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Abstract: The paper gives a predictive estimate of detonation nanodiamond (DND) yield depending on the value of 
oxygen balance, zone length, and chemical reaction time of explosives. The dependences of the main characteristics of 
explosives on each other are determined. It is shown that practically any characteristic of explosives (e.g., detonation 
velocity) can be used to calculate other characteristics of explosives, as well as the DND yield during their synthesis.  
The DND yield from hydrogen-free benzotrifuroxane (1.88 wt. %) was determined for the first time. According to the data 
of the Institute of Hydrodynamics named after M.A. Lavrentiev (Russia, Novosibirsk), such nanodiamonds have  
a spherical shape (diameter ~100 nm) due to a very high temperature (4300 K) and pressure of 36 GPa. Moreover, the 
thermal effect of combustion and the thermal effect of the explosion can be accurately calculated based on the elemental 
composition of explosives. From there, the specific power of the explosives and all other characteristics, including the 
DND yield, can be determined. Predictive evaluation does not exclude the need for experimental work, but determines its 
feasibility. 
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Аннотация: Дана прогнозная оценка выхода детонационных наноалмазов (ДНА) в зависимости от значения 
кислородного баланса, длины зоны и времени химической реакции взрывчатых веществ (ВВ). Определены 
зависимости основных характеристик ВВ друг от друга. Показано, что практически любой параметр ВВ 
(например, скорость детонации) может быть использован для расчета других их характеристик, а также выхода 
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ДНА при их синтезе. Впервые определен выход ДНА из безводородного бензотрифуроксана (1,88 мас. %). Такие 
наноалмазы по данным Института гидродинамики им. М. А. Лаврентьева (Россия, Новосибирск) имеют 
сферическую форму (диаметр ~100 нм) из-за очень высокой температуры (4300 К) и давления 36 ГПа.  
По элементному составу ВВ рассчитаны тепловой эффект сгорания, тепловой эффект взрыва, удельная мощность 
ВВ и все остальные характеристики, включая выход ДНА. Прогнозная оценка не исключает необходимость 
проведения экспериментальных работ, но определяет их целесообразность. 
 
Ключевые слова: детонационные наноалмазы; выход; взрывчатые вещества; кислородный баланс; скорость 
детонации; давление; время реакции; длина зоны химической реакции. 
 
Для цитирования: Dolmatov VYu, Rudenko DV, Eidelman ED, Blinova MA. Predictive estimation of detonation 
nanodiamond yield based on the characteristics of carbon-containing explosives. Journal of Advanced Materials and 
Technologies. 2024;9(4):244-256. DOI: 10.17277/jamt.2024.04.pp.244-256 
 

1. Introduction 
 

Detonation nanodiamonds (DND) are currently 
one of the most sought-after allotropies of carbon, 
with attention being paid to the development of 
technologies for obtaining various types of DND, 
selection of initial explosives for their production, 
investigation of properties, and most importantly, 
their application in various fields of industry, 
medicine, and agriculture [1–16]. 

As a rule, explosive is a polynitro compound that 
contains in each molecule both a “fuel” (carbon, 
hydrogen) and an “oxidizer” (oxygen), with oxygen 
bonded to nitrogen. The exothermic reactions of 
oxidation of carbon to CO and CO2; hydrogen to  
H2O – represent the source of energy of the 
explosion. When there is a shortage of oxygen 
(negative oxygen balance (OB)), free carbon appears 
in detonation products (DP), which can be in the form 
of DND and non-diamond carbon of various 
allotropic forms. 

The composition of DP depends largely on the 
equilibrium position of the two reactions: 

 

2CO ↔ CO2 + C; 
 

H2 + CO ↔ H2O + C. 
 

According to [7] the equilibrium of the second 
reaction is shifted to the right in all cases, while in the 
first reaction the equilibrium is shifted to the right 
only for high initial densities at ρ0>1.5 g⋅cm–3. Thus, 
hydrogen of explosive molecules oxidized to H2O, 
and carbon can be oxidized to CO2 almost completely 
only for high-density charges with ρ0 → ρmax, or 
distributed between CO2 and CO (for low-density 
charges). The decomposition of explosives is a 
complex multistage set of reactions in series and in 
parallel. The course of reactions and the composition 
of reaction products can change with the changes in 
temperature and pressure. 

By now, the process of DND synthesis from 
charges of TNT and hexogen mixture is well enough 

studied, and the optimal empirical values of the main 
control parameters of synthesis are known [17]. 
Charge composition (~60 % TNT and ~40 % 
hexogen), charge density (1,6–1,7 g⋅cm–3), optimal 
oxygen balance (–35÷–60), presence of water or 
water-salt armor of the charge, non-oxidizing, or 
better, reducing medium of detonation. At the same 
time, the pressure in the chemical reaction zone 
(CRZ) should exceed 17 GPa, and the temperature 
should be at least 3000 K. 

The output and quality of the DND depend on a 
variety of parameters: 

1. Composition of the explosive charge and its 
specific power. 

2. Oxygen balance of explosives. 
3. Charge density. 
4. Composition and heat capacity of the medium 

in the explosion chamber (EC). 
5. Charge form. 
6. The armor (shell) of the charge. 
7. Charge mass to explosive chamber (EC) 

volume ratio. 
8. Modification of the charge composition by 

doping elements or substances. 
9. The magnitude of the pulse and the location of 

charge initiation. 
10. EC design and its wall material. 
Given the presence of such a large number of 

influencing factors, it is clear that reference in 
multiple works to only the same composition cannot 
guarantee the same yield of nanodiamonds in these 
studies. Moreover, the basic explosion parameters for 
the same explosives for charges of the same density 
do not guarantee the identity of the values of 
detonation velocity, pressure in the Chapman-Jouguet 
plane, time, length (width) of the chemical reaction 
zones (CRZ), and the DND yield. The value of the 
parameters is influenced not only by the skill of the 
performers, but also by the availability of hardware 
capabilities. 

However, all of the above is not a hindrance to 
predictive and evaluative determination with all the 
above optimized parameters to determine the 
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feasibility of working with a particular explosive, 
which was undertaken in this paper. 

The paper aims to study the inter-relationship 
between the main characteristics of carbon-containing 
high explosives (oxygen balance, detonation velocity 
D, pressure P in the Chapman-Jouguet plane, 
residence time τ, and CRZ length L and their 
influence on the DND yield. 

 
2. Materials and Methods 

 

To carry out the charge explosion we used  
a steel explosion chamber "Alpha-2M" (Russia) with 
a capacity of 2.14 m3. The explosion of charges was 
carried out in a water shell, the mass ratio of 
explosives: water – 1 : 10. The explosion medium 
was gaseous products of previous explosions. The mass 
of each charge was 0.5 kg, five charges were 
detonated in each experiment, the charges were made 
of pentaerythritetetranitrate, 2,4,6-trinitrotoluene, 
cyclotrimethylenetrinitramine, 2,4,6-trinitrophenol, 
2,4,6-trinitro-N-methyl-N-nitroaniline and their 
mixtures in different ratios. The charges were 
manufactured and detonated by the same operator. 
The diamond blend resulting from the explosion was 
dried, then treated with dilute (Russian Standard 
4461-77) nitric acid of concentration 40–50 % at 
temperature 220–230 °C and pressure 80–100 atm at 
the pilot plant. Further, the separated nanodiamonds 
were washed with distilled water in a cascade of 
countercurrent glass columns. Once the pH of the 
aqueous medium reached 6–7, the purified 
nanodiamonds were dried at a temperature of  
115–120 °C, the temperature in the drying chamber 
was maintained by supplying superheated water vapor.

 

3. Results and Discussion 
 

3.1. Interdependencies of characteristics 
 

Since any use of explosives is a dangerous 
process and not all potentially suitable substances for 
producing DND are readily available, it is expedient 
to theoretically determine the possibility of using a 
particular explosive to produce DND. At present, 
only two methods of producing DND are known – 
from a mixture of TNT and hexogen and from tetryl, 
but due to the rising cost of raw materials of 
explosives and their scarcity, it has become necessary 
to search for new, more affordable types of 
explosives [18]. The best-known characteristics of 
explosives are detonation velocity and oxygen 
balance. In [17], it was found that for some aromatic 
polynitro compounds of explosives, the optimal 
oxygen balance for producing DND with an 
acceptable yield ≥ 5 % of the mass of explosives was 
–35÷–60 %. These data, with a significant degree of 
probability, can be used by relating this value to the 
velocity of detonation of explosives, since [19] 
showed the dependence of the DND yield on the 
detonation velocity of a number of aromatic polynitro 
compounds (mainly mixtures of TNT and hexogen) 
with an optimum of 7250–8000 m⋅s–1 (DND yield 
≥ 5 % of the mass of explosives). 

The explosion parameters and the achieved yield 
from a range of explosives are shown in Table 1. 

However, tabular material is difficult to perceive 
without graphical representation. In Fig. 1, in the 
coordinates of detonation velocity to OB, the region 
bounded by oxygen balance –35÷–60 % and optimum 
D = 7250–8000 m⋅s–1 is highlighted. 

 
Table 1. Detonation velocity, oxygen balance and DND yield depending  

on the type of explosives [3, 7, 17, 18] 
 

No. Explosives D, m⋅s–1 Oxygen balance, % DND yield, % 

1 2 3 4 5 
1 Aminotrinitrobenzene (trinitroaniline) 8100 –56.16  
2 BTF 8610 –38.08 1.88 
3 Hexogen 8383 –21.6 ~1.0 

8850 
4 Hexanitrodiphenyl 7100 –52.8  
5 Hexyl 7145 –52.8  
6 1,3-diamino-2,4,6-trinitrobenzene 7450 –55.97  
7 Octogen 9124 –21.6 ~1.0 
8 TEN 8142 –10.1 0.15 

8277 
8590 

9 Tetranitroaniline 7630 –32.2  
10 Tetranitrobenzene 8000 –31  
11 Tetryl 7573 –47.4 7.6 
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Continuation of the Table 1 
 

1 2 3 4 5 
12 TATB 7606 –55.8 4.1 

7970 
13 Trinitroanisole 7640 –62.5  
14 Trinitrobenzene 7350 –56.3  
15 Trinitrophenol (picricacid) 7350 –45.4 ~1.5 
16 TNT 7000 –73.9 ~1.0 
17 EDNA 7570 –32  

7750 
18 TH 70/30 7420 –58.3 4.7 
19 TH 60/40 7510 –53 8.5 
20 TH 50/50 7670 –47.8 6.0 
21 TH 40/60 7850 –42.6 5.8 
22 TH 36/64 (pres.) 8000 –40.5 5.4 
23 TH 30/70 8052 –37.3 4.4 
24 GNAB 7311 –49.6 6.63 
25 Z-TACOT 7250 –74.2 3.34 
BTF: Benzotrifuroxane; 
Hexogen: cyclotrimethylenetrithramine; 
Hexyl: hexanitrodiphenylamine, dipicrylamine; 
Octogen: cyclotetramethylenetetranitramine, 1,3,5,7-tetranitro-1,3,5,7-tetrazacyclooctane; 
TEN: pentaerythritetetranitrate, pentrithritol; 
Tetryl: 2,4,6-trinitro-N-methyl-N-nitroaniline, methylpicrylnitramine, N-methyl-2,4,6-trinitrophenylnitramine; 
TATB: 1,3,5-triamino-2,4,6-trinitrobenzene 
EDNA: ethylene-N,N′-dinitramine, ethylenedinitramine, gallium; 
GNAB: bis-(2,4,6-trinitrophenyl)-diazine; 
Z-TACOT: 2,4,8,10-tetranitro-5H-benzotriazolo-[2,1-a]-benzotriazol-6-um; 
TH: alloys or mixtures of TNT and hexogen. 

 
 

 
 

Fig. 1. Detonation velocity D and OB of explosives optimal for producing DND  
with yield ≥ 5 % of the mass of explosives 

O
B

, %

D, m⋅s–1 
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All explosives inside this region (as well as 
those lying immediately beyond it) are likely to 
provide an acceptable yield of DND (≥ 5 wt. %). 
These new initial explosives can include: hexyl 
(hexanitrodiphenylamine), hexanitrodiphenyl, 
tetranitroaniline, tetranitrobenzene, trinitroaniline, 
trinitroanisole, 1,3-diamino-2,4,6-trinitrobenzene, 
trinitrobenzene and their mixtures, i.e. 
polynitroaromatic compounds. The dependences 
obtained below with a high degree of probability can 
be extended only to powerful polyaromatic 
explosives. In addition, the value of DND yield 
obtained under different conditions for one and the 
same type of explosives can significantly differ from 
each other for different researchers. 

In Fig. 1, the ellipse highlights the region with 
explosives that can theoretically provide an 
acceptable yield of DND (~5  wt. %). 

It is equally important to trace the dependences 
of the DND yield on the other explosion parameters 
listed in Table 2. 

Table 2 shows experimental and literature data 
reflecting the main parameters of the detonation 
process. Table 2 shows how much the specific 
explosive power differs – up to ~6 times, in contrast 
to the thermal effect – the maximum difference is 
only 1.35 times [17]. Part of the heat of explosion 
was calculated by additivity (by the proportional 
contribution of individual explosives constituting the 
mixture). It was preliminarily established by well-
known thermal effects of mixed explosives that this 
technique gives an error of 1.4–1.8 %, which is 
insignificant. 

 
Table 2. Explosion parameters and the DND yield depending on the type of explosives [7, 17, 19, 20] 

 

No. Explosive 

Specific 
charge 

density ρ, 
g⋅cm–3 

Heat  
of explosion 
Q, kJ⋅kg–1 

Specific 
power W,

kJ⋅(kg·µs)–1

Detonation 
velocity D, 

m⋅s–1 

Pressure in 
flat.  

of Chapman-
Jouget P, GPa

Chemical 
reaction  

time τ, µs 

Length  
of the 

chemical 
reaction zone 

L, mm 

DND  
yield Y, 
 wt. % 

1 TNT pres. 1.61 4190 22053 6611 17.1 (7) 0.19 1.25 0.6–2.1 
1.4 (1) 

2 TH 80/20 
molded 

1.64 4440 34154-
55500 (8) 

7200 21.5 0.13 (6) 0.65 (8) 7.88 

3 TH 70/30 1.64 4565 57063 7420 21.4 0.08 0.44 7.61 (1) 
4 TH 60/40 

molded 1 
1.67 4690 33500 7510 24.4 0.14 0.72 5.46 (1) 

5 TH 60/40 
molded 2 

1.64 4690 39083 7500 22.2 0.12 (6) 0.4 7.92 (1) 

6 TH 50/50 1.68 4815 37003 7670 25.9 0.13 0.64 6.07 (1) 
7 TH 40/60 

pres. 
1.61 4940 44909 7850 22.8 0.11 0.50 7.15 (1) 

8 TH 30/70 
pres. 

1.60 5065 42208 8052 27.6 0.12 0.5 (3) 5.0 (1) 

9 Z-ТАCОТ 1.85 4103 32564 7250 26.3 0.126 (6) 0.57 (3) – 
0.60 (6) 

3.44 (2) – 
6.61 (1) 

10 Z-
ТАCОТ/Octo

gen80/20 

1.58 4388 27425 8040 22.2 0.16 0.71 (1) 6.38 (1) 

11 Hexogen 1.78 5440 77714 8670 34.5 0.07 0.36 1.1 
12 TH 36/64 1.73 4990 49900 7920 28 0.10 0.60 6.38 (1) 
13 TEN 1.76 6318 78975 8260 30.8 0.08 0.42 0.15 
14 TATB 1.88 3473 14475 7350 29.7 0.24 1.18 1.9 (1) – 

4.43 (2) 
15 TATB/Octog

en 70/30 
1.85 3536 25257 8129 (5) 23.8 (4) 0.14 (9) 0.71 (1) 5.3 

16 Octogen 1.91 5526 138150 8920 34.4 (6) 0.04 0.25  
17 Octogen/ТН

Т 90/10 
 5392 77028 8790 33.4 (6) 0.07 0.37  

18 ТNТ 1.73 4609 46090 7500 26.7 0.10 0.33 7.6 
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Bold indicate calculated data obtained using 
formulas (1) – (9), the number of the formula used for 
calculation is indicated in parentheses. 

Table 2 presents the data of DND yield and such 
difficult-to-determine explosion parameters as the 
length of the chemical reaction zone (from the 
detonation wave front to the Chapman-Jouguet plane) 
and its time. By determining the time of the chemical 
reaction or the length of the chemical reaction zone, it 
is possible to predict the DND yield. 

We are just discussing the DND yield here, and 
as previously stated, the found dependences of DND 
yield on different explosion parameters are only 
applicable to polynitroaromatic compounds and their 
combinations; they are not applicable for calculations 
for nitroolefins and nitroheterocycles. There is a 
correlation between the other characteristics of 
different explosives. For example, octogen is an 
analog of hexogen, and subsequently after detonation 
of octogen the DND yield of more than 1 % follows 
(exp. 16). Addition of 10 wt. % to TNT octogen 
cannot practically affect the DND yield (exp. 17). 

In [19], it was postulated that in the process of 
DND synthesis, the chemical reaction time equal to 
the time of matter passage from the detonation wave 
front to the Chapman-Jouguet plane (i.e., from the 
beginning to the end of the chemical reaction zone) 
can be taken as the unit of time of energy release in 
an explosion. This time is tenths and hundredths of a 
microsecond. For many practical calculations, the

exact time of existence of the CRZ is of critical 
importance, since it allows us to establish the real 
explosive power, which differs greatly for different 
types of explosives or their mixtures and affects the 
DND yield under other equal conditions. Therefore, it 
was proposed to determine the explosive power as the 
ratio of the heat of explosion of a unit mass to a unit 
time, i.e. 

τ
=

m

Q
W , 

where W is the power of explosives, kJ⋅(kg·µs)–1;  
Q is the heat of explosion, kJ⋅kg–1; m is the mass of 
explosives, kg or g-mol; τ is the time of energy 
release from the detonation wave front to the 
Chapman-Jouguet plane, μs. The heat of explosion of 
individual types of explosives and their mixtures has 
been determined many times and depends slightly on 
the methodology of determination and specific 
performers [18]; the time of existence of CRZ is quite 
accurately determined in [20, 21]. However, the DND 
yield strongly depends on the conditions of the 
detonation synthesis process. 

Table 2 also shows the specific power of 
explosives, then the graphical dependencies of the 
DND yield on various explosion parameters and their 
dependencies on each other, as well as the 
mathematical dependencies (formulas) describing the 
graphical material are presented.  

 
 

 
 

Fig. 2. Dependence of the DND yield on the length of the chemical reaction zone 
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The equation (Fig. 2) of the best linear 
approximation (without taking into account the points 
of the corresponding heating elements and hexogen) 
of the dependence DND yield, wt. %. (Y) from the 
length of chemical reaction zone, mm (L) 

 
 

Y = –7.7L + 11.                            (1) 
 

The equation (Fig. 3) of the best approximation 
by a parabola (excluding the points of the 
corresponding TEN, hexogen, TNT pres. and TATB) 

of the dependence of yield of DND, wt. % (Y) on the 
chemical reaction time, µs ሺτሻ: 

 
Y = 1.97(τ – 0,15)0.5 + 4.25.               (2) 

 
But the length of the CRZ of the recommended 

explosives can be determined very accurately by the 
dependence of the CRZ length on the pressure in the 
Chapman-Jouguet plane (a parameter that is known 
for many explosives). 

 

 
Fig. 3. Dependence of the DND yield on chemical reaction time 

 

 
 

Fig. 4. Dependence of the CRZ length on pressure in the Chapman-Jouguet plane 
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The equation (Fig. 5) of the best approximation 
by hyperbola (excluding the points of the 
corresponding TH 70/30, TH 60/40 molded 2 and 
TATB) of the dependence CRZ length, mm (L) on  
P in the Chapman-Jouguet plane, GPa, (P): 

 

L = – 5.84 + 770/(P + 93.8).               (3) 
 

The equation (Fig. 5) of the best approximation 
by hyperbola (excluding the points corresponding TH 
70/30, TH 60/40 molded 2 and TATB) of the 
dependence of P in the Chapman-Jouguet plane, GPa, 
(P) on the CRZ length, mm (L): 

 

P = – 93.8 + 770/(L + 5.84).              (4) 
 

It is more straightforward to determine the CRZ 
length from widely known values of the detonation 
velocity, which is first determined by the explosion 
parameters for new explosives and their mixtures 
according to Fig. 5. This dependence is expressed 
very clearly. The dropout of the TH 36/64 
composition from the series, with high probability, 
indicates an incorrect determination: either of the 
detonation velocity, or of the CRZ length, or of the 
anomalously high (low) value of the specific density 
of the compacted charge. 

The equation of the best approximation by a 
parabola (excluding the points corresponding to TH 
60/40 molded 2, TH 70/30 and TATB) of the 
dependence of the detonation velocity, m/s (D) on the 
CRZ length, mm (L): 

 
D = 1000L2 – 2500L + 9400.               (5) 

 

The dependence of the chemical reaction time on 
the detonation velocity is also informative (Fig. 6). 
There is also a well-defined dependence here, which 
makes it easy (from the detonation velocity) to 
determine the time of the LCR. The dropout of TATB 
and TEN from this series may indicate "over 
compressed" detonation at too high a charge density. 

The equation of the best approximation by 
hyperbola (excluding the points of the corresponding 
TH 70/30, TNT pres. and TATB) of the dependence 
of chemical reaction time, µs  ሺτ) ondetonation 
velocity, m⋅s–1 (D) will be 

 

τ = 0.075 + 84/(D – 5600).              (6) 
 

The equation (Fig. 7) of the best linear 
approximation (excluding the points of the 
corresponding TATB, TH 70/30 pres., TH 40/60 
pres.) of the dependence of pressure in the Chapman-
Jouguet plane, GPa, (P) on detonation velocity, m⋅s–1 
(D) will be 

 

P = 0.0075D – 32.5.                 (7) 
The equation of the best linear approximation 

(ignoring the point corresponding TNT pres.) of the 
dependence of CRZ length, mm ሺL) on chemical 
reaction time, µs ሺτ) will be 

 

L = 5τ.                                 (8) 
 

The equation of the best linear approximation 
(excluding the point of the corresponding TNT pres.) 
of the dependence of chemical reaction time, µs ሺτ) 
on CRZ length, mm (L) will be 

 

τ = 0.2L.                             (9) 
 

 
 

Fig. 5. Dependence of the CRZ length on the detonation velocity 
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Fig. 6. Dependence of chemical reaction time on detonation velocity 
 

 
 

Fig. 7. Dependence of the pressure in the Chapman-Jouguet plane on the detonation velocity 
 

The chemical reaction time, which is natural, 
correlates reasonably well with the CRZ length  
(Fig. 8), making it easy to determine one quantity by 
knowing the other. 

Table 3 summarizes the calculated data based on 
the obtained dependencies for all eight recommended 
polynitroaromatic compounds: hexyl 
(hexanitrodiphenylamine), hexanitrodiphenyl, 

tetranitroaniline, tetranitrobenzene, trinitroaniline, 
trinitroanisole, 1,3-diamino-2,4,6-trinitrobenzene, and 
trinitrobenzene. 

The expected DND yield, specific power of 
explosives, pressure in the Chapman-Jouguet plane, 
time, and CRZ length (width) were all calculated 
based on the known value, or detonation velocity. 

TNT molded

TNT pres.

TH 70/30

TH 60/40 molded 1

TH 50/50
TH 40/60 pres.

TH 30/70 pres.

Hexogen

TH 36/64

TEN

TATB

Octogen

Octogen/TNT 90/10

Tetryl

6000

6500

7000

7500

8000

8500

9000

9500

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

D
et

on
at

io
n 

Ve
lo

ci
ty

, m
/s

Chemical reaction time, μs

TNT molded

TH 70/30 pres.

TH 60/40 molded

Octogen

TH 50/50

TH 40/60 pres.

TH 30/70 pres.

Z‐TACOT

Hexogen

TH 36/64
TEN

TATB

Tetryl

15

20

25

30

35

6500 7000 7500 8000 8500 9000 9500

P
re

ss
ur

e 
in

 th
e 

C
ha

pm
an

-J
ou

gu
et

 p
la

ne
, G

P
a

Detonation Velocity, m/s 



 

Dolmatov V.Yu., Rudenko D.V., Eidelman E.D., Blinova M.A. 

