 18 

TiO2 (Rutile) tetragonal P42/mnm (136) D4h
19

 26 

 

The wear resistance of various coatings formed on Ti6Al4V titanium alloys is demonstrated in Figure 6. 

The coatings made by different electrolytes showed completely different wear resistance. The lowest coeffi-

cient of friction (µ= 0.3) was indicated by the PEO coating (P). This may be due to many crystal phases of 

rutile. The sample prepared in electrolyte (H) represented a high wear coefficient (µ=0.52), this effect can be 

obtained by eliminating surface defects (micro-cracks and micropores). 

 

 

Figure 6. Results of tribological tests of PEO coatings of various electrolytes 

Conclusions 

The color and appearance, spark voltage and spark characteristics, surface morphology, phase 

composition and tribological behavior of coatings varied depending on the type of additive. The structures of 

the coatings formed using electrolytes containing Na2SiO3 additives were homogeneous and compact, with 

well-dispersed micropores. These technical characteristics were also associated with the formation of regu-

lar, uniform sparks during the coating process. The high electrical conductivity of the electrolyte containing 

Na3PO4 led to the formation of a coating containing relatively large micropores, with an irregular shape and 

distribution. Due to the release of thermal stresses during growth, this coating had micro-cracks. This coating 

has designated excellent wear resistance compared to other coatings. The good wear resistance of this coat-

ing is due to the high content of the rutile phase. The results of the PEO showed that the most homogeneous 

structure with lower porosity and numerous crystal phases of anatase were derived in a coating prepared in a 

silicate-based electrolyte. This mode is of practical interest from the point of view of obtaining a 

biocompatible coating. 
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Ti-6Al-4V плазмалық электролиттік тотығу әдісімен  

жабындарды жағу режимдерін зерттеу 

Мақалада плазмалық электролиттік тотығу әдісімен Ti-6Al-4V титан қорытпасындағы керамикалық 

жабындар алынғандығы сипатталған. Плазмалық электролиттік тотығу әртүрлі химиялық құрамы бар 

электролиттерде жүргізілді және электролиттің макро— және микроқұрылымға әсерін, кеуектілік 

мөлшерін, фазалық құрамын және жабындардың тозуға төзімділігін бағалады. Натрий қосылыстарына 

негізделген электролиттің үш түрі қолданылды, соның ішінде фосфат, гидроксид және силикат. 

Электролиттің құрамы микрозарядтардың қарқындылығы мен мөлшеріне және әртүрлі 

электролиттердің газшығару көлеміне әсер етеді. Плазмалық электролиттік тотығу процестері 

тіркелген кернеу кезінде (270 В) 5 минут ішінде жүргізілді. Нәтижелер жабынның негізінен рутилден 

және TiO2, анатазасынан тұратындығын көрсетті, бірақ аз кеуектілігі және көп кристалды фазалары 

бар біртекті құрылым силикат негізіндегі электролитте дайындалған жабындыда алынды. 

Электролиттердің дифрактограммасында PO4
3— және SiO3

2- аниондарымен байланысты кристалды 

фазалардың шыңдары анықталған жоқ. Бұл аниондар жабындардың құрамына тек оттегі кіргенін 

білдіреді. Үлгілердің морфологиясы мен фазалық құрамы сәйкесінше сканерлейтін электронды 
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микроскоп пен рентгендік дифрактометр көмегімен зерттелді. Тозуға төзімділік TRB3 трибометрінде 

«шар-диск» әдісімен бағаланды, сонымен қатар, Ti6Al4V титан қорытпаларында түзілген әртүрлі 

жабындардың тозуға төзімділігі мүлдем басқа дәрежелерді көрсетті. Үйкелістің ең кіші коэффициенті 

(µ=0,3) фосфат негізінде алынған жабынмен көрсетілген. Бұл рутилдің кристалдық фазаларының көп 

болуына байланысты болуы мүмкін. Гидроксид негізіндегі электролитте дайындалған үлгі жоғары 

тозу коэффициентіне (µ=0,52) ие болды, бұл эффектіні бетіндегі ақауларды (микрожарықтар мен 

микрокеуектер) жою арқылы алуға болады. 

Кілт сөздер: плазмалық электролиттік тотығу, анатаза, рутил, құрылым, фаза. 
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Исследование режимов нанесения покрытий методом плазменного 

электролитического окисления на Ti-6Al-4V 

В статье получены керамические покрытия на титановом сплаве Ti6Al4V методом плазменного элек-

тролитического окисления. Плазменное электролитическое окисление проводили в электролитах с 

различным химическим составом и оценивали влияние электролита на макро- и микроструктуру, раз-

мер пор, фазовый состав и износостойкость покрытий. Использовались три типа электролита на осно-

ве соединений натрия, включая фосфат, гидроксид и силикат. Состав электролита влияет на 

интенсивность, размер микрозарядов и объем газовыделения различных электролитов. Процессы 

плазменного электролитического окисления проводились при фиксированном напряжении (270 В) в 

течение 5 мин. Результаты показали, что покрытие, в основном, состояло из рутила и анатаза TiO2, но 

однородная структура с меньшей пористостью и большим количеством кристаллических фаз анатаза 

была получена в покрытии, приготовленном в электролите на основе силиката. Дифрактограмма элек-

тролитов не выявила пиков кристаллических фаз, связанных с анионами PO4
3- и SiO3

2-. Это означает, 

что эти анионы включали в состав покрытий только кислород. Морфологию и фазовый состав образ-

цов изучали с помощью сканирующего электронного микроскопа и рентгеновского дифрактометра 

соответственно. Износостойкость оценивалась методом «шар–диск» на трибометре TRB3, притом 

износостойкость различных покрытий, сформированных на титановых сплавах Ti6Al4V, показала 

совершенно разную степень. Наименьший коэффициент трения (µ=0,3) продемонстрировало 

покрытие, полученное на основе фосфата. Это, может быть, связано с большим количеством 

кристаллических фаз рутила. Образец, приготовленный в электролите на основе гидроксида, оказался 

с высоким коэффициентом износа (µ=0,52), этот эффект может быть получен за счет устранения 

дефектов поверхности (микротрещин и микропор). 

Ключевые слова: плазменное электролитическое окисление, анатаз, рутил, структура, фаза, дефекты 

поверхности. 
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Optical band gap energy values in wurtzite InxGa1-xN 

The narrow bandgap in InN has been known as a notorious example of local density approximation or gener-

alized gradient approximation (LDA or GGA) calculations to give a metallic state. Various density functional 

methods are applied to optimize the atomic structures of the systems. These numerical results are used as the 

input values for the subsequent GW calculations, which can be applied to estimate the band gap value without 

phenomenological parameters. It is found that LDA with GW0 or the hybrid functional with self-consistent 

GW0 approximation provides sufficient theoretical results for both of the investigated compounds of GaN and 

InN. Although they are still time-consuming, due to less computational cost the former method is selected as 

a trial to compute the electronic structure in the entire range in ternary InxGa1-xN alloys without any arbitrary 

parameters. The present theoretical studies in ternary InxGa1-xN alloy were carried out by LDA with GW0. As 

a result, a good agreement between theoretical and experimental results is obtained, and it is also shown that 

zone bending could be well-approximated using a quadratic function with a constant, independent of x, pa-

rameter equal to 1.85 eV, which is close to the recent experimental results. 

Keywords: InxGa1-xN alloys, density functional theory, GW0 modeling, band structure, bowing parameter, 

band gap tuning, ternary alloy. 

 

Introduction 

The application of optical and electronic properties in nitride semiconductors with wurtzite structure 

has been focused on optical devices such as blue and white light-emitting-diodes [1–3], and electronic devic-

es such as high electron mobility transistors used in the base station of cellular phones. Transistors with high 

power and high breakdown-voltage are expected in automobile industries for highly efficient inverters in 

vehicles. In these industrial applications to be realized in short time, the precise theoretical study is required 

for nitride semiconductors. The fundamental band gap value in InN has been uncertain up to 1980s. In early 

experiments in 1972 and 1986, the band gap values of about 1.9 eV and 2.1 eV were reported by measuring 

polycrystalline InN which was epitaxially grown with the sputtering technique and non-leak tight molecular 

beam epitaxy system (MBE) [4, 5]. Matsuoka predicted that this value is too large from his experiments on 

InGaN and single crystalline InN showed much smaller band gap energy value [6]. These values are much 

larger than the value of 0.7 eV reported later, which was measured from single crystalline InN [7–10]. These 

single crystalline InN samples were prepared by using the Molecular Beam Epitaxy (MBE) and the 

metalorganic vapor phase epitaxy (MOVPE) methods. A possible explanation of the results is that 

polycrystal is oxidized and mixed crystals of InN and In2O3 which band gap is 2.7 eV. The purity in single 

crystalline InN mentioned above is also poor. Its residual carrier concentration of 10
17

 to 10
18 

cm
-3

 is too high 

to accurately determine the band gap energy value because there is the Burstein-Moss effect due to the pres-

ence of residual charge carriers. It is difficult to epitaxially grow InN with high quality because the equilibri-

um vapor pressure of nitrogen between solid and gas phases is exceptionally high, compared with AlN and 

GaN [6]. Therefore, it is essential to theoretically determine the absolute band gap energy value in InN. In 

the present paper, the values of the band gap energy for the entire range of InxGa1-xN ternary alloys are calcu-

lated using ab initio calculations without any empirical fitting parameters. 

