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Abstract: Producing powder compositions using conventional processing technology can lead to the formation of large 

agglomerates and, therefore, makes it difficult to obtain a uniform microstructure. The production of composites by self-

propagating high-temperature synthesis can reduce costs and the number of technological stages, as well as lead to obtain-

ing composites that are more homogeneous. Synthesis by the combustion of mixtures of powder reagents of sodium azide 

(NaN3), fluoroplastic (C2F4), aluminum and titanium with different ratios of reagents in a nitrogen gas atmosphere at  

a pressure of 4 MPa was used for the production of a highly dispersed powder ceramic AlN–TiC composition. Thermody-

namic calculations have confirmed the possibility of synthesis of AlN–TiC compositions of different formulations in com-

bustion mode. The dependences of temperature and combustion rate on the composition of the initial mixtures of reagents 

were experimentally determined for all stoichiometric reaction equations. The study have shown that the experimentally 

found dependences of combustion parameters on the ratio of the initial components correspond to the theoretical results  

of thermodynamic calculations. The formulation of the synthesized composition differs from the theoretical composition 

by a lower content of target phases and the formation of Al2O3, Na3AlF6 and TiO2 side phases. The powder composition 

consists of aluminum nitride fibers with a diameter of 100–250 nm and ultradisperse particles of predominantly equiaxed 

and lamellar shapes with a particle size of 200–600 nm. As the combustion temperature increases to produce the largest 

amount of titanium carbide phase, the particle size increases to the micron level. 

Keywords: combustion; self-propagating high-temperature synthesis; ceramic powder; nitride-carbide composition;  

sodium azide; fluoroplastic (polytetrafluoroethylene); aluminum nitride; titanium carbide. 
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INTRODUCTION 

Currently, materials with low weight, high strength, 

corrosion resistance and wear resistance are top request-

ed by the automotive and aerospace industries [1; 2]. 

Although aluminium alloys satisfy the requirements for 

light weight (low density), they have low strength and 

hardness. Aluminium alloys are characterised by excel-

lent formability in addition to high thermal conductivity 

and good corrosion resistance [3]. 

Numerous studies on aluminium-based metal-matrix 

composites (MMCs) have found that Al-based MMCs rein-

forced with TiC particles, due to their excellent mechanical 

and physical properties, are especially attractive for use in 

the aerospace, automotive, defense and construction indus-

tries [4; 5]. In view of the above, TiC is attracting growing 

interest among researchers due to its high hardness, elastic 

modulus, low density, relatively high temperature stability, 

and good wettability with aluminium [5]. 

The compressive strength of the nanocomposite posi-

tively correlates to the content of the reinforcing compo-

nent. The maximum compressive strength of the highly 

reinforced nanocomposite is 233 MPa, which is much higher 

than that of unreinforced aluminium alloy. Nanocomposite 

containing up to 0.5 wt. % of TiC has a lower relative 
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density due to the predominance of hardening during 

processing. Using a finer powder will increase the rela-

tive density. The highly hardened nanocomposite exhi-

bited a hardness of 1.18 GPa after sintering at a tempera-

ture of 873 K. This value is three times higher than that 

of the unreinforced microcrystalline sample, and two 

times higher than that of the unreinforced nano-

crystalline sample [6]. 

When synthesizing the AlN–TiC composition, in addi-

tion to the target phases of aluminium nitride (AlN) and 

titanium carbide (TiC), a certain amount of ternary alumi-

nium carbonitride, including Al5C3N and Al6C3N2, is 

formed in the Al–C–N system. These materials are usually 

produced at a relatively high sintering temperature. In [7], it 

is indicated that Al5C3N is formed only when samples are 

subjected to hot pressing at ~2073 K. 

Compared to other methods for producing ceramic 

compositions, combustion synthesis, or high-temperature 

sintering with self-propagation of a combustion wave, is of 

interest due to obvious advantages, such as short process 

duration, low energy consumption and high yield of pure 

products. Combustion synthesis has been used to synthesize 

many materials [8], including aluminium nitride (AlN) and 

carbide (TiC). 

The possibility of producing a Ti2AlC0.5N0.5 solid solu-

tion from powder mixtures consisting of Ti, Al4C3 and Al 

or AlN was studied by self-propagating, high-temperature 

synthesis (SHS) in gaseous nitrogen. The molar ratio  

of the three powder reagents was Ti : Al4C3 : Al (AlN) =  

= 2 : 1/6 : 1/3. For both types of samples, increasing  

the nitrogen pressure from 0.45 to 1.82 MPa increases  

the combustion temperature and thus accelerates the reac-

tion front propagation. Compared to inert AlN, Al parti-

cles reacted vigorously with Ti and N2 during the SHS 

process, resulting in higher reaction exothermicity for  

the Al-containing sample than for the AlN-containing 

sample. The Ti2AlC0.5N0.5 solid solution was the main 

phase in the final products from Ti–Al4C3–Al powder 

compacts. However, increasing the nitrogen pressure 

had a negative effect on the release of Ti2AlC0.5N0.5, 

since Ti was excessively nitride, and Al reacted with 

nitrogen. When AlN was used to replace Al, the for-

mation of Ti2AlC0.5N0.5 was deteriorated, due to weak 

exothermicity and TiAl deficiency. Moreover, Ti(C,N) 

titanium carbonitride predominated in the products syn-

thesized from Ti–Al4C3–AlN samples at nitrogen pres-

sures of 1.48 and 1.82 MPa. This means that the use of 

aluminium nitride instead of aluminium is undesirable 

for producing Ti2AlC0.5N0.5 by synthesis using gaseous 

nitrogen [9; 10]. 

The SHS process is attractive, because of its simplici-

ty and economic efficiency; it is one of the promising in 

situ methods for the direct synthesis of ceramic powders 

within the desired composition from a mixture of initial 

cheap reagents. SHS using sodium azide and gasifying 

halide salts has such distinctive features as relatively low 

combustion temperatures, the formation of a large 

amount of intermediate vapour and gaseous reaction 

products, as well as final condensed and gaseous by-

products separating the particles of the target powders, 

which allows synthesizing highly dispersed (˂1 µm) 

AlN–TiC powder composition [11; 12]. 

Synthesis of both target phases directly in the bulk of  

a composite powder (in situ) from inexpensive reagents, 

and not in advance with subsequent mechanical mixing  

(ex situ) of expensive nanopowders, makes it possible to 

achieve high homogeneity of the mixture of synthesized 

inexpensive highly dispersed nitride-carbide compositions. 

The purpose of this study is to use a fluoroplastic acti-

vating additive (C2F4) to produce a highly dispersed com-

position of AlN–TiC powders with different phase ratios, 

using the method of azide self-propagating high-

temperature synthesis. 

 

METHODS 

To synthesize target AlN–TiC compositions with a mo-

lar phase ratio from 1:4 to 4:1, the following chemical reac-

tion equations were used: 

 

2Al+2Ti+4NaN3+C2F4=2AlN+2TiC+4NaF+5N2;     (1) 

 

Al+2Ti+4NaN3+C2F4=AlN+2TiC+4NaF+5.5N2;      (2) 

 

Al+4Ti+8NaN3+2C2F4=AlN+4TiC+8NaF+11.5N2;    (3) 

 

4Al+2Ti+4NaN3+C2F4=4AlN+2TiC+4NaF+4N2;     (4) 

 

8Al+2Ti+4NaN3+C2F4=8AlN+2TiC+4NaF+0.5N2.   (5) 

 

If we move from the formulation of AlN–TiC composi-

tions expected, according to these stoichiometric equations 

in moles to the formulation in wt. %, taking into account 

the molar weights of the phases, the following ratios of the 

expected theoretical formulation of the synthesized AlN–

TiC compositions after removal of the NaF water-soluble 

by-salt are obtained: 

 

(1): AlN+TiC=40.6 % AlN+59.4 % TiC; 

 

(2): AlN+2TiC=25.5 % AlN+74.5 % TiC; 

 

(3): AlN+4TiC=14.6 % AlN+85.4 % TiC; 

 

(4): 2AlN+TiC=57.8 % AlN+42.2 % TiC; 

 

(5): 4AlN+TiC=73.3 % AlN+26.7 % TiC. 

 

To predict the possibility of reactions occurring in  

the combustion mode by determining thermal effects (en-

thalpy), adiabatic temperatures and compositions of synthe-

sis products, corresponding thermodynamic calculations 

were carried out using the Thermo computer program. 

In the experimental study, the following raw materials 

were used: ASD-4 grade aluminium powder (main sub-

stance content is ≥98.8 wt. %, average particle size is 

5 μm), PTM grade titanium (≥99.7 wt. %, 5 μm), classifica-

tion “Ch” fluoroplastic powder (≥99.1 wt. %, 20 µm), clas-

sification “Ch” sodium azide powder (≥98.71 wt. %, 

100 µm). The combustion of a mixture of initial reagents 
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(charge) with a bulk relative density of 0.4 was carried out 

in a tracing paper cup with a diameter of 30 mm, and  

a height of 45 mm wrapped in carbon fabric using a SHS-Az 

laboratory reactor with a volume of 4.5 l, with two thermo-

couples at a nitrogen pressure of 4 MPa. 

Using thermocouples (thermocouple wire of VR5-20 

type, TU 48-1941-73, Moscow Electric Lamp Plant OJSC, 

Moscow, Russia), combustion temperatures were mea-

sured, and combustion rates were calculated. Using a pres-

sure gauge (MP4-U, 1.5 kgf/cm
2
, JSC Manotom, included 

in the general installation of a constant pressure SHS reac-

tor with a fume hood (armored cabin)), the change in 

pressure in the reactor during the combustion process was 

determined. 

The resulting synthesis product was weighed and com-

pared with the theoretical yield from reactions (1)–(5). 

The combustion product was washed with distilled water 

to remove water-soluble impurities, and the acid-base ba-

lance of the washing water was determined, to identify  

the presence of free sodium in the combustion product, 

and the completeness of the chemical reaction. Washing 

consisted of diluting the powders with distilled water in  

a ratio of 1:10 at room temperature, stirring the resulting 

suspension, and then filtering the target products in a va-

cuum funnel for 5–10 min. The pH=7 value indicates  

the absence of free fluorine/sodium, which indirectly con-

firms the completeness of the conversion of the starting 

components into reaction products. 

An experimental study of the combustion process was 

carried out using thermocouple measurements of tempera-

tures and combustion rates. The study of combustion 

products using scanning electron microscopy and X-ray 

phase analysis showed that the application of azide self-

propagating high-temperature synthesis with the addition 

of C2F4 to the initial charge as a carbon source, allows 

synthesizing AlN–TiC powder composition of various 

formulations. 

The phase composition of the synthesized combustion 

products was determined using an ARL X’tra automated  

X-ray diffractometer (Thermo Scientific). Cu radiation 

was used with continuous scanning in the 2θ angle range 

from 20 to 80° at a speed of 2 degrees/min. The obtained 

spectra were processed using the WinXRD application 

package. Quantitative phase analysis was carried out 

using the full-profile analysis method (Rietveld method) 

with the help of the PDXL 1.8.1.0 program using the 

PDF-2009 and COD-2019 crystallographic databases. 

The essence of the method is to use profile intensities 

instead of integral ones, which allows extracting  

the maximum amount of information contained in step-

by-step experiments of scanning powder diffraction pat-

terns. The study of the morphology of powder particles 

was carried out on a Jeol JSM-6390A scanning electron 

microscope with a JeolJED-2200 attachment. 

 

RESULTS  

Thermodynamic analysis of the possibility of form-

ing compositions 

Table 1 presents the results of thermodynamic calcula-

tions of combustion reactions (1)–(5) using the Thermo 

program. 

From the presented data, it is clear that all reactions 

have high adiabatic temperatures, sufficient both for  

the implementation of the SHS process in the combustion 

mode, and for the formation of the target phases of alumi-

nium nitride and titanium carbide. The reaction enthalpy 

increases and strongly depends on the ratio of the nitride 

and carbide phases in the reaction products. The minimum 

enthalpy value corresponds to equation (1), the maximum 

reaction enthalpy value is calculated for equation (5).  

The equilibrium concentrations of reaction products corre-

spond to the right-hand sides of equations (1)–(5), i.e.,  

the target phases of aluminium nitride (AlN) and titanium 

carbide (TiC). 

Experiment results  

The results of the experimental determination of  

the temperature (TC) and rate (UC) of combustion of SHS-Az 

charges for the synthesis of AlN–TiC ceramic nitride-

carbide compositions are presented in Table 2. 

 

 

 
Table 1. Results of thermodynamic analysis of reactions (1)–(5) 

Таблица 1. Результаты термодинамического анализа реакций (1)–(5) 

 

 

Composition of the initial mixture  

of powders in reactions 

Enthalpy, 

kJ 

Adiabatic temperature, 

K 

Quantity, mole 

AlN TiC NaF N2 

2Al+2Ti+4NaN3+C2F4 −2139 2768 1.00 4.00 4.00 5.50 

Al+2Ti+4NaN3+C2F4 −2298 2798 1.00 2.00 4.00 5.50 

Al+4Ti+8NaN3+2C2F4 −2616 2920 2.00 2.00 4.00 5.00 

4Al+2Ti+4NaN3+C2F4 −3252 3120 4.00 2.00 4.00 4.00 

8Al+2Ti+4NaN3+C2F4 −4524 3278 8.00 2.00 4.00 2.00 
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From the data presented in Table 2, it can be seen that 

the experimental maximum combustion temperatures corre-

spond to the calculated values of adiabatic temperatures in 

Table 1, but are slightly lower than the latter due to heat 

loss in the combustion zone. The minimum values of tem-

perature and rate of combustion are observed in equation 

(1), which corresponds to the phase ratio AlN : TiC = 1 : 1. 

Fig. 1 presents the results of microstructural analysis of 

the combustion products of the initial mixtures of powders 

(charges), represented by reaction equations (1)–(5), after 

water washing from the by-product water-soluble NaF salt. 

Fig. 1 a shows that the combustion products of the reaction 

charge (1), consist predominantly of aluminium nitride fi-

bres with a diameter of 100–250 nm, and ultrafine plate-

shaped particles of titanium carbide with a size of 200–

600 nm. When the aluminium content in the initial mixture 

is reduced by 2 times (equation 2, Fig. 1 b), the combustion 

product is represented mainly by plate-shaped titanium car-

bide particles, with a size of 200–600 nm, and a small 

amount of aluminium nitride fibres with a diameter of 100–

200 nm. When the aluminium content is reduced by half 

with a simultaneous increase in the titanium content by two 

times, compared to the initial mixture (equation (3), Fig. 1 c), 

the combustion products are titanium carbide particles of 

equiaxial and plate shapes with a size of 200–600 nm.  

In Fig. 1 d and 1 e, aluminium nitride fibres with diameters of 

100–300 and 100–400 nm, respectively, are clearly visible. 

The results of qualitative and quantitative X-ray phase 

analysis of the combustion products of the initial mixtures 

of powders (charges), represented by reaction equations 

(1)–(5), after the water washing operation are summarised 

in Table 3. 

The results of X-ray phase analysis (Table 3) show  

the formation of five phases: target phases of aluminium 

nitride (AlN) and titanium carbide (TiC), side phases of 

sodium aluminium hexafluoride (Na3AlF6), as well as tita-

nium and aluminium oxides (TiO2, Al2O3). Thus, the reac-

tion products (1) consist of 32.5 % of AlN, 47.4 % of TiC, 

6.5 % of Na3AlF6, 12.8 % of TiO2, and 0.8 % of Al2O3. 

Therefore, the synthesized composition differs from  

the expected theoretical 40.6 % AlN – 59.4 % TiC compo-

sition (1) in the lower content of target phases, while their 

ratio is maintained, and the presence of reaction by-

products, the total amount of which is 20.1 %. 

When the aluminium content is reduced by half com-

pared to the charge (1), the combustion products of  

the charge (2) also consist of five phases: AlN – 20.6 %, 

TiC – 61.2 %, TiO2 – 13.1 %, Al2O3 – 0.3 %, and Na3AlF6 – 

4.8 %. In general, the formulation of the synthesized com-

position differs from the expected theoretical 25.5 % AlN – 

74.5 % TiC composition (2) by an insufficient content of 

target phases, while their ratio is maintained, and  

the total amount of reaction by-products is slightly less than 

for the charge (1) – 18.2 %. 

When the aluminium content is reduced by half, with  

a simultaneous increase in the titanium content by two 

times compared to the charge (1), the combustion products 

of the charge (3) contain only three phases: AlN – 14.4 %, 

TiC – 71.5 %, TiO2 – 14 .5 %, with the largest amount of 

titanium carbide. This composition differs from the ex-

pected 14.6 % AlN – 85.4 % TiC composition (3) by  

the presence of titanium oxide. 

As a result of combustion of the charge (4) with the ad-

dition of four moles of aluminium compared to the charge 

(1) and the same titanium content, four phases are formed: 

AlN – 53.2 %, TiC – 31.4 %, TiO2 – 11.6 %, and Al2O3 – 

3.8 %. The formulation of the synthesized composition dif-

fers from the theoretical 57.8 % AlN – 42.2 % TiC compo-

sition (4) by the presence of titanium and aluminium oxides 

in an amount of 15.4 %. 

With an increase in aluminium content four times com-

pared to the charge (1), and the same titanium content,  

the combustion products are phases similar to the charge (4): 

AlN – 66.4 %, TiC – 15.6 %, TiO2 – 11.9 %, and Al2O3 – 

6.1 %. This composition also differs from the theoret i-

cal 73.3 % AlN – 26.7 % TiC composition (5) by  

the presence of by-product titanium and aluminium 

oxides in an amount of 18 %. 

 

DISCUSSION  

The presented experimental results of the synthesis of  

a composition of highly dispersed AlN–TiC ceramic powders 

were obtained using fluoroplastic (C2F4), with specified

 

 

 
Table 2. Combustion parameters of initial powder mixtures of reactions (1)–(5) 

Таблица 2. Параметры горения исходных порошковых смесей реакций (1)–(5) 

 

 

Composition of the initial mixture  

of powders in reactions 

Combustion  

temperature,  

TC, °С 

Combustion  

rate, UC, cm/s 

Maximum  

pressure,  

MPa 

pH Practical yield  

of combustion  

products, g 

2Al+2Ti+4NaN3+C2F4 2420 0.72 7.2 8 20.3 

Al+2Ti+4NaN3+C2F4 2520 0.77 7.8 8 17.0 

Al+4Ti+8NaN3+2C2F4 2670 0.81 7.0 8 16.2 

4Al+2Ti+4NaN3+C2F4 2700 0.75 7.3 8 18.3 

8Al+2Ti+4NaN3+C2F4 2940 0.87 6.5 8 20.5 
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 a b 

     

 c d 

 

e 

Fig. 1. Morphology of particles of combustion products of the Al–Ti–NaN3–C2F4 system: 

a – 2Al+2Ti+4NaN3+C2F4; b – Al+2Ti+4NaN3+C2F4; c – Al+4Ti+8NaN3+2C2F4;  

d – 4Al+2Ti+4NaN3+C2F4; e – 8Al+2Ti+4NaN3+C2F4 

Рис. 1. Морфология частиц продуктов горения системы Al–Ti–NaN3–C2F4: 

a – 2Al+2Ti+4NaN3+C2F4; b – Al+2Ti+4NaN3+C2F4; c – Al+4Ti+8NaN3+2C2F4;  

d – 4Al+2Ti+4NaN3+C2F4; e – 8Al+2Ti+4NaN3+C2F4 

 

 

 

molar ratios of nitride and carbide phases: 1:1, 1:2, 1:4, 2:1, 

4:1. The experimental compositions of synthesis products, 

upon combustion of the initial powder mixtures of reagents 

with fluoroplastic, were found according to the stoichio-

metric equations of azide self-propagating high-temperature 

synthesis (1)–(5). It is shown that experimental composi-

tions can differ significantly from theoretical phase compo-

sitions according to the original stoichiometric equations 

and the results of thermodynamic calculations. These dif-

ferences are the lower actual content of the target phases  

of aluminium nitride, and titanium carbide in the composi-

tion of all combustion products synthesized experimentally, 

as well as the presence of side phases of titanium and  

aluminium oxides, and sodium aluminium hexafluoride 

(TiO2, Al2O3, Na3AlF6), which should not exist according  

to theoretical calculations. It should be noted that our pre-

vious studies showed that aluminium nitride produced by 

the azide SHS method always contains a sparingly soluble 
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Table 3. Results of qualitative and quantitative X-ray phase analysis of reactions (1)–(5) 

Таблица 3. Результаты качественного и количественного рентгенофазового анализа реакций (1)–(5) 

 

 

Theoretical composition, % 
Ratio 

AlN:TiC 

Experimental composition, % 

AlN TiC AlN TiC Na3AlF6 TiO2 Al2O3 

40.6 59.4 1:1 32.5 47.4 6.5 12.8 0.8 

25.5 74.5 1:2 20.6 61.2 4.8 13.1 0.3 

14.6 85.4 1:4 14.4 71.5 – 14.5 – 

57.8 42.2 2:1 53.2 31.4 – 11.6 3.8 

73.3 26.7 4:1 66.4 15.6 – 11.9 6.1 

 

 

 

impurity – sodium aluminium hexafluoride [12; 13]. How-

ever, in this work, sodium aluminium hexafluoride was 

formed only during the combustion of charges (1) and (2). 

Despite the fact that the reaction products contain sig-

nificant amounts of side oxide phases, the use of 

fluoroplastic as a carbon source allowed, increasing the 

yield of the target carbide, which could not be achieved 

when using soot (carbon black) in earlier studies [14–17]. 

Thus, in the case of practical application of the SHS-Az 

process (azide self-propagating high-temperature synthesis) 

to obtain a highly dispersed nitride-carbide composition 

AlN–TiC, it is recommended to use fluoroplastic for syn-

thesis, while further research is required to prevent the for-

mation and/or removal of oxides from the synthesized 

powder compositions. 

 

CONCLUSIONS 

The compositions of the initial mixtures of reagents 

were substantiated and the corresponding stoichiometric 

equations for the reactions of azide SHS of AlN–TiC pow-

der compositions, with given molar nitride, and carbide 

phases were compiled: 1:1, 1:2, 1:4, 2:1, 4:1. 

It is shown that in the case of all the reaction equations 

compiled, thermal effects and adiabatic temperatures are 

high enough for reactions to occur in the combustion mode, 

and the formation of target products in full accordance with 

the stoichiometric equations, and the given molar ratios of 

the nitride and carbide phases. 