 

Journal of Advanced Materials and Technologies. Vol. 9, No. 4. 2024

253

 
 

Fig. 8. Dependence of chemical reaction time on the CRZ length  
 

Table 3. Explosion and DND yield parameters for polynitroaromatic compounds 
 

No. Explosive 

Specific 
charge 

density ρ, 
g⋅cm–3 

Heat of 
explosion 
Q, kJ⋅kg–1 

Specific 
power W, 

kJ⋅(kg·µs)–1

Detonation 
velocity D, 

m⋅s–1 

Pressure 
in flat. of 
Chapman-
Jouget P, 

GPa 

Chemical 
reaction 

time τ, µs 

Length of the 
chemical 

reaction zone 
L, mm 

Yield 
of DND 
Y, wt. %

Oxygen 
balance, 

% 

1 Trinitroaniline 1.762 4148 37709 8100 
(ρ = 1.75) 

28.3 
(7) 

0.11 
(6) 

0.47 
(3) 

7.4 
(1) 

–56.16 

2 Hexanitrodiphenyl 1.61   7100 
(ρ = 1.6) 

20.8 
(7) 

0.13 
(6) 

0.88 
(3) 

4.2 
(1) 

–52.8 

3 Hexyl 1.653 4220 32462 7145 
(ρ = 1.6) 

21.1 
(7) 

0.13 
(6) 

0.86 
(3) 

4.4 
(1) 

–52.8 

4 1,3-diamino-2,4,6-
trinitrobenzene 

1.8 4278 35650 7450 
(ρ = 1.79) 

23.4 
(7) 

0.12 
(6) 

0.73 
(3) 

5.4 
(1) 

–56.0 

5 Tetranitroaniline 1.867 4261 35508 7630 
(ρ = 1.6) 

24.7 
(7) 

0.12 
(6) 

0.66 
(3) 

5.9 
(1) 

–32.2 

6 Tetranitrobenzene 1.82   8000 
(ρ = 1.82) 

27.5 
(7) 

0.11 
(6) 

0.51 
(3) 

7.1 
(1) 

–31.0 

7 Trinitroanisole 1.61   7640 
(ρ = 1.6) 

24.8 
(7) 

0.12 
(6) 

0.65 
(3) 

6.6 
(1) 

–62.6 

8 Trinitrobenzene 1.688 4600 38333 7300 
(ρ = 1.65) 

22.3 
(7) 

0.12 
(6) 

0.79 
(3) 

4.9 
(1) 

–56.3 

 
In [22] it was shown that the calculation of the 

value of heat of combustion (HC) (low calorific value 
Qlow, considering heat losses with water vapor) of 
elements, organic and inorganic substances with 
negative oxygen balance, including explosive, is 
carried out by a simple formula: 

Qlow = 0.1387 (OB). 
 

From here, knowing the gross formula of the 
substance, it is easy to calculate the heat of 
combustion. 

The calculation of OB is based on the 
assumption that the combustibles in a substance 
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molecule (carbon and hydrogen) are oxidized during 
combustion or explosion by an oxidizer (oxygen in 
the molecule) to higher oxides – carbon to CO2, and 
hydrogen to H2O. In reality, some carbon is oxidized 
to carbon monoxide (CO), with less energy released. 
In addition, experimentally determined Qlow is not a 
constant, the accuracy of its determination is 
influenced by the method of determination, the 
peculiarities of the apparatus and the qualification of 
the experimenter, sometimes Qlow differs from each 
other (in different reference books) significantly. 
Considering the “ideality” of the Qlow calculation, it 
should be expected that the calculation and Qlow, as a 
rule, should give a higher value than the 
experimentally determined TC. It is to be expected 
that the smaller the difference between the calculated 
Qlow value (by OB) and the experimentally 
determined one, the more accurate the experimental 
data will be. 

It is clear that at explosion due to 
incompleteness of redox reactions the heat of 
explosion (Qexp) will be less than Qlow. Calculated 
and experimental data of explosions given in Table 3 
[22] show that on average Qexp Less, for 
dinitroaromatic compounds – by 5 times; for 
trinitroaromatic compounds – by 1.7 times.  
For tetranitroaromatic compounds by a factor of 1.05. 

Thus, proceeding from the gross formula of 
explosive it is possible to determine with satisfactory 
accuracy Qlow, further – Qexp (multiply reducing 
Qlow). Knowing the time of the CRZ existence, by the 
formula denoted earlier: τ= mQW , we determine W. 
Then by the formula  

 

Y = 0.36⋅10–3W 2 + + 3.24⋅10–4W – 1.31 
 

– we determine the DND yield. 
 

3.2. On deviations from approximation ratios 
 and curves 

 

Consider the deviations from the approximation 
relationships and curves for Z-TACOT/octogen 80/20 
explosives (No. 10 in Table 2). The only known value 
that is included in the formulas and graphs, and even 
then without indication of the measurement error, is 
the DND yield, Y = 6.28  wt. %. 

From the band of acceptable values, it can be 
found that the corresponding CRZ length, L, lies in 
the range from 0.4 to 1.0 mm (Fig. 2).  
This corresponds well to the value L = 0.8 mm found 
by the approximation relation (1) Y = – 7.7 L + 11, 
with a correlation of at least 50 %. 

By the band of acceptable values, it can be found 
that the corresponding chemical reaction time lies in 
the range from 0.12 to 0.16 μs (Fig. 3).  
This corresponds well to the value of τ = 0.16 μs 
found by the approximation relation (2) Y = 1.97 (τ – 
– 0.15)0.5 + 4.25, with a correlation of at least 75 %. 

From the band of valid values for the calculated 
value of L = 0.8 mm, it can be found that the 
corresponding Chapman-Jouguet plane pressure P 
lies in the range of 22 to 26 GPa (Fig. 4). This 
corresponds well to the value P = – 93.8 + 
+ 770 / (L + 5.84) found by the approximation 
relation (4) to be P = 22.2 GPa, with a correlation of 
at least 84 %. Note that for the values of L 
corresponding to the edges of its band of acceptable 
values from 0.4 to 1.0 mm the value of P lies in the 
range from 31 to 21 GPa, giving a correlation of 
about 50 %. 

From the band of acceptable values for the 
calculated value of L = 0.8 mm, it can be found that 
the corresponding detonation velocity D, lies in the 
range of 7400 to 8000 m⋅s–1 (Fig. 5). This 
corresponds to the value D = 8040 m⋅s–1 found by the 
approximation relation (5) D = 1000 L2 – 
– 2500 L + 9400, with a correlation of at least 90 %. 
Note that for the values of L corresponding to the 
edges of its band of admissible values from 0.4 to  
1.0 mm the value of D lies in the range from 8700 to 
6800 m⋅s–1, giving a correlation of about 85 %. 

From the band of acceptable values for the 
calculated value of τ = 0.16 µs, it can be found that 
the corresponding detonation velocity D, lies in the 
range of 6800 to 7200 m⋅s–1 (Fig. 6). This corresponds 
to the value D = 8040 m⋅s–1 found by the approximation 
relation (6) τ = 0.075 + 84 / (D – 5600), with  
a correlation of at least 85 %. Note that for values  
of τ corresponding to the edges of its bandwidth of 
0.12 to 0.16 µs the value of D lies between 7200 and 
7800 m⋅s–1, giving a correlation of about 85 %. 

Calculating the correlation in Fig. 7 for P from 
D and the correlation in Fig. 8 for L from τ requires 
determining the band of acceptable values of the first 
parameter from the band of acceptable values of the 
second. Such calculations will contain a significant 
error. 

 
4. Conclusion 

 

Using widely known data on explosives 
(detonation velocity, oxygen balance), a predictive 
evaluation of the applicability of explosives for DND 
production was carried out, and using the found 
complex of dependencies, it became possible to 
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determine various characteristics of explosives, 
including the DND yield, knowing at least one of the 
characteristics. 

Thus, by the formula Y = – 7.7L + 11, where  
Y is the DNDyield and L is the CRZ length (mm), we 
determine the nanodiamond yield. 

Using the formula Y = 1.97ሺτ – 0.15)0.5 + 4.25, 
where τ is  the  chemical reaction time (µs), we also 
determine the nanodiamond yield. 

The CRZ length (mm) is related to the pressure 
in the Chapman-Jouguet plane (P, GPa), by the 
following dependence L = –5.84 + 770/(P + 93.8). 

The pressure in the Chapman-Jouguet plane is 
related to the CRZ length by the formula  
P = –93.8 + 770/(L + 5.84). 

The detonation velocity (m⋅s–1) correlates with 
the length of the chemical reaction zone by the 
equation D = 1000 L2 – 2500L + 9400. 

The chemical reaction time is related to the 
detonation velocity τ = 0.075 + 84/(D – 5600). 

The pressure in the Chapman-Jouguet plane is 
related to the detonation velocity by the equation 
P = 0.0075D – 32.5. 

The CRZ length correlates with the chemical 
reaction time by the formula L = 5τ, and the chemical 
reaction time from the CRZ length, respectively, as 
τ = 0.2L. 
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Abstract: Improving physical and mechanical properties of austenitic stainless steels (ASS) by methods of surface severe 
plastic deformation (SSPD) is one of the key problematic topics in the field of surface engineering and nanocrystal 
materials. The complex nature of the structural states evolution under the conditions of SSPD restricts the possibilities of a 
specified nanostructuring of the type 18-10 ASS in a wide range of deformation impacts. The article presents the results of 
XRD and TEM analysis of AISI 321 near-surface layer after ultrasonic nanocrystal surface modification (UNSM) with 
different processing densities. The work used methods of X-ray diffraction analysis (XRD) and transmission electron 
microscopy (TEM) tested for examination of the structural and phase composition of the type 18-10 ASS subjected to 
UNSM. XRD and TEM indicate a two-phase )( γ+α′  composition of the near-surface layer of AISI 321 steel processed by 
UNSM. The XRD technique has established the functional dependencies of the martensite volume fraction from  
1) the processing density and 2) the strain energy density, the approximation of which by linear regression equations is 
performed with reliability R2 = 0.984. According to TEM data, the structure of the near-surface layer of AISI 321 stainless 
steel subjected to UNSM with the maximum processing density used (N = 9367 mm–2) is represented by a significant 
amount of martensite in the form of lamellae with the width of less than 100 nm and a high dislocation density. The results 
of this work can be used to develop and optimize the UNSM processing modes of the 18-10 ASS produced by subtractive, 
additive and hybrid additive-subtractive manufacturing technologies. 
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модифицированию с различной плотностью обработки 
 

© Д. А. Полонянкинa , А. А. Федоровa, Т. М. Гомонюкa,b 

 
a Омский государственный технический университет, 
пр. Мира, 11, Омск, 644050, Российская Федерация, 

b ЗАО «Электон», кв-л 17, 150, Радужный, 600910, Российская Федерация 
 

   dapolonyankin@omgtu.tech 
 

Аннотация: Повышение физико-механических свойств аустенитных нержавеющих сталей (АНС) методами 
интенсивного поверхностного пластического деформирования (ИППД) является одной из ключевых проблемных 
тематик в области инженерии поверхности и нанокристаллических материалов. Комплексный характер эволюции 
структурных состояний в условиях ИППД ограничивает возможности регламентированного наноструктурирования 
приповерхностного слоя АНС типа 18-10 в широком диапазоне деформационных воздействий. Представлены 
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результаты рентгенофазового анализа (РФА) и просвечивающей электронной микроскопии (ПЭМ) 
приповерхностного слоя стали 12Х18Н10Т после ультразвукового нанокристаллического поверхностного 
модифицирования (УНПМ) с различной плотностью обработки. РФА и ПЭМ свидетельствуют о двухфазном 

)( γ+α′  составе стали 12Х18Н10Т, подвергнутой УНПМ. Методом РФА установлены функциональные 
зависимости объемной доли мартенситной фазы: 1) от плотности обработки; 2) энергии деформации, 
аппроксимация которых уравнениями линейной регрессии выполняется с достоверностью R2 = 0,984. По данным 
ПЭМ, структура приповерхностного слоя стали 12Х18Н10Т, подвергнутой УНПМ с максимальной используемой 
плотностью обработки (N = 9367 мм–2), представлена значительным количеством мартенсита в форме ламелей 
шириной менее 100 нм и высокой плотностью дислокаций. Результаты данной работы могут использоваться для 
разработки и оптимизации технологических режимов УНПМ АНС типа 18-10, полученных субтрактивными, 
аддитивными и гибридными аддитивно-субтрактивными технологиями производства. 
 
Ключевые слова: ультразвуковое нанокристаллическое поверхностное модифицирование; нержавеющая сталь 
12Х18Н10Т; плотность обработки; плотность энергии деформации; фазовый состав; аустенит; мартенсит 
деформации; объемная доля фаз; ламельная наноструктура. 
 
Для цитирования: Polonyankin DA, Fedorov AA, Gomonyuk TM. Phase composition of stainless steel subjected to 
ultrasonic nanocrystal surface modification with different processing density. Journal of Advanced Materials and 
Technologies. 2024;9(4):257-266. DOI: 10.17277/jamt.2024.04.pp.257-266 
 

1. Introduction 
 

Austenitic chromium-nickel steels belong to the 
most common type of austenitic stainless steels 
(ASS), the relative share of which in the world 
market exceeds 80 % [1]. Among austenitic stainless 
steels the most demanded are steels of type 18-10, 
alloyed with ~18 % chromium and 8 to 12 % nickel, 
the advantages of which are machinability and 
ductility, while the disadvantages are relatively low 
strength properties (hardness, yield strength, fatigue 
strength). Titanium-stabilized ASS of type 18-10 
(including AISI 321 steel) are used in the 
petrochemical industry [2, 3], in conventional [4] and 
alternative energy generation [2], as well as in the 
nuclear industry [5, 6] and biomedicine [7]. 

The use of 18-10 ASSs in subtractive 
manufacturing is combined with their utilization in 
additive printing technologies, which have become 
widespread in the aerospace industry as well as in 
mechanical engineering [8]. Modern arc [9] and beam 
[10, 11] 3D printing technologies provide the 
possibility of precision manufacturing of complex-
shaped products from AISI 321 steel in a wide range 
of standard sizes. Depending on the type of energy 
impact, the form factor of the source material and the 
method of its feeding during printing, it is possible to 
evolve inhomogeneous structure and high residual 
stresses, defects in the form of pores and 
microcracks, the formation of δ-ferrite [12], as well 
as large columnar grains [8], which cause anisotropy 
of ASS properties [13]. 

The main approach to eliminating the above-
mentioned disadvantages of additive as well as 
traditional subtractive ASS production is a 
scientifically based selection of optimal technological 

modes and post-processing operations [8, 13, 14], 
which ensure the formation of the required quality of 
the working surface, phase composition of the near-
surface layer and residual stresses acting in it [15].  
At the same time, due to the low carbon content, it is 
very difficult to increase the strength of 18-10 ASS 
by final heat treatment [8], in contrast to plastic 
deformation [5]. At present, the formation of  
a regulated structural-phase state and optimization of 
mechanical properties of ASS of type 18-10 is quite 
effectively realized by methods of surface severe 
plastic deformation (SSPD), including ultrasonic 
nanocrystal surface modification (UNSM). 

UNSM is one of the most popular methods of 
SSPD of metals and alloys (including ASS type  
18-10) and formation of gradient nanostructured 
near-surface layer in them, which corresponds to 
nanotechnologies realized according to the “top-down” 
approach [16, 17]. It is important to note that a direct 
analog of UNSM is the technology of ultrasonic 
impact treatment (UIT) [7, 18]. The range of 
processes involved in the UNSM includes:  
1) fragmentation of the initial grains with the 
formation of nanoscale structural elements,  
2) microdeformation of the lattice, 3) formation of 
defects of various types, 4) structural phase 
transformations [17], but is not limited to them. 
During the UNSM process, the processed material is 
subjected to deformation effects with a strain rate 
ranging from 0.5 to 106 s–1 [19], which contributes to 
the formation of residual compressive stresses [20]. 

One of the main variable parameters of UNSM 
modes is the number of tip strikes per unit area of the 
processed surface (N) [21], also referred to as “strike 
density” [18]. It is important to note that the UNSM 
strike density is inversely proportional to the speed at 



 

Polonyankin D.A., Fedorov A.A., Gomonyuk T.M. 

Journal of Advanced Materials and Technologies. Vol. 9, No. 4. 2024

259

which the tip moves over the surface [22] (“scanning 
speed” [19]). As reported in [21], the higher the 
surface density of UNSM, the greater the depth and 
degree of refinement of polycrystalline grains in the 
near-surface layer of steel, and the faster its transition 
to a nanostructured state. In addition, increasing the 
intensity of UNSM processing contributes to a rise in 
the volume fraction of deformation-induced 
martensite (DIM) in 18-10 ASS [23]. At the same 
time, UNSM performed with a strike density 
exceeding a certain critical value promotes the 
formation of surface defects in the form of fatigue 
cracks [24]. Thus, the establishment of optimal 
parameters of UNSM modes, including the surface 
density of processing of ASS type 18-10, is an 
important scientific and technological problem. 

As shown by the literature review, information 
on the structural phase composition of 18-10 ASS 
subjected to UNSM with different processing density 
and strain energy is extremely limited. Moreover, 
there are no relevant experimental studies available in 
the public domain for AISI 321 steel. This determines 
the relevance and practical significance of this work, 
the purpose of which is to determine the dependence 
of the phase composition (volume fraction of 
austenite and deformation-induced martensite) on the 
processing density and strain energy, as well as to 
analyze the peculiarities of the structure of the near 
surface layer of AISI 321 steel subjected to UNSM. 

 
2. Materials and Methods 

 

2.1. Materials and processing parameters 
 

To perform the experimental part of the work, a 
metal bar with a radius of 12.75 mm in delivery 
condition, made of stainless steel grade AISI 321 was 
used. The content of the main chemical elements in 
the steel was: 0.12 % C, 18.64 % Cr, 10.1 % Ni and 
0.54 % Ti. From the pre-turned bar (Ra ~ 2.2 µm) 
was cut a shaft with the length of 150 mm. Then the 
shaft was processed by ultrasonic nanocrystal surface 
modification in different modes (given in Table 1), 
namely, with different speed (υ, m⋅min–1) of 

relative movement of the cylindrical surface of the 
shaft and the tip made of alloy VK8. UNSM was 
carried out on the unit consisting of the technological 
module DTM-07, magnetostrictive transducer 
PMS15A-18 and a waveguide with a spherical shaped 
indenter (tip) of diameter d = 6 mm. During UNSM 
the following parameters of the processing mode 
were kept constant: 1) frequency of the ultrasonic 
generator (f = 18 kHz); 2) amplitude of the indenter 
oscillations (ξm = 0.05 mm); 3) force of pressing the 
ultrasonic tool to the processed surface (static load, 
Fst = 30 N); 4) longitudinal tool feed (s = 0.09 mm⋅rev–1). 

In the case of tip machining of a cylindrical 
surface (shaft), the speed of their relative 
displacement υ is determined through the radius 
([r] = m) and shaft rotation frequency ([n] = rev⋅s–1) 
by the formula υ = 2πr·n ([υ] = m·rev⋅s–1). Taking 
into account the frequency of ultrasonic vibrations of 
the tool (f, Hz), the radius and rotation frequency of 
the shaft, the strike density ([N] = m–2) during UNSM 
is calculated by the formula (1): 
 

( )snr

f

s

f
N

⋅π
=

υ
=

2

6060
,                        (1) 

 

where [s] = m⋅rev–1 is the longitudinal tool feed.  
In turn, the strain energy density (E) transferred 

to the near-surface layer during its processing by the 
indenter is estimated according to the formula (2)  
[19, 21, 25]: 

 

d

NF
E mst ξ
= ,                               (2) 

 

where [E] = J⋅m–3, [Fst] = N, [N] = m–2, [ξm] = m, 
[d] = m.  

It should be noted that, as a rule, the surface 
processing density is recalculated per square 
millimeter [21, 22], and the strain energy density is 
expressed in J⋅mm–3 [25]. 

For clarity, the designations of the specimens 
subjected to UNSM with different surface processing 
densities will be used hereafter as presented in Table 1. 

 
Table 1. UNSM modes, the relevant surface processing density and strain energy density 

 
Specimen n, rev⋅min–1 υ, m⋅min–1 N, mm–2 E, J⋅mm–3 

N1 16 1,28 9367 2,34 
N2 25 2,00 5995 1,50 
N3 45 3,60 3330 0,83 
N4 63 5,04 2379 0,59 
N5 100 8,00 1499 0,37 
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2.2. Characterization techniques 
 

XRD analysis of samples before and after 
UNSM with different processing densities was 
carried out using a Shimadzu Maxima XRD-7000 
diffractometer equipped with a copper cathode X-ray 
tube (λ = 0.15406 nm). Before XRD, which is 
universally used to identify the phase composition of 
18-10 ASS, the diffractometer was adjusted 
according to the internal standard technique using 
silicon powder. For comparative analytical study of 
the phase composition of the samples, the 
diffractograms were recorded in the standard  
θ-2θ mode using the following imaging parameters: 
voltage and current on the X-ray tube 50.0 kV and 
40.0 mA, respectively, width of the divergence and 
receiving slits 1.0 deg and 0.3 mm, respectively, 
range and scanning speed 2θ = (30÷100) deg and 
0.50 deg⋅min–1, respectively. The “Basic Process” 
operation of the software “XRD-6100/7000 Ver.7.00: 
main” was used to process all the obtained 
diffractograms, providing the possibility of profile 
smoothing, background subtraction, separation of 
Kα1- and Kα2-lines, as well as correction of 
systematic errors. The transcription reports of the raw 
diffractograms contain information on the integral 
intensity of the reflexes, their full width at half 
maximum, and the corresponding diffraction angles 
and interplanar spacing. The volume fractions of 
austenite and deformation-induced martensite in the 
near-surface layer of UNSM-treated samples were 
estimated by analogy with [26] using the formula: 
 

α′γ

γ
γ

+
=

II

I
V

4.1

4.1
,                            (3) 

 

where α′γ II , , γV  and )1( γα′ −= VV  are integral 

intensities of (111)γ and (110)α′ reflexes, as well as 
volume fractions of austenitic and martensitic phases, 
respectively. The strongest reflexes of austenitic 
(111) and martensitic (110) phases were additionally 
registered three times in the range of angles 
2θ = (40÷50)° with the following statistical 
processing of the obtained integral intensity values 
according to the method of indirect reproducible 
measurements. 

The structural features of the surface layer of 
AISI 321 steel after UNSM were studied by 
transmission electron microscopy (TEM) with an 
accelerating voltage of 120 kV on a Philips SM-12 
device. The preparation of the foil samples for the 
TEM study was carried out using the Quanta 200 3D 
complex according to the standard technique of 
obtaining cross-sectional (normal) profiles with a 

focused beam of gallium ions. The structural state of 
the N1 sample subjected to UNSM with the 
processing density N = 9367 mm–2 was studied by 
TEM. 

 
3. Results and Discussion 

 

Figure 1 demonstrates the diffractograms of 
AISI 321 stainless steel samples before and after 
UNSM with different processing densities. As Figure 
1 shows, the diffractogram of the untreated sample 
corresponds to the FCC lattice of iron: the maxima in 
the region of diffraction angles 43.6°, 50.7°, 74.5°, 
90.6° and 95.9° are formed by the lattice planes of the 
γ-phase of iron (austenite). The composition of the 
near-surface layer of all UNSM-treated samples is 
biphasic and, in addition to austenite, is represented 
by deformation-induced martensite with a BCC 
lattice, which is confirmed by the presence of reflexes 
in the diffractograms in the region of angles 44.5°, 
64.5°, 81.8° and 98.4° corresponding to the lattice 
planes of α′-phase iron (martensite) [26, 27]. 

As the UNSM processing density increases, the 
diffractograms of AISI 321 steel samples (Figure 1) 
in the range of angles 2θ = (40÷50)° show  
a multidirectional change in the intensity of reflexes 
formed by the lattice planes (111)γ and (110)α′, 
which correlates with the literature data, for example 
[28]. Figure 2 shows the corresponding dependences 
of the volume fraction of phases on the strain energy 
density (Fig. 2a) and surface processing density  
(Fig. 2b) of samples of AISI 321 steel by the UNSM 
method. The reliability of approximation by the linear 
regression equation is R2 = 0.984. 

Thus, UNSM ensures the formation of DIM in 
the near-surface layer of all samples of AISI 321 
steel. The martensite volume fraction is in direct 
dependence on the strain energy density, as well as 
on the surface processing density. To interpret the 
obtained functional dependences, let us turn to the 
physical basis of ultrasonic nanocrystal surface 
modification. During UNSM, the kinetic energy of 
the tool's mechanical vibrations performed with 
ultrasonic frequency is converted into the energy of 
the tip impact on the treated surface. Accumulation 
and dissipation of the kinetic energy transferred from 
the tip to the ASS near-surface layer is accompanied 
by the appearance of elastic and plastic deformations 
in it, as well as local adiabatic heating [19]. 