Experimental 

The density-functional theory (DFT) within the local density approximation (LDA) or the generalized 

gradient approximation (GGA) has been extensively employed to investigate various electronic properties in 

post-transition metal (TM) compounds including both oxides and nitrides. DFT is a complete many-body the-

mailto:inerbaevtm@igm.nsc.ru
mailto:inerbaev@yahoo.com
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ory, but it is basically applicable only to the non- degenerated ground state. When DFT is used to estimate the 

band gap, the main drawback of DFT is that the band gap value is seriously underestimated in the ranges 

over 50 %-70 % for most of the post-TM compounds and reaches the value of 80 % reduction in the case of 

ZnO [11]. In the case of InN, DFT gives even the negative band gap, i.e., predicts InN to be metallic [12, 13, 

14]. For gallium nitride, the DFT calculation yields a strongly underestimated band gap value [13, 15]. Basi-

cally this extensional usage of DFT for the band gap estimation is theoretically incorrect since it is a ground 

state theory, and higher level of theoretical methods such as GW approximation is requested. 

The band gap underestimation in post-TM compounds could be addressed in part by considering the on-

site electron correlation energy U. Such an empirical treatment tries to include the effect of correlations of d-

electrons which increases in the band gap value. However, we note that the DFT+U method violates the neces-

sary condition of the virial theorem (2T+V=0), and tends to give the effect on other physical parameters to 

be non-physical. For example, the lattice-constants are reduced and also contribute widening the band gap. 

Alternatively, the hybrid functional scheme incorporating the exact exchange term from Hartree-Fock ap-

proximation is used to improve the band gap. However, the fraction of the exact exchange energy again should 

be varied among post-TM compounds to fit the band gap and it is only a phenomenological treatment 

[11, 12]. 

Modern methods of the theoretical modeling allow predicting the fundamental band gap value with high 

accuracy without any parameter by combining DFT and the quasiparticle (QP) theory with the exchange-

correlation self-energy in GW approximation [16]. Taking into account QP corrections, this band gap prob-

lem can be solved with an accuracy of about 0.1 eV [17]. The first attempt to calculate the electronic proper-

ties of InxGa1-xN ternary alloys with parameter-free theoretical technique was made in Ref. [18] using the 

LDA-1/2 method [19]. This method approximately includes the self-energy of excitations in semiconductors 

and gives results close to calculations by the GW method. 

The many-body perturbation theory in the GW approach presents a QP theory that overcomes the defi-

ciencies of LDA and GGA and provides a suitable description of the band structure for weakly correlated sol-

ids such as GaN and InN. The GW approximation is formally the first term in an expansion of the nonlocal and 

energy-dependent self-energy in the screened Coulomb interaction [20]. The self-energy operator is de-

scribed as follows: 

          
 

  
    

                        

  
  (1) 

where G is Green’s function, W is screened Coulomb interaction, and δ is infinitesimal. The evaluation of 

self-energy requires the wave functions and corresponding eigenvalues. If these quantities are fixed to DFT 

results, it is usually called as single-shot G0W0 calculations. GW0 and GW approximations correspond to the 

case of iterative updates of the eigenvalues in the computation of G and W, respectively. A full update of the 

orbitals can be performed by specifying self-consistent GW calculations. If the orbitals and eigenvalues are 

updated in G and W, it is scGW approximation whereas scGW0 corresponds to orbitals and eigenvalues up-

date only in G calculations. In addition to the level of self-consistency of calculations, the results also depend 

on the initial conditions, i.e., from which method the eigenvalues and orbitals are derived in GW calculations. 

Numerous studies using GW method have shown that the numerical results strongly depend on the initial 

geometry of the structure as well as on the choice of the starting wave functions [12, 13, 21-30]. Thus, the 

use of source structures optimized with the help of various functionals leads to a variation of the resulting 

numerical values of the band gap, for example from 3.366 eV (GGA-PBE) to 3.847 eV (LDA) optimized 

GaN wurtzite structure [30]. 

The choice of starting wave function for GW calculations is also crucial. Kang et al. [11] tested various 

levels of self-consistency and starting conditions to establish the most proper GW calculation scheme for the 

best exact description of the band gap value for post-TM oxides. It was found that the GW0 scheme with 

GGA+U as the DFT functional turned out to give the best results in every aspect of the band structures. In one 

specific case of ZnO, it was proposed a modified scheme where on-site term U on Zn-d orbital was used within 

GW0 scheme. Higher level of self-consistent scGW and employment of hybrid Heyd-Scuseria-Ernzerhof 

(HSE06) functional [31] to calculate wave functions and eigenvalues as starting conditions for G0W0 calcula-

tions were found to overestimate the band gap value. Pure DFT calculations with LDA or GGA functionals pre-

dict metallic state for InN [12, 21]. Kumar et al. [27] used the DFT+U to calculate the starting wave function, 

which made it possible to open the optical gap in the electron structure of indium nitride. 
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In the present paper, we tested various GW approaches on GaN and InN to compare their validity and 

accuracy. One important point is to minimize the computational time required for electronic structure calcula-

tions, since we should use an extra-ordinally high demand computing resources for the ternary systems of 

InxGa1-xNas. With all of these careful theoretical considerations, the optimal computational method was em-

ployed to calculate the accurate value of the band gap energy for the InxGa1-xN ternary alloy. To investigate 

the electronic structure in InGaN alloys, we used 2×2×2 supercells containing 32 atoms. Supercells with 

25 %, 50 %, and 75 % concentration of In atoms were considered and should provide a good approximation 

for the random alloy [12]. 

To obtain the initial calculations, all numerical calculations were performed using HSE06, Perdew-

Burke-Ernzerhof (PBE) [32] and local density approximation (LDA) functionals by employing the projector 

augmented wave (PAW) method [33] as implemented in the Vienna Ab initio Simulation Package, VASP [34, 

35]. The atomic structures of both InN and GaN were modeled by a fully relaxed wurtzite structure of 4 atoms 

(C
4
6v-P63mc: space group number 186) [36, 37]. The In-4d and Ga-3d electrons were treated as valence elec-

trons. The electronic wave functions are described using a plane wave basis set with an energy cut-off of 600 

eV. Г-point centered k-point meshes of 6×6×6 are used throughout the calculations to obtain well-converged 

results for GaN and InN. Since the DFT calculations predict a metallic state for InN, to open the optical gap, 

the additional on-site correlation DFT+U in the Dudarev parameterization [37] was taken into account with 

the value of U = 3.5 eV. 

In Ref. [21], the dependencies of theoretical band gap values were calculated depending on the choice of 

cutoff energies and k-space partitions. It was shown that the convergence of the calculated band gap occurs 

at the cut-off energy of 600 eV. By selecting a 4×4×4 k-point mesh, the calculated fundamental band gap 

values differ from those obtained on a 6×6×6 by 1.5 %. For this reason, the present numerical calculations are 

performed using the 2×2×2 k-point mesh.  

From the theoretical point of view, state-of-the-art calculations within many-body perturbation theory 

allow to rigorously obtain band gap energy values. The GW approximation  method used to compute self-

energy corrections is a quite well-established and standard technique, giving energy levels generally in good 

agreement with experiments, even for complicated systems like reconstructed surfaces and clusters [39]. Due 

to high complexity and large computational require  ments of ab initio calculations of the self-energy, this 

approach has rare been used to study systems with a large number of atoms in a unit cell. In the present study, 

were performed the investigation of the InxGa1-xN alloy to estimate  the band gap value in the entire composi-

tion range with GW approximation, predicting its properties without any experimental/fitting parameters. 

Previous studies of InxGa1-xN compounds showed poor agreement of the DFT band gap values with ex-

perimental data [12, 22, 40–44]. To improve consistency between theory and experiment, hybrid functionals 

in DFT have been used as an empirical simulation method. In the case of zinc blende InxGa1-xN alloys, the 

overestimation of the band gap in the In-rich region was found [45]. For AlN, GaN, and InN with wurtzite 

structure, the resulting band gap values depend on the mixing ratio of the exact exchange energy functional, 

Mixing ratio is required to match the experimental band gaps increases with experimental band gaps [12]. 

