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From the 11
th

 till 15
th

 of September Togliatti will host the XI International School “Physical Materials Science” 

(hereinafter – PMS-2023) which will focus on the issues of fundamental materials science, analysis of micro-  

and macrostructure, response of materials under the influence of various fields, cyclically changing loads, hydrogen 

embrittlement, corrosion damage and other important issues of materials science. 

Following its long tradition, PMS-2023 launches a competition for the best scientific work among young scientists  

who will not be older than 35 by the start of PMS-2023. This competition is held in two stages. At the first stage, all  

the works written in the form of a research article with a thorough review are recognized as the winners and are 

recommended for publication in the scientific journal ‘Frontier Materials & Technologies’. At the second stage,  

the contestants present their reports at the PMS-2023 where they will be rated by a board of jury made up of leading 

scientists. The winners of the second stage are awarded with valuable prizes. 

This issue of the journal contains the first three works of the winners of the first stage; the rest of the works will be 

published in the subsequent issues. 

 

Chairperson of the School Organizing Committee,  Professor Dmitry L. Merson 
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Abstract: The paper presents the results of a detailed study of the process and products of combustion during self-

propagating high-temperature synthesis (SHS) of ZnO zinc oxide powder from mixtures of such common reagents as oxi-

dizer zinc nitrate and reducing agent (fuel) glycine, as well as the application of synthesized highly dispersed submicron 

and nanosized ZnO powder for the phenol photocatalytic decomposition under the action of ultraviolet irradiation.  

An aqueous solution of a mixture of reagents (the SHS-S process or Solution Combustion Synthesis – SCS) and the gel 

from a mixture of initial dry reagents formed when they were moistened due to hygroscopicity (the SHS-G process or Gel 

Combustion Synthesis – GCS) were combusted. The authors studied the phase and chemical compositions, the structure  

of the combustion product, and the effect of calcination in an oxidizing air medium and grinding in drum ball and planetary-

centrifugal mills, as well as in mortar, on them and their photocatalythic activity. The study showed that calcination consider-

ably increases the photocatalytic activity of combustion products due to a significant decrease in carbon impurity in the un-

burned fuel remains, and grinding in mills reduces the photocatalytic activity due to iron contamination and coarsening of 

ZnO particle agglomerates. The difference between the photocatalytic activity of the SHS-G and SHS-S products in the phe-

nol decomposition is evident only at the initial stage of ultraviolet irradiation, after which this difference disappears.  

The authors discuss the direction of further research to increase significantly the photocatalytic activity of zinc oxide synthe-

sized during combustion to use it effectively for the phenol decomposition under the action of visible light.  

Keywords: highly dispersed zinc oxide powder; zinc oxide; zinc nitrate and glycine mixture; photocatalytic phenol  

decomposition; combustion; self-propagating high-temperature synthesis; ZnO. 
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INTRODUCTION 

Recently, the problem of wastewater pollution and puri-

fication from such a highly toxic organic compound as phe-

nol C6H5OH and its derivatives has become particularly 

acute [1]. Among various methods of water purification 

from this pollutant, the most effective and environmentally 

friendly is the use of photocatalysts – materials decompos-

ing organic pollutants under the action of electromagnetic 

radiation (visible or ultraviolet light), without the formation 

of residual toxic compounds. Highly dispersed nanosized 

and submicron powder of zinc oxide ZnO is considered one 

of the most promising, in application, as a heterogeneous 

photocatalytic material for the degradation of organic pollu-

tants [2–4]. 

There are quite a few methods for synthesis of ZnO-

based nanomaterials, which can be divided into two groups: 

solution and gas-phase [3; 4]. Gas-phase methods are com-

plex, implemented on expensive equipment, energy-

intensive, and inefficient. Simpler and less energy intensive 

solution methods make it possible to effectively control  
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the composition, morphology, and size of synthesized ZnO 

nanopowders using such factors as the type of solvent, 

composition of re-agents, and synthesis conditions. How- 

ever, both types of methods are characterized by low 

productivity, which prevents the organization on their basis 

of industrial production of nanostructured ZnO 

photocatalysts for wastewater purification. 

The method of solution self-propagating high-tempe-

rature synthesis (SHS) of oxides in the combustion mode 

differs noticeably from the methods listed above, in its sim-

plicity, energy saving, and high productivity, which makes 

it attractive for creating technologies, for the industrial pro-

duction of various low-budget oxide nanomaterials for 

manifold uses [5–7]. The method of solution SHS (SHS-S) 

is based on the combustion of a mixture of dissolved, most 

often in water, re-agents of exothermic redox reactions or 

on the combustion of a gel from a mixture of dry re-agents 

(SHS-G), therefore it is also called synthesis during solu-

tion combustion (Solution Combustion Synthesis – SCS) or 

synthesis during gel combustion (Gel Combustion Synthe-

sis – GCS). 

A gel from a mixture of re-agents is formed, both in  

the SHS-S process from a mixture of aqueous solutions of 

re-agents after solvent evaporation, and in the SHS-G pro-

cess when mixing dry re-agents, which is accompanied by 

their spontaneous moistening from the ambient air due to 

hygroscopicity. Thus, in both cases, the oxide nanopowder 

synthesis occurs during gel combustion. There are studies 

on the possibility of obtaining ZnO during the combustion 

of gels, but they do not describe the process and combus-

tion products in sufficient detail, which makes it difficult to 

choose them for reasonable practical application [8–10]. 

This work [11] presents the results of a detailed study of 

the SHS-S process of zinc oxide ZnO nanopowder from  

a solution of a mixture of such common re-agents as  

the oxidizing agent zinc nitrate Zn(NO3)2 and the reducing 

agent (fuel) glycine C2H5NO2, as well as the use of synthe-

sized ZnO for the phenol photocatalytic decomposition. Let 

us present the results of this study in more detail, since this 

work is a continuation of [11]. 

The results of these experimental studies [11] demon-

strate that when heating a vessel with an aqueous solution 

of zinc nitrate and glycine re-agents at h=6.5 mm and 

TS=460 °C, after water evaporation and gel formation  

(on average for 8 min at 0.5≤φ≤1.5), the reaction proceeds 

in the mode of rapid (≤3 s), overall combustion with a yel-

low flame and a sudden, almost complete release of  

the reaction mixture and milky reaction products in the form 

of thick white smoke (pure ZnO is white) from the vessel. 

This is clearly illustrated in Fig. 1 by the close to zero va-

lues of the product mass conservation coefficient KM(φ) in 

the range of 0.5≤φ≤1.5 obtained as a result of three experi-

ments for each value of the criterion φ. 

Fig. 1 shows that the combustion characteristic values 

obtained in three experiments for the same criterion φ value 

can differ significantly from each other, that is, they have  

a large spread. With a reduced fuel content φ=0.25, the re-

action proceeds in a flameless mode with a rapid release of 

red smoke for 2–5 s and a partial emission of a light-green 

product. When φ>1.5, the combustion and product appear-

ance change. When increasing φ, a transition to synthesis in 

the mode of progressively slower smoldering (up to 3 min 

in average) occurs, the color of the loose product changes 

from grey with an admixture of white to black, with an ad-

mixture of white. At φ=2.5 and more, the color becomes 

completely black, and the product mass conservation coef-

ficient KM at φ>2 becomes even greater than one. 

According to [11], at 0.5≤φ≤1.5, the SHS-S reaction 

proceeds in the most intense explosive mode, due to  

the closeness to the optimal ratio of fuel and oxidizer at φ=1

 

 

 

 

 

Fig. 1. The dependence of the product mass conservation coefficient Km on the value of the criterion φ  

at the combustion of the solution of re-agents [11, p. 932]. The numbers on the lines indicate the numbers of experiments 
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with a sudden, almost complete release of the product from 

the reaction vessel. At φ˂0.5 and at φ>1.5, the initial mix-

ture of re-agents in the solution contains an excess of oxi-

dizer or fuel, respectively, and the reaction of solution SHS 

of zinc oxide proceeds in a quieter mode without a sudden 

release of the product from the vessel, especially at φ≥2. 

In this range of φ values, changes in the product colour 

and mass are explained by the fact that at φ>1.5, the mix-

ture of re-agents becomes fuel-rich, it lacks internal oxygen 

in the mixture of re-agents and external oxygen from  

the ambient air for complete oxidizing of carbon in the fuel, 

and its removal from the combustion product in the form of 

CO2. The combustion product, along with pure white ZnO, 

contains an increasing amount of black free carbon and 

unburned fuel residues; at φ>2, its color is completely 

black, and the mass exceeds the theoretical yield of ZnO, 

and therefore the KM coefficient becomes greater than one 

[11]. In this case, for the reaction to proceed throughout  

the entire volume of the mixture of re-agents, it is necessary 

to stir constantly this mixture during smoldering. Following 

these results, one can conclude that the value φ=2 is  

the most suitable for practical use; with this value, there is 

no explosive combustion with the release of the product 

from the vessel, observed at lower φ, and intense smolder-

ing in about 8 s leads to the formation of an easily de-

structible powder with its retention in a vessel without  

the need for constant stirring to complete the synthesis reac-

tion, which is required when φ>2. 

Fig. 2 shows the combustion product microstructure for 

φ=2 in the form of a frozen foamy mass with a large num-

ber of pores of various diameters and agglomerates of small 

nanosized and submicron ZnO particles [11]. 

In Fig. 2, an amorphous component is represented by 

foam due to the solidification of the gel-like residue in  

the combustion product. Such a residue is present as a con-

sequence of the formation of free carbon in amorphous 

form, and carbon bound with oxygen and hydrogen in un-

burned fuel residues, as shown in [12; 13]. 

The carbon content in the SHS-S product at φ=2 reaches 

almost 10 % in average [11]. When performing oxidative 

annealing (calcination) of the combustion product for 1 h  

at 650 °C in a muffle furnace with an air atmosphere,  

the carbon content decreases to an average of 1 %, and the cal-

cined synthesis product acquires a uniform structure of 

powder body of porous agglomerates up to 100 μm in size 

sintered from well-defined crystalline nanosized, and sub-

micron ZnO particles with an average crystallite size of 

40 nm. In the paper [11], nanostructured ZnO obtained for 

the first time by the solution SHS method was used as  

a photocatalyst for the phenol decomposition, in an 

aqueous solution under the action of electromagnetic 

radiation (ultraviolet and visible). In the calcined state, it 

showed high photocatalytic activity leading to near-

complete phenol decomposition in 3.5–4.5 h of ultravio-

let irradiation. However, under the action of visible light, 

the photocatalytic activity turned out to be significantly 

lower than under ultraviolet irradiation: after 5 h of irra-

diation with visible light, the phenol concentration de-

creased by only 10 % [11]. 

The work [11] did not study the grinding of the synthe-

sized zinc oxide (SHS-S product), and the effect of grinding 

on the photocatalytic activity in the phenol decomposition. 

Such a study is of definite interest because an increase in 

the specific surface area of a heterogeneous catalyst during 

its grinding usually improves the catalysis efficiency; there-

fore, much attention is paid to increasing the zinc oxide 

dispersion and the use of ZnO nanoparticles in 

photocatalysis [2–4]. Another type of the SHS process for 

zinc oxide has not been studied either, when burning not  

a solution of the initial re-agents (SHS-S), but a gel from 

the initial dry mixture of the same re-agents (SHS-G). This 

process is implemented simpler and quicker and can lead to 

the ZnO synthesis with a higher photocatalytic activity in 

the phenol decomposition. 

The aim of this study is to increase the photocatalytic 

activity of zinc oxide synthesized both by the SHS-S me-

thod when burning a solution of re-agents by grinding  

the combustion product in various ways, and by the SHS-G 

method by burning the gel from the initial dry mixture of 

the same re-agents. 

 

 

 

      

 

Fig. 2. Microstructure of the solution combustion product at different magnifications at φ=2 [11, p. 936] 
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METHODS 

For the experimental studies, the following re-agents 

were used: zinc nitrate 6-aqueous Zn(NO3)2∙6H2O produced 

according to GOST 5106-77, of analytical grade; glycine 

C2H5NO2 (GOST 5860-75, analytical grade); distilled water 

(GOST 6709-72); technical synthetic phenol (GOST 

23519-93, high grade). 

The equation for the ZnO synthesis reaction using  

the selected re-agents is written as [11]: 
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where the dimensionless φ criterion characterizes the molar 

ratio of fuel and oxidizer. 

At φ<1, the excess oxygen is released from the mixture 

of re-agents, and at φ>1, the oxygen required for the com-

plete oxidation of elements is consumed from the surround-

ing gaseous medium. (Note that anhydrous zinc nitrate ap-

pears in equation (1), since when the mixture of re-agents is 

heated, almost all free and bound water evaporates, and  

the synthesis reaction proceeds during the combustion of  

an almost anhydrous gel [7].) The φ value largely deter-

mines a combustion mode, as well as the combustion pro-

duct composition and structure. The experimental study of 

the combustion process and the combustion products was 

carried out with changing the values of the criterion φ in  

the range of 0.25≤φ≤3 with a step of 0.25. 

Mixtures of re-agents were heated in a flat-bottomed 

metal vessel on an electric heater with a power of 1 kW. 

The average temperature of the contact metal surface of the 

electric heater was TS=460 °C. When studying the SHS-S 

method, the volume of saturated aqueous solutions of mix-

tures of re-agents with V=25 ml and a height thickness of 

h=6.5 mm was used for heating. 

The solution heating led to the spontaneous onset of  

a chemical reaction with intense heat and gas evolution 

(self-ignition), culminating in combustion of various types: 

1) flameless combustion without the formation of luminous 

zones; 2) smoldering with the formation of focal and frontal 

luminous zones; 3) overall combustion with the formation 

of a flame. After the end of combustion, a loose or dense 

sinter of solid combustion products remained in the vessel, 

the mass of which depended on the combustion type. In-

tense combustion could lead to the release of a part of the 

reacting mixture and combustion products from the vessel, 

so that only a part of the combustion products remained in 

the vessel. In this regard, the authors calculated the product 

mass conservation coefficient KM as the ratio of the mass of 

the combustion product remained in the reaction vessel 

after the experiment, to the theoretical product mass calcu-

lated according to the reaction equation. Along with deter-

mining the combustion type and calculating the KM coeffi-

cient, the combustion time characteristics were determined: 

1) the delay time for the onset of combustion (ignition) 

from the start of heating; 2) the combustion duration.  

One should note that the specified time characteristics of 

combustion and the product mass conservation coefficient 

KM were first introduced when considering the solution 

SHS process and studied in our work [11]. 

When studying the SHS-G process, the authors used the 

masses of mixtures of dry re-agents corresponding to the 

mass of mixtures of re-agents in a saturated aqueous solu-

tion with a volume of V=25 ml at the corresponding φ va-

lue. Dry powders of the components – zinc nitrate and gly-

cine – were weighed and mixed manually in a mortar until 

visually homogeneous. During mixing, the mixture of pow-

ders was saturated with moisture from the air due to 

hygroscopicity to form a gel, which was placed in a metal 

flat-bottomed vessel for heating on an electric heater with  

a surface temperature of TS=460 °C. Heating led to sponta-

neous gel ignition, the occurrence of the SHS-G process in 

the form of combustion, and the formation of a combustion 

product – zinc oxide with impurities of products of incom-

plete combustion, mainly in the form of free and combined 

carbon. 

To remove impurities of free carbon and carbon bound 

with oxygen and hydrogen in the unburned fuel residues, 

the combustion product was subjected to calcination (oxi-

dizing burning) in the NAKAL PL 5/12.5 muffle furnace 

with an air atmosphere at a temperature of 500, 650, and 

750 °C during 1 h. 

X-ray diffraction (XRD) phase analysis of combustion 

products was carried out on an ARL X'TRA Thermo Fisher 

Scientific X-ray diffractometer. The microstructure and 

elemental chemical composition were studied using a JSM-

6390A scanning electron microscope (Jeol) with a JSM-

2200 energy dispersive spectroscopy (EDS) device.  

The size of coherent scattering regions (CSRs) was estimat-

ed using the Scherrer formula. 

Grinding of the solution SHS powdered product (SHS-S 

product) was carried out in three ways. The first method – 

in a drum ball mill (DBM) with a volume of 1 l and a drum 

rotation speed of 120 rpm, 1 kg of milling agents in  

the form of rollers with a diameter of 5 mm made of ШХ15 

steel and up to 7 g of grindable powder were loaded.  

The grinding time was 15, 30, and 60 min. The second me-

thod is grinding in an Activator-2SL planetary-centrifugal mill 

(PCM). Grinding balls with a diameter of 5 mm and a mass  

of 375 g made of ШХ15 steel and up to 7 g of grindable pow-

der were loaded into two drums with a volume of 270 ml 

each with an inner radius of 35 mm. The drums were mount-

ed on a planetary disk with a ratio of the radii of rotation of 

the disk and drums equal to 1.5, and ensured grinding at  

a centrifugal acceleration of 20 g. The powder grinding time 

in the PCM was 15, 30, and 45 s. The third way – the synthe-

sized powder was manually ground with a pestle in a ceramic 

mortar with a grinding time of 5, 10, and 15 min. 

The synthesized ZnO photocatalytic activity was studied 

by decomposition of phenol dissolved in 100 ml of water  

at a concentration of 1 mg/l. ZnO particles were dispersed 

in the solution in an amount of 1 g/l using a Sapphire UZV-

2.8 ultrasonic bath. The photocatalytic decomposition pro-

cess proceeded with constant stirring of the solution under 

the action of ultraviolet radiation with a wavelength of 

365 nm on a Lab 365 nm TL-D 18W BLB device from 

Philips. The concentration of phenol dissolved in water was 

determined by registering a characteristic fluorescent peak 

by the spectrofluorimetry method using a Shimadzu RF-

6000 device. (SHS-G and SHS-S products for comparative 

studies of their photocatalytic activity after synthesis or 

calcination were subjected to grinding during 10 min in  

a ceramic mortar.) 

12 Frontier Materials & Technologies. 2023. № 2



Amosov A.P., Novikov V.A., Kachkin E.M. et al.   “The formation of highly dispersed zinc oxide powder during combustion of zinc…” 

 

RESULTS  

SHS-S product grinding  

Fig. 3 shows the appearance of the ground non-calcined 

combustion product synthesized from a solution of zinc 

nitrate with glycine at φ=2 after grinding in a drum ball mill 

(60 min) and a mortar (15 min). 

Fig. 3 demonstrates that the appearance of the synthe-

sized combustion product at the end of grinding in a DBM 

and in a mortar vary notably. If in a ball mill the ground 

product sticks by a continuous layer on the grinding agents 

(steel rollers), and on the steel wall of the drum (Fig. 3 a), 

then in a ceramic mortar the sticking of the product is much 

less (Fig. 3 b). Significant sticking of the ground product 

was also noted during intensive grinding in a planetary mill. 

Such ground product sticking in the DBM and PCM takes  

a significant part of the product. After each grinding ses-

sion, it is necessary to clean and wash the drums and grind-

ing agents (rollers and balls) from sticky product, to dry 

them, which leads to great inconvenience. Moreover, when 

grinding in a DBM and PCM, the powder darkens, which 

indicates its possible contamination with the material of the 

grinding agents. With much simpler grinding in a mortar, 

there is practically no sticking of the powder, and it does 

not darken during grinding. 

The microstructure of the non-calcined combustion 

product ground by all three methods is represented in 

Fig. 4. The time of grinding in a mortar was 10 min, in 

DBM – 60 min, in PCM – 45 s. 

The microstructure of the powder ground by different 

ways also varies markedly (Fig. 4). After grinding in a mor-

tar (Fig. 4 a), the powder structure is quite homogeneous 

and consists of submicron agglomerates of smaller particles 

with a visually observed minimum size of 60 to 90 nm. 

After grinding in a ball mill (Fig. 4 b), the structure of  

the ground material is heterogeneous and consists of a mix-

ture of individual small particles with a visually observed 

minimum size of 70 to 140 nm and agglomerates, the size 

of which reaches 3 μm. 

Increasing the time of grinding in the DBM leads to a de-

crease in the number of individual small particles, and an 

increase in the number and size of particle agglomerates with 

an amorphous component between them. In a planetary mill, 

the ground material acquires a more heterogeneous structure 

(Fig. 4 c). There are practically no individual small particles 

with a minimum size of 150 to 250 nm, the powder consists 

of a pasty mass of micron-sized agglomerates with an amor-

phous component. Increasing the grinding time also leads to 

coarsening of the agglomerates. 

The phase composition of the non-calcined synthesis 

product ground by all three methods is shown in Fig. 5  

and in Table 1. 

A quantitative X-ray diffraction analysis, according to 

X-ray diffraction patterns (Fig. 5 and Table 1) of the ground 

non-calcined combustion product, shows the content of 

both carbon impurity from 2 to 10 % and a significant con-

tent of Fe2O3 iron oxide impurity: 30 % after grinding in  

the DBM and 36 % after grinding in the PCM, and the ab-

sence of this impurity after grinding in a mortar. Thus, in-

tensive milling of ZnO powder in the DBM and PCM actu-

ally leads to powder contamination with an admixture of 

iron oxide from steel drums and grinding agents, but in  

the case of grinding in a ceramic mortar, there is no such 

contamination. 

The product synthesized from a solution of zinc nitrate 

with glycine at φ=2 was also ground after oxidative roast-

ing (calcination) at 650 °C during 1 h. Fig. 6 presents  

the results of grinding the calcined product in various ways. 

The time of grinding in the mortar was 15 min, in the DBM – 

60 min, and in the PCM – 45 s. 

 

 

 

      

 a b 

Fig. 3. The appearance of the non-calcined solution combustion (SHS-S) product after grinding:  

a – in the drum ball mill; b – in the mortar 
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Fig. 4. Microstructure of the non-calcined solution combustion (SHS-S) product after grinding:  

a – in the mortar; b – in the drum ball mill; c – in the planetary-centrifugal mill 
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Fig. 5. XRD pattern of the non-calcined solution combustion (SHS-S) product after grinding:  

a – in the mortar; b – in the drum ball mill; c – in the planetary-centrifugal mill 
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Table 1. Phase composition of the non-calcined solution combustion (SHS-S) product at different grinding methods 

 

 

Type of grinding 
Content, % 

ZnO C Fe2O3 

A mortar, 15 min 93 7 0 

A drum ball mill, 60 min 60 10 30 

A planetary-centrifugal mill, 45 s 62 2 36 

 

 

 

Fig. 6 demonstrates that the amorphous component from 

the residues of unburned fuel in the structure is absent.  

The most uniform and fine powder structure is observed 

after grinding in a mortar. This is confirmed by the results 

of determining the particle-size distribution of the combus-

tion product calcined at 650 °C during 1 h after grinding in 

a mortar and PCM (Fig. 7) with an average particle size of 

D50=0.90 and 8.27 µm, respectively. 

Fig. 7 clearly shows that after grinding in a mortar,  

the particle size is in the range from 0.18 to 8.3 µm, and 

after grinding in a planetary mill – from 0.18 to 130 µm. 

The lower limits and submicron sizes here refer to indivi-

dual small particles, and micron sizes up to the upper limits 

refer to strong sintered porous agglomerates of submicron 

ZnO particles that are not separated by ultrasonic treatment 

in water [11]. 

Fig. 8 presents the elemental chemical composition of 

the calcined combustion product determined by the EDS 

method after milling by various methods. The time of 

grinding in a mortar was 10 min, in a DBM – 60 min, in  

a PCM – 45 s. 

The local elemental composition of the calcined com-

bustion product after grinding (Fig. 8) shows the presence 

of carbon residues ranging from 0.83 to 2.01 % after grind-

ing by all methods, but the presence of iron impurities was 

found only after grinding in mills: 2.07–6.38 % (DBM) and 

0.8–2.4 % (PCM). 

Based on the results obtained, one can conclude that 

simple grinding in a mortar gives the purest and finest ZnO 

powder obtained by the SHS-S method. 

SHS-S product photocatalytic activity 

Fig. 9 presents the results of the application of the non-

calcined SHS-S product ground in a drum ball mill and  

a mortar for the phenol photocatalytic decomposition in an 

aqueous solution under the action of ultraviolet irradiation. 

Fig. 9 shows that, regardless of the duration of grinding 

in a DBM, the phenol concentration behaves much  

the same – during the entire 5.5 h of irradiation, it fluctuates 

around the initial relative value of 100 % without a notice-

able decrease, and even vice versa, with an increase of up to 

20 % against the initial value. 

The results of studying the phenol photocatalytic de-

composition using the combustion product ground by dif-

ferent methods and calcined for 1 h at different tempera-

tures (500, 650, and 750 °C) are shown in Fig. 10. 

It is obvious that the selected calcination temperatures 

give similar results, while different grinding methods lead 

to significantly different results. Calcined ZnO powder 

ground in a mortar has a much higher photocatalytic activi-

ty than one ground in ball and planetary mills. Judging by 

the data in Fig. 8 about the local content of elements in ZnO 

powder, all these three powders have approximately  

the same small carbon impurities (in the range of 1–2 %), 

but the powder after grinding in a mortar does not have iron 

Fe impurities and, after grinding in mills, iron contamina-

tion is more noticeable: from 2.07 to 6.38 % in a DBM and 

from 0.8 to 2.4 % in a PCM. Moreover, Fig. 6 and 7 show 

that when grinding in a mortar, the powder is much finer 

than when grinding in mills, in particular, the average parti-

cle size D50=0.90 µm when grinding in a mortar and 

D50=8.27 µm after a PCM. Thus, when grinding the cal-

cined solution SHS product in a mortar, the obtained ZnO 

powder is much purer and finer than when grinding in ball 

and planetary mills. This explains the highest photocatalytic 

activity of ZnO powder ground in a mortar in the reaction 

of phenol decomposition in an aqueous solution under  

the action of ultraviolet irradiation (Fig. 10). 

Obtaining SHS-G product  

During heating, convective mixing of the viscous gel 

was observed, and after some time a combustion reaction 

spontaneously began, the duration of which determined the 

combustion time. Fig. 11 demonstrates the dependence of 

the mass conservation coefficient of the product of the com-

bustion in the KM vessel on the φ criterion in the range of 

0.25≤φ≤3 for this SHS-G process obtained as a result of 

three experiments for each value of the φ criterion. 

When comparing Fig. 11 (for the SHS-G process with 

gel combustion) with a similar Fig. 1 (for the SHS-S pro-

cess with solution combustion), one can observe that they 

are close and indicate the existence of an explosive com-

bustion mode with an almost complete release of the com-

bustion product from the reaction vessel in the range of 

molar ratios of glycine with zinc nitrate in the initial mix-

ture of re-agents of 0.5≤φ≤1.5. In the range of φ>1.5,  

the KM mass conservation coefficient of the SHS-G 

product tends to the KM=1 value with an increase in the φ 

criterion up to the value of φ=3. By comparison, in  

the case of the SHS-S product, the KM coefficient tended 

to the KM=1.5 value, which is an indication of greater con-

tamination of the SHS-S product with the unburned glycine 

fuel residues. For both the SHS-G and SHS-S processes,  

the ignition delay time differs significantly. In the case of 

using dry mixtures of re-agents, combustion begins much 

faster (1.5 min on average) than in the case of dissolved 
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Fig. 6. Microstructure of the calcined solution combustion (SHS-S) product after grinding:  

a – in the mortar; b – in the drum ball mill; c – in the planetary-centrifugal mill 
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Fig. 7. The particle-size distribution (the dependence of the normalized particle amount q3 (%) on the particle diameter)  

of the powdered calcined solution combustion (SHS-S) product after grinding:  

a – in the mortar, D50 = 0.90 µm; b – in the planetary-centrifugal mill, D50 = 8.27 µm 

 

 

 

re-agents (8 min on average), since in the latter case a lot of 

time is spent for heating the solution to boiling water and 

evaporating water before gel formation. The time and type 

of combustion, color and consistency of the synthesized 

ZnO combustion product in the SHS-G process remain 

close to those of the process and product of SHS-S
1
. 

Composition and structure of the SHS-G products 

Fig. 12 and 13 show the results of determining the phase 

composition and microstructure of non-calcined SHS-G 

products for three different values of φ criterion: 0.25, 1, 

and 2. 

Fig. 14 shows an example of determining the local con-

tent of elements at various points of the synthesized product 

by the EDS method. 

The results of the XRD analysis of the SHS-G product 

at a minimum value of φ=0.25 show (Fig. 12 a) that  

the synthesis product consists of two phases: crystalline 

zinc oxide ZnO and free X-ray contrast carbon C with  

a graphite crystal lattice. The presence of free carbon indi-

cates that the reaction temperature was not high enough to 

complete the chemical reaction of glycine oxidation. High 

peaks relative to the main background of the diffraction 

 

1 Novikov V.A., Titov A.A., Kryukov N.A., Kachkin E.M. 

Combustion modes of gel of zinc nitrate with various fuels in the 

synthesis of zinc oxide nanopowders. Sovremennye materialy, 

tekhnika i tekhnologii, 2022, no. 2, pp. 17–39. EDN: LFWVFA. 

pattern indicate the presence of a formed crystal structure of 

wurtzite in zinc oxide obtained as a result of synthesis.  

The crystallite size obtained by the CSR assessment accord-

ing to the Scherrer formula is 48, 41, and 40 nm on three 

peaks with the highest intensity, and the average crystallite 

size is 43 nm. Fig. 13 a demonstrates that the resulting 

powder has a homogeneous structure with non-agglome-

rated, clearly defined particles of equiaxial submicron crys-

tals. It can be concluded that a highly dispersed powder 

with a particle size of less than 1 μm consisting of a mixture 

of nanosized and submicron particles with an average crys-

tallite size of 43 nm has been synthesized. 

Fig. 14 shows the results of the EDS analysis of the lo-

cal elemental composition of this powder at three points. 

The results show a content of 0.83 to 1.77 wt. % of carbon 

in the combustion product, on average 1.18 %, which corre-

sponds to the XRD results (Fig. 12 a) on the presence of 

free carbon in the product. The average values of carbon 

impurity in the non-calcined SHS-G product determined by 

the EDS method are equal to 1.45 and 1.9 % for the values 

of φ=1 and 2, respectively. 

At φ=1, the synthesis product consists of two phases as 

well: crystalline ZnO and X-ray contrast carbon C.  

The average size of ZnO crystallites according to  

the Scherrer formula is 21 nm. A smoother transition of  

the diffraction pattern (Fig. 12 b) from the main back-

ground level to the peak level may indicate the appearance 

of an amorphous component in the synthesis products. 
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Element 

Mass content, %, 

at the points 

037 038 039 

C 0.83 1.14 0.86 

O 6.63 7.77 6.43 

Zn 92.54 91.09 92.71 

a

 

 

Element 

Mass content, %, 

at the points 

25 26 27 

C 0.76 1.07 2.01 

O 5.83 9.32 15.20 

Fe 6.38 2.07 4.01 

Zn 87.03 87.54 78.78 

b

 

 

Element 

Mass content, %, 

at the points 

31 32 33 

C 1.7 1.99 0.66 

O 10.86 13.13 5.57 

Fe 2.40 0.80 1.22 

Zn 85.05 84.08 92.54 

c 

Fig. 8. The local elemental composition of the calcined solution combustion (SHS-S) product after grinding:  

a – in the mortar; b – in the drum ball mill; c – in the planetary-centrifugal mill 
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Fig. 9. Change in time under the action of ultraviolet irradiation of the phenol relative concentration in an aqueous solution  

with a suspension of particles of the non-calcined solution combustion (SHS-S) product ground  

in the drum ball mill (15, 30, and 60 min) and in the mortar (5 min) 

 

 

 

 

 

 

 

Fig. 10. Change in time under the action of ultraviolet irradiation of the phenol relative concentration 

 in an aqueous solution with a suspension of particles of the solution combustion (SHS-S) product calcined  

at different temperatures (figures for lines, °C) and ground in the mortar (10 min), in the drum ball mill (DBM) (30 min);  

and in the planetary-centrifugal mill (PCM) (45 s) 
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Fig. 11. The dependence of the product mass conservation coefficient KM  

on the value of the criterion φ at the combustion of gel from dry reagents (SHS-G). 

The numbers on the lines indicate the numbers of experiments 

 

 

 

This is confirmed by the structure of the synthesized pro-

duct in the form of a frozen foamy mass with many pores of 

various diameters and agglomerates of small submicron 

oval particles (Fig. 13 b). Local elemental analysis of  

the combustion product gives an average carbon content of 

1.45 wt. %. 