Meanwhile, the fraction of the initial mechanical 
energy that is not converted into heat and used for 
plastic deformation is stored inside the treated 
material and is called accumulated or latent 
energy [29], as well as strain energy [30]. 
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At the same time, Li et al. [22] and Wang et al. 
[23] report on the nonlinear nature of the relationship 
between the volume fraction of DIM and the surface 
processing density (impact intensity or number of 
passes) of 18-10 ASS by UIT, while the experimental 
data are not approximated by a functional 
dependencies. A monotonic growth in the 
deformation-induced martensite volume fraction from 
8.7 to 13.6 % and up to 17.2 % occurs with the 
increase in the surface processing density of UIT 
from 40000 to 57600 and then up to 75000 mm–2, 
which contributes to a significant enhancement in the 
wear resistance and hardness of coatings formed by 
gas arc cladding of stainless steel (~15.5 % chromium 
and ~8 % nickel) [22]. 

Ultrasonic impact treatment of steel grade 
08Cr18Ni10 at intensities of 3, 6 and 24 min⋅cm–2 
provides an increase in the volume fraction of the 
martensitic phase from 83 to 96 % and up to 100 %, 
respectively, which has a nonlinear character and is 
accompanied by grain refinement and mechanical 
twinning [23]. In addition, the use of alternative 
methods of surface severe plastic deformation with 
varying processing density (coverage extent) also 
leads to a nonlinear change in the volume fraction of 
the martensitic phase. For example, in AISI 301 steel 
with austenite microstructure (Vα′ < 3 % after 
annealing, in delivery condition) shot peened with 
coverage up to 200 and 400 % and initial bead 
velocities of 65 and 75 m⋅s–1, a nonlinear increase in 
the deformation-induced martensite volume fraction 
is observed, reaching ~30 % relative to the 
corresponding initial value [36]. 

Thus, the authors of the above-mentioned works 
have studied the effect of ultrasonic impact and shot 
peening on the phase composition of 18-10 ASS, in 
which the volume fractions of the martensitic phase 
after processing in most cases either do not belong to 
the range Vα′ > 0.3 [22, 36] or are close to the 
saturation limit (83 % < Vα′ → 100 %) [23].  
In other words, there is no possibility to verify the 
experimental relation Vα′ = f(N) obtained by means 
of a comparative analysis with the results of 
alternative studies. 

The results of TEM-analysis (Fig. 3) at the 
qualitative level confirm the data obtained by XRD 
method on the structural-phase composition of the 
near-surface layer of AISI 321 steel, subjected to 
UNSM. It is worth noting that in Fig. 3a in the lower 
left corner a thin layer of platinum formed on the 
surface of the specimen during its preparation is 
visualized. 

As the bright-field TEM image (Fig. 3a) and the 
corresponding microdiffraction (MD, Fig. 3b) pattern 
show, the structure of the near-surface layer of the 
specimen N1 after UNSM with a processing density 
of N = 9367 mm–2 is biphasic (α′ + γ) with  
a predominant content of DIM. Figure 3b is an 
alternation of rings corresponding to the martensitic 
phase, however, weak austenitic reflexes g = [200] γ 
are also present in the MD pattern. The TEM image 
(Fig. 3a) shows elongated martensitic lamellae with 
widths not exceeding 100 nm, oriented mainly 
parallel to the specimen surface, as well as  
a martensite dislocation structure with a high 
dislocation density of ~1015 m–2. 

 
 

 
 

                                               (a)                                                                                              (b) 
 

Fig. 3. Near-surface layer’s structure of AISI 321 stainless steel after UNSM with N = 9367 mm–2 processing density 
(specimen #1): (a) is TEM bright-field image of a cross-section parallel to the processing direction;  

(b) is the corresponding micro diffraction pattern with the reflections of α′- and γ-phases 
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Accordingly, as a result of SSPD by ultrasonic 
nanocrystal surface modification, a two-phase 
(α′ + γ) nanostructure is formed in the near-surface 
layer of AISI 321 steel. Thus, UNSM with the 
processing density N = 9367 mm–2 provides the 
formation in the surface layer of AISI 321 steel of a 
structural state characterized by a high content of 
deformation-induced martensite in the form of nano-
sized lamellae (strips) and a developed dislocation 
structure.  

 

4. Conclusion 
 

During the experimental study of the phase 
composition of the near-surface layer of AISI 321 
steel, a linear correlation between the volume fraction 
of martensite phase (Vα′), strain energy (E) and 
processing density (N) was established by the UNSM 
method. Approximation of the corresponding 
dependencies by first order regression equations 
f(Vα′) = 24.04E + 19.92 and f(Vα′) = 0.006N + 19.92 
in the range of Vα′  (30 ÷ 80) % values is performed 
with reliability R2 = 0.984. The interpretation of the 
obtained results is carried out using the concept of 
“percolation threshold”, as well as on the basis of 
phenomenological relationships between the yield 
stress and the strain energy, as well as with the 
volume fraction of the martensitic phase. 

The results of TEM analysis at the qualitative 
level confirm the data obtained by XRD on the two-
phase (α′ + γ) composition of AISI 321 steel subjected 
to ultrasonic nanocrystal surface modification. UNSM 
with processing density N = 9367 mm–2 provides 
structural transformation of the near-surface layer of 
AISI 321 steel containing a significant amount of 
deformation-induced martensite in the form of 
lamellae with width less than 100 nm and developed 
dislocation structure. 

The obtained results can be used for 
improvement of physical-mechanical and functional 
properties, as well as for optimization of 
technological and operational characteristics of 
products made of 18-10 ASS using traditional 
subtractive, additive and hybrid additive-subtractive 
production technologies. 
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Abstract: Multifunctional energetic materials (reactive materials) under normal conditions are inert mixtures, but under 
strong mechanical or thermal impact they are capable of intensive exothermic reactions. For the development of reactive 
materials and optimization of their composition it is necessary to take into account the sequences of chemical reactions. 
The features of combustion in powder reactive material based on tungsten, polytetrafluoroethylene and aluminum have 
been investigated. Since the metal components react with the decomposition products of polytetrafluoroethylene, this stage 
was studied in separate experiments on combustion of metals with CF4 tetrafluoromethane. The use of tetrafluoromethane 
instead of polytetrafluoroethylene made it possible to determine that in the Al–CF4 system the reaction starts at  
900–1000 °C, and in the W–Al system at 700 °C. Intensive evaporation of polytetrafluoroethylene in the W–PTFE–Al 
system prevents the reaction of tungsten with aluminum, which leads to ignition at 900–1000 °C. Combustion of  
two-component systems W–Al and Al–CF4 showed that the heat released during their interaction is insufficient for self-
sustaining synthesis. Combustion of W–Al samples in tetrafluoromethane environment is realized in self-sustained mode. 
The reaction of tungsten with aluminum gives the initial impulse, and the main heat source is the interaction of aluminum 
with tetrafluoromethane. 
 
Keywords: ignition; combustion; reactive materials; reaction mechanism; energy materials. 
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Аннотация: Многофункциональные энергетические материалы (реакционные материалы) при нормальных 
условиях являются инертными смесями, а при сильном механическом или тепловом воздействии способны  
к интенсивной экзотермической реакции. Для разработки реакционных материалов и оптимизации их состава 
необходимо учитывать последовательности химических реакций. Исследованы особенности горения  
в порошковом реакционном материале на основе вольфрама, политетрафторэтилена и алюминия. Поскольку 
металлические компоненты должны вступать в реакцию с продуктами разложения политетрафторэтилена, эта 
стадия выделена в отдельные эксперименты по горению металлов с тетрафторметаном CF4. Использование 
тетрафторметана вместо политетрафторэтилена позволило установить, что в системе Al–CF4 реакция начинается 
при 900…1000 °C, а в системе W–Al при 700 °C. Интенсивное испарение политетрафторэтилена в системе  
W–ПТФЭ–Al препятствует реагированию вольфрама с алюминием, что приводит к воспламенению при  
900…1000 °C. Горение двухкомпонентных систем W–Al и Al–CF4 показало, что выделяющееся при их 

Original papers 
Advanced structural materials, materials for extreme conditions 



 

Seropyan S.A., Saikov I.V., Saikova G.R., Petrov E.V. 

Journal of Advanced Materials and Technologies. Vol. 9, No. 4. 2024 

268

взаимодействии тепло недостаточно для самоподдерживающегося синтеза. Горение образцов W–Al в среде 
тетрафторметана реализуется в самоподдерживающемся режиме. Реакция вольфрама с алюминием дает 
начальный импульс, а основным источником тепла является взаимодействие алюминия с тетрафторметаном. 
 
Ключевые слова: воспламенение; горение; реакционные материалы; механизм реакции; энергетические 
материалы. 
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1. Introduction 
 

Multifunctional reaction materials (RM) under 
normal conditions are inert mixtures, but under strong 
mechanical or thermal impact they are capable of 
intense exothermic reaction [1]. There are three main 
types of RMs: thermite [2–4], intermetallic [5–7] and 
metal-polymer mixtures [8–12]. Metal-polymer RMs 
typically consist of polytetrafluoroethylene (PTFE) 
and one or more metals. This is a relatively new class 
of materials that differs from traditional energetic 
compositions (pyrotechnic compositions, rocket fuel, 
explosives) by high energy density and safety under 
normal conditions. High-velocity impact initiates an 
intense redox reaction (up to deflagration and 
explosion), releasing a large amount of thermal 
energy [13].  

PTFE, being a source of strong oxidizers 
(carbon, fluorine), enables oxidation of metals with a 
high thermal effect (about 8 MJ⋅kg–1 for the Al–PTFE 
system), which is significantly higher than that of 
TNT [14, 15]. In addition, PTFE is a technological 
additive – it improves the compactibility of powder 
compositions to a virtually pore-free state and acts as 
a protector from external influences (moisture, 
atmosphere). A metal-polymer mixture can combine 
sufficient strength, electrical and thermal 
conductivity of metal with high antifriction properties 
and chemical resistance of PTFE [16]. 

Despite its obvious advantages, Al–PTFE RM 
pressed from powders and sintered has low density 
and strength [17]. To improve the characteristics of 
RM, high-density additives in the form of tungsten, 
nickel, etc. powder are used [16, 18]. In [18], it was 
shown that with an increase in the content of tungsten 
or nickel in the Al–PTFE mixture, the strength and 
density of the composite increases, however, this 
leads to a decrease in the thermal effect of the 
reaction and sensitivity to impact initiation. 

In addition, an urgent task is to increase the 
completeness of the reaction: during combustion of 
RM based on PTFE and high-density additives  
(W, Hf), the products contain a significant amount of 
unreacted metal. 

A promising RM is a composition based on 
tungsten and PTFE. Calculations show that the 

optimal composition is a mixture with a tungsten 
content of 80 and 20 wt. % PTFE, which 
demonstrates a high combustion temperature 
(2115 °C) and a share of condensed products [19]. 
The main calculated products of this composition are 
condensed tungsten carbide W2C (53 wt. %) and 
graphite (3 wt. %), as well as gaseous tungsten 
fluorides WF6 (14 wt. %), WF5 (20 wt. %),  
WF4 (9 wt. %). However, experiments have shown 
that binary W-PTFE systems are difficult to initiate 
by shock-wave loading and activating additives are 
required to increase the reactivity. Such an additive 
can be aluminum powder, which allows increasing 
the reactivity of difficult-to-initiate RMs [20, 21]. 
The completeness of the reaction and the level of 
energy release of such multicomponent RMs are 
difficult to predict; they depend heavily, among other 
things, on the initiation method (heating, impact). 

Thus, to develop energy compositions and 
optimize their composition, it is necessary to take into 
account the sequences of chemical reactions. Since 
combustion is a chemical process, it is necessary to 
take into account the chain nature of PTFE 
combustion: thermal destruction occurs with a fast 
stage of chain decomposition of the polymer into 
monomer links [22]. Therefore, for further 
improvement of the compositions of new reaction 
mixtures, an integrated approach to solving the 
problem is required: the use of specific patterns of 
chain processes that contribute to an increase in the 
efficiency of additives. Since the metal components 
of the RM must react with the decomposition 
products of PTFE, this stage can be separated into 
separate experiments on the combustion of metals 
with the final product of PTFE decomposition - 
tetrafluoromethane CF4 (TFM). The aim of the paper 
is to study the features of combustion and the reaction 
mechanism in RM based on tungsten and PTFE. 

 
2. Materials and Methods 

 

As a result of the calculation in the ISMAN-
THERMO program [23], a powder mixture based on 
tungsten, PTFE, and aluminum with sufficient 
exothermic effect and forming solid end products 
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with high specific gravity was taken as an object of 
study (Table 1). The maximum adiabatic combustion 
temperature (Tad) of 2866 °C corresponds to the 
composition with 10 wt. % Al with a high proportion 
of condensed products.  

The initial components for RMs were tungsten 
powders PV-2 (particle size ≤ 50 μm), 
polytetrafluoroethylene Fluralite (≤ 5 μm) and 
aluminum ASD-1 (≤ 50 μm). Dry mixing of the 
powders was carried out in a “drunken barrel” mixer 
for 3 hours with a drum rotation speed of 30 rpm with 
a ball to powder mass ratio of 5 : 1. 

To measure the combustion rate, parallelepiped-
shaped samples with dimensions of 5×5×20 mm and 
a relative density of 0.7–0.8 were prepared using a 
manual hydraulic press (PGR-10, Lab Tools,  
St. Petersburg, Russia). Two blind holes with  
a diameter of 1 mm and a depth of 2 mm were drilled 
on the side surface of the samples for thermocouples 
(BP5/20 with a diameter of 100 μm), the distance 
between the holes was 14–15 mm (Fig. 1a).  
The samples were installed in a 20-liter reactor [24]. 

Air was pumped out of the reactor to a value of 2×104 Pa, 
and then either an inert gas (argon) or 
tetrafluoromethane (CF4) was pumped in. The sample 
was initiated from the side end with a graphite plate 
by passing an electric current (Fig. 1b). The distance 
from the initiation point to the first thermocouple was 
about 3–4 mm. Signals from thermocouples were 
recorded at a frequency of 250 Hz via a QMBox 
analog-to-digital converter (R-Technology, Moscow, 
Russia). The X-ray phase analysis (XPA) was 
performed using DRON-3M. Samples were scanned 
in the range from 20° to 80° (2Θ) with a step of 
0.02°. The quantitative analysis was performed using 
the corundum number method. 

The ignition temperature was measured using 
the method described in [25, 26] on samples with  
a diameter of 5 mm and a height of 1.5–2.0 mm.  
The samples were ignited in a reactor (Fig. 2).  
The samples were placed on a 50 μm thick VR5/20 
thermocouple in a boron nitride crucible and heated 
at a rate of 70–100 °C⋅s–1 using a graphite plate to 
achieve thermal explosion conditions. 

 
Table 1. Calculated adiabatic combustion temperature and fraction  

of condensed products of W-PTFE-Al 
 

Composition, wt. % Tаd, °C Condensed product, wt. % Gas product, wt. % 

76W-19PTFE-5Al 2776 
С – 1 

W2C – 77 

AlF3 – 16; C2F2 – 1 
CF2 – 1; WF4 – 3 

WF5 – 1 

72W-18PTFE-10Al 2866 
С – 2 

W2C – 74 
AlF – 7; AlF2 – 5 

AlF3 – 11 

64W-16PTFE-20Al 1710 W2C – 66 
Al4C3 – 4 

AlF – 29 

56W-14PTFE-30Al 1382 AlF – 23 W2C – 57 

 

 
(a) (b) 

 

Fig. 1. Combustion rate measurement: a) sample; b) combustion rate measurement scheme: 
 1 – graphite heater, 2 – sample, 3 – thermocouples BP5/20, 4 – refractory substrate 

3 4 

2
1  

2
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Fig. 2. Measurement of the ignition temperature:  
1 – graphite heater; 2 – thermocouple;  
3 – boron nitride crucible; 4 – sample 

 
3. Results and Discussion 

 

Under normal conditions, PTFE is inert because 
the chain of carbon atoms is surrounded by fluorine 
atoms, which block access to possible oxidants. 
However, when PTFE (–(CF2–CF2)n–) is heated, 
thermal degradation of the polymer occurs, which 
begins with free-radical initiation. This process is 
followed by a rapid stage of chain rupture into 
monomer units from the free-radical end of the 
polymer chain. Thus, the rupture of the polymer 
chain leads to the formation of a large number of 
different free radicals. The main one is (R–CF2) – 
difluorocarbene radical [22]. 

 

–(CF2–CF2)n– → nCF3–CF2•;                 (1) 
 

2CF2 = CF2 → C4F8 •• or cyclo-C4F8;          (2) 
 

CF2 = CF2 + CF2 •• → CF2 = CF–CF2•.        (3) 
 

The final product of PTFE decomposition is the 
monomer tetrafluoroethylene (TFE): 

 

–(CF2–CF2)n– → nCF2 = CF2.              (4) 
 

Since the system is constantly heated, TFE also 
undergoes decomposition. The final products of TFE 

decomposition are carbon and tetrafluoromethane 
CF4 [27]: 

CF2 = CF2 → C + CF4.                      (5) 
 

Thus, aluminum and tungsten react with the 
decomposition products of PTFE: 

 

4Al + 3CF4 → 4AlF3 + 3C.                  (6) 
 

W + C→ WC.                             (7) 
 

With excess W content: 
 

WC + W → W2C.                         (8) 
 

The results of calculating the adiabatic 
combustion temperature and the proportion of 
products formed when replacing PTFE with TFM 
showed that the W–CF4 composition behaves 
similarly to W-PTFE and demonstrates a relatively 
low combustion temperature (1464 °C) (Table 2). 
The main calculated products of this composition are 
condensed tungsten carbides, as well as gaseous 
tungsten fluorides (Table 2). The calculations showed 
that an increase in the aluminum content leads to a 
sharp decrease in the adiabatic combustion 
temperature (Fig. 3). 

Ignition in the W–CF4–Al-based system began 
with the melting of aluminum and its interaction with 
tungsten to a temperature of 1200–1300 °C, 
regardless of the aluminum content (Fig. 4a). Then, a 
drop in temperature to 1100–1150 °C was recorded. 
A further increase in temperature to 1200–1400 °C 
was associated with the combustion of aluminum 
with TFM. An increase in the aluminum content 
increased the rate and duration of the reaction. 
Ignition of the W-PTFE-Al system began at  
a temperature of 800–1000 °C, since at this 
temperature intense evaporation of PTFE and the 
formation of TFM, which interacted with aluminum, 
begin (Fig. 4b). 

 
Table 2. Calculated values of the adiabatic combustion temperature and the proportion  

of condensed products of the W–CF4–Al 
 

Composition, wt. % Tаd, °С Condensed product, wt. % Gas product, wt. % 

80W–20CF4–0Al 1464 WC – 32; W2C – 23 WF5 – 3; WF6 – 41 

76W–19CF4–5Al 2416 W2C – 67 AlF3 – 16; WF4 – 8WF5 – 7; WF6 – 1 

72W–18CF4–10Al 2777 W2C – 74 
AlF – 5; AlF2 – 5 

AlF3 – 16 

68W–17CF4–15Al 1777 W2C – 70 
AlF – 20; AlF2 – 2 

AlF3 – 8 

64W–16 CF4–20Al 1277 W2C – 66; Al – 4 AlF – 24; AlF3 – 5 
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Fig. 3. The adiabatic combustion temperature and the 
proportion of condensed products in the W–CF4–Al 

system depending on the aluminum content 
 

According to the thermograms of the studied 
mixtures, it is evident that when PTFE is replaced by 
TFM, the combustion intensity increases (Fig. 4a). 

This is manifested in an increase in the slopes and 
height of the peaks of the curves, as well as in  
a decrease in the ignition temperature. The lower 
intensity of ignition of the mixture with PTFE is 
associated with the process of polymer 
decomposition and the removal of decomposition 
products from the reaction zone. 

To confirm the above mechanisms and the role 
of TFM in increasing the ignition intensity, tungsten 
and aluminum were heated both together and 
separately (Fig. 5a). When tungsten was heated in 
TFM, ignition did not occur, and the temperature 
increased only due to continuous heating. When 
aluminum was heated in TFM, ignition began at  
a temperature of 900 °C and reached 1300 °C, and 
then the temperature dropped to 1100 °C with  
a subsequent increase to 1300 °C. The main ignition 
products in the Al–CF4 system were AlF3 and Al4C3 
(Fig. 5b). The Al–W and Al–W–CF4 systems ignited 
at 600–700 °C when heated. 

 

 

(а) (b) 
Fig. 4. Thermograms of ignition of system samples: a) W–CF4–Al, b) W–PTFE–Al 

 

(а) (b) 
Fig. 5. a) Thermograms of ignition of samples, b) XRD of combusted samples 
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The main product in the mixture without TFM 
was the intermetallic Al4W, and when TFM was 
used, tungsten carbides were formed (Fig. 5b).  
The conducted ignition experiments show that the 
intense evaporation of PTFE in the W–PTFE–Al 
system prevents the interaction of tungsten with 
aluminum. Thus, the interaction of aluminum with 
TFM provides enough heat to form tungsten carbides 
and aluminides. 

The experimental results showed that the  
Al–CF4, 72 wt. % W – 10 wt. % Al systems are 
capable of ignition when heated, unlike W–CF4  
(Fig. 6a). As can be seen from the thermograms, the 
reactions of tungsten with aluminum and aluminum 
with TFM do not occur in a self-sustaining mode. 
High temperatures are not required for ignition of the 
W-Al system, but due to the low exothermicity of this 
reaction, the synthesis is not realized in a self-
sustaining mode. To implement the self-sustaining 
mode in the Al–CF4 system, a temperature 
significantly exceeding the melting point of 
aluminum is required; such conditions are created 
only near the heating element. 

The experimental results on combustion of the 
system based on W–CF4–Al with different aluminum 
content show the possibility of implementing a self-
sustaining reaction with the participation of three 
components (Fig. 6b). The reaction was initiated by 
the interaction of tungsten with aluminum, and the 
self-sustaining synthesis mode occurs due to the 
reaction of aluminum with TFM with a combustion 
temperature of about 1200–1300 °C (Fig. 6a).  
The combustion rate is minimal for the composition 
with 5 wt. % Al – about 0.3 mm⋅s–1. The maximum 
combustion rate for the composition with 20 wt. %  
Al was 1.4 mm⋅s–1, while for the compositions with 
10 and 15 wt. % Al they were 0.5 and 0.6 mm⋅s–1, 
respectively. 

The sample of the W–CF4–Al system with a 
content of 5 wt. % Al combusted partially, and the 
unreacted part showed tarnish colors (Fig. 7a).  
The samples with a content of 10, 15, and 20 wt. % 
Al combusted completely, forming a white coating on 
the surface, and the samples elongated from 20 to  
30 mm (Fig. 7b). 

 

(а) (b) 
 

Fig. 6. Combustion thermograms of the system: a) W–CF4, Al–CF4, W–10Al, W–CF4–10Al; b) W–CF4–5/10/15/20Al 
 

(а) (b) 
 

Fig. 7. Samples after combustion W–CF4–Al: a) 5 % Al, b) 20 % Al 
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(а) (b) 
Fig. 8. XRD of the inner (a) and outer (b) parts of the W–CF4–Al samples separately 

 
Table 3. Quantitative analysis of combustion products of the W–CF4–Al system 

 

Sample 

Phase content, wt. % 
W 

Cubic  
Im-3m 

W2C 
Hexagonal 

P-31m 

WC 
Hexagonal 

P-6m2 

AlF3 
Rhombohedral 

R-3с 

Al4W 
Monoclinic 

Cm 

5 % Al outer 57 16 5 23 – 
5 % Al inner 79 16 1 4 – 

10 % Al outer 46 20 4 23 7 
10 % Al inner 55 16 2 15 12 
15 % Al outer 22 18 12 48 – 
15 % Al inner 34 20 4 25 17 
20 % Al outer 8 6 10 75 – 
20 % Al inner 40 40 15 5 – 

 
Due to the nature of combustion of the samples, 

X-ray fluorescence analysis was carried out 
separately for their external and internal parts  
(Fig. 8). Based on the intensity of the peaks of the 
formed products, it can be concluded that increasing 
the aluminum content reduces the amount of 
unreacted components both outside and inside the 
sample (Fig. 8). 