Studying the morphology of combustion products showed 

that in most cases, the use of the azide self-propagating high-

temperature synthesis with selected compositions of the initial 

mixtures of reagents, leads to the production of highly dis-

persed compositions of powders in the form of fibres with  

a diameter of 100–250 nm, and particles of equiaxial and plate 

shapes with a size of 200–600 nm. 

It has been found, that the experimental phase composition 

differs significantly from the theoretical phase composition, by 

the presence in the compositions of side phases of titanium and 

aluminium oxides, and in some cases, of sodium aluminium 

hexafluoride. When the combustion temperature is increased 

to obtain the largest amount of titanium carbide phase, an en-

largement of the particle size to the micron level is observed. 

Thus, by burning powder mixtures of sodium azide, 

fluoroplastic (C2F4), aluminium and titanium in a nitrogen 

atmosphere, it is possible to synthesize a highly dispersed 

composition of AlN–TiC ceramic powders of various com-

positions. However, the formulation of the synthesized 

compositions, along with the target phases, includes side 

oxides (TiO2, Al2O3) and sodium aluminium hexafluoride 

(Na3AlF6). Further research will be aimed at preventing  

the formation and/or removal of oxides and sub-fluorides 

from the synthesized powder compositions. 
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Аннотация: Получение порошковых композиций с помощью обычной технологии обработки может привести 

к образованию крупных агломератов и, следовательно, осложняет получение однородной микроструктуры. Про-

изводство композитов методом самораспространяющегося высокотемпературного синтеза может снизить затраты 

и количество технологических стадий, а также привести к получению более однородных композитов. Для получе-

ния высокодисперсной порошковой керамической композиции AlN–TiC применен синтез методом горения смесей 

порошковых реагентов азида натрия (NaN3), фторопласта (C2F4), алюминия и титана при разном соотношении реа-

гентов в атмосфере газообразного азота при давлении 4 МПа. Термодинамические расчеты подтвердили возмож-

ность синтеза композиции AlN–TiC разного состава в режиме горения. Экспериментально определены зависимо-

сти температуры и скорости горения от состава исходных смесей реагентов по всем стехиометрическим уравне-

ниям реакций. Показано, что экспериментально найденные зависимости параметров горения от соотношения  

исходных компонентов соответствуют теоретическим результатам термодинамических расчетов. Состав синтези-

рованной композиции отличается от теоретического состава меньшим содержанием целевых фаз и образованием 

побочных фаз Al2O3, Na3AlF6 и TiО2. Порошковая композиция представляет собой волокна нитрида алюминия 

диаметром 100–250 нм и ультрадисперсные частицы преимущественно равноосной и пластинчатой форм с разме-

ром частиц 200–600 нм. При увеличении температуры горения для получения наибольшего количества фазы кар-

бида титана наблюдается укрупнение размера частиц до микронного уровня.  

Ключевые слова: горение; самораспространяющийся высокотемпературный синтез; керамический порошок; 

нитридно-карбидная композиция; азид натрия; фторопласт (политетрафторэтилен); нитрид алюминия; карбид титана.  
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Abstract: The main direction in solving the problem of increasing the reliability of field equipment, is the creation of 

new steels with higher resistance to corrosion-mechanical destruction. Currently, to produce oil and gas pipeline systems, 

low-carbon, low-alloy steels are used, in which lath carbide-free bainite is formed when quenched in water. Such a struc-

ture provides a combination of high strength and resistance to brittle fracture. However, issues of increasing corrosion re-

sistance are still open. The purpose of this work is to identify the structural condition of low-carbon, low-alloy, pipe steels, 

providing a combination of high mechanical properties with increased corrosion resistance in oilfield environments.  

The studies were carried out on the latest generation 08KhFA, 08KhFMA and 05KhGB steels, most popular when manu-

facturing oil and gas pipelines. Samples for the study were cut from the pipes and quenched from the austenite region in 

water, which formed the structure of lath carbide-free bainite. The quenched samples were tempered at temperatures of 

200, 300, 400, 500, 600, and 700 °C. To identify the relationship between the morphology of bainite structures and their 

properties, the samples after quenching and tempering at each temperature, were subjected to metallographic analysis,  

X-ray diffraction analysis, mechanical tests, and corrosion resistance tests. The work shows the sequence of structure 

transformation, temperature ranges of phase and structural transformations, changes in mechanical properties, and corro-

sion resistance that occur during tempering of lath carbide-free low-carbon bainite. It is shown that tempering of lath car-

bide-free bainite (08KhFA, 08KhMFA and 05KhGB steels) does not affect the rate of carbon dioxide corrosion. It has 

been found that medium tempering forms the structural condition of carbide-free low-carbon lath bainite providing a com-

bination of high mechanical properties and high corrosion resistance in oil field environments. For each of the steels under 

study, the authors give recommended heat treatment modes. 

Keywords: corrosion-mechanical destruction; destruction of bainite structures; oilfield environment; pipe steels; struc-

tural condition. 
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INTRODUCTION 

The constant increase in the aggressiveness of oilfield envi-

ronments, and the intensity of oil production (injection of wa-

ter and carbon dioxide into the formation) [1], leads to a sharp 

increase in the rate of corrosion-mechanical destruction of 

oilfield equipment. A significant improvement of the mechani-

cal properties and corrosion resistance of the pipe steels used is 

required. High alloying, significantly increases the cost of 

steel, and in some cases, reduces the strength properties. Other 

approaches ensuring high resistance to corrosion-mechanical 

destruction are required. Currently, low-carbon low-alloy 

steels with a bainite structure after quenching in water are used 

for the production of oil and gas pipeline systems (pipes and 

pipeline fittings). Bainite structures having a unique combina-

tion of high strength and ductility provide high resistance to 

mechanical destruction of pipe steels [2–4]. The formation of 

the bainite structure, and the relationship of their structural 

condition with mechanical properties are described in suffi-

cient detail [5–7]. The most complete classification of bainite 

structures is given in [8]. Bainite structures of low-carbon 

low-alloy steels are singled out as a separate group and 

considered in works [5; 9]. The preferred structure provid-

ing the highest plastic properties of these steels is lath car-

bide-free bainite, in which residual (untransformed) auste-

nite is located at the boundaries of the laths, that causes 

high resistance to brittle fracture [6; 10; 11]. 

At the same time, it should be noted that, despite a large 

number of studies of bainitic steels, the issues of changes in 

the structure and properties of bainite structures, with an 

increase in tempering temperature, have not been sufficient-

ly studied, and the relationship between the morphology of 

bainites and their corrosion resistance has barely been con-

sidered. Such information is necessary for a practical solu-

tion to the issue of increasing the reliability of pipe steels. 

The purpose of this work is to find the structural condi-

tion of low-carbon low-alloy pipe steels, providing a com-

bination of high mechanical properties with increased cor-

rosion resistance in oilfield environments. 
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METHODS 

08KhFA, 08KhMFA and 05KhGB steels were selected 

for the study. Their elemental composition (Table 1) and 

thermokinetic diagrams of the supercooled austenite de-

composition (Fig. 1) are given according to the data of  

the manufacturer. In 08KhMFA steel, compared to 08KhFA 

steel, the carbon content is reduced from 0.09 to 0.05 % and  

0.2 % of Mo is introduced. 05KhGB steel is additionally 

alloyed with niobium, and due to the favorable Mn/Si ratio, 

has higher weldability.  

All samples were water-quenched (20 °C) from  

the austenitic region (08KhFA and 08KhMFA steels – from 

a temperature of 930 °C, 05KhGB steel – from 920 °C), 

and then tempered at 200, 300, 400, 500, 600, and 700 °C.

 

 

 
Table 1. Chemical composition of steels under study 

Таблица 1. Химический состав исследуемых сталей 

 

 

Steel grade 
Weight fraction of elements, % 

C Si Mn Cr Ni Cu Nb V Mo Al S P 

08KhFA 0.09 0.20 0.44 0.52 0.12 0.11 0.020 0.088 0.003 0.034 0.002 0.011 

08KhMFA 0.05 0.39 0.39 0.70 0.10 0.17 0.011 0.061 0.190 0.057 0.004 0.003 

05KhGB 0.05 0.22 0.71 0.61 0.08 0.18 0.029 0.003 0.010 0.013 0.001 0.006 

 

 

 

 

   

 a b 

 

с 

Fig. 1. Thermokinetic diagrams of decomposition of supercooled austenite of steels under study:  
a – 08KhFA steel; b – 08KhMFA steel; c – 05KhGB steel.  

The diagrams are based on the data from Vycsa metallurgical plant 
Рис. 1. Термокинетические диаграммы распада переохлажденного аустенита исследуемых сталей: 

 a – сталь 08ХФА; b – сталь 08ХМФА; c – сталь 05ХГБ.  
Диаграммы приведены по данным Выксунского металлургического завода 
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Quenching from the austenitic region provides a large 

amount of bainite component in the steel structure, and wa-

ter is the most technologically advanced medium. For each 

tempering temperature, the structural condition was studied 

and mechanical and corrosion properties due to this struc-

ture were determined. 

To conduct the studies, longitudinal strips measuring 

120×20×7 mm were cut from Ø146×7 mm pipes produced 

using conventional factory technology. The strips were sub-

jected to heat treatment, and then samples were made from 

them. To ensure identical and relatively homogeneous 

structural condition, all samples were subjected to normali-

sation (08KhFA and 08KhMFA steels at a temperature of 

940 °C, 05KhGB steel at 930 °C, holding time – 30 min), 

with cooling in still air. This ensured similar grain sizes and 

identical ferrite-pearlite structure, with lamellar cementite 

in pearlite in the samples before heat treatment. 

The research and testing methods are presented in  

the form of groups according to their purpose. 

Metallographic analysis included light microscopy 

(GX51 microscope, Olympus, Japan), SEM electron scan-

ning microscopy (XL-30 microscope, Philips, Netherlands), 

EBSD technique (identifying intergranular disorientation 

angles), TEM transmission electron microscopy (EMV-

100L microscope, Russia), and diffraction analysis.  

Quantitative assessment of structural components was 

carried out using Thixomet Pro software. 

X-ray diffraction analysis for volumetric determination 

of phase composition and stress state (3
rd

 type residual 

stresses and dislocation density), was performed using  

a Shimadzu Maxima XRD-7000S diffractometer, Japan 

(Cu-Kα radiation, tube power is 1.6 kW) in the angle 

range of 40–100°. Crystalline phases were identified using  

the Shimadzu PDF2 database. Full-profile analysis of dif-

fraction patterns was performed using the LeBel and 

Rietveld methods in the Jana2006 program. 

Hardness tests (GOST 9013), uniaxial tensile tests 

(GOST 1497), and impact toughness tests (GOST 9454) 

were performed to determine mechanical properties.  

To determine resistance to corrosion destruction, hydro-

gen cracking tests (NACE TM0284 standard), sulfide stress 

corrosion cracking tests (NACE TM0177 standard), carbon 

dioxide corrosion resistance tests (technique developed by 

IT-Service LLC, 400-hour exposure in an aggressive envi-

ronment with 3.5 % of chlorides at 65 °C, and a CO2 pres-

sure of 0.1 MPa, which allowed creating corrosion products 

on the sample surface similar to those that form in real con-

ditions during many months of operation in carbon dioxide 

oilfield environments), were carried out. 

 

RESULTS 

Phase transformations during cooling 

Thermokinetic diagrams of austenite decomposition in 

08KhFA, 08KhMFA and 05KhGB steels (Fig. 1), and pano-

ramic images of changes in the structure of these steels 

along the length of the sample during end quenching 

(Fig. 2), provide an idea of the effect of the cooling rate on 

the formation of the structure of steels. The studied steels 

acquire a bainite structure after water quenching. 08KhMFA 

steel has a wider range of cooling rates that form bainite 

structures (Fig. 1). Continuous hardenability for all steels is 

ensured to a depth of 10 mm. 

The studied steels have one type of bainite structure and 

a similar nature of its change upon heating therefore,  

the ongoing processes of structure transformation and pro-

perty changes (Fig. 3–5), are shown using the example of 

one steel – 08KhMFA steel with higher corrosion re-

sistance.  

Structural condition after quenching 

After water quenching, a structure consisting of lath 

carbide-free bainite with thin layers of residual austenite, 

and a small proportion of excess ferrite localised along  

the boundaries of the former austenite grain, is formed in 

the steels under study (Fig. 3). 

The amount of excess ferrite is insignificant – from 3 to 

10 %, the largest amount is in 05KhGB steel. Ferrite is lo-

cated mainly along the boundaries of the former austenite 

grain. Bainite consists of laths of bainitic ferrite, along  

the boundaries of which there are thin layers of residual 

austenite. Ordered sequence of bainite laths and layers of 

residual austenite predominates. The width of the laths for 

the steels under study varies from 200 to 800 nm. 

Wider laths (average width is ≈600 nm), are observed in 

sections of 08KhMFA steel. The amount of residual auste-

nite is 0.5–1.5 %. X-ray diffraction analysis reveals only its 

traces. Microdiffraction analysis of transmission electron 

microscopy images identified the γ-phase (Fig. 3 c). With  

a small amount, residual austenite in the form of thin layers 

(≈40 nm) located along the boundaries of bainitic ferrite 

laths determines the mechanical properties (high ductility) 

of carbide-free bainites in low-carbon steels. 

Thus, 08KhFA, 08KhMFA, 05KhGB steels after 

quenching, have a structure of lath carbide-free bainite with 

close parameters of the structural condition. 

The evolution of the structural condition with an in-

crease in the tempering temperature is shown in Fig. 4, 5. 

During tempering, as the temperature increases to Ac1,  

a successive transition of carbide-free lath bainite, with 

excess ferrite along the grain boundaries into a mixture of 

ferrite with globular carbide particles occurs (Fig. 4, 5).  

The fine grain obtained during quenching (numbers 9–11 

according to GOST 5639) in the tempering temperature 

range of up to 700 °C remains virtually unchanged. A fur-

ther increase in the tempering temperature (730 °C) for 

08KhFA steel leads to the development of secondary 

recrystallisation processes and a sharp grain growth. With 

an increase in the tempering temperature, a constant in-

crease in the intergranular disorientation angles, and ac-

cordingly, an increase in the proportion of high-angle 

boundaries is observed in the studied steels, which causes 

an increase in plasticity. It is characteristic that the high 

dislocation density after quenching (3–5)×10
14

 m
−2

 remains 

virtually unchanged, up to a tempering temperature of 

600 °C (Table 2). The 3
rd

 type residual stresses decrease 

continuously with increasing tempering temperature, espe-

cially intensively from 400 °C (Table 2). 

The results of mechanical tests, impact bending tests, as 

well as the assessment of the 3
rd

 type residual stresses and 

dislocation density are given in Table 2. 
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 a b 

     

 c d 

Fig. 2. Change in the structure of 08KhMFA steel during end quenching: a – distance from the sample end is h=2 mm,  

hardness is 298 HV; b – h=7 mm, 235 HV; c – h=12 mm, 205 HV; d – h=17 mm, 176 HV 

Рис. 2. Изменение структуры стали 08ХМФА при торцевой закалке: a – расстояние от торца образца h=2 мм,  

твердость 298 HV; b – h=7 мм, 235 HV; c – h=12 мм, 205 HV; d – h=17 мм, 176 HV 

 

 

 

The change in resistance to corrosion destruction in oil-

field environments with increasing tempering temperature 

is given in Table 3 and shown in Fig. 6, 7. 

 

DISCUSSION 

Changes in structure and properties with increasing 

tempering temperature 

Structure 

After tempering at 200 °C, the residual austenite 

disappears. This is also observed in 08KhFA [12] and 

05KhGB [13] steels. The temperature stability of the 

residual austenite or complex (austenite-martensite 

phase) is considered in [14; 15], the effect of V and Nb 

microadditives is considered in [16; 17], where it is 

indicated that with a particle size of 0.5–3 μm, the aus-

tenite decomposition occurs in the temperature range of 

300–400 °C [14; 15]. In the lath bainite of the steels 

under study, untransformed austenite is in the form of 

thin layers (≈40 nm), and its decomposition can be ex-

pected at lower temperatures. Estimated calculations 

show that after 30 min of holding at a temperature of 

200 °C, the distance of diffusion of carbon atoms from 

austenite is more than an order of magnitude greater 

than the width of the interlayers and fully ensures  

the residual austenite decomposition [12]. The type of 

austenite transformation (martensite, bainite or α-ferrite) 

remains debatable. 

Further transformation of the structure is associated 

with the formation and growth of carbides, the development 

of polygonisation and recrystallisation processes. The change 

in the structural condition of lath carbide-free bainite, with 

an increase in the tempering temperature occurs in the fol-

lowing sequence: 

– at 200 °C, untransformed austenite disappears; 

– when tempering at 300 °C, the first needle-shaped iron 

carbide precipitates appear; 

– in the temperature range of 400–500 °C, carbide parti-

cles appear throughout at the boundaries of the laths, they 

coalesce and spheroidise, and chains of carbide inclusions 

appear at the boundaries of bainitic laths (Fig. 5 b and 5 c). 

3
rd

 type residual stresses decrease sharply (Table 2), which 

indicates the transition of carbon from the crystal lattice to 

a bound state in the form of carbides. Polygonisation pro-

cesses develop: a decrease in low-angle boundaries and an 

increase in high-angle ones, while the dislocation density 

remains virtually unchanged; 
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a     b 

     

c 

Fig. 3. Microstructure of 08KhMFA steel after quenching: a – SEM; b – TEM (bright-field image); c – microdiffraction 

Рис. 3. Микроструктура стали 08ХМФА после закалки:  

a – СЭМ; b – ПЭМ (светлопольное изображение); c – микродифракция 

 

 

 

   

a     b    c 

  

d    e 

Fig. 4. Structure of 08KhMFA steel after quenching from the temperature of 930 °С and tempering at:  

a – 200 °С; b – 300 °С; c – 400 °С; d – 500 °С; e – 700 °С. SEM 

Рис. 4. Структура стали 08ХМФА после закалки с температуры 930 °С и отпуска при:  

a – 200 °С; b – 300 °С; c – 400 °С; d – 500 °С; e – 700 °С. СЭМ 
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 a b c d 

Fig. 5. Change in the structure of 08KhMFA steel with the growth in the tempering temperature (TEM):  

a – tempering at 300 °С; b – tempering at 400 °С (arrows indicate globular carbides);  

c – tempering at 500 °С (carbide chains are encircled); d – tempering at 600 °С (arrows indicate recrystallisation nuclei) 

Рис. 5. Изменение структуры стали 08ХМФА с ростом температуры отпуска (ПЭМ): 

a – отпуск при 300 °С; b – отпуск при 400 °С (стрелками показаны глобулярные карбиды);  

c – отпуск при 500 °С (обведены цепочки карбидов); d – отпуск при 600 °С (стрелками показаны зародыши рекристаллизации) 

 

 

 

– from a tempering temperature of 600 °C (Fig. 5 d),  

the main factor determining the change in structure and 

properties is the intensity of recrystallisation processes. 

Carbide reactions of cementite replacement by special car-

bides are possible; 

– tempering at a temperature above 700 °C can cause 

secondary recrystallisation and a sharp grain growth 

(08KhFA steel). 

Mechanical properties 

Usually, in pipe production technologies, bainite struc-

tures are subjected to high tempering by analogy with mar-

tensite structures. For pipes made of low-carbon low-alloy 

steels, this is 600–750 °C, when partial recrystallisation 

significantly reduces strength [18]. There is some infor-

mation on the effect of lower tempering temperatures on 

the properties and morphology of bainite [19; 20], but no 

general picture of changes in mechanical properties during 

tempering has been found in the literature. 

The authors studied changes in the structure, mecha-

nical properties, and corrosion resistance over the entire 

tempering temperature range (20–730 °C), which is 

50 °C below the Ac1 line, for 08KhFA, 08KhMFA, and 

05KhGB steels. 

An increase in temperature to 730 °C for 08KhFA steel 

led to a sharp increase in grain size. The steels under study 

after quenching and subsequent tempering to a temperature 

of 600 °C are characterised by a combination of high 

strength and plastic properties (Table 2), which for most 

heat treatment modes is higher than the requirements of 

K52 strength group. Characterising the thermal stability of 

mechanical properties, one can note that the strength pro-

perties (σUTS and σ0.2) remain virtually unchanged upon tem-

pering to a temperature of 400 °C. Apparently, this is asso-

ciated with the appearance of precipitates of dispersed ce-

mentite particles. The plasticity characteristics (δ and KCV-

50) after quenching are quite high and increase with  

a growth of the tempering temperature (Table 2). A sharp 

softening appears from a tempering temperature of 600 °C, 

which is caused by an increase in the intensity of 

recrystallisation processes. On the whole, the general nature 

of the change in mechanical properties for the three steels 

under study is identical. 

Corrosion resistance 

Steels in aggressive oilfield environments are subjected 

to the following types of corrosion destruction: hydrogen 

cracking (HC), sulfide stress corrosion cracking (SSCC), 

carbon dioxide and bacterial corrosion [21; 22]. The studied 

low-carbon chromium-containing steels (≈0.6 % of Cr) are 

relatively resistant to biocorrosion [22]. Modification with 

rare earth metals (REM) significantly increases their re-

sistance to bacterial attack. The main problem is to ensure 

resistance to carbon dioxide corrosion. 

The obtained values of HC, SSCC and carbon dioxide 

corrosion rate (Table 3) indicate, that the studied steels 

have increased corrosion resistance in oilfield environ-

ments, compared to traditionally used 20, 20F, 17G1, 

09G2S pipe steels.  

An interesting and unexpected result is that tempering 

of low-carbon steels with a lath carbide-free bainite struc-

ture, has virtually no effect on the intensity of carbon di-

oxide corrosion. With an increase in tempering tempera-

ture to 700 °C, the structural condition changes from lath 

carbide-free bainite to a ferrite-carbide mixture and  

the carbon dioxide corrosion rate remains constant. This 

phenomenon is characteristic of all the steels under study 

(Table 3, Fig. 6). The correctness of the obtained corro-

sion rate values is also confirmed by the proximity and 

similarity of the curves for changing the Fe
+2

 concentra-

tion in the corrosion environment during testing (Fig. 7). 

These curves also characterise the kinetics of corrosion 

processes, and the influence of corrosion products on the 

intensity of corrosion destruction. For the steels under 

study, the nature of the change in the corrosion rate de-

pending on the test time is similar (Fig. 6). 