With a further increase in φ, the microstructure of  

the combustion product remains similar – in the form of  

a frozen melted amorphous foam with many pores of vari-

ous diameters and agglomerates of small nanosized and 

submicron particles (Fig. 13 c). The diffraction pattern 

(Fig. 12 c) for φ=2 shows the presence of only the ZnO 

crystalline phase with an average crystallite size of 34 nm. 

At the same time, from the results of the EDS analysis of 

this SHS-G product, it follows that the content of carbon 

impurities in it is on average 1.9 %, which indicates  

the presence of carbon in the form of an impurity of free 

carbon in amorphous form and in the form of combined 

carbon in the unburned fuel residues. The EDS analysis of  

a similar SHS-S product synthesized at φ=2 showed a sig-

nificantly higher average carbon content – about 10 % [11]. 

From the comparison of carbon content in the SHS-G and 

SHS-S products synthesized at other φ values, the general 

conclusion follows that the carbon impurity content in  

the non-calcined SHS-G products is significantly lower in 

comparison with the non-calcined SHS-S products synthe-

sized at the same values of φ criterion. 

The results of determining the carbon impurity in  

the SHS-G product after calcination (oxidative annealing) 

at a temperature of 650 °C during 1 h (φ=2) are shown in 

Fig. 15 and equal on average to 0.94 %. 

Thus, calcination noticeably reduces the carbon impuri-

ty content in the SHS-G product from 1.9 % for the non-

calcined product at φ=2 to 0.94 % (Fig. 15). 

Photocatalytic activity of the synthesized products 

Fig. 16 presents the results of comparing the photo-

catalytic activity for non-calcined synthesis products ob-

tained in the SHS-S and SHS-G modes with different 

fuel/oxidizer ratios in the composition of the initial reaction 

mixture, i.e., with different φ criterion values: 0.25, 1, and 2. 

Fig. 16 shows that for all φ values, in the first hours of 

ultraviolet irradiation, the SHS-G products exhibit slightly 

higher catalytic activity, which is close to the activity of  

the SHS-S products for the same φ value, but after 5 h of 

irradiation, their activity practically coincides. In general, 

the photocatalytic activity of non-calcined products is low, 

especially at φ=2, and leads to a decrease in the phenol 

concentration in an aqueous solution by 40–60 % over 5 h 

of irradiation. These results can be explained by the fact 

that non-calcined SHS-G products are slightly purer in 

terms of the carbon impurity content than non-calcined 

SHS-S products. At φ=2, the carbon impurity content is the 

highest compared to φ=0.25 and 1, and the smallest ZnO 

crystallite size of 21 nm (Fig. 12) is observed at φ=1 with 

the highest photocatalytic activity. 

Fig. 17 shows the results of the same comparison for  

the SHS-S and SHS-G products calcined for 1 h at 650 °C. 

The authors also determined the particle-size composi-

tion of these calcined and ground in a mortar (10 min) SHS-G 

products synthesized at various φ values (Fig. 18). 

As one can see from Fig. 17, calcination (650 °C, 1 h) 

of the synthesized SHS-S and SHS-G products signifi-

cantly increases their photocatalytic activity, especially of  

the SHS-G products, which contribute to the almost com-

plete phenol decomposition in 3.5–4.5 h of ultraviolet irra-

diation. Such activity of the products is explained both by 

their significant purification from carbon impurities during 

calcination to a level of 1 % ([11] and Fig. 15) and by 
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a 

 

b 

 

c 

Fig. 12. XRD patterns of the non-calcined gel combustion (SHS-G) product at various φ: 

a – φ=0.25; b – φ=1; c – φ=2 
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a 

     

b 

     

c 

Fig. 13. Microstructure of the non-calcined gel combustion (SHS-G) product at various φ: 

a – φ=0.25; b – φ=1; c – φ=2 
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Element 
Mass content, %, at the points 

20 21 22 

C 1.77 0.95 0.83 

O 13.95 6.02 6.73 

Zn 84.29 93.03 92.44 

 

Fig. 14. The local elemental composition of the non-calcined gel combustion (SHS-G) product at φ=0.25 

 

 

 

 

 

 

 
 

Element 
Mass content, %, at the points 

037 038 039 

C 0.83 1.14 0.86 

O 6.63 7.77 6.43 

Zn 92.54 91.09 92.71 

 

Fig. 15. The local elemental composition of the calcined gel combustion (SHS-G) product at φ=2 
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a 

 

b 

 

c 

Fig. 16. Change in time under the action of ultraviolet irradiation of the phenol relative concentration in an aqueous solution  

with a suspension of particles of non-calcined products of solution combustion (SHS-S) (1)  

and gel combustion (SHS-G) (2) synthesized at:  

a – φ=0.25; b – φ=1; c – φ=2 
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c 

Fig. 17. Change in time under the action of ultraviolet irradiation of the phenol relative  

concentration in an aqueous solution with a suspension of particles of calcined products of solution combustion (SHS-S) (1)  

and gel combustion (SHS-G) (2) synthesized at: a – φ=0.25; b – φ=1; c – φ=2 
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a 

 
 

b 

 
 

c 

Fig. 18. The particle-size distribution (the dependence of the normalized particle amount q3 (%) on the particle diameter)  

of the calcined and ground in the mortar (10 minutes) SHS-G product synthesized at: 

a – φ=0.25, D50=5.4 μm; b – φ=1, D50=3.81 μm; c – φ=2, D50=2.37 μm 

 

 

 

the smallest sizes of ZnO particles (Fig. 18). The most 

active SHS-G product at φ=2 has the smallest average 

particle size D50=2.37 µm and 90 % of the particles are 

smaller than 27 µm. In the SHS-G product at φ=1 with 

an average particle size D50=3.81 µm, even the presence 

of 4 % of nanoparticles with a size of less than 0.035 µm 

is observed, and 90 % of the particles have a size of less 

than 22 µm. The largest particles are at φ=0.25: the aver-

age size D50=5.4 µm, 90 % of particles are smaller than 

55 µm. However, in some time after the start of ultravio-

let irradiation, the photocatalytic activity of the SHS-G 

and SHS-S products becomes the same, for example, 

after 3.5 h at φ=2. 

DISCUSSION  

To increase the photocatalytic activity of zinc oxide 

synthesized by the solution SHS method, the authors car-

ried out a detailed study of grinding the SHS-S product in  

a drum ball mill, a planetary centrifugal mill, and a mortar. 

Intensive grinding in a DBM and PCM leads to a strong 

sticking of the ground material on the grinding agents and 

the walls of the mill drums (Fig. 3), which creates great 

inconvenience due to the necessity of cleaning them; to the 

darkening of the ground product due to high contamination 

with iron oxide (30 % after grinding in the DBM and 36 % 

after grinding in the PCM according to Fig. 5) due to  

the milling of iron from steel grinding agents and drums; to 
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the formation of large dense agglomerates from the initial 

small nanosized and submicron ZnO particles of the synthe-

sized product (Fig. 4). The purest (without iron impurity)  

and finest ZnO powder is produced by simply grinding  

the synthesis product in a ceramic mortar. 

Non-calcined ZnO powders ground by any method ex-

hibit weak photocatalytic properties during the phenol de-

composition (Fig. 9) due to their contamination with up to 

10 % carbon (Fig. 5, Table 1). An increase in the phenol 

concentration by 20 % over 100 % observed in Fig. 9 can 

be explained by the release of unburned organic fuel resi-

dues from porous agglomerates of non-calcined ZnO parti-

cles into the solution. These residues have fluorescent pro-

perties similar to phenol, and the total concentration of these 

residues and phenol is reflected in the graph and can exceed 

100 % [11]. (Calcination at 650 °C for 1 h and more leads 

to a significant decrease in the unburned organic fuel resi-

dues in the porous agglomerates of ZnO particles. The ex-

ceeding of 100 % of the relative phenol concentration in  

the experiments on the photocatalytic phenol decomposi-

tion under the action of ultraviolet irradiation is not ob-

served [11].) 

Calcination (oxidative annealing) at 650 °C for 1 h sig-

nificantly reduces the carbon impurity content in the SHS-S 

product to a level of 1–2 %, but does not free the product 

ground in a DBM and PCM from the iron impurity (Fig. 8). 

The amorphous component from the unburned fuel residues 

is absent in the structure of calcined products (Fig. 6).  

The most homogeneous and fine powder structure is ob-

tained after grinding in a mortar (Fig. 7). As a result,  

the highest photocatalytic activity in the reaction of phenol 

decomposition in an aqueous solution under the action of 

ultraviolet irradiation is observed in the calcined ZnO pow-

der ground in a ceramic mortar (Fig. 10). However, this 

photocatalytic activity does not exceed the photocatalytic 

activity of the calcined ZnO powder without any grinding 

given in the work [11]. 

In such manner, through grinding the nanostructured 

product of the solution SHS, it was not possible to increase 

its photocatalytic activity in the phenol decomposition. 

Firstly, grinding in a ceramic mortar slightly reduces  

the photocatalytic activity due to an increase in the size of 

agglomerates of nano- and submicron particles of the ZnO 

powder. Secondly, grinding in drum ball and planetary cen-

trifugal mills even significantly impairs the photocatalytic 

activity both due to a greater increase in the size and densi-

ty of agglomerates of the ZnO powder particle and due to 

contamination with iron impurities from steel grinding 

agents and mill drums. 

The study of another SHS process variant, when synthe-

sizing ZnO nanopowder from a gel formed from moistened 

initial dry mixtures of zinc nitrate and glycine (SHS-G pro-

cess), showed that its characteristics and product, although 

similar (as can be seen from the comparison of Fig. 1 and 

Fig. 11, as well as from the description of the products), in 

some positions they compare favorably with the solution 

SHS process (SHS-S). Firstly, the SHS-G process is easier 

and faster to implement, since there is no need to prepare 

saturated solutions of re-agents, combustion begins much 

faster (1.5 min on average) than in the case of dissolved re-

agents (8 min on average), since in the case of the SHS-S 

process, a lot of time is spent for heating the solution to 

boiling water and evaporating water before gel formation. 

Secondly, the synthesized SHS-G product is finer and 

cleaner in terms of the content of carbon impurities 

(Fig. 11–14). The average carbon content in the non-

calcined SHS-G product is 1–2 % for different φ criterion 

values, while in the non-calcined SHS-S product the aver-

age carbon content is about 10 % [11]. Calcination at  

a temperature of 650 °C for 1 h significantly reduces  

the average content of carbon impurity in the SHS-G pro-

duct from 2 % for the non-calcined product to 1 % (Fig. 15). 

On average, about 1 % of carbon is also contained in  

the SHS-S product after calcinations at 650 °C [11]. 

Non-calcined SHS-G and SHS-S products have a low 

photocatalytic activity in the phenol decomposition 

(Fig. 16), which is slightly higher for the SHS-G product 

due to the higher purity in terms of the carbon impurity 

content. The calcinations of the synthesized SHS-G and 

SHS-S products significantly increases their photocatalytic 

activity (Fig. 17), especially of the SHS-G products, which 

contribute to the almost complete phenol decomposition 

within 3.5–4.5 h of ultraviolet irradiation. Such activity of 

the products is explained both by their significant purifica-

tion from carbon impurities during calcinations to a level of 

1 % ([11] and Fig. 15) and by the smallest sizes of ZnO 

particles (Fig. 18). However, the difference between  

the photocatalytic activity of the SHS-G and SHS-S pro-

ducts, both non-calcined (Fig. 16) and calcined (Fig. 17), in 

the phenol decomposition, is noticeable only within  

the first few hours (3.5–5 h in most cases) of ultraviolet 

irradiation. Then this difference disappears, i.e., the SHS-G 

and SHS-S products have almost the same photocatalytic 

activity in the phenol decomposition under the action of 

ultraviolet irradiation. 

Such a result can be explained by the fact that both re-

lated processes – the combustion of a solution of an exo-

thermic mixture of initial re-agents of zinc nitrate oxidizer 

and glycine organic fuel (SHS-S) and the combustion of  

a gel from a moistened mixture of dry initial re-agents 

(SHS-G) – lead to the synthesis of almost one and the same 

product: highly dispersed crystalline powder of zinc oxide 

ZnO with an admixture of amorphous unburned organic 

fuel residues in the form of free and combined carbon 

(Fig. 2 and 13). After the combustion product is calcined in 

a muffle furnace with an air atmosphere during 1 h at 

650 °C, the carbon content decreases to 1 % in average and 

the calcined synthesis product acquires a uniform powder 

body structure from the porous agglomerates up to 100 μm 

in size, sintered from crystalline nanosized and submicron 

ZnO particles with an average crystallite size of 10 to 

50 nm. Such nanostructured zinc oxide demonstrates high 

photocatalytic activity in the phenol decomposition in an 

aqueous solution with a suspension of ZnO particles under 

the action of ultraviolet irradiation leading to almost com-

plete phenol decomposition in less than 4.5 h. This 

photocatalytic activity is comparable to the activity in  

the phenol photocatalytic decomposition of ZnO powders 

with a nanosized substructure obtained by the hydrothermal 

method after annealing at 650 °C for 3–5 h [14]. At  

the same time, the SHS-S and SHS-G methods are much 

more productive than the hydrothermal method, and  

the synthesized photocatalyst particles are much larger. 

The positive aspects of these SHS methods should also 

include the presence of carbon impurities in their products 

(up to 1 % in calcined products), which can increase  
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the photocatalytic activity of synthesized ZnO, as shown in 

the works [15–17]. Moreover, SHS processes are characte-

rized by an increased defectiveness of synthesized powders 

due to very high rates of heating and cooling of combustion 

products, which can also increase their photocatalytic acti-

vity [18; 19]. One more advantage of the synthesized ZnO 

powders is that sufficiently large sintered porous agglome-

rates up to 100 μm in size from the high-dispersed ZnO 

particles, with their high photocatalytic activity, can signifi-

cantly simplify the possibility of their application in  

the suspension state in a membrane photocatalytic plant for 

fine water purification. In this case, the separation of  

the photocatalyst after water purification can be carried out 

by simple filtration instead of a much more complex and 

inefficient separation through a ceramic ultrafiltration 

membrane with a pore size of 100 nm [14]. 

Consequently, the authors failed to increase the photo-

catalytic activity in the phenol decomposition of a fine zinc 

oxide ZnO powder obtained by burning a solution of  

the zinc nitrate and glycine mixture (the solution SHS 

method) either by grinding a product of the solution com-

bustion of an exothermic mixture of initial zinc nitrate and 

glycine re-agents, or by using a combustion product of a gel 

from a moistened mixture of dry re-agents. The authors of 

this paper continue to study the possibility of increasing  

the photocatalytic activity of this powder by doping it with 

various metal elements (Fe, Mg, Ni, Co), since it is known 

that such doping can significantly increase the photo-

catalytic activity of zinc oxide and make it effective in  

the decomposition of organic water pollutants when irradi-

ated both with visible light and with ultraviolet radiation, 

which is very important for the practical application of  

a photocatalyst for the industrial wastewater treatment [20; 

21]. Therefore, a simple energy-efficient method of burning 

mixtures of zinc nitrate with glycine will allow obtaining an 

inexpensive nanostructured catalyst based on doped zinc 

oxide with high photocatalytic activity in the phenol de-

composition under the action of visible light. 

 

CONCLUSIONS  

1. Nanostructured zinc oxide ZnO produced by the me-

thod of the solution self-propagating high-temperature syn-

thesis through the combustion of a solution of a mixture of 

zinc nitrate re-agents, with glycine and subsequent calcina-

tion in an oxidizing air atmosphere, has a high photo-

catalytic activity in the phenol decomposition in an aqueous 

solution under the action of ultraviolet irradiation, but is 

ineffective when irradiated with visible light. 

2. Grinding of this SHS-S product in a drum ball mill, 

planetary centrifugal mill, and in a mortar to increase its 

photocatalytic activity did not lead to a desired result. In-

tensive grinding in a DBM and PCM is accompanied by  

a large contamination of the product with iron oxide due to 

the milling of iron from steel grinding agents and drums, as 

well as by the formation of large dense agglomerates from 

the initial small nanosized and submicron ZnO particles, 

which significantly reduces the photocatalytic activity of 

the ground product. The purest (without iron impurity) and 

fine ZnO powder is produced by simply grinding the syn-

thesis product in a ceramic mortar, but its photocatalytic 

activity does not increase from this. 

3. The study of another version of the SHS process, 

when synthesizing ZnO from a gel formed from the mois-

tened initial dry mixtures of zinc nitrate and glycine (SHS-G 

process), showed that its characteristics and product, al-

though similar, differ from the SHS-S process. Firstly, it is 

implemented easier and faster. Secondly, the SHS-G pro-

duct is smaller and cleaner in terms of the content of carbon 

impurities. However, the difference between the photo-

catalytic activity of the SHS-G and SHS-S products in  

the phenol decomposition is noticeable only at the initial 

stage of ultraviolet irradiation, after which this difference 

disappears. The calcined SHS-G and SHS-S products have 

practically the same high photocatalytic activity in the phe-

nol decomposition under the action of ultraviolet irradiation 

causing almost complete phenol decomposition in 3.5–4.5 h 

of ultraviolet irradiation. 

4. Neither by grinding the SHS-S product, nor by using 

the SHS-G method, it was possible to increase the photo-

catalytic activity in the phenol decomposition of the highly 

dispersed zinc oxide powder produced by these SHS me-

thods. Probably, the continuation of these studies concern-

ing the use of doping of zinc oxide synthesized by the com-

bustion of mixtures of re-agents with various metal ele-

ments (Fe, Mg, Ni, Co) will help to significantly increase 

its photocatalytic activity and make it effective in the phe-

nol decomposition upon irradiation with visible light. 
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Abstract: The relevance of the study is proved by two factors. One of them is the necessity to study the nature of  

the change in the microstructure of the cross-section of extra-thin tinplate made of TS 435 steel (analogue of 08ps steel) 
skin-passed in a new DSR-1250 mill of the Miory Metal Rolling Plant. The second factor is the need to develop an effec-
tive method for obtaining accurate geometry characteristics of an oblique cut of tinplate 0.19 mm or less thick. The pur-
pose of the work is to determine the changes in microhardness and microstructure over the thickness of tinplate samples 
and identify the existence of a layer microstructure necessary for this type of flat-rolled products. The study was carried 
out on the selected samples of tinplate of TS 435 steel 0.19 mm thick. This tinplate was rolled from an annealed strip, 
0.224 mm thick. The total magnitude of reduction in the mill was 15 %, and the reduction in the skin-pass stand was  
at least 3 %. The authors carried out measurements of microhardness at different points over the thickness of the selected 
tinplate samples. The microhardness values over the strip thickness were averaged using 6th degree polynomial interpola-
tion. To study the grain dimension, a number of microstructure images were taken in various areas over the sheet thickness 
with ×500 magnification. The microstructure studies showed a pronounced strain microstructure with grains elongated  
in the direction of rolling. At the very boundary of metal contacting the rolls, the grains received the greatest deformation. 
The highest values of microhardness were identified in two zones adjacent to both strip surfaces and in the central layers 
along the strip thickness. The change in the microhardness values along the sheet thickness has a wave-like character  
with three pronounced zones of increase in hardness and two zones of a decrease in its values. The zones with the lowest 
microhardness values are located between the zones with the maximum values. 

Keywords: tinplate; low-carbon steel TS 435; microhardness irregularity; microstructure irregularity; strip section; 
oblique cut; grain dimension ratio; rolling-leveling mill. 
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INTRODUCTION 

Cold-rolled sheets are one of the most commonly used 
types of rolled products. Many scientific papers cover  
the study of the development of the theory and technology 
of cold sheet rolling. The necessary final properties  
of such sheet-rolled products as tinplate are provided by 
skin-pass rolling, the technology of which largely deter-
mines the quality of tinplate [1–3]. In most cases, tinplate 
itself is a blank for cold stamping [4]. It is very important 
that during such processing, no destruction of the sheet 
integrity occur, and no shear lines form on its surface  
[5; 6]. Skin pass ensures good formability, good sheet 
flatness, and the required surface roughness [5]. The latter 
is especially important when applying coatings to  
the sheet surface (tinning, etc.). Tensile diagrams of tem-
pered sheets does not show a yield plateau or its length is 
significantly reduced [6–8]. This allows increasing  
the stamping process accuracy and prevents distortion of 
stamped parts [6; 9; 10]. 

When tempering mild-carbon steel sheets with a per-
centage reduction of up to 1.2 %, the yield strength of  
the material decreases. This is explained by the processes of 
the nucleation of new dislocations. At percentage reduc-
tions of more than 1.2 %, the yield strength begins to in-
crease [5]. As a rule, when tempering mild-carbon steel 
sheets, the percentage reduction is in the range from 0.5 to 
3 %. Skin pass is performed after cold-rolled sheets are 
annealed (as a rule, in a shielding atmosphere) [11–13]. 

In 2020, a tinplate production line was put into opera-
tion at the Miory Metal Rolling Plant [14]. According to  
the technical characteristics, the installed equipment allows 
rolling sheet metal with a minimum thickness of 0.15 mm. 

Two rolling mills are installed within the production 
line: RCM-1250 – a six-roll reversing mill for cold thin-
sheet rolling, and DSR-1250 – a continuous rolling-leveling 
mill consisting of one reduction stand (quarto) and one 
skin-pass stand (quarto). 

The plant receives rolls of pickled annealed sheet of 

2 mm in thickness. The technological process of cold  
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rolling of sheets at this plant consists of the following main 

operations (Fig. 1). After the preparation process, the coils 

(1) are rolled in several passes to the desired thickness (2) 

on a RCM-1250 reversing mill (3). Next, the rolls (4) after 

electrolytic cleaning (5) are fed for annealing. Annealing is 

carried out in bell-type furnaces with a shielding atmo-

sphere (6). Annealed coils are transferred for rolling in  

a DSR-1250 two-stand rolling-leveling mill (7 and 8). 

After rolling the strips in the DSR-1250 mill, the coils are 

transferred for tinning, cutting, reeling, and packaging (9, 10). 

At the DSR-1250 mill, the process of reduction of  

the sheet annealed in a shielding atmosphere and the pro-

cess of its tempering are carried out sequentially. It is obvi-

ous that rolling is carried out with tension. The study of 

special aspects of such process, including changes in the 

microhardness and microstructure of the metal along the tin 

strip thickness is of interest. 

In the process of skin pass, with an increase in the de-

gree of deformation, the tensile strength and hardness of  

the metal increase, and the yield strength, up to the limit  

of the deformation degree determined for each metal, first 

decreases and then increases. Thus, it is convenient to judge 

the degree of deformation of a given metal during skin pass 

by the change in its microhardness, since this value conti-

nuously increases. 

The aim of the research is to study the microstructure, and 

the nature of the change in microhardness along the thickness 

of a sheet of tempered tinplate strips made of TS 435 steel 

(manufactured in accordance with the EN 10202:2001  

requirements). 

METHODS 

The study was carried out on a tinplate strip made of 

TS 435 steel (a 08ps grade analogue according to the GOST 

1050 standard) 0.19 mm thick. This tinplate is rolled from 

an annealed strip 0.224 mm thick in a DSR-1250 mill.  

The total value of the percentage reduction in the mill was 

15 %, the value of the percentage reduction in the skin-pass 

mill was 3 %. 

To study microhardness and microstructure, the follow-

ing technique was developed. 

Samples were cut out from areas in the middle of  

the width of the rolled tinplate strip along and across the 

rolling direction. 

To ensure the possibility of performing multiple mea-

surements of microhardness over the thickness of a tin strip 

(0.19 mm), the authors used the technology of grinding  

the surface at an angle of 3°. This gives the possibility of 

performing microhardness measurements at a large number 

of points over the thickness of the strip on an oblique 

ground cut. The sample preparation technology for oblique 

grinding of a tin strip is shown in Fig. 2. 

As is seen from Fig. 2 a sample prepared for studying, 

an oblique cut in the form of a tinplate strip was glued onto 

a base strip (Fig. 2 a) ground at an angle of 3° to the hori-

zontal line. The curing of the adhesive on specimens pre-

pared in this way must take place under load. In this case, 

the specimen strips were pressed with a rubber-sealed 

clamp (the sample strip is pressed against the base by  

a surface with an inclination of 3°). It is possible to use  

a press, (with the same sealing parts and a container 

 

 

 

 

 

Fig. 1. Tinplate production at Miory Metal Rolling Plant: 

1 – coils of etched annealed sheet 2 mm thick; 2 – a strip leaving the RCM-1250 mill; 3 – RCM-1250 reversing mill;  

4 – movement of coils along the technological line of the workshop; 5 – electrolytic cleaning plant; 6 – bell-type furnaces;  

7 – cogging stand of the DSR-1250 mill; 8 – pinch-pass stand of the DSR-1250 mill; 9 – tinning stack;  

10 – cutting, coiling, packing, and sales 
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Fig. 2. The technology of preparing a specimen for an oblique cut to study tinplate microstructure:  

а – sticking tinplate strips on the base metal; b – pouring the specimen with epoxy resin. 

1 – test tinplate strip with the corresponding length of the platform to measure microhardness along the tin strip thickness;  

2 – fast-setting glue layer; 3 – base strip; 4 – cylindrical container; 5 – epoxy resin; h – tinplate strip thickness 

 

 

 

providing the desired position of the sample strip, the base, 

and the surface pressing the strip against it). After the adhe-

sive has hardened (Fig. 2 b), the sample is placed in a con-

tainer and poured with epoxy resin. After the resin hardens, 

the unnecessary part of the tin strip under study is ground off. 

Fig. 3 shows the container with the samples after grind-

ing. It is evident that on the samples prepared by the above-

described method (Fig. 2), in the process of flat grinding of 

the container with the samples, an oblique cut angle of 3° is 

formed spontaneously. 

The samples were prepared on a Presi Mecapol P262 

polishing station. The microstructure was studied using  

a Nikon Epiphot 200 microscope, with a magnification up 

to 1000 times. Vickers hardness was determined on a Bueh-

ler Model No 1105D microhardness tester. The etchant is 

Rzheshotarsky’s solution (5 % solution of nitric acid in 

alcohol). 

Surface microhardness measurements were carried out 

using the Vickers method with a small load on a Buehler 

Model No 1105D microhardness tester. The force was 

0.9807 N, which corresponds to the HV 0.1 hardness scale. 

The load application time is 10 s. A diamond tip was used 

with the working part in the form of a tetrahedral pyramid 

with a rhombic base. 

During the study of rolled steel samples, the following 

operations were carried out: 

– multiple microhardness measurements on the tin strip 

surfaces followed by deriving the average values for certain 

samples; 

– multiple microhardness measurements for the end sec-

tions with microhardness measurements at three points: 

40 µm from the edge of the strip surface of each end sec-

tion, and in the middle of the section. Average values were 

derived (separately for each edge and middle of a particular 

end section); 

– multiple microhardness measurements on the oblique 

cuts with a step of 50–100 µm along the oblique cut. Up to 

25 measurements were made at each coordinate. Average 

values were derived according to the technique described in 

[15; 16]. 

The hardness measuring uncertainty was leveled by 

measuring a number of hardness reference gages (the spread 

of hardness values is within the range of ±12.5 %) [17]. 

The grain size, in the middle regions of the strip cross 

section was calculated by counting the intersections of 

grain boundaries [18; 19]. Based on the sheet thickness,  

a segment with a length of 0.08 mm was chosen to count 

the intersections along the X and Y axes. To count the num-

ber of grain intersections along the diagonal line (against 

the X and Y axes), a segment length of 0.113 mm was cho-

sen. The segments were located on each image at random. 

One should note that the X-axis always coincided with  

the sheet thickness. 

The grain size, in near-surface regions, was determined 

by counting the intersections of grain boundaries [20].  

The counting was carried out along the Y axis on a number 

of segments 0.09 mm in length. The segments were located 

on each image at random. 

 

 

 

 

 

Fig. 3. A container with tinplate specimens after flat grinding machine:  

1 – ground part of a specimen; 2 – epoxy resin; 3 – fast-setting glue layer; 4 – metal base with a glued specimen;  

5 – movement direction of a grinding tool 

 

1

2 3

1 5

Frontier Materials & Technologies. 2023. № 2 33



Ivanov V.P., Pilipenko S.V., Shtempel O.P., Vigerina T.V.   “Irregularity of microhardness and microstructure of low-carbon steel rolled…” 

 

RESULTS 

Fig. 4 demonstrates the metal microstructure of the strip 

fed for skin pass to the DSR-1250 mill and pre-annealed in 

a bell-type furnace with a shielding atmosphere (Fig. 1, 

position 6). 

Fig. 4 shows that the microstructure of samples from 

annealed TS 435 steel is a generally homogeneous ferritic 

structure, with pronounced equilibrium grains. Finely dis-

persed inclusions, probably of a carbide nature, are distri-

buted over the body of the ferrite grains relatively evenly. 

The microhardness in the near-surface zone of the strip is 

79.71 HV±7 %, in the middle regions – 78.89 HV±5.5 %. 

As one can see from the analysis of the measurement re-

sults (Fig. 5 and 6), three zones of the highest hardness va-

lues are observed in the samples: 

– on both surfaces of the strip; 

– in the central layers of the strip thickness. 

At a depth of 0.04 to 0.05 mm from the strip surface on 

the end cut, and of 0.01 to 0.015 mm on oblique cuts, zones 

of the lowest hardness values are observed. Thus, the aver-

aged microhardness values (obtained by interpolation with  

a 6-th degree polynomial) show a wavelike change in the hard-

ness values, over the sheet depth with three pronounced 

zones of increasing hardness, and two zones of decreasing 

hardness values. In other words, different layers over  

the sheet depth received different degrees of deformation. 

Fig. 7 shows photographs of the microstructures of  

the cross sections of the investigated tinplate strips.  

The microstructure study on a thin section of the tin strip 

thickness located along the rolling direction (Fig. 7 a)  

 
 
 

50 мкм 

     
20 мкм 

 
 a b 

Fig. 4. Metal microstructure of an annealed TS 435 steel strip 0.224 mm thick,  
which is fed to the DSR-1250 mill for skin pass (×500):  

а – central part of the strip cross section; b – surface part of the strip cross section 
 
 
 

 
 

Fig. 5. Microhardness distribution along the thickness of the TS 435 steel sheet 0.19 mm thick subjected  
to skin pass in the DSR-1250 mill, according to the results of measurements from the sheet end face:  

S – depth (measurement coordinate) along the sheet thickness; HV – microhardness on the oblique cut surface;  
1 – cross cut measurements; 2 – along cut measurements 
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Fig. 6. Microhardness distribution along the thickness of the TS 435 steel sheet 0.19 mm thick subjected  

to skin pass in the DSR-1250 mill, according to the results of measurements on the oblique cut surface:  

HV – microhardness on the oblique cut surface; S – depth (measurement coordinate) along the sheet thickness;  

1 – cross cut measurements; 2 – along cut measurements 

 

 

 

     

 a b 

Fig. 7. Microstructure of the TS 435 steel tinplate sheet 0.19 mm thick: 

а – microstructure in the strip thickness section (×200) along the rolling line (an arrow – the rolling direction);  

b – microstructure in the strip thickness section (×200) across the rolling line (the rolling direction – toward us) 

 

 

 

showed the presence of a clearly pronounced banded  

(fibrous, elongated) microstructure along the rolling direc-

tion. The grains are elongated in the direction of longitudi-

nal deformation (along the rolling line). 

On the section, where the tin strip thickness is located in 

the plane across the rolling line (Fig. 7 b), the width of  

the grains is less than their length on the section made along 

the rolling direction. 

To study the grain size, a number of microstructure pho-

tographs were taken in the regions bordering the tin strip 

surface (Fig. 8 a and 9 a) and in the middle regions of  

the strip (Fig. 8 b and 9 b). The photographs were taken 

with a magnification of 500 times. From the photographs, 

one can judge the change in the microstructure along  

the cross section of the strip. 

The calculation gave the following results: 

– in the sheet thickness area bordering the surface, in 

the section along the rolling line, along the X axis – 

305 grains (1.6 mm), along the Y axis – 119 grains 

(2.4 mm), along the diagonal line – 322 grains (2.263 mm); 

– in the sheet thickness middle area, in the section along 

the rolling line, along the X axis – 567 grains (3.28 mm), 

along the Y axis – 98 grains (2.56 mm), along the diagonal 

line – 357 grains (2.828 mm); 

– in the sheet thickness border area, in the section across 

the rolling line, along the X axis – 273 grains (1.6 mm), 

along the Z axis – 181 grains (2.4 mm), along the diagonal 

line – 296 grains (2.263 mm); 

– in the strip thickness middle region, in the section 

across the rolling line, along the X axis – 289 grains 

(2.08 mm), along the Z axis – 152 grains (2.32 mm), along 

the diagonal line – 256 grains (2.263 mm). 