Result and Discussion 

To solve the problem of describing the band gap in the ternary alloy system, it is necessary to choose a 

suitable theoretical method that would equally accurately describe both compounds of GaN and InN. The 

available results in published literatures on InN and GaN GW band gap calculations are summarized in Table 

1. It is astonishing to recognize that to date, only one study has been published in the literature which shows 

that the optimized effective potential (OEP) calculations predict well both the lattice geometry and the 

band gap for both nitrides. 

[13] Unfortunately, this method requires enormous computational effort and cannot be applied to the 

study of large model cells as required by the present research on ternary alloys. Base on this reason, we tested 

different approaches as initial stages to GW calculations in the framework of GGA, LDA, and hybrid 

functionals. 

Besides choosing the initial wave function for calculating GW, which means selecting the appropriate 

density functional, the geometric structure of the model cells also largely determines the theoretical values of 

the band gap. The lattice constants of InxGa1-xN ternary alloys can be obtained both as a result of theoretical 

calculations for lattice optimization and using interpolation formulae if we assume that the lattice parameters 



T.M. Inerbaev, T. Matsuoka, Y. Kawazoe 

110 Вестник Карагандинского университета 

of the alloys are governed by Vegard’s laws. Another potential source of calculation errors is the inability to 

perform structural optimization in a real calculation process using the GW method. 

In the present study, in contrast to Ref. [13], where experimental values of lattice constants were used, 

we explore various functionals concerning their accuracy in predicting the geometry of the unit cells. The 

lattice geometry found in this way is then used for GW calculations with the initial wave functions obtained 

with various functionals. The functional that provides the best agreement between the calculated bandgap 

values and the experimental ones were used for calculations using a model supercell of InxGa1-xN (x=0.5) 

compound with lattice constants calculated according to Vegard’s law for comparison. 

The results of the present numerical results on the lattice parameters in GaN and InN in comparison 

with the experimental data are given in Table 2. The data obtained are typical for calculations carried out by 

DFT. In the case of InN, the hybrid functional predicts almost exact lattice-constant values, whereas the PBE 

functional overestimates, while the LDA functional overestimates the value of the parameter a and underes-

timates c. In the case of GaN, the best values of the lattice-constants are given by the calculation using the 

PBE functional, while the HSE06 and LDA functionals underestimate these parameters. Thus, none of the 

selected methods for the optimization of the crystal lattice is preferable in comparison with experimental data 

for both considered compounds. 

T a b l e  1  

Summary of the literature available high-accuracy calculations of  

fundamental band gap value for InN and GaN of wurzite structure 

Compound Band gap, eV 
Method (based on the WF  

obtained with this method) 
Reference 

InN 

0.71 GW0+RPA (HSE3) [24] 

0.99 scGW (LDA) [25] 

0.74 Hybrid approach
a)

  

0.66 HSE06 [12] 

0.58 LDA with SIC
b)

 [22, 23] 

0.74 Simplified Gc
c)

  

1.50 GW SIC (LDA)  

0.82 GW SIC (LDA) [26] 

0.8 scGW0 [27] 

0.7 (0.8 correction factor was applied) GW+RPA (LDA) [28] 

0.638, 0.765; 0.494
d)

 G0W0+SOC
e)

 (HSE) [30] 

0.711 HSE06 [21] 

0.694 G0W0 (HSE06)  

0.805 scGW0  

0.7 OEPx
6
+G0W0(LDA) [13] 

0.0 PBE [14] 

0.5 HSE06 [14] 

0.95 LDA-1/2 [19] 

GaN 

3.5 GW [29] 

3.23 HSE06 [12] 

3.81 

3.42 

scGW (LDA) 

Hybrid approach
a)

 
[25] 

3.6 (0.8 correction factor was applied) GW+RPA (LDA) [28] 

3.659; 3.847; 3.366
d)

 G0W0+SOC
e)

 (HSE) [30] 

3.24 OEPx
f)
+G0W0(LDA) [13] 

3.52 LDA-1/2 [19] 

a) Combines 80 % of the GW self-energy with 20 % of the LDA self-energy as it is described in 

Ref. [53]; b) Self-interaction corrections; c)Quasi-particle corrections to DFT within a simplified GW approximation; d) Data ob-

tained for geometries optimized using different methods (AM05, LDA, PBE); e) Spin-orbit coupling; f)exact-exchange optimized ef-

fective potential 

 

Further, all obtained equilibrium lattice geometries were used to calculate the band gap values. For each 

structure, three possible wave functions were used as the starting values for the numerical calculations within 
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GW approximation. The results are shown in Table 3. From the presented data it can be seen that only two 

approaches provide sufficiently good values was an error less than 0.1 eV for both indium and gallium ni-

trides; namely, (case 1) scGW0 approach with optimized geometry by HSE06 and starting wave functions by 

LDA, and (case 2) GW0 calculations with LDA for both geometry optimization and starting wave functions.  

T a b l e  2  

The equilibrium values of the lattice-constants for InN and GaN at atmospheric pressure calculated by various 

methods in comparison with experimental data. Parentheses indicate the relative error of calculations 

Compound 
a, Å 

(error, %) 

c, Å 

(error, %) 

Unit cell 

volume, Å
3
 

c/a u Method 

InN 

3.533 5.693 61.50 1.611 0.375 Exp. [36] 

3.530 (-0.08) 5.700 (0.1) 61.52 1.614 0.379 HSE06 

3.578 (1.3) 5.777 (1.5) 64.06 1.614 0.379 PBE 

3.503 (0.8) 5.655 (-0.7) 60.09 1.614 0.379 LDA 

3.62 5.83  1.61  
PBE/HSE06 

[14] 

GaN 

3.19 5.28 46.53 1.655 0.375 Exp. [54] 

3.176 (-0.4) 5.173 (-2.0) 45.20 1.628 0.377 HSE06 

3.214 (0.8) 5.235 (0.9) 46.84 1.628 0.377 PBE 

3.156 (-1.1) 5.140 (-2.7) 44.34 1.628 0.377 LDA 

 

Thus, two theoretical approaches provide approximately the same values of the perception of both the 

lattice geometry and the band gap in both nitrides under study. Moreover, for the calculated values of the cell 

parameters, the use of the hybrid functional is somewhat closer to experimental values. On the other hand, 

the inclusion of the Hartree-Fock exchange in the hybrid functional raises the computation cost very signifi-

cantly, especially when one uses the plane-wave basis sets [46, 47]. Besides, for the exact prediction of the 

width of the band gap, in this case, the scGW0 method is used, which includes an additional self-consistency 

procedure in comparison with GW0, which also significantly increases computational costs. Thus, based on 

consideration of the balance of the ability of prediction and the required computational costs, in the present 

study, we employed the LDA for structure optimization and wave functions calculation for GW0. In the latter 

case, the LDA+U method was used on indium atoms, as indicated in “Computational method” section. 

T a b l e  3  

The values of the band gap for nitrides, calculated using various methods. The values that most closely 

 coincide with the experimental values for both considered compounds are highlighted in bold 

Compound Input geometry Input wavefunction 

Bang gap calculation method 

DFT G0W0 GW0 scGW0 

Band gap, eV 
 

1 2 3 4 

InN 

HSE06 

HSE06 0.76 0.71 0.71 0.89 

PBE+U 0.09 0.21 0.27 0.50 

LDA+U 0.11 0.43 0.51 0.73 

PBE 

HSE06 0.60 0.49 0.48 0.66 

PBE+U 0.04 0.07 0.30 0.30 

LDA+U 0.03 0.14 0.14 0.40 

LDA 

HSE06 0.85 2.65 2.59 2.63 

PBE+U 0.16 0.29 0.36 0.25 

LDA+U 0.26 0.67 0.76 0.94 

GaN HSE06 
HSE06 3.30 3.77 3.85 3.97 

PBE 1.97 3.13 3.33 3.50 
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1 2 3 4 

LDA 1.99 3.16 3.38 3.44 

PBE 

HSE06 3.02 3.47 3.67 3.67 

PBE 1.73 4.66 5.00 5.26 

LDA 3.03 3.47 3.57 3.63 

LDA 

HSE06 3.46 3.93 4.01 4.14 

PBE 2.10 3.29 3.51 3.74 

LDA 2.12 3.33 3.55 3.69 

 

The estimated lattice-constant values for the InxGa1-xN ternary alloy as a function of x are shown in 

Figure 1. The present numerical calculations were carried out for a 2×2×2 supercell and the data presented 

was reduced to a single cell. When creating model structures, the atoms in the cases x = 0.25 and = x = 0.5, 

the substitution of gallium atoms was carried out in such a way as to distribute the indium atoms uniformly 

throughout the cell, while avoiding both the clustering of indium atoms and their ordering. The latter could 

lead to the appearance of periodic superstructures. Earlier results show that the clustering of indium InGaN 

alloy leads to a greater curvature of the curve of the band gap dependence on x value [51]. The case x = 0.75 

is identical to x = 0.25 up to the mutual permutation of indium and gallium atoms. Test calculations on three 

different supercells with x = 0.5 showed a weak (< 2 %) dependence of the band gap on the choice of the 

atomic configuration. The geometries of all supercells have been optimized. The optimization concerned both 

the positions of the ions inside the supercells and the volume of the supercells. In this case, the lattice con-

stants changed so that the volume of the optimized cell corresponded to the system at zero external pressure. 