According to existing concepts, the rate of carbon di-

oxide corrosion of steels is determined by the formation 
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Table 2. Dependence of mechanical properties, residual stresses and dislocation density  

of 08KhFA, 08KhMFA, 05KhGB steels on the temperature of tempering  

Таблица 2. Зависимость механических свойств, остаточных напряжений и плотности дислокаций  

сталей 08ХФА, 08ХМФА, 05ХГБ от температуры отпуска 

 

 

Steel 

grade 

Heat treatment mode 
σUTS,  

MPa 

σ0.2,  

MPa 

δ,  

% 

KCV-50, J/cm2  

(shear area 

fraction) 

3rd type  

residual stresses,  

MPa 

Dislocation  

density,  

ρ×1014, m−2 Quenching Tempering 

08KhFA 930 °С 

– 830 740 22.0 230 (100 %) 300 5.1 

200 °С 820 710 19.0 240 (100 %) 225 4.4 

300 °С 810 730 17.5 240 (100 %) 220 4.1 

400 °С 785 690 18.0 252 (100 %) 140 5.1 

500 °С 710 645 18.5 260 (100 %) 91 4.7 

600 °С 680 605 22.0 260 (100 %) 71 5.2 

700 °С 615 535 25.0 – 64 2.8 

08KhMFA 930 °С 

– 775 700 19.5 180 (80 %) 190 4.0 

200 °С 780 650 19.0 215 (100 %) 200 4.7 

300 °С 785 660 18.0 200 (100 %) 180 4.5 

400 °С 760 650 19.5 215 (100 %) 120 4.2 

500 °С 710 635 20.0 235 (100 %) – – 

600 °С 685 605 21.5 250 (100 %) 86 3.4 

700 °С 590 520 23.5 270 (100 %) 63 3.6 

05KhGB 920 °С 

– 605 490 29.0 290 (100 %) 570 5.4 

200 °С – – – – – – 

300 °С 590 500 29.0 315 (100 %) 460 4.9 

400 °С 560 470 27.0 330 (100 %) 215 4.7 

500 °С 530 430 28.0 314 (100 %) 90 4.5 

600 °С 510 420 27.0 325 (100 %) 45 4.0 

700 °С – – – – – – 

Strength group K52 510–630 ≥353 ≥20 ≥58,8 – – 
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Table 3. Dependence of corrosion properties of 08KhFA, 08KhMFA, 05KhGB steels on the temperature of tempering  

Таблица 3. Зависимость коррозионных свойств сталей 08ХФА, 08ХМФА, 05ХГБ от температуры отпуска  

 

 

Steel 

grade 

Heat treatment  

mode 

Hydrogen  

cracking 

Sulfide stress  

corrosion cracking 
Carbon dioxide 

corrosion rate, 

mm/year 
Quenching Tempering CLR, % CTR, % % of στ K1SSC, MPa/m1/2 

08KhFA 930 °С 

– 

0 0 75 

– 2.30 

200 °С – 1.83 

300 °С 30.6 2.24 

400 °С 31.0 1.79 

500 °С 56.9 1.65 

600 °С 58.4 1.75 

700 °С 61.8 1.94 

08KhMFA 930 °С 

– 

0 0 75 – 

1.20 

200 °С 1.25 

300 °С 1.30 

400 °С 1.60 

500 °С 1.69 

600 °С 1.41 

700 °С 1.40 

05KhGB 920 °С 

– 0 0 70 

– 

2.07 

200 °С – – – – 

300 °С 

0 0 70 

2.07 

400 °С 1.93 

500 °С 1.93 

600 °С 1.40 

700 °С – – – – 

Note. CLR is crack length ratio; CTR is crack thickness ratio; K1SSC is critical stress intensity factor at the crack tip. 

Примечание. CLR – коэффициент длины трещин; CTR – коэффициент толщины трещин;  

K1SSC – критический коэффициент интенсивности напряжений в вершине трещины. 
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a 

b 

Fig. 6. Carbon dioxide corrosion of 08KhFA and 08KhMFA steels. 

Dependence of corrosion rate on the temperature of tempering: a – 08KhFA steel; b – 08KhMFA steel 

Рис. 6. Углекислотная коррозия сталей 08ХФА и 08ХМФА. 

Зависимость скорости коррозии от температуры отпуска: a – сталь 08ХФА; b – сталь 08ХМФА 

of a layer of corrosion products on the surface. Chromium 

and molybdenum are concentrated in corrosion products, 

and form amorphous Cr(OH)3 and Mo(OH)3 phases [21; 

23], determining the protective properties of corrosion 

products. Only Cr and Mo contained in the solid solution 

participate in the formation of the protective properties of 

corrosion products. In a bound state in the form of car-

bides, they are inert and are excluded from the process. 

In the studied low-carbon steels, in the tempering tempe-

rature range of up to 600 °C, the formation of special car-

bides with the participation of Mo and Cr practically does 

not occur, and their concentration in the solid solution 

does not change. This, apparently, determines the absence 

of the effect of tempering on corrosion resistance. 

A slightly lower rate of carbon dioxide corrosion of 

08KhMFA, steel compared to 08KhFA and 05KhGB 

steels (Table 3), is associated with the additional contribu-

tion of Mo to the protective properties of the corrosion 

products. 

According to existing estimates, the studied steels have 

increased resistance to HC and SSCC under all heat treat-

ment modes (Table 3). In SSCC tests, 08KhFA and 

08KhMFA steels at a load of 0.75 στ and 05KhGB steel at 

a load of 0.7 στ withstood without destruction 720 h. How-

ever, the presence of high residual stresses after quenching 

and the anisotropy of the quenched structures determine 

the need for more stringent conditions for testing samples 

for SSCC resistance after quenching, and low-temperature 

tempering. It is proposed to conduct tests for SSCC at 

stresses of 0.8 or 0.85 of σ0.2 determined in mechanical ten-

sile tests for this group of samples. 

The obtained data indicating that the resistance to car-

bon dioxide corrosion of steels, with a lath carbide-free 

bainite structure, does not change with increasing temper-

ing temperature, allow choosing heat treatment modes more 

reasonably. In the production of pipes from low-carbon 

low-alloy steels with a bainite structure after water quench-

ing, instead of traditional heat treatment (single or double 

quenching + high tempering), quenching from the austenitic 

region in water + medium tempering can be used, which 

provides a combination of higher strength properties with 

high corrosion resistance in aggressive oilfield environ-

ments. Medium tempering in steels with a lath carbide-free 

bainite structure, allows maintaining high strength properties, 
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a 

b 
Fig. 7. Dependence of the Fe+2 concentration in the model environment on the test time: a – 08KhFA steel; b – 08KhMFA steel 

Рис. 7. Зависимость концентрации Fe+2 в модельной среде от времени испытаний: a – сталь 08ХФА; b – сталь 08ХМФА 

relieves the most dangerous residual stresses, and ensures the 

carbide phase formation. Tempering can be excluded or limi-

ted to low-temperature tempering for pipes operating in envi-

ronments with a low H2S content, or if the steel used with-

stands the more stringent SSCC tests proposed above. In the 

proposed heat treatment technology (without high temper-

ing), microalloying of steel with V and Nb is advisable, when 

the precipitation of carbonitride particles of these elements 

occurs at the stage of formation of bainite structures. 

CONCLUSIONS 

1. The general structure type and mechanical properties of

lath carbide-free bainite of low-carbon steels in the tempering 

temperature range up to 500 °C change insignificantly. 

2. Tempering of lath carbide-free low-carbon bainite

(08KhFA, 08KhMFA and 05KhGB steels), has little effect 

on its resistance to carbon dioxide corrosion. 

3. Quenching and medium tempering in low-carbon

low-alloy steels with bainitic hardenability, form a structu-

ral condition that ensures a combination of high mechanical 

properties, and high corrosion resistance in oilfield envi-

ronments. 
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Аннотация: Основным направлением в решении проблемы повышения надежности промыслового оборудо-

вания является создание новых сталей с более высоким сопротивлением коррозионно-механическому разруше-

нию. В настоящее время для изготовления нефтегазопроводных систем используются низкоуглеродистые низко-

легированные стали, в которых при закалке в воду образуется реечный бескарбидный бейнит. Такая структура 

дает сочетание высокой прочности и сопротивления хрупкому разрушению. Однако вопросы повышения корро-

зионной стойкости остаются нерешенными. Цель работы – установить структурное состояние низкоуглеродистых 

низколегированных трубных сталей, обеспечивающее сочетание высоких механических свойств с повышенной 

коррозионной стойкостью в нефтепромысловых средах. Исследования проводились на сталях последнего поколе-

ния 08ХФА, 08ХФМА и 05ХГБ, наиболее распространенных при изготовлении нефтегазопроводных труб. Образ-

цы для исследования вырезались из труб и закаливались из аустенитной области в воду, что формировало струк-

туру реечного бескарбидного бейнита. Закаленные образцы подвергались отпуску при температурах 200, 300, 400, 

500, 600 и 700 °С. Для установления связи между морфологией бейнитных структур и их свойствами образцы по-

сле закалки и отпуска с каждой температуры подвергались металлографическому анализу, рентгеноструктурному 

анализу, механическим испытаниям, испытаниям на стойкость к коррозии. В работе показаны последовательность 

трансформации структуры, температурные интервалы фазовых и структурных превращений, изменения механи-

ческих свойств и коррозионной стойкости, происходящие при отпуске реечного бескарбидного низкоуглеродисто-

го бейнита. Показано, что отпуск реечного бескарбидного бейнита (стали 08ХФА, 08ХМФА и 05ХГБ) не влияет 

на скорость углекислотной коррозии. Установлено, что средний отпуск формирует структурное состояние бескар-

бидного низкоуглеродистого реечного бейнита, обеспечивающее сочетание высоких механических свойств и вы-

сокой коррозионной стойкости в нефтепромысловых средах. Для каждой из исследуемых сталей приводятся ре-

комендуемые режимы термообработки. 

Ключевые слова: коррозионно-механическое разрушение; разрушение бейнитных структур; нефтепромысло-

вая среда; трубные стали; структурное состояние. 

Для цитирования: Выбойщик М.А., Грузков И.В. Коррозионно-механическое разрушение бейнитных струк-

тур в нефтепромысловых средах // Frontier Materials & Technologies. 2024. № 3. С. 17–29. DOI: 10.18323/2782-4039-

2024-3-69-2. 
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Abstract: Phosphorus in brass can have both a positive effect, such as improving mechanical properties, increasing 

corrosion resistance and machinability, and a negative effect, such as adversely affecting weldability and causing cracking. 

The study of the role of phosphorus in the processes of brass structure formation is of practical relevance, since it helps 

optimise the properties of the material, reduce the risk of defects, improve treatment processes and control properties and 

quality. The work covers the study of the role of phosphorus in brass, the need to control its content during production by 

limiting the share of secondary use. The study revealed the possibility of a positive effect of modifying copper alloys with 

phosphorus in order to improve performance properties, as well as the prospects of using phosphorus as a safe replacement 

for lead in brass. The authors assessed the content and distribution of phosphorus impurity at a concentration of 0.005 % in 

a brass sample of the CuZn32Mn3Al2FeNi grade, studied the nature of its interaction with other components of the alloy 

and the changes occurring at different temperatures of heat treatment. It has been found that phosphorus actively 

participates in diffusion processes and forms phosphides in both defective and defect-free blanks. When heated to the hot 

deformation temperature range, phosphorus redistribution occurs, phosphide locally dissolves, and metastable inclusions 

form. Due to differences in the concentration of elements in areas adjacent to the phosphide, the brass structure changes 

leading to the formation of areas different from the matrix β-phase. Manganese phosphide in brass can improve its 

mechanical properties and cutting ability, but an excess of this compound can lead to problems with strength, crack 

resistance, and moulding. 

Keywords: duplex and multicomponent brasses; phosphorus distribution analysis; silicides; phosphorus; compounds 

with phosphorus; shape and size of inclusions; effect of heating on microstructure; phosphorus redistribution; manganese 

phosphide; diffusion processes; metastable inclusions. 
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INTRODUCTION 

Multicomponent brasses have many promising functional 

properties, due to which they remain essential materials in 

the automotive industry and other industries. Despite the long 

history of research into this engineering material, not all the 

relationships between structure and properties during techno-

logical processing have been fully studied up to date.  

There are technological difficulties in the production of 

semi-finished products and the manufacture of products 

made of brass caused by its tendency to crack within certain 

temperature ranges [1]. The state diagrams of multicompo-

nent systems presented in the form of isothermal sections 

focus on the main components, while not taking into ac-

count the redistribution of elements that form reinforcing 

inclusions – silicides, which are also often complex com-

pounds [2]. Depending on the chemical composition, pro-

cessing and production conditions, intermetallic compounds 

in brasses acquire different forms. For example, the pre-

sence of manganous phosphides leads to the formation of 

columnar or lamellar inclusions, and silicon forms interme-

tallic compounds with manganese that undergo complex 

shape changes during the nucleation and growth [3]. De-

pending on the element for alloying brass, one or another 

shape of inclusions will predominate in the alloy, but 

intermetallides that differ in geometry from the predomi-

nant one will also occur. Moreover, the shape of intermetal-

lic compounds can be modified as a result of mechanical 

and thermal treatment [4]. Today, metallurgical enterprises 

use as a source material both pure ores and components, 

and recycled materials, obtained during their own produc-

tion. Even if slag is processed, only manual selection of 

coarse-grained beads of copper, brass, bronze and alloying 

element is usually carried out, or screening by size is used 

with subsequent return of the metal part to the metallurgical 

process. Phosphorus gets into the alloy as a result of se-

condary use. 
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Phosphorus and its compounds may be present in brass 

as an impurity, but its content should usually be small, no 

more than 0.25–0.3 % by weight. This is associated with 

the fact that a high phosphorus content can negatively affect 

the properties of brass. In particular, a high phosphorus 

content can lead to the following problems: 

1) the electrical conductivity of the material decreases:

the presence of only 0.04 % of phosphorus reduces the con-

ductivity of pure copper to 80 % (compared to 100 % for 

copper without phosphorus) [5]; 

2) brass becomes more brittle and prone to cracking un-

der bending or fracture [1]; 

3) the presence of phosphorus can lead to undesirable

hardening of brass, which can reduce its ability to deform 

without destruction [6]. 

Because of these negative effects, high phosphorus con-

tent in brass is limited in production. 

On the other hand, phosphorus is actively used in 

the smelting of copper and copper-based alloys. Phos-

phorus deoxidised copper exhibits higher plastic pro-

perties than pure copper, which is explained by the in-

fluence of residual phosphorus [5]. Phosphorus is in-

troduced into alloyed brass to reduce the growth rate of 

the Cu5Zn8 compound (γ-phase): the phase is formed 

more uniformly throughout the volume, which helps 

improving the mechanical properties of brasses and 

increasing corrosion resistance [7–9]. In the literature, 

there are data on the industrial modification of copper 

alloys with phosphorus [10; 11]; however, the techno-

logy used today poses a significant danger to the envi-

ronment. Theoretically, other methods of modifying 

brass with phosphorus are also possible, but to perform 

this operation, the structures of crystal lattice of copper 

phosphide and silicides must be identical, according to 

the principles of structural and dimensional corre-

spondence [12]. 

There are sources that demonstrate the use of phospho-

rus to replace lead [1]. Adding lead to brass alloys improves 

the tightness and cutting machinability of the material [13]. 

However, due to the health hazards associated with lead, 

stricter regulations on lead content in brass products have 

been introduced. Frequent use of lead-covered brass in 

plumbing fixtures could result in toxic lead particles be-

ing released into drinking water. An alternative is 

the more environmentally friendly lead-free brass, which 

does not contain toxic lead impurities that could leach 

into drinking water. Moreover, brasses with phosphorus 

have significantly higher corrosion resistance compared 

to leaded brass [14]. 

From the analysis of literary sources, it follows that in-

formation on the phosphorus distribution in multicompo-

nent brass is incomplete, and there is no data on the beha-

vior of phosphorus and its compounds, when heated in 

the hot deformation temperature range. One can assume 

that the phosphorus redistribution may negatively affect 

the technological properties of brass. 

The aim of this work is to determine the role of phos-

phorus in the processes of structure formation of multicom-

ponent CuZn32Mn3Al2FeNi brass. 

METHODS 

The object of study in this work is brass of 

the CuZn32Mn3Al2FeNi grade (hereinafter referred to 

as CuZn32Mn3Al2FeNi), in which the matrix is 

the β-phase, and the reinforcing component is silicide 

inclusions in the form of a dispersed phase. The role of 

phosphorus microadditives in structure formation was 

the subject of the study. 

The main methodological approach was a comparative 

analysis of brass samples in the initial state (a pipe pressed 

at a temperature of 780 °C with stress-relieving annealing at 

500 °C, 1 h), and samples after heating simulating a typical 

[15] technological process – heating for stamping at 780 °C

for 12 min.

Primary studies were conducted by the method of 

structural analysis of samples in the initial state using an 

Olympus-GX51 optical microscope (Japan), equipped 

with a SIAMS 800 microstructure analyser (Russia). 

The surface was etched to reveal the alloy microstructure. 

A 1:1 solution of glacial acetic and nitric acid was used as 

an etchant. The chemical composition was determined 

using an OBLF QSG 750-II optical emission spectrometer 

(Germany). A Wilkers microhardness tester mod. 536 

from Karl Frank (USA), with a load of HV30, was used to 

measure hardness using the Vickers method in accordance 

with GOST R ISO 6507-1. The hardness values were ob-

tained as the arithmetic mean of five repeated measure-

ments of the sample. 

Further studies were conducted using a Zeiss scanning 

electron microscope (Germany) with Bruker software. Ad-

ditionally, a comparative analysis of changes in the chemi-

cal composition of silicides and phosphosilicides upon heat-

ing was performed. 350 silicides were analysed after heat-

ing to temperatures of 700, 750, 800, and 830 °C. 

The paper presents micrographs, obtained using 

the mapping function, which provide a concept of the che-

mical composition distribution over the volume of the rod-

shaped inclusion in the state after heating. To increase con-

ductivity, gold treatment was performed on a single-target 

magnetron sputtering device SBC900 (China), using a gold-

platinum target in a ratio of 70:30. 

X-ray spectral analysis was performed on an EVO18

scanning electron microscope with an EDX detector from 

Bruker (Germany). The chemical composition of the solid 

solution and intermetallic compounds of various shapes was 

determined, the data were processed and summarised in 

a table. 

RESULTS 

Table 1 presents the results of chemical analysis of 

the CuZn32Mn3Al2FeNi alloy. Fig. 1 shows the micro-

structure of the as-delivered (original) etched samples. The 

hardness value of the original sample was 184–189 HV. 

The microstructure consists mainly of grains of β-phase and 

rounded intermetallic compounds 0.5–4 μm in size (Fig. 2, 3). 

Rod-shaped inclusions (Fig. 3) up to 30×4 μm in size were 

detected, single rod-shaped inclusions can reach 70 μm in 

length. Secondary crystals were identified on the rod-shaped 
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inclusions (Fig. 4). The formation and growth of secondary 

crystals is caused by a higher level of stress in the inclusion 

compared to the matrix solution. The hardness of the sam-

ples after heating changed insignificantly, within 1–2 HV, 

which does not exceed the measurement error. 

As a result of X-ray spectral analysis, the chemical 

composition of the phases was determined (Tables 2, 3). 

Phosphorus was identified in rod-shaped compounds (up to 

25 %), and in smaller quantities in individual rounded sili-

cides (up to 3 % of the inclusion weight). Phosphorus was 

not detected in the solid solution, or at the grain boundaries. 

Thus, phosphorus in the multicomponent 

CuZn32Mn3Al2FeNi alloy is bound completely into com-

pounds. The elemental composition of the rods corresponds 

to a compound of the (Mn,Fe)2P type with a Si admixture. 

In finely dispersed rounded silicides, phosphorus apparently 

replaces silicon in Me3Si compounds. The maximum phos-

phorus concentration is identified in the central part of the 

inclusion. 

The electron microscopic image with colour indication 

of chemical elements (Fig. 4) shows a rod-shaped interme-

tallic compound, which is a manganese-iron 

phosphosilicide with secondary crystals of manganese sili-

cide. Secondary crystals on the rod consist mainly of iron 

(Fig. 4 a) and silicon (Fig. 4 b). The intermetallic com-

pound is highlighted in green due to the high content of 

manganese and phosphorus. The inclusion is a compound 

of manganese and iron with phosphorus and silicon. The 

linear scanning method showed that phosphorus interacts 

mainly with manganese (Fig. 5), their concentration lines 

completely coincide. The growth of secondary crystals oc-

curs due to iron and silicon. 

After heating to hot deformation temperatures, the 

phosphides are transformed (Fig. 6), due to partial dissolu-

tion of the inclusions. In this case, regular-shaped precipi-

tates with an increased phosphorus concentration are identi-

fied in the matrix solution (Fig. 7). Probably, such for-

mations take place in areas adjacent to silicides. Linear 

scanning of these sections showed that after heating to 

780 °C, a redistribution of aluminium and phosphorus oc-

curs: the maximum aluminium and phosphorus concentra-

tions coincide, and are shifted relative to the maximum of 

silicon by 1...2 μm. Thus, phosphorus, along with alumini-

um, contributes to dispersion strengthening in the 

CuZn32Mn3Al2FeNi brass. Due to the low phosphorus 

concentration in the samples, the degree of strengthening 

was not studied. 

Fig. 6 shows a phosphosilicide after heating at 780 °C. 

Local dissolution of the intermetallic compound is detected. 

Moreover, a darkened area and structure distortion around 

the inclusion are revealed. Differences in the concentration 

of elements lead to areas with different chemical composi-

tions in the areas adjacent to the phosphide (Table 4). 

Table 4 shows that when heated in the hot deformation 

range, the main elements are redistributed with the compo-

nents passing into the solid solution of the matrix. 