The calculation data were processed according to  

the standard procedure [16; 18]. Tables 1 and 2 provide 

data on the average grain size in the directions described 

above. 

S ,  mm   

HV 

92 

94 

96 

98 

100 

102 

104 

106 

0.01 0.03 0.05 0.07 0.09 0.11 0.13 0.15 0.17 0.19 

2 

. 1 

. 
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In addition to grain sizes, data on the average ratio of  

the grain length along the Z axis to the length along the X axis 

both across the rolling line (grain width coefficient), and along 

the rolling line (grain length coefficient) were obtained. 

When determining the grain size in the area of contact 

between the metal and the rolls, 103 grains were counted 

across the rolling line (1.44 mm) and 56 grains (1.8 mm) 

along the rolling line. The results of grain size calculations 

along the rolling line (grain length) and across it (grain 

width) are summarized in Table 3. 

 

DISCUSSION 

It is determined that the microstructure of the studied 

samples is a ferrite with different degrees of plastic defor-

mation over the sheet thickness. 

There are obvious differences in the microstructure on 

sections made along and across the rolling line (Fig. 7–9), 

since this factor was mainly influenced by the schemes of 

plastic deformation during preliminary cold rolling in the 

first stand and skin pass in the second stand of a DSR-1250 

continuous 2-roll rolling-leveling mill. 

Tables 1 and 2, show that the grain length coefficient is 

always greater than the grain width coefficient, both in  

the border and in the central regions over the strip width. 

This is quite natural for sheet rolling [15; 20]. One can con-

clude that the broadening of the grains in the central regions 

is somewhat less than the broadening of the grains in  

the regions bordering the strip surface (width coefficient 

2.311 versus 2.208). This can be caused by the action of 

friction forces acting along the rolling line on the contact 

surface of the rolls and metal. 

 

 

 

     

 a b 

Fig. 8. Tinplate microstructure in the thickness sections of the TS 435 steel sheet 0.19 mm thick  

in the plane along the rolling direction line (×500): 

а – sheet end face area adjacent to the surface; b – sheet end face middle area (a square 0.08×0.08 mm).  

X-axis is oriented along the sheet thickness, Y-axis – along the rolling axis 

 

 

 

     

 a b 

Fig. 9. Microstructure of the TS 435 steel tinplate sheet 0.19 mm thick in the plane across the rolling direction line (×500): 

а – sheet end face area adjacent to the surface; b – sheet end face middle area (a square 0.08×0.08 mm).  

X-axis is oriented along the sheet thickness, Z-axis – across the rolling axis (along the sheet width) 

X

Y

X

Z
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Table 1. The average grain size in the section across the rolling line 

 

 

Measurement point 

A cut across the rolling line 

Measurement axis Average grain size, mm 

The average ratio of grain length  

along the Z axis (over the strip width)  

to the length along the X axis  

(over the strip thickness) 

Edge of sheet thickness 

Х 0.00594±12.5 % 

2.311 Z 0.01374±15.0 % 

along the diagonal 
%0.12
%5.700767,0




 

Middle of sheet thickness 

Х 0.00728±12.5 % 

2.208 Z 0.01608±16.0 % 

along the diagonal 0.00908±10.5 % 

 
 

 

Table 2. The average grain size in the section along the rolling line 

 

 

Measurement point 

A cut along the rolling line 

Measurement axis Average grain size, mm 

The average ratio of grain length  

along the Y axis (along the rolling line) 

to the length along the X axis  

(over the strip thickness) 

Edge of sheet thickness 

Х 0.00534±14.5 % 

4.017 Y 0.02145±12.0 % 

along the diagonal 0.00714±12.5 % 

Middle of sheet thickness 

Х 0.00589±14.5 % 

4.716 Y 0.02779±12.5 % 

along the diagonal 0.00808±12.0 % 

 

 

 
Table 3. The average grain size in the metal-to-roll contact area 

 

 

Measurement point Measurement axis Average grain size, mm 
The average ratio of grain length along 

the Y axis to the length along the X axis 

In the contact area of the 

metal and a roll 

 

2.299 
X 0.01398±11.5 % 

 

Y 0.03214±12 % 

 

 

 

A cut – across the rolling line 

A cut – along the rolling line 
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Considering the grain length factor, one can conclude 

that the grains in the border areas received less elongation 

than the grains in the middle regions of the sheet thickness 

(grain length factor 4.017 versus 4.716). 

The smallest grain size in all cases, was identified when 

counting the number of grains along the diagonal lines, and 

along the X axis. From a visual analysis of the microstruc-

ture photographs of the near-border areas, it can be noticed 

that the grains at the very border of the contact of the metal, 

with the rolls receive the greatest deformation. 

In the middle areas, where deformation occurs under  

a significant action of tensile stresses, grain fragments, and 

even single destroyed grains are encountered, which is na-

tural and acceptable. 

Tables 1 and 2 show, that the average ratio of the grain 

length to its width is 1.561 in the extreme region of the tin 

strip end and 1.729 in its middle parts. 

As one can see from Table 3, the ratio of grain length to 

width is 2.299. Thus, in two areas, the grains received  

a large elongation – in the area of direct contact of the me-

tal with the roll (sheet surface), and in the middle regions 

relative to the sheet thickness. It is these areas where  

the increased values of microhardness are observed. 

Therefore, during the study of the changes in the micro-

structure and microhardness of ultra-thin tinplate made of 

TS 435 steel rolled in a DSR-1250 mill, the expected exist-

ence of a layered structure of strips, which is typical for 

tempered sheet material, was confirmed. According to  

the work [1; 2; 6; 10], the formation of such a layered mi-

crostructure prevents the Chernov–Luders lines from com-

ing to the surface of the stamped sheet, and helps to im-

prove sheet formability. As practice shows, when tinning 

strips with a similar structure, the adhesion of the tinned 

layer to the surface improves. 

The nature of the change in microhardness over  

the thickness of the strips is confirmed by the correspond-

ing nature of the change in the microstructure. It was identi-

fied that the near-surface layers, as well as the middle ones, 

receive a greater degree of deformation than the metal lay-

ers between them. Probably, such behaviour of mechanical 

characteristics over the sheet thickness is associated with 

the presence of a significant degree of metal tension be-

tween the stands of the DSR-1250 two-stand mill. It is 

known that during the rolling of the strips on such mill, 

sometimes even their tightening was observed, which is 

definitely caused by the influence of the strip tension. 

 

CONCLUSIONS 

During skin-pass carried out on a DSR-1250 continuous 

rolling-leveling mill produced by SMS group, the necessary 

multilayer structure occurs in pre-annealed cold-rolled thin 

sheets made of TS 435 steel, in which different layers have 

individual microstructure combinations (grain elongation 

degree, grain size, etc.) and mechanical properties. 

In the areas of metal adjacent to the tin surfaces,  

the layers were subjected to the deforming effect of  

the rolls to a greater extent than the subsurface layers. As  

a result, surface zones were formed, characterised by higher 

hardness and strength. In the surface zones, a greater degree 

of grain elongation is observed than in the subsurface ones. 

In the subsurface layers, lower hardness values are ob-

served. The grains of these layers received lower strain va-

lues. The highest hardness values are noted in the central 

regions of the sheet cross section. Separate destroyed grains 

are observed here. It is possible that the higher hardness of 

the central layers is associated with a significant degree of 

strip tension between the stands of the DSR-1250 two-stand 

mill. These findings require further, broader research. 
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Abstract: Polycrystalline composite materials made of carbon fibre reinforced plastics have more and more widespread 

application in mechanical engineering and become the main material for the production of modern types of high-speed 

transport. Thus, their share has already reached 35–45 % in the structural design of passenger aircrafts. However, the tech-

nology of machining surfaces of parts made of these materials, in particular, holes, is characterized by insufficient 

knowledge, the absence of regulatory standards for cutting modes, and is most often based on the production experience of 

enterprises. When changing the processing conditions and the material, the pre-production engineering duration causes 

a significant increase in the cost of manufacturing parts due to the need for experimental selection of the cutting mode ra-

tional elements. To exclude the empirical selection of rational elements of the machining equipment cutting mode, 

the authors considered the possibility of using digital twins, for studying the processes of drilling holes in the blanks made 

of composite materials. The authors included those with the ultrasonic field energy introduction into the new surface shap-

ing zone (to improve the processing quality and productivity). When modelling, the LS-DYNA program was used. 

The authors prepared the models and processed the results using the LS-PrePost 4.8 program. During the study, an explicit 

modelling method was used with preliminary validation and calibration of the results of tests of composites. The authors 

carried out calibration on test operations of tension, three-point bending, and interlaminar shear of the ВКУ-39 polymer 

composite material based on carbon fibres (carbon fibre reinforced plastic) widely used in domestic engineering. The de-

veloped finite element computer models allow simulating drilling procedures without carrying out rather complicated and 

expensive field tests. As a result of modelling, a simulation file was obtained, which reflects the process of drilling holes in 

a polymer composite material blank, as close as possible to the real-life situation with chip removal. 

Keywords: drilling of composite materials; ВКУ-39; ultrasonic field energy; ultrasound; drilling process simulation; 

digital twin.  

For citation: Ilyushkin M.V., Kiselev E.S. Simulation of the processes of drilling polymer composite blanks using di-

gital twins. Frontier Materials & Technologies, 2023, no. 2. DOI: 10.18323/2782-4039-2023-2-64-1. 

INTRODUCTION 

Numerous studies performed by some authors estab-

lished a significant difference in the processes of edge cut-

ting machining of polymer composite and metal blanks [1–

3]. Drilling holes in the blanks made of carbonfibre-based 

polymer composite materials (PCM) is particularly difficult 

[4–6], which is explained, on the one hand, by the fibre-

matrix system fragility and heterogeneity, and, on the other 

hand, by different operating conditions of various sections 

of the drill cutting edges, due to the cutting speed variabi-

lity when removing stock (from zero to maximum values on 

the outer surface of a drilling tool). 

When drilling holes in PCM, the material removal, in 

contrast to cutting metals, occurs through a series of suc-

cessive ruptures, which is facilitated by the different nature 

and uneven distribution of the load between the matrix and 

fibres [7; 8]. Such chip formation is caused by the compo-

site material brittle fracture, due to the crack initiation and 

propagation in the primary shear zone after the partial for-

mation of a cleavage and forces to make appropriate ad-

justments to the software. Since brittle fracture is the domi-

nant process occurring when machining a composite mate-

rial, the powdery dust segment chips are formed. However, 

these type of chips, which are formed when drilling holes in 

PCM, depend largely on the properties of fibres and 

the matrix. In some cases, “continuous/flow” chips may 

form, like in metal processing [9; 10]. Moreover, with an 

increase in the fibre volume fraction, most of the composite 

materials can be removed by successive destruction due to 

non-uniform plastic deformation, contributing to the for-

mation of segment chips. It is worth noting that the chip type 

depends on the cutting mode inputs such as cutting speed and 

feed. The main factor reducing the efficiency of PCM edge 

cutting machining is the abrasive nature of the filler [11]. 

The abundance of carbon or other types of fibers in the PCM 

structure ensures rapid tool wear (mainly along the flank 

surface). The listed differences in the stock removal pro-

cesses are simultaneously accompanied by the almost com-

plete absence of cutting modes when processing composite 

materials. 

As known, the ultrasonic (US) field energy introduction 

into the machining zone contributes to a significant reduc-

tion in the friction force between the cutting tool and 

the blank [12; 13]. This both speeds up shaping and signifi-

cantly improves the quality of new surfaces, primarily by 
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reducing the probability of defects in the form of delamina-

tion, cleavages, cracking, thermal damage and polymer 

matrix melting, microcracks between the fibre and the bin-

der, etc. [14; 15]. 

When designing new technological processes, including 

ones with the ultrasonic vibrations introduction into  

the processing zone, the selection of the hole-drilling mode 

elements is carried out, as a rule, empirically. Experimental 

selection of drilling mode elements is characterized by high 

labour intensity, high cost and time expenditures. 

Reducing the time expenditures for designing the tech-

nological process of manufacturing any mechanical engi-

neering products, especially products from composites, can 

be achieved using Computer-aided engineering (CAE) sys-

tems [16; 17]. Creating a model in CAE systems allows ob-

taining information about stresses, temperature, distribution 

of forces in the processing zone, and deformations [18; 19]. 

The purpose of the study is to create computer models 

of the processes of drilling polymer composite blanks, in-

cluding those with the introduction of ultrasonic field ener-

gy into the new surfaces shaping zone. 

 

METHODS 

Tests 

At the first stage, tests of the composites’ mechanical 

characteristics were carried out. The results of these tests 

were required for calculations on mathematical models. 

During the research, an explicit modelling method with 

preliminary validation and verification of test results was 

used. Verification was carried out on tension, three-point 

bending, and interlaminar shear test operations. For model-

ling, the authors used the LS-DYNA program. To prepare 

models and process the results, the LS-PrePost 4.8 program 

was used. 

240×12×3 mm strips cut from the ВКУ-39 material 

were used as sample models. 

In the composite, 10 layers were modelled using 8-node 

thick-walled shell elements with reduced integration.  

The size of one cell of the composite was 2×2 mm.  

The thickness of each layer was 0.3 mm. 

The ВКУ-39 composite initial parameters were ta-

ken based on the works [19; 20]. During simulation and 

validation, the parameters were adjusted to match  

the composite used. 

As a material model, a model of a composite orthotropic 

material with destruction was taken. 

For the convenience of calculations, the authors used  

a system of units other than the SI system (length in milli-

meters, time in seconds, and mass in tons). The following 

parameters were set in the material model [20]: 

– density – 1.525∙10
−6 

kg/mm
3
; 

– Young’s modulus (EA, EB) – 6.39∙10
4
 MPa; 

– Poisson’s ratio PRBA – 0.3; 

– shear modulus – 4080 MPa. 

In the material model, the failure under the action of 

tensile stresses, as well as the values of failure strain, were 

specified. Compression and shear strains were overestimat-

ed as only tensile strains affect the fracture process. 

To model an adhesive layer, the authors used an automatic 

“surface-to-surface” contact with the tiebreak annex (cohesive 

breakable contact) with a crack discrete model, power depen-

dence, and damage models with a normal and shear stress of 

80 MPa and a fracture energy of 4 mJ. These parameters were 

adjusted by tests when validating the process. 

In addition, the authors considered the assessment of  

the influence on the resulting moment of the coefficient of 

friction between a drilling tool and a composite, which 

changes due to the ultrasonic field introduction into the new 

surface formation zone, at values equal to 0, 0.1, and 0.2. 

Fig. 1, 2 present the initial test models. Fig. 3 shows  

the pattern for testing the ВКУ-39 composite samples. 

Mathematical simulation 

At the second stage of the research, the updated parame-

ters of the composite material model and its adhesive layer 

were used when developing mathematical models based on 

digital twins. 

At the second stage, the authors carried out mathemati-

cal simulation of the processes of drilling ВКУ-39 polymer 

composite blanks, with the ultrasonic field energy introduc-

tion into the shaping zone. The main tasks were the digital 

model adjustment and the assessment of the ultrasonic vi-

brations effect when changing the amplitude from 6  

to 13 μm, and the friction coefficient in the tool-blank con-

tact zone – from 0.1 to 0.2 (the values were taken from  

the data of numerous studies of the 50–60-ies of the last 

century). The ranges of changes in these parameters are 

presented in Table 1. The following cutting mode elements 

were chosen as constant parameters in mathematical simula-

tion of the process of drilling holes with a diameter of 5 mm

 

 

 

 
 

Fig. 1. A model for mathematical simulation of uniaxial tension of a composite:  

1 – a composite; 2 – a gripping support; 3 – a movable support 
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 a  b 

Fig. 2. Models for mathematical simulation: a – for interlaminar shear; b – for three-point bending.  

1 – a composite, 2 – a press-on force plunger, 3 – a support 

 

 

 

 

 

 
a 

 
b 

 

c 

Fig. 3. Test patterns: a – for uniaxial tension; b – for three-point bending; c – for interlaminar shear of a composite 
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Table 1. The range of variations of conditions of drilling holes in the ВКУ-39 polymer composite material  

during mathematical simulation using digital twins 

 

 

No. The magnitude of the ultrasonic vibration amplitude, μm Friction coefficient 

1 0 0.0 

2 6 0.0 

3 13 0.0 

4 0 0.1 

5 0 0.2 

 

 

 

 

 

Fig. 4. A model of a drilling tool and a composite for simulating a drilling process: 1 – a drilling tool, 2 – a composite 

 

 

 

using digital twins: operational cutting speed – 3.14 m/min, 

axial feed – 0.2 mm/rev. A drilling tool and composite 

model for simulating a drilling process is shown in Fig. 4. 

A spiral two-blade drilling tool with a diameter of 5 mm, 

a length of 14 mm and an angle at the top of 

2φ=140 degrees was taken as a cutting tool model.  

The model was represented by the solid-state elements with 

the sides of 0.25–0.3 mm. A cylinder 7 mm in diameter and 

3 mm high was the composite blank model. In height, the 

composite model included 10 layers of interconnected 

prepregs. Each layer was a model consisting of thick-walled 

shell elements with dimensions of 0.1–0.15 mm. 

As the main model of the material (ВКУ-39), the authors 

used the model of a composite orthotropic material with 

destruction. 

After calibrating the model, the test parameters were ad-

justed. The failure of the material model was also set from 

the action of tensile stresses and amounted to 1610 MPa in 

the longitudinal (XT) and transverse (YT) directions  

of the composite. The values of breaking maximum strains 

of the composite and matrix layers were increased to 0.032. 

The following parameters were used: 

– normal stresses of the adhesive layer failure – 

0.15 MPa; 

– shear stresses of the adhesive layer failure – 1.5 MPa; 

– failure energy (normal direction) – 0.9 mJ; 

– failure energy (shear direction) – 0.9 mJ; 

– rigidity (normal direction) – 6.25 MPa. 

The failure parameters of the adhesive layer for bonding 

the layers of the composite were determined, based on  

the strength data of the applied adhesive compositions after 

carrying out tests and their validation. 

To assess the conditions of the contact between  

the drilling tool and the composite, as well as the contacts 

between the layers of the composite itself (after the adhe-

sive bond failure), a single contact taking into account  

the material failure was set. 

To retain the force and the moments from the drilling 

tool impact, a penalty contact card was used. 

To reduce the calculation time, the angular velocity of 

the drilling tool rotation was significantly increased and 

amounted to 628 rad/s. Such an increase is allowed in 

calculations in dynamic analysis programs when tracking  

the total energy of the process (the dynamic component 
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should not exceed 10 % of the total energy of the process). 

The axial feed was 0.2 mm/rev. 

The composite blank was fixed along the outer surface 

(Fig. 4, 5) by defining and limiting the nodal set. 

After preparing the finite element model in the LS-DYNA 

version 971 V10.2 program, a double precision calculation 

was performed. 

The stages of drilling a composite are shown in Fig. 6.  

 

 

 

 

 

Fig. 5. Angle restriction along the external cylindrical section of a composite blank 

 

 

 

         
 a b c 

         
 d e f 

Fig. 6. Composite drilling stages: a – 0 s; b – 0.06 s; c – 0.12 s; d – 0.18 s; e – 0.24 s; f – 0.3 s 
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The influence of changes in the ultrasonic vibration am-

plitude and the ratio of friction between a rotating drilling 

tool and a composite blank on the efficiency of drilling 

composite material blanks was studied. 

The ultrasonic vibrations were applied to the tool in  

the direction of the drill feed (along the X-axis). For this 

purpose, the motion function was specified in the initial 

settings. The following dependence on time was used as  

a function: 

 

  time6time125600sin006.0  , 

 

where the parameter 0.006 is the vibration amplitude, in 

this case equal to 0.006 mm (6 µm); 

parameter 125600 was determined from the dependence 

2πω, where ω is the vibration frequency equal to 20 kHz. 

The first summand of the function ensured the US vi-

bration excitation; the second summand ensured the drilling 

tool feed. 

 

RESULTS 

The results of ВКУ-39 composite simulation for uniaxi-

al tension, three-point bending, and interlaminar shear of 

the composite are shown in Fig. 7, 8. 

The initial differences in the force of impact on  

the samples in some tests were in the range of 30–50 %. 

Additionally, varying the parameters of the material models 

in terms of the maximum tensile, and compressive strain of 

the composite layers, and the adhesive layer (in terms of 

normal and shear stresses and fracture energy), the authors 

managed to obtain a difference of no more than 10–15 %. 

 

 

 

 

a 

 

 

b 

Fig. 7. The results of simulating the ВКУ-39 composite:  

a – for uniaxial tension; b – for three-point bending.  

In y-direction, a force in N is shown, in x-direction – time in s 
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c 

Fig. 8. The results of simulating the ВКУ-39 composite for interlaminar shear of ВКУ-39 composite.  

In y-direction, a force in N is shown, in x-direction – time in s 

 

 

 

 
 

Fig. 9. The dependence of a resultant moment on the amplitude value when applying ultrasound.  

In the graph: А – without ultrasound;  

В – ultrasound with an amplitude of 6 micron;  

С – ultrasound with an amplitude of 13 micron 

 

 

 

Fig. 9 shows a diagram of the resultant moment depen-

dence on the ultrasound amplitude magnitude. As one can 

see from Fig. 8, the introduction of ultrasonic vibration 

energy, with a frequency of 20 kHz and an amplitude of 

6 μm into the treatment zone reduces the peak resultant 

moment from 860 to 515 N∙mm. Drilling holes with  

the introduction of ultrasound with an amplitude of 13 µm 

allows reducing the peak moment to 430 N∙mm. 

Fig. 10 shows a diagram of the resultant moment depen-

dence on the friction ratio. As one can see from the present-

ed results, with a friction ratio equal to 0.2, the peak result-

ant moment is 1680 N∙mm. The decrease in the friction 

ratio to 0.1 reduces the resultant moment to 1250 N∙mm. 

With a friction ratio equal to zero (0), the resultant moment 

reduces to a minimum value of 810 N∙mm. 

 

DISCUSSION 

According to the results of the study, one can argue that 

a decrease in the friction ratio under the ultrasound action, 

most certainly leads to a decrease in the resultant moment. 

The performed computational investigations prove that 

the use of the obtained results can significantly reduce the 

duration or completely eliminate the need for experimental 

studies and full-scale tests to assess the influence of  

the cutting mode elements and the cutting tool design 
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Fig. 10. The dependence of a resultant moment on the ratio of friction (m) between a drilling tool and a composite 

 

 

 

parameters on the power and energy aspects of the for-

mation of the machined surfaces of parts made of the ВКУ-

39 type composite materials. In turn, this will allow signifi-

cantly reducing the expenditures for technological prepara-

tion for manufacturing composite products, which means 

the achievement of the goal. 

It is well known that the introduction of the ultrasonic 

vibration energy into the treatment zone leads to a decrease 

in the ratio of friction between the rotating tool and  

the metal blank being processed [12; 13]. 

The study visually established that the ultrasonic field 

energy introduction into the zone of formation of new sur-

faces, favorably affects the quality of the surface layer of 

parts made of polymer composite materials, and helps to 

reduce energy consumption for cutting processes and  

the cutting tool wear. The latter allows significantly in-

creasing the productivity of processing blanks from such 

materials and reducing the cost of manufacturing parts 

from them. 

For complete verification of computational investiga-

tions of the processes of cutting blanks from other PCMs 

based on carbon fibres, it is necessary to continue experi-

mental tests on typical representatives of the existing clas-

ses of composite materials. The verification results, after 

making appropriate adjustments to the calculated data, will 

probably allow expanding the areas of using digital twins 

for simulating the processes of drilling blanks from other 

classes of polymer composite materials. 

 

CONCLUSIONS 

Thus, the research results prove that the developed 

computer models of the processes of drilling blanks made 

of laminated polymer composite materials, including with 

the ultrasonic field energy introduction into the zone of  

the new surfaces formation, are comparable to full-scale 

tests when testing the selected cutting mode elements, cut-

ting tools, and other mechanical processing conditions. 

Considering that the use of digital twins to perform this 

stage of production technological preparation in the condi-

tions of existing enterprises is not associated with expen-

sive operation of machinery, one should expect a significant 

reduction in the cost of manufacturing components and 

parts made of similar materials in the industry, primarily in 

small-scale and single-item production. 
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Abstract: Magnesium biodegradable alloys are a promising material for self-dissolving surgical implants. Magnesium is 
known to be sensitive to electrochemical corrosion due to the galvanic effect between the matrix and particles of secondary phas-
es and inclusions. Another important factor is the pH level. The behavior of certain chemical reactions depends on the pH level, 
so one can assume that the pH level of a corrosive medium at the material surface is a factor determining what chemical reactions 
can occur there. Finally, there is evidence that variability of the crystallographic orientation of the grains may be a cause of ani-
sotropy of corrosion properties. The purpose of this work is to reveal the influence of the electrode potential of the microstructu-
ral elements, the crystallographic orientation of the grains, and the pH level of the near-surface volume of the corrosion solution 
on the corrosion process. In the study, sections of 2×1.5 mm were marked on the ZX10 alloy samples, for which maps of the 
distribution of crystallographic orientations and chemical composition were drawn. To assess the influence of the electrode po-
tential of the particles, the authors carried out a Kelvin probe mapping in the 90×90 µm area. Next, corrosion tests were carried 
out with video filming of the surface on the marked area. To determine the pH level influence, the solution circulation in the cell 
was varied. Upon completion of the tests, corrosion products and corrosion damage were examined in detail. According to the 
results, the pH level in the liquid near-surface micro-volumes has a greater influence than the electrode potential of the particles 
as it provokes the formation of corrosion products of a different composition, which leads to passivation of the surface areas 
around the particles. The authors identified two different types of filiform corrosion. For filiform corrosion, a correlation bet-
ween the corrosion direction and the crystallographic orientation of the grains was established. 

Keywords: magnesium alloys; corrosion; ZX10; biodegradable materials; medical implants; electrode potential; 
pH level; crystallography; filiform corrosion.  
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INTRODUCTION 

Traditionally, stainless steels and titanium-based alloys 
are used to produce surgical implants, such as screws for 
fixing bone fragments and plates for osteosynthesis. Upon 
completion of the healing process, in most cases, these im-
plants are to be removed. The removal operation has 
a number of negative effects: risks for the patient’s health, 
the need for post-operative recovery, an increase in the pa-
tient’s disability period, etc. Therefore, one of the promis-
ing areas in this field is the creation of self-dissolving (bio-
degradable) metal implants. One of the most suitable metals 
for this purpose is magnesium: an important role in human 
metabolism and low cytotoxicity ensure its good biocom-
patibility, and mechanical characteristics close to bone tis-
sues guarantee mechanical compatibility [1]. Since the me-
tal dissolution in the human body is nothing but corrosion, 

the study of the mechanisms of corrosion processes in mag-
nesium alloys is of great importance for both fundamental 
and applied science. Several factors significantly affecting 
the corrosion of magnesium alloys are known. 

The variability of the grain crystallographic orientation 
can cause anisotropy of corrosion properties [2], as well as 
a tendency to filiform corrosion [3]. However, the experi-
ments carried out on single crystals and polycrystals with 
coarse grains show contradictory results: in the work [3], it 
was identified that the basal plane (0001) exhibits the low-
est corrosion resistance, while the works [4; 5] indicate that 
such an orientation of crystallites, on the contrary, provides 
the highest corrosion resistance. In the case of a fine-
grained polycrystal, crystallographic texture has a great 
influence on corrosion, a phenomenon often observed after 
extrusion, rolling, or other thermomechanical processing of 
magnesium alloys, and consisting in the predominance of 
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a certain orientation in most semi-finished product crystal-

lites. In the work [6], when studying the anisotropy of  

the extruded magnesium corrosion properties, it was identi-

fied that the section plane along the bar with the predomi-

nant grain orientation (0001) is much more corrosion re-

sistant than the plane in the section across the bar. Thus,  

the influence of crystallography can play an important role 

in the corrosion processes of magnesium alloys. 

The particles of secondary phases and inclusions are 

equally important. Magnesium has an electrode potential of 

−2.375 V [7], which is significantly lower than that of most 

metals used as alloying elements in magnesium alloys. This 

causes its tendency to electrochemical corrosion manifest-

ing itself during the interaction in a corrosive environment 

between two metals with different potentials. Since, under 

the galvanic effect, the material with a more negative po-

tential is dissolved first, most of the particles, being positive 

with respect to magnesium, reduce the material corrosion 

resistance by provoking an intensive dissolution of the mag-

nesium matrix. 

Speaking about the particles with a more negative elec-

tron potential than magnesium, one should keep in mind 

several factors. First, as shown in [8], phases with a more 

negative potential compared to the matrix can form corro-

sion products, which, on the contrary, play the role of  

a cathode. Second, it is necessary to take into account  

the change in the electrode potentials of the matrix and,  

the secondary phase under the action of alloying elements 

in the form of a solid solution. It is known that many ele-

ments, such as zinc and silver [7], increase the potential of 

the magnesium matrix when forming a solid solution.  

The dissolution of such elements in secondary phases, for 

example, in the Mg2Ca intermetallic compound, which has 

a more negative electrode potential than magnesium, leads 

to a shift in their potential to more positive values.  

The work [9] indicates that when the zinc concentration 

exceeds the value of 1.07 %, the Mg2Ca phase becomes 

more positive than the matrix. Finally, one must take 

into account the fact, that the dissolution of a particle 

even more negative than the matrix will change the pH 

level in the corrosive medium microvolumes near  

the sample surface. 

The primary reaction of magnesium in media simulating 

human body fluids, such as NaCl saline 0.9 %, Ringer’s 

solution, Hanks’ solution, etc., is as follows: 

 

Mg + 2H2O = Mg(OH)2 + H2↑.        (1) 

 

The magnesium hydroxide produced during the reaction 

is a weak, poorly soluble base and performs two functions: 

to some extent passivates the material surface and, by dis-

sociating into a magnesium cation and a hydroxyl group 

anion, increases the pH level. According to [8], the Mg2Ca 

phase reacts with water in a similar reaction to form mag-

nesium hydroxide and calcium hydroxide, which is a strong 

base. It follows from this that the corrosion of particles of 

such secondary phases as Mg2Ca can lead to a significant 

local increase in the pH level. Based on the Pourbaix dia-

grams for pure magnesium in water presented in [10; 11], 

one can conclude that under conditions of a certain elec-

trode potential of the surface and the pH level, various 

compounds can be stable: oxide, hydride, magnesium hy-

droxide, as well as magnesium itself, i.e., depending on the 

electrode potential and the pH level, the flow of well-

defined reactions are thermodynamically favorable. This 

means that changing the pH level can significantly affect 

the type of corrosion products formed when reacting with 

water. 

In solutions containing chloride ions, the reaction de-

scribed by formula (1) may continue in the form of a reac-

tion of chlorine anion with hydroxide: 

 

Mg(OH)2 + 2Cl
−
 → Mg(Cl)2 + 2OH

−
 → 

→ Mg
2+

 + 2Cl
−
 + 2OH

−
.                     (2) 

 

As can be seen from the reaction equation, chlorine con-

tributes to the destruction of magnesium hydroxide, which 

plays the role of a weak passivating film, and then the well-

soluble magnesium chloride formed can dissociate in water 

into magnesium and chlorine ions. However, due to  

the influence of various factors, such as the concentration 

of some ions in the solution, reactions that are more com-

plex can occur, for example, the reaction with the formation 

of oxychlorides described in [8]: 

 

x(Mg
2+

) + Cl
−
 + y(OH

−
) + z(H2O) → 

→ Mgx(OH)yCl ∙ zH2O.                         (3) 

 

Detailed information on the formation of various 

oxychlorides in aqueous solutions at 23 °C is presented in 

the work [12]. The authors indicate that mainly two types of 

oxychlorides are formed: 5Mg(OH)2∙MgCl2∙8H2O (shortly 

5∙1∙8) and 3Mg(OH)2∙MgCl2∙8H2O (shortly 3∙1∙8), noting 

that these compounds differ significantly: 5∙1∙8 is formed 

faster, and 3∙1∙8 tends to react with carbon dioxide and car-

bonate ions with the formation of chlorocarbonate.  