The lattice symmetry was maintained constant. 

It can be seen that the cell parameters are linearly dependent on the In content according to Vegard’s law. 

The resulting atomic structures were used to calculate the band gap using the start wave functions obtained 

using the LDA functional. The obtained data are presented in Figure 2 in comparison with the available exper-

imental data and earlier calculations using hybrid HSE06 functional [12]. The present theoretical results, 

without any parameters are in excellent agreement with the experimental results. 
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Figure 1. Calculated lattice parameters of InxGa1-xN within LDA in comparison with experimental values [35, 53] 

We also investigated the dependence of the theoretical band gap on the starting geometry of the model 

cell, implying that the lattice constants depend on the concentration of In and Ga according to Vegard's law. 

The obtained band gap for the ternary alloy of the composition In0.5Ga0.5N, obtained using GW calculations 

based on the LDA functional, is 1.36 eV. This value is 0.29 eV less than the corresponding value calculated 

for a structure whose lattice constants are theoretically obtained. 
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Figure 2. Theoretical and experimental values of the fundamental band gap values in Ga1-xInxN ternary alloy  

as a function of the indium molar fraction. Theoretical results are obtained using GW0 method (this work),  

HSE06 hybrid functional [12] and LDA-1/2 method [18]. The band gap GW(VL) value was obtained for a model cell 

with lattice constants calculated using the Vegard’s law. Experimental values are adopted from Refs. [6, 8–10, 55, 56] 

The band gap in InxGa1-xN as a function of the In content is of key importance for the analysis and de-

sign of efficient electronic devices. Qualitatively, there is an agreement that the band gap in InxGa1-xN is a 

nonlinear function of the alloy composition. Conventionally, alloy band gap values are expressed as 

                                             –         ,  (2) 

where b is the so-called bowing parameter. Since the most important parameter in the semiconductor alloy 

system is the band gap and its deviation from linear dependence characterized by the band gap bowing pa-

rameter b, which generally is a function of concentration. The various studies [22, 40, 43, 48–51] have disa-

greed on the magnitude and In concentration dependence of the bowing parameter. Some investigations show 

that the bowing cannot accurately be described by a composition-independent bowing parameter [12, 22, 40, 

48, 52]. Wu et al. by optical absorption and photoluminescence measurements showed that band gap versus 

composition is well-described by a constant bowing parameter of 1.4 eV [10]. However, McCluskey et al., 

obtained the bowing parameter value of 2.6 eV by carrying out optical absorption spectroscopy measure-

ments [51]. Kazazis et al. measured that the intrinsic band gap value dependency on the In content is ade-

quately expressed, for the entire range, by a bowing parameter value of 1.66±0.08 eV [8]. Fitting of our nu-

merical results gives b=1.85 eV with a maximal absolute error less than 0.04 eV that is a good agreement 

with the most recent experiment of Kazazis et al.. 

The above analysis corresponds to the use of a single parameter bowing calculating would be fitting (2). 

Moses et al. demonstrated that the bowing parameter varies with indium concentration. Namely, with an in-

crease in the indium content, its value decreases [12]. Our results confirm this trend, although to a much 

lesser extent, and give b equal to 1.92, 1.85, and 1.79 eV for 25, 50, and 75 % of the indium content. 

Conclusions 

To solve the problem of band gap values in ternary InxGa1-xN alloys theoretically without phenomeno-

logical parameters, various functionals have been preliminarily tested both concerning using them to opti-

mize the       geometry of model cells and to calculate the initial wave functions for GW calculations applied  to 

binary nitrides. For both InN and GaN, the acceptable accuracy is achieved either by GW0 approximation 

with LDA or by scGW0 method with hybrid HSE06 functional, especially the narrow band gap of InN was 

successfully reproduced without using the phenomenological  parameters. With LDA the optical band gap in 

InN is estimated to be negative (metallic). To  open it, it is necessary to use the LDA+U method. Since the 

former approach requires less computational costs, the present theoretical studies in ternary InxGa1-xN alloy 

were carried out  by LDA with GW0. As a result, a good agreement between theoretical and experimental re-

sults was obtained, and it is also shown that zone bending could be well-approximated using a quadratic 
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function with a constant, independent of x, parameter equal to 1.85 eV, which is close to the recent experi-

mental results. 
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InxGa1-xN вуртциттегі оптикалық жолақ саңылауының энергия мәндері 

InN тар тыйым салынған аймақ жергілікті тығыздыққа жақындағанда немесе жалпыланған градиент 

жақындағанда (LDA немесе GGA) есептеулер жартылай өткізгіштің орнына заттың металдық күйін 

болжайтын белгілі мысал болып табылады. Бұл жұмыста зерттелетін жүйелердің геометриясын 

оңтайландыру үшін тығыздық функционалының әртүрлі әдістері қолданылды және бұл сандық 

нәтижелер феноменологиялық параметрлерсіз тыйым салынған аймақ енінің мәнін бағалау кезінде 

болуы мүмкін GW әдісімен кейінгі есептеулер үшін кіріс мәндері ретінде пайдаланылды. LDA 

комбинациясын GW0 есептеулерімен немесе гибридті функционалды GW0 өзіне сәйкес келетін 

жуықтауымен пайдалану зерттелген GaN және InN қосылыстары үшін жеткілікті дәл теориялық 

нәтижелер беретіні анықталды. Мұндай есептеулер әлі де компьютердің көп уақытын қажет ететініне 

қарамастан, есептеу құнының төмен болуына байланысты, бірінші әдіс InxGa1-xN үштік 

қорытпаларындағы барлық диапазондағы электрондық құрылымды кез келген реттеу 

параметрлерінсіз есептеудің сынақ әдісі ретінде таңдалды. InxGa1-xN үштік қорытпасының нақты 

теориялық зерттеулері LDA GW0 жуықтау комбинациясында орындалды. Нәтижесінде теориялық 

және эксперименттік нәтижелер арасында өте жақсы келісім алынды, сонымен қатар тыйым салынған 

аймақтың енін x функциясы ретінде иілу квадраттық функцияны қолдана отырып, x-ге тәуелді емес, 

1,85 эВ параметрімен жақсы жақындастыруға болатындығы көрсетілген, бұл соңғы эксперименттік 

нәтижелерге жақын. 

Кілт сөздер: InxGa1-xN  қорытпалары, тығыздықтың функционалдық теориясы, GW0 модельдеу, жолақ 

құрылымы, иілу параметрі, жолақ саңылауын орнату, үштік қорытпа. 

 

Т. Инербаев, Т. Матсиока, И. Кавазое 

Значения энергии оптической запрещенной зоны в вюрците InxGa1-xN 

Узкая запрещенная зона InN представляет собой известный пример, когда расчеты в приближении ло-

кальной плотности или приближении обобщенного градиента (LDA или GGA) предсказывают метал-

лическое состояние вещества вместо полупроводникового. В настоящей работе для оптимизации гео-

метрии исследуемых систем применены различные методы функционала плотности, и эти численные 

результаты использованы в качестве входных значений для последующих вычислений методом GW, 

которые могут быть при оценке значения ширины запрещенной зоны без феноменологических пара-

метров. Установлено, что применения комбинации LDA с GW0 расчетами или гибридного функциона-

ла с самосогласованным GW0 приближением дают достаточные точные теоретические результаты для 

обоих исследованных соединений GaN и InN. Хотя такие расчеты по-прежнему занимают очень много 

компьютерного времени, из-за меньшей вычислительной стоимости первый метод выбран в качестве 

пробного для расчета электронной структуры во всем диапазоне в тройных сплавах InxGa1-xN без ка-

ких-либо подгоночных параметров. Настоящие теоретические исследования тройного сплава InxGa1-

xN были выполнены в комбинации LDA с GW0 приближением. В результате получено очень хорошее 

согласие между теоретическими и экспериментальными результатами, а также показано, что изгиб 

ширины запрещенной зоны как функции x можно хорошо аппроксимировать с помощью квадратич-

ной функции с постоянным, не зависящим от x, параметром, равным 1,85 эВ, что близко к последним 

экспериментальным результатам. 