Table 1. Chemical composition of the CuZn32Mn3Al2FeNi brass alloy 

Таблица 1. Химический состав сплава ЛМцАЖН 59-3,5-2,3-0,5-0,3 

Concentration of elements, wt. % 

Cu Mn Al Fe Ni Zn Si Pb Cr Sn P 

53.660 3.403 2.438 0.575 0.520 39.220 0.033 0.116 0.004 0.012 0.005 

a b 

Fig. 1. Microstructure of the CuZn32Mn3Al2FeNi alloy at magnification of: а – 100 times; b – 200 times 

Рис. 1. Микроструктура сплава ЛМцАЖН 59-3,5-2,3-0,5-0,3 при увеличении: а – в 100 раз; b – в 200 раз 
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a b 

Fig. 2. Electron micrograph of the structure of the CuZn32Mn3Al2FeNi alloy at magnification of: 

a – 400 times; b – 1640 times 

Рис. 2. Электронно-микроскопический снимок структуры сплава ЛМцАЖН 59-3,5-2,3-0,5-0,3 

при увеличении: a – в 400 раз; b – в 1640 раз 

Fig. 3. Electron micrograph of a rod-shaped inclusion with secondary crystal precipitations 

Рис. 3. Электронно-микроскопический снимок стержневидного включения  

с выделением вторичных кристаллов  

Table 2. Chemical composition of the solid solution (-phase) 

Таблица 2. Химический состав твердого раствора (-фазы) 

Concentration of elements, wt. % 

Cu Mn Al Fe Ni Zn 

57.293 3.521 2.301 0.910 0.524 35.461 

Comparison of the influence of heating temperature on 

the chemical composition of silicides and phosphosilicides 

showed that in the hot deformation range of 700…830 °C 

typical for industrial production, phosphosilicides remain 

more thermally stable, while silicides have a pronounced 

Mn/Si ratio maximum at 750 °C and a minimum – 

at 800 °C (Fig. 8). 

DISCUSSION 

Currently, the influence of phosphorus on the pro-

perties of multicomponent brasses is poorly reflected in 

domestic and foreign literature. The increased ap-

plicability of brasses with phosphorus is associated with 

the growing attention in the “global West” countries to 

environmental aspects [1; 14]. 
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Table 3. Chemical composition of intermetallic inclusions 

Таблица 3. Химический состав интерметаллидных включений 

Type 
Concentration of elements, wt. % 

Al Mn Fe Cr Ni Si P 

Rod-shaped inclusion (Mn,Fe)2P 3.22 32.58 31.57 2.72 1.17 4.47 24.27 

Plate (Mn,Fe)2P 1.18 32.09 46.31 2.94 0.41 4.48 12.59 

Round silicide 8.43 13.53 57.40 1.58 1.42 17.64 – 

Round silicide with phosphorus 5.24 17.46 62.24 1.57 – 10.54 2.94 

a b 

Fig. 4. Electron micrograph of an inclusion with color highlighting of chemical elements:  

a – oxygen, iron, manganese and phosphorus; b – silicon and phosphorus 

Рис. 4. Электронно-микроскопический снимок включения с цветовым выделением химических элементов: 

a – кислорода, железа, марганца и фосфора; b – кремния и фосфора 

a b 

Fig. 5. Linear scanning of solid solution and silicide for chemical element content:  

a – silicon, phosphorus and iron; b – phosphorus and manganese 

Рис. 5. Линейное сканирование твердого раствора и силицида на содержание химических элементов: 

a – кремния, фосфора и железа; b – фосфора и марганца 
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a b 

Fig. 6. Electron micrograph of an intermetallic inclusion:  

a – initial state (after pressing and annealing); b – stamped sample after heating at 780 °C 

Рис. 6. Электронно-микроскопический снимок интерметаллидного включения:  

a – исходное состояние (после прессования и отжига); b – отштампованный образец после нагрева при 780 °C 

a b 

Fig. 7. Metastable precipitation with increased phosphorus concentration: 

a – electron micrograph; b – linear scanning 

Рис. 7. Метастабильное выделение с повышенной концентрацией фосфора: 

a – электронно-микроскопический снимок; b – линейное сканирование 

Table 4. Local chemical composition of the solid solution after heating at 780 °C 

Таблица 4. Локальный химический состав твердого раствора после нагрева при 780 °C 

Location 
Concentration of elements, wt. % 

Al Si Mn Cu Zn Fe Ni P Cr 

The area adjacent 

to the phosphide 
1.38 1.11 10.54 43.80 27.78 9.70 0.63 4.80 0.73 

Solid solution, -phase 2.47 0.18 3.34 57.72 35.41 0.32 0.47 – – 
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The effect of phosphorus on creep and embrittlement of 

grain boundaries of copper alloys was studied [16–18]. 

It was shown that phosphorus segregations cannot be 

the cause of embrittlement and can increase the ductility of 

polycrystalline copper [17; 18]. 

Phosphorus in multicomponent brasses actively partici-

pates in diffusion processes and forms large rod-shaped 

phosphosilicides together with manganese, iron and silicon. 

This work shows that the sizes of such inclusions are many 

times greater than the sizes of silicides. The formation of 

iron–manganese phosphosilicides was also noted in [19]. 

The fact of inclusion growth can be explained by the higher 

temperature of the formation of manganese phosphides 

compared to silicides. The authors investigated similar rod-

shaped inclusions of the Me2(Si,P) type before heating for 

stamping and after heating [19]. It was found that the che-

mical composition of inclusions of blanks prone to cracking 

changes upon heating, and inclusions of blanks without 

cracking are thermally stable. Thus, an increase in 

the thermal stability of inclusions in the hot deformation 

range, contributes to an increase in crack resistance. 

The ability of iron and phosphorus to form Fe3P and 

Fe2P compounds in two-phase brass is also shown in [10]. 

It was also considered there, that for copper and iron crys-

tals with a Fe content of more than about 0.3 % by weight, 

partial decomposition can occur upon quenching from high 

temperatures, depending on the quenching temperature and 

cooling rate; lower phosphorus concentrations have not 

been studied. The authors of [10] note that contamination 

with iron and phosphorus greatly affects the behaviour of 

brass semi-finished products during production, since 

recrystallisation of the metal is difficult, especially in 

the combined presence of both elements. It is also indicated 

that α-brass and iron can exist in the form of equilibrium 

phases. In [20], it was found that such inclusions are γ-Fe. 

Moreover, depending on the heating temperature and dura-

tion, the α-brass matrix contains different amounts of iron. 

It is shown that suitable heat treatment can increase 

the amount of these deposits, and that heat treatment, at 

a temperature of 650 °C is optimal for obtaining the great-

est amount of γ-Fe. However, the behaviour of iron in 

β-brass in the presence of silicon and phosphorus has not 

been studied. However, based on the results of [10; 19; 21], 

the presence of silicon and phosphorus inevitably binds iron 

into silicides and phosphides. Enlargement of inclusions, on 

the one hand, can promote their chipping during mechanical 

processing, on the other hand, it can increase wear re-

sistance. The authors note congruent behaviour of manga-

nese and phosphorus concentration lines during scanning of 

phosphosilicides and phosphorus, and aluminium during 

scanning of metastable inclusions. To understand how 

an increase in phosphorus concentration will affect 

the structure formation of multicomponent brasses, it will 

be necessary to conduct additional studies, with an in-

creased phosphorus concentration. For this purpose, it is 

necessary to create a set of experimental brass samples with 

phosphorus in different concentrations. 

The influence of phosphorus on hardness is difficult to 

estimate due to its low concentration, since other factors 

that can affect hardness are also active after heating. How-

ever, one can assume that an increase in the concentration 

of phosphorus, not bound in manganese phosphosilicides, 

will lead to an increase in hardness and an acceleration of 

the ageing process due to the formation of additional crys-

tallisation centres. 

When heated to the temperature of hot deformation of 

the material, the phosphidosilicide partially dissolves, and 

the components of the intermetallic compound pass into 

the matrix, but the change in the chemical composition of 

phosphosilicides is not as intense as that of silicides. 

The process is studied in more detail in [21]. It is noted that 

in the range of hot deformation of multicomponent brasses, 

phosphosilicides are more thermally stable. 

Since the studies were conducted on samples with 

a low phosphorus concentration, at the microalloying 

level, it is difficult to trace the effect of the obtained pat-

terns of phosphorus behaviour in brass. It is advisable to 

study the effect at different concentrations. Additional 

studies are required, since it is necessary to estimate 

the solubility of intermetallic compounds with phospho-

rus in multicomponent brasses. 

CONCLUSIONS 

It has been found that a significant portion of phospho-

rus in the multicomponent CuZn32Mn3Al2FeNi brass in 

low concentration (up to 0.005 % wt.) is bound in manga-

nese phosphosilicides. 

When combined with manganese and iron, phosphorus 

forms rod-shaped inclusions. When scanning, the concen-

tration lines of manganese and phosphorus coincide. Se-

condary crystals in these compounds consist mainly of iron 

and silicon. 

When heated to the hot deformation temperature, phos-

phorus is redistributed, the intermetallic compound dis-

solves, and metastable inclusions are formed, while phos-

phorus is redistributed together with aluminium. 

Phosphosilicides in the range of hot deformation of 

brasses are more thermally stable than silicides. 
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Аннотация: Фосфор в латуни может оказывать как положительное влияние – улучшать механические свойст-

ва, повышать коррозионную стойкость и обрабатываемость, так и отрицательное – негативно сказываться на сва-

риваемости и приводить к растрескиванию. Исследование роли фосфора в процессах структурообразования лату-

ни имеет практическую актуальность, поскольку способствует оптимизации свойств материала, снижению воз-

можности появления дефектов, улучшению процессов обработки и контролю свойств и качества. Работа посвяще-

на исследованию роли фосфора в латуни, необходимости контроля его содержания при производстве путем огра-

ничения доли вторичного использования. Выявлена возможность положительного влияния модификации медных 

сплавов фосфором с целью улучшения эксплуатационных свойств, а также перспектива использования фосфора 

в качестве безопасной замены свинца в латуни. Проведена оценка содержания и распределения примеси фосфора 

в концентрации 0,005 % в латунном образце марки ЛМцАЖН 59-3,5-2,3-0,5-0,3, изучены характер его взаимодей-

ствия с другими компонентами сплава и изменения, происходящие при различных температурах термической об-

работки. Установлено, что фосфор активно участвует в диффузионных процессах и образует фосфиды как в де-

фектных, так и в бездефектных заготовках. При нагреве в области температур горячей деформации происходит 

Frontier Materials & Technologies. 2024. No. 3 39

https://doi.org/10.17308/kcmf.2020.22/2965
https://doi.org/10.1515/ijmr-1968-591201
https://elibrary.ru/wamptb
https://doi.org/10.22068/IJMSE.16.2.21
https://doi.org/10.1007/s12666-015-0727-1
https://doi.org/10.18323/2073-5073-2018-3-48-56
https://doi.org/10.18323/2073-5073-2018-3-48-56
https://doi.org/10.1103/PhysRevMaterials.1.070602
https://doi.org/10.1016/j.jnucmat.2020.152682
https://elibrary.ru/oglzjl
https://doi.org/10.1007/s10751-006-9386-2
https://orcid.org/0000-0002-8600-7566
https://orcid.org/0000-0002-8121-9084


Gnusina A.M., Svyatkin A.V.   “The influence of phosphorus microalloying on the structure formation of CuZn32Mn3Al2FeNi…” 

 

перераспределение фосфора, локальное растворение фосфида и образование метастабильных включений. Из-за 

различий в концентрации элементов в областях, прилегающих к фосфиду, происходит изменение структуры лату-

ни, что приводит к образованию участков, отличных от матричной β-фазы. Фосфид марганца в латуни может 

улучшить ее механические свойства и обрабатываемость резанием, но избыток этого соединения может привести 

к проблемам с прочностью, трещиностойкостью и формованием.  

Ключевые слова: двойные и многокомпонентные латуни; анализ распределения фосфора; силициды; фосфор; 

соединения с фосфором; форма и размеры включений; влияние нагрева на микроструктуру; перераспределение 

фосфора; марганцевый фосфид; диффузионные процессы; метастабильные включения.  
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Abstract: The problem of hydrogen embrittlement remains relevant in many areas, so the FeCrNiMnCo alloy (Can-

tor alloy) generates increased interest among researchers as one of the materials least exposed to the negative effect of 

hydrogen. Nevertheless, the issue of the influence of microstructure parameters on hydrogen embrittlement of the Can-

tor alloy and multicomponent alloys of the FeCrNiMnCo system in general remains understudied. This work studies 

the influence of grain size on the susceptibility of a nitrogen-doped high-entropy Cantor alloy to hydrogen 

embrittlement. For this purpose, states with different grain sizes (43±21, 120±57, and 221±97  μm) were formed in 

the (FeCrNiMnCo)99N1 alloy, using thermomechanical treatments. It is experimentally found that grain refinement 

leads to an increase in the strength properties of the alloy under study and promotes an increase in the resistance to 

the hydrogen embrittlement: in samples with the smallest grain size, the hydrogen-induced decrease in ductility is less 

than in samples with the largest one. A decrease in grain size causes as well a decrease in the length of the brittle zone 

detected on the fracture surfaces of samples after tension. This is caused by a decrease in hydrogen diffusion during 

the hydrogen-charging process and a decrease in the transport of hydrogen atoms with mobile dislocations during plas-

tic deformation due to a decrease in grain size. 

Keywords: hydrogen embrittlement; multicomponent alloys; high-entropy alloys; Cantor alloy; (FeCrNiMnCo)99N1; 

hydrogen-induced brittle zone; grain boundaries; fracture; mechanical properties.  
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INTRODUCTION 

It is known that hydrogen has a negative effect on metals 

and alloys, leading to a deterioration in their properties and 

a reduction in service life. The issue of the need to create new 

structural materials resistant to the negative effects of hydro-

gen, and to find methods for reducing the tendency to hydro-

gen embrittlement for existing materials is acute today in many 

industries, including nuclear energy, the oil and gas industry, 

and promising and rapidly developing hydrogen energy indus-

try. Currently, structural elements used in hydrogen-containing 

working environments are made of stable austenitic steels as 

well-proven materials, that are least prone to hydrogen 

embrittlement among steels of various classes. However, the 

high-entropy FeCrNiMnCo alloy named after its discoverer 

B. Cantor demonstrates greater resistance to the hydrogen

embrittlement effects than the above-mentioned austenitic

steels under the same hydrogen-charging conditions [1; 2].

Besides, Cantor alloy has unique mechanical and physical
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properties: resistance to radiation damage and corrosion, wear 

resistance, a combination of high ductility and strength, due to 

which it can be used even in extreme conditions [3; 4]. How-

ever, the alloy has a relatively low yield strength [5]. One of 

the most effective methods to solve this problem is considered 

to be doping the alloy with interstitial atoms, in particular ni-

trogen, to increase the strength properties of the material with-

out significant loss of ductility [6; 7]. 

In addition, it has been found that alloying materials 

also affects their susceptibility to hydrogen em-

brittlement. Thus, in [8] it was found that alloying 

the CoCrFeNi alloy with aluminum helps to increase 

resistance to the hydrogen embrittlement effects, as well 

as an increase in strength and ductility. In the work [9], 

covering the study of the hydrogen embrittlement in 

the Cantor alloy, it is shown that adding of 0.5 at. % car-

bon increases the alloy susceptibility to the hydrogen 

negative effects. At the same time, works [10; 11] found 

that alloying with carbon, on the contrary, can increase 

the resistance of the Cantor alloy and alloys based on it 

to hydrogen-induced degradation of mechanical charac-

teristics. The ambiguity of the results obtained, when 

studying the influence of interstitial atoms on hydrogen 

embrittlement of the Cantor alloy, necessitates further 

development of this scientific problem. 

It is known that the diffusion of hydrogen is a critical 

parameter affecting the hydrogen embrittlement of alloys 

[12]. A significant aspect affecting the hydrogen diffusion 

is the sites of its capture (so-called traps), which usually 

include interstices, dislocations, grain boundaries and inter-

phase boundaries, cracks, particles, etc. [13–15]. Increasing 

the number of traps, for example, grain boundaries, by 

grain refinement makes it possible to reduce the hydrogen 

negative impact on metals and alloys. In works [16; 17], 

it was found that reducing the grain size in the Cantor alloy 

reduces the specific concentration of hydrogen at the grain 

boundaries, while suppressing brittle cracking and increas-

ing the alloy’s resistance to hydrogen embrittlement. Based 

on this, studying the influence of grain size on hydrogen 

embrittlement in a multicomponent Cantor alloy doped with 

nitrogen atoms is of interest. 

The purpose of this study is to identify the patterns of 

hydrogen embrittlement of the (FeCrNiMnCo)99N1 high-

entropy alloy with different grain sizes. 

METHODS 

A multicomponent high-entropy alloy based on Cantor 

alloy (HEA-N) was chosen as the object of study. Cast bil-

lets were obtained by induction melting of Cr, Ni, Fe, Co 

powders with the manganese nitride addition. The composi-

tion specified during melting corresponded to the stoichio-

metric ratio of (FeCrNiMnCo)99N1 (19.8Fe–19.8Cr–

19.8Ni–19.8Mn–19.8Co–1N, at. %). 

The cast billets were subjected to heat treatment, 

which consisted of annealing at a temperature of 

1200 °C for 2 h followed by quenching in water. After 

this, the billets were rolled to 80 % reduction. To obtain 

states with different grain sizes, the rolled bars were 

soaked at different temperatures, and quenched in water: 

to obtain the smallest grain size (S_HEA-N) – at a tem-

perature of 1000 °C for 1 h; medium (M_HEA-N) – at 

a temperature of 1100 °C for 1 h; coarse grains (C_HEA-N) – 

at a temperature of 1200 °C for 2 h. After all thermo-

mechanical treatments, the samples had the chemical 

composition: 19.9Fe–20.1Cr–20.0Ni–19.9Mn–19.3Co–

0.8N, at. %. The elemental composition of the samples 

(Co, Cr, Ni, Mn, and Fe) was analyzed using 

a LEO EVO 50 scanning electron microscope (Zeiss, 

Germany), with a device for energy-dispersive spectro-

scopy. Nitrogen concentration was determined using 

a LECO ONH spectrometer (LECO, USA). 

Dumbbell-shaped tensile samples of 12×2.6×1.4 mm
3
 in 

gauge section, were cut from the resulting blanks on an 

electric spark machine. 

Electrochemical hydrogen-charging of the samples was 

carried out at room temperature in a 3 % aqueous NaCl 

solution containing 3 g/L of NH4SCN as a recombination 

poison. The charging duration was 50 h at a current density 

of 10 mA/cm
2
. 

The intensity of hydrogen desorption from the surface 

of the samples was analyzed by thermal desorption spec-

troscopy (TDS). The samples were studied in the tempera-

ture range of 25–800 °C (heating rate is 4 °C/min), using 

a vacuum chamber with the simultaneous collection of 

thermal desorption spectra by an RGA100 quadrupole mass 

spectrometer (Stanford Research Systems, USA). The hy-

drogen concentration profile over the depth of the samples 

was obtained using a GD-Profiler 2 glow discharge optical 

emission spectrometer (Horiba, France). 

The microstructure of the samples was studied using an 

Apreo 2 S scanning electron microscope (FEG SEM), 

equipped with a Velocity Super system for analyzing 

the structure and texture of crystalline materials, by the elec-

tron backscattered diffraction (EBSD) method. The average 

grain size was determined by the interseption method using 

electron microscopic photographs (without taking into ac-

count twin boundaries). 

Uniaxial tension tests of the samples were carried out 

with the initial strain rates of 5×10
−4

 s
−1

 and 1×10
−2

 s
−1

 on 

an electromechanical machine LFM-125 (Walter+Bai AG, 

Switzerland), at room temperature. Mechanical tests were 

also carried out at a strain rate of 1×10
−2

 s
−1

 at low tempera-

ture (−196 °C) on an electromechanical machine 

Instron 1185 (Instron, USA). At least 5 samples were used 

to validate each condition. 

RESULTS 

After thermomechanical treatments according to the se-

lected modes, three types of samples with different grain 

sizes were formed. All states have a single-phase (γ-fcc) 

structure. According to the images obtained by the EBSD 

method, all the studied samples are characterized by a dis-

ordered polycrystalline structure; no predominant grain 

orientation is observed. Moreover, the structure contains 

a large number of annealing twins, which may indicate 

a rather low energy of stacking faults in the alloy under 

study (Fig. 1). The average grain size of all samples re-

ceived is presented in Table 1. 
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For all the studied samples, the TDS curves (Fig. 2) 

show one low-temperature peak with a maximum intensity 

at about 145 °C, which characterizes the desorption of dif-

fusible hydrogen trapped in the crystal lattice or weak re-

versible traps: interstices, dislocations, vacancies, grain 

boundaries. In this case, changes in grain size have little 

effect on the position and intensity of the TDS peak. 

According to the stress–strain diagrams (Fig. 3), grain 

refinement leads to an increase in the yield strength and 

ultimate tensile strength of the HEA-N alloy, and a slight 

decrease in its ductility. 

The influence of hydrogen-charging of samples with 

different grain sizes on their mechanical characteristics, 

such as yield strength σ0.2, ultimate tensile strength σUTS, 

elongation to failure δ, and hydrogen embrittlement index 

IH is shown in Table 2. The IH value characterizing the re-

duction in ductility caused by hydrogen, was defined as 

%,100
δ

δδ

0

0 


 H
HI

where δ0 and δН are the total elongation to failure of 

the samples before and after hydrogen-charging, respectively.  

Electrochemical hydrogen-charging does not contribute 

to the occurrence of noticeable effects of solid solution 

strengthening by hydrogen atoms, consequently, without 

causing a significant change in the value of the yield 

strength σ0.2. Hydrogen-charging leads as well to a decrease 

in tensile strength σUTS, and the smallest decrease is ob-

served in S_HEA-N samples with a minimum grain size. 

The hydrogen embrittlement index IH has a maximum 

value in C_HEA-N samples with the largest grain size, and 

a significant decrease in the IH value is observed with de-

creasing grain size. In S_HEA-N samples with the smallest 

grain size (d=43±21 μm), the value of IH≈0: a hydrogen-

induced decrease in plasticity under these charging condi-

tions, is not observed in such samples. Thus, grain structure 

refinement helps to increase the resistance of the studied 

HEA-N alloy to the hydrogen embrittlement effects. 

Hydrogen-charging of samples leads to the formation of 

a brittle surface layer, which undergoes intense cracking 

during deformation (Fig. 4). The fracture behavior of the 

side surfaces of hydrogen-charged samples is predominant-

ly intergranular, but single transgranular cracks are also 

observed in M_HEA-N and C_HEA-N samples (Fig. 4 a–c). 