The conditions for the formation of compounds also differ 

from each other and depend on the concentration of chlo-

ride ions and the pH level. 

Following all this, one can draw the conclusion:  

the electrode potential determines what will be destroyed 

first of all – a particle of secondary phases and inclusions or 

a matrix, and the pH level in the microvolumes of the cor-

rosive medium near the metal surface, affects what chemi-

cal reactions will take place. However, it is not clear which 

of these factors is more important, especially against  

the background of the matrix crystallographic effect. De-

termining the influence of all three factors is important for 

understanding the mechanism of corrosion processes and, 

therefore, predicting the corrosion properties of materials 

and the efficiency of thermal and thermomechanical treat-

ment modes. 

The aim of this work is to study the influence of  

the crystallographic orientation of grains, secondary phase 

particles, as well as the pH level in microvolumes of the 

corrosive medium near the sample surface on the corrosion 

process of the biodegradable ZX10 alloy. 

 

METHODS 

A biodegradable as-cast ZX10 alloy of the Mg–Zn–Ca 

system was chosen for the study. This alloy has good cyto-

toxicity characteristics [13], high strength properties [14], 

and a relatively low corrosion rate [1; 14]. The exact chem-

ical composition was determined using a Thermo Fisher 

Scientific ARL 4460 OES optical emission spectrometer. 
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The samples were rectangular plates of 30×15×1 mm 

ground on #2500 sandpaper. After grinding, in the middle 

of the right half of one of the sample surfaces, a 2×1.5 mm 

area was marked with a hard-tip chisel for precision re-

search. Then, the surface with the marked area was polished 

on anhydrous diamond suspensions with an abrasive size 

of 3, 1, and 0.25 µm in succession. After that, the marked 

area was subjected to ion polishing in a Hitachi 

IM4000Plus device. Treatment was carried out in an ion-

ized argon beam at an angle of 5° to the sample surface 

for 35 min at an accelerating voltage of 3.2 kV. From the 

marked area, a distribution map of crystallographic orien-

tations was taken in the column of a Carl Zeiss SIGMA 

scanning electron microscope (SEM) using an EDAX 

module for analyzing electron back-scattered diffraction 

(EBSD). In the SEM column, mapping was also carried 

out with determining the elemental composition on  

the surface of the marked area using energy dispersive 

spectrometry (EDS). On the surface of the sample marked 

area intended to identify the role of the electrode potential 

(hereinafter, this sample is marked as EP), an area of 

90×90 μm with several particles was selected, and in this 

area, an electrode potential distribution map was taken 

according to the Kelvin probe method using a NT-MDT 

Solver NEXT atomic force microscope. Further, all sam-

ples were subjected to corrosion tests. 

The tests included holding the sample for 24 h in Ring-

er’s solution with the composition of 8.36 g NaCl, 0.3 g 

KCl, 0.15 g CaCl2 per 1000 ml of water. The corrosion cell 

volume was 5 l. The sample was fixed vertically in a sili-

cone clamp in such a way that the clamp was as far as pos-

sible from the marked area. To monitor corrosion process-

es, a camera was directed to the area marked with a chisel, 

by analogy with our previous work [15]. Video surveillance 

during corrosion tests is an in situ method that allows track-

ing the staging of the corrosion damage appearance and  

the dynamics of their development. This method showed 

good results when studying the dependence of the direction 

of filiform corrosion propagation on the crystallographic 

grain orientation [16]. When testing a sample intended to 

determine the pH influence (hereinafter marked as PH),  

the corrosive medium was circulated using a peristaltic 

pump. The tube, through which the corrosive solution was 

pumped into the corrosion cell, was directed straight to  

the marked area from below, so that the flow was oriented 

diagonally from the lower right corner of the marked area 

tangentially to the sample surface. Thus, the corrosive me-

dium at the sample surface, the pH level of which could be 

increased due to the occurrence of corrosion processes, was 

washed away by the solution flow. 

After completion of the tests, the samples were re-

moved, dried in a fore vacuum at room temperature for 

2 h, and then loaded into a SEM to map the distribution 

of chemical elements in corrosion products. Then  

the corrosion products were removed by immersion in an 

aqueous solution of 20 % CrO3+1 % AgNO3 for 1 min 

by analogy with the work [17]. When removing corro-

sion products, a Sapphire ultrasonic bath was used. After 

the removal of corrosion products, the corrosion damage 

depth and morphology were assessed using an Olympus 

Lext OLS4000 confocal laser scanning microscope 

(CLSM). 

RESULTS  

Table 1 presents the ZX10 alloy chemical composition.  

Fig. 1 shows a map of the distribution of crystallogra-

phic orientations, as well as of particles of secondary phases,  

and inclusions in the marked area of the EP sample. Fig. 2 

shows maps of the distribution of the electrode potential 

and chemical elements in the area marked with a rectangle 

in Fig. 1. The area contains three large particles with diffe-

rent chemical compositions and electrode potentials. Parti-

cles No. 1 and 3 are clearly oxidized, presumably due to  

the air contact. 

Fig. 3 presents a storyboard of the video recording of 

the EP sample corrosion tests. The location of corrosion 

centres correlates well with the distribution maps of chemi-

cal elements in Fig. 1. The structure is visible only during 

the first 2 h of the experiment, after which the grain bounda-

ries become practically invisible. In 12 h, typical pale re-

gions form around all the observed particles in the marked 

area due to the formation of corrosion products. No depend-

ence of the corrosion process occurrence on grain orientation 

is observed. After 12 h of testing, filiform corrosion traces 

appear in the corner of the marked area (indicated by a red 

arrow), but their subsequent growth does not occur. 

Fig. 4 shows a map of crystallographic orientations, and 

distribution of particles of secondary phases and inclusions 

in the marked area of the PH sample. 

Fig. 5 shows a storyboard of video recording of the PH 

sample corrosion test. From the very beginning of the test 

until its completion, the structure is clearly visible,  

the sample remains shiny for all 24 h and is not covered 

with a dense layer of corrosion products, corrosion centres 

are clearly visible, but wide zones covered with corrosion 

products do not form around them. After 23 h of testing, 

filiform corrosion traces become visible. One should note 

that, as in the case of the EP sample, the initial filiform cor-

rosion spreads along the scratches that marked the area un-

der the study. In both cases, filiform corrosion propagates at 

a rate of tens or even hundreds of microns per minute. 

Fig. 6 demonstrates images of the marked areas of both 

samples before the removal of corrosion products, as well 

as a height map taken using CLSM after the corrosion 

products were removed. Using the height map, it is possible 

to estimate the depth of filiform corrosion damage, it equals 

to 10–15 µm. 

Fig. 7 shows the surface of the marked areas of both 

samples with a superimposed map of the distribution of crys-

tallographic orientations. It is evidently that both samples are 

characterised by the presence of two types of filiform corro-

sion. Except for the first type damage shown by red arrows in 

Fig. 3 and 5, after the removal of corrosion products, the se-

cond type damage becomes visible in the form of a fine mesh 

and especially clearly visible on the PH sample. 

Fig. 8 presents the maps of the chlorine and oxygen dis-

tribution in corrosion products. The EP sample is characte-

rised by the formation of zones significantly depleted in 

these elements around corrosion centres (i.e., particles of 

secondary phases and inclusions). This confirms the asser-

tion, based on the obtained height maps that there is practi-

cally no corrosion in these places. There is a lot of zinc in 

corrosion products, both in the form of inclusions and evenly 

distributed over the surface. Calcium and zirconium are pre-

sent mainly in the form of inclusions; the concentration of 

both elements in the corrosion products is less than 0.1 %.
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Table 1. Chemical composition of the ZX10 alloy, % wt. 

 

 

Mg Zn Zr Ca Fe Mn Si Al Cu 

Base 0.84 0.03 0.17 <0.004 0.007 0.008 0.01 <0.001 

 

 

 

 

 
 

Fig. 1. IPF-map and mapping of the particles of secondary phases and inclusions on the marked surface of EP-sample  

(the lines connect the same particles on the maps of different elements) 
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Fig. 2. Volta potential map (by Kelvin probe method) and chemical composition of the particles in the rectangular area highlighted  

on the maps of zinc and calcium distribution in Fig. 1 
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Fig. 3. Video-monitoring results of the EP-sample marked surface during the corrosion test.  

Red arrows indicate filiform corrosion 
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Fig. 4. IPF-map and mapping of the particles of secondary phases and inclusions on the marked surface of the pH-sample 
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Fig. 5. The results of video-monitoring of the marked surface of the pH-sample during corrosion test.  

Red arrow indicates filiform corrosion 
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Fig. 6. Images of marked areas of samples to reveal the role of the electrode potential (EP) (a, c)  

and to determine the pH (PH) effect (b, d): 

a, b – before the removal of corrosion products (optical microscopy); 

c, d – after the removal of corrosion products (height map obtained using CLSM) 

 

 

 

The PH sample pattern looks completely different 

(Fig. 9). Around the corrosion centres, there are no oxygen-

depleted zones; this element is distributed evenly over  

the entire surface. Chlorine is distributed mainly point-wise, 

with most of it concentrated at the place of filiform corro-

sion damage of the first type. For calcium and carbon,  

the same patterns remain as for EP sample, but the quantity 

of zirconium and zinc in the corrosion products of the PH 

sample, are many times greater than in the EP sample cor-

rosion products, and generally in the material. Probably, 

when magnesium is dissolved, these corrosion-resistant 

elements remain in the corrosion products. 

Fig. 10 shows the maps of heights and distribution of 

chemical elements in corrosion products in the area shown 

in Fig. 2. On the height map and the oxygen and chlorine 

distribution maps, no differences between the particles are 

visible. In the region of particles No. 1 and 3, their residues 

in the form of calcium traces are noticeable. 

Fig. 11 and 12 present the results of a detailed study of 

filiform corrosion damage of the first type on the PH spe-

cimen. Corrosion spread directionally; there is a large 

amount of chlorine at the end propagation points and places 

of change of its direction, although chlorine is not observed 

over the rest area affected by filiform corrosion. From 

Fig. 11 b, it is obvious that this type of corrosion strongly 

depends on the grain crystallographic orientation, and 

therefore, changes the direction of its propagation when 

moving from one grain to another. No correlation between 

the location of the most chlorine and the deepest damages is 

observed. The study identified an interesting honeycomb 

morphology of the walls of the “channel” for the filiform 

corrosion propagation, which is shown in Fig. 12 e, 12 f. 

The morphology has the form of rectangular honeycombs 

oriented across the direction of corrosion propagation.  

A fragment in Fig. 12 f is located at the boundary of two 

grains with different orientations. It is seen that along with 

the propagation direction, in this place, the orientation of 

the honeycombs also changes by almost 90°. This image 

also allows estimating the width of the channels of the se-

cond type filiform corrosion, which is about 1 µm. 

 

DISCUSSION 

Fig. 1 shows that calcium in the particles often adjoins 

zinc (shown by dotted lines), and there is clearly more zinc 

in these secondary phases. It is also obvious that there are 

quite a lot of particles containing calcium, but not contain-

ing zinc in the microstructure. Quite likely, these are 
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Fig. 7. Images of marked areas of the samples to reveal the role of the electrode potential (EP) (a)  

and to determine the pH (PH) effect (b) after the removal of corrosion products.  

A map of the distribution of crystallographic orientations is superimposed on the optical image.  

The dotted lines show the main direction of second type filiform corrosion 

 

 

 

the Mg2Ca phase particles. Zirconium is adjoins iron and 

aluminum, with which, as is known, it is capable of forming 

intermetallic compounds [18]. In the case of iron, due to  

the transition to the Fe2Zr intermetallide, its negative effect on 

corrosion properties is reduced [19]. For the PH sample,  

the same features of the distribution of particles of secondary 

phases and inclusions of various compositions are noted as for 

the EP sample. In Fig. 6, it is clearly seen that a wide rounded 

zone is formed around the inclusions on the EP sample sur-

face, which, judging by the height map, is subjected to  

the least corrosion damage. The PH sample is characterized 

by an elevation in the immediate proximity to a particle; large 

rounded zones, as in the EP sample, are not observed. 

For both samples, the presence of two types of filiform 

corrosion is noticeable. The first type damage is characte-

rized by a wide channel appearing in scratches and growing 

in one direction, which, judging by Fig. 7 and 11, has  

a dependence on grain orientation. The second type damage 

is very thin, covering the entire marked area with a fine 

mesh. Initially, a hypothesis arose that these damages were 

associated with cracking of the crust of corrosion products 

and the corrosion medium penetration, under the pas-

sivating layer. However, comparison with the grain orienta-

tion map clearly indicates that the direction of the filiform 

corrosion propagation depends on the crystallographic ori-

entation, while, in the case of corrosion product cracking, 

the directions should have been chaotic. An interesting fact 

is that the PH sample has much more damages of this type 

and their correlation with crystallography can be traced 

significantly better than that of the EP sample. On the PH 

sample, it can also be observed, that on the grains with  

an orientation close to (0001), there is no predominant di-

rection for filiform corrosion traces, while they are usually 

parallel to each other on the grains of different orientations. 

However, considering the small sample size, this observa-

tion needs to be clarified. 
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Fig. 8. Chemical composition and mapping  

of chlorine and oxygen in corrosion products on the marked  

surface of the EP-sample

 

 

Fig. 9. Chemical composition and mapping  

of chlorine and oxygen in corrosion products on the marked 

surface of the pH-sample 
 

 

 

The corrosion products of both samples consist mainly 

of magnesium hydroxide. The chlorine concentration is 

many times lower than the oxygen concentration. Most 

likely, this is a consequence of the magnesium chloride 

good solubility. There is very little carbon in the corrosion 

products, and it is located exclusively locally, sometimes 

adjoining calcium. Obviously, this is a consequence of  

the reaction of Mg(OH)2 brucite and calcium hydroxide, 

with carbon dioxide from the air in these areas, resulting in 

the formation of magnesium carbonate [9; 19] and calcium 

carbonate. 

Comparing the distribution of chemical elements and 

height maps, one can see that around the particles of inclu-

sions and secondary phases of the EP sample, a large 

rounded zone is formed with a fairly clear boundary,  

the corrosion damage of which is much less than that of  

the surrounding material. It can be safely said that this zone 

reflects the distance at which the particle has a significant 

effect on corrosion processes, and this distance is an order 

of magnitude greater than the size of the particle itself. This 

zone includes: a small centre, which is the particle itself and 

the material in the immediate proximity to it; the near halo, 

which is a wide rounded area with a distinct outer border in 

the form of a small elevation; the far halo, which is a wider 

rounded area between the near halo and the “outer” materi-

al, which is not affected by the processes caused by  

the particle in the centre. All three components of the zone 

of particle influence on the corrosion process are best seen 

in Fig. 6 and 10.  

The chlorine content in corrosion products in the entire 

zone is many times less than in corrosion products in other 

places. The conclusion follows from this: the reaction de-

scribed by equation (2) does not occur in this zone. This also 

explains its lesser damaging: chlorine does not destroy  

the passivating film of corrosion products. The oxygen content 

in the corrosion products in this zone shows its heterogeneity: 
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Fig. 10. Height map (after the removal of the corrosion products) and chemical elements mapping 

in the corrosion products on the area shown in Fig. 2 

 

 

 

in the centre, and in the near halo it is approximately  

the same as in the corrosion products of the surrounding 

material, however, in the far halo, the oxygen concentration 

in the corrosion products drops sharply. At the same time, 

the height maps in Fig. 6 and 9 show that corrosion damage 

is present in the far halo and it is deeper than in the near 

halo. If the centre is the main corrosion point, then it is lo-

gically, to assume, that the pH level in the near-surface 

microvolumes of the corrosive medium will increase when 

approaching it. The Pourbaix diagram given in [10] follows 

that, at an electrode potential of −2.1 to −2.7 V and a high 

pH level, magnesium hydride and magnesium hydroxide 

are sTable states in the Mg–H2O electrochemical system. 

Thus, one can assume that in the centre and the near halo, 

as well as on the surface of the “outer” material, the reac-

tion with the formation of brucite described by equation (1) 

occurs, however, unlike the outer material, the resulting 

magnesium hydroxide is stable, and does not interact with 

chlorine, due to which its passivating properties are im-

proved. In the far halo, the main corrosion product is pre-

sumably not hydroxide, but magnesium hydride, which 

could explain the very low oxygen concentration in the 

corrosion products at this location. Outside the zone of par-

ticle influence on corrosion processes, the reaction described 

by equation (1) is first performed, and then that described by 

equation (2); in this case, a uniform and continuous matrix 

dissolution occurs there. 

In the case of the PH sample, this zone is much smaller 

and is limited to only ten microns around the particle, as 

can be seen in Fig. 6 and 9. No far halo is observed –  

the entire PH sample surface is uniformly covered with 

corrosion products containing an equal amount of oxygen. 
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Fig. 11. Image of first type filiform corrosion of the sample to determine the pH (PH) influence: 

a – shooting sheet taken during corrosion tests (the period between frames is 4 minutes)  

showing the corrosion propagation speed and direction; b – optical image with IPF-map imposed on it 
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Fig. 12. Images of the first type filiform corrosion of the sample to determine the pH (PH) influence: 

a – SEM image (bse-detector) before the removal of corrosion products; b – chlorine distribution in corrosion products; 

c – height map after the removal of corrosion products; d – SEM-image; e – a fragment highlighted with a dotted line in Fig. 12 d; 

f – a fragment highlighted with a dotted line in Fig. 12 e 
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Chlorine is evenly distributed in the corrosion products, 

except for several points of its increased concentration, 

primarily in the places of damages caused by the first type 

filiform corrosion. The height map shows the corrosion 

damage morphology, correlating with neither crystallo-

graphy nor the composition of corrosion products, and there- 

fore, is most likely determined by the trajectory of the flow 

washing the sample surface. Particles, and the small surface 

area around them, are also shown, on this map as higher 

and therefore less damaged areas. This may indicate that, at 

a small distance from the particle, the passivation effect 

manifests itself even under such conditions. It is curious 

that the corrosion damage morphology outside the marked 

area, to which the liquid flow was directed, is the same as 

in EP sample. 

Fig. 2 and 10 show that the particle electrode potential 

had no effect on the eventual result of the corrosion pro-

cess. This is easily explained by the fact that the formation 

of the above discussed area is conditioned by the pH level, 

which increases both during intense corrosion of the matrix 

metal, due to contact with more electropositive phases, and 

during the dissolution of electronegative phases, due to 

contact with a more positive matrix. One should note that 

for long-term tests, the difference might still appear, since 

the phases, more negative than magnesium, dissolve them-

selves. This means that their time of action is limited to  

the dissolution period – in contrast to the more noble phas-

es, the electrochemical effect of which will remain until 

they will not be covered with a dense crust of corrosion 

products or simply will not precipitate from a corrosion-

damaged surface. 

Filiform corrosion traces of two types were observed on 

the surface of both samples. The first type is characterised 

by a wide (tens of microns) channel, high propagation ve-

locity (up to hundreds of microns per minute), as well as by 

the fact that the channel originates in the places of scratches 

that marked the studied areas. Additional research showed 

that the scratches are free of contamination in the form of 

iron particles that could occur there with the chisel, their 

chemical composition is the same as that of the surrounding 

material, with the exception of the anomalous oxygen con-

tent. This indicates that the deformed scratch material is 

much more active than the surrounding material and is able 

to oxidise very quickly even upon air contact. The filiform 

corrosion second type is characterised by thin (1–2 µm) 

multiple channels over the entire sample surface. Now, 

nothing can be said about the places of its origin, and their 

propagation rate, since due to corrosion products, such light 

damages are invisible on video recording frames. Both 

types of filiform corrosion manifest themselves better on  

a PH sample, and both are closely related to crystallo-

graphy. The first type changes the propagation direction 

depending on the grain crystallographic orientation, which 

is clearly seen in Fig. 11 b. The direction of the second type 

damage also depends on crystallography, as can be seen in 

Fig. 7 b. 

The spread of the first type filiform corrosion proceeds 

as follows: a “corrosion front” – a corrosion centre of un-

known origin, where, judging by the distribution map of 

chemical elements in corrosion products, there is a very 

high chlorine concentration, moves ahead. The “front” 

propagates both over scratches and over the base material, 

changing the movement direction depending on the crystal-

lographic orientation of the grains. Behind the “front”, deep 

rounded channel remains, which has a surface morphology 

in the form of rectangular honeycombs a few microns in 

size, oriented perpendicular to the main direction of  

the channel. In the corrosion products located in the chan-

nel, the amount of chlorine is the same as in the corrosion 

products of the base material, excluding some points where 

there was a change in the direction of filiform corrosion. 

Within this study, it is difficult to judge the nature of this 

phenomenon. Based on the fact, that chlorine practically 

does not remain at the points of damage, one can assume 

that the front is a moving centre, where the high-rate for-

mation of chlorine-containing magnesium compounds and 

their prompt decay into ions that can participate in the reac-

tion again take place. However, from the available infor-

mation, it is not clear what these compounds are. Probably, 

this can be found out by the methods that allow determining 

not the elemental, but the phase composition of corrosion 

products, for example, infrared Fourier spectrometry. 

 

CONCLUSIONS  

1. During corrosion in an still (uncirculated) solution,  

a wide zone (many times larger than the particle itself) is 

formed around corrosion centres, which are particles of 

inclusions and secondary phases; this zone reflects an area, 

where corrosion processes depend on the particle. Corro-

sion damage in this zone is much less than in the rest of  

the material. This zone includes the centre, the near halo, 

and the far halo. These components have a clear boundary 

between themselves and with the surrounding material 

manifesting itself both in the difference in the damage 

depth and in the different composition of corrosion pro-

ducts. The latter means that different chemical reactions 

take place on the surface of the components of this zone, 

which is associated with the difference in the pH level. 

2. The particle electrode potential does not have a visi-

ble effect on the formation of the aforementioned zone, 

which is probably associated as well with a stronger influ-

ence of the pH level. 

3. When a sample is flowed over with a liquid removing 

a corrosive medium with a high pH content from the sur-

face, the size of the round-shaped zone around the particle 

is many times smaller compared to the case when the sam-

ple is in a non-circulating solution. 

4. Two types of filiform corrosion were identified:  

the first type forms damage in the form of a channel several 

tens of microns wide; the second type is 1–2 microns wide. 

The development of both types occurs in accordance with 

the crystallographic orientation of the grains. Corrosion of 

the first type originates in scratches, where the metal is 

more susceptible to oxidation. 
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Abstract: Due to low electrical resistivity, the Cu–Pd and Cu–Pd–Ag system alloys can be used as corrosion-resistant 

conductors of weak electrical signals. The paper deals with a comparison of the structure and physical-mechanical proper-

ties of Cu, Cu–3Pd and Cu–3Pd–3Ag (at. %) alloys after deformation at room or cryogenic temperature followed by an-

nealing. The authors studied specimens in different initial states: quenched, deformed at room and cryogenic temperatures. 

To study the processes of structure rearrangement and the evolution of properties, annealing was carried out in the tempe-

rature range from 100 to 450 °C, followed by cooling in water. The duration of heat treatments was 1 h. The dependences 

of the yield strength and elongation to failure on the annealing temperature showed that cryodeformation significantly in-

creases the thermal stability of the structure of both pure copper and the Cu–3Pd–3Ag ternary alloy. According to the tem-

perature dependence of specific electrical resistivity of the deformed Cu–3Pd–3Ag alloy during heating at a rate of 

120 deg./h, it was found that the decrease in electrical resistance caused by recrystallization begins at above 300 °C.  

The dependences of specific electrical resistivity on true strain showed that the structure rearrangement mechanisms dur-

ing deformation are different for pure copper and the Cu–3Pd–3Ag alloy. The results of mathematical processing of  

the peaks in the diffraction patterns established that two phases appear in the Cu–3Pd–3Ag alloy after cryodeformation and 

annealing, one of which is silver-enriched, and the other is depleted. The study showed that during annealing of the de-

formed (especially after cryodeformation) Cu–3Pd–3Ag alloy, an anomalous increase in strength properties is observed.  

It was identified that alloying copper with palladium and silver leads to an increase in the recrystallization temperature. 

Thus, copper alloys with small palladium and silver additives are obviously attractive for practical applications, since they 

have improved strength properties, satisfactory electrical conductivity, and a higher recrystallization temperature compared 

to pure copper. 

Keywords: Cu; Cu–Pd; Cu–3Pd–3Ag; copper alloy with small additives of palladium and silver; copper alloying with 

palladium and silver; cryodeformation; anomaly of strength properties; resistometry. 
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INTRODUCTION 

The production of high-strength and corrosion-resistant 

electric current conductors is an important applied research 

task. Many foreign companies and domestic researchers 

pay great attention to the development of methods aimed at 

the improvement of the strength properties of copper alloys, 

without a significant decrease in their electrical conductivi-

ty and while maintaining sufficient plasticity. Alloying is 

one of the ways to solve this issue. For example, the intro-

duction of beryllium, niobium, etc. into copper can signifi-

cantly improve the strength properties [1; 2]. However,  

the toxicity and high cost of beryllium (as well as the niobi-

um density) hinder the application of such alloys in indus-

try. Works on copper matrix strengthening by introducing 

nanodispersed particles of various metals (for example, 

chromium) using the severe plastic deformation (SPD) 

methods should also be mentioned [3]. Currently, it is  

generally accepted that silver is an optimal alloying element 

to create strong copper-based conductors. As is known, 
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 silver is slightly soluble in copper; therefore, even its small 

additions (3–5 at. %) lead to significant hardening due to 

the precipitation of dispersed Ag-based particles in the cop-

per matrix. 

Previously, it was shown that alloying copper with sil-

ver leads to the production of an electrically conductive 

material with high strength properties [4–6]. The work [5] 

established that the redistribution of dissolved substances 

upon annealing of a cold-rolled Cu–3Ag (at. %) alloy, leads 

to the formation of a heterogeneous dislocation structure, 

where there are areas with low (due to a decrease in  

the content of silver atoms) and high (due to preservation of 

the excess silver concentration) dislocation density. Such  

a heterogeneous microstructure allowed improving the plas-

ticity while maintaining the high strength of the annealed 

material [7]. 

As is known, SPD effectively refines the grain structure 

of metals and alloys and, therefore, is used as well to solve 

issues of increasing the strength properties of copper con-

ductors [8]. However, the grinding process during SPD 

slows down after reaching a certain amount of accumulated 

strain, and the average grain size asymptotically tends to  

a certain minimum reachable value (which is usually in  

the submicrocrystalline range). Deformation at very low 

temperatures – the so-called cryogenic, or low-temperature, 

deformation can become one of the ways to solve this prob-

lem. It is established that very low deformation tempera-

tures, firstly, prevent grain growth, and secondly, hinder 

 the redistribution of dislocations, which contributes to an 

increase in their density and, as a result, leads to an increase 

in internal stresses. All this stimulates further microstruc-

ture refinement [8]. In the Cu–Ag alloys, the possibility of 

increasing the strength properties due to preliminary 

cryodeformation, for example, cryorolling [9–11] or 

cryodrawing [12; 13] is identified. 

Recently, additional requirements for corrosion re-

sistance have been imposed on conductors. For example, to 

solve this issue, copper conductors are coated with a thin 

palladium layer [14]. However, during the operation of 

such wires, palladium diffuses rather quickly, forming a set 

of ordered phases at the interface. In the work [15],  

the authors identified that alloying with palladium (less 

than 10 at. %) allows increasing the copper strength proper-

ties, due to solid solution hardening while simultaneously 

increasing corrosion resistance. However, under the condi-

tions of increasing requirements for producing high-

strength electric current conductors, hardening by alloying 

with one component is not enough. Therefore, to form high 

functional properties of alloys, currently, alloying with two 

or more elements is used to combine two hardening mecha-

nisms (for example, solid solution and dispersion ones due 

to the second phase precipitation [16]) or simultaneous oc-

currence of several phase transformations [17]. Viewed in 

this way, Cu–Pd alloys can serve as a matrix for their addi-

tional hardening with silver. 

Previously, we have shown that the application of 

cryodeformation before annealing leads to the formation of 

a high-strength ordered state of the Cu–47Pd (at. %) alloy 

with an ultrafine-grained structure and low specific electri-

cal resistivity [18]. These results allow suggesting that pre-

liminary cryodeformation will lead to additional grain re-

finement of the Cu–Pd–Ag ternary alloy, which, together 

with dispersion strengthening due to the precipitation of 

silver particles, will improve the mechanical properties.  

The influence of cryodeformation on the structure and 

properties of Cu alloys alloyed with silver and palladium 

has not been considered before. 

The purpose of this work is to study the influence of de-

formation at room and cryogenic temperatures on the phy-

sical and mechanical properties of the Cu–3Pd–3Ag (at. %) 

copper alloy with small additions of palladium and silver. 

 

METHODS 

The Cu–3Pd–3Ag alloy (at. %) was smelted from cop-

per, palladium, and silver with a purity of 99.98; 99.99, and 

99.99 % respectively. To compare the structure and proper-

ties, samples of pure copper and Cu–3Pd alloy (at. %) were 

used. Smelting was carried out in a vacuum of 10
–2

 Pa with 

casting into a graphite crucible. The chemical composition 

of the alloys was checked using a JEOL JCXA-733 X-ray 

microanalyser. All heat treatments were performed in eva-

cuated glass or quartz ampoules. 

An ingot Ø5 mm was homogenized at a temperature of 

800 °C for 3 h, quenched by cooling in water, and cut into 

two parts. From one part of the ingot, a wire Ø1.5 mm was 

produced by drawing, from which samples for mechanical 

tensile tests were cut. Further drawing to a diameter of 

0.22 mm allowed obtaining a thin wire for resistometry. 

The other part of the ingot was rolled to produce plates with 

a thickness of 0.3 mm, which were used for phase composi-

tion assessment at various stages of processing. 

The alloy cryodeformation was carried out between two 

stainless steel plates. This construction was placed in liquid 

nitrogen for about 1 min, after which rolling was per-

formed. This operation was repeated. Part of the wires and 

plates deformed at room temperature were annealed at  

a temperature of 700 °C during 1 h and cooled in water. 

Thus, the authors studied samples in several initial states: 

quenched, deformed at room temperature, and deformed at 

cryogenic temperature. The value of the true deformation of 

the samples (e) was determined by the equation: e=ln(So/Sf), 

where So and Sf are the cross-section areas of the sample in 

the initial and final states. 

To study the processes of structural rearrangement and 

evolution of properties, annealing was carried out in  

the temperature range from 100 to 450 °C (with a step of 

50 °C) followed by cooling in water. The duration of heat 

treatments was 1 h. 

To measure specific resistivity (ρ), the standard four-

contact method was used (DC value is I=20 mA). To in-

crease the accuracy in calculating the cross-section area of 

the sample, the wire diameter was measured by optical 

methods with an error of ±1 μm. When determining  

the conductor length, a special conductor was used with 

a set of contact points, the distance between which (from 

120 to 150 mm) was measured with an accuracy of 0.1 mm. 

The specific electrical resistivity was calculated as the ave-

rage value of 5 measurements between different pairs of 

contacts. The electrical resistivity temperature dependences 

were obtained by heating and cooling the samples at a rate 

of 120 deg/h. 

Mechanical tests were carried out on a ZD 10/90 tensile 

testing machine at a tensile rate of 3 mm/min; the length  

of the working part of the samples was 30 mm. For each 

structural state, at least five samples were tested. 

68 Frontier Materials & Technologies. 2023. № 2



Novikova O.S., Kostina A.E., Salamatov Yu.A. et al.   “The influence of deformation at cryogenic or room temperature followed…” 

 

Novikova O.S., Kostina A.E., Salamatov Yu.A. et al.   “The influence of deformation at cryogenic or room temperature followed…” 

 X-ray diffraction analysis (XRD) was performed using  

a DMAX 2200 diffractometer (Rigaku) in the shooting 

mode at a speed of 4 °/min, Cu-Kα radiation was mono-

chromatised by a graphite single crystal. The average size 

(D0) of coherent scattering regions (CSR) in the studied 

alloys deformed to the same degree at different tempera-

tures was estimated based on the X-ray diffraction data 

using the Williamson–Hall method [19]. The authors car-

ried out mathematical processing of several peaks on X-ray 

diffraction patterns of copper, Cu–3Pd alloy, and Cu–3Pd–

3Ag ternary alloy. It involved deconvolution, i.e., inverting 

the signal convolution with the broadening function of  

the device. This inversion was carried out by solving  

the convolution integral equation, using the regularisation 

method for inverse problems [20]. The lattice parameter 

corresponding to each component of the original peak was 

calculated for both peaks of its doublet and averaged. 