The quantitative analysis of the outer part of the 
sample showed that an increase in the aluminum 
content leads to an increase in the proportion of AlF3 
from 5 to 75 wt. %. The proportion of WC increased 
from 4–5 to 10–12 wt. %, and the proportion of W2C 
in the compositions with 5, 10 and 15 wt. % Al was 
from 16 to 20 wt. %. In the composition with 20 wt. 
% Al, the proportion of W2C decreased to 6 wt. %. 
The quantitative analysis of the inner part of the 
sample shows that at 5 and 20 wt. % Al, the 
proportion of AlF3 was about 5 wt. %. This fact 
indicates that aluminum fluoride is formed mainly on 

the surface of the sample. An increase in the Al 
content in the sample leads to an increase in the 
formation of Al4W, WC and W2C to 17, 15 and  
40 wt. %, respectively. As expected, the proportion of 
unreacted components is higher inside the sample 
(Table 3). 

 
4. Conclusion 

 

The combustion features and reaction 
mechanism in a reactive material based on tungsten 
with aluminum and polytetrafluoroethylene are 
investigated. At high temperatures, PTFE decomposes 
by a radical-chain mechanism, where the main 
decomposition product is the tetrafluoroethylene 
monomer. With further heating of tetrafluoroethylene, it 
decomposes to carbon and TFM. When PTFE is 
replaced by TFM, the ignition of the W–CF4–Al 
system begins with the interaction of tungsten with 
aluminum at 700 °C with a temperature increase to 
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1300 °C, and at 900–1100 °C, aluminum burns in 
TFM with an increase to 1300 °C. In the W–PTFE–Al 
system, ignition begins only at 900 °C due to intense 
evaporation of PTFE and loosening of the sample, 
which prevents the interaction of tungsten with 
aluminum. 

Combustion of two-component W–Al and  
Al–CF4 systems showed that the heat released during 
their interaction is insufficient for self-sustaining 
synthesis. Combustion of W-Al samples in the TFM 
environment is realized in a self-sustaining mode. 
The reaction of tungsten with aluminum gives the 
initial impulse, and the main source of heat is the 
combustion of aluminum in the TFM, which provides 
conditions for the formation of tungsten carbides. 
Increasing the aluminum content in the W–CF4–Al 
system increases the completeness of synthesis and 
the combustion rate from 0.3 to 1.4 mm⋅s–1. 
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Abstract: Almost all stents with medicinal coatings used in Russia are manufactured abroad and have a high cost, which 
cannot meet the needs of Russian patients and their financial capabilities. The search and development of new types of 
medical stent coatings, as well as the establishment of their production in the Russian Federation is relevant.   
It is necessary to create thin-film drug coatings of stents with an extended time of drug emission for the treatment of 
various diseases. As a component providing prolonged and dosed desorption of the drug from the surface of the stent, it is 
best to use a carrier polymer. The paper investigates the possibility of using a promising modern material – carbon 
nanotubes – as a component of the medicinal coating of a medical stent, which will provide not only an improvement in 
the physical and mechanical properties of the coating, but also a prolonged effect of the drug by increasing its desorption 
time. Theoretical studies on the mechanisms of creating drug coatings for stents based on the polyvinylpyrrolidone 
copolymer, which include drugs (tegafur, dexamethasone) and carbon nanotubes, have been carried out. The quantum 
chemical calculation method – the density functional theory DFT, which is applied worldwide for calculating 
nanosystems, was used for research. 
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Аннотация: Практически все используемые в России стенты с лекарственными покрытиями произведены за 
рубежом и имеют высокую стоимость, что не может удовлетворять потребностям российских пациентов и их 
финансовым возможностям. В связи с этим актуальным является поиск и разработка новых типов покрытий 
медицинских стентов, а также налаживание их производства в РФ. Необходимо создание тонкопленочных 
лекарственных покрытий стентов с увеличенным временем испускания лекарственного препарата для лечения 
различных заболеваний. В качестве компонента, обеспечивающего пролонгированную и дозированную 
десорбцию лекарственного препарата с поверхности стента, лучше всего использовать полимерный носитель.  
В работе исследована возможность применения перспективного материала современности – углеродных 
нанотрубок – в качестве компонента лекарственного покрытия медицинского стента, который обеспечит не только 
улучшение физико-механических свойств покрытия, но и пролонгированное действие лекарственного препарата 
за счет увеличения времени его десорбции. Выполнены теоретические исследования механизмов взаимодействия 
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компонентов лекарственных покрытий стентов на основе биополимера поливинилпирролидона, в состав которых 
входят лекарственные препараты (тегафур, дексаметазон) и углеродные нанотрубки. Исследования выполнены  
в рамках квантово-химического расчетного метода теории функционала плотности (DFT), который широко 
используется во всем мире для расчета наносистем. 
 
Ключевые слова: медицинские стенты; лекарственное покрытие; углеродные нанотрубки; тегафур; 
дексаметазон; поливинилпирролидон. 
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1. Introduction 
 

The development of medicine today is 
associated with the introduction of high-tech types of 
care. Among such types of care for patients, one can 
name stenting, which is used to expand the lumen of 
blood vessels and ducts in the human body. Thus, 
stenting is used in cardiology and gastroenterology 
practice. One of the reasons for the need to use stents 
may be narrowing of ducts or vessels due to 
oncological neoplasms. In oncological diseases,  
a local drug delivery system through a stent with  
a coating that releases antitumor drugs can be 
successfully used, which allows for treatment without 
adverse systemic effects [1]. However, at present, 
almost all stents with drug coatings used in Russia are 
manufactured abroad and are expensive, which 
cannot meet the needs of Russian patients and their 
financial capabilities. It is necessary to search for new 
types of stent coatings and establish their production 
in the Russian Federation. The search and study of 
new composite coatings for medical stents related to 
the selection of drug coating components (polymer 
carrier, drugs corresponding to the stenting tasks, 
possible modifying elements) used in cardiac surgery 
for stenting of blood vessels, gastroenterology for 
endobiliary prosthetics and oncology to increase the 
lumen of various ducts compressed as a result of 
tumor growth, which can provide a high-quality, 
durable thin-film coating with an increased drug 
desorption time, are extremely relevant. 

One of the main disadvantages of the medical 
stenting procedure is the risk of serious complications 
such as thrombosis and restenosis. It is believed that 
the polymer coating on the stent surface causes an 
inflammatory reaction at the site of injury creating 
the potential for restenosis. Drug-eluting stent 
reduces the percentage of restenosis to less than 10% 
in initial clinical trials [2]. 

Recently, the introduction of nanomaterials into 
drugs has been increasingly used for safer and more 
effective treatment of tumors. Nanomaterial-based 
therapy that provides target selectivity in action has 
been used since traditional chemotherapy faces 
several inevitable problems such as short half-life, 

cytotoxicity, lack of selective targeting, poor 
solubility and multidrug resistance [3]. 

The analysis of the available literature and in 
vitro results have shown that carbon nanotubes 
(CNTs) incorporated into the coating play an 
important role in stent bioactivity. Such coatings can 
significantly reduce the loss of therapeutic agents as 
they pass through the vessel during stent deployment, 
which significantly affects the occurrence of 
restenosis [4]. It can be assumed that the use of 
nanomaterial as a component of the stent drug coating 
can change the solubility, drug release profiles, 
diffusion, bioavailability and immunogenicity. This 
can lead to lower toxicity, fewer side effects, 
improved biodistribution and a longer life cycle of 
drugs [5, 6]. Known inexpensive biopolymers into 
which the drug is introduced can be used as  
a polymer matrix of the stent drug coating. The authors 
have previously conducted comparative theoretical 
and practical studies in which various polymer 
matrices of stent coatings were considered, including 
polylactic acid, polycaprolactone and chitosan, which 
proved the possibility of creating a thin-film drug 
coating that also uses a drug and carbon nanotubes  
[7, 8]. In this paper, polyvinylpyrrolidone is 
considered as a base polymer. 

We assume that carbon nanotubes, which act as 
a modifying component of the coating, due to their 
unique strength and adhesive properties [9–11], can 
provide greater mechanical resistance of the coating 
and prolonged release of the drug. 

The analysis of literary sources showed that 
chemotherapy is best at slowing down and stopping 
the growth of malignant neoplasms. The use of 
chemotherapeutic drugs on stent coatings can 
contribute to local (point) prevention of the disease 
without affecting other vital organs [12, 13]. 
Medicines such as tegafur and dexamethasone are the 
most suitable for the treatment of cancer at various 
stages of the disease, as their use prevents the cell 
from growing from the inside. Dexamethasone can 
also be used as a post-chemotherapy treatment to 
counteract certain side effects. That is why these 
medicines (tegafur, dexamethasone) were chosen as a 
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component of the drug coating of the stent used in 
oncological practice created on the basis of the 
biopolymer polyvinylpyrrolidone modified with 
carbon nanotubes. To prove the possibility of creating 
a thin-film stent coating with an increased drug 
desorption time that can be used in oncology practice, 
we created models of drug coating based on the 
selected polymer matrix (polyvinylpyrrolidone) 
doped with carbon nanotubes, with the introduced 
antitumor drugs dexamethasone or tegafur. Then 
theoretical studies of the mechanisms of interaction 
of the main components of the ultra-thin drug coating 
of stents using quantum chemistry tools were 
conducted within the framework of density functional 
theory. 
 

2. Materials and Methods 
 

2.1. Initial materials 
 

Polyvinylpyrrolidone (PVP) is a vinyl polymer 
obtained by radical vinyl polymerization from the 
monomer N-vinylpyrrolidone. The presence of  
a double bond and a heterocycle with a nitrogen atom 
in the elementary unit of the polymer, which is part of 
the amide group, impart unique properties to PVP 
[14, 15]. The use of PVP as a carrier polymer is of 
particular interest, since it fully meets the necessary 
requirements: PVP is indifferent to the human body, 
it is not broken down by enzymes in the body and is 
excreted through the kidneys unchanged, which 
minimizes the risk of toxicity and side effects [16].  

CNTs in small quantities can be used to improve 
the strength coefficient and binding capacity of the 
components included in the thin-film coating of 
medical stents, as well as to ensure prolongation of 
the process of drug release from the coating [17, 18]. 
The unique antimicrobial activity of CNTs forms the 
basis for developments in protecting human health, 
and one of the main areas of using antimicrobial 
properties is the creation of bionanofilms [19]. 
Carbon nanotubes improve the adhesion of the 
coating to the stent surface, which in turn prevents 
the coating from peeling off during implantation  
[20, 21].  

Tegafur is a cytostatic antitumor 
chemotherapeutic drug. Cytostatics, translated from 
Greek, mean “making the cell immobile” and have 
been used in oncology since 1947. These drugs 
disrupt the vital activity of the cell, forcing it to 
commit suicide – apoptosis [22, 23]. Tegafur has high 
lipophilicity, which ensures rapid passage through 
biological membranes and distribution in the body. It 
intensively penetrates most tissues and fluids, 
including the central nervous system and 

cerebrospinal fluid. Tegafur can enhance the effect of 
other antitumor drugs. The use of the drug tegafur 
allows for more “targeted” delivery of the drug to 
tumor cells [24–26].  

Dexamethasone belongs to a group of synthetic 
hormones, which is a synthetic analogue of 
prednisolone. When interacting with specific 
cytoplasmic receptors, it forms a complex that 
penetrates the cell nucleus, causes expression or 
depression of mRNA, changing the formation of 
proteins on ribosomes that mediate cellular effects 
[27]. In the treatment of cancer, dexamethasone can 
be prescribed to people undergoing chemotherapy to 
counteract certain side effects of their anticancer 
treatment. Dexamethasone can enhance the 
antiemetic effect of 5-HT3 receptor antagonists, such 
as ondansetron (an antiemetic) [28]. Dexamethasone 
can also be used as a direct chemotherapeutic agent in 
certain hematological malignancies [29]. The drug 
can be administered in various ways: by aerosol 
inhalation, subcutaneously, intramuscularly, and 
intravenously. Intravenous and systemic drug therapy 
usually fails due to one or more of the following 
factors: low drug solubility, toxicity, short-term drug 
stability in vivo, poor drug pharmacokinetics, poor 
biodistribution, low bioavailability, rapid metabolism, 
and lack of selectivity for the disease target. 
 

2.2. Density functional theory 
 

In order to prove the possibility of creating  
a drug coating for stents with improved properties, 
such as biocompatibility and resistance to external 
influences, as well as predicting the physicochemical 
properties of materials before their synthesis and 
experimental study, we carried out quantum-chemical 
calculations of the interaction processes of the 
components of the drug coating (PVP, drug, CNT) 
using the density functional theory (DFT) [30, 31], 
which can significantly reduce the time and costs of 
experimental development of the coating.  

The calculation method of the DFT from  
a quantum-mechanical point of view is the most 
convenient method and is widely used throughout the 
world for calculating nanosystems. The essence of 
this method is to use the electron density distribution 
in describing atomic-molecular systems. Due to the 
fact that any property of the ground state of a bound 
system of interacting electrons can only be described 
by the electron density ρ(r), the electron energy in the 
DFT method can be calculated as follows: 
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Table 2. Main parameters of the interaction of the PVP + CNT complex with dexamethasone/tegafur drug 
molecules: r is the interaction distance of the drug molecule and the PVP + CNT complex when the oxygen 

molecule of the drug is oriented to the carbon atom of the nanotube 
 

Interacting components r, Å E, eV Charge of the active center after interaction, q 

PVP + CNT+ Dexamethasone 3.2 –0.18 –0.261 (O) 

PVP + CNT+ Tegafur 4.4  –0.01  –0.199 (O) 

 
dexamethasone and tegafur due to their desorption 
from the CNTs surface included in the polymer 
complex “PVP + CNT + drug”, as evidenced by the 
fact of physical, not chemical interaction of the drug 
molecule with the complex. 

The results obtained during the model 
experiment containing the main parameters of the 
processes of interaction of the components of the 
drug coating are presented in Table 2. 

The obtained calculation results are consistent 
with the conclusions presented in the works [32–34], 
which presented the results of an experimental study 
of the possibility of creating a drug coating based on 
PVP containing a drug and carbon nanotubes. In the 
works, the composition of a stable drug coating based 
on PVP was identified and the optimal concentration 
of carbon nanotubes was determined. A comparative 
analysis of various concentrations of CNTs introduced 
into the drug coating proved that applying a solution 
to the stent surface that includes PVP and contains, in 
addition to the drug, 0.01 wt. % carbon nanotubes 
leads to the creation of a high-quality coating that is 
sufficiently resistant to the effects of the external 
environment compared to the version without the 
addition of CNTs and including only 
polyvinylpyrrolidone and the drug [32–34].  

Thus, it can be stated that the addition of carbon 
nanotubes to the coating composition provides an 
increase in the coating’s resistance to external 
environments, better coupling of the coating with the 
surface of the medical stent itself, its mechanical 
strength, and also provides a prolonged action of the 
drug, as also evidenced by the results of the 
theoretical study. This allows us to recommend the 
use of carbon nanotubes as a modifying component 
of thin-film drug coatings of medical stents, leading 
to the creation of effective and inexpensive systems. 

 
4. Conclusion 

 

Medical stenting is one of the treatment methods 
in modern practice. The study of the interaction 
mechanisms of the components of complexes 
consisting of a polymer matrix of 
polyvinylpyrrolidone doped with carbon nanotubes 
with the introduced drugs dexamethasone or tegafur 

revealed the possibility of creating such drug coatings 
of stents due to the implementation of physical 
interaction between the components, which ensures 
the possibility of prolonged entry of the drug into the 
body during its desorption from the thin-film coating 
of the stent.  

The study and comparison of the main 
characteristics of the interaction processes in the 
components of complexes consisting of CNTs and  
a carrier polymer allowed us to conclude that the best 
interaction of PVP with CNTs occurs when the 
polyvinylpyrrolidone fragment is oriented with  
a hydrogen atom to a carbon atom of the nanotube 
surface. For complexes including, in addition to PVP 
and CNTs, the antitumor drugs dexamethasone or 
tegafur, stable systems are formed at distances of  
4.4 Å and 3.2 Å between “PVP + CNTs” and drug 
molecules (corresponding to interaction energies of  
–0.01 eV and –0.18 eV), and the fact of physical, 
rather than chemical, interaction of the drug molecule 
with the complex allows us to conclude that it is 
possible to increase the duration of action of the 
drugs dexamethasone and tegafur during their 
desorption from the surface of CNTs included in the 
polymer complex “PVP + CNTs + drug”. 
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Abstract: The potential use of straight-chain trialkylamines to modify the oleophilic-hydrophilic properties of the surface 
of copper phthalocyanine was explored. Molecular modeling methods utilizing density functional theory were employed to 
investigate the characteristics of the adsorption process of trialkylamines with alkyl chain lengths of n = 1 ÷ 8. The change 
in Gibbs free energy for the adsorption of the studied surfactants from the aqueous phase onto the surfaces (001), )120(  
containing the metal atom was calculated. It was determined that adsorption of trialkylamines from the aqueous phase does 
not occur on the non-polar surfaces (001) and )120( , with ΔG values ranging from 18 to 41 kJ⋅mol–1. For adsorption onto 
surfaces containing a metal atom, negative Gibbs free energy values are observed for tripentylamine and longer-chain 
trialkylamines (assuming complete loss of rotational and translational degrees of freedom) or for all except triethylamine 
(with partial retention of rotational degrees of freedom). However, for trialkylamines such as trihexylamine and longer, 
steric hindrances will be observed during adsorption onto surfaces with a metal atom. For all the examined trialkylamines, 
lower Gibbs free energy values for adsorption on surfaces with a metal atom were noted compared to non-polar surfaces, 
indicating selective adsorption of these surfactants on the surface of copper phthalocyanine. The study results indicate that 
tripentylamine exhibits the best characteristics for the oleophilization of the surface of copper phthalocyanine.   
 
Keywords: copper phthalocyanine; surface oleophilization; surfactants; density functional theory; crystallographic 
surface; trialkylamines; adsorption; Gibbs free energy. 
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Аннотация: Рассмотрены возможности применения триалкиламинов неразветвленного строения для изменения 
олеофильно-гидрофильных свойств поверхности фталоцианина меди. Методами молекулярного моделирования  
с использованием теории функционала плотности исследованы характеристики процесса адсорбции триалкиламинов 
с длиной алкильной цепи n = 1…8. Рассчитано изменение свободной энергии Гиббса для адсорбции исследуемых 
поверхностно-активных веществ из водной фазы на поверхностях (001), )120(  и содержащей атом металла. 

Определено, что на неполярные поверхности (001) и )120(  адсорбция триалкиламинов из водной фазы не 
происходит (ΔG = 18…41 кДж/моль). Для адсорбции на поверхность, содержащую атом металла, отрицательные 
значения энергии Гиббса наблюдаются для трипентиламина и выше (при условии полной потери вращательных  
и поступательных степеней свободы) или для всех, кроме триэтиламина (при частичном сохранении вращательных 
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степеней свободы). Однако для тригексиламина и выше при адсорбции на поверхность с атомом металла будут 
наблюдаться стерические затруднения. Для всех рассмотренных триалкиламинов наблюдаются более низкие 
значение энергии Гиббса для адсорбции на поверхность с атомом металла, чем на неполярные поверхности, что 
говорит об избирательной адсорбции данных поверхностно-активных веществ на поверхность фталоцианина 
меди. По результатам исследования выявлено, что наилучшими характеристиками для олеофилизации 
поверхности фталоцианина меди обладает трипентиламин. 
 
Ключевые слова: фталоцианин меди; олеофилизация поверхности; поверхностно-активные вещества; теория 
функционала плотности; кристаллографическая поверхность; триалкиламины; адсорбция; энергия Гиббса. 
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1. Introduction 
 

For organic pigments, one of the most important 
characteristics is the hydrophilic-oleophilic properties of 
the particle surfaces. These properties affect parameters 
such as the size and strength of agglomerates and 
aggregates, as well as the dispersibility and stability of 
pigment particles in the binder.  

The surface properties can be modified using 
additive agents, with various surfactants being the 
most common. These surfactants adsorb onto the 
surface and alter its characteristics [1]. A frequent 
goal is to enhance the oleophilicity of the pigment 
surface to achieve dispersion in alkyd binders. This 
enhancement is useful for both stabilizing dispersions 
and for energy-efficient methods of producing 
pigmented alkyd materials, such as in the flushing 
process. The flushing process not only helps avoid 
one of the most costly stages of pigment production–
drying–but also allows for the production of higher-
quality pigmented materials. This is because 
undesirable processes like recrystallization, crystal 
growth, crystal agglomeration, and surface 
amorphization (the Bailby effect) do not occur during 
this process [2]. For the flushing process, the optimal 
surfactant concentration is considered to be one that 
forms a chemisorbed monolayer on the pigment 
surface [2]. It is also important for the surfactant 
adsorption to occur in the aqueous phase, as this 
significantly facilitates the transfer of crystals from 
the aqueous phase to the oil phase.   

To impart oleophilic properties to a highly 
hydrophilic surface, such as those of inorganic 
pigments and fillers (titanium white, lead chromate, 
etc.), cationic surfactants are typically used, as they 
possess basic properties while the surface is acidic. 
For copper phthalocyanine (the Pigment Blue 15, 
CuPc), the surfactants that enhance the oleophilic 
properties of the surface are trialkylamines, which 
can chemisorb on surfaces containing copper atoms. 
However, the proposed mechanism of their 
interaction with the surface is not acid-base but rather 
involves the overlap of the d-orbitals of the copper 
atom and the nitrogen atom [3, 4]. 

Copper phthalocyanine molecules are well 
known to adsorb onto various metals [5–7], metal 
oxides [8], silicon oxide [9], as well as graphite 
surfaces [10]. However, the adsorption of any 
substances on copper phthalocyanine itself has been 
studied relatively little. It is known that it can absorb 
ammonia [8] and alcohols [9] from the gas phase, but 
the mechanisms of these processes have not been 
thoroughly investigated.   

This study investigates the geometric and 
thermodynamic characteristics of the adsorption 
process of trialkylamines with straight-chain alkyl 
groups on various surfaces of copper phthalocyanine. 
The goal is to determine the adsorption mechanisms 
and the potential use of these substances as 
oleophilizers in an aqueous environment, which could 
facilitate the transfer of pigment particles from the 
aqueous phase to the alkyd phase during the flushing 
process. 

 
2. Materials and Methods 

 

To determine the mechanism and characteristics 
of the adsorption process, molecular modeling 
methods were employed. Among the two possible 
approaches, periodic slab and cluster methods, the 
latter was chosen due to its greater flexibility in terms 
of calculation methods and software.   

Unbranched trialkylamines with the same 
number of atoms in each alkyl group and a general 
formula of (CH3–(CH2)n–)3N were used as model 
surfactants, where n varies from 0 (trimethylamine) 
to 7 (trioctylamine).   

There are many crystalline modifications of 
copper phthalocyanine (α, β, γ, ε, η) [11–14]; 
however, we focus on the β modification, as it has the 
most practical applications as a pigment. This form 
has a monoclinic crystal lattice (space group P1c1) 
with parameters: a = 19.407 Å, b = 4.79 Å, 
c = 14.628 Å, β = 120.93° [11]. A schematic 
representation of the crystallographic planes for this 
modification is shown in Fig. 1. 
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                                                (a)                                                                          (b) 
 

Fig. 1. Direction of crystallographic planes in the β-copper phthalocyanine 
 

The packing of molecules in the crystal of the β 
modification occurs in vertical "stacks," which are 
arranged in a "zigzag" pattern with respect to each 
other (Fig. 1b). In this structure, three types of 
surfaces are most likely along the "stacks" (Fig. 1a). 
However, studies using powder X-ray diffraction 
show a nearly complete absence of the (100) surface 
in the β modification crystal [14].   

The vectors [hkl] perpendicular to the molecular 
plane are given as [–3.91, 1, 2.38] and [3.91, 1, –2.38] 
(calculated by approximating the coordinates of the 
atoms in a system corresponding to the 
crystallographic axes). The nearest integer indices for 
surfaces parallel to the molecules will thus be 

)241039(  and )241039(  (Fig. 1b). Surfaces with 
such large index values are unlikely to be 
encountered in a real crystal; however, it can be 
assumed that the copper atoms are situated on the 
pseudo-(010) surface, which is not a pure 
crystallographic plane but, at the nanoscale, consists 
of alternating planes (Fig. 1b), similar to how the 
(110) surface of γ-alumina actually represents 
alternating (111) planes [15].   

Thus, it is necessary to consider the adsorption 
of trialkylamines on the surfaces (001), )120( , and 
parallel to the molecular plane. To do this, we will 
use the clusters presented in Fig. 2. 