Despite the brittle fracture behavior, a large number of slip 

lines are observed on the side surfaces. 

a b c 

Fig. 1. EBSD image of the microstructure of samples: a – with the smallest grain size (S_HEA-N);  

b – with the medium grain size (M_HEA-N); c – with the largest grain size (C_HEA-N) 

Рис. 1. ДОЭ-изображения микроструктуры образцов: a – с меньшим размером зерна (S_HEA-N); 

b – со средним размером зерна (M_HEA-N); c – с самым крупным размером зерна (C_HEA-N) 

Table 1. The average size of austenitic grains in the alloy under study depending on the treatment mode 

Таблица 1. Средний размер аустенитных зерен в исследуемом сплаве в зависимости от режима обработки 

HEA-N 
Treatment mode 

1000 °С, 1 h 1100 °С, 1 h 1200 °С, 2 h 

Average grain size d, µm 43±21 120±57 221±97 

Designation S_HEA-N M_HEA-N C_HEA-N 

Phase composition γ-phase 
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Fig. 2. TDS spectra of hydrogen desorption for the (FeCrMnCoNi)99N1 alloy samples with different grain sizes 
Рис. 2. ТДС-спектры десорбции водорода для образцов сплава (FeCrMnCoNi)99N1 с разным размером зерна 

a b 

Fig. 3. Strain-stress diagrams of the samples with the smallest (S_HEA-N), medium (M_HEA-N) 
and the largest (C_HEA-N) grain size before and after hydrogen-charging (+H):  

a – engineering coordinates; b – true coordinates 

Рис. 3. Диаграммы растяжения образцов c малым (S_HEA-N), средним (M_HEA-N)  

и крупным (C_HEA-N) размером зерна до и после наводороживания (+H): 

a – инженерные координаты; b – истинные координаты 

Table 2. The influence of hydrogen-charging (+H) on the mechanical properties of a HEA-N alloy with different grain sizes 
Таблица 2. Влияние насыщения водородом (+H) на механические свойства сплава ВЭС-N с разным размером зерна 

Material 
σ0.2, MPa 
(±5 MPa) 

σUTS, MPa 
(±10 MPa) 

δ, % 
(±2 %) 

IH, % 

S_HEA-N 310 715 58 
0 

S_HEA-N+H 312 703 58 

M HEA-N 282 688 65 
6 

M_HEA-N+H 285 663 61 

C_HEA-N 252 622 66 
14 

C HEA-N+H 260 600 57 
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According to SEM analysis of the fracture surfaces, 

the central part of the samples after hydrogen-charging 

fractures in a ductile transgranular regime with the for-

mation of a dimple fracture (Fig. 4 d–f). The fracture 

mechanism and the length of the brittle zone in the fracture 

depend on the grain size of hydrogen-charged samples. 

The fracture behavior of the brittle zone in coarse-grained 

C_HEA-N samples is mixed – both transgranular and 

intergranular facets are observed. Reducing the grain size 

helps to reduce the proportion of transgranular cracks in 

the M_HEA-N samples and almost completely suppresses 

the transgranular fracture in the S_HEA-N samples. 

The length of the hydrogen-induced brittle zone D after 

mechanical tensile tests at room temperature, does not cor-

respond to the initial thickness of the hydrogen-assisted 

layer, formed immediately after electrochemical hydrogen-

charging (D0), since during plastic deformation hydrogen 

atoms are redistributed on mobile dislocations (ΔDd) and 

due to diffusion under stress (ΔDs). 

The brittle zone in the fracture of hydrogen-charged 

samples is characterized by the greatest length in all sam-

ples subjected to deformation in mode I. Changing the ten-

sile mode for all samples leads to a reduction in the brittle 

zone length to a minimum (mode III), due to the suppres-

sion of hydrogen transport during deformation (Table 3). 

The same patterns can be observed for all modes of me-

chanical tests: the maximum length of the hydrogen-

induced brittle zone is characteristic of coarse-grained 

C_HEA-N samples, and grain refinement leads to its reduc-

tion (Table 3). 

Fig. 5 shows the hydrogen distribution profile in the 

structure of coarse-grained C_HEA-N samples. Compari-

son of data in Fig. 5 with the results given in Table 3, 

showed that in the case when the diffusion and dislocation 

transport of hydrogen is suppressed (mode III), the brittle 

zone length has values close to the thickness of the hydro-

gen-induced surface layer. 

DISCUSSION 

The results of the analysis of thermal desorption curves 

of the high-entropy alloy under study differ from those ob-

tained in works studying hydrogen embrittlement in tradi-

tional materials with one basic component. For the cases of 

a b c 

d e f 

Fig. 4. SEM images of hydrogen-charged (+H) samples with the smallest (S_HEA-N), medium (M_HEA-N)  

and the largest (C_HEA-N) grain size after failure:  

a, b, c – side surface; d, e, f – fracture surface 

(TD – tension direction, IC – intergranular cracks, ТC – transgranular cracks) 

Рис. 4. СЭМ-изображения насыщенных водородом (+H) образцов c малым (S_HEA-N), средним (M_HEA-N)  

и крупным (C_HEA-N) размером зерна после растяжения:  

a, b, c – боковая поверхность; d, e, f – поверхность разрушения 

(TD – направление растяжения, IC – интеркристаллитные трещины, ТC – транскристаллитные трещины) 
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Table 3. Modes of mechanical tensile tests of hydrogen-charged samples of the HEA-N alloy with the smallest (S_HEA-N), 

medium (M_HEA-N) and the largest (C_HEA-N) grain size and their influence on the length of a brittle zone in a fracture 

Таблица 3. Режимы механических испытаний на растяжение насыщенных водородом образцов сплава ВЭС-N

c малым (S_HEA-N), средним (M_HEA-N) и крупным (C_HEA-N) размером зерна и их влияние на длину хрупкой зоны в изломе 

Deformation parameters  

and characteristics of brittle zone 

Mode 

I II III 

Strain rate, с−1 5×10−4 1×10−2 1×10−2 

Testing temperature, К 293 293 77 

Hydrogen transport on dislocations active significantly suppressed suppressed 

Hydrogen transport due to the stress-assisted diffusion active active suppressed 

Brittle zone length D, µm 

S_HEA-N 25±5 20±6 12±3 

M_HEA-N 33±7 25±8 13±5 

C_HEA-N 35±12 27±8 18±7 

austenitic [18], ferritic [19] and martensitic [20] steels, it 

has been shown that a decrease in grain size leads to an 

increase in the content of diffusible hydrogen in the sam-

ples (in the crystal lattice or weak reversible traps). In this 

case, the hydrogen-charging modes of all the above materi-

als were the same. 

In [18], the smallest grain size presented was 0.58 μm, 

the maximum was 19 μm, while the hydrogen concentration 

in coarse-grained samples was 3.3 wppm (weight parts per 

million), which is more than two times less than in ul-

trafine-grained samples (7.1 wppm). For the HEA-N alloy, 

the decrease in grain size by ≈2 times for M_HEA-N sam-

ples (d=120±57 μm) and by ≈5 times for S_HEA-N sam-

ples (d=43±21 μm) relative to samples with the largest 

grain size C_HEA-N (d=221±97 μm) does not lead to sig-

nificant differences in the thermal desorption curves: 

the intensity and position of the TDS peaks do not undergo 

significant changes. This is consistent with the data of [16], 

where similar results were obtained for the equiatomic 

high-entropy Cantor alloy without interstitial atoms and 

with grain sizes from 1.5 to 22 μm, which was saturated 

with hydrogen from a gas atmosphere. In [16], the author 

concludes that in steels of different classes, grain bounda-

ries play a significant role in the hydrogen trapping, while 

in the multicomponent Cantor alloy, hydrogen atoms are 

trapped mainly by the crystal lattice interstices. 

A noticeable increase in resistance to the hydrogen 

embrittlement effects expressed in a decrease in the values 

of the hydrogen embrittlement index IH, is observed in 

HEA-N samples with a small grain size. Typically, a de-

crease in the susceptibility to hydrogen embrittlement dur-

ing grain refinement is associated with the fact that when 

a large number of grain boundaries are formed, the amount 

of absorbed hydrogen in the grains [1] and its content per 

unit of boundary area decreases, which reduces the stress 

concentration at the grain boundaries. 

Fig. 5. Hydrogen concentration profile for the samples with the largest grain size (C_HEA-N) 

Рис. 5. Концентрационный профиль водорода для образцов с крупным размером зерна (C_HEA-N) 
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By analyzing the data obtained experimentally, as a re-

sult of mechanical tests for uniaxial tension in various 

modes (Table 3), the length of the brittle zone in the frac-

ture immediately after hydrogen-charging was assessed, as 

well as the contributions to the hydrogen transfer by dislo-

cation transport and due to diffusion under stress during 

the deformation process. However, numerous factors influ-

encing the brittle zone formation in the process of plastic 

deformation do not allow obtaining exact quantitative va-

lues for each of the contributions; therefore, this assessment 

method makes it possible only to qualitatively establish 

the patterns of the grain size influence on the hydrogen be-

havior in the material. 

As stated earlier, the suppression of both contributions 

to hydrogen redistribution at cryogenic test temperatures 

and high strain rates makes the length of the hydrogen-

induced brittle zone formed after mode III (DIII) of defor-

mation closest to the length of the brittle zone immediately 

after electrochemical charging (without deformation) D0. 

The length of the brittle zone in samples deformed in 

mode II significantly exceeds the values characteristic of 

samples deformed in mode III (Table 3). For low degrees of 

plastic deformation, when the dislocation range is limited 

primarily by grain boundaries and dislocation transport of 

hydrogen can be realized over long distances, dislocation 

densities of the order of 10
12

 1/m
2
 are typical. With such 

a dislocation density and strain rate of SR=10
−2

 1/s, the rate 

of dislocation movement is v=4×10
−5

 m/s (SR=ρbv, 

b=2.55 Å – dislocation Burgers vector). In that case, 

the time during which a dislocation moves one interatomic 

distance a=3.6 Å is τ=9×10
−6

 s, and the movement of hy-

drogen on the cores of mobile dislocations requires that 

the diffusion coefficient be D=7×10
−15

 m
2
/s (D=a

2
/2τ [21]). 

This value is significantly greater than that characteristic of 

hydrogen diffusion in the crystal lattice of gamma iron at 

room temperature (D=1×10
−16

 m
2
/s [22]). Thus, at a strain 

rate of SR=10
−2 

1/s (mode II) dislocation transport is signi-

ficantly suppressed, and the brittle zone length increases 

relative to the values characteristic of deformation in 

mode III mainly due to hydrogen lattice diffusion under 

stress (ΔDs). 

Assuming that the length of the brittle zone in the frac-

ture of hydrogen-charged samples subjected to deformation 

mode I is determined by the additive contributions of dif-

ferent hydrogen transfer mechanisms (DI≈D0+ΔDd+ΔDs), 

one can find the joint contribution from transport on dislo-

cations (ΔDd) and from stresses (ΔDs) as follows 

DI–DIII=ΔDd+ΔDs. The contribution of hydrogen transfer 

by diffusion under stress can be roughly estimated as 

ΔDs=DI–DII. Further, it is possible to estimate to a first ap-

proximation the contribution of dislocation transport ΔDd to 

the brittle zone length. Fig. 6 presents the results of esti-

mates of the D0, ΔDd and ΔDs contributions to the length of 

the hydrogen-induced brittle zone in the alloy under study, 

depending on the grain size. 

The greatest length of the brittle zone immediately after 

hydrogen-charging D0 is observed in coarse-grained 

C_HEA-N samples. The D0 value decreases with decreas-

ing grain size (Fig. 6). Since the D0 value is determined 

solely by the hydrogen distribution during charging, it de-

pends only on the diffusion of hydrogen atoms in the mate-

rial during hydrogen-charging. The effective hydrogen dif-

fusion coefficient in samples can be estimated using 

the formula [21] 

,2 tDx eff  (1) 

where x is the characteristic diffusion path; 

Deff is an effective diffusion coefficient;  

t is the hydrogen-charging duration.  

The D0 length can be taken as the characteristic diffu-

sion path x, since analysis of the profile of hydrogen con-

centration distribution along the depth of coarse-grained 

C_HEA-N samples shows the consistency of the results 

between the experimentally obtained hydrogen distribution 

along the depth immediately after charging and the length 

of the brittle zone in the fracture DIII≈D0 estimated by 

SEM-images of the fracture surface of C_HEA-N samples 

(Fig. 5, 6). 

An assessment of the effective diffusion coefficient (1) 

of hydrogen in samples of the studied HEA-N alloy shows 

that a decrease in grain size contributes to a decrease in Deff: 

16109 N-C_HEA
effD m

2
/s, 16105 N-M_HEA

effD  m
2
/s and 

16104 N-S_HEA
effD m

2
/s. The obtained Deff values are of

the same order; however, the minimum value is characteris-

tic of samples with the smallest grain size. Thus, a decrease 

in grain size or, in other words, an increase in the density of 

grain boundaries (including an increase in the number of 

annealing twins) leads to the suppression of hydrogen dif-

fusion deep into the samples. Despite the existence of dual 

opinions about the influence of grain boundaries and twins 

on the hydrogen behavior in the material [21; 23; 24], they 

can act both as traps for hydrogen atoms and as preferential 

paths for their diffusion. In this work, in samples of 

the HEA-N alloy within the given conditions of hydrogen 

charging, they rather play the role of capture sites, although 

the second option should not be completely excluded. 

The grain size of the studied HEA-N samples affects 

both the hydrogen distribution during charging, and 

the hydrogen diffusion, during plastic deformation (Fig. 6). 

Changes in the grain size of the studied samples have 

a weak effect on the hydrogen diffusion under stress during 

plastic deformation (Fig. 6). At the same time, the hydrogen 

transfer by mobile dislocations, directly depends on 

the grain size. The contribution of dislocation transport 

decreases with decreasing grain size and reaches a mini-

mum value in the S_HEA-N samples. They are two times 

smaller than in the coarse-crystalline C_HEA-N samples, 

which is associated with a decrease in the free path of dis-

locations during plastic deformation. 

CONCLUSIONS 

Using various types of thermomechanical treatment, 

a series of states with different grain sizes was formed in 

the (FeCrNiMnCo)99N1 alloy: 43±21 (S_HEA-N), 120±57 

(M_HEA-N), and 221±97 μm (C_HEA-N). 

Grain refinement helps to increase the strength proper-

ties of the alloy under study and reduce the elongation to 
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a b 

c 

Fig. 6. The influence of a mechanical testing mode on the length of a brittle hydrogen-induced zone and evaluation 

of the main contributions from diffusion and dislocation hydrogen transport during plastic deformation of samples 

with the smallest (S_HEA-N) (a), medium (M_HEA-N) (b), and the largest (C_HEA-N) (c) grain size 

Рис. 6. Влияние режима механических испытаний на длину хрупкой водородно-индуцируемой зоны и оценка основных вкладов 

от диффузионного и дислокационного транспорта водорода при пластической деформации образцов 

с малым (S_HEA-N) (a), средним (M_HEA-N) (b) и крупным (C_HEA-N) (c) размером зерна 

failure, the values of which in all cases remain high 

(δS_HEA-N=58 %, δM_HEA-N=65 %, δC_HEA-N=66 %). 

Hydrogen charging of samples of the alloy under study 

has little effect on the yield strength, however, leads to 

a decrease in the ultimate tensile strength and elongation 

to failure. The formed hydrogen-induced surface zone in 

samples with the largest grain size, is fractured in a brittle 

way; cracks are observed both along the body of 

the grains, and along their boundaries on the side surfaces 

of the destroyed hydrogen-charged samples. An increase 

in the number of grain boundaries due to grain refinement 

is accompanied by a change in the nature of the fracture of 

the surface brittle hydrogen-assisted zone to a predomi-

nantly intergranular one. 

It has been experimentally found that a decrease in grain 

size helps to increase the resistance of the (FeCrNiMnCo)99N1 

alloy to the negative effects of hydrogen. This is manifested 

by a decrease in the hydrogen embrittlement index, as well 

as in a decrease in the length of the hydrogen-induced brittle 

zone detected on the fracture surfaces. This is caused by 

a decrease in the effective coefficient of hydrogen diffusion 

in the material, as well as a decrease in the free path of dis-

locations transferring hydrogen deep into the material dur-

ing plastic deformation. 
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Аннотация: Проблема водородного охрупчивания остается актуальной во многих сферах, поэтому повышен-

ный интерес среди исследователей вызывает сплав FeCrNiMnCo (сплав Кантора) как один из наименее подвер-

женных негативному воздействию водорода материалов. Тем не менее малоизученным остается вопрос о влиянии 

параметров микроструктуры на закономерности водородного охрупчивания сплава Кантора и многокомпонент-

ных сплавов системы FeCrNiMnCo в целом. В работе изучено влияние размера зерна на склонность высокоэнтро-

пийного сплава Кантора, легированного азотом, к водородной хрупкости. Для этого с помощью термомеханиче-

ских обработок в сплаве (FeCrNiMnCo)99N1 были сформированы состояния с разным размером зерен (43±21, 

120±57 и 221±97 мкм). Экспериментально установлено, что измельчение зерна приводит к увеличению прочност-

ных свойств исследуемого сплава и способствует повышению устойчивости к эффектам водородной хрупкости: 

в образцах с наименьшим из представленных размером зерна водородно-индуцируемое снижение пластичности 

меньше, чем в образцах с наибольшим размером зерна. Уменьшение размера зерна вызывает также снижение дли-

ны хрупкой зоны, выявляемой на поверхностях разрушения образцов после растяжения. Это вызвано снижением 

диффузии водорода в процессе насыщения и уменьшением транспорта атомов водорода с подвижными дислока-

циями в процессе пластической деформации за счет уменьшения размера зерна.  

Ключевые слова: водородное охрупчивание; многокомпонентные сплавы; высокоэнтропийные сплавы; сплав 

Кантора; (FeCrNiMnCo)99N1; водородная хрупкость; водородно-индуцируемая хрупкая зона; границы зерен; раз-

рушение; механические свойства. 
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Abstract: The wide application of honing as a finishing treatment of internal cylindrical surfaces for cylinder-piston 

systems, used in some structures, is caused by high accuracy measured in tenths of a micrometer, and high productivity of 

the process. The most important indicator of reliable operation of cylinder-piston systems are high requirements for 

the geometric accuracy of holes. Due to the lack of sufficient theoretical justification for the selection of honing parame-

ters ensuring the accuracy of the geometric shape of the hole in the longitudinal section, the authors proposed a model for 

the formation of errors in the geometric shape of the hole. The model is built on the kinematic characteristics of the pro-

cess including the ratio of the honing stone dimensions, the length of the hole, the stroke of the honing head, the ratio of 

the speeds of translational and rotational movements, and the force action in the processing zone, which changed due to 

the presence of an overrun of the honing stone. To obtain analytical dependencies ensuring the minimisation of form devi-

ations, the conditions for stock removal for the points of the machined surface were considered, the value of which was 

taken proportional to the path of movement, and the pressure value. For this purpose, graphs of the distribution functions 

of displacements and pressure changes were constructed depending on the coordinate of the point location on the generat-

ing line of the hole being machined. Using the obtained analytical dependencies, the potential occurrence of a shape error 

in the form of a saddle shape was found, the dominant factor influencing the value of which is the value of the honing 

stone overrun. At the same time, it was identified that the ratio of the speeds of translational and rotational movements has 

an insignificant effect on the violation of the form in the longitudinal section. 

Keywords: honing; geometric accuracy of holes; kinematic characteristics of honing; value of overrun; displacement 

distribution function. 

For citation: Denisenko A.F., Grishin R.G., Antipova E.D. Accuracy of the geometric shape of the hole in the long i-

tudinal section during honing. Frontier Materials & Technologies, 2024, no. 3, pp. 53–62. DOI: 10.18323/2782-4039-

2024-3-69-5. 

INTRODUCTION 

Honing has been on the rise in recent years due to 

the need to improve the tribological performance of cylin-

der-piston systems used in materials-handling machines, 

hydraulic jacks, engine components, and robotics. In pro-

cess engineering, abrasive machining methods have always 

been an important area of research in terms of development 

and modelling, as they determine the surface quality cha-

racteristics of the blank. Honing is an abrasive machining 

process most often used in roughing, semi-finishing and 

finishing of cylindrical bores to produce parts with high 

surface quality and minimal geometric errors [1–3]. A spe-

cial feature of honing is the transverse scratches made on 

the surface by two tool strokes. These transverse scratches 

give the surface special performance characteristics in 

terms of oil retention and circulation. Therefore, honing is 

usually used to ensure that the surface of elements that are 

in contact with others during relative motion, such as in 

the piston-cylinder system, meets the requirements for ge-

ometric and dimensional accuracy and texture [4–6]. One of 

the key tasks that must be solved in the honing process is to 

ensure a characteristic surface texture consisting of 

a network of oil scratches that form cross-hatching, as 

well as the required values of the roughness profile pa-

rameters [1; 2; 7]. 

During the use of honing processes, many studies have 

been carried out on both traditional and non-traditional hon-

ing. For example, in [8] positive results are noted for the pro-

cessing with variable kinematic parameters, and it is indicat-

ed that honing performed with variable kinematic parameters 

affects the value of the resulting roughness profile parame-

ters, which is an additional incentive, influencing the further 

development of CNC machines used for honing. 

According to the data given in [9; 10], the honing 

process is characterised by three overlapping motions of 

the honing tool: rotation around the tool axis, linear 
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reciprocating motion, and feed motion of the honing stone 

in the radial direction. The main parameters determining 

the honing kinematics are: axial linear speed of the honing 

head during reciprocating motion VA, m/min, and peripheral 

speed of the honing head VP, m/min: 

AXA nlV 2 ; DnVP π001.0 ,         (1) 

where lХ is the stroke length of the honing head during re-

ciprocating motion, m; 

nA is the stroke rate of the honing head during reciprocating 

motion, 1/min; 

n is the rotational frequency of the honing head, rpm; 

D is the diameter of the hole being honed, mm. 

The specified speeds determine the cutting speed V and 

the honing angle : 

22
PA VVV  ; AP VVtg  .  (2) 

The radial motion of the honing stone can be con-

trolled either by feed or by force. In feed-controlled hon-

ing, the honing stone is fed outward in certain stages, 

and at certain intervals using various mechanisms, for 

example, a mandrel with conical elements. In force-

controlled honing, the height of the feed steps depends 

on the difference between the required and measured 

process forces, which leads to different process forces 

during the honing process [9]. When processing is car-

ried out with a constant honing force, the quality of 

honed holes can be improved [11]. 

One of the main goals of the honing process is to re-

duce the deviation of the shape of honed holes. In [12], 

based on a comparison of the deviations in the hole 

shape that can be obtained with certain types of pro-

cessing, it was concluded that the honing process signifi-

cantly improves the cylindricality of the processed hole 

compared to other production methods. The authors of 

[13] noted that the cylindricality of the cylinder hole is

determined primarily by six groups of factors, such as

the machine and fixture rigidity, the honing head design,

the location of the honing stones, the properties of

the material being processed, the honing process parame-

ters and the pre-created initial cylindricality of the honed

hole, during previously performed processing.