Ключевые слова: сплавы InxGa1-xN, теория функционала плотности, моделирование GW0, зонная 

структура, параметр изгиба, настройка запрещенной зоны, тройной сплав. 
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The formation of the mixed anions PAsO7  

in solid solutions Mg2P2O7 — Mg2As2O7 

The article presents structural features at formation of solid solutions of the isostructural Mg2P2O7 and 

Mg2As2O7 connections. In these compounds, complex Р2О7
4- anions, As2O2

4- , as well as the formation of 

complex PAsO7
4 anions, is not natural. The formation of solid solutions is confirmed by the linear depend-

ence of x-ray debaegram and optical refractive indices, depending on the concentration of P/As. In the article, 

phosphates are involved in energy processes in cells. For the first time, the formation of mixed anions in pol-

yphosphates has been proven. The oscillatory spectra of pyro anions have intervals of localization of terminal 

and bridging groups of atoms that have no intersection regions. Strip at 662–670 cm-1 (between structures 

from P: As=0.8:0.2 to 0.1–0.9), located between vsPOP frequency in ᵦ — Mg2P2O7 at 737 cm-1 and the fre-

quencies about 550 cm-1 characteristic of fluctuations of vsAsOAs in alkaline pyroarsenates, is interpreted as 

a strip of fluctuations of vsPOAs of the mixed PAsO7 ions. In the area, the strip at 925–902 cm-1 is located be-

tween frequencies of fluctuations of vasPOP and vasAsOAs. The fluctuations of mastic group P-O found in 

ranges of infrared absorption allow establishing knowledge of the adjacent anions (PAsO7)
4- that it is possible 

to confirm with quantum-chemical calculations in the subsequent. 

Keywords: pyrophosphate, pyroarsenate, debaegram, empirical, refractometric, valence-force field, linear ap-

proximation. 

 

Introduction 

Solid solutions of Mg2 (P, As)2O7 with molar contents of pyrophosphate and pyroarsenate varying in 

10 % were obtained by thermal decomposition of the corresponding mixtures of MgHPO4 and MgHAsO4 at 

900
0
C and characterized by refractometric analysis. The obtained solid solutions are colorless, the refractive 

indices change linearly, with a composition from 1.585 for Mg2As2O7 to 1.680 for α-Mg2P2O7 (Figure 1). 

Debaegrams are characterized by clear reflexes, and the values of interplane distances change smoothly as 

the composition changes. 

IR spectra of solid solutions (Specord-75 spectrometer, samples with a constant molar concentration for 

all compositions obtained by pressing powders with KVG) are shown in Figure 2. The assignment of fre-

quencies in the Mg2P2O7 spectrum has already been discussed in the literature [1, 2]. The spectrum of 

Mg2As2O7 resembles that of isostructuredtorteuitite Sc2Si2O7 [3] and the assignment of the frequencies of 

valence oscillations of a complex anion can be carried out by analogy with interpretating the latter spectrum 

(Table 1). 

The structures of Mg2As2O7 and α-Mg2P2O7 are not identical: if the first is structurally quite similar to 

thortveitite [4], the second differs from it by “curved” groups of P2O7 (P21/c, Z=2), but already under 68
0
C 

undergoes an αᵦ transformation, and the structure of the type of thortveitite for the ᵦ — form may be carried 

out by statistical averaging over the configurations of P2O7 groups, each of which separately may remain non 

— centrosymmetric [5]. Judging by the sharp broadening of the bands characteristic of the спектра-Mg2P2O7 

spectrum, it is possible to switch to this type of structure from α-Mg2P2O7 already at 10 % arsenate content in 

solid solution (Figure 2). 

In the spectra of solid solutions, it is possible to distinguish only three bands that have no analogues in 

the spectra of the extreme members of the series: 925–902, 670–662, 625–623 cm
-1

. The last of the bands is 

selected (despite the presence of a band with the same frequency in the spectrum of α-Mg2P2O7, table) based 

on the dependence of its intensity on the concentration of the solid solution: this band appears when adding 

10 % phosphate to the arsenate, and already with the composition of P: As=0.3:0.7 practically disappears: the 

band ᵦ-Mg2P2O7 with the same frequency appears at P: As=0.5:0.5 and then monotonously increases. 

The band at 662–670 cm
-1

 (in the range of compositions from P: As=0.8:0.2 to 0.1–0.9), located be-

tween the vsPOP frequency at Mg2P2O7 at 737 cm
-1

 and frequencies of the order of 550 cm
-1

 characteristic of 

vsAsOAs oscillations in alkaline pyroarsenates [6], is interpreted as the vsAsOAs oscillation band of mixed 
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RAsO7 ions. In the area between the vibration frequencies of vsPOP and vsAsOAs, the band at 925–902 cm
-1

 

is located, which can be attributed to the antisymmetric oscillation of the ROAs bridge. It should be noted 

that the lower value of the frequency vsAs 829 cm
-1

, obtained earlier when calculating the oscillations of the 

PAsO7 ion [7], can be explained by the excessively small value of the angle ROAs (120
0
) adopted for the 

calculation, and by the rather low force constants of the P-O (As) and As-O (P) bonds. 

T a b l e  1  

Anion vibration frequencies in the IR spectra of solid solutionsMg2Р2О7 — Mg2As2O7 

Frequency assignment 
Frequencies of absorption maxima in the IR spectrum (cm

-1
)  

at various phosphorus contents 

Type of 

anion 
Waveform 1,0 0,9 0,8 0,6 0,4 0,2 0,1 0,0 

 

I, III 

 

 

I, III 

 

II 

I 

III 

II, III 

 

 

II, III 

I 

III 

II 

 

 

vаsPO3 

 

 

vаsPO3 

 

vаsAsOAs 

vаsPOP 

vаsPOAs 

vаsAsO3 

 

 

vаsAsO3 

vаsPOP 

vаsPOAs 

vаsAsOAs 

 

 

1206 

 

 

1185 

1136 

1101 

1080 

1040 

990 

970 

 

737 

620 

600 

588 

 

 

1210 

 

 

1115 

1055 

1005 

985 

975 

925 

735 

 

620 

588 

550 

510 

 

 

1210 

 

 

1108 

1050 

1003 

970 

921 

732 

620 

 

588 

550 

510 

440 

 

 

1203 

 

 

1100 

1043 

1003 

975 

916 

850 

727 

 

665 

624 

590 

550 

 

 

1200 

 

 

1090 

1042 

1002 

975 

902 

850 

665 

 

590 

508 

402 

400 

 

 

1190 

 

 

1089 

1042 

1000 

910 

883 

845 

660 

 

625 

590 

505 

405 

 

1190 

 

 

1089 

1000 

880 

845 

623 

592 

505 

 

440 

405 

402 

400 

 

1006 

 

 

900 

879 

845 

820 

505 

440 

406 

 

405 

403 

405 

400 

*I — Р2О7; II — As2O7; III — РAsО7. 

 

Thus, the appearance of vibration bands vsPOAs and vasPOAs of mixed PAsO7 ions convincingly 

proves their formation in solid solution. 

It should be noted that the band at 737–727 cm
-1

 remains in the spectra of solid solutions up to the com-

position P: As=0.5:0.5, indicating the preservation of the curved configuration of pyrophosphate groups. The 

presence of this band in the spectra of compositions characterized, apparently, by the structure of the type ᵦ-

Mg2P2O7 allows us to presumably explain the appearance of a band about 625 cm
-1

 in the spectra of solid 

solutions with P contents from 10 to 20 % by activating the vsAsOAs oscillation due to a violation of the sta-

tistical centrosymmetry of the Mg2As2O7 structure. Thus, we can assume a curved configuration of the As2O7 

groups individually and in pure Mg2As2O7. Similarly, if the oscillation band of vAs-As is correctly identified 

in the spectra of solid solutions, then the comparison of its frequency with the frequency of vAs-As indicates 

(taking into account the results of calculating the oscillations of the RAsO7 ion [8]) rather the curved shape 

of the p-O-As bridge in this ion, i.e. the uniformity of the structure of complex anions of any composition in 

the considered series of solid solutions. 
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ν, cm
-1 

Figure 1. Change in light refraction index N of solid solution Mg2(P, As)2О7  

N 

 mole, % 

Figure 2. IR spectra of solid solutions in system Mg2Р2О7 — Mg2As2O7 

Relation Р: As: 1–0,0:1,0; 2–0,1:0,9; 3–0,2:0,8; 4–0,3:0,7; 5–0,4:0,6; 6–0,5:0,5; 7–0,6:0,4; 8–0,7:0,3; 

9–0,8:0,2; 10–0,9:0,1; 11–1,0:0,0 

 

Oscillations of the crystal lattice and deformation properties of the crystal. 