For modeling sorption on the molecular plane 
and surface )120( , a single "stack" is sufficient  
(Fig. 2a and Fig. 2b). When interacting with surface 
(001), the sorbate molecules (except for the smallest 
ones) will inevitably interact with the neighboring 
"stack" (Fig. 2c), which is why a larger cluster was 
selected.   

 
 

Fig. 2. Scheme of clusters for modeling sorption:  
a – per metal atom (4 molecules CuPc), b – per surface 

)120(  (8 molecules CuPc), c – per surface (001)  
(16 molecules CuPc), the expected position of the sorbate 

molecule is shown 
 

The method used to determine the geometric and 
thermodynamic characteristics of the sorption process 
was density functional theory (DFT), which has 
proven to be effective in studying sorption processes 
[16–19]. This approach has a relatively low 
computational cost, allowing for the modeling of 
molecular complexes that include several hundred 
atoms.   

The optimization of the geometry of the sorbate-
sorbent complexes was performed at the following 
levels of theory:   

–  XTB2 [20] – a fast method that provides  
a good estimate of the non-covalent dispersion 
interactions between the sorbate and the sorbent; 

–  r2SCAN-3c [21] – a composite method that 
includes a meta-GGA functional, a triple-ζ basis set, 
and two types of corrections: for dispersion 
interaction and for basis set superposition error 
(BSSE).   

(a) (b) 

(c) 

(010) 

)241039( )241039(

(001) 

)120(  

(100) 
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As a control, for some structures, single-point 
energy calculations were carried out at a higher level 
of theory: ωB97x-D4/def2-SVPD – a spatially 
separated hybrid functional ωB97x [22] with the 
Grimme D4 dispersion correction [23, 24] and 
a  double-ζ basis set from the Karlsruhe family, 
including diffuse functions [25, 26]. Since this 
method does not include built-in corrections for 
BSSE, they were calculated manually following the 
methodology [27].   

Since the modification of particle surfaces in an 
aqueous suspension is assumed, continuous models 
were used to simulate the effect of the solvent: ALPB 
[28] for XTB, SMD [29] for r2SCAN-3c, and  
ωB97x-D4/def2-SVP.   

Despite the use of relatively inexpensive 
modeling methods, the calculation of eight- and 
sixteen-molecule clusters is quite labor-intensive.  
To reduce computational costs, a hybrid method 
called ONIOM [30] was applied, which allows 
different parts of the molecular system to be modeled 
at different levels. In our case, a two-layer model was 
used, where the first (high-level) layer consisted of 
the sorbent molecule and the two closest sorbate 
molecules.   

All calculations were performed using the 
ORCA 5.0 software package [31].   

The following designations will be used for the 
methods:   

–  QMMM1: r2SCAN-3c – first layer, XTB2 – 
second layer; 

–  QMMM2: ωB97x-D4/def2-SVPD – first 
layer, XTB2 – second layer.   

When calculating thermodynamic parameters, 
we assume that no new chemical bonds are formed 
during sorption, and therefore the vibrational-
rotational energy levels change only slightly, 
allowing us to accept the change in enthalpy as equal 
to the difference in electronic energy. The change in 
the entropic component will occur due to the loss of 
translational and rotational degrees of freedom for the 
sorbate molecule. The translational degrees of 
freedom are completely lost, but there is still some 
probability of rotation of the sorbate molecule when 
interacting with the cluster in Fig. 2, as the surface on 
which sorption occurs is devoid of irregularities, 
allowing for rotation about an axis perpendicular to 
the surface. This rotation will become increasingly 
constrained as the length of the alkyl chain increases 
(due to dispersion interactions with the surface and 
steric hindrance from neighboring "stacks") and will 
cease for sufficiently large sorbate molecules.   

Rotational entropy changes little when 
transitioning from the gas phase to solution [32], so 

for its determination, the values of gas-phase entropy 
provided by the ORCA program can be used.  
The translational entropy for the liquid phase differs 
significantly from that of the gas phase; its 
calculation was performed using the methodology 
based on the free volume occupied by the dissolved 
substance in the solvent [32]:   
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where Tmkh Bπ=Λ 2 , h is Planck's constant, Bk   
is Boltzmann's constant, m is the mass of the 
molecule,  T is absolute temperature, Vmol, Vcav are 
the molecular volume and cavitation volume, 
respectively.   

The volume of the molecule and the cavitation 
volume are calculated using the same methodology, 
treating them as cavities from which the solvent will 
be displaced [33]; the difference lies in the values of 
atomic radii. The Bader atomic radii [34] are used for 
the molecular volume, while radii based on the use of 
a surface of constant electronic density (isodensity 
surface) [35] are used for calculating the cavitation 
volume. Volumes were calculated in ORCA using the 
vdw_gaussian scheme [36].   

Thus, the change in Gibbs free energy during the 
adsorption of a surfactant molecule on the surface of 
copper phthalocyanine will be calculated based on the 
following dependencies:   

–  in the case of complete loss of rotational 
degrees of freedom   

 
( ) ;tradsrottransadsads STESSTEG +Δ=−−−Δ=Δ    (3) 

 
–  in the case of partial loss of rotational degrees 

of freedom   
 

( ) ,3/2 t2/3radsrottransadsads STESSTEG +Δ=−−−Δ=Δ
 (4) 

 

where adsEΔ  is the change in electronic energy upon 
the formation of the sorbate-sorbent complex.   

 
3. Results and Discussion 

 

As a result of the conformational analysis at the 
level of theory ωB97x-D4/def2-SVPD, it was found 
that in the aqueous phase, the most stable conformers 
of trialkylamines are the molecules with the 
arrangement of alkyl groups relative to the nitrogen 
atom, as shown in Fig. 3.   
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Fig. 6. Top view of some trialkylamine complexes with the copper phthalocyanine surface 
 

 
(a) 

 
(b) 

Fig. 7. Complexes of tributylamine with the surface of )120(  (a) and (001) (b) copper phthalocyanine 
 

When sorbing on surfaces (001) and )120( , the 
only polar atoms with which the trialkylamine 
molecule can interact are the nitrogen atoms. 
However, due to steric hindrances, the strength of the 
nitrogen-nitrogen interaction is too low, and the main 
contribution to the sorption energy will come from 
the dispersion interactions between the nonpolar parts 
of the sorbate and the sorbent. The structure of the 
trialkylamine complexes with surfaces (001) and 

)120(  is shown in Fig. 7. 
The formation energies for the presented 

trialkylamine complexes with the surface of copper 
phthalocyanine are shown in Figs. 8–10. 

As can be seen from the graphs in Fig. 8, the 
XTB2 method yields significantly overestimated 
values of sorption energy on metal atom surfaces. 

Methods QMMM1 and QMMM2 provide nearly 
identical values when including BSSE (Basis Set 
Superposition Error) corrections. Without BSSE 
consideration, the calculation error in energy is quite 
significant, as expected with such a small basis set. 
For other surfaces, calculations were conducted using 
only QMMM1 and XTB2 methods, with the energy 
values obtained by these methods differing less 
significantly compared to the metal atom surface. 
Overall, sorption energy on non-polar surfaces (001) 
and )120(  is substantially lower than on metal atom 
surfaces. Surface (001) is slightly more favorable 
than )120( . 

Gibbs sorption energies calculated using 
dependencies (3), (4) with electronic energies computed 
by the QMMM1 method are presented in Fig. 11. 

tripropylamine tributylamine tripentylamine trihexylamine
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Fig. 8. Sorption energy of trialkylamines on the surface of copper phthalocyanine containing a metal atom 

 

 
Fig. 9. Sorption energy of trialkylamines on the surface of )120(   copper phthalocyanine 

 

  
Fig. 10. Sorption energy of trialkylamines on the surface of (001) copper phthalocyanine  

 
Based on the Gibbs energy values, it can be 

concluded that sorption of trialkylamines from the 
aqueous phase will not occur on surfaces (001) and 

)120(  (minimum ΔG value = 18.13 kJ⋅mol–1, 
corresponding to an equilibrium constant ≈ 0.0007). 

The graph (Fig. 11) shows two regions for these 
surfaces: up to tributylamine with ΔG ≈ 40 kJ⋅mol–1 
for surface )120(  and ≈ 30 kJ⋅mol–1 for surface 
(001), after which the free energy decreases by 
approximately 10 kJ⋅mol–1. 
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Fig. 11. Gibbs free energy of sorption of trialkylamines on various surfaces  

of copper phthalocyanine, calculated by the QMMM1 method 
 

This is explained by the fact that small 
molecules are rigid and dispersion forces cannot 
deform them sufficiently to maximize interaction area 
with the surface. For molecules with alkyl chains 
longer than 5, deformation of the alkyl groups 
becomes advantageous, ensuring maximum 
interaction area between non-polar segments of the 
sorbate and sorbent. 

Sorption of trialkylamines on the surface 
containing a metal atom is feasible (Fig. 11). Clearly 
negative values of Gibbs free energy (both with full 
and partial loss of rotational degrees of freedom) are 
observed starting from tripentylamine. However, 
steric hindrances may occur starting from 
trihexylamine and higher, which increase the energy 
of the sorbate-sorbent complex and make such 
processes less favorable. The poorest sorption 
characteristics are exhibited by triethylamine. 
Trimethylamine and tripropylamine can sorb on this 
surface with partial retention of rotational degrees of 
freedom. Tributylamine sorbs on this surface with 
complete loss of rotational degrees of freedom 
(ΔG = 0.4 kJ⋅mol–1) and well with partial retention of 
rotational degrees of freedom (ΔG = –13.32 kJ⋅mol–1). 

 
4. Conclusion 

 

In this study, molecular modeling methods using 
density functional theory were used to evaluate the 
adsorption characteristics of trialkylamines with alkyl 
chain length n = 1÷8. It was found that the best 
trialkylamine with an unbranched alkyl group for 
rendering the polar surface of copper phthalocyanine 
oleophilic is tripentylamine. Tributylamine and 
trihexylamine can also be used for this purpose, albeit 
with lower efficiency. The effectiveness of 
trialkylamines with longer alkyl groups remains 

questionable due to steric hindrances during 
adsorption on the polar surface. Thus, it is established 
that all trialkylamines only sorb on surfaces 
containing copper atoms, indicating selective 
adsorption of these surfactants on surfaces requiring 
oleophilization. 
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Abstract: The study analyzes the physical mechanisms behind the quasi-diffusive separation of cohesionless spherical 

particles in thin-layer fast gravity flows on a rough chute with substantial structural and kinematic parameter 

nonuniformity, with their complex size and density discrepancies. Studies have been conducted into alternative conditions 

of quasi-diffusive interaction of particles in a fast gravitational flow on a rough chute, which are defined by the dominance 

of the particles' relative velocities in the direction of gravitational shear or their chaotic fluctuations in the interaction.  

It has been found that the intensity of the quasi-diffusive separation flux is in direct dependence on the particle collision 

frequency, which, in the general case of gravity flows of granular matter, is determined at the dominant value of the 

component of the relative shear velocity of particles and depends to a lesser extent on the velocity of their chaotic 

fluctuations. In non-ordinary conditions of fast gravity flow, which are formed in the flow of nonsmooth elastic particles in 

its upper part, called the “cloud” of particles, the frequency of particle collisions is determined at the dominant value of the 

velocity of their fluctuations. It is found that in thin-layer fast gravity flows the effect of quasi-diffusive separation due to 

structural nonuniformity of the flow can dominate over the segregation effect resulting from local nonuniformity of the 

medium. 
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Аннотация: Проанализированы физические механизмы квазидиффузионной сепарации когезионно несвязанных 

сферических частиц при комплексном их различии по размеру и плотности в тонкослойных быстрых 

гравитационных потоках на шероховатом скате с высокой неоднородностью структурно-кинематических 

параметров. Исследованы альтернативные условия квазидиффузионного взаимодействия частиц в быстром 

гравитационном потоке на шероховатом скате, отличающиеся доминированием при взаимодействии либо 

относительной скорости частиц в направлении гравитационного сдвига, либо скорости их хаотических 

флуктуаций. Установлено, что интенсивность потока квазидиффузионной сепарации находится в прямой 

зависимости от частоты столкновения частиц, которая в общем случае гравитационных течений зернистых 
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материалов определяется при доминирующем значении компоненты относительной сдвиговой скорости частиц  

и в меньшей степени зависит от скорости их хаотических флуктуаций. В неординарных условиях быстрого 

гравитационного течения, которые формируются в потоке гладких упругих частиц в верхней его части, 

называемой «облаком» частиц, частота столкновений частиц определяется при доминирующем значении скорости 

их флуктуаций. Установлено, что в тонкослойных быстрых гравитационных потоках эффект квазидиффузионной 

сепарации, обусловленный структурной неоднородностью потока, может доминировать над эффектом сегрегации,  

являющимся следствием локальной неоднородности среды. 

 

Ключевые слова: зернистый материал; быстрый гравитационный поток; структурная неоднородность; 

квазидиффузионная сепарация; сепарация по размеру и плотности; сегрегация; градиент доли пустот. 
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1. Introduction 

 

Granular matter, whose particles have no 

significant cohesive interactions, is frequently used in 

industrial technologies (chemistry, construction, food, 

mining, agriculture, etc.), in everyday life (cereals, 

legumes, nuts, salt, sugar, spices, etc.) and in the 

natural environment (sands, gravel, pebbles, rock 

fragments, etc.). Such materials look quite ordinary 

when they are considered at the level of individual 

particles, but at a closer look, they reveal original, 

mesoscopic properties, especially, when they are 

analyzed as a set of particles under certain interaction 

conditions [1, 2]. For example, depending on the 

interaction conditions, quartz sand particles can act as 

a solid base for building structures, as a liquid in an 

hourglass, and migrate as a gas of solid particles in 

the process of dune movement. 

The most common form of particle interaction is 

their interaction under shear flow conditions of 

granular media. In this connection, for example, the 

piston flow of granular media is perceived as an 

idealized version of the flow. 

In natural phenomena and technological 

processes in industry and agro-industrial complex, 

shear flows of granular matter most often occur in the 

form of fast gravitational flows. One of the main 

features of such flows is that particles interact 

intensively with each other and are involved in 

transverse mass transfer accompanied by quasi-

diffusive effects of separation and mixing [3, 4].  

The above effects are so significant that they can 

significantly influence the kinetics of the processing 

of granular matter and, moreover, can be used as  

a basis for the development of technological 

processes with original functional properties [5–7]. 

The analysis of literature sources shows that, despite 

the rather high scientific and applied significance of 

the study of quasi-diffusion effects under shear 

deformation of granular media, in most cases the 

studies are limited to modeling of quasi-diffusion 

mixing processes [8–10]. These circumstances 

explain that the physical mechanisms of quasi-

diffusion effects of particle separation in fast 

gravitational flows of granular matter are the main 

object of the present study. 

 
2. Analysis of methods for modeling separation 

effects in gravity flows of granular matter 
 

The analysis of studies on modeling of 
separation dynamics in gravity flows of granular 
matter [5, 6, 8, 10] shows that in most of them the 
interaction of particles in the flow is modeled in the 
absence of attention to the structural nonuniformity 
of the flow. This is explained by the fact that in many 
cases of modeling dispersed media are analyzed in 
the state of gravitational shear at high and relatively 
stable values of pressure and low gradients of shear 
rate, when the assumption of structural uniformity of 
the medium can be quite correct. In addition, the 
analysis of gravitational flow mainly under 
conditions of its structural uniformity is explained by 
the great problems of identification of microstructural 
characteristics of fast gravitational flow of particles in 
states of unusual gas and liquid properties [2–4, 11]. 

The separation effects due to spatial 

nonuniformity of shear flows of granular matter were 

among the first to be identified by Stephens and 

Bridgewater [12]. Using an annular shear cell, the 

authors investigated the distributions of nonuniform 

particles in failure zones, where high shear rate 

gradients and void fractions result from intense 

particle interaction. The flow conditions formed in 

the failure zones of granular media significantly 

affect the kinetics of technological processes.  

When studying the effects of separation and 

mixing of particles in the above-mentioned zones, the 

authors [12] found an unusual effect of movement of 

large particles of the mixture, which they called 

migration. The authors explained migration 

qualitatively as the effect of movement of large 
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particles in the direction of the shear strain rate 

gradient. However, a sufficiently deep analysis of the 

physical mechanism of the detected effect was 

hindered by the unfavorable conditions for the 

analysis of obtaining measurement data. Firstly, 

problems in the analysis arose due to the highly 

complex shape of the shear flow, which resulted in 

the manifestation of difficult to estimate 

nonuniformity of the shear rate in the three-

dimensional volume of the shear cell, for example, in 

the radial direction of the annular failure zone [12]. 

Secondly, and more importantly, a comprehensive 

analysis of the migration phenomenon was hindered 

by the limited amount of measurement information 

due to the lack of an opportunity to evaluate the 

influence of the structural nonuniformity of the 

failure zone on the effect in the form of the 

distribution of the void fraction or solid phase 

concentration in its volume. Therefore, the authors in 

[12] faced the problem of explaining the unusual 

distributions of mustard seed and polystyrene 

granules in the shear cell. 

In addition, the simplest verification of the 

proposed migration mechanism by testing it on the 

results of studies of separation in gravity flow on a 

chute (e.g., Fig. 1a) does not make it possible to 

explain the opposite directions of migration of large 

particles near the bottom and open surface of the 

flow. When the shear rate varies monotonically along 

the bed thickness, large particles are displaced in the 

flow regardless of the shear strain rate gradient [13]. 

At the same time, it is important to note an obvious 

contradiction between the migration mechanism and 

the dispersion pressure mechanism proposed in [14], 

and according to which large particles move in the 

direction opposite to the shear strain rate gradient. 

Thus, with the unity of views on the driving force of 

separation due to the nonuniformity of the shear 

strain rate, the researchers in [12] and [14] determine 

the opposite direction of the process. 

As a result, in the absence of a single abstract 

judgment regarding the physical nature of separation 

effects, the assumption of homogeneity of the 

characteristics of the gravitational flow structure is 

accompanied by serious problems in the 

mathematical description of the process. 

Consequently, it is often accompanied by the 

necessity to use different separation mechanisms in 

modeling the process depending on the distinctive 

properties of particles in invariant flow conditions. 

For example, when modeling the dynamics of 

separation of particles of different densities in a 

gravitational flow [15], the ascent mechanism is used, 

which formally reproduces the process of behavior of 

bodies with large and small densities in a liquid.  

At the same time, when describing the separation of 

particles by size under similar conditions, the 

mechanism of partial stress relaxation is used in [10]. 

In accordance with the mechanism of partial 

stresses, the stresses generated by gravitational shear 

are distributed on particles nonuniformity, if the latter 

are unequal in size. It is assumed that the stress 

distribution on nonuniform particles follows some 

law, according to which the stresses on particles of a 

certain size are proportional to some partial stress 

coefficient. It is important that in this case the values 

of the coefficients of the components of the particle 

mixture are not equal to their relative fraction [10].  

In this case, the driving force of the process is 

expressed as a gradient of lithostatic pressure due to 

gravitational influence. It is assumed that particles of 

large size tend to generate partial stresses, whose 

share in the total stresses is greater than their 

concentration in the mixture, and are forced toward 

the lithostatic pressure gradient, i.e., toward the open 

surface of the flow [16]. Accordingly, small-sized 

particles generate partial stresses in the flow, the 

fraction of which in the total stresses is less than their 

volume fraction in the mixture. Such particles move 

in the direction of the lithostatic pressure gradient, 

i.e., to the lower layers of the flow, where the stresses 

have the maximum value. 

The authors of relatively recent studies [8, 16], 

analyzing the physical mechanisms of buoyancy [15] 

and partial stress relaxation [10, 17], note their rather 

high flexibility, and conclude that they have a serious 

drawback, which is a consequence of the lack of 

attention to the separation effects initiated by the 

nonuniformity of shear flow parameters. Among such 

parameters, the authors in [8] emphasize the shear 

rate and granular temperature, which, in general, vary 

in the shear flow volume over a wide range.  

The necessity to consider the effects of spatial 

heterogeneity of shear flow characteristics on the 

separation dynamics was justified by many 

researchers of the separation process in gravity flows 

of granular media [8, 13, 16]. 

Assuming that the size and density separation 

proceeds according to different physical mechanisms, 

the authors in [8] considered it rational to divide the 

local stresses into two components: one component is 

contact stresses, and the other one is kinetic stresses. 

In this case, they assume that the size separation 

occurs under the action of the driving force caused by 

the action of kinetic stresses and expressed in the 

form of their gradient under the condition of 

disproportionate distribution of stresses on particles 

of different sizes. Kinetic stresses are stresses that are  
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Fig. 1. Profiles of velocity u(y) and concentration c(y) of particles in flows on a rough chute in binary mixtures:  

a)  large particles in a mixture of steel balls;  

b)  silica gel granules in a mixture with equally sized granules of superphosphate 

 

generated in granular matter under conditions of rapid 

shear deformation as a result of transfer of impact 

impulses by colliding particles across the shear 

surface. 

However, if we take into account that the 

intensity of impulse interaction between particles is 

proportional to the shear rate, we should conclude 

that the directions of gradients of kinetic stresses and 

shear rate coincide. Thus, a certain physical analogy 

between the mechanisms of migration [12] and partial 

kinetic stresses [8, 16] is revealed, and the critical 

remarks made earlier with respect to the migration 

mechanism largely apply to the mechanism of partial 

kinetic stresses as well. 

According to [8], density separation proceeds 

under the action of contact stresses in accordance 

with the previously presented buoyancy mechanism 

[15]. The driving force of separation in this case is 

gravitational influence under conditions of 

disproportionate distribution of contact stresses on 

nonuniform particles. It is important to pay attention 

to the fact that when developing the separation 

mechanisms due to spatial inhomogeneity of shear 

flow, the authors limit themselves to the case of 

particle size difference, considering that spatial 

inhomogeneity of shear flow does not affect the 

separation by density. The validity of this approach is 

refuted by experimental data [13] (e.g., Fig. 1b), 

which confirms the effect of spatial inhomogeneity of 

flow on density separation. 

Thus, the process of separation by size and 

density is described [8] through separate physical 

mechanisms [10] and [15], each of which is adapted 

for an autonomous description of the separation effect 

with respect to a certain distinctive property of 

particles.  

Based on the corresponding physical 

representations, a mathematical model of particle 

separation by size and density was developed in [8]. 

The mathematical model is based on the equation 

describing the dynamics of distribution of 

nonuniform particles in a flow with nonuniform shear 

strain rate 
 

  





yc
vv

k
yy

D

ikic

ici
)( ,,

,

 
 

y
Dg

c

i

D

ici
m







 cos

)( ,

,             (1) 

 

where , i are bulk density of granular medium and 

particles of the i-th component, respectively;  

g is gravitational acceleration; v, vi are velocity of 

granular medium and particles of the i-th component 

in the direction of y separation, respectively; i
m  is 

concentration of the i-th component; ikic ,, ,   are 

coefficients of partial contact and kinetic stresses for 

the i-th component of the mixture, respectively;  
k
yy  is kinetic stress; ζ is flow slope angle to the 

horizon; D is mixing coefficient; сD is drag 

coefficient in the process of particle separation.  
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The partial stresses ikic ,, ,   and the i
m  component 

concentration are expressed as relative dimensionless 

quantities.  
According to the mathematical description (1), 

the concentration field of control particles of granular 
medium in shear flow is determined by the 
conjugation of the effects of particle transport by 
convection, separation and quasi-diffusive mixing, 
and the manifestation of separation effects is caused 
by the disproportionate distribution of two types of 
stresses on nonuniform particles. It is important to 
note that due to this approach, the description of the 
dynamics of the separation process is provided taking 
into account both the local nonuniformity of particles 
of the granular medium and the spatial 
inhomogeneity of kinematic characteristics in the 
shear flow of the matter. 

However, verification of the mechanisms and 

kinetic dependences of the separation effects 

proposed in [8] due to both local and spatial 

inhomogeneity of the granular medium flow reveals 

their apparent contradictory nature. Verification was 

carried out by testing the mechanisms and kinetics 

based on the results of experimental studies presented 

in [13] (Fig. 1). Figure 1 shows experimental profiles 

of velocity and distributions of control particles in 

fast gravity flows of mixtures of particles of different 

sizes (Fig. 1a) and densities (Fig. 1b) on a rough 

chute. First of all, when. testing the model 

representations on which the separation dynamics 

equation (1) is based, it is important to pay attention 

to the experimental velocity profiles, which in both 

cases (Figs. 1a and 1b) have a parabolic shape with a 

monotonic change in the shear rate and its gradient 

directed toward the bottom of the flow. However, 

when the direction of the shear rate gradient in the 

flow is constant, different directions of the separation 

fluxes by size and density are observed. In the 

processes of separation by both size and density, the 

direction of movement of the particles of the control 

component at the bottom and at the open surface of 

the flows is opposite, which is impossible to explain 

from the position of model ideas about the 

mechanisms of separation by size and density, on 

which the mathematical description of the separation 

dynamics is based (1). 