RESULTS 

The obtained XRD results show that the introduction of 

small palladium or silver additions into copper causes  

an increase in the fcc lattice parameter (Fig. 1, Table 1).  

For visual clarity, the inset in Fig. 1 shows the peaks (200) 

for pure copper, the Cu–3Pd binary alloy, and the investi-

gated Cu–3Pd–3Ag ternary alloy. It is clearly seen that al-

loying leads to a shift of this peak towards smaller angles. 

Moreover, Fig. 1 shows that the plastic deformation of 

the studied alloys by the same degree (e≈3.5) causes a dif-

ferent broadening of the X-ray peak. One can conclude that 

alloying leads to refinement of structural elements. 

As we can see from Table 1, the CSR size in deformed 

binary and ternary alloys is several tens of nanometers. 

Cryorolling further refines the structure. Therefore, the stu-

died Cu–3Pd and Cu–3Pd–3Ag alloys after deformation 

(е≈3.5) can be attributed to nanostructured materials. 

 

 

 

 

 

Fig. 1. Diffraction patterns of copper (1), Cu–3Pd (2) and Cu–3Pd–3Ag (3) alloys after cryodeformation (e≈3.5) 

 
 

 

Table 1. Crystal lattice parameter and the average size of the areas of coherent scattering of deformed (е≈3.5)  

specimens of the studied alloys and copper 

 

 

Specimen Lattice parameter а, nm CSR average size D0, nm 

Cu* 0.3619 >100 

Cu–3Pd 0.3627 66±7 

Cu–3Pd* 0.3628 50±5 

Cu–3Pd–3Ag 0.3639 58±6 

Cu–3Pd–3Ag* 0.3645 40±4 

* Specimens produced by cryodeformation. 
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 The change in yield strength (σ0.2) and relative elongation to 

failure (δ) after exposure (for 1 h) of pre-deformed samples 

of Cu–3Pd and Cu–3Pd–3Ag alloys in the temperature range 

from 100 to 450 °C is shown in Fig. 2 a and 2 b, respectively. 

It is seen (curve 1, Fig. 2 a) that to remove cold harden-

ing in copper specimens, annealing at a temperature of 

150 °C for 1 h is sufficient. The introduction of 3 at. % palla-

dium increases the recrystallisation temperature to ~300 °C 

(curve 3, Fig. 2 a), and the additional introduction of 

3 at. % silver increases the recrystallisation temperature by 

another ~50 °C (curve 4, Fig. 2 a). 

Plasticity of all heavily deformed samples is low: their 

elongation to failure is δ≈2÷3 %. After the completion of 

recrystallisation processes, as a result of annealing, the plastic 

properties of most alloys increase significantly – up to δ≈50 %. 

It can be assumed that in the cryodeformed Cu–3Pd–3Ag alloy 

annealed at 400 °C during 1 h, the recrystallisation processes 

have not yet been completed (curve 5 in Fig. 2 b). Therefore, 

cryodeformation significantly increases the thermal stability of 

the structure of both pure copper (curves 1 and 2) and the Cu–

3Pd–3Ag ternary alloy (curves 4 and 5). 

Since the decrease in the structure defectiveness during 

recrystallisation leads to a drop in the electrical resistivity, 

the thermal stability of the deformed structure can be un-

derstood by measuring the temperature dependences of  

the electrical resistivity. Fig. 3 shows the dependences of 

the change in electrical resistivity obtained during heating 

and cooling of a thin wire sample of the Cu–3Pd–3Ag alloy 

deformed at e≈7.1. The temperature dependence of the elec-

trical resistivity of the initially quenched alloy has a linear 

form, since in this case recrystallisation processes do not 

occur in the alloy and are not presented in the work.  

The dependences of the electrical resistivity during cooling 

are the same regardless of the initial state of the samples 

and are also linear (dashed line in Fig. 3). 

The temperature of recrystallisation of the Cu–3Pd–3Ag 

alloy can be determined in Fig. 3 as the point of deviation 

of the electrical resistivity dependence from the linear form 

during heating. Here it should be noted that the recrystal-

lisation temperature depends on the temperature-time pro-

cessing conditions [21]. Therefore, one can argue that, upon 

heating at a rate of 120 deg/h, the decrease in the specific 

 

 

 

 

a 

 

b 

Fig. 2. The dependences of yield strength (a) and elongation to failure (b) on the temperature of annealing of specimens of Cu,  

Cu–3Pd and Cu–3Pd–3Ag alloys pre-deformed at room and cryogenic (*) temperatures (е≈2.3) 
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Fig. 3. Change in electrical resistivity at heating and cooling at a rate of 120 deg./h of the Cu–3Pd–3Ag alloy specimen 

drawing-deformed at room temperature (е≈7.1) 

 

 

 

electrical resistivity of the studied alloy caused by recrystal-

lisation begins upon heating above 300 °C. 

At room temperature, the specific electrical resistivity of 

the quenched Cu–3Pd–3Ag alloy is ρ=4.5·10
−8

 Ohm·m  

(i.e. the alloy electrical conductivity is 39 % IACS).  

The electrical resistivity of the deformed Cu–3Pd–3Ag al-

loy is slightly higher (this also follows from the course of 

the “heating – cooling” curves in Fig. 3). 

The microstructure evolution under the influence of de-

formation is well revealed by the change in specific electri-

cal resistivity. To compare, Fig. 4 shows the dependences 

of specific electrical resistivity on the true deformation of 

samples of pure copper and Cu–3Pd–3Ag alloy. During 

plastic deformation, the electrical resistivity of copper 

(Fig. 4, curve 1) increases by ~4 % due to an increase in  

the structure defectiveness; the maximum value of the elec-

trical resistivity corresponds to the true deformation e≈3.5. 

Further deformation of copper does not lead to an increase in 

its electrical resistivity, since a dynamic equilibrium occurs 

between the generation of defects, and their annihilation due 

to recovery/recrystallisation processes. That is why at large 

deformations, the dependence of the specific electrical resis-

tivity of copper looks like a plateau (curve 1 in Fig. 4).  

Fig. 4 (curve 2) clearly demonstrates that during plastic 

deformation, the electrical resistivity of the Cu–3Pd–3Ag 

alloy increases by approximately 7 %, the maximum value 

of the electrical resistivity corresponds to the true defor-

mation e≈4.3. Further deformation leads to a decrease in 

the specific electrical resistivity of the ternary alloy. There-

fore, the mechanisms of structural rearrangement during 

deformation are different for pure copper (curve 1) and  

the Cu–3Pd–3Ag alloy (2). 

Fig. 5 shows the diffraction patterns of the Cu–3Pd–

3Ag alloy samples deformed by e≈3.5 at room and cryo-

genic temperatures and then annealed at 250 °C for 1 h. 

All diffraction patterns contain the lines of only the fcc 

phase; no reflections of other phases were found. It is seen 

that a decrease in the deformation processing temperature

 

 

 

 

 

Fig. 4. The dependences of specific electrical resistivity on true strain of pure copper (1) and Cu–3Pd–3Ag alloy (2) 
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Fig. 5. Diffraction patterns of the Cu–3Pd–3Ag alloy specimens: 

1 – deformation at room temperature (e≈3.5); 2 – treatment (1) + 250 °C, 1 h, cooling in water; 

3 – cryodeformation (e≈3.5); 4 – treatment (3) + 250 °C, 1 h, cooling in water 

 

 

 

causes an additional broadening of the X-ray peaks 

(diffractograms 1 and 3). Obviously, to reveal possible 

weak lines of the second phase, the use of methods of 

mathematical processing of X-ray peaks is required. 

Let us present the results of such processing of one of 

the peaks. After the peak deconvolution (220)  

of the Cu–3Pd–3Ag alloy (cryodeformation (e≈3.5) + 

+ 250 °C, 1 h, cooling in water), it is seen (Fig. 6) that it 

is clearly divided into two components, each of which is  

a doublet of Cu-Kα1 and Cu-Kα2. All other peaks in 

Fig. 6 are undescriptive, and are either noise or a conse-

quence of the approximate solution of inverse problems 

by the regularisation method. For comparison, the authors 

carried out the same mathematical processing of the 

peak (220) of pure copper and the Cu–3Pd alloy: in con-

trast to the ternary alloy peak (220), after deconvolution 

they are divided only into a doublet Cu-Kα1 and Cu-Kα2, 

without revealing signs of the presence of the second 

component. 

For phase 1 (left doublet, more intense), the lattice pa-

rameter was a1=0.3646 nm. For phase 2 (right doublet, 

less intense), a2=0.3632 nm. As expected, both parameters 

exceed the crystal lattice parameter of pure copper 

a=0.3619 nm. 

 

 

 

 

 

Fig. 6. The initial peak (220) and peak after deconvolution on the diffraction pattern of the Cu–3Pd–3Ag alloy,  

cryodeformation (e≈3.5) + 250 °С, 1 h, cooling in water 
 

Initial peak 
Peak afterdeconvolution 
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 DISCUSSION 

The most interesting result obtained during the study is 

the detection of a temperature anomaly in the yield strength 

during annealing of the Cu–3Pd–3Ag alloy. As a rule, a de-

crease in strength properties can be expected when annealing 

an initially deformed material. However, Fig. 2 a demon-

strates that the annealing of the ternary alloy at a temperature 

of 200 °C “switches on” some additional hardening mecha-

nism compared to the binary alloy. Indeed, in the Cu–3Pd 

alloy, no increase in strength occurs as a result of annealing 

(Fig. 2 a, curve 3 shows a plateau). In turn, the annealing of 

the Cu–3Pd–3Ag alloy at 200 °C after deformation at room 

temperature increases its yield strength by ~40 MPa, while 

cryodeformation increases the yield strength by ~100 MPa 

(compare curves 4 and 5 in Fig. 2 a). After such 

thermomechanical treatment, the yield strength of a low-

alloyed copper-based Cu–3Pd–3Ag alloy (σ0.2=720 MPa) 

becomes 2 times higher than the yield strength of heavily 

deformed pure copper (σ0.2=350 MPa). 

The effect of an anomalous increase in the yield strength 

discovered during mechanical tensile tests (Fig. 2) is ob-

served as well when measuring the microhardness of the Cu–

3Pd–3Ag alloy [22]. The ternary alloy microhardness in-

creases after annealing at 150 °C, reaches a maximum at 

250 °C, and then begins to decrease. Note that the effect of 

hardening as a result of annealing is more pronounced on  

the microhardness curves. This is probably associated  

with the difference in the degrees of preliminary deformation 

of the samples. Indeed, the pre-deformation of the plates for 

microhardness measurements was e≈3.5, and the true defor-

mation of the wire for tensile tests did not exceed e≈2.3. 

An anomalous increase in strength properties as a result 

of annealing has already been observed earlier, for exam-

ple, on cryodeformed samples of Cu–Ag, Cu–Al–Zn, and 

Mg–Al–Zn alloys [23; 24]. This effect was explained by 

the segregation of atoms of the released component on va-

rious kinds of defects (dislocations, grain boundaries, etc.). 

Therefore, an increase in the structure defectiveness during 

cryodeformation should lead to a more pronounced mani-

festation of the temperature anomaly, which corresponds to 

our results obtained for the Cu–3Pd–3Ag alloy (Fig. 2). 

Based on the results of mathematical processing of 

XRD data, one can assume that the main volume of  

the studied alloy is a solid solution of palladium in copper. 

According to [25], the change in the fcc lattice parameter 

when alloying copper with palladium completely satisfies 

the Vegard law. Thus, in full agreement with the results 

obtained, the crystal lattice parameter of the Cu–Pd matrix 

should slightly exceed the lattice parameter of pure copper. 

In the Cu–5Ag alloy (wt. %), after aging at a tempera-

ture of 450 °C, a grid of silver precipitates along the grain 

boundaries was observed [26]. In the Cu–8Ag alloy (wt. %) 

after annealing at a temperature of 500 °C for 710 h, larger 

silver precipitates were found along the grain boundaries 

and at triple junctions, and fine precipitates were found 

inside the grains [27]. Taking into account the results of 

[26; 27], as well as the low solubility of Ag in Cu, one can 

assume that the segregation of silver atoms occurs along the 

grain boundaries of the Cu–Pd matrix, as well as inside 

them, at dislocations. Precipitation of a silver-based phase 

has been repeatedly observed earlier in Cu–Pd–Ag alloys 

with a high content of palladium and silver. For example, 

using the method of field ion microscopy of the Cu–50Pd–

20Ag (at. %) alloy, the formation of Pd–Ag particles was 

observed in an atomically ordered Cu–Pd matrix [28]. 

In the low-alloyed Cu–3Pd–3Ag alloy studied in this 

work, no ordered phase is formed. Apparently, after 

cryodeformation and annealing at a temperature of 250 °C, 

two regions appear in the alloy, one of which is silver-

enriched and the other is depleted. The components of  

the diffraction peak, which were observed after decon-

volution, correspond to this two-phase state. 

In further studies of Cu–Pd–Ag ternary alloys, one can 

follow the way of increasing the palladium content. Silver 

alloying of Cu–5Pd and Cu–10Pd alloys, in which the for-

mation of nuclei of the ordered Cu3Pd phase can be ex-

pected, will lead both to solid solution strengthening and 

precipitation age hardening due to the second phase precipi-

tation, and to additional hardening due to atomic ordering 

processes. Probably, this will make it possible to increase 

noticeably the strength properties of such alloys, as was 

proposed for the alloyed ordered alloys based on Cu–Au 

and Cu–Pd in the work [29]. 

If to compare binary Cu–Pd and ternary Cu–Pd–Ag al-

loys, it should be noted that small silver additions affect 

slightly the electrical conductivity of Cu–Pd alloys at  

a simultaneous significant increase in strength properties 

and recrystallisation temperature. For example, the yield 

strength and tensile strength of the Cu–3Pd–3Ag ternary 

alloy are higher, and its electrical conductivity is compa-

rable to the characteristics of the Cu–3Pd alloy. 

Thus, from a practical perspective, copper alloys with 

small palladium and silver additions are of obvious interest, 

since they have increased strength properties, satisfactory 

electrical conductivity, and a higher recrystallisation tem-

perature compared to pure copper. 

 

CONCLUSIONS 

1. An anomalous effect of an increase in strength pro-

perties during annealing of a deformed Cu–3Pd–3Ag alloy 

was identified; cryodeformation enhances significantly this 

effect. 

2. Alloying copper alloys with a low palladium content 

with a small amount of silver leads to an increase in  

the strength properties and recrystallisation temperature, while 

the observed decrease in electrical conductivity is insignificant. 
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Abstract: The paper presents the results of reverse engineering including metallographic, mechanical, and engineering-

technical studies of used rods of a compressor produced by the Dresser-Rand company (Siemens, Germany). The study 

established that the original product is made of AISI 4140 steel with a working coating based on tungsten carbide applied 

to a depth of 0.2 mm by the HVOF method. The paper contains the results of the development of an import-substituting 

technological process for producing a wear-resistant powder coating of the Ni–Cr–B–WC system applied by cold gas 

flame spraying on the surface of a critical unit of compressor equipment in the oil and gas industry. Microanalysis identi-

fied that the sprayed spherical WC particles are evenly distributed in the nickel bond without the formation of free cavities 

at the lamella boundary, retain the size identical to the original powder composition upon the high-speed collision with  

the substrate, and minimize the level of residual mechanical stresses in the surface layer. The study shows that the sprayed 

coating has a high microhardness (the bases – 700 HV0.1, WC – up to 2000 HV0.1), which ensures high wear resistance 

during operation of the rod in a friction pair. A comparative analysis of the tribological properties of the coatings showed 

that when changing the shape, particle size distribution, and percentage ratio of tungsten carbide from 20 to 70 % in  

the nickel matrix, the overall wear resistance of the coating equivalently increases. The authors concluded on the possibi-

lity of manufacturing an import-substituting product using the gas flame spraying technology with metallurgical powder 

compositions containing tungsten. The authors developed an industrial technology for applying a wear-resistant coating on 

the working surface of a rod made of AISI 4140 steel. The paper presents the results of the analysis of the stress state of  

a material with a coating produced using the developed technology in comparison with the original product. In the product 

obtained by the experimental technology, in the process of applying the coating and its subsequent mechanical processing, 

uniform residual mechanical stresses are formed that do not exceed the value of the difference in the principal mechanical 

stresses. The paper presents the results of the study obtained both on standard samples and on a pilot part. 

Keywords: reverse engineering; compressor rod; cold gas flame spraying; wear-resistant tungsten-based coating; 

tribological properties; residual mechanical stresses. 

For citation: Plesovskikh A.Yu., Krylova S.E. The study of the structure and properties of a wear -resistant gas-

thermal coating containing tungsten. Frontier Materials & Technologies, 2023, no. 2. DOI: 10.18323/2782-4039-

2023-2-64-4. 

 

INTRODUCTION 

Currently, most of the critical parts of pumping and 

compressor equipment of the chemical and oil and gas pro-

cessing industries of the Russian Federation are made ac-

cording to the technologies of foreign manufacturers. Tak-

ing into account the existing external economic situation, 

the purchase and operation of components for this equip-

ment, in particular heavy-duty rods of compressor units, is 

difficult, however, the need for these parts is very signifi-

cant and amounts to 800–1500 thousand pieces per year 

within the state. Taking into account this fact, the compa-

nies of service maintenance and repair of the oil and gas 

industry objects are forced to quickly solve a number of 

scientific and technical issues related to the manufacture of 

import-substituting products. 

Thus, within the repairing machine-building enterprise 

OOO Tekhnologiya, as a research and technological 

groundwork, metallurgical studies and re-engineering of 

used compressor equipment rods from the foreign manufac-

turer, the German company Dresser-Rand Group (Siemens, 

Germany), were carried out to determine the grade of  

the main material, as well as the technology of its surface 

and volume hardening. 

Based on literature data, reference documentation for 

the compressor equipment parts and the available experi-

ence of industrial operation of products, the technology of 

applying protective coatings using gas-thermal spraying 

processes seemed to be the most likely method of surface 

hardening [1]. In this regard, the determination of the che-

mical composition, particle size distribution and geometric 

shape of the initial original materials for gas-thermal spray-

ing, as well as the necessary analysis of the properties of 

coatings, has become an urgent task. 

The work [2] shows that HVOF-deposited coatings of 

the WC–12Ni system containing additives of Cr3C2 car-

bides have a lower porosity than pure WC–10Ni coatings, 

and their mechanical properties depend not on the deposi-

tion rate and the composition of the carrier gas but on  

the percentage of dispersed chromium-based phases.  

The grain-size ratio of fine (up to 15 μm) and coarse 

(100–150 μm) WC grains exerts an important influence on 

the impact strength and elastic modulus of WC–Cr3C2–12Ni 

coatings. 
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The authors of [3] consider that, despite the corrosion 

resistance of tungsten coatings with a cobalt binder,  

the latter should be replaced by nickel to protect human 

health and the environment, as well as for economic rea-

sons. At the same time, as alternative coatings, the authors 

propose using powder mixtures based on WC as a solid 

phase with a metal matrix based on Fe and Ni (WC–

NiMoCrFeCo, WC–FeNiCrMoCu, WC–FeCrAl), indicat-

ing the corrosion resistance of such coatings in 3.5 % NaCl 

solution, their low porosity and hardness values 

(≈1200 HV) comparable to a conventional WC–CoCr coat-

ing, which makes them suitable for industrial applications. 

Sprayed tungsten-containing composite coatings can re-

liably protect the working surface from wear [4; 5]. Tung-

sten-containing composite coatings, have increased contact 

strength, hardness, the ability to maintain durability and 

mechanical properties at elevated temperatures up to 700–

800 °C, resistance to corrosive environments due to  

the addition of molybdenum and the formation of close 

interatomic bonds with the metal base of cobalt or nickel 

[6; 7]. This is particularly true since the parts of oil and gas 

and power equipment are often subject to thermal cycling, 

abrasion, erosion, and corrosion in the presence of a wear-

ing and corrosive environment. 

It is known that a decrease in the WC grain size leads to 

an increase in hardness and a decrease in the crack re-

sistance of the coating [8–10]. In the work [11], the authors 

compared the micro-structure and mechanical properties of 

the WC coating. The authors noted that reducing the WC 

grain size significantly increases the coating hardness due 

to enhanced decarburisation of the WC grains. The sources 

[12; 13] analyze the influence of deposition kinematic pa-

rameters on the thickness, porosity, residual stresses, and 

micro-hardness. It is shown, that the parameters of gas-

thermal spraying change in the interrelated way, determined 

by the geometry: the retraction distance, the spraying angle, 

and the burner displacement velocity. Changes in these 

technological factors, in turn, affect the conditions of par-

ticle collision, which largely determines the properties of  

the coating. 

The analysis of the literature sources showed that ther-

mally sprayed coatings with WC are widely used in indus-

try, since they offer an effective and economical method for 

protecting the base material from environmental influences 

and provide wear resistance without compromising other 

properties of the component [14]. By now, a wide range of 

materials for applying coatings of this type have been de-

veloped and are being produced. Modern technological 

equipment has been created, numerous experimental studies 

have been carried out to determine the modes of coating 

deposition, and contact interactions of the applied coatings 

with the surface of the part and with each other have been 

studied. 

However, the issue of the formation of a coating with  

a predictable structure still has a number of implementation 

difficulties associated with the lack of objective control of 

the strength, and porosity of the coating during the techno-

logical process, which does not allow introducing appropriate 

adjustments to the deposition parameters. In each specific 

case, the proposals for the choice of a material and a spraying 

technology are advisory, since even within the same chemi-

cal composition, coatings differ significantly in density, po-

rosity, applied loads, and other subjective factors. 

Residual stress control is a major problem in the coating 

application technology [15; 16], which can be especially 

crucial in cases where there is a large discrepancy between 

the thermal, structural, and mechanical properties of layers 

and substrates. Therefore, the aggregate influence of  

the structure, and properties of the sprayed material and 

spraying parameters on the structure and residual stresses 

for each specific case requires a detailed study. 

An object of the study is a compressor rod with a work-

ing surface hardened by flame spraying of a powder com-

position containing tungsten carbide. 

A subject of the research is the modes of gas-thermal 

spraying of coatings, which ensure the formation of  

the required structure and performance characteristics of  

the coating surface layer. 

The purpose of the study is to develop and test a rational 

technology for obtaining a tungsten-containing surface 

coating, that provides the required combination of perfor-

mance properties of the import-substituting product  

“a compressor plant rod” of the Dresser-Rand Group com-

pany (Siemens, Germany). 

 

METHODS  

In this work, the authors used spherical tungsten carbide 

with a fraction of 60–80 µm mixed with a binder of  

the Ni–Cr–B system as a strengthening carbide phase. One 

of the stages of planning and implementation of flame 

spraying technology was the development and preparation 

of a powder composition with 20–80 % WC content. 

Gas-thermal spraying was carried out on a CastoDyn 

DS 8000 processing unit with a combustible gaseous mix-

ture of acetylene C2H2 and oxygen O2 in the ratio of 1:5 

with a SSM 10 installed spraying module designed for work 

on the restoration and hardening of parts by metal powder 

compositions. Flame spraying was carried out in the mode 

of continuous linear displacement of the burner relative to 

the rotating part. 

The authors performed spectral analysis of the chemical 

composition of the tested materials on a PMI-MASTER 

13L0059 spectrometer in accordance with the GOST 18895 

standard. 

Electron microscope investigations were performed by 

the SEM method using a JEOL JCM-6000 microscope 

equipped with wave and energy-dispersive analyzers; scan-

ning was performed by varying the accelerating voltage in 

the range of 5–15 kV. The coating elemental composition 

was determined by X-ray microanalysis of multiple indi-

vidual zones of the surface layer. 

The microhardness of the deposited layer (matrix and 

carbide inclusions) was determined by the imprint on an 

HVS-1000 microhardness tester according to the GOST 

9450-76 standard at a load of 0.968 N. The authors per-

formed measurements on transverse sections with a step of 

0.05 mm. The measurement error did not exceed 1–3 %. 

The substrate material hardness was measured on  

a METOLAB 601 hardness tester using the Brinell method 

in accordance with the GOST 9012-59 standard. 

Mechanical tensile tests of the base materials were car-

ried out using a UTS 111.2-100 testing machine at room 

temperature in accordance with the GOST 1497-84 stan-

dard. For impact toughness testing, the authors used  

a Resil 300 pendulum impact machine; tests were carried 
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out according to the GOST 9454-78 standard on samples 

with a U-shaped stress concentrator. 

To analyse the stressed state of the coated material,  

the authors evaluated the distribution of the principal me-

chanical stress difference (PMSD) over the sprayed surface 

corresponding in geometry and length to the working area 

of the finished product. For this purpose, the authors carried 

out a comparative study of samples with experimental cold 

flame spraying of the developed composition on AISI 4140 

steel and samples obtained from the original Dresser-Rand 

compressor rod made of the same steel. The stress state of 

the finished product was assessed by the obtained diagrams 

of stress in the coating using the STRESSVISION mecha-

nical stress scanner operating based on the magneto-

anisotropic method. 

The PMSD measurement scheme is shown in Fig. 1. 

According to this scheme, a template was made and at-

tached to the surface of the rod with a sprayed coating. 

Coating porosity was determined according to ASTM 

E2109-01 on an Eclipse MA200 metallographic microscope 

at a temperature of 22.1 °C and a humidity of 55 %. 

The adhesive strength tests of the coatings were carried 

out by the adhesive method according to ASTM C633-13 

on a SHIMADZU AGS-X universal tensile testing machine 

at a temperature of 24.1 °C and a humidity of 54 %. 

For a reasoned proposal of the developed coating for 

operation, it was necessary to evaluate its wear resistance. 

The authors evaluated the wear resistance of the resulting 

coating in comparison with the surface layer of the origi-

nal product. To determine the resistance of the coating of 

the Ni–Cr–B–WC system to abrasive wear, the studied 

samples were subjected to friction tests under dry wear 

conditions at a load of 50 N, a rotation speed of 500 rpm, 

a temperature of 22 °C, and a humidity of 63 %. The tests 

were carried out on a SMTs-2 friction machine without 

lubricant to eliminate the modifying effect on the friction 

surface. During testing, the authors used a disc made of 

9HS tool steel with a hardness of 60 HRC as a counter-

body. The contact area during testing was 50 mm
2
. 

 

RESULTS 

According to the established chemical composition  

(Table 1), the original product “compressor rod” is made of 

AISI 4140 steel. 

The analysis of the microstructure of the original pro-

duct templates showed that the working surface of the “com-

pressor rod” has a surface layer 150–200 µm deep that es-

sentially differs from the base material and does not have  

a transition heat-affected zone (Fig. 2), which confirmed 

the assumption that the coating was applied using the high-

speed HVOF flame spraying method. 

Considering that the mechanism for obtaining the coat-

ing provides for a high-speed impact of molten particles 

on the prepared metal substrate (degreasing, drying, sur-

face activation, and heating up to 120–150 °C), the sur-

face layer structure is formed due to the formation of lay-

ered lamellae 5–7 μm thick parallel to material base. As  

a rule, small pores and oxides crystallise between the la-

mellae. Such a heterogeneous layered structure, evidently, 

has lower strength characteristics than the original materi-

al; however, it has advantages at friction, which ensures 

long-term operation of the part in the “rod – stuffing box 

seal” coupling pair. 

Fig. 3 shows a typical fragment of the studied coverage 

area and the spectrum composition corresponding to  

the selected area. The chemical composition of the spec-

trum area is given in Table 2. 

According to the results of X-ray micro-analysis,  

the working surface layer contains about 86 % of tungsten, 

cobalt is present as a binder and amounts 6–8 %, and the 

presence of carbon, vanadium, chromium, and iron allows 

predicting the additional influence of the carbide and 

intermetallide hardening mechanism in the cobalt binder.

 

 

 

 
 

Fig. 1. PMSD measurement diagram: 

X – measuring section length equal to 52 mm; Y – measuring section width equal to 16 mm 

 

 

 
Table 1. Chemical composition of the product base, % by weight 

 

 

 C Si Mn Cr Mo Ni Fe 

Average value* 0.400 0.270 0.960 0.920 0.218 0.054 97.178 

AISI 4140 0.430 0.300 1.000 1.100 0.250 – 96.920 

* The average value is obtained from the results of at least three measurements. 
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 a b 

Fig. 2. The results of metallographic studies of the working surface: 

a – surface general view (×100); b – structure type (×100) 

 

 

 

The porosity of the original coating is distributed uni-

formly and does not exceed 2.1 % (Fig. 4). The intensity of 

porosity manifestation along the coating thickness increases 

towards the base of the material. 

Table 3 presents the results of comparative mechanical 

tests of the original rod material and the selected AISI 4140 

analogue after heat treatment. 

Based on the data of reverse engineering studies,  

the main technological principles for the production of rods, 

for booster compressor station by the foreign Dresser-Rand 

Group company were determined. The authors identified 

that for trouble-free operation of these products of oil and 

gas engineering at a contact load on the rod of 0.7 kg/mm
2
, 

a pressure within 68 kgf/cm
2
, at a working medium tempe-

rature of up to 150 °C, the composition of associated oil-

containing gases: H2S – 2 %, CO2 – 2 %, water vapour –  

up to 1 %, the working coating must have a dispersed tung-

sten-based carbide structure and an adhesion strength of  

the coating of at least 50 MPa. 

Fig. 5 shows the results of metallographic studies with 

the research of the WC dimension in the coating of a proto-

type, with a 20 % content of a hardening carbide phase. 

The structure analysis follows that the tungsten carbide 

in the coating is a spherical granule with a size identical to 

the original powder composition. This indicates that  

the sprayed particles are not subjected to serious mechani-

cal stresses during high-speed impact with the substrate, as 

a result of which their shape and dimensions remain un-

changed; they do not prevent the free formation of lamellas 

of the coating viscous nickel component, they are evenly 

distributed in the binder without forming free cavities at  

the boundary of WC and Ni–Cr–B-based binder. Fig. 6 and 

Table 4 show the results of spectral analysis of individual 

WC carbide inclusions. 

At the stage of adjusting the technology for deposition 

of a tungsten-based coating, the coating adhesion strength 

corresponded to the values of the original and varied within 

45–55 MPa. The surface layer porosity was recorded within 

6.1 % (with a permissible value of pores up to 10 %) [17], 

the micro-hardness of the coating base (Ni–Cr–B) was 

about 700 HV0.1, and the micro-hardness of tungsten car-

bide inclusions was 2000 HV0.1. 

The data in Table 5 demonstrate that with an increase in 

the percentage ratio of tungsten carbide from 20 to 70 %, 

the overall wear resistance of the coating increases as well. 

Based on the conducted metallographic studies and 

wear resistance tests, the Ni–Cr–B–WC composition with  

a tungsten carbide content of 70 % is the optimal composi-

tion for hardening the surface layer of the “compressor rod” 

item. This coating, with a lower WC content in the volume, 

ensures satisfactory and comparable to the original micro-

hardness values, meets or exceeds the original in the wear 

resistance of the working surface due to the application of  

a combined Ni–Cr–B metal base instead of the original 

cobalt binder, which provides additional attractiveness of 

the development in economic terms. 

The results of PMSD measurements obtained using  

the STRESSVISION mechanical stress scanner (indicator) 

are shown in Fig. 7. 

The numerical characteristics obtained by mathematical 

processing of the maps of the PMSD distribution in the ori-

ginal rod and the prototype are summarized in Table 6. 

The analysis of distribution cartograms of residual me-

chanical stresses showed that the cold flame spraying tech-

nique, which allows obtaining the thickness of the deve-

loped coating corresponding to the original product  

(in the range from 0.2 to 0.25 mm), is optimal in terms of 

internal stresses at the metal-coating boundary. (Fig. 6). 

Fig. 8 presents the numerical characteristics obtained by 

mathematical processing of PMSD distribution maps, 

which reflect the comparative distribution of maximum 

stresses over the zones of scanning. 