The structure of an ideal crystal with N atoms in a unit cell is described by specifying vectors a1, a2, a3 

that determine the size and shape of the unit cell, and N vectors ri that specify the coordinates of the atoms in 

the cell. Homogeneous deformations are described by changes in the vectors and the increments of the vec-

tors Δri form a basis convenient for describing the limit oscillations (long-wave) and the internal structural 

relaxation of the lattice caused by its homogeneous deformations under external influences. 
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For compactness of formula writing, generalized vectors are used. So, it is convenient to combine the 

coordinates of atoms in a cell into a 3N-dimensional vector r = (x1, y1, z1, ...zn), and describe small shifts of 

sub-lattices with the vector Δr. 

In the valence-force field (VFF) model, so-called natural coordinates defined as small increments of va-

lence bond lengths, angle values there between, etc. are selected as a coordinate basis for setting a potential 

function and for describing deformation. The whole set of translational — non-equivalent natural coordi-

nates nq , is described by the generalized vector  1 2, ,..., .n Mq q q q The dimension of this vector M is 

generally chosen to be greater than 3N, allowing the proposed nature of interatomic interactions in the VFF 

model and taking into account the symmetry properties of natural coordinates with respect to crystal factor-

group operations. 

The calculation of normal coordinates in the VFF model is based on the linear approximation between q 

and Δr, described using the matrix B: 

q = BΔr 

The potential energy of the lattice in the valence-force field model in natural coordinates is expressed as 

a quadratic form: 

The elements of the matrix F are force constants-fitting parameters for solving the inverse spectral prob-

lem. 

The elements of which determine the relative amplitudes of changes in individual natural coordinates in 

different normal oscillations. 

From the above definitions, the relationship between the force constants, frequencies, and forms of 

normal oscillations follows, 

Λ= Ql
+
FQl, 

which is necessary for the analysis of various contributions to the elasticity of normal vibrations. 

The elastic constants of the crystal are described by a matrix C (6 x 6), whose elements are defined as 

the second derivatives of the energy density for various components of the vector of homogeneous defor-

mations: where Ω is the volume of the unit cell. 

The expression for elastic constants can be obtained by directly differentiating the expression for energy 

if we introduce the concept of the uniform deformation form described in the linear approximation by the Qu 

matrix: 

q = Quu. 

To calculate IR intensities and piezoelectric constants, information is needed about the change in the 

polarization of the crystal under various lattice deformations. To do this, depending on the nature of the 

structure of the object, different model representations are used (rigid or deformable ions, variable charges 

on atoms, a valence-optical scheme, etc.), which describe the dependence of the dipole moment of the cell P 

on the deformations Δr and u. 

Conclusions 

Structural features at formation of solid solutions of the isostructural Мg2Р2О7 and Mg2As2O7 

connections are considered. In these compounds, there are complex Р2О7
4- 

anions, As2O2
4-

 , as well as the 

formation of complex PAsO7
4- 

anions, is not natural. 

Infrared absorption spectra depend on the composition of P/As. For removal of IR spectrums of solid 

Mg2P2O7 solutions — Mg2As2O7 was used the modern Specord-75 spectrophotometer, samples with constant 

molar concentration for all structures are received by pressing of powders with KBR. The oscillatory spectra 

of pyro anions have intervals of localization of terminal and bridging groups of atoms that have no intersec-

tion regions. Strip at 662–670 cm
-1

 (in the range of structures from P: As=0,8:0,2 to 0,1–0,9), located be-

tween vsPOP frequency in ᵦ — Mg2P2O7 at 737 cm
-1

 and the frequencies about 550 cm
-1

 characteristic of 

fluctuations of vsAsOAs in alkaline pyroarsenates, is interpreted as a strip of fluctuations of vsPOAs of the 

mixed PAsO7 ions. The strip at 925–902 cm
-1

 is located between frequencies of fluctuations of vasPOP and 

vasAsOAs. The fluctuations of mastic groups P-O found in ranges of infrared absorption — As allow to es-

tablish reliably education the adjacent anions (PAsO7)
4
-that it is possible to confirm with quantum-chemical 

calculations in the subsequent. 
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In the Mg2P2O7-Mg2As2O7 system, a continuous series of solid solutions is formed, whose IR spectra 

indicate the presence of mixed [RAsO7]
4-

ions, characterized by a nonlinear configuration of P-O-As bridges. 
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Mg2Р2О7 — Mg2As2O7 қатты ерітінділерде  

PASO7 аралас аниондарының пайда болуы 

Мақалада Mg2P2O7 және Mg2As2O7 изоқұрылымдық қосылыстарының қатты ерітінділерінің 

түзілуіндегі құрылымдық ерекшеліктер қарастырылған. Олардың құрамында Р2О7
4- мен As2O2

4 күрделі 

аниондар бар, ал PAsO7
4 аниондарының түзілуі табиғи емес. Қатты ерітінділердің түзілуі P/As 

концентрациясының функциясы ретінде рентгендік дебаеграммалардың және оптикалық сыну 

көрсеткіштерінің сызықтық тәуелділігімен расталады. Мақаланың өзіндік ерекшелігі мынада: 

фосфаттардың жасушалардағы энергетикалық процестерге қатысуы. Авторлар алғаш рет 

полифосфаттарда аралас аниондардың түзілуін дәлелдеген. Пироаниондардың тербелмелі 

спектрлерінде қиылысу аймақтары жоқ атомдардың соңғы және көпірлік топтарының локализация 

аралықтары болады. 662–670 см-1 жолағы (аралық құрамы Р: As=0,8:0,2-ден 0,1–0,9-ға дейін) vsPOP в 

ᵦ–Mg2Р2О7 у 737см-1 жиілік аралығында және 550 см-1 жиілік ретімен орналасқан, сілтілі 

пироарсенаттардағы vsAsOAs тербелістеріне тән, РAsO7 аралас иондарының vsРОAs тербелістерінің 

жолағы ретінде түсіндіріледі. vаsРОР және vаsAsOAs тербеліс жиіліктері арасындағы ауданда 925–

902см-1 жолағы орналасқан. Инфрақызыл сіңіру спектрлерінде анықталған Р—О—As көпірлік 

топтарының тербелістері іргелес аниондардың (РAsO7)
4- түзілуін сенімді түрде анықтауға мүмкіндік 

береді, оны кейіннен кванттық химиялық есептеулермен растауға болады. 

Кілт сөздер: пирофосфат, пироарсенат, дебаеграмма, эмпирикалық, рефрактометриялық, валенттік-

күш өрісі, сызықтық жуықтау. 
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Образование смешанных анионов в PAsO7 в твердых  

растворах  Mg2Р2О7 — Mg2As2O7 

В статье рассмотрены структурные особенности приобразования твердых растворов изоструктурных 

соединений Мg2Р2О7 и Mg2As2O7. В них существуют сложные анионы Р2О7
4-, As2O2

4-, и образование 

сложных анионов PAsO7
4- не является закономерным. Образование твердых растворов подтверждено 

линейной зависимостью рентгеновских дебаеграмм и оптических коэффициентов преломления в за-

висимости от концентрации P/As. Оригинальность статьи заключается в том,  что фосфаты участвуют 

в энергетических процессах в клетках. Авторами впервые доказано образование смешанных анионов в 

полифосфатах. Колебательные спектры пироанионов имеют интервалы локализации концевых и мос-

тиковых групп атомов, которые не имеют областей пересечения. Полоса у 662–670см-1 (в интервале 

составов от Р: As=0,8:0,2 до 0,1–0,9), расположенная между частотой vsPOP в ᵦ–Mg2Р2О7 у 737см-1 и 

частотами порядка 550 см-1, характерными для колебаний vsAsOAs в щелочных пироарсенатах, с оче-



N.A. Mazhenov, Z.R. Syzdykova 

122 Вестник Карагандинского университета 

видностью интерпретируется как полоса колебаний vsРОAs смешанных ионов РAsO7. В области меж-

ду частотами колебаний vаsРОР и vаsAsOAs расположена полоса у 925–902 см-1. Обнаруженные в 

спектрах инфракрасного поглощения колебания мостиковых групп Р–О–As позволяют установить на-

дежно образование смеженных анионов (РAsO7)
4-, что можно подтвердить квантовохимическими рас-

четами в последующем. 