The work [14] considered the effect of the honing 

stone speed on obtaining holes with minimal geometric 

errors. However, the author limits himself to studying 

the hole accuracy only in the cross-section, without con-

sidering its effect on the accuracy in the longitudinal 

direction. The author of [15] described the effect of 

changing the reciprocating speed and rotation speed on 

improving the ovality, and noted that with constant over-

run, a decrease in ovality was observed with an increase 

in the reciprocating speed. Maximum ovality was ob-

served at a higher reciprocating speed, and at a relatively 

lower rotation speed. At a higher rotation speed of 

the honing head, ovality decreases for all values of 

the reciprocating speed [15]. In [16], the effect of axial 

acceleration of the honing head on cylindrical deviation 

was confirmed. It was found that with an acceleration of 

<1 g and with an acceleration of >2 g, greater deviations 

in cylindricality of the honed hole were obtained than 

when processing with an acceleration of 1.5 g (g is 

the gravitational value of acceleration).  

As follows from the above review, the production of 

honed holes, with minimal deviations of cylindrical shape, 

has been studied in sufficient detail in published works. 

At the same time, as for ensuring the shape of the hole in 

the longitudinal section, in the few published works, for 

example [17–19], there are recommendations for the selec-

tion of honing parameters, in particular the overrun value, 

which do not contain sufficient theoretical justifications, 

and are built only based on some experimental data, 

the value of which essentially depends on the specific hon-

ing conditions. 

An analysis of works covering the honing process al-

lowed identifying the main parameters affecting the accura-

cy of the hole geometric shape: the dimensions of the hon-

ing stones, the ratio of the speeds of the rotational and re-

ciprocating motions of the honing head and the rational 

choice of pressure in the zone of a contact of the stones 

with the part. 

In work [19], it is noted that to obtain the correct geo-

metric shape of the processed hole, the stones must recede 

out of the hole for a certain length, called the overrun. 

However, it is emphasised that with an incorrectly selected 

symmetrical overrun in the hole, a saddle shape or barrel 

shape can be obtained. It is concluded that if one considers 

the redistribution of contact radial forces to be the dominant 

cause, then at any overrun values, an error in the shape in 

the longitudinal section in the form of a saddle must inevi-

tably form, which increases as the overrun values increase. 

In this case, the author considers the overrun value l' to be 

optimal, determined by the relationship 

  optll  25.033.0  ,  (3) 

where the length of the stone l is determined by the expres-

sions  

 Ll 8.02.1  and zDtgl απ5.1 ,         (4) 

where L and D are the length and diameter of the honed 

hole, respectively; 

z is the number of stones: 

 
b

D
z

π
35.025.0  ,  (5) 

where  is the angle of elevation of the trajectory of the 

cutting tools; 

b is the width of the stone. 

The range of changes in overrun values specified in [19] 

fits the values proposed in [18; 20], but without clear justi-

fication for their selection.  

The purpose of this study is to develop recommenda-

tions based on modelling of real honing cycles that will 

help end users when setting up the machining process. 
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METHODS 

The formation of geometric shape errors during hon-

ing can be carried out only on a cutting model, that takes 

into account local contacts between the blank, and 

the abrasive tool changing due to the impact of kinema-

tic and force factors. 

To obtain analytical dependencies that ensure the mini-

misation of shape deviations, it is necessary to consider 

the conditions for metal removal, during rotational and re-

ciprocating motion of the honing head. This problem can be 

solved by assuming that the amount of metal removal U is 

proportional to the amount of movement of individual 

points of the stone relative to the selected point of the ma-

chined surface S and the value of pressure p: 

kpSU  ,  (6) 

where k is the coefficient of specific material removal under 

given honing conditions. 

To determine the shape of the machined hole in 

the longitudinal direction, we denote the metal removal at 

point x along the length of the hole by U(x) (Fig. 1). 

The pressure in the contact zone of the stones with the 

part can depend both on the position of the stones relative 

to the part, i. e. be a function of the x coordinate on 

the machined surface (Fig. 1), and on the position of 

the considered point on the stone contact line, i. e. be 

a function of the x* coordinate in the moving coordinates 

system associated with the honing head: 

  xxpp , . 

In further calculations, we will assume that the pressure 

p=p(x, x*) does not depend on the x* coordinate, but only 

on the x coordinate on the machined surface, i. e. p=p(x). 

The direction of the rotational speed VP does not change 

during the machining cycle, and the direction of the transla-

tional speed VA changes at the end of each stroke of 

the head. In extreme positions, the translational motion ve-

locity decreases to zero, and then increases from zero to VA 

in the opposite direction, resulting in a delay in the stroke 

for some time. 

This nature of the head movements leads to an inequa-

lity in the path of movement of individual points of 

the cutting surface of the stones, relative to the machined 

surface. To take into account what share of the total fric-

tion path falls on particular areas of the part surface, and 

the working surface of the stones, the authors of [20] pro-

posed to introduce a function of the distribution of dis-

placements (x) in the longitudinal direction, and a func-

tion of the distribution of displacements (x) resulting 

from the head rotation. 

Fig. 2, 3 show the distribution functions for two pos-

sible conditions of symmetrical honing (under the same 

conditions for processing the ends of the hole). For the case 

shown in Fig. 2, when the overrun value l'=0, the stroke 

length of the head is determined as 

lLlX  .

For the extreme sections, the length of which is equal to 

l, the ordinates of the curve of the longitudinal displace-

ment distribution change according to a linear law, and 

the ordinates for the middle section of length (L−2l) remain 

constant, and are determined from the normalisation re-

quirement, according to which the area bounded by the dis-

tribution curve and the abscissa axis is equal to one: 

  12maxmax  lLl ;                (7) 

 lL  /1max .  (8) 

For the displacement distribution curve at relative rota-

tion (x), the constancy of the ordinates for each section is 

characteristic, although their values differ from each other. 

This difference is determined by the nature of the change 

in the velocity of the longitudinal displacement of 

the head at the end of the longitudinal stroke, and the time 

spent on changing the direction of the head movement. 

The duration of the stroke delay depends on the inertia of 

the control system. 

Fig. 3 shows a case for which the relation is observed: 

lLllL X  .

RESULTS 

During head displacement, part of the stone comes out 

of the hole in both directions, and only part of the cutting 

surface of the stones passes over the extreme points of 

the part forming the hole. The longitudinal displacement 

curve for the extreme sections is a trapezoid. The middle 

section of length (lX−l) is characterised by constant ordi-

nates, the values of which are determined from the normali-

sation requirement: 

 
 

  1
2

0
222 max

max 


 llllL ,  (9) 

where   ll max0 . 

Hence 

 2
max

llLl

l


 .  (10) 

The equation of the (x) straight line for the section 

0xl−l': 

 
 

 2llLl

lx
x




 .         (11) 

Therefore, the magnitude of the relative displacement of 

particular points of the stone for a point of the machined 

surface with coordinate x can be determined in the longitu-

dinal direction as 

  xVS AA , 

and in the direction of the head rotation as 
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Fig. 1. Computational scheme for determining metal removal during honing 

Рис. 1. Расчетная схема для определения съема металла при хонинговании 

Fig. 2. Distribution curves of displacements (x) and (x) during honing without overrun (l'=0) 

Рис. 2. Кривые распределения перемещений (x) и (x) при хонинговании при отсутствии перебега (l'=0) 

Fig. 3. Distribution curves of displacements (x) and (x) during honing in the presence of overrun (l' 0) 

Рис. 3. Кривые распределения перемещений (x) и (x) при хонинговании при наличии перебега (l' 0) 
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  xVS PP , 

where  is the honing duration. 

To find the function U(x) that determines the metal re-

moval in the hole section with coordinate x, it is necessary 

to take into account the pressure of the honing stone p=p(x) 

on this section of the hole: 

         xpSkxpSkxUxUxU PPAAPA  ,  (12) 

where UA(x), UP(x) are the metal removal at the point with 

coordinate x due to the stone movement in the longitudinal 

direction and in the direction of rotation of the honing head, 

respectively; 

kA, kP are coefficients of specific material removal under 

the given honing conditions caused only by the transla-

tional or rotational movement of the honing head, re-

spectively. 

Let us consider in more detail the case of honing in 

the presence of overrun (l'0) (Fig. 3), if the pressure 

diagram within the length of the contact of the stone 

with the part is a rectangle, i. e. there is a uniform pres-

sure distribution in the contact zone. Taking into account 

the symmetrical nature of the processing (the overruns at 

the ends of the hole are the same), we will consider only 

one side of the hole (Fig. 4) for the case when 2l<L. The 

graph p=p(x) displayed in Fig. 4 shows a gradual de-

crease in pressure due to an increase in the contact area 

of the stone with the part. Therefore, three areas can be 

distinguished along the x coordinate, differing in pro-

cessing conditions: 1) 0xl−l'; 2) l−l'<x<l; 3) l<x<L−l. 

Consequently, within sections 1 and 3, the pressure 

p=p(x) does not change and is: 

– for section 1:  
 bll

P
pxp

y


 1 ; 

– for section 3:  
lb

P
pxp

y
 3 . 

Then for section 2 

 
 

 xll
blll

P
pxp

y



 22 , 

where Py is the force of pressing the stone to the processed 

surface; 

b is the stone width. 

Thus, in accordance with formula (12), assuming that 

kA=kP=k, we obtain: 

           11111 pxVxVkxUxUxU PAPA  ;    (13) 

           22222 pxVxVkxUxUxU PAPA  ;   (14) 

           33333 pxVxVkxUxUxU PAPA  ,    (15) 

where, taking into account the absence of delays in the ex-

treme positions (x)=1/L. 

If we assume that VA=ξVP, then for comparison of stock 

removal by sections, the obtained dependencies (13)–(15) 

can be presented in the following way: 

Fig. 4. Distribution functions of displacements (x), (x) and pressures p(x) 

Рис. 4. Функции распределения перемещений (x), (x) и давлений p(x)  
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a 

b 

c 

Fig. 5. Values of η1, η2, η3 for L=300 mm; l=80 mm and ξ=1/7: a – =0.25; b – =0.33; c – =0.5 

Рис. 5. Значения η1, η2, η3 для L=300 мм; l=80 мм и ξ=1/7: a – =0,25; b – =0,33; c – =0,5 
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 
 

 

 

   llLllLl

lx

llL
x

PVk

bxU

yP


































11

11

2

1
1

1

;           (16) 

 
 

 
 

   
 xll

lllLllLl

l

xll
lllL

x
PVk

bxU

yP
































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2
11

2
11

2

2
2

2

;    (17) 

 
 

  lLllLl

l

lL
x

PVk

bxU

yP

11

11

2

3
3

3






























.         (18) 

Fig. 5 shows the values of η1, η2, (η1–η3) and (η2–η3) for 

sections 1 and 2 at different values of overrun, where =l'/l. 

The graph in Fig. 6 shows the influence of the overrun 

value on the maximum values of (η1–η3) when changing 

the length of the stone (80; 100; 120 mm). 

DISCUSSION 

From the graphs in Fig. 5 and 6, it follows that the maxi-

mum values (η1–η3) located on the boundary of sections 1 

and 2, and determining the maximum deviations from 

the straightness of the generating line of the machined hole 

will increase non-linearly as the overhang increases. The 

obtained result coincides with the conclusions of work [19] 

that in the presence of overrun, a shape error in the longitu-

dinal section in the form of a saddle is inevitably formed, 

which increases as the overrun value increases. 

The influence of the overrun value on the maximum 

values (η1–η3) with a change in the length of the stone 

shown in Fig. 6, indicates that the processing accuracy will 

increase with an increase in the length of the stone. 

The developed model allows estimating the effect of 

the ratio of translational and rotational speeds, i. e. the coef-

ficient ξ (VA=ξVP). Fig. 7 shows the dependence max(η1–

η3)=f(ξ) for L=300 mm, l=100 mm and l'=0.3l indicating 

that the maximum deviation of the hole generating line 

from straightness depends linearly on the coefficient ξ. 

However, when comparing the results shown in Fig. 6 

and 7, one can note that the influence of pressure due to 

a change in overrun is much more significant than the 

choice of the ratio of the translational and rotational 

speeds of the stone.  

Taking into account specific honing conditions (k, , VP, 

Py, and b parameters) allows finding the U1(x), U2(x), U3(x) 

values using dependencies (12)...(18) and determining the 

linear dimensions of the deviations of the hole generating 

line. The obtained analytical dependencies allow estimating 

the accuracy of the hole geometric shape in the longitudinal 

section, during honing both with symmetrical and asym-

metrical processing, when the overruns at the ends of the 

hole are not the same. This circumstance is especially rele-

vant when honing blind holes. 

CONCLUSIONS 

Based on the developed honing model, taking into account 

the influence of the kinematic factor, dependencies are ob-

tained that allow estimating the errors in the geometric 

shape of the hole in the longitudinal section. It is shown 

that the dominant factor is the presence of overrun. It is 

found that due to the presence of overrun, the machined 

surface has a tendency to saddle-shaped appearance.  

To improve the accuracy of the geometric shape of  

the hole in the longitudinal section during honing, well- 

founded recommendations can be used to increase  

the length of the honing stone and ensure constant pres-

sure in the contact zone of the hone, and the machined 

surface during tool overrun. 

Fig. 6. The influence of the overrun value on the maximum values of η1–η3 
when changing the length of the stone for L=300 mm and ξ=1/7 

Рис. 6. Влияние величины перебега на максимальные значения η1–η3 
при изменении длины бруска для L=300 мм и ξ=1/7 
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Fig. 7. Dependence of maximum η1–η3 values on the ξ coefficient for L=300 mm; l=100 mm and =0.3 

Рис. 7. Зависимость максимальных значений η1–η3 от коэффициента ξ для L=300 мм; l=100 мм и =0,3 
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Denisenko A.F., Grishin R.G., Antipova E.D.   “Accuracy of the geometric shape of the hole…” 

Аннотация: Широкое применение хонингования в качестве финишной обработки внутренних цилиндриче-

ских поверхностей для цилиндропоршневых систем, используемых в ряде конструкций, обусловлено высокой 

точностью, измеряемой десятыми долями микрометра, и высокой производительностью процесса. Важнейшим 

показателем надежной работы цилиндропоршневых систем являются высокие требования к геометрической точ-

ности отверстий. В связи с отсутствием достаточных теоретических обоснований выбора параметров хонингова-

ния, обеспечивающих точность геометрической формы отверстия в продольном сечении, была предложена модель 

образования погрешностей геометрической формы отверстия, построенная на учете кинематических характери-

стик процесса, включающих соотношение размеров хонинговального бруска, длины отверстия, хода хонинговаль-

ной головки, соотношения скоростей поступательного и вращательного движений и силового воздействия в зоне 

обработки, которое изменялось за счет наличия перебега хонинговального бруска. Для получения аналитических 

зависимостей, обеспечивающих минимизацию отклонений формы, были рассмотрены условия съема припуска 

для точек обрабатываемой поверхности, величина которого принималась пропорциональной пути перемещения 

и величине давления. С этой целью были построены графики функций распределения перемещений и изменения 

давлений в зависимости от координаты расположения точки на образующей обрабатываемого отверстия. В ре-

зультате использования полученных аналитических зависимостей установлено потенциальное появление погреш-

ности формы в виде седлообразности, доминирующим фактором влияния на значение которой является величина 

перебега хонинговального бруска. Вместе с тем показано, что соотношение скоростей поступательного и враща-

тельного движений несущественно влияет на нарушение формы в продольном сечении. 

Ключевые слова: хонингование; геометрическая точность отверстий; кинематические характеристики хонин-

гования; величина перебега; функция распределения перемещений. 
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Abstract: The authors carried out the study of the influence of 3D printing modes on the structure and chemical com-

position of 30HGSA steel (chromansil) samples produced by the method of additive electric arc surfacing. To study 

the influence of the electric arc surfacing mode on the chemical composition of the steel under study, an optical emission 

analysis of the samples was carried out. The influence of the surfacing mode on the resulting structure was assessed over 

the entire height of the deposited walls at magnifications of ×50, ×100, ×200 and ×500. Optical emission analysis identi-

fied a change in the material chemical composition associated with the loss of chemical elements. It was found that 

the degree of loss of C, Cr and Si increases almost linearly and is directly proportional to the surfacing heat input 

(Q, J/mm). The exact influence of an increase in the surfacing heat input on the Mn content was not found, but a relation-

ship between the degree of its loss and the voltage (U, V) during surfacing of samples was identified. Microstructural stu-

dies of all samples did not reveal a large number of systemically formed structural defects characteristic of cast and welded 

products (pores, shrinkage cavities, etc.), which confirms the high quality of the metal in goods produced by electric arc 

surfacing. Analysis of micrographs taken in different areas of the samples allowed determining that the metal microstruc-

ture does not undergo significant changes under different surfacing modes; the main tendencies in changes in the structure 

along the height of the sample are preserved. All samples demonstrated the formation of a highly dispersed structure, re-

gardless of the 3D printing parameters. The most favorable metal structure, suitable for subsequent use in the production of 

goods using additive manufacturing, was recognized as the structure of the sample deposited using mode No. 5 (I=160 A, 

U=24 V, Q=921.6 J/mm). This mode can be used for further study of the problems of additive electric arc surfacing 

of 30HGSA steel.  

Keywords: 30HGSA steel; additive electric arc surfacing; optical emission analysis; metallographic study; additive 

manufacturing. 
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INTRODUCTION 

The intensive development of 3D printing (additive 

manufacturing) technologies, leads to the necessity of 

a thorough study of the mechanical properties, structure 

and chemical composition of metals produced by this 

method. Today, the main methods of 3D metal printing 

are layer-by-layer powder melting (Selective Laser Melt-

ing, SLM), laser powder surfacing (Laser Engineered 

Net Shape, LENS / Direct Metal Deposition, DMD) and 

electric arc surfacing (Wire and Arc Additive Manufac-

turing, WAAM) [1]. The most technologically produc-

tive, and simplest is the method of 3D printing by 

WAAM, used in this work [2; 3]. 

The advantages of additive methods include, the ability 

to automate fully the process of producing goods;  

a significant reduction in material consumption when manu- 

facturing products from expensive materials, such as titani-

um and nickel alloys; the possibility of small-scale produc-

tion of goods, which is unprofitable when using traditional 

production methods [4–6]. 

Despite the noted advantages of additive manufactur-

ing methods, the application of these technologies faces 
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a number of difficulties due to the complexity of select-

ing printing modes, and thermal cycle parameters. De-

pending on the selected 3D printing mode, it is possible 

to obtain different mechanical properties of the material.  

SLM is a technology for manufacturing complex pro-

ducts by laser melting of metal powder, using mathemati-

cal CAD models. SLM is considered a high-energy pro-

cess. At the point where the powder melts, the energy 

density is higher compared to other electric arc processes 

(for example, welding), but lower than with laser irradia-

tion [7]. One of the problems of SLM-produced parts is 

the relatively high surface roughness, which reduces fa-

tigue resistance by increasing the stress concentration on 

the sample surface [8]. 

Laser powder surfacing (LENS/DMD) is an additive 

technology for growing a part by fusing a powder material 

layer onto a substrate. The laser beam creates a welding 

pool, into which the metal in powder form is injected, 

where it melts and solidifies to form a metallic bond to 

the substrate. Typically, this process uses a single-mode 

continuous wave solid-state fiber laser, operating at a wave-

length of 1075 nm. During the process, metal powder from 

the feed system is automatically fed to the substrate, which 

is lowered to a height equal to the deposited layer thickness. 

However, it is noted that the laser surfacing method does 

not have the reproducibility of the chemical composition, 

and mechanical properties of the final products [9; 10], 

which is a serious shortcoming. 

WAAM is a relatively new technology emerged in 

the 1990s. It consists of fusing conventional welding wire 

widely available commercially onto a substrate, which 

results in the finished part formation. Compared to con-

ventional manufacturing, WAAM allows reducing produc-

tion time by 40–60 % and post-processing time by 15–

20 %, depending on part size. Thus, aircraft landing gear 

stiffeners using this technology are manufactured with 

raw material savings of approximately 78 % compared to 

conventional production [11]. Metals with good 

weldability can potentially be used for the WAAM pro-

cess, and so far, researchers have successfully produced 

objects from the alloys based on Ti [11], Al [12], steel 

[13], and Ni [14] using this method. 

Stainless low carbon steels (austenitic, martensitic 

and duplex) are the most preferred candidates for 

WAAM surfacing due to their combination of mechani-

cal properties, high corrosion resistance and weldability. 

However, this cannot be said about medium-carbon 

steels widely used in mechanical engineering, aircraft 

manufacturing and other fields. Therefore, the study of 

the behavior of medium-carbon steels during the WAAM 

process with the prospect of using the developments in 

industry is of interest. 

During the process of surfacing layers, the metal is in 

a liquid state and is then subjected to multiple heating 

cycles to temperatures above critical, which leads to 

a possible change in the chemical composition of the 

starting material. As a result of non-equilibrium crystal-

lization and repeated heating of the metal, the micro-

structure of the resulting material differs significantly 

from the structure of the material obtained from rolled 

products [15–17]. 

Foreign research is increasingly considering additive 

technologies, including WAAM. At the same time, in Russia, 

these methods are studied locally and are not so widespread. 

However, it is the use of additive technologies that can re-

duce the cost of single and small-scale production of goods 

from widely used structural materials, such as 30HGSA steel. 

The development of these technologies will contribute to the 

development of Russian science and import substitution. 

The purpose of this research is to study the influence of 

additive electric arc surfacing modes on the chemical com-

position and microstructure of 30HGSA steel. 

METHODS 

The research material was 30HGSA structural steel 

(GOST 4543-2016 “Rolled Products Made of Alloy 

Structural Steel. Technical Specifications”). Table 1 pre-

sents the grade chemical composition of the deposited 

30HGSA steel. 

Samples for studying the chemical composition and mi-

crostructure of the deposited metal were prepared on a spe-

cialized stand for additive electric arc surfacing [18]. Nine 

blanks in the form of walls (Fig. 1) were produced using 

various printing modes. The width of the deposited walls 

was 1 surfacing bead, the height of the walls was formed by 

depositing 10 layers. A drop of metal was transferred by 

short circuits. 

The surfacing mode was specified by the following pa-

rameters: current (I, A), voltage (U, V), arc gap (z, mm), 

wire feed speed (V, mm/s), and shielding gas consumption. 