The analysis of the data (Fig. 6, Fig. 7) shows that  

the PMSD distribution over the surface of the experimental 

sprayed sample is uniform and does not exceed 10 c. u. 

after manufacturing. Stress state analysis data were ob-

tained from the original product at the stage of reverse en-

gineering of the compressor rod used for 4 thousand hours. 

The original product has two local stress state zones: 

zone 8, where the PMSD maximum value is 346.84 c. u., 

78 Frontier Materials & Technologies. 2023. № 2



Plesovskikh A.Yu., Krylova S.E.   “The study of the structure and properties of a wear-resistant gas-thermal coating containing tungsten” 

 

Plesovskikh A.Yu., Krylova S.E.   “The study of the structure and properties of a wear-resistant gas-thermal coating containing tungsten” 
 

 

a 

 

b 

Fig. 3. Elemental composition of the specific coating area: 

a – an analyzed fragment of the coating (002 spectrum); b – a spectrogram of the respective analysis area 

 

 

 
Table 2. Chemical composition of the coating in the 002 spectrum area, % by weight  

 

 

C V Cr Mn Fe Co W 

2.27 0.06 2.81 0.03 0.92 7.82 86.09 

 

 

 

and zone 6, where the PMSD maximum value is 225.5 c. u. 

However, the average background of stress distribution is 

also stable and lies within 10–20 c. u. The existence of 

zones with the increased PMSD values is explained by the 

cumulative effect of stresses in local friction zones during 

operation. The obtained data show that in the experimental 

sample with surface hardening by cold flame spraying, in 

the process of coating and its subsequent mechanical pro-

cessing, insignificant uniform residual mechanical stresses 

are formed in the coating zone not exceeding the PMSD 

values compared to the foreign manufacturer technology. 

This makes it possible to recommend, reasonably, the de-

veloped coating composition and its application method for 

testing on a pilot item. 
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Fig. 4. Microphotographs of the coating section when measuring porosity 

 

 

 

 
Table 3. Mechanical properties of the base metal of the product 

 

 

Characteristics An original A material – AISI 4140 analogue 

Yield strength 0.2, Mpa 347 563 

Ultimate stress limit в, MPa 728 784 

Percentage elongation δ5, % 23.2 17.1 

Percentage reduction ψ, % 63.1 67.9 

Impact resistance KCU+20, J/sm2 62.5 176 

Hardness, HВ 215 226 

 

 

 

 

 

         

 a b c 

Fig. 5. The structure of the coating surface layer produced by cold gas flame spraying: 

a, b – structure general view; c – dimensions and shape of the tungsten carbide particles (×500) 
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a 

 

b 

Fig. 6. The results of X-ray microanalysis of spherical tungsten carbide: 

a – an analyzed fragment of the coating (001 spectrum); b – a spectrogram of the analyzed fragment of the coating (001 spectrum) 

 

 

 
Table 4. WC chemical composition in the 001 spectrum, % by weight 

 

 

C В Ni O W 

32.23 2.54 1.05 1.40 62.78 

 

 

 

DISCUSSION 

The development of manufacturing technology for  

the import-substituting “compressor rod” item included:  

the development of the design-engineering documentation, 

metallographic studies, engineering and technical experi-

ments [18; 19]. 

In the process of coating formation by flame spraying, 

at the stage of plasticisation and deformation of refractory 

particles during high-speed impact, typical defects and free  

cavities inevitably form in the zone of contact of the previ-

ously applied layers of lamellas with the surface. Their in-

teraction with the atmosphere during the precipitation of 

dust fractions up to 80 μm in size, as well as the adsorption 

of gases on freshly formed coating layers, significantly worsen 

the structure and, consequently, the properties of the interlayer 

coating zone. Reducing the size of the sprayed particles can 

significantly improve the layer-by-layer filling of the coating 

through the formation of a more homogeneous structure,
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Table 5. The dependence of the wear value on the carbide phase amount in the coating 

 

 

Tungsten carbide amount in the coating, % 
Specimen weight, g 

Wear, g 
before tests after tests 

Experimental spraying 

20 11.45 11.38 0.07 

30 11.50 11.43 0.07 

50 11.49 11.44 0.05 

70 14.65 14.64 0.01 

Original rod 

90 14.57 14.56 0.01 

 

 

 

 

a 

 

b 

Fig. 7. Cartograms of PMSD distribution: 

a – of an experimental specimen; b – of an original compressor rod: 

1 – edge defect zone, 2 – compressive stress zone, 3 – compensation zones 

 

 

 

increasing its density while reducing the volume of 

microvoids. In this regard, the choice of fractional composition 

and shape of powder particles takes on special significance. 

Thus, powder compositions for the formation of the work-

ing layers of pumping and compressor equipment should en-

sure high adhesive strength (more than 50 MPa), wear re-

sistance, and minimal coating porosity. These requirements 

can be fully met by spraying powder compositions, with 

tungsten carbide inclusions, in a working layer. In early 

works [18; 19], the authors paid attention to comparing  

the efficiency of introducing tungsten carbide particles of 

different morphology and granulometry into the nickel
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Fig. 8. Comparative analysis of the distribution of average residual stresses 

in the test sample and the original product 

 

 

 

matrix, showed the advantage of introducing dispersed 

spherical particles with regard to the formation of  

a monolithic surface layer that excludes cracking, coarse 

pores, and tears under load. Based on the studies per-

formed, it was found that particles of spherical tungsten 

carbide (WC) up to 50 µm in size [17–19] contained in 

the matrix in the range of 60–70 vol. % provide the best 

result of carbide hardening, which is confirmed by  

the present results. 

The research showed that a nickel matrix existing in  

the form of a γ-solid solution in the deposited layer contri-

butes to increasing the coating fracture toughness and abra-

sive resistance, and the presence of dispersed high-strength 

spherical carbide phases in the metal base provides  

the coating increased strength and wear resistance in the 

context of boundary friction and friction without lubrica-

tion. Comparative studies of wear resistance showed that 

due to the elastic-plastic properties of the coating composite 

material, the wear rate decreases by 1.2–1.3 times. The in-

crease in wear resistance at a constant friction coefficient is 

associated with hardening through the structure refinement 

and the targeted formation of a significant number of hard-

ening phases in the working layer. 

 

CONCLUSIONS 

1. Based on the data of the reverse engineering studies 

of a booster compressor station rod, the original product of 

the Dresser-Rand Group company (Siemens, Germany),  

the grade of the main material – AISI 4140 steel (chemical 

composition, wt. %: 0.38–0.43 C; 0.15–0.30 Si; 0.75–1.0 Mn; 

0.80–1.10 Cr; 0.15–0.25 Mo; 0.04 S; 0.035 P; the rest is Fe) 

and technological features of the working surface manufac-

turing, and hardening by applying a wear-resistant tung-

sten-containing coating using the cold gas-thermal spraying 

technique were determined. 

2. A composition of a wear-resistant powder coating 

based on the Ni–Cr–B metal system with the spherical 

tungsten carbide (WC) inclusions was developed. The pro-

posed technology of its application using the cold gas-

thermal spraying method allowed obtaining a surface wear-

resistant layer of 0.2–0.25 mm having a base micro-

hardness in the range of 700 HV0.1 with a uniform distribu-

tion of strengthening carbide phases with a micro-hardness 

of up to 2000 HV0.1. 

3. It is established that the nickel matrix carbide harden-

ing by the dispersed spherical tungsten carbide WC parti-

cles within 60–70 vol. % allows improving the layer-by-

layer formation of coating lamellae, increasing the density 

and uniformity of the structure, reducing the volume of free 

microvoids at the “WC – binder” boundary from 10 to 6 %, 

according to the coating porosity analysis. 

4. The proposed Ni-Cr-B-WC coating compares with 

the original product in wear resistance, has a certain 

economic attractiveness, while ensuring accurate geo-

metric dimensions and a minimum stress state gradient 

not exceeding 10 MPa. These technological advantages 

made it possible to start implementing the technology of 

surface hardening of compressor equipment rods under 

production conditions. 
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Abstract: The paper analyzes the features of the acoustic emission (AE) signal generation during plasma-electrolytic 

oxidation (PEO) of the AMg6 aluminum alloy in a bipolar (anode-cathode) pulsed mode within each cycle of voltage ap-

plication. The authors studied the range of PEO modes that almost completely covers all standard technological modes for 

processing aluminum alloys by the current densities (6–18 A/dm
2
) and current ratio in half-cycles (0.7–1.3), which al-

lowed fixing and studying the AE accompanying the formation of oxide layers for various purposes. For the first time, due 

to AE registration, a new PEO stage was identified, in which there was no microarc breakdown to the substrate, but which 

was accompanied by an increase in the layer thickness, and the nature of which has not yet been determined. According to 

the known features of the oxidation stages, the authors systematized the repetitive forms of AE manifestation in the cycles 

of exposure and identified their five types and three subtypes. The study shows that the approach used to establish the PEO 

stages by the “acoustic emission amplitude” parameter has poor accuracy, since it does not take into account the form of 

signals and the half-period of their registration. Therefore, the authors developed and tested a new approach for analyzing 

AE frames synchronously with the cycles of change in the forming voltage during PEO, and proposed a new “acoustic-

emission median” parameter, which allows identifying the main types and subtypes of signals accompanying the oxidation 

stages. An experimental study of the proposed AE parameter was carried out to identify these PEO stages, which con-

firmed the operability, high accuracy and sensitivity of the proposed parameter to the subtypes of AE signals recorded at 

the cathode stage of “soft sparking”. The latter is of particular interest, since it is a means of studying a given oxidation 

stage with a resolution equal to the exposure cycle. 

Keywords: aluminum alloy; plasma electrolytic oxidation; acoustic emission; microarc discharges. 
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INTRODUCTION 

Today, one of the relevant issues of the technology of 

plasma electrolytic, or microarc, oxidation (PEO or MAO) 

of the surface of products made of valve group metals (Al, 

Mg, Ti, Zr, Nb, etc.) is to monitor the process of formation 

of a multifunctional oxide “coating” (oxide layer). Accord-

ing to [1], the multifunctionality of coatings is the possibi-

lity of their application in various fields of science, and 

technology under conditions that differ vastly in the main 

damaging factors (mechanical-chemical, chemical-thermal, 

mechanical-electrical, etc.). It is known [2] that the ability 

to resist the impact of external and internal damaging fac-

tors is provided by the physicochemical properties of oxide 

layers (adhesion, hardness, wear resistance, etc.), which, in 

turn, are determined by a complex of characteristics and 

factors – structural (thickness, porosity, residual strains, 

etc.), phase (qualitative and quantitative composition), 

morphology of the layer, and its defectiveness [2]. Many 

authors show that the uniformity of the properties of oxide 

layers in thickness (sublayers) depends on the PEO process 

parameters, more specifically, the frequency of forming 

pulses and current density [3], the presence of the cathode 

current component [4; 5], and its power ratio with the anode 

component [6], electrolyte composition [7] and its quality 

[8], which together determine the types of formed discharg-

es and their power [9]. In particular, it was established in 

[3], that the application of the increased current densities 

(70–90 A/dm
2
) in combination with high frequencies of 

forming pulses (up to 900 Hz) leads to a decrease in  

the porosity and non-uniformity of oxide layers, due to  

a decrease in the surface density of microdischarges. In [4; 5] 
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the authors found that an increase in the cathode component 

during PEO of an aluminum alloy, and a transition to  

the “soft sparking” mode can lead to the occurrence of de-

veloped nanosized porosity in combination with a barrier 

layer densification at the “metal substrate – oxide layer” 

interface [4], which is also observed during the magnesium 

alloy PEO [6]. In [5], it was found that the cathode half-

cycle (negative polarization) during the PEO of aluminum 

alloy leads to additional formation of aluminum hydro-

xide, with a decrease in the resistance to microarc break-

down of the barrier layer followed by the formation of 

stable Al2O3 modifications, as a result of Al(OH)3 dehy-

dration in the anode half-cycle, and to the barrier layer 

densification, which ultimately improves the uniformity 

and protective properties of the oxide layers. Therefore, 

the possibility of the PEO process in situ monitoring, 

recognition of its stage, microarc breakdown type, and  

the emerging microarc discharge (MAD) allows establish-

ing the mechanism of surface oxidation and oxide layer 

formation at a time, and thus, at the stage of developing 

PEO modes, organizing feedback to control the energy 

released in the MAD breakdown channels directly in  

the oxidation process, i.e., controlling the quality and 

functional properties of the oxide layers. 

Nowadays, several methods for PEO process monitor-

ing have been proposed and tested already. They are track-

ing electrical parameters in the PEO circuit [10; 11], elec-

trical impedance spectroscopy of oxide layers [12], lumi-

nosity intensity tracking using high-speed photo-video re-

cording [13; 14], photo-EMF recording [15], optical emis-

sion spectroscopy [16], infrared thermometry [17], coating 

thickness monitoring using various non-contact methods 

[18], acoustic signals (acoustic emission (AE) in the sound 

and ultrasonic ranges). The sound range is rarely used com-

pared to the ultrasonic range, since it has a significantly low-

er noise immunity [19], therefore, in this paper, the authors 

consider AE only in the ultrasonic range. 

AE tracking appears to be one of the most promising 

methods for PEO monitoring, since elastic waves accompa-

ny the process of stored energy relaxation with a rather 

wide range of known physical and chemical phenomena 

[20]. However, as far as we know, in the studies of AE dur-

ing PEO, for a moment it was possible to identify only  

the primary correlation of the oxidation stages, with  

the integral characteristics of acoustic radiation without 

detailing the special aspects of the AE signals recorded on 

them. For example, in [21; 22], the authors discuss the rela-

tionship between acoustic radiation and PEO modes in  

the categories of “increase” and “decrease” of its level, 

even without specifying the parameters for estimating AE 

signals. In [23], using the AE threshold method, the correla-

tion of AE signals with the stage of development of form-

ing discharges (sparking, microarc, and arc discharges) was 

shown, and [24] described the correlation of the trends in 

the accumulation of counts during AE and the kinetics of 

the growth of oxide layers on the D16 alloy. In [25],  

the authors showed that with an increase in the oxide layer 

thickness, the acoustic signal shifts to a more low-

frequency and high-amplitude region, which, in their opi-

nion, indicates the localization and increase in the power of  

a single MAD. In [26], the acoustic emission monitoring of 

the PEO process, and the criterion assessment of the change 

in the AE amplitude, allowed improving the quality of  

the oxide layers, and its reproducibility on the D16AT al-

loy. In [27; 28], against the background of tracking  

the trends in AE energy changes, an attempt was made to 

separate acoustic signals into pulsed and continuous (reso-

nant) types, with their following description by their pa-

rameters: amplitude, energy, rise time, and frequency at the 

peak. The work [29] presents the preliminary results of re-

cording the AE signals obtained by PEO of AMg6 samples, 

and, in particular, establishes the synchronism of AE signal 

recording with the exposure cycle and shows the correlation 

of their temporal position with visual observations and lite-

rature data of optical measurements, using photo-video re-

cording and photo-EMF analysis, as well as the PEO elec-

trical parameters. However, identifying the PEO process 

stages by comparing their visual features with the AE am-

plitude features, gives a significant error in identifying the 

stage, and requires a more detailed understanding of the AE 

manifestation within the exposure cycle. 

The analysis of indicated works showed that the para-

metric distributions of the used main parameters of the AE 

assessment significantly overlap (superimposed); therefore, 

the construction of diagnostic signs of PEO stages, using 

them has a high probability of error in identifying the type 

of emerging MADs. Consequently, to increase the AE 

method sensitivity, other approaches to the evaluation of 

acoustic signals are required. 

The aim of the work is to identify the acoustic emission 

special features within the cycle of bipolar pulsed electrical 

action on the oxidized material (using the example of  

the AMg6 aluminum alloy) during plasma electrolytic oxi-

dation as the basis for developing a new method for con-

trolling PEO, to reduce the time for selecting its optimal 

mode through a more accurate detection of boundaries of 

various stages of the oxidation process. 

 

METHODS 

The subject of research is the AE that accompanies  

the formation of oxide layers on the AMg6 Al–Mg alloy 

(foreign analogue is alloy 1560, chemical composition, 

wt. %: 6.2 Mg; 0.65 Mn; 0.5 Ti; 0.4 Si; 0.3 Fe; 0.18 Zn; 

0.087 Cu; Al – the base) at various modes of bipolar anode-

cathode pulse action. 

The samples for research had overall dimensions 

(140×20×6) mm
3
, which were immersed in the electro-

lyte, not completely, in order to install the AE sensor 

directly on the sample. As a result, during PEO, only  

a part of the sample with the size of (60×20×6)  mm
3
 was 

oxidized. The rest, part of the sample, was insulated us-

ing an electrically insulating varnish and epoxy resin, 

which served as a contact medium and an AE sensor 

holder on the sample. 

PEO was carried out on an innovative research self-

made plant, produced by Togliatti State University consist-

ing of a stainless steel bath with a volume of 15 l, an exter-

nal cooling system based on a liquid/liquid heat exchanger, 

and a circulation pump for electrolyte thermostat control; 

pulse inverter power unit with a peak power of 40 kW, with 

a computer system to control the PEO modes for current 

and voltage in the specialized LabVIEW software. In  

the work, the bipolar (anode-cathode) pulsed mode of oxide 

layer formation was used as the most efficient, and promis-

ing in terms of obtaining the best quality, and properties  
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of oxide layers, which allows transferring the results  

of the AE analysis to the PEO anodic mode, without taking 

into account the cathode component. 

The experimental constants for all PEO modes were  

the frequency of the forming current pulses – 500 Hz,  

i.e. the duration of the exposure cycle during PEO – 2 ms; 

the pulse duty cycle of the process current – 65 %; the ratio 

of the durations of the cathode and anode forming pulses is 

55 %/45 %, respectively; pauses between the cathode and 

anode pulses – 50 %; electrolyte composition and tempera-

ture; PEO duration – 180 min. 

During the experiment, the authors varied the root-

mean-square current density j, A/dm
2
 (6; 9; 12; 15 and 

18 A/dm
2
) through the sample, and the ratio of currents in 

the cathode and anode half-cycles С/А (0.70; 0.85; 1.00; 

1.15 and 1.30), which were set at the PEO process initiation, 

and further kept constant by the plant control system. Totally, 

AE was recorded in 25 PEO modes, which almost complete-

ly cover the known and currently used modes of the oxide 

layer formation on aluminum alloys and, therefore, all PEO 

process stages (anodic passivation, anode sparking, anode-

cathode MAO, and soft sparking modes [30]) and the MAD 

types (anode sparking, anode microarc and cathode microarc 

discharges, anode arc and cathode arc discharges, as well as 

discharges of A, B, and C types [31; 32]). 

As an electrolyte, an aqueous solution based on KOH 

potassium hydroxide (3 g/l), Na4P2O7×10H2O sodium py-

rophosphate (8 g/l), and Na2SiO3×5H2O sodium meta-

silicate (12 g/l) was used. The electrolyte temperature dur-

ing PEO was maintained by an external cooling system at  

a level of (285±3) K. 

The AE was recorded directly from the sample, which 

determined the minimum coefficients of signal distortion 

and attenuation. Acoustic signals were converted into elec-

trical ones, using the piezoeffect by a P111-(0.02-0.3) 

transducer (Russia) with a bandwidth of 20–800 kHz, with 

a main sensitivity in the frequency range up to 300 kHz. 

Further, the signals were amplified by a MSAE-FA010 

two-stage broadband filter-amplifier (Russia), digitized, and 

recorded in frames with a duration of 40 ms (20 complete 

exposure cycles) every 1 min using an Advantech PCI-1714 

12-bit A-to-D card (ADC) (Taiwan) at a sampling rate of 

2 MHz, which provided the AE analysis frequency range up 

to 1 MHz. Therefore, in contrast to the works that used  

the threshold method of AE registration, the authors of this 

research excluded the omission in the record of AE chang-

es, within the recorded exposure cycles. At the same time, 

the AE recording frame equal to the exposure cycle includes 

4000 counts (4000 counts/2 MHz=2 ms). Synchronously 

with the acoustic signals, the same ADC recorded frames of 

voltage and current changes in the PEO cycles as well. 

In our work [29], we described in detail the technical fea-

tures and problems of obtaining an AE signal and protecting 

the sensor when an oxidized sample in an electrolyte. 

The oxide layer thicknesses were measured, using  

a Konstanta K6 eddy-current thickness gauge (Russia), with 

a PD1 transducer, as well as on transverse metallographic 

sections using a Jeol JCM-6000 Neoscope II scanning elec-

tron microscope (Japan). The microhardness HV0.1 was 

measured on cross sections in accordance with the GOST R 

8.748-2011 standard on a Shimadzu DUH-211S dynamic 

microhardness tester (Japan). Wear resistance (linear wear 

rate) was evaluated using the ASTM G133 method on  

a Nanovea TRB-50N tribometer (USA). In more detail,  

the special aspects of measuring the thickness, hardness, 

and wear resistance of the obtained oxide layers using  

the specified techniques and the results obtained are de-

scribed in [33; 34]. 

 

RESULTS 

AE amplitude-time features during PEO  

AE recording, together with visual tracking of the PEO 

process, showed that the main PEO stages have characteris-

tics of AE signals that evolve synchronously with the ob-

served MADs (Fig. 1). At the initial moment of time,  

the anode surface passivation, and the “barrier layer” for-

mation occur as a result of chemical anodization and prima-

ry microarc breakdowns, which is accompanied by the on-

set and rapid increase in the AE amplitude (Fig. 1, stage I). 

As the barrier layer “strengthens”, with the simultaneous 

oxide layer formation, the MADs amplify, begin to unite 

into cascades, and even change into separate (point) arc 

discharges at the stages II and III (Fig. 1), which is accom-

panied by AE signals of almost constant (Fig. 1, stage II) 

and increased (Fig. 1, stage III) amplitude. Then, for most 

of the studied modes, stage IV begins with a sharp drop in 

the AE signal amplitude, which coincides with the almost 

complete visual disappearance of burning MADs and  

the PEO process transition to the “soft sparking” mode. 

In the process of comparing the sweep of the AE re-

cords and the time marks of stages I–IV (Fig. 1), obtained 

by visual observations of the change in the sample lumines-

cence during PEO, the AE signs of the boundaries of  

the PEO stages were formed (Fig. 1). As standard visual 

boundaries of the PEO stages, the high-speed video record-

ing freeze-frames given in [14], and similar to our experi-

ment were taken. It is established that the first AE peak 

observed after the oxidation onset can be taken as the AE 

sign of the boundary of transition from stage I to stage II of 

PEO (Fig. 1, stage I). The beginning of the second AE peak 

equal to the first AE peak level or exceeding it (Fig. 1, 

stage II) can be taken as the sign of the boundary of  

the transition from stage II to stage III of PEO. The begin-

ning of the recording section with a sharp drop in the AE 

amplitude (Fig. 1, stage III) can be taken as the AE sign of 

the boundary of the transition from stage III to stage IV of 

PEO. However, Fig. 1 shows that the amplitude “marks” 

and the PEO flow estimates have a time ambiguity and con-

sequently, give an error during in situ monitoring of  

the process. In this regard, their use is unacceptable in  

the case when it is necessary to limit strictly the transition, 

from one stage to another, to achieve exactly the desired 

complex of functional properties of the layer. 

Fig. 2 shows the results of the division of the studied 

PEO variants at the stage when using amplitude AE signs 

shown in Fig. 1. 

Cyclic patterns of AE manifestation during PEO  

If we synchronize the AE recording with the voltage 

change cycles, so that the beginning of the AE recording, 

frame coincides with the beginning of the anode PEO pulse 

half-cycle, and the length of the AE recording frame is 

equal to the full exposure cycle duration, then all the AE 

signals observed in various PEO modes can be divided into 
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Fig. 1. AE signs of PEO stages in the experiment and visual signs of microarc discharges on the sample during PEO  

under similar conditions [14]: 

I – anodic passivation and the beginning of sparking; II – PEO with the pronounced microarc discharges; 

III – anode-cathode PEO stage; IV – “soft sparking” stage. 

Record sweep duration along the OX (horizontal) axis – 180 minutes 

 

 

 

 

 

 

Fig. 2. General nature of the change in the AE amplitude in 25 PEO modes, differing in current density j, A/dm2  

and the ratios of the positive to negative pulse currents С/А, at the oxidation duration of 180 minutes  

with a division into stages according to the visual and amplitude AE features shown in Fig. 1.  

The sizes of the axes on the graphs are fixed: along the OX (horizontal) axis – 180 minutes, along the OY (vertical) axis – 0.15 V 

 

 

 

anode, anode-cathode, and cathode according to the location 

within the exposure cycle. At the same time, since the AE 

recording time is longer than the signal packet duration, all 

signals become pulsed (discrete) in form (Fig. 3). Signals of  

a continuous type were not observed within this approach to 

recording and analyzing the AE. We should note that the AE 

signals disappear both during the change of the forming pulse 

polarity and during the pulse itself (Fig. 3). 

All peculiarities of the appearance of the signals record-

ed in the studied PEO modes can be reduced to the forms 

shown in Fig. 3. 

We specially mention that in Fig. 3 b, the oscillations on 

the forming voltage curve V(t) (blue line) are associated 

with the power unit features and were not observed in  

the experiment, which is associated with the power unit 

design different from that used in [15]. 
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a 

 

b 

Fig. 3. The main forms of AE signals observed at I–V PEO stages (a) and the comparison with the data [15]  

on recording photo-EMF ε(t) with video frames of PEO stages under similar conditions (b). 

I–V – PEO mode stages discovered by AE features; 

UA and UCi – the AE signal amplitude in the anode and cathode half cycles; 

UN – noise RMS value; 

UH or the black line – RMS value of AE signals at the beginning of PEO; 

V(t) or the blue line – the voltage change curve showing the anode and cathode parts of the exposure cycle. 

UA, UCi, UH and UN are measured in V or dB of reference 1 mkV in accordance with  

Russian National Standard GOST 55045-2022. In the latter case, the same magnitudes are marked as 
AU

L , 
iC

UL , 
HU

L  and 
NU

L  

 

 

 

At stage I of PEO, with visual signs of anodization, and 

the anode sparking onset (Fig. 1 and 2), in all the studied 

modes, the AE signals are recorded only in the anodic half-

cycle (UA) (Fig. 3 a). The AE signals are a burst of overlap-

ping pulse signals, with approximately equal amplitude, 

dying out as the forming pulse amplitude voltage decreases 

(Fig. 3 a, I). The duration of the burst of AE signals of the 

PEO stage I, takes about 60 % of the half-cycle duration, 

and its beginning is shifted from the cycle beginning.  

The shift of the beginning, and the end of the AE signal 

burst from the boundaries of the anodic half-cycle, indicates 

the presence of the minimum voltage necessary to start  

the oxidation process. The gradual increase, and decrease in 

the amplitude at the beginning, and the end of the AE signal 

burst indicates a gradual increase/decrease in the scale of 

processes or its waviness, i.e., when several MAD “waves”, 

or cascades, occur within one half-cycle. 

AE signals of this type are summarized in Table 1 and, 

parametrically, in the amplitude-time domain for stage I, 

satisfy the condition (1) in this table. AE signs of the PEO 

stage I (depending on the mode) are observed up to oxide 

layer thicknesses of 0.4–14.0 µm, and then the process 

passes to stage II. 

At stage II of PEO with clear visual signs of the occur-

rence of MADs distinguishing by greater brightness and 

intensity of movement along the anode compared to stage I, 

AE signals are also recorded only in the anodic half-cycle 

(UA) (Fig. 3 a, II). In appearance, they are often close to  

the form of the PEO stage I signals, but have pronounced 

high-amplitude pulses (Fig. 3 a, II). In terms of the AE 

burst duration, the signals at the PEO stage II take from 60 

to 100 % of the anodic half-cycle (half-period) duration, 

and their beginning is also shifted from the cycle beginning. 

In this case, high-amplitude AE pulses (emissions) are re-

corded in different parts of the AE signal burst. Parametri-

cally, in the amplitude-time domain, the AE signals of  

the PEO stage II satisfy the condition (2) in Table 1. 

At the PEO stage III (Fig. 3 a, III), the AE has detecta-

ble bursts of signals in the anode (UA) and cathode (UC0) 

half-periods of the exposure cycle, i.e., igniting MADs are 

recorded with the help of the AE in both half-periods.  

The main AE sign of this stage is that the total energy 

(power) of the signals in the anode half-cycle is higher than 

in the cathode one (Fig. 3 a, III), therefore, parametrically, 

in the amplitude-time domain, the AE signals of this type 

satisfy the condition (3) in Table 1. As well as in the anode 
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Table 1. PEO stages and parametric conditions of AE signals in them 

 

 

PEO 

stage 
AE type Parametric conditions for the PEO stages identification in the AE amplitude-time area* 

I I dBdBdB 3and;6;3 
NС1С0HANH UUUUUUU LLLLLLL                         (1) 

II II dBBB 3and;6;3 
NС1С0HANH UUUUUUU LLLdLLdLL                          (2) 

III III dBLLLLdBLLdBLL
NС1AС0NC0NA UUUUUUUU 3;;3;3                   (3) 

IV 

IV-1 dBLLLLdBLLdBLL
NС1AС0NC0NA UUUUUUUU 3;;3;3                   (4) 

IV-2 dBLLdBLLdBLL
NС1NC0NA UUUUUU 3;3;3                                 (5) 

IV-3 dBLLdBLLdBLLdBLL
NС1NС0NC0NA UUUUUUUU 3;3or3;3           (6) 

V V BdLLLL
NС1C0A UUUU 3                                                         (7) 

Note. 
AU

L , 
0C

UL  and
1C

UL , 
HU

L  and 
NU

L  – the levels of UA, UC0 and UC1, UH and UN signals (Fig. 3), measured in dB relative  

to 1 mkV.  

 

 

 

part, in the cathode half-cycle, the AE signals (UC0) do not 

have cyclic repeatability in time, and can occur in any part 

of the cathode half-cycle (pulse UC0 in Fig. 3). This beha-

vior can be explained by the necessity of achieving a speci-

fied current in the cathode half-cycle, which cannot be en-

sured only by the process of electron flow, through  

the micropore channels into the sample. As a consequence, 

when a certain oxide layer thickness (about 20–50 μm) is 

reached, within the cathode half-cycle, the amplitude volt-

ages reach 200–250 V, which is sufficient for the barrier 

layer breakdown, and leads to the MAD ignition with  

a concomitant sharp increase in the current [32]. AE signs 

of the PEO stage III, depending on the PEO mode in the 

experiment, begin to appear at coating thicknesses of 2.7–

51.5 μm, which significantly refines the ignition moment of 

cathode MADs during aluminum alloy PEO relative to  

the data of [32]. 

The main difference of the PEO stage IV (“soft spark-

ing” [14; 22]) from the previous ones is that the AE has  

the energy (power) of signals in the cathode half-cycle 

higher than in the anode one (Fig. 3 a, IV). Considering this 

general condition of type IV signals, the following subtypes 

were identified here: IV-1 – AE is recorded in the anode 

and cathode half-cycles and satisfies the condition (4)  

(Table 1); IV-2 – AE occurs only in the cathode half-cycle, 

i.e., the condition (5) is fulfilled (Table 1); IV-3 – type IV-2 

AE signals are recorded, in which, except the UC0 cathode 

signals with the above described features, a UC1 signal is 

observed at the PEO stages III and IV (Fig. 3 a, IV).  

The physical nature of the UС1 signals is not yet fully un-

derstood, and requires additional research, but in time, they 

are always recorded at the end of the cathode half-cycle. 

Parametrically, in the amplitude-time domain, the type IV-3 

AE signals satisfy the condition (6) (Table 1). 

It is known [4; 32] that MADs in the cathode half-cycle 

occur at a coating thickness of more than 40–50 μm, which 

complies in the time of appearance of the stage IV AE sig-

nals, with our measurements of the coating thickness [29; 

34], but only in the 0.7 C/A and 0.85 C/A modes at current 

densities of 9÷18 A/dm
2
. In other modes (С/А=1.0; 1.15 

and 1.3), where there is stage IV of PEO, the AE signals of 

this type begin to be recorded at coating thicknesses from 

8.8÷36.9 µm, i.e., the stage of “soft sparking” begins to 

occur within them much earlier. 