One of the reasons for such contradictions may 

be the lack of due attention to the structural 

nonuniformity of the granular medium flow when 

developing [8] the physical mechanism and 

mathematical model of separation. Given the 

fundamentally important role of shear rate 

nonuniformity with respect to the size separation 

kinetics, the assumption made does not seem to be 

correct enough. This conclusion is confirmed by 

many examples that show the presence of  

a pronounced dependence of the void fraction in the 

shear flow of a granular medium on the shear rate. 

Such examples are the results of experimental studies 

of the relationship between kinematic and structural 

parameters under conditions of both fast gravity 

flows on a rough chute and pseudoplastic shear 

deformations of granular matter [7, 13]. Since the 

volume fraction of particles in shear flow 

significantly affects [2] the conditions of their 

interaction and flow dynamics, the assumption of 

homogeneity of solid phase distribution in a flow 

with pronounced nonuniformity of shear rate, is one 

of the reasons for the inadequacy of modeling found 

in [8]. It is difficult to assume that the ratio of partial 

contact and kinetic stresses for particles of different 

size and density under conditions of structural 

inhomogeneity of the flow remains constant. 

The lack of a sufficiently developed theoretical 

base does not allow for identification of a complex of 

kinetic parameters characterizing the intensity of 

separation and mixing effects and becomes the reason 

for the use of fitting coefficients. For example, 

according to the process dynamics equation (1), the 

number of such coefficients can be equal to four, if 

we take into account that the kinetic characteristics of 

the equation are complex functions not only of the 

shear rate, but also of the void fraction, which is in  

a complex dependence on the shear rate. 

The above situation indicates the relevance of 

analytical and experimental studies of the 

mechanisms and kinetic regularities of size and 

density separation effects in fast shear flows of 

particles, the failure zones of which are characterized 

by high gradients of kinematic and structural 

characteristics. The purpose of the present study is to 

analyze the results of a comprehensive study of size 

and density separation in particle flows on a gravity 

chute under conditions of a vivid manifestation of 

inhomogeneity of flow parameters in its failure 

zones. Due to the dislocation of failure zones at the 

base and surface of such flows, thin-layer gravity 

flows are the most suitable for studies.  

With a relatively large volume fraction of failure 

zones in thin-bed flows, conditions for intensive 

separation of particles under the effects of 

inhomogeneity of flow parameters are formed in most 

of them. It is interesting to note that, in many formal 

features, the flow conditions occurring in a thin-bed 

fast gravity flow are similar to the conditions of shear 

flow in a annular shear cell [12] and differ from the 

latter by more favorable conditions for analysis in  

a two-dimensional flow. 
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3. Research methods and model materials 
 

The regularities of particle size and density 
separation under the effects of gravity flow 
inhomogeneity are investigated using an 
experimental-analytical method [7]. The method 
provides access to a set of the most important 
information on flow parameters and particle 
separation effects on a rough chute in the form of 
velocity profiles, void fraction and distributions of 
nonuniform particles.  

Under this method, experimental information is 
obtained using a setup that is an open inclined 
channel of rectangular cross-section with smooth side 
walls and a rough bottom. The channel is set at an 
angle to the horizon with some excess of the angle of 
repose of the material. To ensure the conditions of 
sticking at the bottom of the flow and intensive shear 
deformations in its volume, the roughness value of 
the channel base is equal to half of the diameter of the 
largest particles of granular medium. To feed the 
material into the channel the unit is equipped with  
a metering feeder. A horizontal cuvette with transverse 
partitions dividing the cuvette into cells is installed 
under the threshold of channel on the plumb line. 
Cells are used to receive falling particles in the 
stationary mode of steady-state material flow to 
obtain the corresponding distribution functions of 
material and test particles. The stationary regime of 
steady-state flow is confirmed by the fact that the 
distributions remain unchanged when the length of 
the rough chute is increased in the experiments. 

The set of experimental information necessary 
for the implementation of the method, in addition to 
the mentioned distribution functions, includes the 
time of filling the cells of the cuvette, the width of the 
channel and its slope angle, the geometric parameters 
of the bed on the chute and the height of placement of 
the discharge threshold above the cuvette. Based on 
the obtained information, the profiles u(y), ε(y) and 
c(y) are determined by analytical solution of the 
system of equations including the material balance 

equation, the law of a free-falling body and the 
equation of state of the granular medium under 
conditions of rapid gravitational shear [7].  
The solution is obtained assuming the condition of 
zero longitudinal velocity of particles at their contact 
with bottom roughness (u = 0 at y = 0). 

In the analysis, in addition to the original data, 

the results of the study obtained earlier [13] using 

mixtures (Table 1) with complex particle size and 

density differences: 1) in size (mixture 1); 2) mainly 

in density (mixture 2); 3) in size and density (mixture 

3) were used. 

The dynamics of the concentration field of test 

particles in shear gravity flow of granular matter is 

defined [7, 13] as the resultant effect of particle 

transport by convection cj , separation sj , caused by 

factors of both local and spatial heterogeneity of the 

flow, and quasi-diffusive mixing of dj  component:  
 

     ,divdivdiv
)(

dsc jjj
t

c 





          (2) 

 

where t is time;  is local value of bulk density, 

which is defined as a function of control particle 

concentration c(x, y, t) under conditions of stationary 

distribution of void fraction in the flow ε(y). 

The kinetics of size and density segregation 

initiated by local flow inhomogeneity is modeled on 

the basis of the mechanism of shear flow segregation 

[7, 18, 19]. According to this mechanism, segregation 

is a consequence of the process of stress relaxation on 

particles – stress concentrators, which differ in 

properties from uniform particles of a conventionally 

homogeneous flow. In the relaxation process, an 

aggregate of particles is formed near the stress 

concentrator, and when interacting with it, the 

concentrator acquires a transverse momentum that 

initiates its displacement accompanied by  

a weakening of the stress state.  

 

Table 1. Characterization of mixture matter 
 

Matter 

Mixture 1 Mixture 2 Mixture 3 

Steel balls Superphosphate Silica gel Superphosphate Silica gel 

Particle diameter, 103 m 6.6 7.0 +3.75 – 4.0 +3.75 – 4.0 +4.0 – 4.25 

Weight concentration, % 56.6 43.4 95.6 4.4 95.6 4.4 

Density, kgm
–3

 7850 1800 785 1800 785 

Slope angle, deg 31 35 35 
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The control particle contacts the aggregate in 

points, the coordinates of which are determined by 

methods of statistical mechanics with regard to the 

local value of solid phase concentration and the ratio 

of sizes of the test particle and the particles of  

a conventionally uniform medium forming the 

aggregate. Through the contact points passes the axis 

of rotation of the particle under the action of M  

excessive momentum of gravity, friction and impact 

momentums in the direction of segregation.  

As a result, when the process driving force M  and 

the process kinetic coefficient SK  are used, it is 

possible to reflect the influence of the complex of 

flow parameters and the full complex of particle 

properties on the segregation kinetics, which is 

expressed in the following form 
 

.McKj Ss 


                        (3) 
 

Studies of the mechanism and kinetics of 

segregation [7, 18, 19] have contributed to the 

deepening of knowledge about its mechanism and 

kinetics and enabled to propose methods for 

determining the driving force and the segregation 

coefficient SK . The results of the study indicate that 

for a wide range of particle properties of a certain 

material and its gravitational flow parameters, the 

coefficient SK  exhibits the properties of a kinetic 

constant. 

It is worth noting that the action of the shear 

flow segregation mechanism is limited by the 

conditions of low values of the void fraction 

(  0.75), allowing the formation of particle 

aggregate near the particle – stress concentrator  

[7, 18]. In this connection, it can be concluded that in 

the gravity flow regions with high values of the void 

fraction ( ≥ 0.75) the particles are in a state of 

intensive chaotic (quasi-diffusive) movements and, as 

a consequence, it seems possible to assume that the 

effects of their segregation are determined mainly by 

diffusion kinetics. 

 

4. Results and Discussion 
 

4.1. Mechanisms and kinetic regularities  

of quasi-diffusive separation by size  

and density due to structural nonuniformity 

of gravity flow of granular matter 
 

Mathematical modeling of the process of 

separation by size and density in thin-bed flow of 

cohesionless particles on a gravity chute with 

pronounced inhomogeneity of flow parameters was 

carried out using equation (2). The equation was used 

to predict the dynamics of the concentration field of 

test particles under the action of a set of effects 

(separation, quasi-diffusion, convection). Taking into 

account the revealed shortcomings of the analyzed 

methods of modeling separation, its flow is 

represented by two components with fundamentally 

different nature of the driving force. To evaluate the 

degree of influence of the effects of nonuniformity of 

structural and kinematic parameters on the predictive 

properties of equation (2), we analyzed the 

possibilities of predicting experimental concentration 

profiles of control particles in mixtures 1 and 2 

(Table 1) taking into account only the component of 

the separation flow formed under the action of the 

factor of local nonuniformity of the flow.  

The intensity of the named component of the 

separation flux is expressed (3) on the basis of the 

mechanism of shear flow segregation, which is 

described in the previous section of the paper.  

In accordance with the mechanism, the segregation 

flow is the result of formation and relaxation of local 

stress concentration centers. 

The mathematical description of separation 

using the kinetic dependence (3) provides prediction 

of the dynamics of the concentration field of particles 

differing not only in size and density, but also in the 

full complex of properties during gravity flow. 

However, it is established that in some cases, mainly 

in conditions of thin-bed gravity flow, with their 

characteristic high inhomogeneity of flow 

parameters, there are problems of mathematical 

description of separation dynamics. Moreover, the 

problems of mathematical description are found with 

respect to separation by size and density. 

The inadequacy of modeling is clearly 

manifested in the fact that the shear segregation 

mechanism cannot explain the separation flows of 

less dense particles in mixture 2 to the base and fine 

particles in mixture 1 to the flow surface. If we 

assume that the observed counter directions of 

separation of particles by size and density take place 

at unchanged direction of the shear rate gradient in 

the flow, then obvious contradictions of experimental 

data with the mechanisms of buoyancy and partial 

stresses are revealed [8, 12, 14, 15, 17]. The observed 

paradoxical counterflow separations in size and 

density initiated a comprehensive study of the 

separation effects due to the inhomogeneity of gravity 

flow parameters of granular media. 

The separation effects due to the inhomogeneity 

of thin-bed gravity flows have been investigated by 

the experimental-analytical method [7, 13, 18, 19], 

the description of which is given in the previous 

section of the paper. 
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Fig. 2. Profiles of velocity u(y), void fraction ε(y) and large 

particle concentration distribution с(у) in the fast gravity 

flow of mixture 1 (Table 1) on a rough chute 

 

The structural and kinematic characteristics of the 

gravity flow of mixture 1 (Table 1) in the form of void 

fraction and velocity profiles are shown in Fig. 2.  

The same figure shows the distribution of large 

particles, which contain sufficient information about 

the separation effects that occur in the void zones in 

the flow on the rough slope [13]. The experimental 

data indicate an extremely high concentration of 

large-sized particles in the flow core, far exceeding 

their average concentration. Accordingly, in the 

directions from the flow core to its bottom and open 

surface, the concentration of small-sized particles 

increases significantly above the average value. 

 

Experimental results and their discussion 
 

The joint analyses of the profiles of void fraction 

and concentration distribution of large particles 

indicate that their shape can be considered as a mirror 

reflection of each other's characteristic features.  

It is obvious that for the profile of small particles 

distribution, a high analogy with the profile of void 

fraction can be observed. 

Similar profiles u(y), ε(y) and c(y) characterizing 

the gravity flow parameters and separation effects in 

the rarefied zones on the rough chute for mixture 2 

(Table 1) are shown in Fig. 3. The results indicate 

that in the case of particle density differences, as well 

as in the case of particle size nonuniformity, the 

shape of the void fraction profile ε(y) characteristic of 

steady-state fast gravity flow is observed. In the core 

of the flow a zone with the highest fraction of solid  
 

 
 

Fig. 3. Profiles of velocity u(y), void fraction ε(y)  

and low-density particle concentration distribution с(у)  

in fast gravity flow of mixture 2 (Table 1) on a rough chute 

 

phase is formed, the content of which in the 

peripheral regions of the flow decreases with the 

formation of rarefied zones, especially near the open 

surface of the layer. 

The profile of particle distribution with low 

density c(y) by characteristic features of the shape 

agrees with the profile of the void fraction ε(y).  

The comparison of the profiles indicates a complete 

coincidence of the coordinates of the extreme values 

of the distribution functions of the void fraction ε(y) 

and the concentration of test light particles c(y).  

The minimum of the mentioned distribution functions 

is in the region of the core of the flow of granular 

matter on the rough chute. In the direction towards 

the bottom and the upper open surface of the flow, 

the values of these parameters increase significantly. 

As a result of a complex analysis of the sets of 

profiles shown in Figs. 2 and 3 for flows of mixtures 

of particles nonuniform in size and density, it is 

possible to draw conclusions regarding the kinetic 

regularities of the observed separation effects. 

Despite the unchanged direction of the shear rate 

gradient in the flow volume (in the direction of the 

bottom), in its regions near the open surface and the 

bottom, the size and density separation flows have 

opposite directions. It is noteworthy that particles 

with high inertial properties (larger and denser) in the 

process of separation move from the peripheral parts 

of the flow and concentrate in its central part. 

Further abstraction of the experimental profiles 

shown in Figs. 2 and 3 suggests that, because of size 

and density separation, particles with large mass are 

concentrated in the core region of the flow with 
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characteristically high values of void fraction. 

Correspondingly, there is a concentration of particles 

with low mass (small and low density) in the 

peripheral parts of the flow with characteristically 

high values of void fraction. In this connection it 

should be concluded that in the fast gravitational flow 

of granular medium there is an effect of structural 

nonuniformity, under the influence of which the 

separation flows of particles with small mass in the 

direction of the gradient of the void fraction and 

particles with large mass in the direction of the 

gradient of the volume fraction of solid phase are 

formed. In addition, when analyzing the variable 

values of the degree of curvature of profiles, it seems 

fundamentally important to pay attention to the 

importance of the void fraction gradients as a kinetic 

parameter that determines the intensity of the 

separation effect due to the inhomogeneity of shear 

flow parameters. This can be confirmed, for example, 

by density separation effects (Fig. 3), the high 

intensity of which can be explained by high values of 

the void fraction gradient )(y . 

Among many extraordinary experimental results, 

the effect of moving of low-density particles from the 

core to the bottom of the flow attracts special 

attention (Fig. 3). It is important that in the steady-

state flow regime the fraction of particles with low 

density increases towards the bottom until the 

concentration exceeds its average value in the 

mixture. The observed effect cannot be explained by 

using a set of previously analyzed separation 

mechanisms [8, 10, 12, 14, 15]. In this connection, 

there are sufficient grounds to develop the 

mechanism of separation as an effect of structural 

nonuniformity of rapid gravity flow of granular 

medium by analyzing the given experimental data. 

A comprehensive analysis of a set of profiles 

u(y), ε(y), c(y) (Figs. 2 and 3), characterizing 

structural-kinematic parameters and separation 

effects in fast gravitational flows of particles, gives 

grounds to assert that the movement of particles in 

the process of separation by size and density occurs 

under the action of the transfer potential, which has a 

direct relation to the gradient of the void fraction.  

The main type of interaction of particles in the 

rarefied zones of fast gravitational flows is their 

collision accompanied by the transfer of impact 

impulses. At chaotic exchange of impact impulses, 

particles differing in size and density will be in a state 

of chaotic fluctuations proceeding with different 

velocity of displacements. At collision of particles 

having different densities, the velocities of chaotic 

displacements for particles with low density, in 

general case, will be higher than for dense particles. 

Collisions of particles at gravitational shear take 

place in confined conditions. In this connection, the 

total momentum acquired by a particle is determined 

in direct dependence on its surface area [13].  

In this case, the average value of the fluctuation 

velocity of the i-th particle having diameter id  and 

mass im  is defined as: 12  iii mkdV , where k is 

proportionality coefficient. 

The nature of interaction of particles under 

conditions of fast gravitational shear has an obvious 

quasi-diffusive nature. At the difference in size and 

density, the fluctuation velocities and, accordingly, 

quasi-diffusion of particles will have different 

average values depending on their properties. In such 

a case, under conditions of structural nonuniformity 

of the shear flow, the quasi-diffusion separation 

effect is manifested, which has a physical nature with 

a high formal analogy with the nature of the 

molecular thermo-barodiffusion effect [20]. In the 

process of molecular thermo-barodiffusion,  

a diffusive separation flow of molecules with high 

fluctuation velocity is formed in the medium region, 

providing the possibility of fluctuations of molecules 

at large free path length. Molecules having a small 

velocity of chaotic movements are moved by the flow 

of separation in the medium region, in which the 

conditions for fluctuations of molecules at a small 

free path length are formed. 

Under conditions of rapid shear deformation of 

granular medium in steady flow on a rough gravity 

chute, a zone with maximum values of solid phase 

fraction is formed in the central part of the bed.  

The size of the zone and the values of the solid phase 

fraction in it depend on the thickness of the bed and 

the value of the chute angle to the horizon. In this 

flow zone with the lowest values of the void fraction, 

conditions are created for the movement of particles 

inclined to quasi-diffusion with low velocity and 

amplitude of fluctuations. Consequently, according to 

the dependence of the fluctuation rate on the diameter 

and mass of particles ( 12  iii mkdV ), conditions for 

quasi-diffusive fluctuations of particles with large 

mass are created in the central zone of the flow.  

At the same time, particles with small masses, which 

acquire large fluctuation velocities during collisions, 

participate in quasi-diffusive movements with large 

amplitude of oscillations and are displaced to the 

peripheral region of the flow, where conditions for 

fluctuations of particles with large free path length 

are formed.  
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4.2. Modeling of kinetics  

of quasi-diffusion separation process 
 

This section of the paper presents variants of  
a mathematical model of quasi-diffusive separation 
by size and density for two idealized conditions of 
interaction of cohesionless spherical particles under 
rapid shear deformation of a granular medium with 
high structural nonuniformity. The analyzed 
conditions of particle interaction are of decisive 
importance in estimating the frequency of their 
collisions. In contrast to the previously presented 
studies [7, 13, 18], the present paper presents  
a comparative analysis of the variants of modeling 
the contact interaction of particles with the 
involvement of experimentally obtained information. 

Variants of contact quasi-diffusion interaction of 
particles under conditions of rapid shear deformation 
are analyzed using the example of [13] of steady-state 
shear flow of a mixture of two components 

(components 1 and 2) having particles of diameter 1d  

and 2d ,  density 1 , 2 , and mass 1m , 2m , with 

their concentration in the mixture c and 1 – с, 
respectively. The mixture of particles is subjected to 
rapid shear deformation in the shear direction х  
(Fig. 4). It is assumed that under the action of a set of 
variable factors (deformation rate du/dy and 
lithostatic pressure), structural nonuniformity of the 
flow occurs, expressed in an increase in the fraction 
of voids in the y direction. 

It is assumed that under conditions of steady-
state shear flow of particles, the convection 
mechanism of transfer dominates in the process of 
their mixing in the direction of the shear. In the y 
direction, perpendicular to the direction of the shear, 
nonuniform particles change their position in the flow 
due to the manifestation of quasi-diffusion effects of 
particle interaction, accompanied by their mixing and 
separation. 

 

 
Fig. 4. To the mechanism illustration and formulation  

of kinetic regularities of quasi-diffusive separation  
by size and density due to structural nonuniformity  

of shear flow of particles 

The latter assumption allows us to analyze the 

quasi-diffusive interaction of nonuniform particles in 

a fast shear flow under conditions of inhomogeneity 

of its structural and kinematic parameters, neglecting 

the effect of separation (segregation) due to the 

relaxation of stress concentrators. It should be noted 

that such conditions occur at high values of the void 

fraction (ε ≥ 0.75), and in accordance with most 

physical mechanisms, segregation is a consequence 

of relaxation of contact stresses during the interaction 

of nonuniform particles in the flow. 

In the process of analysis, an elementary layer 

bounded by the coordinates y  and y  . The surfaces 

bounding the layer are perpendicular to the y axis, 

and the layer thickness y  satisfies the condition 

syyy 2 , where s is the distance between 

particles averaged over the volume of the layer [13]. 

The relative rate of quasi-diffusion of 

nonuniform particles relq  necessary for the 

expression of the separation flux is determined under 

the condition c(y) = const within the selected layer 

and the gradient of the quasi-diffusion transfer 

potential equal to 1. In accordance with the kinetic 

theory [20], the indicated flux is expressed in the 

following form: 
 

 ,33.0 2211rel lVlVq  ,                  (4) 
 

where iV   and il  are the fluctuation velocity and the 

path length of particles of the i-th component, 

respectively. 

The formulation of relations describing the 

kinetic regularities of quasi-diffusive separation is 

obtained by analyzing the quasi-diffusive particle 

interaction under two variants of assumptions. 

The first assumption [13] is that the fluctuation 

velocities of the particles are so large that they 

significantly exceed the mean value of their relative 

velocity u  in the shear direction, i.e. uV  , 

where   yyuu  / . Under this assumption, 

conditions for the dominance of binary particle 

collisions are formed in the shear flow, which allows 

us to express the average value of the particle 

fluctuation velocity iV   of the i-th component by the 

law of conservation of momentum. Using the average 

values of physical and mechanical characteristics and 

kinematic parameters of particles in the volume of the 

elementary layer, the following relation is obtained: 
 

i

i
m

cm
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where )(cm  is average mass of particles in the 

volume of the layer. The average particle velocity 

fluctuations V   in the volume of the elementary layer 

is determined by multiplication of the average values 

of the particle collision frequency F  and the distance 

s between them in a hypothetically uniform medium  
 

 

sFV  .                              (6) 
 

 

The collision frequency F  is calculated based 

on the law of conservation of energy, which is 

generated during shear deformation and dissipated by 

dissipation effects during particle collision, using the 

combined oblique impact hypothesis [7]. 

In accordance with assumption 1 and taking into 

account dependences (5) and (6), the average 

amplitude of chaotic displacements of a particle of  

i-type under specific conditions of its contact is 

determined by the following expression: 
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where 21 )1( dccdd   is mean value of particle 

diameter. 

The relative rate of diffusive transport of 

nonuniform particles, taking into account expressions 

(4 ) – (7), can be expressed in the following form 
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The change in the concentration of particles of 

the i-th type in the elementary layer of thickness y 

under const)( yc  will be determined only by the 

spatial inhomogeneity of the conditions directly 

affecting the direction and intensity of the transverse 

quasi-diffusive transport of particles in the shear 

flow. Since these conditions are fully determined by 

the nonuniformity of the microstructure of the 

medium, and according to (4) the most relevant 

characteristic of the microstructure is the distance 

between the particles, it is reasonable to express the 

driving force of quasi-diffusive separation as  

a relative value of the gradient of the distance 

between the particles in the y direction of quasi-

diffusion. 

Using an appropriate partial derivative, the 

driving force of quasi-diffusive separation is 

formulated as [13]: 

.
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Since the right part of expression (8) has a 

physical meaning of the quasi-diffusive separation 

coefficient (migration coefficient [13]) Dm, the value 

of its flux per unit surface area perpendicular to the 

separation direction can be expressed in the following 

form 
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The second assumption concerning the 

determination of the conditions of quasi-diffusive 

interaction of particles assumes that the relative 

velocity of particles in the shear direction essentially 

exceeds the velocity of their fluctuations Vu  , 

i.e., under this assumption, the collision of particles 

occurs with a frequency that depends on their relative 

velocity, particle properties, and the distance between 

them. In this case, the dependence of the frequency of 

collision of particles on the velocity of their 

fluctuations is negligibly small. As a consequence, 

the collision frequency is in direct dependence on the 

relative velocity of particles u and is proportional to 
2d , and the free path length of particles negligibly 

little depends on the velocity of their fluctuations. 

Thus, according to the second variant of the 

assumption, the free path length is the same for all 

particles of the mixture and is equal to the average 

distance between them. 