Ключевые слова: пирофосфат, пироарсенат, дебаеграмма, эмпирический, рефрактометрический, ва-

лентно-силовое поле, линейная приближения. 
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The influence of the solution of their amount on the process  

of water splitting by the electrolysis method 

The article presents the results of an experimental study of the effect of the solution and their concentration 

on the process of splitting water by electrolysis under the action of a direct electric current using a Hoffman 

device. As solutions, we used sodium hydroxide, sodium phosphoric acid, sodium carbonate, sodium sulfate, 

sodium metaborate, sodium phosphoric acid 2 — substituted and potassium hydroxide. The number of salts in 

the solution varied from 0.2 mol to 0.8 mol. The study showed that the splitting water at constant current and 

voltage is influenced by both the nature of salts and their quantity. So, it was found that with the same amount 

of substances in the solution, the process of splitting water occurs faster in a solution containing potassium 

hydroxide. When using an aqueous KOH solution in an amount of 0.2 mol, the volume of hydrogen released 

was 15 ml, and at 0.8 mol, 19.5 ml. Using an aqueous solution of sodium metaborate with a similar 

concentration, the volume of hydrogen released was 2 ml and 4.5 ml, respectively. The obtained results allow 

to choose the solution and its amount during the process of photocatalytic splitting of water. 

Keywords: water splitting, Hofmann apparatus, electrolysis, hydrogen, salt, solution, reactions, 

electrochemical process. 

 

Introduction 

Hydrogen is considered the ideal fuel of the future. Hydrogen fuel can be produced from clean and re-

newable energy sources, which will make it environmentally friendly. The sun and wind are the two main 

sources of renewable energy, as well as promising sources for the production of renewable hydrogen. Cur-

rently, the production of hydrogen by the above methods is not yet popular due to the high cost. Photovoltaic 

electrolysis of water can become more competitive, since the cost of hydrogen produced decreases with the 

development of technologies and materials used [1]. 

The photocatalytic splitting of water was first mentioned by Giacomo Ciamitian in the early 1900s [2]. 

Later, in 1970, Honda and Fujishima experimentally proved the possibility of splitting water by using a 

wide-band semiconductor and solar energy. Since then, revolutionary research by scientists on the 

photoelectrochemical decomposition of water has been published [3–9]. The works are mainly devoted to the 

study of the photocatalyst and its modification to improve the ability to split water [10–14]. However, it is 

necessary to take into account that even using a highly efficient photocatalyst, the splitting of distilled water 

is extremely difficult. Therefore, it becomes necessary to add sources of donor electrons to the purified 

water, which can serve as organic compounds methanol, ethanol and lactic acid, which significantly 

enhances the interaction of the electron/hole of the semiconductor and the solution used, leading to higher 

quantum efficiency [15, 16]. The addition of carbonate salts Na2CO3, HCO2–, C2O2- to water also 

increases the production of hydrogen and oxygen [17]. It can be concluded that the process of photo-splitting 

of water is affected not only by the high performance of the photocatalyst but also by the solution where the 

splitting of the water molecule into hydrogen and oxygen occurs, which makes this work relevant. 

This paper presents the results of a study of the effect of the solution (sodium hydroxide, sodium 

phosphoric acid, sodium carbonate, sodium bicarbonate, sodium sulfate, sodium metaborate, sodium 

phosphoric acid 2 — substituted and potassium hydroxide) and their amounts on splitting water. 

Experimental 

To determine the effect of the solution on the water-splitting process, the following were used: sodium 

hydroxide (NaOH), sodium phosphoric acid 3 substituted (Na3PO4), sodium carbonate (Na2CO3), sodium 

bicarbonate (NaHCO3), sodium sulfate (Na2SO4), sodium metaborate (NaBO2), sodium phosphoric acid 2 

substituted (Na2HPO4), potassium hydroxide (KOH). All the salts were dissolved in distilled water in a 
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volume of 150 ml. The requirement for all samples was presented in the same way. The amount of the 

substance varied from 0.2 mol to 0.8 mol. The amount of hydrogen released at the cathode and oxygen at the 

anode was recorded every 5 minutes, with a total duration of 60 minutes. 

All experimental work was carried out by electrolysis at constant voltage using the Hoffmann 

apparatus. The diagram of the working chamber of the Hoffmann apparatus is shown in Figure 1. The device 

consists of three vessels, each with a volume of 50 ml. Three vertical, glass communicating vessels, one of 

which is open and designed to inject an aqueous solution. Platinum electrodes are placed in the lower part of 

the vertical vessels. The electrodes are connected to the positive and negative poles of the current source. 

The electrolysis voltage is 3 V. When a voltage source is connected to the network, the electrolysis process 

takes place. The volume of hydrogen and oxygen released is recorded by the volume of the solution 

displaced by the gas. A universal power supply PHYWE with direct and alternating current was used as a 

voltage source. 

 

 

Figure 1. Scheme of the Hoffmann apparatus of three vessels 

Sodium hydroxide NaOH is a solid substance, that dissolves well in water and emits a large amount of 

heat. Solubility in water 108.7 g per 100 ml temperature + 15 
0
C. KOH potassium hydroxide-solubility in 

water 107 g per 100 ml temperature +15 
0
C. Na2HPO4 sodium hydrophosphate-forms colorless crystals. It is 

well soluble in water. Solubility temperature +100 0C. Na2SO4 sodium sulphate g / 100ml at 0 °C -4.5 g, at 

20 °C — 19.2 g, at 32.4 °C — 49.8 g at 100 °C — 42.3 g. Sodium acid Na2CO3 is insoluble in acetone and 

carbon disulfide, slightly soluble in ethanol, well soluble in glycerin and water. NaHCO3 has a low solubility 

of sodium bicarbonate in carbon dioxide water and increases slightly with increasing temperature: from 6.87 

g per 100 g of water at 0 °C to 19.17 g per 100 g of water at 80 °C. Due to its low solubility, the density of 

saturated aqueous solutions of sodium bicarbonate differs little from the density of pure water. Sodium 

metabolate NaBO2 forms colorless hygroscopic crystals of trigonal syngony, dissolves well in water, easily 

forms saturated solutions. Na3PO4 sodium phosphate acid is highly soluble in water — 12.1 g / 100 ml. To-

gether with water, a crystallohydrate with the general formula Na3PO4 ·12H2O is formed. 

Results and Discussion 

The effects of solutions of sodium hydroxide (NaOH), sodium phosphoric acid 3 substituted (Na3PO4), 

sodium carbonate (Na2CO3), sodium bicarbonate (NaHCO3), sodium sulfate (Na2SO4), sodium metaborate 

(NaBO2), sodium phosphoric acid 2 substituted (Na2HPO4), potassium hydroxide (KOH) at various 

amounts are illustrated in Figure 2. 
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a– (0,2 mol); b — (0,4 mol); c — (0,6 mol); d — (0,8 mol) 

Figure 2. The effect of solutions on the process of splitting water by electric riveting. 

Figure 2a demonstrates that when using hydroxide groups, carbonate salts and phosphates in the amount 

of 0.2 mol, the volume of hydrogen gas released is different. Moreover, when using a solution containing 

potassium hydroxide (KOH), the volume of hydrogen released is higher than with the other groups. For 

example, the volume of hydrogen released for him was 4.5 ml. The highest value of the released hydrogen 

belongs to a solution containing sodium metaborate NaBO2 (ѵ= 0.2 mol) and is 0.2 ml. The remaining 

solutions occupy an intermediate value. Figure 2b represents that when the number of salts in the distilled 

water increased to 0.4 mol, the volume of hydrogen released increased 1.5 times for potassium hydroxide 

(KOH) and sodium hydroxide (NaOH), and when using Na3PO4, Na2CO3, NaHCO3, Na2SO4, NaBO2, 

Na2HPO4 remained practically unchanged and was in the range from 0 to 1 ml. A further increase in the 

number of salts in water to 0.6 mol showed (Figure 2c) that when using potassium hydroxide, the volume of 

hydrogen released increased by 2 times compared to 0.2 mol, while sodium hydroxide practically remained 

unchanged. An increase in the number of salts in the solution to 0.8 mol led to a decrease compared to 0.4 

mol, and amounted to 2.8 ml (Figure 2 d). From the data obtained, it can be concluded that the best medium 

for splitting hydrogen is a solution containing 0.8 mol of potassium hydroxide, and the worst is sodium 

metaborate NaBO2. An increase in the amount of the substance in the water to 1 mol did not lead to an 

increase in the volume of hydrogen released. 

Figure 3 shows the dependence of the volume of hydrogen released on the duration of electrolysis, with 

the amount of potassium hydroxide in the solution varying from 0.2 to 0.8 mol. 
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Figure 3. The effect of the amount of potassium hydroxide on the process of splitting water by electric riveting 

One can see that during the electrolysis process lasting 60 minutes, the volume of hydrogen released in-

creases with the amount of potassium hydroxide in water from 0.2 mol to 0.8 mol. So, at 0.2 mol, the volume 

of gas was 15 ml, and at 0.8 mol, 19.5 ml. 

The solutions that we used in the experiment are called colloidal. Colloidal solutions are systems that 

comprise a solid dispersed phase distributed in a liquid or solid dispersion medium. Solutions are always 

single-phase, which are homogeneous gas, liquid or solid. This means that one of the substances is 

distributed in the mass of the other in the form of molecules, atoms, or ions. 