In this case, the arc gap, wire feed speed and shielding gas 

consumption were constant for all experiments, and 

amounted to 11 mm and 200 mm/min, respectively (deter-

mined by preliminary tests) [19; 20]. 

Based on the 3D printing modes, the heat input (Q) of 

the process (electrical energy consumed per length unit of 

the seam) was determined as one of the complex informa-

tive parameters, in accordance with GOST R ISO 857-1-

2009, taking into account the energy loss coefficient of 0.8: 

Table 1. Chemical composition of the 30HGSA steel (GOST 4543-2016) 
Таблица 1. Химический состав стали 30ХГСА (ГОСТ 4543-2016) 

Element C Si Mn Cr S P 

Content, % 0.28–0.34 0.90–1.20 0.80–1.10 0.80–1.10 <0.025 <0.025 
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Fig. 1. General view of the deposited walls 

Рис. 1. Общий вид наплавленных стенок 

V

UI
Q

8,0
 .

Table 2 shows the surfacing modes for each welded 

blank, and the values of the heat input of the surfacing 

process. 

Samples were cut from a wall deposited using the 

WAAM method across the direction of deposition to study 

changes in the structure and hardness along the height of 

the grown metal. 

The material chemical composition was determined 

by emission spectral analysis on a Foundry-Master sta-

tionary optical emission analyzer – a high-precision la-

boratory multi-matrix analyzer with a sensitivity range 

for most elements of 0.001 % (according to some data, 

up to 0.0001 %). 

The metal microstructure was studied on microsections 

using an Altami MET 1C optical microscope at magnifica-

tions of ×50, ×100, ×200, and ×500. Sample preparation 

was carried out according to standard technique (mechani-

cal grinding with sandpaper of different grain sizes and 

polishing using various pastes). Etching was carried out 

with a 4 % aqueous solution of nitric acid [21]. 

RESULTS 

During the study of the chemical composition of 

the samples, data reflected in the diagram (Fig. 2) were 

obtained. The original wire was sample No. 0 shown in 

Fig. 2. The content of other chemical elements acting as 

impurities is constant in all studied samples, so these ele-

ments are not shown in Fig. 2. 

During the study of the microstructure of the samples, 

practically no technological defects were identified. Large 

single defects were found only on samples manufactured 

using modes No. 3 and 7 (Fig. 3). 

To compare the quality of different surfacing modes, 

the microstructure was studied in different regions along 

the height of the deposited wall of the samples (Fig. 4). 

The main microstructural changes are presented in 

Fig 5–7, and correspond to samples melted using modes 

No. 1, 5 and 9, respectively, since they allow assessing 

the main changes in the height of the deposited metal most 

completely. 

In sample No. 1, the wall microstructure near the sub-

strate consists of tempered bainite (Fig. 5 a). In the center 

of the sample, the bainite structure is generally preserved, 

but the appearance of other structural components 

(troostite) is visible. At the top of the sample, the micro-

structure changes, and consists predominantly of tro-

ostosorbite (Fig. 5 c), while the columnarity of the grains 

caused by the temperature gradient during cooling of 

the deposited bead is partially retained. Clearly defined 

ferrite grains are observed. One should note that the last 

deposited layers of sample No. 1 are characterized by 

a rather high degree of grain size nonhomogeneity. 

The microstructure of sample No. 5 near the substrate 

is also represented by tempered bainite (Fig. 6 a). In this 

sample, the tendency for a uniform transition from 

the bainite structure to the troostosorbite structure

Table 2. Deposition modes for each blank produced by the WAAM method 

Таблица 2. Режимы наплавки для каждой заготовки, полученной методом WAAM 

Blank No. 1 2 3 4 5 6 7 8 9 

I, А 120 160 200 120 160 200 120 160 200 

U, В 18 18 18 24 24 24 27 27 27 

Q, J/mm 518.4 691.2 864.0 691.2 921.6 1,152.0 777.6 1,036.8 1,296.0 
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Fig. 2. Change in the content of alloying elements depending on the deposition mode 

Рис. 2. Изменение содержания легирующих элементов в зависимости от режима наплавки 

a b 

Fig. 3. Defects identified in the structure of samples, ×50:  

a – sample No. 3; b – sample No. 7 

Рис. 3. Дефекты, выявленные в структуре образцов, ×50: 

a – образец № 3; b – образец № 7 

Fig. 4. Location of characteristic zones for studying the microstructure of the sample:  

1 – base; 2 – center; 3 – top 

Рис. 4. Расположение характерных зон для исследования микроструктуры образца: 

1 – основание; 2 – центр; 3 – вершина 
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a b c 

Fig. 5. Microstructure of the deposited wall (30HGSA steel, sample No. 1, Q=518.4 J/mm) (×500):  

a – near the substrate; b – in the center of the sample; c – at the top of the sample 

Рис. 5. Микроструктура наплавленной стенки (сталь 30ХГСА, образец № 1, Q=518,4 Дж/мм) (×500): 

 a – вблизи подложки; b – в центре образца; c – в вершине образца 

a b c 

Fig. 6. Microstructure of the deposited wall (30HGSA steel, sample No. 5, Q=921.6 J/mm) (×500):  

a – near the substrate; b – in the center of the sample; c – at the top of the sample 

Рис. 6. Микроструктура наплавленной стенки (сталь 30ХГСА, образец № 5, Q=921,6 Дж/мм) (×500): 

a – вблизи подложки; b – в центре образца; c – в вершине образца 

a b c 

Fig. 7. Microstructure of the deposited wall (30HGSA steel, sample No. 9, Q=1296 J/mm) (×500):  

a – near the substrate; b – in the center of the sample; c – at the top of the sample 

Рис. 7. Микроструктура наплавленной стенки (сталь 30ХГСА, образец № 9, Q=1296 Дж/мм) (×500): 

a – вблизи подложки; b – в центре образца; c – в вершине образца 

remains, but the structure change proceeds more smooth-

ly. The microstructure of all areas does not reveal grain 

size nonhomogeneity, and grain columnarity in the last 

surfacing beads. 

The microstructure of sample No. 9 near the surfacing, 

mainly consists of tempered bainite (Fig. 7 a). One should 

note that with this surfacing mode, inclusions of other 

structural components (troostosorbite), are visible in 

the main bainite structure. This sample also retains the ten-

dency of a gradual transition from the bainite structure to 

the troostosorbite structure, but it is represented by larger 

grains. In general, the microstructure of the sample deposit-

ed using mode No. 9 is coarser than the structure of 

the other samples. 
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In samples No. 1–3, an area with a sharp change in 

the structure relating to the last 2–3 layers of surfacing was 

identified (Fig. 8). 

The study of micrographs of different samples did not 

reveal a large number of structural defects characteristic of 

cast and welded products (pores, shrinkage cavities, etc.). 

One should note that a highly dispersed structure was ob-

tained for all surfacing modes. 

DISCUSSION 

Based on the results of spectral analysis, the authors 

found that when manufacturing products using 3D metal 

printing technology, there is a decrease in the content of 

carbon and main alloying elements, such as Si, Mn and Cr. 

This phenomenon actively manifests itself during welding 

and casting of metals, and is associated with the material 

liquid state. Technologically, the process of 3D metal print-

ing is similar to welding; therefore, a change in the content 

of chemical elements is a loss of metal. 

It was found that the C, Si and Cr content decreases al-

most linearly. One can note that when increasing the heat 

input of the surfacing process, the proportion of loss in-

creases. The influence of the heat input of surfacing on 

the Mn content is not so clear. It was found that the loss of 

Mn is the same for samples deposited with the same volt-

age. The decrease in Mn content occurs in steps and corre-

sponds to a voltage increase during surfacing. 

Microstructural analysis revealed virtually no defects 

characteristic of cast or welded products (pores, shrink-

age cavities, etc.) [22]. Large single defects (shrinkage 

cavities) were detected only in samples manufactured 

according to modes No. 3 and 7 (Fig. 3). The above de-

fects were not detected in samples made using other sur-

facing modes. 

When studying other sections of samples No. 3 and 7, 

defects were not re-identified, which may indicate the non-

systemic nature of the formation of shrinkage cavities in the 

samples. One can conclude that the occurrence of cavities is 

not related to the surfacing mode, and is caused by a single 

violation of the surfacing technology. 

Summarizing the microstructural analysis data, one 

can identify zoning in the deposited material depending 

on the order of the deposited layer, with the zones 

smoothly transitioning from one to another (except for 

samples No. 1–3). Thus, near the substrate, the structure 

is represented by tempered bainite. The occurrence of 

this structure is caused by a rather high cooling tempera-

ture after surfacing, and the supply of sufficient heat 

energy during surfacing of subsequent layers. The mi-

crostructure of the middle deposited layers of 30HGSA 

steel, in addition to bainite, contained troostite, which 

can be explained by the slower cooling of this area, dur-

ing which the S-curve nose was affected (Fig. 5 b). 

The energy supplied after surfacing is also sufficient for 

tempering processes to occur. According to mode No. 5, 

the most homogeneous microstructure is formed, which 

should ensure isotropy of properties. 

In the last deposited layers, troostosorbite is detected, 

but in sample No. 1, grain size nonhomogeneity with 

a sharp zone transition is observed (Fig. 8), which may be 

associated with the shorter time when the metal of these 

areas is at temperatures close to critical; sample No. 9 has 

coarse grains with columnar crystals. These shortcomings 

lead to a decrease in strength properties, and unsatisfactory 

results during subsequent heat treatment. 

Unlike samples No. 1 and 9, these defects were not 

found in the upper layers of sample No. 5. Consequently, 

even without heat treatment, this structure is more effi-

cient, and further heat treatment according to the correct 

mode will only improve the properties of the deposited 

30HGSA metal. 

The described differences in the microstructure of 

the samples are explained by the heat input during

Fig. 8. Example of an area with a sharp change in the structure, ×100 
Рис. 8. Пример области с резким изменением структуры, ×100 
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surfacing, and the cooling rate. Due to the relatively 

small heat input (compared to other modes), sample 

No. 1 has a lower cooling rate, which facilitates the 

phase transformation of steel, through the diffusion 

mechanism. Therefore, troostite and ferrite grains appear 

in the microstructure (Fig. 5 c). 

For sample No. 5, the amount of heat input during 

the surfacing process is optimal, so the temperature gradient 

between the metal and the environment is sufficient, so that 

after surfacing, the 30HGSA steel cools at the rate neces-

sary for the formation of highly dispersed bainite. A similar 

bainitic structure in the 30HGSA steel is formed during 

the fabrication of welds [23]. 

The heat input of surfacing for sample No. 9 promotes 

the bainite formation; however, a large amount of heat in-

put provokes grain growth, which makes the structure of 

the upper layers coarser. 

Pores of various sizes were observed in the deposited 

samples (Fig. 3), and this fact raises the question of 

the permissible porosity level. The same question arose in 

[24] in relation to SLM technology, which is related to

WAAM technology. As the authors note, controlling

the energy density in limited areas of the SLM process cur-

rently used for porosity prediction is insufficient consider-

ing the complexity of the process. This statement is also

applicable to WAAM.

Thus, the 30HGSA steel microstructure has zones 

whose structural composition does not depend on the sur-

facing mode, but the surfacing mode affects the structure 

dispersion and defectiveness. Different results were ob-

tained for 09G2S and 06H19N9T steels [25]. Obtaining 

results different from those described above may be caused 

by different weldability of the steel grades under considera-

tion. 30HGSA steel, unlike 09G2S and 06H19N9T steels, 

is partially weldable. The presence of zoning along 

the height of the deposited metal was also observed in 

titanium alloys [26]. 

Microstructural analysis of samples produced under dif-

ferent surfacing modes identified that the most favorable 

metal structure is the structure of sample No. 5 (I=160 A, 

U=24 V, Q=921.6 J/mm), which gives grounds to use it as 

a working material for further research. 

It is necessary as well to carry out additional work to 

demonstrate the corrosion resistance of samples produced 

by the WAAM method. In paper [27], using the example of 

corrosion-resistant SS 316 steel, it is shown that samples 

produced by the WAAM method have higher corrosion 

resistance than samples produced by sand casting. At 

the same time, the lower deposited layers of the WAAM 

samples had lower corrosion resistance than the upper ones, 

which is associated with the difference in heat input. Tak-

ing into account the non-homogeneity of the 30HGSA steel 

microstructure along the height of the deposited wall, one 

should also expect a scatter in the corrosion properties in 

this section. 

However, in [28], the opposite is shown using the ex-

ample of magnesium alloys. The authors tried to obtain 

a magnesium alloy using WAAM technology with the pro-

spect of using it in biomedicine. However, at this stage of 

technology development, this is impossible due to the re-

duced corrosion resistance, and biocompatibility of magne-

sium alloys produced by the WAAM method. Similar prob-

lems are observed for steels. 

The work [29] raises the problems of certification of 

WAAM products, and non-destructive testing. This is 

a labor-intensive task, since initially it is necessary to re-

move the WAAM surfacing method from the category of 

research ones, and used mainly for single production. Only 

after this, it will be possible to talk about the development 

of standards that will allow evaluating correctly, the proper-

ties of manufactured products. 

CONCLUSIONS 

1. When surfacing products using various surfacing

modes, a change in the material chemical composition is 

observed, associated with the loss of chemical elements. 

The degree of loss of C, Cr and Si increases with increasing 

heat input of the layer surfacing (Q) and changes almost 

linearly. Mn loss depends on the 3D printing voltage. 

2. The metal microstructure does not undergo signifi-

cant changes when the surfacing mode changes. The main 

tendencies in the change in the structure along the sample 

height are preserved: a gradual transition from a bainite 

structure near the substrate to a troostosorbite structure cor-

responding to the last surfacing beads, is observed. 

3. For all samples, a large number of systemically

formed structural defects characteristic of cast and welded 

products (pores, shrinkage cavities, etc.) was not identified. 

One should note that a highly dispersed structure was ob-

tained in all samples, regardless of the 3D printing parame-

ters. The exception is the sample deposited using mode 

No. 9 (I=200 A, U=27 V, Q=1296 J/mm): in this case, 

the resulting structure was characterized by a larger grain 

size than the structure of the other samples. 

4. The structure of sample No. 5 (I=160 A, U=24 V,

Q=921.6 J/mm) was recognized as the most favorable metal 

structure suitable for subsequent use in the production of 

goods using 3D printing. 
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Аннотация: Проведено исследование влияния режимов 3D-печати на структуру и химический состав образ-

цов из стали 30ХГСА (хромансиль, англ. chromansil), полученных методом аддитивной электродуговой наплавки. 

Для исследования влияния режима электродуговой наплавки на химический состав исследуемой стали проведен 

оптико-эмиссионный анализ образцов. Оценка влияния режима наплавки на получаемую структуру проводилась 

по всей высоте наплавленных стенок при увеличениях ×50, ×100, ×200 и ×500. В ходе оптико-эмиссионного ана-

лиза выявлено изменение химического состава материала, связанное с угаром химических элементов. Установле-

но, что степень угара C, Cr и Si растет практически линейно и прямо пропорциональна погонной энергии наплав-

ки (Q, Дж/мм). Точного влияния роста величины погонной энергии наплавки на содержание Mn не установлено, 

но выявлена взаимосвязь между степенью его угара и напряжением (U, В) при наплавке образцов. В ходе микро-

структурных исследований всех образцов не выявлено большого количества системно образовавшихся структур-

ных дефектов, характерных для литых и сварных изделий (поры, усадочные раковины и т. д.), что подтверждает 
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высокое качество металла в изделиях, полученных методом электродуговой наплавки. Анализ микроснимков, 

сделанных на различных участках образцов, позволил определить, что микроструктура металла не претерпевает 

сильных изменений при разных режимах наплавки, сохраняются основные тенденции изменения структуры по 

высоте образца. На всех образцах отмечено получение высокодисперсной структуры вне зависимости от парамет-

ров 3D-печати. Наиболее благоприятной структурой металла, подходящей для последующего использования при 

производстве изделий методом 3D-печати, признана структура образца, наплавленного по режиму № 5 (I=160 А, 

U=24 В, Q=921,6 Дж/мм). Данный режим может быть использован для дальнейшего изучения проблем аддитив-

ной электродуговой наплавки стали 30ХГСА. 

Ключевые слова: сталь 30ХГСА; аддитивная электродуговая наплавка; оптический эмиссионный анализ; 

металлографические исследования; 3D-печать. 
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Abstract: The paper covers the production, analysis of the microstructure, crystallographic texture and deformation 

mechanisms of the ultrafine-grained (UFG) Zn–1%Mg–1%Fe zinc alloy demonstrating unique physical and mechanical 

properties compared to its coarse-crystalline analogs. The zinc alloy with improved mechanical properties was developed 

in two stages. At the first stage, based on the analysis of literature data, an alloy with the following chemical composition 

was cast: Zn–1%Mg–1%Fe. Then, the alloy was subjected to high-pressure torsion (HPT) to improve mechanical 

properties due to grain structure refinement and implementation of dynamic strain aging. The conducted mechanical 

tensile tests of the samples and assessment of the alloy hardness showed that HPT treatment leads to an increase in its 

tensile strength to 415 MPa, an increase in hardness to 144 HV, and an increase in ductility to 82 %. The obtained 

mechanical characteristics demonstrate the suitability of using the developed alloy in medicine as some implants (stents) 

requiring high applied loads. To explain the reasons for the improvement of the mechanical properties of this alloy, 

the authors carried out comprehensive tests using microscopy and X-ray diffraction analysis. The microstructure analysis 

showed that during the formation of the ultrafine-grained structure, a phase transition is implemented according to 

the following scheme: Zneutectic + Mg2Zn11eutectic + FeZn13 → Znphase + Mg2Zn11phase + MgZn2particles + Znparticles. It was found 

that as a result of high pressure torsion in the main phases (Zn, Mg2Zn11), the grain structure is refined, the density of 

introduced defects increases, and a developed crystallographic texture consisting of basic, pyramidal, prismatic, and 

twin texture components is formed. The study showed that the resistance of pyramidal, prismatic and twin texture 

components at the initial stages of high-pressure torsion determines the level and anisotropy of the strength properties 

of this alloy. The relationship between the discovered structural features of the produced alloy and its unique 

mechanical properties is discussed. 

Keywords: Zn–1%Mg–1%Fe alloy; phase transformations in zinc alloy; severe plastic deformation; X-ray scattering 

methods; mechanical properties; strength; ductility; crystallographic texture. 
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INTRODUCTION 

Zinc alloys belong to a new class of biodegradable mate-

rials, that demonstrate excellent biocompatibility and biodeg-

radability along with relatively high mechanical strength and 

sufficient ductility [1–4]. According to the literature, 

the initial pure zinc is a very brittle material, and its low 

mechanical properties (yield strength ~10 MPa, tensile 

strength ~18 MPa, ductility 0.3 %) limit its scope of industri-

al application [5; 6]. To increase the potential for industrial 

application of zinc, for example, as implants in medicine, it is  

necessary to optimise its physical and mechanical properties 

[1–4]. Traditionally, this goal is achieved by alloying pure 

zinc with certain atoms (Mg, Li, Ca, Fe, Mn, Ag, Cu, etc.), 

and performing thermomechanical treatment [1–4]. How-

ever, most zinc alloys produced in this way, suitable for im-

plants, may contain elements toxic to the human body. In this 

regard, the scientific community is still searching for new 

materials that, on the one hand, should meet the desired me-

chanical characteristics for implants, and on the other hand, 

be biocompatible. 
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As is known, when developing biodegradable implants 

from various alloys, it is necessary to control the corro-

sion rate, since at high rates, the mechanical integrity of 

the implants is disrupted before the bone heals, and at too 

slow corrosion rate, inflammatory processes can be acti-

vated [7–9]. Clinical studies have shown that in Zn–xAl 

system implants, the risk of an inflammatory reaction in-

creases [10], and alloying zinc with Fe atoms significantly 

reduces it [11]. As is known, Fe is one of the most im-

portant elements in the human body, but excessive addi-

tion of Fe to Zn leads to the formation of a brittle FeZn13 

phase, which worsens the mechanical characteristics of 

Zn–Fe alloys [12]. On the other hand, adding a certain 

amount of Mg atoms can also strengthen the Zn phase, but 

the strength and ductility of the resulting Zn–Mg alloys 

still remain relatively low [13]. In particular, the authors 

of [13] showed that the ultimate tensile strength of 

the Zn–Mg alloy can increase to 125 MPa with an in-

crease in the Mg content from 0.1 to 0.8 %, however, 

the ductility of the resulting alloy remains low (less than 

1 %). With a further increase in the Mg content in the al-

loy to 3.0 %, it is possible to achieve an increase in 

the ultimate tensile strength to ~150 MPa, and the elonga-

tion before failure increases to only 2 % [14; 15]. More-

over, studies have shown that an increase in the Mg content 

in Zn also leads to an increase in the hardness of the ob-

tained alloy [11; 16]. In particular, it was demonstrated 

that adding 1 wt. % of Mg to pure Zn, leads to an increase 

in its hardness from 40 to 78 HV according to the Vickers 

scale [16], and in [11], the authors have shown that 

the hardness of the Zn–1.3%Fe alloy can reach 56 HV. 

The conducted literature analysis revealed that the Zn–

Mg–Fe system alloys can be used to produce zinc alloys 

with increased strength and biocompatibility in medicine. 

In this regard, Mg and Fe were also chosen as alloying ele-

ments in this work to create a zinc alloy with an improved 

structure. The choice of these elements was also influenced 

by the fact, that the solubility rate of Zn in the body is be-

tween the solubility rates of Mg and Fe, and the degradation 

products are biocompatible [2; 7–9]. Moreover, the authors 

of [17], as a result of varying the degree of alloying of zinc 

with Mg and Fe atoms, found that the Zn–1%Mg–1%Fe 

alloy, compared to other Mg and Fe contents in zinc, shows 

the highest strength properties (ultimate tensile strength 

σUTS is 157 MPa, yield strength σy is 148 Mpa), and an ac-

ceptable corrosion rate (0.027 mm/year). However, the duc-

tility δ of the produced alloy was low (no more than 2.3 %) 

[17]. Nevertheless, the improved mechanical properties, 

satisfactory corrosion rate and biocompatibility of the coarse-

grained Zn–1%Mg–1%Fe alloy became the basis for 

the authors of this work to choose this alloy for further op-

timisation of its strength characteristics and ductility, so 

that it meets the required criteria for implants 

(σUTS>300 MPa, σy>200 MPa, δ>15 %) [2]. In this case, 

the authors of this work optimised the mechanical proper-

ties of Zn–1%Mg–1%Fe using the method of severe plastic 

deformation (SPD) [18]. 