Taking into account the peculiarities of this 

assumption, the particle fluctuation velocity iV   of the 

i-th component is determined on the basis of the law 

of conservation of momentum as a function of the 

averaged value of the fluctuation velocity of particles 

of the mixture under constrained conditions of 

particle collision, in which the total momentum 

acting on a particle is proportional to its surface and 

inversely proportional to its mass: 
 

21 )/()( ddmVcmV iii
 .                 (11) 

 

According to this assumption, the amplitude of 

fluctuations is invariant for all particles of the 

mixture and corresponds to the average value of the 

distance between them  
 

.slli                               (12) 
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Taking into account relations (11) and (12), the 

kinetic coefficient of quasi-diffusive separation 

caused by mutual quasi-diffusive transfer of 

nonuniform particles in the shear flow of granular 

medium under conditions of its structural 

nonuniformity is expressed [13] in the following form  
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Obviously, regardless of the version of 

assumption, the flow intensity of quasi-diffusive 

separation by size and density in a fast shear flow of 

particles is determined according to the kinetic 

dependence (10). The transition from one assumption 

to another one is carried out by changing the 

dependence to calculate the process kinetic 

coefficient. When using the first variant of the 

assumption, the separation coefficient is calculated 

according to expression (8), and the second 

assumption is realized when determining the 

separation coefficient using the calculation 

dependence (13). 

 
4.3. Modeling the dynamics of size and density 

separation under conditions of structural 

nonuniformity of fast gravitational particle flows 
 

The results of the analysis of the mechanism and 

kinetics of quasi-diffusive separation were used in 

mathematical modeling of the dynamics of separation 

by size and density in a fast gravitational flow of 

particle mixtures (Table 1) on a rough chute.  

The modeling was performed using the general mass 

transfer equation [21], transformed to the specifics of 

the problem to be solved. In [5, 6, 10, 12, 22], the 

basic mass transfer equation was adapted to predict 

the evolution of the particle concentration field of  

a test component in a gravity flow. In the adapted 

version, the equation describes the concentration field 

of particles of the test component with reference to its 

fluxes of convection, quasi-diffusive mixing and 

separation in accordance with one of the segregation 

mechanisms due to the local nonuniformity of the 

granular medium under gravity flow conditions. 

According to the results of the analysis, when 

modeling the separation in gravity flows with high 

structural nonuniformity, a term is introduced into the 

equation describing the dynamics of the process, 

given the kinetics of quasi-diffusive separation (10), 

which is a consequence of the spatial nonuniformity 

of the structural characteristics of the flow. After the 

corresponding addition, the equation of separation 

dynamics [7, 13, 18] is obtained in the following 

form 
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where VsD  3/1dif  is quasi-diffusion mixing 

coefficient [7, 18]. 

When modeling the dynamics of the separation 

process in a gravitational particle flow, equation (14) 

is integrated numerically using the Crank-Nicholson 

finite-difference scheme [23]. When solving the 

equation, the initial condition is set as corresponding 

to a homogeneous distribution of mixture 

components in the volume of the bed 0),,0( cyxc  , 

where 0c  is the average concentration of particles of 

the test component in the mixture. The boundary 

conditions are set in the form of relations governing 

the homogeneous distribution of mixture components 

on entering the bed ( 0),0,( cytc  ) and the absence of 

particle flows through the free surface (y = h) and the 

bottom of the bed (y = 0)  
 

0
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A preliminary evaluation of the predictive 

properties of equation (14) allows us to note that the 

kinetic coefficients of the quasi-diffusion effects of 

separation Dm and mixing difD , as well as the driving 

force of shear flow segregation ,M  are analytically 

determined. The only kinetic parameter in the 

equation that requires experimental determination is 

the segregation kinetic coefficient Ks. According to 

the method described in [19], the segregation 

coefficient Ks is determined experimentally as the 

velocity of the test particle during its transverse 

motion in the shear flow, referred to the driving 

segregation force .M  Approbation of the method 

has shown that the Ks coefficient obtained using it 

exhibits the properties of a kinetic constant with 

respect to a certain mixture of particles in  

a sufficiently wide range of their properties and 

structural and kinematic characteristics of the flow 

[18, 19]. The analysis of equation (14) indicates its 

sufficiently high predictive capabilities, allowing us 

to model the dynamics of separation by size and 

density using only one experimental coefficient. 
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When modeling the c(y) concentration profiles 

of test particles in mixtures 1–3 (Table 1) on  

a rough chute, experimental information on the 

structural and kinematic characteristics of the flows, 

obtained as profiles of the void fraction ε(y) and 

velocity in the shear direction u(y), was used as input 

data. The experimental profiles u(y) and ε(y), as well 

as the profiles of the concentration of test particles 

c(y), necessary to evaluate the adequacy of the 

modeling results, were obtained using the method and 

experimental unit described in the section “Research 

methods and model materials”. 

Figures 5–7 show the results of different variants 

of mathematical modeling of profiles of 

concentration distribution profiles of test particles in 

binary mixtures 1–3 (Table 1) in comparison with 

experimentally obtained profiles. Mathematical 

modeling was carried out at different variants of 

determination of the quasi-diffusion separation 

coefficient in order to analyze the predictive 

properties of variants and the significance of the 

corresponding flux in the separation process.  

The analysis of modeling options (Fig. 5) shows 

that the calculation of the quasi-diffusive separation 

coefficient using assumption 1 ( uV  ) in 

accordance with dependence (8) does not provide 

adequate modeling of the concentration distribution 

profile. 

 

 
 

Fig. 5. Concentration profiles of large particles in the flow 

of mixture 1 (Table 1) on a rough gravity chute, obtained 

by experimental 1 and analytical  2–4 methods, under 

different variants of determining the quasi-diffusion 

separation factor Dm: 2) calculation under assumption (2) 

in accordance with (13); 3) calculation under Dm = 0; 4) 

calculation under assumption (1) in accordance with (8) 

 
 

Fig. 6. Experimental 1 and calculated 2 and 3 profiles  

of concentration distribution of low density particles  

in the flow of mixture 2 (Table 1) on a rough gravity chute 

at different variants of determination of quasi-diffusion 

separation coefficient: 2) calculation under assumption (2) 

in accordance with (13); 3) calculation under Dm = 0 

 

The inadequacy of the modeling option under 

assumption 1 is also revealed when modeling the 

separation dynamics in mixtures 2 and 3 in terms of 

density and complex particle size and density 

differences.  

On the contrary, the use of the second variant of 

the assumption in modeling, based on the assumption 

of the dominant role in the process of impact 

interaction of particles of their relative shear velocity 

( Vu  ), provides adequate results. This is clearly 

confirmed by comparing the calculated concentration 

profiles obtained using the second assumption for all 

types of mixtures (curves 2 in Figs 5–7) with the 

experimentally obtained concentration distributions 

of test particles. The adequacy of the calculated 

results was confirmed at a significance level of 5 % 

using Fisher's F-criterion to evaluate the ratio of 

adequacy and reproducibility dispersions. 

As a result of analyzing the set of experimental 

and calculated concentration profiles of cohesionless 

particles in thin-bed gravity flows (Figs. 5–7), it is 

possible to conclude that under the influence of 

structural nonuniformity of flows the effect of quasi-

diffusive separation by size and density, which 

significantly affects the distribution of nonuniform 

particles, is manifested. This conclusion is confirmed 

by comparing the calculated concentration profiles 

obtained considering the quasi-diffusive separation  
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Fig. 7. Experimental 1 and calculated 2 and 3 profiles  

of concentration distribution of particles with small mass  

in the flow of mixture 3 (Table 1) on a rough gravity chute 

at different variants of determination of the quasi-diffusion 

separation coefficient: 2) calculation under assumption (2) 

according to (13); 3)  calculation at Dm = 0 

 

effect (curves 2) and in the absence of this effect 

(Dm = 0) (curves 3). In this case, a quasi-diffusive 

segregation flow is formed due to spatial 

inhomogeneity of structural and kinematic parameters 

of the flow, which can dominate over the flow of 

shear flow segregation, which is a consequence of 

relaxation of local stress concentrators. 

To evaluate the predictive properties of the 

mathematical model of separation based on equation 

(14), it is important to note that the concentration 

profiles of test particles for mixtures 2 and 3, which 

differ in the disperse composition of components of 

different densities, are obtained at an invariant value 

of the kinetic segregation coefficient Ks. Thus, the 

mathematical model provides the possibility of 

predicting the distribution of nonuniform in size and 

density cohesionless spherical particles in gravity 

flow with high inhomogeneity of structural and 

kinematic characteristics using a single experimental 

kinetic parameter. 

The determining role of quasi-diffusive 

separation in accordance with its mechanism under 

the second variant of the assumption ( Vu  ) is 

confirmed by a large number of studies, e.g. [7, 13, 18], 

performed with mixtures of particles differing in a 

complex of properties in fast gravity flows in a wide 

range of flow parameters. However, at the same time, 

individual cases have been noted, indicating that in 

special flow conditions of a certain type of granular 

matter it is reasonable to describe the kinetics of 

quasi-diffusive separation using the first variant of 

the assumption. 

Figure 8 shows the calculated profiles (curves 2(1) 

and 2(2)) of the concentration distribution of small 

particles in the mixture of glass bead fractions in a 

fast gravity flow. When modeling profile 2(1) in the 

upper rarefied zone of the flow (ε ≥ 0.75), the quasi-

diffusive separation coefficient Dm is calculated by 

(8) (according to the first version of the assumption) 

and by (13) (according to the second version of the 

assumption) in the rest of the flow volume. In the 

modeling of profile 2(2), the quasi-diffusive 

separation coefficient Dm is calculated by (13) 

(according to the second version of the assumption) 

in the whole flow volume. The simulation results 

(curves 2(1) and 2(2)) are presented in comparison 

with the experimental concentration distribution 

profile (curve 1). Comparison of modeling variants 

(Fig. 8) shows that within the analyzed object 

adequate modeling of quasi-diffusive separation in a 

rarefied flow region at the void fraction above 0.75 is 

provided using the hypothesis of fluctuation velocity 

( uV  )dominance in relative particle movements 

according to the first variant of the assumption.  

This can be explained by presumably very low effects 

of dissipation of kinetic energy at collision of glass 

beads particles (high restitution coefficient and low 

friction coefficient) in the rarefied region of the shear 

flow “cloud” at low gradient of particle velocity in 

the shear direction.  

 

 
 

Fig. 8. Concentration profiles of glass beads particles  

of fine fraction (+2.5–3.0) mm in mixture with coarse 

fraction (+3.25–3.5) mm under gravitational flow on rough 

chute: 1 – experimental; 2, 3 – calculated at different 

variants of determination of quasi-diffusion separation 

coefficient mD : 2(1) calculation at the first variant  

of assumption according to (8); 2(2) calculation  

at the second variant of assumption according to (13);  

3)  calculation at Dm = 0 
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Obviously, under the action of turbulent 

pulsations occurring in the flow core and at low 

intensity of the effects of dissipation of kinetic energy 

in binary particle collisions in the flow “cloud”, the 

conditions corresponding to the first variant of the 

assumption ( uV  )can be fulfilled. 

The analyzed mechanism of quasi-diffusion 

separation enables to explain the physical nature of 

some paradoxical effects that were found in the 

experimental study of failure zones formed in the 

process of shear deformations of mixtures of granular 

matter in the annular shear cell and can be taken into 

account when organizing the processes of preparing 

mixtures of composite materials and their structuring 

[24, 25]. For example, according to the authors of 

[12], the mysterious behavior of mustard seeds in the 

shear flow of their mixture with bead granules is 

probably explained by the formation of shear flows 

with large gradients of shear strain rate and, 

accordingly, the fraction of voids in the flow volume 

between its core and the cell walls. Under conditions 

of void fraction gradients, mutual movement of 

mustard seeds and glass particles will occur under the 

effect of quasi-diffusive separation. Less massive 

mustard seeds will move in the direction of the void 

fraction gradient toward the cell walls while heavy 

glass particles will move toward the center of the 

failure zone. Due to the quasi-diffusion effect, 

mustard seeds are distributed in the near-wall zones 

of the cell with replacement of the denser glass 

particles into the core of the shear flow. For a more 

convincing explanation of the extraordinary 

separation effects, detailed experimental information 

on the structural characteristics in the shear flow 

volume in the annular cell is required. 

 

5. Conclusion 
 

The physical nature and mechanisms of quasi-

diffusive separation of cohesionless spherical 

particles with a complex difference in size and 

density in fast shear flows with high inhomogeneity 

of structural and kinematic parameters have been 

analyzed. It is established that in the conditions of 

thin-bed fast gravitational flows on a rough chute the 

determining role in the formation of quasi-diffusive 

separation flow belongs to the character of structural 

nonuniformity of the flow. The analysis of kinetic 

regularities of the quasi-diffusive separation process 

in alternative conditions of quasi-diffusive interaction 

of particles in a fast shear flow, which are 

characterized by the dominance of either the velocity 

of chaotic fluctuations of particles or their relative 

velocity in the shear direction. 

The results of experimental and analytical study 
show that the intensity of quasi-diffusive separation 
flow is in direct dependence on the particle collision 
frequency. It is established that in the general case of 
steady fast gravitational flow of granular matter on a 
rough chute, the collision frequency is determined by 
the dominant value of the component of the relative 
shear velocity of particles and depends to a lesser 
extent on the velocity of their chaotic fluctuations.  
At the same time, under conditions of fast 
gravitational flow of smooth elastic spherical 
particles in the region of the “cloud” of particles near 
the open surface of the flow, the frequency of particle 
collisions can be determined at the dominant value of 
the velocity of their fluctuations. It has been 
established that in thin-bed fast gravitational flows 
quasi-diffusive separation due to spatial structural 
nonuniformity of the flow can dominate over 
segregation as a manifestation of the effect of local 
nonuniformity of the shear flow. 
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Abstract: Desorption of gases from cathode materials in electrovacuum devices (EVDs) is one of the key problems in the 
production process, which has a significant impact on the performance and durability of devices such as magnetrons,  
X-ray tubes and vacuum amplifiers. For example, cleaning the surfaces of EVD parts during production inevitably entails 
their reactions with air components after extraction from the processing zone, and the process of degassing heating during 
pumping often contributes to an additional complication of the structure and chemical composition of the surface layer, 
since impurities diffusing to the surface can cause the appearance of new substances. Therefore, even when choosing 
cathode materials or parts of internal fittings, EVDs are guided by the ability of the material to quickly remove gases, 
maintain strength at high temperatures and have high chemical resistance.  The present paper is a detailed analysis of 
modern methods of desorption acceleration, the mechanisms of this process and their computational basis, including 
known physical laws and models of adsorption and desorption. Promising approaches to improving the quality of cathodes 
at different stages of their production, with an emphasis on the use of new materials and technologies, are evaluated. 
Calculations confirming the effectiveness of the proposed solutions are analyzed, as well as the influence of various factors 
on minimizing the impact of desorption processes and increasing the durability of cathodes in EVDs. 
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Аннотация: Десорбция газов из материалов катодов в электровакуумных приборах (ЭВП) является одной из 
ключевых проблем в процессе производства, оказывающей существенное влияние на производительность  
и долговечность таких устройств, как магнетроны, рентгеновские трубки и вакуумные усилители. К примеру, 
очищение поверхностей деталей ЭВП в процессе производства неизбежно влечет за собой их реакции  
с компонентами воздуха после извлечения из зоны обработки, а процесс обезгаживающего нагрева во время 
откачки нередко способствует дополнительному усложнению структуры и химического состава поверхностного 
слоя, поскольку примеси, диффундирующие к поверхности, могут вызвать появление новых веществ. Поэтому 
даже при выборе материалов катодов, деталей внутренней арматуры ЭВП руководствуются способностью 
материала быстро удалять газы, сохранять прочность при высоких температурах и обладать высокой химической 
устойчивостью. Приведен подробный анализ современных методов ускорения десорбции, механизмов этого 
процесса и их расчетных основ, включая известные физические законы и модели адсорбции и десорбции. 
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Оценены перспективные подходы к улучшению качества катодов на разных этапах их производства, с акцентом 
на использование новых материалов и технологий. Проанализированы расчеты, подтверждающие эффективность 
предложенных решений, а также влияние различных факторов на минимизацию влияния процессов десорбции  
и повышение долговечности катодов в ЭВП. 
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1. Introduction 
 

The production of vacuum tubes is one of the 
most complex industries. This is due to the fact that 
the stability of the electrovacuum device (EVD) 
depends not only on the preservation of the shape and 
condition of the parts, the choice of materials, the 
appropriate technology for their processing and 
compliance with the entire technological process of 
manufacturing the device. Fulfillment of the 
conditions of mechanical precision of manufacture 
and assembly does not guarantee durability and 
manufacturability due to the processes of material 
desorption during the technochemical stages of 
production and further operation or storage of EVDs. 
In particular, the materials of electrodes, which 
ensure the correct functioning of the device, are 
subject to desorption or spraying.  

During various stages of production, a layer of 
the gas phase inevitably forms on the surface of 
cathodes. During degassing heating during pumping 
out EVDs, the structure of oxide films and adsorbed 
impurities becomes more complex, often changing its 
chemical composition due to diffusing elements from 
the volume of materials. This can lead to significant 
changes in the emission properties of the cathode, 
contamination of the vacuum environment and 
complete failure of the device. Therefore, one of the 
main production tasks is to remove chemically 
adsorbed gases and impurities such as hydrogen, 
oxygen and hydrocarbons from the cathode surface. 
The materials used in production are assessed by their 
ability to quickly remove gases, low vapor pressure, 
strength at high temperatures, thermal expansion 
coefficient, thermal conductivity, electrical 
conductivity, high insulation resistance even at high 
temperatures and chemical resistance. The purity of 
the material also plays a decisive role, since even 
small impurities can significantly affect the 
performance characteristics and service life of 
devices. In particular, when the vacuum conditions in 

instantaneous magnetrons deteriorate from 10–8 to 

10–7 mm Hg, the current density from the field 

emission cathode decreases from 7.0 to 5.6 mAcm–2 

(Fig. 1) [1]. The use of materials with a minimum gas 

content can be attributed to the mandatory 
requirements for the materials of EVD parts, since 
maintaining low pressure in the vacuum  

In recent years, research in the field of 

adsorption and desorption phenomena on EVD 

cathodes has focused on understanding the 

physicochemical processes occurring on the surface 

and inside the cathode material, as well as on 

developing new methods for controlling these 

processes in order to improve the efficiency and 

stability of devices [2–4]. Thus, modern studies 

emphasize the importance of not only the chemical 

nature of adsorption, but also its kinetic aspects. For 

example, experiments using various spectroscopy 

methods allow observing changes in the surface states 

of cathodes in real time when exposed to a gas 

environment [5]. This helps to refine the interaction 

models and optimize the operating conditions of 

devices to minimize the negative impact of 

desorption. Another important aspect of recent 

research is related to the effect of adsorption on the 

emission properties of cathodes [6]. Especially it is 

noticed in the context of high-precision and highly 

sensitive applications, where even small changes in 

the emission level can significantly affect the 

operation of the device. Studies show that adsorbed 

layers can cause temporary or permanent changes in 

the function of the cathode, which requires the 

development of specialized coatings or evacuation 

methods to eliminate or minimize this effect. At the 

same time, promising solutions related to the 

development of new materials and modifications of 

cathode surfaces by forming protective layers are 

increasingly being proposed.  

The purpose of this review is to 

comprehensively analyze modern approaches to gas 

desorption processes from cathode materials used in 

vacuum tubes with an emphasis on increasing their 

durability and performance characteristics. The 

review covers the latest advances in heat treatment, 

radiation and electron exposure, and the use of 

nanomaterials, providing an interdisciplinary 

approach to solving desorption problems. Particular 

attention is paid to theoretical models based on Fick’s  
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Fig. 1. Dependence of the autoelectronic emission current on the pressure in the chamber [1] 

 

and Arrhenius’s laws, as well as practical 

recommendations for production optimization. The 

work is aimed at integrating theoretical knowledge 

and modern technologies to create more efficient and 

reliable devices. 

 

2. Thermally activated desorption 
 

Thermally activated desorption is widely used in 

industrial processes to improve the quality of 

cathodes in EVDs. In most cases, vacuum degassing 

requires thermal activation of cathodes or additional 

thermal cleaning. Classical studies of cathode heat 

treatment [7–9] provided the basis for modern 

methods of removing impurities through heating. 

These studies showed that cathode temperature above 

1000 °C significantly increases the desorption rate for 

all materials. Modern studies [10, 11] have confirmed 

these data and proposed more accurate models to 

describe the processes of gas diffusion on the cathode 

surface. For example, the Fick equation for diffusion 

allowed us to accurately calculate the concentration 

of impurity gases on the cathode surface and the time 

required for their complete removal: 
 

2x

C
D

t

C









, 

 

where C is the impurity concentration, D is the 

diffusion coefficient. If we assume that the activation 

energy of capture is identical to the activation energy 

of diffusion in the lattice the activation of desorption 

will be equal to the sum of the diffusion energy and 

the energy barrier, which is in good agreement with 

the experimental spectrum of pure iron with careful 

surface treatment [12]. 

At the same time, more often, modern studies of 

basic EVD designs give hope for the creation of 

computer methods for calculating and modeling 

surface processes for their further generalization to 

technological units with a more complex elemental 

composition [13]. 

Detailed studies of thermal desorption are 

presented in [14]. An extensive analysis of the 

temperature and pressure effect on the desorption 

characteristics of various cathode materials was 

carried out. In the process of thermal vacuum 

treatment of cathodes, an incorrectly selected 

pressure can lead to insufficient or excessive 

desorption. Thus, a pressure of 10–3 mbar leads to an 

increase in the desorption flux for scandate-based 

cathodes by 25 % compared to a pressure of  

10–2 mbar. With regard to thermal treatment, 

scandium oxides are preferable in production, since 

they reduce the work function to 1.6–1.8 eV 

compared to traditional cathodes, for which this 

figure is 2.0–3.0 eV. The addition of scandium oxides 

to cathodes made of other materials helps to improve 

the thermal stability of cathodes at high temperatures 

(up to 1500 K). In particular, Sc2O3-based cathodes 

demonstrate stable emission characteristics for  

1000 hours of continuous operation at temperatures 

up to 1200 K, which is superior to most similar 

materials [15]. Tungsten and thorium-based cathodes 

also demonstrate the efficiency of thermal desorption 
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under high-temperature conditions. For them,  

a characteristic increase in desorption begins at  

a temperature of 1200 K, contributing to an increase 

in gas evolution by 40 % compared to a temperature 

of 1000 K [16]. 

From a physical point of view, the activation of 

desorption and diffusion processes during pumping 

out EVDs through long-term thermal vacuum 

treatment can effectively remove a significant amount 

of gas components from the internal surfaces and 

from the volume of the device parts. However, long-

term thermal vacuum treatment can entail a decrease 

in the emission characteristics of the cathodes due to 

additional chemical transformations on the surface or 

destruction of the surface layer. Improvement in the 

work function of tungsten, molybdenum and barium 

oxide cathodes was noted only when heated in a 

certain temperature range [17]. Samples made of 

nickel, after preliminary long-term 12-hour thermal 

degassing at a temperature of 800 °С in a vacuum, 

released CO at each bombardment pulse with energy 

of 270 eV at room temperature. Further investigation 

revealed that the surface of the nickel samples was 

covered with a thin but strong insulating film of 

carbon-containing nickel oxides [18]. In addition, the 

possibility of mass transfer of metals inside and 

outside the finished devices should be separately 

highlighted. Quite a few cases of the manifestation of 

the volatile properties of metal oxides have been 

described in the literature [19–21]. Some volatile 

properties of molybdenum MoO3 and copper CuO 

oxides have been considered in detail. The partial 

pressures of these oxides when heated to 600 °C are 

approximately 10–3 and 10–2 Torr, respectively.  

It is also noted that BaO molecules evaporate without 

decomposition at low temperatures, despite the high 

boiling point of this compound. At approximately 

800 K, dissociation of BaO2 molecules begins, which 

leads to further evaporation of metallic barium [20]. 

It is known theoretically that the cathode 

temperature can be affected by several factors 

simultaneously: the heating model and the 

temperature coefficient of heater resistance. To solve 

the problem of excessive desorption during heating, 

they resort to optimizing temperature conditions [22] 

and monitoring the current cathode temperature 

during thermionic emission [23] or using a 

synergistic effect with new approaches to stimulating 

desorption and diffusion processes [24–26].  

The paper [26] shows that the cathode temperature 

decreases as the current collected by the anode 

increases. When the emission current was 180 mA, 

which corresponded to a current density of  

2.92 Acm–2 the cathode temperature decreased by 

29 °С in the constant voltage heating mode and by 

35 °С in the constant current heating mode. 

 
3. Ultraviolet radiation and ion cleaning 

 

At certain stages of vacuum tube production, 

methods such as ultraviolet irradiation or ion cleaning 

are used to accelerate desorption processes. 