Electrolysis of solutions is a complex process because, besides metal ions and acid residue, water 

molecules and H
+
 and OH

-
 ions are present in the solution, which can also participate in the redox process 

during passaging electric current. To correctly determine the products formed in the electrodes during the 

electrolysis of hydrophytic solutions of electrolytes, it is necessary to adhere to the following important rules, 

which occur in the cathode and anode. 

The passing process at the cathode depends on the position of the metal in the electrochemical series. 

Our solutions are part of the active metal activity: K, Ba, Ca, Na in which water is reduced to hydroxide ion 

to hydrogen, and only hydrogen is released at the cathode because of the reduction of water molecules. 

2H2O + 2ē = H2 + 2OH
- 

The strongest reducing agent is oxidized at the anode. During electrolysis of solutions of acid-

containing salts oxygen is released on the anode O2 

2H2O — 4ē =О2 + 4Н
+ 

Electrolysis Na2So4. 

(-) Cathode               2Na
+
 + SO4

2-              
 Anode (+) 

Cathode: 2H2O + 2e
-
 = Н2↑ + 2ОН

- 

Anode: 2H2O — 4e
-
 = O2↑ + 4H

+ 

Total: 2H2O = 2H2↑ + O2↑ 

Conclusion: the electrolysis of this salt is reduced to the decomposition of water; salt is necessary to 

increase electrical conductivity, since pure water is a weak electrolyte. 

Electrolysis KOH. 
Cathode  (-)           K

+
 + OH

-
          Anode (+) 

Potassium cations will not be restored at the cathode since potassium is in the metal voltage range to the left 

of aluminum, instead, water molecules will be restored: 

Cathode: (-) 2H2O + 2e = H2 +2OH
-
 

Anode: (+) 4OH
-
 — 4e = 2H2O +O2 

Total: 4H2O + 4OH
- 
= 2H2 + 4OH

-
 + 2H2O + O2 2H2O = 2H2 + O2 

Electrolysis NaOH. 
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4NaOH = 4Na + O2 + 2H2O 

Cathode: 2H2O + 2e = H2 +2OH
-
 

Anode:  4OH
-
 — 4e

- 
= O2 + 2H2O 

Water molecules are restored at the cathode. The growth of sodium hydroxide is reduced to the electrolysis 

of water. 

Electrolysis Na2CO3. 

Water electrolysis occurs: 

H₂ O = H⁺  + OH⁻  

Cathode (K⁻ ):  2H₂ O + 2e⁻  = H₂  + 2OH⁻  

Anode (А⁺ ):   4OH⁻  — 4e⁻  = 2H2O + O₂  

Total: 2H₂ O = 2H₂  + O₂  

Sodium, as an alkaline metal, is not released at the cathode, and the CO₃ ²⁻   ion is also not discharged, as an 

acidic residue of an oxygen-containing acid. 

Electrolysis NaHCO3. 

Cathode (-) Н2О+2e=H2+2ОН
-
 

Anode (+) 2H20–4e=О2 +4Н
+ 

The equation: NaHCO3+2H2О = О2+2H2+NaHCO3 

In the equations of solution electrolysis NaНСО3 there will be water electrolysis reactions, the oxidation of 

the bicarbonate ion does not occur. 

Electrolysis Na3PO4. 

Cathode: 2 Н
+
 +2е= Н2  

Anode: 4ОН
-
 — 4е= 2Н2О + О2  

The equation: Na3PО4 +5Н2О= 3NaОН +2Н2 + О2 +Н3PО4 

Hydrogen is released at the cathode and oxygen is released at the anode due to the electrolysis of water. 

Sodium cations are not reduced, since the electrode potential is lower than that of hydrogen. An excess of 

sodium hydroxide is formed in the near-cathode space. Hydroxide anions (water) are oxidized at the anode, 

oxygen is released. Phosphate anions are not oxidized, since their potential is higher. There is an excess of 

weak orthophosphoric acid in the near-anodyne space. In general, sodium orthophosphate salt is not subject-

ed to electrolysis in this case. 

The process at the cathode depends on the position of the metal in the electrochemical series. Our solu-

tions belong to the range of activity of active metals: K Ba Ca Na, in which water is reduced to the hydroxide 

ion to hydrogen, and only hydrogen is released at the cathode due to the reduction of water molecules. It can 

be said that the electrolysis of salts is reduced to the decomposition of water, and salt is necessary to increase 

electrical conductivity since pure water is a weak electrolyte. 

Conclusions 

In the presence of substances in various amounts, such as sodium hydroxide, sodium phosphoric acid, 

sodium carbonate, sodium sulfate, sodium metaborate, sodium phosphoric acid 2 — substituted and potassi-

um hydroxide, water electrolysis was carried out. At different time intervals, the volume of hydrogen re-

leased was recorded using the Hoffmann apparatus. The study designated that in the presence of potassium 

hydroxide, regardless of its amount, the electrolysis process occurs faster, as evidenced by the volume of gas 

released. Sodium hydroxide turned out to be less effective, as the remaining substances showed a low ability 

to generate hydrogen. In addition, the effect of the amount of substance per unit volume of water on the pro-

cess of electrolysis of water was demonstrated, where the best result was recorded for a solution with an 

amount of 0.8 mol. Low efficiency is demonstrated by sodium metaborate NaBO2 at an amount of 0.2 mol. 
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Суды электролиз әдісі арқылы ыдырату кезінде 

ерітіндінің және оның мөлшерінің әсері 

Мақалада Гофман құрылғысын қолдана отырып, тұрақты электр тогының әсерінен электролиз арқылы 

судың бөліну процесіне ерітіндінің әсері мен оның концентрациясын эксперименттік зерттеу 

нәтижелері келтірілген. Ерітінді ретінде натрий гидроксиді, фосфорқышқылды натрий, көмірқышқыл 

натрийі, көмірқышқылды қышқыл натрий, күкіртқышқылды натрий, натрий метабораты, 

фосфорқышқылды натрий және  2— алмастырылған калий гидроксиді пайдаланылды. Ерітіндідегі 

тұздардың мөлшері 0,2 моль мен 0,8 моль аралығында болды. Зерттеу көрсеткендей, тұрақты ток пен 

кернеу кезінде судың ағу процесіне тұздардың табиғаты да, олардың мөлшері де әсер етеді. Сонымен, 

ерітіндідегі заттардың бірдей мөлшерімен судың ыдырау процесі калий гидроксиді бар ерітіндіде 

тезірек жүретіні анықталды. 0,2 моль мөлшерінде KOH ерітіндісін қолданған кезде бөлінетін сутектің 

көлемі 15 мл, ал 0,8 моль кезінде 19,5 мл болды. Осыған ұқсас концентрациясы бар натрий 

метаборатының сулы ерітіндісін пайдаланған кезде, бөлінген сутектің көлемі тиісінше 2 мл және 4,5 

мл құрады. Алынған мәліметтер судың фотокаталитикалық ыдырауы кезінде ерітінді мен оның 

мөлшерін таңдауға мүмкіндік береді. 

Кілт сөздер: суды ыдырату, Гофман аппараты, электролиз, сутегі, тұздар, ерітінді, реакциялар, 

электрохимиялық процесс. 
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Влияние раствора и его количества на процесс расщепления воды 

методом электролиза 

В статье приведены результаты экспериментального исследования влияния раствора и и его 

концентрации на процесс расщепления воды путем электролиза под действием постоянного 

электрического тока с применением устройства Гофмана. В качестве растворов нами были 

использованы гидроксид натрия, натрий фосфорнокислый, натрий углекислый, натрий углекислый 



The influence of the solution… 

Серия «Физика». № 1(105)/2022 129 

кислый, натрий сернокислый, метаборат натрия, натрий фосфорнокислый 2-замещенный и гидроксид 

калия. Количество солей в растворе варировалось от 0,2 до 0,8 моль. Результаты исследования 

показали, что на процесс ращепления воды при постоянном токе и напряжения влияет как природа 

солей, так и их количество. Так, было установлено, что при одинаковом количестве веществ в 

растворе, процесс расщепления воды происходит быстрее в растворе содержанием гидроксида калия. 

При использовании водного раствора KOH в количестве 0,2 моль, объем выделяемого водорода со-

ставил 15 мл, а при 0,8 моль — 19,5 мл. При использовании водного раствора метабората натрия с 

аналогичной концентрацией, объем выделенного водорода составил 2,0 и 4,5 мл соответственно. По-

лученные данные позволяют сделать выбор раствора и его количества при процессе фотокаталитиче-

ского расщепления воды. 

Ключевые слова: расщепление воды, аппарат Гофмана, электролиз, водород, соль, раствор, реакция, 

электрохимический процесс. 
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