The PEO stage V was identified for the first time: it 

lacks acoustic signals distinguishing from background noise 

in the anode and cathode half-cycles (Fig. 3 a, V), so  

the condition for identifying this AE type takes the form of 

an expression (7) (Table 1). The PEO stage V was ob-

served, as a rule, only in the modes with the highest current 

densities (12–18 A/dm
2
) at С/А 1.15, and 1.30 and after 

observing the signs of stages I–IV, i.e., it falls on the end of 

the PEO process. Measurements showed that in the time 

interval of stage V, the layer thickness continues to increase 

at a low rate, and its properties change [34; 35], but visually 

at this stage, the MADs and their glowing on the sample are 

practically not recorded, and the AE signal, as noted above, 

does not exceed the noise one. Taken together, this does not 

allow speaking about full extinction of the PEO process. 
Table 1 shows that under all conditions (1)–(7), the AE 

fold change is normalized relative to the levels 
HU

L and
NU

L ,  

which cannot be specified in absolute values. The latter  

90 Frontier Materials & Technologies. 2023. № 2



Rastegaev I.A., Shafeev M.R., Rastegaeva I.I. et al.   “Cyclic regularities of the acoustic emission generation during plasma-electrolytic…” 

 

occurs, because these magnitudes depend on the sensitivity 

of the AE preformation used; the type and amount of con-

tact medium; the place and accuracy of the AE transducer 

installation, and other factors affecting the transformation 

and attenuation of AE waves and ambient noise. In this 

regard, the values of 
HU

L and 
NU

L  should be determined 

before PEO in a particular mode and taking into account  

the features of the AE equipment and PEO plant. 

 

AE criterion for identifying the PEO process stage  

One can conclude that, based on the identified patterns 

of AE manifestation during the pulse exposure period,  

the key features of dividing the forms of the AE cyclic 

manifestation into types are the time position of the signals 

(in the cathode and/or anode part), and the power (energy) 

correlation between them. Therefore, their tracking will 

allow identifying and classifying the stage of the PEO pro-

cess implementation. For this purpose, the authors proposed 

a new “AE median” parameter-criterion – tAEm (Fig. 4).  

AE median is a time mark in the exposure cycle, which 

divides the area under the curve, describing the nature of 

the AE measurement for the exposure cycle (S) into two 

equal parts (S=S1+S2, S1=S2, Fig. 4). 

In this work, the RMS(t) curves were obtained from  

the AE recording frames (Fig. 1) using a sliding window 

equal to 10 counts (5 μs) with a shift step of 1 count. 

Fig. 5 shows the results of dividing the AE recorded 

when accompanying the studied PEO modes, into the de-

scribed stages using the above-defined signs of changing 

the AE shape and conditions (1)–(7) with the display of  

the proposed tAEm parameter in the form of pictograms. 

 

 

 

          

 а b 

Fig. 4. Explanatory diagrams for the method calculating of the tAEm parameter-criterion (a) and the directions of its change  

when registering AE I–V waveforms indicated in Fig. 3 а (b) 

 

 

 

 
 

Fig. 5. General nature of the change in the AE median in 25 PEO modes, differing in current density j,  

A/dm2 the ratios of the positive to negative pulse currents С/А, at the oxidation duration of 180 minutes,  

divided into stages according to the conditions (1)–(7).  

The sizes of the axes on the graphs are fixed: along the OX axis – 180 minutes, along the OY axis – 4000 readings (eq. 2 ms).  

The AE signal type observed at each stage is indicated by a pictogram corresponding to the type of signal in Fig. 4 b 
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DISCUSSION 

The analysis of Fig. 2 and 5 shows that the PEO mode 

division into stages according to visual signs, and AE signal 

amplitude (Fig. 1 and 2) allows distinguishing stages I and 

II, but has a high inaccuracy at stages III and IV, and does 

not allow identifying stage V. The proposed “AE median” 

parameter tAEm (Fig. 4 and 5), on the contrary, has a rela-

tively low “sensitivity” to the PEO stages I and II, but al-

lows identifying the presence of the cathode MADs in  

the AE record, which makes it possible to clearly identify the 

process stages III–V and detail stage IV into subtypes. Con-

ditions (1)–(7) are universal, but their use requires prelimi-

nary studies and monitoring of several of the abovemen-

tioned amplitude parameters within their time marks of mani-

festation in each exposure cycle, which is not a trivial task. 

Therefore, the calculation of the amplitude, and AE me-

dian for exposure cycles together allows describing  

the main features of all stages with just two numbers, and 

the identification of PEO stages in their two-parameter 

space seems to be the most promising for application to-

wards PEO process monitoring. Moreover, since the errors 

of the proposed parameters, when detecting the PEO stages 

are of an antibate nature, their combined use should in-

crease the probability of detecting the PEO stages. Howev-

er, if we are talking only about the identification and moni-

toring of the PEO stages III–V, then the “AE median” pa-

rameter is self-sufficient. 

Indeed, due to the developed parameter, it was possible 

to establish that the PEO modes, with the highest current 

density of 18 A/dm
2
 at a current ratio C/A of 1.15 and 1.30 

pass from stage III immediately to stage V (Fig. 5), which 

is accompanied by some increase in the thickness (Fig. 6 a), 

a decrease in the hardness (Fig. 6 b), an increase in the fric-

tion ratio in a pair, and a decrease in the wear resistance of 

oxide layers (Fig. 6 d). The PEO transition to stage V and 

an increase in its duration (Fig. 5) leads to a sharp increase 

in the friction ratio for the “oxide layer–steel ball” pair 

(Fig. 6 c), which is not entirely clear at this stage and re-

quires additional research. One can also note, that as  

the duration of the PEO stage IV increases (Fig. 5), a de-

crease in the wear intensity of the friction pair is observed 

(Fig. 6 d), while the appearance of stage V, and an increase 

in its duration leads to an increase in the wear intensity of 

the pair in 1.5–2.5 times. 

The joint analysis of Fig. 5 and 6 shows that the appear-

ance of the cathodic MADs, close in power to anodic 

microarcs or exceeding them, and the PEO transition to the 

process stage IV lead to a slight decrease in the thickness of 

the formed oxide layers (Fig. 6 a), but at the same time, 

their average microhardness reaches the highest values

 

 

 

       

 a b 

       

 c  d 

Fig. 6. The dependences of the average thickness Т, µm (a), microhardness HV 0.1, MPa (b), friction coefficient (c),  

and linear reduced wear (d) of the “oxide layer – steel ball” friction pair on the current parameters of the PEO mode 
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(Fig. 6 b). Therefore, the introduced “AE median” parame-

ter, which has an increased sensitivity to the PEO final 

stages, allows tracking their duration. Based on this,  

the transition to the oxidation process AE control is possi-

ble, by confirming reaching the specified stages in each 

PEO mode, and monitoring the compliance of the exposure 

time for each of them, which technologically should pro-

vide the required complex of coating properties. The latter 

is the subject for further experimental studies. 

It should be noted that since the obtained data on the AE 

signal manifestation in the anode, and cathode half-cycles 

(half-periods) correlate with the light flashes during PEO 

[15] (Fig. 3 a and 3 b), the proposed parameter for dividing 

the PEO modes into stages will also be applicable when 

processing the results of observations during photo-video 

recording, and photo-EMF registration, where instead of 

changing the AE, for example, the glow intensity median in 

the anode and cathode exposure cycles can be monitored. 

 

CONCLUSIONS 

1. Possible forms of AE change within an exposure  

cycle during PEO of the AMg6 Al–Mg alloy in a bipolar 

pulse mode are established, which are reduced to five main 

types and three subtypes, as well as the boundaries (time 

points) of their change in a wide range of industrial PEO 

modes are identified. In this case, three subtypes of the AE 

change forms are of particular interest, since they refer  

to the “soft sparking” mode. 

2. For the first time, a previously unknown stage V of 

the PEO process was identified, where a vapour-gas phase 

microarc breakdown to the metal substrate and the AE ge-

nerated by it are practically missing. 

3. The study shows that the approach to identifying  

the PEO stages using the standard “AE amplitude” parame-

ter has a larger error, since it does not take into account  

the shape of the signals, and the half-period of their record-

ing. The proposed new “acoustic-emission median” (AE 

median) parameter-criterion allows taking into account the 

indicated features, when dividing the PEO modes into stag-

es according to AE, which makes it possible to specify  

the cyclic features of the AE manifestation determined in 

the work. It is experimentally shown, that the proposed 

parameter is efficient, has good accuracy and sensitivity to 

the subtypes of the AE signals, especially those recorded 

within the “soft sparking” mode. 
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Abstract: In this paper, the authors consider the mechanisms of formation of high-strength states in the Zn–1%Li–2%Mg  

alloy as a result of its processing by the high pressure torsion (HPT) method. For the first time, the study showed that using HPT 

treatment, as a result of varying the degree of deformation at room temperature, it is possible to increase the ultimate strength of  

a zinc alloy from 155 to 383 MPa (with an increase in the yield stress from 149 to 306 MPa) without losing its ductility. To ex-

plain the reasons for the increase in the zinc alloy mechanical properties, its microstructure was analyzed by scanning electron 

microscopy (SEM), X-ray phase analysis (XPA), X-ray diffraction analysis (XRD), and small-angle X-ray scattering (SAXS). 

Using XPA, the authors established for the first time that Zn(eutectic)+β-LiZn4(eutectic)→~LiZn3+Zn(phase)+Zn(precipitation) and 

MgZn2→Mg2Zn11 phase transformations occur in the zinc alloy during HPT treatment. SEM analysis showed that at the initial 

stages of HPT treatment, cylindrical Zn particles with a diameter of 330 nm and a length of up to 950 nm precipitate in β-LiZn3 

phase. At the same time, the SAXS method showed that needle-like LiZn4 particles with a diameter of 9 nm and a length  

of 28 nm precipitate in the Zn phase. The study established that, only spherical Zn and LiZn4 particles precipitate at high degrees 

of HPT treatment. Precision analysis of the zinc alloy microstructure showed that HPT treatment leads to grain refinement, an 

increase in the magnitude of crystal lattice microdistortion, a growth of the density of dislocations, which are predominantly  

of the edge type. As a result of the analysis of hardening mechanisms, the authors concluded that the increase in the zinc alloy 

strength characteristics mainly occurs due to grain-boundary, dislocation, and dispersion hardening. 

Keywords: Zn–1%Li–2%Mg alloy; phase transformations in zinc alloy; severe plastic deformation; X-ray scattering 

methods; strength and plasticity; deformation mechanisms. 
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INTRODUCTION 

Currently, zinc and its alloys demonstrate a high potential 

for industrial applications in medicine, due to their high bio-

compatibility and corrosion resistance [1–3]. As is known 

[4], pure Zn is a quite brittle material with low strength pro-

perties (yield strength is ~29 MPa, ultimate strength is 

~34 MPa, ductility is ~1 %). Therefore, it needs significant 

strengthening to meet the clinical requirements for biode-

gradable metal stents (yield strength is >200 MPa, tensile 

strength is >300 MPa, ductility is >15–18 %) [5]. In order to 

improve the physical and mechanical properties of zinc and 

expand its application field in medicine, it is necessary to 

alloy it with certain biosoluble admixtures (lithium, magne-

sium, calcium, etc.), and carry out thermomechanical treat-

ment according to various schemes and modes. 

Among various classes of zinc alloys, the Zn–Li–Mg 

system is of particular interest, since, on the one hand, it is 

capable of aging, and, on the other hand, it has corrosion 

resistance and biocompatibility values close to pure zinc [3; 

6; 7]. Under traditional modes of thermomechanical treat-

ment (rolling + annealing), hardening in the Zn–Li system 

alloys occurs due to the precipitation of LiZn4 particles in 

the Zn phase, and Zn particles in the primary β-LiZn4 phase 

of predominantly acicular morphology, which, when inter-

twined, form a spatial grid [3; 6; 7]. This type of two-phase 

precipitation of particles during warm rolling allows in-

creasing the ultimate strength of this alloy from 230 to 

360 MPa [6]. In the recent work [8], the mechanical proper-

ties of Zn–0.8%Li, Zn–0.8%Li–0.2%Mg, and Zn–0.8%Li–

0.2%Ag alloys were studied. The study showed that a Zn–

Li–Ag system alloy has high ductility, and a Zn–Li–Mg 
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system alloy has the highest yield strength and tensile 

strength [8]. At the same time, by increasing the Mg con-

tent in the Zn–0.8%Li–0.4%Mg alloy and performing hot 

extrusion, the authors [1] showed that the alloy achieves  

a tensile strength of ~647 MPa, which is currently the ma-

ximum value. 

Despite the relatively high hardness indices of the Zn–

Li–Mg system alloys, an active search for new modes and 

schemes of thermomechanical treatment aimed at further 

increasing the strength properties of this alloy, is still car-

ried out, since this issue remains very relevant. Recent stu-

dies demonstrate that an increase in strength properties in 

metals and alloys can be achieved by grinding the grain 

structure using severe plastic deformation (SPD) [9–11]. 

One should note that the grain structure refinement in zinc 

alloys has its own characteristics, since in thermally hard-

ened zinc alloys, the aging processes are observed, which 

leads to the release of atypical hardening particles of the 

second phases [12]. This creates additional opportunities 

for improving the strength properties of zinc alloys; howev-

er, it requires optimization of technological modes for ob-

taining ultrafine-grained (UFG) samples, which simultane-

ously combine high biocompatibility, increased strength, 

and optimal corrosion rate. At the same time, new harden-

ing mechanisms (segregations and nanoclusters) can also be 

involved in UFG metallic materials leading to an increase 

in the mechanical properties of metals and alloys. In this 

regard, it is important to comprehensively study the micro-

structure of the formed UFG Zn–Li–Mg alloys using vari-

ous methods of X-ray phase analysis (XPA), X-ray diffrac-

tion analysis (XRD), electron microscopy, and small-angle 

X-ray scattering (SAXS). 

The purpose of the study is to improve the strength 

characteristics of the Zn–1%Li–2%Mg zinc alloy as a result 

of SPD, as well as to identify possible hardening mecha-

nisms explaining high-strength states. 

 

METHODS 

As an object of research, the biosoluble Zn–1.0 wt. % Li–

2.0 wt. % Mg alloy made of high-purity components  

Zn (99.95 wt. %), Mg (99.95 wt. %), and Li (99.95 wt. %) 

was selected. To enhance strength characteristics and im-

prove corrosion resistance, this alloy was subjected to high-

pressure torsion (HPT) at room temperature with a number 

of revolutions equal to 0.5, 1, 2, 3, 6, 8 and 10. The pres-

sure applied during HPT was 6 GPa, the rotation speed of 

the strikers was 1 rpm. Mechanical tensile tests of the alloy 

were carried out using a special-purpose testing machine 

for small samples, and the material microhardness was 

measured by the Vickers method on a Shimadzu HMV-G 

universal hardness tester with an indenter load of 100 g. 

To determine the microstructure parameters using  

the XRD method, the authors analyzed the diffraction pat-

terns obtained on a Bruker D8 Advance diffractometer 

(Bragg – Brentano scheme). The diffraction patterns were 

measured in the continuous shooting mode at a speed of 

1.5 °/min within the scattering angle 2θ from 20° to 150° on 

CuKa radiation generated at a voltage of 40 kV and a current 

of 40 mA. The lattice constant, the size distribution of co-

herent scattering domains (CSD), the dislocation density, 

and the fraction of edge-type dislocations were determined 

using the PM2K program [13]. The diffraction patterns 

were analysed by refining such parameters as sample dis-

placement in depth and angular position, lattice constant a, 

dislocation density ρ, fraction of edge-type dislocations mixp, 

effective dislocation radius Re, shapes and sizes of CSD D. 

Qualitative X-ray phase analysis was performed using 

the PDF-2 diffraction database in the EVAplus program 

(www.bruker.com). Quantitative X-ray phase analysis with 

determining the ratio of the identified phases was carried 

out by the Rietveld method [14] in the TOPAS v. 4.2 pro-

gram (www.bruker.com). Scattering curves necessary to 

analysed the size and shape of precipitates were obtained on 

a Bruker D8 Advance diffractometer with a small-angle 

attachment in the parallel beam mode. Scattering curves 

were measured within the range of q vector from 0.0 to 

1.5 nm
−1

. The diameter of the analysed surface was ~4 mm. 

The investigated alloy microstructure analysis was car-

ried out by scanning electron microscopy (SEM) on  

a FEI Thermo Scientific Q250 scanning electron micro-

scope. The main characteristics of the survey: accelerating 

voltage of electrons is 25 kV, beam diameter is 2 μm, focal 

length is 10.0 mm, pressure in the chamber is 5×10
−4

 Pa. 

 

RESULTS 

Results of measuring the mechanical properties 

Table 1 shows the results of tests for measuring the zinc 

alloy microhardness and mechanical properties. The analy-

sis of the results of tensile tests of samples showed that  

the alloy in the initial state is characterized by relatively 

low values of the yield strength, tensile strength and ex-

tremely low ductility, typical of the coarse-grained analogs 

of this alloy [3; 6]. HPT treatment leads to the expected 

growth of strength characteristics (Table 1). In particular, 

even at the initial HPT treatment stages (1–2 revolutions), 

the value of the yield strength increases by ~1.7 times, and 

the ultimate strength value increases by more than 2 times 

compared to the initial state. In this case, a sharp increase in 

ductility is observed. The increase in the alloy microhard-

ness values is also in good agreement with the data of me-

chanical tests (Table 1). 

When increasing the number of HPT revolutions from 3 

to 6, a further, although insignificant, increase in the alloy 

strength characteristics is observed. The results after 10 HPT 

revolutions are the most interesting (Table 1). In this state, 

compared with the initial (as-cast) state, the microhardness 

value increases by more than 5 %, the ultimate strength 

increases by more than 2 times, and the ultimate strength 

increases by ~2.6 times. 

Results of SEM studies 

Fig. 1 shows the SEM images of the microstructure of  

the alloy in the initial (as-cast) state. The as-cast zinc alloy 

microstructure is characterized by bright and dark areas 

(Fig. 1 a–c), and two types of bright areas are distinguished 

(Fig. 1 a). The first type predominantly consists of an oval 

shape with an average diameter of 18 µm (Fig. 1 a). In some 

places, these areas merge into rather large areas. The second 

type of bright areas has a layered structure of different 

lengths (Fig. 1 b). The average layer width is 800 nm, and 

their length varies from one to several tens of microns.  

The analysis of the area of light regions showed that its surface 

fraction is ~88 %. As is known [3; 6], on the Li–Zn alloy phase 
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Table 1. The values of microhardness and mechanical properties of the Zn–1%Li–2%Mg alloy 

 

 

State HV σТ, MPa σВ, MPa е, % 

Initial 170.0±8.0 149 155 ~0,4 

HPT 

1 rev. 183.8±12.8 256 383 42 

2 rev. 176.9±6.8 260 332 41 

3 rev. 176.7±12.0 264 361 44 

6 rev. 180.6±11.3 278 363 48 

8 rev. 179±12.6 301 394 51 

10 rev. 178.9±13.3 330 409 47 

Note. HV – Vickers microhardness; σТ – yield stress; σВ – ultimate strength; е – percentage of elongation. 

 

 

 

     

 а b 

     

 с d 

Fig. 1. SEM images of the zinc alloy microstructure in the post-cast state at various magnifications:  

a – ×2000; b – ×8000, in the insert ×80000; c – ×6000; d – distribution of Mg atoms in Fig. 1 с 

 

 

 

diagram at a Zn content of about 97 %, one can expect  

the formation of the primary β-LiZn4 phase, as well as  

the Zn and β-LiZn4 eutectic phases. According to [6], lithium 

atoms have a much lower retarding potential, in contrast to 

zinc atoms. Considering the Li–Zn system phase diagram, it 

can be affirmed that the light (oval + layered) regions in  

the SEM images should belong to the Zn+β-LiZn4 eutectic 

phases. At the same time, dark areas with a surface fraction 

of ~12 % should belong to the primary β-LiZn4 phase. 

Fig. 1 b and the insert show the precision areas of light 

and dark regions at high magnifications. During microstruc-

ture detailed analysis, one can see that there are numerous 

fine particles of predominantly acicular shape (Fig. 1 b, 

insert) in the primary β-LiZn4 phase (dark areas). The aver-

age particle diameter is ~80 nm, and their length varies 

within 60–230 nm. According to the literature data [3; 6; 7], 

in the primary β-LiZn4 phase, when the alloy is cooled, zinc 

particles usually precipitate (Fig. 1 b, insert). On the other 
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hand, the light areas belonging to the Zn+β-LiZn4 phase 

have a lamellar structure typical of a eutectic (Fig. 1 b, in-

sert). Since the dark areas are more subjected to etching 

corrosion processes, they can be identified in SEM images 

as β-LiZn4 eutectic phases (Fig. 1 b). 

Fig. 1 c shows an image atypical for the Zn–Li system 

alloy with many bright areas located mainly along  

the boundaries of the Zn+β-LiZn4 eutectic and the primary 

β-LiZn4 phase. To identify them, the authors carried out  

the element-by-element mapping, the result of which is 

shown in Fig. 1 d. A comparative analysis of the images 

(Fig. 1 c, 1 d) showed that the Mg atoms belonging to  

the MgZn2 phase, as shown below by the XPA method, are 

concentrated in the detected bright areas.  

Fig. 2 presents SEM images of the alloy after various 

degrees of HPT treatment. It is evident that during imple-

menting the HPT treatment, even at the early stages of tor-

sion (0.5 revolution), changes in the ratio of dark and bright 

areas are visible against the initial (as-cast) state (Fig. 2 a). 

It can be seen that, in the primary β-LiZn4 phase (dark are-

as), filamentous zinc precipitates grow intensively with the 

formation of a peculiar network of precipitates (Fig. 2 a, 

insert). The analysis showed that the diameter of zinc pre-

cipitates varies from ~90 to ~785 nm, and their length va-

ries from 110 nm to 10 μm. Moreover, at the boundary of 

the eutectic Zn+Mg2Zn11 phase (bright areas, according to 

X-ray diffraction data presented below), a ~2 µm thick zinc 

phase is formed (Fig. 2 a, insert). The belonging of this 

layer to the zinc phase follows from the fact that there is no 

clear transition interface between this phase and zinc pre-

cipitates in the primary β-LiZn4 phase. This fact confirms 

that these structures belong to the same phase. 

When increasing the number of HPT rotations 

(1 revolution), a band (elongated) structure oriented per-

pendicular to the radius of the sample is formed (Fig. 2 b). 

Moreover, in the primary β-LiZn4 phase, a certain orienta-

tion of zinc precipitates is visible, which sometimes merge 

(Fig. 2 b, insert). The images show that the thickness of the 

Zn+Mg2Zn11 phase plates decreases even more. 

It was noted that when increasing the number of HPT 

treatment revolutions, the proportion of dark areas increas-

es, while the proportion of light areas decreases (Fig. 2 c, 

2 d). High degrees of HPT treatment are characterised by 

effective grinding of the Zn+~LiZn3 (~LiZn3 phase is simi-

lar to β-LiZn4) phase, as well as of the Zn+Mg2Zn11 and Zn 

phases (Fig. 2 c, 2 d). In particular, it can be seen that the 

average grain size of the zinc phase is ~230 nm (Fig. 2 c, 

insert), which contain darkened areas related to LiZn4 pre-

cipitates. In this case, the Zn precipitates themselves in the 

~LiZn3 phase precipitate in a spherical shape (Fig. 2 d, in-

sert). The information found by the microscopy method 

indicates the intense phase transitions and changes that 

have occurred in certain phases. In particular, by increasing 

the proportion of dark areas and XPA results, it is possible 

to identify the Zn(eutectic)+β-LiZn4(eutectic)→~LiZn3+Zn(phase)+ 

+Zn(precipitate)+Mg2Zn11+β-LiZn4 phase transition. 

 

 

 

     

 a b 

     

 c d 

Fig. 2. SEM images of the zinc alloy microstructure in the state after HPT treatment: 

a – 0.5 revolution, in the insert – Zn particles and Zn phase; b – 1 revolution, in the insert – Zn particles;  

c – 6 revolutions, in the insert – Zn grains; d – 10 revolutions, in the inserts – Zn particles 

 

 

98 Frontier Materials & Technologies. 2023. № 2



Sitdikov V.D., Khafizova E.D., Polenok M.V.   “Microstructure and properties of the Zn–1%Li–2%Mg alloy subjected to severe plastic...” 

 

Results of studies by XRD analysis 

Fig. 3 shows the X-ray spectra of the studied states and 

an example of the processed section of the zinc alloy dif-

fraction pattern. The analysis of the general view of  

the diffraction patterns showed that all zinc alloy X-ray 

spectra are characterised by the same set of intense peaks 

(Fig. 3 a). At the same time, qualitative XPA showed that 

the detected reflections belong to the Zn, ~LiZn3, β-LiZn4, 

MgZn2, and Mg2Zn11 phases (Fig. 3 b). The analysis of  

the diffraction patterns showed that the original alloy re-

flections are quite narrow, and HPT treatment leads both to 

a broadening of the reflections and to a quantitative change 

in the ratio of reflection intensities (Fig. 3). 

The peculiarities found on the diffraction patterns indi-

cate changes in the identified phases and the occurrence of 

various phase transitions in the studied alloy as a result of 

HPT treatment. To determine the quantitative characteris-

tics of phase transitions, the authors analysed the diffraction 

patterns using the Rietveld method implemented in  

the TOPAS program. An example of processing the alloy 

diffraction pattern measured after HPT (1 revolution) is 

shown in Fig. 3 b. It should be noted that in all the studied 

 

 

 

 

a 

 

b 

Fig. 3. Diffraction patterns of the Zn–Li–Mg alloy in the initial state and after HPT treatment:  

a – general view of diffraction patterns, in the insert – precision surveying area from 30° to 60°;  

b – a section of the diffraction pattern processed by the Rietveld method 
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states, the diffraction patterns were refined until a value of 

less than 5 %, and the permissible limit of the χ
2
 value 

was set equal to 1.5 %. The results of qualitative and 

quantitative phase analyses for the selected states are 

shown in Tables 2–4. 

The analysis of the zinc alloy in the initial (as-cast) state 

showed that the β-LiZn4, ~LiZn3, MgZn2, and Zn phases 

were formed in it. Their quantitative ratio is given  

in Table 2. In the initial state of the alloy, the main phase 

includes the β-LiZn4+Zn eutectic phase (~76 %), i.e., light 

areas detected by SEM. To assess the correctness of XPA 

calculations, the detected phases were first decomposed 

into elemental components in terms of Zn, Li, and Mg  

(Table 2), and then their total values were compared with 

the casting data (Table 1, bottom row). 

The XPA obtained results are in very good agreement 

with the data obtained when casting the blank parts. This 

fact indicates the XPA correctness and obtaining correct 

information about the quantitative ratio of the phases. In  

the case of HPT treatment applied to the alloy, the mass 

fractions of the β-LiZn4, ~LiZn3, and MgZn2 phases de-

crease, while the zinc fraction increases (Table 3). At the same 

time, HPT treatment leads to the formation of the Mg2Zn11 

phase, which is non-characteristic of the as-cast state, i.e., 

to the occurrence of the MgZn2→Mg2Zn11 phase transition. 

An increase in the number of revolutions of the HPT treat-

ment leads to a further regular growth of the Zn and 

Mg2Zn11 phases (Table 3). In this case, a slight decrease in 

the content of the β-LiZn4, ~LiZn3, and MgZn2 phases are 

observed. 

A precision analysis of the diffraction patterns showed 

that, in contrast to the diffraction pattern of the initial state, 

the measured X-ray spectra of HPT samples are characte-

rised both by a redistribution of reflection intensity and by 

an increased width of diffraction maxima. As a rule, an 

increase in the width of reflections characterises the chang-

es occurred in the analyzed material microstructure, and, 

first of all, they are associated with a decrease in the CSD 

size, an increase in the crystal lattice microdistortions, and 

the density of introduced defects. 

To assess these changes, the authors performed a full-

profile analysis of the diffraction patterns in the PM2K pro-

gram. When analysing, the main attention was paid to  

the Zn phase, since its content during HPT treatment is 

maximum. The data on the alloy microstructural characte-

ristics obtained as a result of the XRD analysis of the dif-

fraction patterns are shown in Table 4. 

Fig. 4 shows the CSD size distributions in the phase of 

zinc in the initial state and in the states after HPT treatment. 

In the initial state, the average CSD size is typical for 

coarse-grained metallic materials (~380 nm). The imple-

mentation of 1 HPT revolution leads to a significant de-

crease in the CSD size to 86 nm (Fig. 4, Table 5). With 

a further increase in the number of HPT revolutions, a regu-

lar decrease in the CSD size to ~30 nm is observed (Fig. 4). 

At high HPT degrees, the CSD average size scarcely 

changes. 

Results of SAXS studies  

Fig. 5 shows the scattering curves measured on thin 

foils of the original alloy and the alloy after HPT, as well as 

the results of their processing. The SAXS curve of the ini-

tial state is characterised by one inflection. After HPT 

treatment, the scattering curves have two inflection points, 

one of which is concentrated in the region of small values 

of the scattering vector q, and the other is located in  

the region of large q values (Fig. 5 a). This fact indicates 

the presence of precipitates of one type in the initial state 

and two types (small and large) of precipitates after HPT, 

i.e., the bimodal nature of the particle distribution. 

The inflection on the SAXS curve of the initial state is 

located in the region from 0.4 to 0.6 nm
−1

, and the type of 

the intensity dependence decreases according to I(1/q
2
). 

According to [16; 17], this indicates the precipitation of 

cylindrical particles. After HPT treatment of zinc alloy,  

the general view of the SAXS curve changes (Fig. 5 a).  

In particular, after 1 HPT revolution, two inflection sections 

can be distinguished on the SAXS curve. The first inflec-

tion is concentrated in the range up to 0.15 nm
−1

, and before 

the inflection, the intensity decreases according to  

the I(1/q
2
) dependence (Fig. 5 a), which indicates the pre-

cipitation of relatively large cylindrical precipitates [16; 

17]. The second inflection section on the SAXS curve is in 

the range from 0.75 to 0.85 nm
−1

, and the X-ray quanta 

intensity decreases according to the I(1/q
4
) dependence. 

Such a dependence on the SAXS curve manifests itself during 

intensity decreases according to the I(1/q
4
) dependence. 

Such a dependence on the SAXS curve manifests itself dur-

ing the precipitation of spherical particles [16; 17]. When 

increasing the number of HPT treatment revolutions, the first

 

 
Table 2. The detected phases, their weight fractions and element-by-element content of Zn, Li, and Mg atoms  

in each component. Initial (as-cast) state 

 

 

Phases Phase fraction, wt. % 
Element content in the phase, wt. % 

Li Mg Zn 

β-LiZn4 11.85 2.59 0.00 97.41 

β-LiZn4 (eut.) 44.98 1.30 0.00 98.70 

Zn 31.31 0.35 0.45 99.20 

MgZn2 11.86 0.00 15.67 84.33 

Total 100.00 1.00 2.00 97.00 
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Table 3. The detected phases, their weight fractions and element-by-element content of Zn, Li, and Mg atoms  

in each component. HPT treatment (1 revolution) 

 

 

Phases Phase fraction, wt. % 
Element content in the phase, wt. % 

Li Mg Zn 

β-LiZn4 9.65 2.59 0.00 97.41 

~LiZn3 24.43 2.66 0.00 97.34 

Mg2Zn11 16.28 0.00 6.33 93.67 

Zn 47.65 0.21 1.38 98.41 

МgZn2 1.99 0.00 15.67 84.33 

Total 100.00 1.00 1.99 97.01 

 

 

 
Table 4. The detected phases, their weight fractions and element-by-element content of Zn, Li, and Mg atoms  

in each component. HPT treatment (10 revolutions) 

 

 

Phases Phase fraction, wt. % 
Element content in the phase, wt. % 

Li Mg Zn 

β-LiZn4 7.23 2.59 0.00 97.41 

~LiZn3 21.66 3.47 0.00 96.53 

Mg2Zn11 18.24 0.00 6.33 93.67 

Zn 52.39 0.12 1.47 98.41 

МgZn2 0.48 0.00 15.67 84.33 

Total 100.00 1.00 1.99 97.01 

 

 

 

and second inflection points shift towards small vector q 

values (Fig. 5 a), which is associated with the size growth 

of precipitates. 