Compared to traditional heat treatment, calculated 

data indicate an increase in the rate of desorption 

processes during UV treatment by several times [27]. 

The threshold energy for neutral desorption can be 

quite low, down to 5 eV (far ultraviolet radiation).  

At higher energies (15 eV), ion desorption can be 

expected [28]. The promise of this method lies in its 

effectiveness when used at the final stages of cathode 

production, when it is necessary to remove remaining 

impurities before installing the cathodes in devices. 

In addition to removing contaminants at the atomic 

level, UV radiation, due to its local effect of high 

energy density, made it possible to carry out 

controlled nanostructuring [29].  
Research in this area over the past 10 years has 

been aimed at finding modes and criteria for cleaning 
electrodes. The optimal ratio between the ignition 
voltage, working gas pressure, DC glow discharge 
current and the distances between the EVD 
components made it possible to reduce the pumping 
time by 2.0–2.5 times with lower energy costs about  
15 years ago [30]. However, with the advent of new 
cathode materials and more stringent operational 
requirements for devices, it became necessary to 
improve the classical methods. Cathodic plasma 
electrolytic treatment is a new technology for 
preparing a surface for further processing or creating 
surfaces with specified properties [31]. Using  
a plasma discharge caused by electrolysis and the 
cooling effect of the electrolyte, metal cleaning and 
subsequent deposition of a thin metal film are 
effectively achieved. The most common methods of 
film creation in production are physical or chemical 
vapor deposition [32, 33]. These methods require 
separate preliminary treatment of materials, while the 
spraying process itself is quite lengthy. The plasma 
electrolytic processing process, having four 
simultaneous effects from a strong electric field, 
oxidizing free radicals, ultraviolet light and a shock 
wave, turns out to be cost-effective and 
environmentally friendly [34].  

However, its application in the field of 

electronics still needs to be adjusted in relation to the 

modes and conditions of the process. The most 

practically oriented developments are pumping 

technologies for EVDs with secondary-emission cold 
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(non-heating) cathodes [35]. The main feature of the 

method is a combination of ion cleaning with 

sequential degassing of the device components, 

which includes the use of high-energy ions to remove 

adsorbed gas molecules. In the process of ion 

cleaning, ion flows are created directed at the surface 

being cleaned. This helps remove contaminants at the 

molecular level, including residual molecules such as 

hydrogen and oxygen, and reduces the preparation 

time of devices by 40 %. Other studies show the same 

results [29], which reinforces the prospects of the 

method in its application for mass production.  

The most successful examples of combined 

technologies to date include the processing of 

cathodes in instantaneous devices such as 

magnetrons. In these devices, the use of combined 

methods ensures low levels of desorption in the 

vacuum cavity and stability of thermionic emission. 

The disadvantages of the method include the 

possibility of initiating a chemical reaction with 

impurity gas molecules on the cathode surface or an 

uneven temperature distribution, which becomes 

especially noticeable in nanoscale areas. Nanosecond 

pulses of UV radiation are capable of transferring 

energy so quickly that the material does not have time 

to transfer heat to deeper layers. Due to this, it is 

possible, if necessary, to controllably limit the surface 

effects of evaporation and desorption [36–38].  

This ability additionally opens up possibilities for 

using these effects in microelectronics and 

nanotechnology, especially for the creation of thin 

films or controlled modification of surfaces [39, 40]. 

 

4. Electron desorption and radiation effects 
 

Electron desorption was actively studied back in 

the 1960s, which made it possible to establish the 

mechanisms of this process [41]. It was found that 

even low-energy electrons can effectively desorb 

gases adsorbed on the metal surface, and the 

desorption rate increases with increasing electron 

energy and increasing irradiation time. Thus, when 

exposed to electrons in the range from 1 to 30 eV on 

tungsten, copper and platinum under conditions of 

maintaining a pressure of 10–9 Torr, desorption of 

oxygen and carbon dioxide occurs. Cold cathodes 

made of nickel and cobalt when exposed to electrons 

with energies from 1 to 50 eV demonstrate 

acceleration of hydrogen and argon desorption.  

Among modern studies, there are works that 

examine in detail the effect of all types of radiation 

on the desorption capacity of the surface [42, 43]. 

Experimental data show that radiation can 

significantly change the desorption mechanisms, 

accelerating or slowing down this process depending 

on the type and intensity of radiation. In addition, it 

has been shown that an applied electric field can 

change the distribution of charged particles and 

increase the repulsive force between the adsorbed 

molecules and the cathode surface. This is especially 

noticeable at high voltages, where electric fields 

promote acceleration of desorption. For example, 

when molybdenum cathodes were exposed to intense 

ionizing radiation, a significant activation of 

desorption was recorded, increasing by 30 %. 

Moreover, this method not only increases the 

quantum efficiency of the cathodes, but also does not 

affect the surface roughness, which is especially 

important for the operation of cathodes under high 

vacuum conditions [44].  

Later, a model of gas and radiation desorption 

during initial high-voltage conditioning in vacuum 

was created [45]. The applied voltages varied from  

20 to 100 kV for stainless steel electrodes, as a result 

of which intense desorption of impurity gases (mainly 

hydrogen and oxygen) began at voltages above  

60 kV. According to the author, the increase in the 

desorption rate before reaching the threshold voltage 

of 80 kV is associated with the accumulation of 

energy in the surface layers of the metal.  

For example, at a voltage of 80 kV, the measured 

desorption rate reached 1016 moleculescm–2s–1, 

while at 40 kV it was about 1014 moleculescm–2s–1. 

It was also noted that desorption reaches a peak in the 

first few minutes of processing, after which the 

desorption rate decreases, indicating saturation of the 

process. A feature of this model is that it takes into 

account the radiation effect caused by accelerated 

electrons and ions, which additionally contribute to 

desorption. This radiation effect increases the local 

surface temperature to values about 200 °C, which 

stimulates thermally activated desorption of 

molecules. It is confirmed that under such conditions, 

radiation desorption can account for up to 20 % of the 

total number of released molecules in the early stages 

of high-voltage processing.  

Thus, high radiation load leads to significant 

improvement of vacuum conditions in EVDs, due to 

active desorption of ions and molecules from the 

cathode surface. Desorption intensity increases 

sharply under radiation exposure, especially in the 

case of hydrogen molecules, which is associated with 

their high mobility and penetration into materials.  

At the same time, vacuum recovery after irradiation 

occurs slowly, which indicates prolonged activation 

of desorption processes in the material after exposure. 
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5. Cathode materials 
 

With the increase in frequency ranges and power 

of modern devices, more stringent requirements arise 

for heat resistance, durability and stability of cathodes 

to external factors, such as high temperatures and 

intense electric fields. The manufacture of cathodes 

from traditional materials such as nickel, tungsten, 

alkaline earth metal oxides requires precise control 

over the conditions of all stages of their manufacture, 

operation and storage [46, 47]. Moreover, the 

structure of the cathode surface or the morphology of 

its coatings due to the presence of microroughness, 

defects or variable resistance to external influences 

relative to the chemical composition can also have an 

accelerating or decelerating effect on the desorption 

of the material [48]. In this case, it is necessary to 

take into account not only the stability of cathode 

emission, but also degradation processes [49].  

The latest developments in this area suggest the use 

of new materials for cathodes, such as oxides of rare 

earth metals (e.g. scandate) and nanostructured 

coatings.  

However, depending on the required operating 

modes, the state of all technological units of the 

devices should still be constantly monitored [50]. 

Being the most popular for high-temperature 

applications, scandate cathodes during long-term 

operation promote active accumulation of desorbed 

particles on the inner surfaces of EVDs [51]. 

Therefore, it is proposed to use more stable coatings 

on the cathode surface or to create multilayer 

structures that prevent the interaction of active 

elements of the cathode with the environment.  

The most widely used are the deposition of thin 

layers of atoms of alkali, alkaline earth elements and 

polar molecules of barium oxide [52].  

The dependence of the work function on the 

thickness of the deposited layer is characterized by a 

curve in which a minimum is observed at a layer 

thickness of 0.6–0.7 monolayers, which is typical for 

various materials. The exact reason for the 

appearance of this minimum continues to cause 

controversy: it may be due not only to a decrease in 

the positive moment on the surface due to the bond 

between adatoms, but also to the presence of traces of 

electronegative contaminants in the device. These 

atoms, binding with electropositive adatoms, can 

enhance the emission. For example, films containing 

Сs–O–W or Ва–O–W demonstrate a lower work 

function (1.6–1.9 eV) compared to Ba–W and Cs–W 

films (2–2.5 eV). According to [53], the mechanism 

of this phenomenon is that a group of metallic 

adatoms is formed around the oxygen ions on the 

surface. Their effect compensates for the increase in 

the work function caused by oxygen adsorption, 

thereby reducing it.  
The valence state of the deposited atoms can 

significantly affect the work function, especially if 
the covalent component plays a role in their 
interaction with the substrate. Studies described in 
[54] showed that when barium is deposited on a clean 
iridium surface (Ir(111)) the barium atoms are 
uniformly distributed over the surface until a 
monolayer is formed. However, in the presence of a 
small amount of carbon, the adsorbed Ba atoms tend 
to form island structures. This is due to the 
weakening of the electron interaction of adatoms with 
the carbon substrate, which in turn strengthens the 
bonds between the adatoms themselves. The opposite 
effect was recorded during the adsorption of barium 
on a tungsten surface coated with a germanium film 
[55]. In this case, the deposition of barium on the W 
surface coated with germanium led to a greater 
decrease in the work function compared to pure 
tungsten.  

As noted earlier, the introduction of scandium 
into the tungsten base of cathodes significantly 
improves their thermionic characteristics. This allows 
for a decrease in operating temperatures, improved 
emission efficiency and increased durability of 
cathodes under operating conditions. After a more 
detailed analysis of the physicochemical processes on 
the cathode surface, it was found that the introduction 
of scandium helps to reduce thermal desorption, due 
to which the cathodes demonstrate high stability even 
when exposed to radiation and mechanical loads, 
which confirms their high reliability under harsh 
operating conditions. 

Currently, many industrial enterprises, including 
JSC Pluton, manufacture microwave vacuum tubes 
using dosing cathodes based on tungsten sponge 
impregnated with barium-calcium aluminate 

2.5BaO ⋅ 0.4CaO ⋅ Al2O3. The thermionic current 

density of such a cathode at a temperature of 1050–

1100 °C is 10–15 Acm–2 [56]. Studies of the 

chemical composition using electron spectroscopy 
methods confirmed the solubility of calcium, 
aluminum, tungsten, and scandium in cathode 
materials. It was shown that the emission properties 
of dispersing and scandate cathodes are determined 
by the properties of barium oxide crystallites formed 
in the cathode material at the stage of its manufacture 
and activation, as well as the type and concentration 
of point defects in barium oxide. Thus, the use of 
thin-film coatings based on oxides and nitrides 
effectively blocks the penetration of gases to the 
active centers of the cathodes and reduces the 
likelihood of desorption [56]. 
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The use of plasma technologies, such as plasma 

etching or ion plating, for the purpose of modifying 

the surface of cathodes additionally contributes to 

increasing the resistance of cathodes to thermal and 

mechanical destruction [57, 58]. Due to the precise 

control of the process of ion flow formation by 

heating the cathode to high temperatures, thermionic 

emission of electrons is initialized and a dense 

plasma discharge is created. These discharges play a 

key role in ion plating processes, providing a high 

degree of control over the parameters of thin films, 

such as thickness, composition and structure [40]. 

And plasma etching of cathodes is useful for creating 

specific microstructures [59, 60]. 

The paper [61] is a significant study devoted to 

the development of tungsten-based thermionic 

cathodes activated with nanothorium (ThO2).  

The cathode fabrication involved a sintering method, 

which resulted in a uniform distribution of 

nanothorium over the surface. Such cathodes provide 

a lower work function and improved thermionic 

emission compared to traditional cathodes.  

For example, after activation and sintering, the 

operating temperature of cathodes was reduced by 

200 K. An additional sintering or high-temperature 

annealing step to achieve better thermal stability and 

electrical properties of the coatings has proven useful 

for other materials as well [62, 63]. 

Palladium-barium based cathodes have also 

demonstrated superiority over traditional materials. 

Metal-alloy cathodes of this type are a dense form-

forming matrix based on palladium containing the 

intermetallic compound Pd5Ba distributed in the 

volume [64]. Their high emissivity is explained by 

the fact that when heated, a thin layer of the active 

element or its oxide is formed on the cathode surface, 

which helps to reduce the work function. Also, the 

presence of active elements in the volume of the 

material helps to maintain an emission layer on the 

working surface of the cathode, which provides 

secondary electron emission. However, the emission 

properties of such cathodes strongly depend on the 

surface structure. It is known that dispenser hot 

cathodes made of tungsten sponge impregnated with 

barium-calcium aluminate when heated to 

temperatures in the range of 1100–1400 K due to 

decomposition and thermal diffusion form a 

submonolayer film of Ba and BaO, which reduces the 

work function. The application of a thin layer of such 

elements as rhenium, osmium, iridium or their alloys 

with tungsten enhances the effect, acting as 

activators. It is known that the emission properties of 

pure BaO crystallites are determined by oxygen 

vacancies, which form acceptor-type surface states on 

the oxide surface. This leads to a significant curvature 

of the energy bands [65]. In this case, the electronic 

structure of barium oxide changes according to the 

synergistic effect of all the impurities present at once 

[66, 67]. To study the arrangement of atoms 

surrounding the Ba atom on the surface, a method for 

determining the extended fine structure of X-ray 

absorption by the surface was used in [68].  

This method makes it possible to obtain information 

on the distances to the nearest neighboring atoms 

along the oscillating part of the absorption coefficient 

beyond the main band. The spectra of such absorption 

by three types of dispenser thermionic cathode 

(without coating, with Os–W and Pt – W coatings) 

were studied using a synchronous radiation source. 

The results showed that in the first two types of 

cathodes, barium atoms form clearly defined short-

range bonds with oxygen with the Ba–O distance 

equal to 2.62 Å. However, in thermionic cathodes 

with the Os–W coating, the barium atom is bonded to 

two oxygen atoms, which leads to an increase in the 

surface dipole moment and a more significant 

decrease in the work function. In the case of cathodes 

with the Pt–W coating, the Ba–O distance turned out 

to be greater, and the bond between the atoms was 

less pronounced. In [69], the classical dipole theory 

of thermionic emission from dispenser cathodes was 

challenged by spectroscopic data obtained at a later 

time. The role of oxygen in providing the increased 

emission activity of the cathode was noted. However, 

in [70], when studying the secondary emission 

properties of impregnated tungsten cathodes using the 

same spectroscopy methods, as well as thermionic 

microscopy and high-resolution contact potential 

difference, a violation of the correlation of the 

secondary emission and thermionic properties of 

individual “active” surface areas was discovered.  

In particular, with increasing temperature 

corresponding to the process of heat treatment of the 

cathode, the secondary emission properties eventually 

worsen, and the thermionic properties improve, 

which the authors associate with a decrease in the 

amount of oxygen on the surface and with a change 

in the nature of the chemical bond of Ba with the 

substrate for this reason. The effect of carbon 

impurities on the secondary electron emission 

coefficient is noted. The effect of various methods of 

preliminary surface treatment on the emission 

properties of the cathode is studied. The greatest 

effect is achieved with sandblasting. It is shown that 

an increase in the pore size in the tungsten matrix 

reduces the secondary electron emission coefficient 

due to the effects of surface charging. At the same 

time, it should be noted that the secondary emission 
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and thermionic properties of emitters based on metals 

and metal-oxide film systems depend significantly on 

the heating temperature, which limits the range of 

their use in electronic devices. 

At temperatures in the range from 1000 to 1300 K, 

the efficiency of thermionic emission increased 

significantly due to the reduced work function of the 

barium coating (2.1–2.4 eV compared to 4.5 eV for 

tungsten). It was also found that secondary electron 

emission has a maximum quantum yield of electron 

emission at primary electron energies from 100 to 

500 eV, which improves the performance of cathodes 

in microwave devices where it is important to 

maintain a stable electron flow. According to the 

proposed model of the surface structure of the 

palladium-barium cathode, it was calculated that the 

emission properties of the palladium-barium cathode 

significantly depend on the emission properties of the 

barium oxide crystallites and on the relative surface 

area of the cathode they occupy [71]. Quite often, 

various versions of the design of metal-alloy 

palladium-barium cathodes, which are a Pd matrix in 

which the intermetallic phase Pd5Ba is distributed 

[72, 73], exhibit a decrease in the secondary electron 

emission coefficient due to the uneven distribution of 

the Pd5Ba phase in the Pd matrix [74]. For the same 

reason, the greatest number of alloy defects and 

diffusion welding defects (lack of fusion, “swelling”, 

“delamination” of the alloy foil from the core) occur 

[75]. In order to eliminate the above-mentioned 

shortcomings, a pressed metal-alloy cathode was 

proposed for the industrial production of magnetrons 

with non-heater start-up. Activation of the surface of 

the working edges of field-electron cathodes (FEC) 

during the activation of secondary emission cathodes 

(SEC). After pressing and additional sintering of the 

cathodes in a vacuum furnace, a homogeneous and 

uniform distribution of barium on the working 

surface of the palladium-barium cathode was 

achieved, as shown in Fig. 2 [76, 77]. 

In order to increase the stability and reproducibility 

of generation initiation, a structurally similar cathode 

based on palladium with barium (Fig. 3) was 

subjected to special activation in the temperature 

range T~970–1370 K, observing the condition 

Т·t ~ 1.0·106–1.5·107 (K s) [78]. In this case, filiform 

crystals of palladium with a length of ~50–100 nm 

and a cross-sectional size of ~5–20 nm, partially or 

completely covered with barium, are grown on the 

end surface of the FEC. 

The presence of filamentary crystals on the FEC 

surface significantly increases the value of the field 

emission current, thereby ensuring the failure-free 

operation of the magnetron (Fig. 4). In such a cathode 

design, various metals and alloys with stable 

secondary emission properties and resistant to the 

effects of ion and reverse electron bombardment can 

be used as SECs, along with palladium-barium 

emitters, for example, impregnated or oxide cathodes, 

iridium, platinum, osmium, intermetallic compounds, 

platinum with barium, iridium with lanthanum, 

iridium with cerium, osmium with lanthanum, etc. 

The search for solutions to ensure stable electron 

emission has led researchers to develop alloys and 

composite materials. The most suitable materials for 

the matrix of composite cathodes are palladium, 

platinum, silver, copper, nickel, molybdenum and 

tungsten, while cesium, magnesium, lithium, barium, 

aluminum and their oxides are used as additives. 
 

 
      

                                               (a)                                                                                               (b) 

 

Fig. 2. Samples of palladium-barium emitters with fractional compositions of the initial powder  

a) 20–45 m, b) 45–63 m [76] 

50 m 100 m 
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Fig. 3. Schematic representation of the magnetron structure: 1 – anode; 2 – cathode core; 3 – heater; 4 – screens;  

5 – autoelectronic cathodes; 6 – secondary emission emitters; 7 – AEC activator washers [78] 
 

 
 

Fig. 4. Micrographs of fragments of the FEC end surface at magnification of M ~ 50000  

(inside the image: filamentous crystals) [78] 

 
Of particular interest are alloys that can 

demonstrate high emission properties after activation 
due to the adsorption of a surface-active component 
located in the volume of the alloy. For example, 
alloys of platinum and palladium with metals of 
group II of the Periodic Table demonstrate good 
emission characteristics. In these experiments, the 
content of low-melting components in the alloys 
ranged from 0.5 to 2 weight percent. Activation of 
platinum alloys was carried out at temperatures of 
1350–1480 K, while palladium-based alloys were 
activated at 1200–1300 K [79].  

However, in some vacuum tubes it is impossible 
to achieve such high temperatures, or they may be 
undesirable. Low-temperature treatment of cathode 
assemblies does not allow for the complete removal 
of gas impurities and activation of the Pd–Ba alloy, 
so in this case activation can be carried out at lower 
temperatures, but in the environment of certain gases 

(usually Н2, N2 or their mixtures) [80,81].  

In addition to surface and structural 

modifications, attention has recently shifted to the 

latest nanomaterials that demonstrate a high density 

of active centers, a large specific surface area and 

increased catalytic activity. For example, cathodes 

based on nanostructured carbon nanotubes (CNTs) 

have improved gas desorption characteristics due to 

high surface activity and the presence of multiple 

active centers for adsorption of impurities [82, 83]. 

This allows for a significant reduction in desorption 

time and an increase in the vacuum quality in EVDs. 

In addition, nanostructured cathodes improve the 

thermal stability of materials, which is especially 

important at high operating temperatures of cathodes 

in vacuum tubes. Nanomaterials demonstrate 

resistance to thermal destruction and have higher 

durability compared to traditional metal-based 

cathodes.  
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Table 1. Summary characteristics of modern cathode processing methods 
 

Method 

Reduced pumping time 

(compared to basic 

vacuum degassing), % 

Rationaluse inproduction Disadvantages 

Heat treatment 10–20 Suitable for mass production, 

especially when processing 

traditional materials (tungsten, 

nickel) 

Risk of surface damage due to 

overheating; activation of chemical 

transformations on the surface of the 

material; long process; high energy 

consumption 

Ion cleaning 30–40 Effective for removing deep 

contaminants. Ideal for high-

precision devices 

May damage the cathode surface; 

requires complex equipment settings; 

not suitable for delicate materials 

Ultraviolet 

irradiation 

20–30 Recommended for processing 

delicate materials and 

nanostructured cathodes 

Less effective for heavy 

contamination; requires strict control 

of wavelength and intensity 

Laser treatment 20–50 Useful for limited quantities or 

complex cathodes such as carbon 

nanotubes 

High equipment cost; risk of local 

damage to the material due to improper 

settings 

Plasma 

treatment 

40–60 Ideal for processing cathodes 

with high thermal and mechanical 

loads 

High energy consumption; difficulty 

maintaining stable plasma parameters; 

possible damage to the structure 

Use  

of nanostructured 

materials  

10–30 Rational for use in high-precision 

and unique devices 

High production cost; difficulty in 

applying nanostructures 

 

In order to improve the characteristics of CNT 

cathodes for their use in vacuum tubes, laser 

irradiation is used to treat the surface [84].  

This method is used to modify the surface structure, 

improve electron emission and remove contaminants 

that may arise during the production stage. At the 

same time, the correct choice of gas environment 

during laser processing significantly affects electron 

emission. It was found that the presence of oxygen in 

the gas atmosphere during laser processing helps 

remove carbon impurities and improves the structural 

and emission properties of the cathodes. At the same 

time, the vacuum atmosphere preserves the structure 

of the nanotubes without causing significant 

destruction. Such treatment in an oxygen atmosphere 

resulted in an increase in the emission current density 

by 30–40 % compared to cathodes treated in a 

nitrogen atmosphere or vacuum. 

Various carbon nanoclusters [85–87], recently 

used to modify metal-porous cathodes [88], seem 

promising from the point of view of obtaining high 

emission characteristics. The results of the studies 

indicate that nanocarbon materials improve the 

structural stability of cathodes and contribute to an 

increase in the emission current density due to an 

increase in the active surface area. Along with this, 

the durability and resistance to degradation of the 

cathode under thermal influence are improved [89]. 

Thus, in this work, a review of existing methods 

for controlling desorption of impurity gases necessary 

to increase the durability of cathodes and the stability 

of their operation under high vacuum conditions was 

conducted. Table 1 provides a summary of the 

characteristics of modern cathode treatment methods. 

An evaluation of the literature data has 

demonstrated that synergy between traditional 

physical and chemical models and the latest scientific 

developments and experimental data is necessary to 

increase the productivity, durability and reliability of 

vacuum devices. 

 

6. Conclusion 
 

Desorption of cathode materials remains one of 

the main problems in the production and operation of 

vacuum tubes. Over the past 15 years, many methods 

have been proposed to improve these processes, 

including heat treatment, electron and radiation 

exposure, ion cleaning, and ultraviolet irradiation. 

The importance of controlling desorption of 

impurity gases to ensure the durability of cathodes 

and the stability of their operation under high vacuum 

conditions has been confirmed by both experimental 

and calculated data. Today, depending on the 

practical focus and the requested requirements for the 

design details of various vacuum tubes, many 

promising approaches are available for upgrading 
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production technologies. Studies have shown that the 

combined use of classical physicochemical models 

and modern experimental data opens up new 

opportunities for improving the emission 

characteristics of cathodes. This, in turn, helps to 

increase the productivity and reliability of vacuum 

tubes, which is especially important for high-tech 

applications such as microelectronics, medical 

equipment, and telecommunications. 
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