The analysis of the SAXS curves showed that, in  

the initial state, Zn precipitates in the β-LiZn4 phase pre-

cipitate in an acicular shape with an average diameter of 

75 nm and a length of 150 nm (Fig. 5 b). As a result of 

HPT treatment (1 revolution), in addition to Zn particles, 

β-LiZn4 particles also precipitate in the alloy; however, 

in contrast to the initial state, they have different shapes 

and sizes. Large particles after 1 HPT revolution, related 

to Zn precipitates, have a cylindrical shape with a diame-

ter of 330 nm and a length of up to 900 nm. At the same 

time, small particles belong to LiZn4 precipitates and are 

formed in a spherical shape with a diameter of 17 nm 

(Fig. 5 b). 

When increasing the number of HPT revolutions, regu-

lar changes in the particle size and morphology are ob-

served. In particular, after 10 HPT revolutions, only spheri-

cal morphology is formed. In this case, the average size of 

small LiZn4 particles is 45 nm, while larger Zn particles 

have an average diameter of 86 nm. 

 

DISCUSSION 

The results of tensile tests of the specimens factually 
demonstrated a significant increase in the zinc alloy me-
chanical properties during HPT treatment. In particular,  
the analysis of the results of mechanical tests showed that 
even after 1 HPT treatment revolution, the yield strength 
increases by ~1.7 times, and the ultimate strength increases 
by about 2.5 times (Table 1). With a further increase in  
the HPT treatment degree, a regular increase in mechanical 
properties occurs (Table 1). After 10 HPT revolutions im-
plemented at room temperature, the yield stress of 330 MPa 
and tensile strength of 409 MPa, maximum for this alloy, 
were found. To explain the obtained record values of me-
chanical properties and to analyze possible hardening mecha-
nisms, the alloy microstructure analysis was carried out. 

The conducted studies using microscopy and X-ray 
diffraction analysis showed that in the Zn–1%Li–2%Mg 
alloy during HPT treatment, phases of the same type are 
formed with the precipitates identical in type (Fig. 1, 2). 
As known [3; 6], as the casting temperature drops to room 
temperature, according to the phase diagram, the solubility 
of Zn atoms in the β-LiZn4 phase decreases, therefore, 
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Fig. 4. CSD distribution by sizes in the alloy in the initial state and after different HPT treatment degrees 

 
 
 

Table 5. Parameters of the zinc alloy microstructure obtained by the XRD method 

 

 

State a/с, nm Dave, nm DSEM, nm ε, % ρ, 1015 m−2 mixp, % 

Initial 
0.266123 

0.493885 
370±80 60000 0.08±0.01 0.5±0.1 0.29±0.03 

HPT, 1 rev. 
0.266604 

0.494040 
86±4 906 0.15±0.01 2.4±0.2 0.41±0.02 

HPT, 3 rev. 
0.266578 

0.494251 
43±1 383 0.23±0.01 5.1±0.1 0.68±0.03 

HPT, 6 rev. 
0.266595 

0.494252 
29±2 246 0.26±0.01 5.4±0.1 0.79±0.02 

HPT, 10 rev. 
0.266588 

0.494254 
32±3 218 0.25±0.02 5.3±0.4 0.77±0.04 

Note. a/с – lattice constant, pure zinc: а/с=0.26594/0.49368 [15]; 

Dave – average dimension of CSD obtained by the XRD method;  

DSEM – grain dimension obtained by SEM;  

ε – RMS crystal lattice microdistorsion; 

ρ – density of dislocations; 

mixp – the proportion of edge-type dislocations. 

 
 
 

Zn particles will precipitate in the β-LiZn4 phase.  

On the other hand, the solubility of Li atoms in the Zn 

phase also sharply decreases upon cooling, which leads to 

the formation of β-LiZn4 precipitates in the Zn phase. In the 

initial state, the zinc alloy is characterised by the presence 

of a primary β-LiZn4 phase, a Zn+β-LiZn4 eutectic phase, 

and a MgZn2 phase. In this case, as the analysis showed, Zn 

particles of cylindrical morphology precipitate in the β-

LiZn4 phase. For the quantitative characteristics of the de-

tected phases, the authors analysed the diffraction patterns 

using the Rietveld method. To check the correctness of the 

quantitative XPA results, the content of each phase was 

decomposed into elemental components (Table 2) and 

compared with the data taken during alloy casting. 

The comparison of the total content of Zn, Li, and Mg 

atoms with the data entered during the casting of blank 

parts showed a very good convergence between them. This 

fact indicates the reliability of the information obtained in 

the ratio of the analysed phases. In particular, XPA shows 

that in the initial state, the mass content of Li atoms in  

the primary β-LiZn4 phase is 2.59 %, and the content of Zn 

atoms is 97.41 %, which corresponds to the equilibrium 
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а 

 

 
b 

Fig. 5. Data of small-angle X-ray scattering (SAXS) of the alloy in different structural states:  

a – SAXS curves; b – precipitation distribution 

 

 

 

state of this component. At the same time, in the LiZn4  

eutectic phase, a reduced content of Li atoms (1.30 %) 

compared with the standard value of 2.59 % in the pri-

mary β-LiZn4 phase was revealed (Table 2). Moreover,  

a small content of Li and Mg atoms was found in  

the pure Zn phase, the presence of which led to an increase 

in the Zn lattice constant both along the a edge and along 

the c axis of the HCP lattice basis (Table 5). The total mass 

content of Li, Mg, and Zn atoms over all the phases taken 

in the zinc alloy is 1 %, magnesium is ~2 %, and zinc is 

~97 % (Table 1, bottom line), which corresponds to the data 

taken during casting of the alloy. 

The HPT treatment leads to significant changes in  

the quantitative ratios of the β-LiZn4, ~LiZn3, MgZn2, and 

Zn phases in the alloy. In particular, at the HPT initial stag-

es, the content of the ~LiZn3 phase sharply decreases from 

~45 to ~24 %. The content of Li atoms in this phase is 

higher than in the primary β-LiZn4 phase; therefore,  

the β-LiZn4 phase was defined as ~LiZn3 [18]. This state is 

characterised by an increase in the proportion of the Zn 

phase from ~31 to ~48 %. Along with this, the fraction of 

Li atoms in the Zn phase decreases, while the fraction of 

Mg atoms increases (Table 3). The decrease in Li atoms in 

the Zn phase is most likely associated with the precipitation 
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of LiZn4 particles, and an increase in the fraction of Mg 

atoms in the Zn phase leads to an increase in the Zn lattice 

constant (Table 5). As a result of HPT, the MgZn2→ 

→Mg2Zn11 phase transition atypical for the coarse-grained 

state also occurs (Table 3). With a further increase in  

the degree of HPT treatment, on the one hand, a further 

decrease in the content of the β-LiZn4, ~LiZn3, MgZn2 

phases, and, on the other hand, an increase in the proportion 

of the Zn and Mg2Zn11 phases are observed. Moreover, it 

was found that the content of admixture Li atoms in  

the ~LiZn3 phase increases, while the fraction of Mg atoms 

in the Zn phase increases, and the fraction of Li atoms de-

creases. These facts seem to indicate the precipitation of Zn 

particles in the ~LiZn3 phase and the growth of β-LiZn4 

precipitates in the Zn phase. An increase in the content of 

Mg atoms in Zn leads to a further increase in the Zn lattice 

distance (Table 5). 

The SEM studies factually confirmed the occurrence of 

the detected phase transformations. In particular, in the ini-

tial state, the SEM method revealed light areas (oval + lay-

ered) belonging to the Zn+β-LiZn4 eutectic phase with  

a surface fraction of ~88 %, and dark areas with a fraction 

of ~12 % identified as the primary β-LiZn4 phase (Fig. 1). 

At high magnifications, in the primary β-LiZn4 phase, nu-

merous acicular Zn precipitates with a diameter of ~80 nm 

and a length from 60 to 230 nm were identified. The di-

mensions of these precipitates agree with the results of 

SAXS studies (Fig. 5 b). During HPT treatment, significant 

changes occur in the microstructure. The SEM images of 

the alloy (0.5 HPT revolution) show predominantly dark 

areas (Fig. 2 a). This fact is associated with an increase in 

the content of Li atoms in the ~LiZn3 phase (Table 3) and 

taking into account the low retarding potential of Li  

(–3.04 V) compared to Zn (–0.76 V). The ~LiZn3 phase is 

more subjected to etching, i.e., to the appearance of dark 

regions. At the early HPT stages (0.5 revolution), a de-

crease in the thickness of the bands of the Zn+Mg2Zn11 

phase to ~16 μm was revealed. In this case, the formation 

of the zinc phase around the eutectic phases was identified 

(Fig. 2 a). With an increase in the number of HPT revolu-

tions to 1, the average thickness of the light plates decreases 

to ~11 μm, and after 10 HPT revolutions, its value decreas-

es to 1.7 μm. Filamentous Zn precipitates generate in  

the LiZn4 phase forming a grid of precipitates. The average 

diameter of Zn precipitates is 350 nm, and the average 

length is ~2 µm. Moreover, in this state, a band structure is 

formed, in which Zn precipitates are sometimes merge 

(Fig. 2 b, insert). 

In general, with an increase in the degree of HPT treat-

ment, an effective structure refinement occurs, and Zn pre-

cipitates have a spherical shape. The size and morphology 

of Zn precipitates detected by the SEM method correlate 

well with the results of SAXS studies (Fig. 5 b). In particu-

lar, the bimodal nature of the distribution of precipitates 

was established from the I(q) dependence of the scattering 

curve. In the early HPT stages, Zn precipitates have a cy-

lindrical shape with a diameter of 330 nm and a length of 

up to 900 nm, while fine LiZn4 particles precipitate in  

a spherical shape with an average diameter of 17 nm. When 

increasing the number of HPT revolutions to 10, the diame-

ter of spherical LiZn4 particles increases to 45 nm, and Zn 

precipitates have a spherical morphology and a diameter  

of 88 nm. 

To assess the change in the microstructure parameters 

(CSD size, crystal lattice microdistortions, density and type 

of dislocations), the authors analysed the diffraction pat-

terns using the PM2K program. The main attention was 

paid to the Zn phase, since it is the main phase in HPT 

treatment. The analysis showed that the application of HPT 

to the alloy leads to the CSD fragmentation (Fig. 4,  

Table 5). In particular, after 0.5 revolution, the average 

CSD size decreases from 410 to 86 nm. At the same time, 

lattice microdistortions and dislocation density sharply in-

crease (Table 5). An increase in the degree of HPT treat-

ment leads to further CSD refinement, an increase in 

microdistortions and defect density (Table 5). The analysis 

showed that dislocations at high degrees of HPT treatment 

are predominantly of the edge type, since the value of mixp 

is close to unity (Table 5). 

The conducted studies of the alloy microstructure make 

it possible to assess qualitatively the main mechanisms re-

sponsible for its hardening. As possible hardening mecha-

nisms, the authors considered grain boundary strengthen-

ing, solid solution strengthening, precipitation strengthen-

ing, and dislocation strengthening. In particular, the grain 

structure refinement (i.e., a decrease in the CSD) causes 

grain boundary strengthening σgb of the alloy, which can be 

determined by the Hall – Petch–type relationship [19].  

The solid solution strengthening σss of a supersaturated al-

loy solid solution will be determined by the excess content 

of Zn, Mg, and Li elements in the identified phases [20]. 

Precipitation strengthening σpp [21] is determined by  

the presence of precipitates and their proportions and is 

determined by the Ashby – Orowan relation, and the value 

of dislocation strengthening σd is directly proportional  

to   [22]. 

The obtained qualitative results of theoretical strength 

calculations are shown in Table 6, and give a visual repre-

sentation of the expected contribution of each of the hard-

ening mechanisms to the resulting strength of the alloy. It is 

obvious that in the initial state, the alloy strength is mainly 

provided by the mechanisms of dislocation and solid solu-

tion hardening (Table 6).  

 

 

 
Table 6. Contribution of different mechanisms  

to the alloy hardening 

 

State σo σgb σpp σd σss
 

Initial + + + ++ ++ 

After HPT + +++ +++ +++ + 

 

 

 

In this case, the role of grain boundary and precipitation 

strengthening is low, which is explained by the rather large 

grain size (about 60 μm) and a small fraction of dispersed 

particles in the alloy structure. In the case of the HPT 

treatment implementation, the role of the grain boundary 

and dislocation strengthening mechanisms increases sig-

nificantly, and the mechanisms of precipitation strength-

ening are also activated (Table 6). Thus, grain refinement,  
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an increase in the density of introduced defects, and an in-

crease in the proportion of particles of secondary phases 

(Zn, LiZn4) contributed significantly to the increase in  

the strength characteristics of the zinc alloy. At the same 

time, the increase in the alloy ductility during HPT is ex-

plained by the formation of a unique microstructure consist-

ing of Zn and ~LiZn3 phases, in which precipitates of dif-

ferent types and shapes simultaneously occur [3; 6]. 

 

CONCLUSIONS 

As a result of processing by severe plastic deformation 

by torsion in the Zn–1%Li–2%Mg alloy, a high-strength 

state was obtained, characterised by a yield strength of 

330 MPa and a tensile strength of 409 MPa. For the first 

time, the XPA method identified the occurrence of phase 

transformations during HPT: Zn(eutectic)+β-LiZn4(eutectic)→ 

→~LiZn3+Zn(phase)+Zn(precipitate)+β-LiZn4 and MgZn2→ 

→Mg2Zn11. The study shows that HPT treatment leads to 

the formation of Zn precipitates in the ~LiZn3 phase,  

as well as to the formation of β-LiZn4 precipitates in the Zn 

phase. According to the results of SAXS studies, it was 

found that large Zn precipitates at the initial stages of HPT 

precipitate in a cylindrical shape, while small ones precipi-

tate in a spherical shape. When increasing the degree of 

HPT treatment, zinc and LiZn4 particles precipitate only in 

a spherical shape. Based on the analysis of diffraction pat-

terns, it was found that HPT treatment leads to refinement 

of coherent scattering domains (grains), an increase in  

the crystal lattice microdistortions, and an increase in  

the density of dislocations, predominantly of the edge type. 

An increase in the alloy strength characteristics occurs due 

to grain refinement, an increase in the density of introduced 

defects, as well as an increase in the proportion of Zn  

and LiZn4 precipitates. 
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Abstract: In the modern literature, there is practically no data on the electrical characteristics of bituminous binders 

modified with carbon nanotubes and graphene nanoplates, while they are necessary for the design and development of 

innovative asphalt pavement compositions, sensitive to the super-high-frequency microwave radiation. Contemporary bi-

tuminous binders are multi-component systems, that may contain polymers, rubbers, synthetic or natural resins, inorganic 

salts, and even fragrances. As a result of the application of modifying additives, bitumen acquires high performance cha-

racteristics. A special class of modifiers are micro- and nano-sized electrically conductive fibers and particles (steel wool, 

carbon fibers, carbon black, carbon nanotubes, graphene nanoplates). The use of which makes it possible to ensure  

the sensibility of bituminous binders to super-high-frequency microwave radiation and the implementation of the process 

of healing cracks in an asphalt pavement with its subsequent regeneration. As part of the study, the authors developed  

an original technique to produce bituminous binders modified with carbon nanotubes and multilayer graphene. Modified 

bituminous compositions in the concentration range from 0.2 to 6 and from 0.2 to 11 wt. % for multi-walled carbon nano-

tubes (MWCNT) and multilayer graphene nanoplates (MG), respectively were experimentally obtained. For the first time, 

the dependence of the specific volume electrical conductivity of bitumen-based nanocomposites on the concentration of 

nanostructured carbon filler (MWCNT and MG) was researched. The maximum values of electrical conductivity were 

4.76×10
−4

 S/cm and 3.5×10
−4

 S/cm for nanocomposites containing 6 wt. % MWCNT and 11 wt. % MG, respectively.  

The study determined the filler volume fractions at the percolation threshold for nanocomposites containing MWCNT and 

MG. They amounted to 0.22 and 2.18, respectively. The formation of a percolation contour in nanocomposites containing 

MWCNT occurs at significantly lower filler concentrations compared to bituminous compositions containing MG. 

Keywords: bituminous binders; electrically conductive nanocomposites; carbon nanotubes; multilayer graphene; 

graphene nanoplates; percolation threshold. 
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INTRODUCTION 

To meet the high contemporary requirements for the per-

formance characteristics of road surfaces, it is necessary to 

introduce modifying additives into the composition of bi-

tuminous binders, the main of which are polymers and rub-

bers [1; 2]. The application of modifying additives im-

proves the performance characteristics of bitumen, such as 

heat, frost resistance, load resistance, elasticity, and durabi-

lity [1; 2]. 
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Over the last years, due to the intensive development of 

nanotechnologies, it became possible to consider nano-

materials as modifying additives for bituminous binders 

used in asphalt pavements [3]. It is proved that the applica-

tion of modifying additives of nanosilica, nanoclay, and 

Fe2O3 nanoparticles, improves the mechanical characteris-

tics (plastic strain value, elasticity modulus, and tensile 

strength) of asphalt pavements [4]. However, the high cost 

of nanomaterials and the short service life of modified as-

phalt pavements have led to low economic efficiency of  

the use of nanosilica, nanoclay, and Fe2O3 nanoparticles as 

bituminous binder modifiers [4]. 

The most promising modifiers for bituminous binders 

are carbon nanotubes and graphene nanoplates, which have 

excellent mechanical characteristics [5]. In the work [6], for 

the samples of asphalt concrete mixture, modified with car-

bon nanotubes (at a CNT concentration of 1 wt. %), an in-

crease in tensile strength, elastic modulus, and fatigue 

strength by 17, 55, and 270 %, respectively, was shown. 

Due to adding graphene nanoplates to the asphalt mix with 

a concentration of 3 wt. %, the tensile strength of the modi-

fied samples increased by 150 % compared to the control 

one [7]. 

The effective use of carbon nanomaterials as bituminous 

binder modifiers allows applying an innovative approach to 

healing cracks in an asphalt pavement by exposure to mi-

crowave radiation followed by regeneration of this pave-

ment [3]. In [8], ordinary bitumen was modified with car-

bon nanotubes and graphene nanoplates, and the efficiency 

of microwave radiation absorption in the obtained composi-

tions was studied. The concentrations of MWCNTs (multi-

walled carbon nanotubes) and graphene were 10 % of  

the bitumen volume. The results of the study showed that 

both additives increase the heating rate of bitumen under 

the action of microwave radiation, but the heating rate  

of samples modified with CNTs is 24 % higher than that of 

bitumen modified with graphene. The authors of [9] ana-

lysed the characteristics of microwave heating of an asphalt 

mix containing graphene nanoplates at a concentration  

of 1 and 2 wt. %. The study results showed, that the ad-

dition of 2 wt. % of graphene to the asphalt mix doubles  

the sample heating rate and, therefore, increases the en-

ergy efficiency of the sample regeneration process under  

the action of microwave radiation. Similar results were ob-

tained by adding 9 wt. % of slag to the asphalt mix. 

The application of MWCNTs, and other microwave-

susceptible carbon nanostructures as modifiers, leads to an 

improvement of the performance properties of bituminous 

binders at significantly lower concentrations compared to 

metal fiber [3; 10]. Moreover, metal fiber has a rather high 

cost, and the selection and manufacture of modified bitu-

men compositions are complicated by the shape of the filler 

particles and reduced adhesion of bitumen to stainless steel 

[3; 10]. Therefore, the use of carbon nanomaterials as modi-

fiers in asphalt mixes will both improve the service charac-

teristics of these mixtures, and intensify the process of heat-

ing the road surface with electromagnetic microwaves. 

To study the mechanisms occurring under the action of 

microwave irradiation in nanocomposite bitumen systems 

containing carbon nanostructures, the information on the 

electrical characteristics of these systems (specific electrical 

conductivity, the volume fraction of the filler at the percola-

tion threshold, and the critical electrical conductivity index) 

is required. Unfortunately, in the contemporary literature, 

there is only one work on the study of the electrical conduc-

tivity of bitumen compositions modified with graphene 

nanoplates, and the data are given for only two concentra-

tions – 1 and 2 wt. % [9]. Studies of the electrical conduc-

tivity of nanomodified bitumen are entirely absent. 

Therefore, in the current study, the most widespread, 

industrially produced and sensitive to electromagnetic radi-

ation carbon nanostructures, such as multi-walled carbon 

nanotubes [11; 12] and graphene nanoplates [12–14] were 

selected as a filler for bitumen matrix. 

The aim of the study is to develop the techniques of ob-

taining and studying the electrical characteristics of 

nanocomposites based on bitumen containing multi-walled 

carbon nanotubes (MWCNTs) and multilayer graphene 

nanoplates (MGs). 

 

METHODS 

Road bitumen of the BND 60/90 grade (OOO Ural Bi-

tumen Plant, Yekaterinburg, Russia) was used as the base 

for the composites. 

Bitumen was modified by “Taunite-M” MWCNT and 

“Taunite-GM” MG (OOO NanoTechCenter, Tambov, Rus-

sia). “Taunite-M” MWCNT are filamentary structures con-

sisting of graphene layers with an internal channel. Their 

synthesis is carried out by chemical gas deposition. 

“Taunite-GM” MG is a two-dimensional graphene plates in 

the form of an aqueous paste. The dry residue content in the 

paste is 5–7 %. The parameters of “Taunite-M” MWCNT 

and “Taunite-GM” MG are given in Tables 1 and 2. 

To eliminate aggregation and remove adsorbed water, 

MWCNTs were preliminarily dried in a vacuum furnace at 

150 °C for 4 h. After drying, MWCNTs were mechanically 

activated in a WF-20B blade mill for 3 min at a rotation 

speed of a grinding body of 25000 rpm. This was done to 

reduce the size of agglomerates and improve the process of 

their dispersion in the polymer matrix, as was shown in [11]. 

MG in its original form was a water paste, which pre-

vented its combination with bitumen. In this regard, MG 

was freeze-dried in a Scientz-10N dryer (Scientz, China) in 

two stages. At the first stage, the MG sample was frozen for 

20 h to a temperature below −30 °C. Freezing was carried 

out until the temperature of the freezing chamber and  

the frozen sample equalized. At the second stage, the frozen 

sample was vacuum-treated for 20 h. After freeze-drying, 

MG was mechanically activated under the same conditions 

as MWCNTs. 

To produce composite mixtures based on bitumen with 

MWCNTs (BCNT) and bitumen with MG (BMG), the fol-

lowing procedure was developed. Initially, the modifier was 

mixed with Nefras S2-80/120 gasoline (NK Rosneft, Russia) 

using a HT-120DX vertical rotary mixer (Daihan, Korea) and 

processed with I-10 ultrasound (Ultrasonic Technique – 

INLAB, Russia) within 30 min. Gasoline heated to 110 °C 

and lump bitumen were placed in a separate metal container. 

In such a way, bitumen co-melt and co-solution were ob-

tained. The previously prepared dispersion of the modifier in 

gasoline was introduced into the resulting melt. 

As part of the work, the authors designed a measuring 

cell to study the specific volume electrical resistivity of 

modified bitumen compositions (Fig. 1). Fig. 1 a shows  

the general view of the assembled measuring cell. 
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The cell (Fig. 1 b) consisted of measuring electrodes  

(1 and 2) made of foil fiberglass plastic, between which  

a fluoroplastic matrix (3) was installed. In the center of  

the matrix, there was a hole with a diameter of 6 mm. 

The measurements were carried out as follows. At  

the first stage, the lower measuring electrode (2) was fas-

tened to the matrix (3). The molten composite (4) was placed 

into the matrix hole, then, the upper measuring electrode (1) 

was installed on the assembly with the composite. The cell 

was tightened with screws and finger nuts, thereby forming 

a sample for measurement, which was a cylinder with a di-

ameter of 6 mm and a height of 2 mm. The resistance of  

the samples was measured by connecting the upper and low-

er measuring electrodes to an E6-13A teraohmmeter 

(PunaneRet, Estonia) with an upper range limit of 10
14

 Ohm. 

The electrical conductivity was calculated according to  

the formula [15]: 

Rd

h
2

4


 , 

where h – studied sample height (cm); 

d – studied sample diameter (cm); 

R – electrical resistance (Ohm).  

 

RESULTS 

The electrical conductivity of the nanocomposites in-

creased with increasing MWCNT mass content.  

The maximum electrical conductivity of 4.76×10
−4

 S/cm 

was achieved at 6 wt. % content of MWCNT in BCN, 

which is 3 orders of magnitude higher than the electrical 

conductivity of BMG nanocomposites containing 

6 wt. % of MG (8.12×10
−6

 S/cm). In the case of using 

MG, the maximum electrical conductivity of 

3.5×10
−4

 S/cm was observed in the BMG nanocomposite 

containing 11 wt. % (Fig. 2). 

The results presented in Fig. 2 demonstrate that the de-

pendence of the electrical conductivity of nanocomposites 

on the mass content has a percolation nature and is de-

scribed by the expression [16]: 
 

 

 

Table 1. Characteristics of “Taunite-M” MWCNT and “Taunite-GM” MG [16] 

 

 

Characteristics Taunite-M Taunite-GM 

Outer diameter, nm 10–30 – 

Inner diameter, nm 5–15 – 

Length, µm ≥2 – 

Specific surface area, m2/g ≥270 – 

Pour density, g/cm3 0.025–0.06 – 

Number of graphene layers – 15–25 

Thickness of nanoplates, nm – 6– 8 

In-plane dimension of nanoplates, µm – 2–10 

Content of nanoplates, wt. % – 4–7 

Specific absorption rate, lm/(g∙cm) – 30–33 

Note. Data of the company “NanoTechCenter” Ltd1,2. 

 

 

 

     

 a b 

Fig. 1. A cell for measuring specific volume resistivity: a – cell general view; b – cell in section. 

1, 2 – measuring electrodes; 3 – matrix; 4 – composite 

                                                 
1
 CNT of “Taunite” series // NanoTechCenter. URL: http://www.nanotc.ru/producrions/87-cnm-taunit. 

2
 Taunite GM” graphene // NanoTechCenter. URL: http://www.nanotc.ru/producrions/176-cnm-taunit-5. 
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Fig. 2. The dependences of specific volume electrical conductivity of bitumen-based nanocomposites  

on the carbon nanomaterial concentration 

 

 

 

  tcf  ,                             (1) 

 

where σf – MWCNT electrical conductivity; 

φс – filler volume fraction corresponding to percolation 

threshold; 

t – electrical conductivity critical value. 

The obtained experimental electrical conductivity data 

are in good agreement with the theoretical values obtained 

according to formula (1) (Fig. 3). The correlation coeffi-

cients of the experimental and estimated curves for BCNT 

and BMG composites are equal to 0.99. The MWCNT vo-

lume fractions at the percolation threshold φc and electrical 

conductivity critical values t were determined using a linear 

regression of the log(σ) versus log(φ−φc) plot. For BCNT, 

φc and t were equal to 0.22 and 2.18, respectively (Fig. 3 a). 

For BMG, φc and t were equal to 0.63 and 3.20, respective-

ly (Fig. 3 b). To form a percolation grid in a bitumen ma-

trix, the MWCNT volume concentration of 2.8 times less 

than that of MG is required. 

 

DISCUSSION 

The values of the filler volume fraction at the percola-

tion threshold, and the critical electrical conductivity values 

of the BCNT and BMG nanocomposites obtained, based on 

experimental data, create the prerequisites for the design 

and production of optimized bituminous compositions, with 

a given volume electrical conductivity, as well as those 

sensitive to microwave radiation. 

Table 2 presents characteristics of fillers, variants of 

their distribution in the polymer matrix, and electrical con-

ductivity parameters of nanocomposites obtained in this 

work and in other studies. 

Composite materials modified with graphene nano-

platelets / epoxy resin and BMG with the  same random  

filler distribution have higher values of the critical electrical 

conductivity (3.7 and 3.20, respectively) compared to 

MWCNT-based composites (Table 2). The filler volume 

fractions at the percolation threshold for the studied 

nanocomposites differ greatly from each other (3.2 and 

0.63 vol. %, respectively). This is probably related to the fact 

that the graphene nanoplates used by the authors of [13] 

have a larger lateral size than the graphene from the present 

work. However, in the case of nanotubes, an opposite effect 

can be observed (Table 2). When using longer MWCNTs 

(10000–30000 µm), which were applied by the authors of 

[12] to create a polyethylene-based composition, the filler 

volume fraction at the percolation threshold is 4 times less 

than the value obtained in the study [15] for nano-

composites with short nanotubes (~2 µm). In all the cases 

considered, the formation of an infinite conducting cluster 

(percolation contour) in a polymer matrix requires a smaller 

amount of carbon nanotubes compared to graphene nano-

plates, regardless of their structural characteristics and dis-

tribution pattern in the polymer matrix, as evidenced by  

the φc values (Table 2). 

Thus, the electrical conductivity parameters (filler vo-

lume fraction at the percolation threshold, and the critical 

electrical conductivity value) are determined by the filler 

structural and morphological characteristics (filler particle 

size, filler particle type, etc.), as well as by the spatial dis-

tribution of particles in the polymer matrix. 

The results of this study can become the basis for  

the birth of new ideas for the MWCNT and MG application 

as bitumen modifiers, focused on imparting electrically 

conductive properties to it. This, in turn, will contribute to 

expanding the range of its practical application as the main 

component for antistatic materials, conductive adhesive 

compositions, various repair and restoration compositions, 

road surfaces sensitive to microwave radiation. At the same 
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a 

 

b 

Fig. 3. The dependence of specific volume electrical conductivity of nanocomposites on the filler concentration:  

a – BCNT; b – BMG. 

The inserts show the dependences of the electrical conductivity logarithm on the logarithm of the difference  

between the filler volume fraction and the filler volume fraction at the percolation threshold 
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Table 2. Characteristics of fillers and polymeric nanocomposites on their base 

 

 

Filler type and its distribution  

pattern 

Polymer  

matrix 

Diameter, 

nm 

Thickness, 

nm 

Length, 

µm 

φc, 

vol. % 
t 

Reference  

to work 

Graphene nanoplates, over  

the boundaries of polymer particles 
Polyethylene 

200–

30000 
5–65 – 0.99 2.3 [12] 

Carbon nanotubes, over  

the boundaries of polymer particles 
Polyethylene 10–30 – 

10000–

30000 
0.09 2.0 [12] 

Graphene nanoplates, random  

distribution 
Epoxy resin 

200–

30000 
5–65 – 3.2 3.7 [13] 

Carbon nanotubes, over  

the boundaries of polymer particles 

Polymethyl-

methacrylate 
10–30 – ≥2 0.372 2.4 [15] 

Carbon nanotubes, random distribution Chloroprene 

rubber 
10–30 – ≥2 0.232 2.16 [11] 

Carbon nanotubes, random distribution BND 60/90 

grade bitumen 
10–30 – ≥2 0.22 2.18 

The results 

of this study 

Graphene nanoplates, random  

distribution 

BND 60/90 

grade bitumen 

2000–

10000 
6–8 – 0.63 3.20 

The results 

of this study 

 

 

 

time, the cumulative socio-economic effect of their use 

will exceed by orders the magnitude of a possible rise in 

the cost of these materials compared to conventional ones. 

For example, an increase in the inter-maintenance period of 

a road surface by 30 % gives a total effect that is 3 times 

higher than the entire cost of the materials used and  

the work. This occurs due to savings caused by reducing  

the work in complicated conditions, reducing the number of 

accidents, reducing the period of traffic restrictions and, as 

a result, leads to a decrease in the social tension level. 

 

CONCLUSIONS  

A technique for obtaining electrically conductive com-

posites based on bitumen containing multi-walled carbon 

nanotubes, and multilayer graphene nanoplates was deve-

loped. Experimental conditions were created, and a tech-

nique was developed for measuring the specific volume re-

sistivity of bitumen-based electrically conductive nano-

composites, containing multi-walled carbon nanotubes and 

multilayer graphene nanoplates. The information on the elec-

trical characteristics of nanocomposites (specific electri-

cal conductivity, volume fraction of the filler at the per-

colation threshold, electrical conductivity critical value) 

was obtained from the experimental dependences of  

the electrical conductivity of nanocomposites. The study 

established that the formation of a percolation grid in  

a bitumen matrix occurs at a lower volume content of 

MWCNTs compared to MG. 

Thus, the application of electrically conductive BCNT 

and BMG nanocomposites with self-healing properties in 

special road surfaces, units, structures, and facilities will 

allow improving their reliability and inter-maintenance 

periods, which cannot be achieved by traditional me-

thods without affecting all phase levels of the composite 

material. 
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On the cover: The microstructure of the product of combustion of a mixture of zinc nitrate with glycine during the syn-
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