Recently, a number of studies [19; 20] have shown that 

SPD methods can more effectively increase the strength 

characteristics of zinc alloys by forming an ultrafine-

grained (UFG) structure, increasing the defectiveness of 

the structure, and implementing the process of dynamic 

deformation ageing, during which the strengthening phases 

of the particle precipitate. At the same time, improving 

the above-mentioned microstructure parameters, leading to 

an increase in the mechanical properties of zinc alloys, is 

possible, due to variations in the applied pressure, tempera-

ture, and degree of SPD. In this regard, in this work, im-

proving the mechanical properties of the cast Zn–Mg–Fe 

alloy was also achieved by optimising the modes (pressure, 

temperature, deformation degree), of high-pressure torsion 

(HPT) [18; 19].  

The aim of this work is, using high-pressure torsion 

processing, to produce an ultrafine-grained Zn–1%Mg–

1%Fe zinc alloy, demonstrating the required mechani-

cal properties for application as implants (stents) in 

medicine. 

METHODS 

Cylindrical specimens of Zn–1%Mg–1%Fe alloy 

(mass percent), with a diameter of 20 mm and a length of 

120 mm were cast from high-purity Zn (>99.9 wt. %), 

Mg (>99.9 wt. %) and Fe (>99.9 wt. %) at a temperature 

of 600 °C in a chamber furnace using a graphite crucible. 

To form a UFG structure in order to improve the strength 

characteristics, tablets (radius R is 10 mm, thickness is 

1.7 mm) of the alloy, cut from cylindrical specimens, were 

subjected to HPT at room temperature (27 °C), and at 

a temperature of 150 °C, varying the number of revolu-

tions from 0.5 to 10. After each stage of HPT, correspond-

ing to 0.5; 1; 2; 3; 6; 8 and 10 revolutions of the lower 

striker (the deformation degree γ corresponds to 28.5; 

57.1; 114.2; 171.3; 342.6; 456.8 and 571.0 for the R/2 

region, according to [18]), the authors analysed the me-

chanical properties and microstructure of the alloy. 

The applied hydrostatic pressure during HPT was 6 GPa, 

the striker rotation rate was set at 1 rpm. Mechanical ten-

sile tests of the alloy were performed, using a specialised 

testing machine, for small samples (length of the working 

part is 4 mm, thickness is 1 mm, width is 1 mm). 

The working part of the tensile samples was located in the 

area, which was at half the radius of the disk-shaped HPT 

sample. The frequency of digitising of the deformation 

values when recording the tensile curves, during continu-

ous testing of the samples was set to 4 Hz. The traverse 

speed was 4·10
−4

 mm/s. The microhardness of the alloy, 

in each structural state, was measured by the Vickers 

method on a universal Shimadzu HMV-G hardness tester 

(Japan), with an indenter load of 100 g. The measurements 

were performed in the area located at half the radius of 

the disk-shaped HPT sample.  

The fine structure parameters of the alloy, were deter-

mined by X-ray diffraction analysis (XRD). The XRD dif-

fraction patterns were measured on a Bruker D8 Advance 

diffractometer (Germany) (Bragg–Brentano scheme). 

The shooting was carried out in the continuous shooting 

mode, at a rate of 1.5 °/min within the scattering angle 2θ 

from 20 to 150°, on copper radiation generated at a voltage 

of 40 kV and a current of 40 mA. Pulse counting was per-

formed using a LinxEye multichannel detector (Germany). 

A Ni filter was installed in front of the detector to cut off 
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unnecessary radiation. The lattice constant was estimated, 

the average size of the coherent scattering domains (CSD) 

was determined, and the dislocation density was calculated 

using the PM2K program [21].  

Qualitative X-ray phase analysis was performed, using 

the PDF-2 diffraction database using the EVAplus pro-

gram (www.bruker.com). Quantitative X-ray phase analy-

sis, with identifying the ratio of the detected phases, was 

performed applying the Rietveld method [22] using the 

TOPAS program, ver. 4.2 (www.bruker.com). In this al-

gorithm, the atomic-structural parameters of all detected 

phases are input into the model, and the theoretical dif-

fraction pattern is reproduced. For the best approximation 

of the theoretical Imeasured curve to the experimental 

Icalculated, the fine structure parameters (lattice constant, 

microstrain, crystallite size, and crystallographic texture) 

are optimised, taking into account possible errors made 

during shooting. The microstructure of the alloy under 

study was analysed by scanning electron microscopy 

(SEM), using an FEI Thermo Scientific Q250 scanning 

electron microscope (USA). The main shooting characte-

ristics were: electron accelerating voltage – 25 kV, beam 

diameter – 2 μm, focal length – 10.0 mm, chamber pres-

sure – 5·10
−4

 Pa. Microstructure studies using X-ray dif-

fraction and SEM were conducted in the areas where me-

chanical tests were performed. 

RESULTS 

The results of mechanical tests of the Zn–1%Mg–1%Fe 

alloy in different structural states, showed that HPT treat-

ment (except for microhardness at HPT 27 °C) leads to an 

increase in its strength characteristics (Table 1). In particu-

lar, in the initial state, the Vickers microhardness of 

the alloy did not exceed 118 HV. At the same time, the ap-

plication of 1 revolution of HPT treatment to the alloy at 

room temperature, led to a decrease in the microhardness to 

114 HV. With a subsequent increase in the degree of HPT 

treatment to 6 revolutions, the microhardness of the alloy 

naturally drops to 109 HV. At high degrees of deformation 

(10 revolutions), the microhardness of the studied alloy 

remains virtually unchanged. However, with an increase in 

the temperature of the HPT treatment (1 revolution, 

150 °C), on the contrary, even at the initial stages, a regular 

increase in microhardness to 131 HV is observed (Table 1). 

With a further increase in the number of revolutions of 

the HPT treatment, the alloy demonstrates a slight decrease 

in its microhardness (Table 1).  

The results of mechanical tensile tests of the alloy are 

also summarised in Table 1. In general, the analysis of 

Table 1 indicates that the implementation of HPT treatment 

even at the initial stages of processing (27 °C) leads to 

an increase in the alloy strength and ductility. In particular, 

after 1 HPT revolution, an increase in the ultimate tensile 

strength to 289 MPa is observed, and the ductility reaches 

95 %. As the number of HPT revolutions increases to 6, 

the yield strength and ultimate tensile strength of the alloy 

slightly decrease, and the level of ductility is maintained. 

With high degrees of HPT treatment, implemented at room 

temperature, the strength characteristics increase again, but 

the ductility of the alloy decreases noticeably. On the other 

hand, increasing the HPT temperature (150 °C) leads to 

an increase in both the hardness value, and the values of 

the ultimate tensile strength and ductility of the alloy. Thus, 

after 1 HPT revolution, the ultimate tensile strength in-

creases to 399 MPa, which is 110 MPa more than that ob-

tained after 1 HPT (27 °C) revolution. After 3 HPT 

(150 °C) revolutions, a further increase in the ultimate 

Table 1. The values of microhardness and mechanical properties of the Zn–1%Mg–1%Fe alloy 

Таблица 1. Значения микротвердости и механических свойств сплава Zn–1%Mg–1%Fe 

State HV σy, MPa σUTS, MPa δ, % 

Initial 118 ± 3 28 ± 2 33 ± 3 6 ± 1 

HPT 27 °C 

1 rev. 114 ± 4 213 ± 12 289 ± 11 95 ± 5 

3 rev. 112 ± 4 189 ± 10 271 ± 9 96 ± 4 

6 rev. 109 ± 3 177 ± 9 255 ± 12 97 ± 6 

10 rev. 110 ± 4 191 ± 8 264 ± 11 61 ± 5 

HPT 150 °C 

1 rev. 131 ± 4 313 ± 13 399 ± 15 85 ± 6 

3 rev. 129 ± 3 312 ± 14 415 ± 10 82 ± 4 

6 rev. 126 ± 5 307 ± 9 394 ± 13 86 ± 5 

10 rev. 128 ± 4 304 ± 10 387 ± 14 89 ± 6 

Note. HV is Vickers microhardness; σy is yield stress; σUTS is ultimate tensile strength; δ is percent elongation to fracture. 

Примечание. HV – величина микротвердости по Виккерсу; σy – предел текучести; σUTS – предел прочности; 

δ – относительное удлинение до разрушения. 
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tensile strength value is observed (up to 415 MPa), with 

maintaining the ductility level. With a subsequent increase 

in the HPT degree, the alloy strength characteristics de-

crease slightly, and its ductility increases slightly (Table 1). 

In general, the mechanical tests showed that at the initial 

stages of HPT treatment (1–3 revolutions), at a temperature 

of 150 °C, the zinc alloy demonstrates high strength charac-

teristics with sufficient ductility (Table 1). 

Fig. 1 shows the SEM images of the initial zinc alloy 

microstructure, as well as the results of the surface distribu-

tion of Zn, Mg and Fe atoms over a random area of the po-

lished section. According to the phase diagram of Zn–Mg 

[23] and Zn–Fe [24], the phases of Zn, Mg2Zn11 and FeZn13

should be present in the cast Zn–1%Mg–1%Fe alloy.

In fact, the data obtained by SEM and X-ray phase analysis

(data are given below) showed that the microstructure of

the studied alloy contains the Zn, Mg2Zn11 and FeZn13

phases (Fig. 1 a). In this case, according to the SEM data,

the Mg2Zn11 phase is concentrated at the boundaries of

the zinc phase (Fig. 1 a).

Since the atomic mass of Zn is greater than the atomic 

mass of Mg, the relatively light oval-shaped areas belong to 

the zinc phase, and the dark areas correspond to 

the Mg2Zn11 phase (Fig. 1 a). The analysis of the micro-

structure by the elemental mapping method factually con-

firms the above-detected shape, and nature of occurrence of 

the phases identified in the alloy (Fig. 1 b). Calculations 

showed that the average grain diameter of the Zn phase is 

88 μm, and the size of the FeZn13 phase varies from 1.5 to 

280 μm (Fig. 1 a, 1 b). 

Fig. 2 shows SEM images of the microstructure of 

the studied alloy after heat treatment (150 °C), and HPT 

processing carried out at different temperatures (27 and 

150 °C). After heat treatment, the alloy microstructure con-

tains Zn, Mg2Zn11 and FeZn13 phases. These phases are 

marked with arrows in Fig. 2 a. It is also evident that cylin-

drical MgZn2 particles precipitate in the Mg2Zn11 phase 

(dark area) as a result of heat treatment (Fig. 1 a, inset). 

We should note that in the cast state, MgZn2 particles in 

the Mg2Zn11 phase were not detected. 

In the case of HPT treatment, even with a small rotation 

of the anvils (0.5 revolution), noticeable changes in 

the microstructure of the analysed alloy can be observed 

(Fig. 2 b). These changes are mainly related to the fact that 

a band structure of alternating Mg2Zn11, Zn and FeZn13 

phases is formed in the alloy (Fig. 2 b). Moreover, HPT 

treatment led to the fragmentation of FeZn13 phase grains, 

as well as a change in the shape and size of particles that 

precipitated during annealing, (MgZn2 particles in 

the Mg2Zn11 phase) (Fig. 2 b, in the inset). With an increase 

in the number of HPT revolutions, i.e. the degree of defor-

mation, both a decrease in the width of the bands of 

the observed phases, and a further refinement of the grains 

of each phase are observed. In particular, a typical micro-

structure of the alloy after 6 revolutions of HPT treatment is 

shown in Fig. 2 c. For clarity, this microstructure is pre-

sented as a distribution map of the Zn, Mg and Fe elements 

(Fig. 2 c). It is evident that in this state of the alloy, 

the band structure consisting of Zn (green areas), Mg2Zn11 

(blue areas) and FeZn13 (red areas) phases is maintained. 

In contrast to the early HPT stages, after 6 revolutions, 

a significant refinement of the grain structure is observed in 

the Mg2Zn11 phase (Fig. 2 c, in the inset). According to 

microscopy data, the average grain size of the Mg2Zn11 

phase was 320 nm.  

At high degrees of HPT treatment (10 revolutions), 

the alloy is characterised by a decrease in the thickness of 

the bands corresponding to the Zn and Mg2Zn11 phases 

(Fig. 2 d). Further refinement of the structure components is 

observed in these bands (Fig. 2 d). In particular, in this 

state, the grains of the Mg2Zn11 phase are also characterised 

by an equiaxial structure, but the average grain size de-

creases to 230 nm. The analysis showed that at high HPT 

revolutions, precipitated Zn and MgZn2 particles of 

spherical morphology could be randomly observed in 

the Mg2Zn11 phase (Fig. 2 d, inset).  

а b 

Fig. 1. Microstructure of the Zn–1%Mg–1%Fe alloy (in a random area of the section) in initial (as-cast) state:  

а – image at ×2400 magnification; b – image of the distribution of Zn, Mg and Fe atoms at ×500 magnification 

Рис. 1. Микроструктура Zn–1%Mg–1%Fe сплава (в произвольном участке шлифа) в исходном (литом) состоянии: 

а – изображение при увеличении ×2400; b – изображение распределения атомов Zn, Mg и Fe при увеличении ×500 
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c d 

e f 

Fig. 2. Microstructure of the Zn–1%Mg–1%Fe alloy in different structural states:  

a – after heat treatment; b – after 0.5 rev. of HPT 27 °C; c – after 6 rev. of HPT 27 °C;  

d – after 10 rev. of HPT 27 °C; e – after 1 rev. of HPT 150 °C; f – after 3 rev. of HPT 150 °C 

Рис. 2. Микроструктура Zn–1%Mg–1%Fe сплава в различных структурных состояниях: 

a – после термической обработки; b – после 0,5 об. ИПДК 27 °C; c – после 6 об. ИПДК 27 °C; 

d – после 10 об. ИПДК 27 °C; e – после 1 об. ИПДК 150 °C; f – после 3 об. ИПДК 150 °C 
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When conducting HPT treatment of the alloy at an ele-

vated temperature (150 °C), a banded structure is formed 

even after 1 revolution (Fig. 2 e). The average thickness of 

the Mg2Zn11 phase plates in this state is 2.9 μm, and inside 

the plates, the average size of equiaxial grains is 362 nm. 

A similar structure is observed when implementing high 

degrees of HPT in the alloy at room temperature. With an 

increase in the HPT degree, the thickness of the Zn and 

MgZn2 phase plates continues to decrease, and the grain size 

in these phases becomes less than 300 nm (Fig. 2 f, inset).  

Fig. 3 shows the diffraction patterns of the studied al-

loy in various structural states, as well as the general ap-

pearance of the diffraction pattern analysed by the Riet-

veld method (1 revolution, HPT, 27 °C). The results of 

qualitative XRD showed that after heat treatment, the Zn, 

Mg2Zn11, FeZn13 and MgZn2 phases can be identified in 

the alloy. At the same time, when the alloy is exposed to 

the HPT method, the general appearance of the diffrac-

tion patterns changes significantly (Fig. 3 a). Thus, even 

after 0.5 revolution of HPT treatment (27 °C), suppres-

sion of reflexes corresponding to the FeZn13, Mg2Zn11 

phases and an increase in reflexes of the Zn phase are 

observed (Fig. 3 a). In this case, the width of each reflex, 

especially the Mg2Zn11 phase, increases significantly 

compared to that characteristic of the initial state 

(Fig. 3 a). With a further increase in the degree of HPT 

treatment, the general appearance of the diffraction pat-

terns remains virtually unchanged (Fig. 3 a). However, it 

should be noted that at high degrees of HPT treatment, 

a further increase in the width of the reflexes and sup-

pression of the intensity of the reflexes corresponding to 

the Mg2Zn11 phase are observed.  

In the case of HPT treatment at a temperature of 150 °C, 

an increase in the intensity of the MgZn2 phase reflexes is 

observed already at the early stages (Fig. 3 a). In this case, 

the reflexes corresponding to the Zn and Mg2Zn11 phases 

become wider, as compared to those obtained after HPT 

at 27 °C. With a further increase in the degree of HPT 

treatment, an increase in the intensity of the reflexes corre-

sponding to the Zn and MgZn2 phases, and an increase 

in the width of their peaks are observed. 

An example of the diffraction pattern analysis for the 

alloy state after 1 HPT revolution is shown in Fig. 3 b. 

It shows the theoretical and experimental diffraction pat-

terns, the difference line and the background line, the dif-

ference electron density for the main phase (Zn), and 

the positions of the reflexes in the form of peak diagrams 

(Fig. 3 b). It is evident that the change in the difference 

value (ρmeasured−ρcalculated) of the electron density of the ex-

periment, and theory for the main phase is extremely insig-

nificant and is contained in a small range of deviations 

(from −1.35 to +1.35 units) (Fig. 3 b). At the same time, 

the difference line also has small deviations (Fig. 3 b). 

These facts indicate a high degree of convergence of 

the experimental and calculated curves, and this increases 

the reliability of the data obtained. 

Fig. 4 shows the results of the quantitative ratio of 

the analysed phases depending on the degree of HPT 

treatment, as well as other characteristics of the micro-

structure of the main phases. The quantitative XRD data 

showed that the use of HPT treatment leads, on the one 

hand, to an increase in the mass fraction of the Zn phase 

in the alloy, and on the other hand, to the suppression of 

the content of the Mg2Zn11 and FeZn13 phases (Fig. 4 a). 

Based on the analysis of the width and positions of re-

flexes in the diffraction pattern, the average size of the 

CSD, the average dislocation density, and the values of 

the lattice constant of the main phases were determined.

а b 

Fig. 3. X-Ray diffraction patterns of the Zn–1%Mg–1%Fe alloy: a – general view of diffraction patterns: 

1 – heat treatment; 2 – HPT, 1 rev., 27 °С; 3 – HPT, 1 rev., 150 °С; 4 – HPT, 3 rev., 27 °С; 5 – HPT, 3 rev., 150 °С;  

6 – HPT, 6 rev., 27 °С; 7 – HPT, 6 rev., 150 °С; 8 – HPT, 10 rev., 27 °С; 9 – HPT, 10 rev., 150 °C;  

b – an example of the diffraction pattern processed by the Rietveld method: HPT, 1 rev., 27 °С 

Рис. 3. Дифрактограммы сплава Zn–1%Mg–1%Fe: a – общий вид дифрактограмм: 

1 – термическая обработка; 2 – ИПДК, 1 об., 27 °С; 3 – ИПДК, 1 об., 150 °С; 4 – ИПДК, 3 об., 27 °С;  

5 – ИПДК, 3 об., 150 °С; 6 – ИПДК, 6 об., 27 °С; 7 – ИПДК, 6 об., 150 °С; 8 – ИПДК, 10 об., 27 °С; 9 – ИПДК, 10 об., 150 °C; 

b – пример обработанной методом Ритвельда дифрактограммы: ИПДК, 1 об., 27 °С 
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These microstructure characteristics depending on 

the degree and temperature of HPT treatment are shown 

in Fig. 4 b–d. 

Fig. 5 shows the changes in the crystallographic orienta-

tions of grains in the Zn phase depending on the degree and 

temperature of HPT treatment. For a convenient and visual 

understanding of the evolution of texture formation pro-

cesses, the preferred grain orientations in Fig. 5 are shown 

in the form of an inverse pole figure (IPF) (0001), which is 

parallel to the plane of the disk (sample). In the initial state 

of the alloy, the Zn phase grains are characterised by 

the presence of basic {000l}<1000>, pyramidal 

{10–11}<0–110> and {21–36}<1–210>, as well as pris-

matic {21–30}<1–210> and {31–40}<1–320> texture com-

ponents (Fig. 5). Moreover, compression twin components 

{11–22}<uwtv> are revealed in some grains (Fig. 5). Ana-

lysis of the evolution of the crystallographic texture of Zn 

phase during HPT showed that the texture formation pro-

cesses, depending on the degree and temperature of its 

treatment, have similarities and differences. In particular, 

even after 1 revolution of HPT at 27 °C, the character of 

the distribution of texture maxima on the (0001) IPF chang-

es sharply (Fig. 5). In this case, the basic {000l}<1000> 

texture components are enhanced, while the prismatic 

{21–30}<1–210> / {31–40}<1–320> and pyramidal 

{21–36}<1–210> orientations, on the contrary, are suppressed. 

At the same time, new components {11–21}<1–100>, 

{20–21}<0–110> and {11–24}<1–100> of pyramidal grain 

orientations, as well as components {10–12}<uwtv> of 

tension twinning are formed (Fig. 5). 

With an increase in the number of revolutions to 3, 

the pyramidal, prismatic and twin texture components revealed 

after 1 HPT revolution are suppressed, and the pole density 

of the basic component is enhanced (Fig. 5). At high revo-

а b 

c d 

Fig. 4. Patterns of change in fine structure parameters depending on the number of revolutions of the HPT treatment:  

a – mass fraction of detected phases; b – average size of coherent scattering domains and average dislocation density at 27 °С; 

с – average size of coherent scattering domains and average dislocation density at 150 °С; d – lattice constant of Zn 

Рис. 4. Закономерности изменения параметров тонкой структуры в зависимости  

от числа оборотов ИПДК-обработки: a – массовой доли обнаруженных фаз;  

b – усредненного размера областей когерентного рассеяния (ОКР) и средней плотности дислокаций при 27 °С;  

с – усредненного размера ОКР и средней плотности дислокаций при 150 °С; d – периода решетки Zn 
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Fig. 5. Inverse pole figures (0001) for the Zn phase in the initial state and after HPT treatment 

Рис. 5. Обратные полюсные фигуры (0001) для фазы Zn в исходном состоянии  

и в состояниях после ИПДК-обработки 

lutions of the HPT treatment, further suppression of all tex-

ture components in favor of the basic one is observed, 

which becomes the main texture component (Fig. 5). 

During the HPT treatment of the alloy at a temperature 

of 150 °C, the evolution of texture formation processes in 

the Zn phase has its own characteristics. Thus, at the initial 

stage (1 revolution) of the HPT treatment, compared to that 

implemented during the HPT at 27 °C, additional texture 

components are formed (Fig. 5). In particular, new compo-

nents related to the pyramidal {21–34}<1–210>, 

{21–36}<1–210> and {31–44}<1–320> types are visible 

on the IPF (Fig. 5). The pole densities of additional texture 

components increase with an increase in the number of 

HPT revolutions to 3 (Fig. 5). In this state, an increase in 

the basic {000l}<1000> and prismatic {21–30}<1–210> / 

{31–40}<1–320> texture components is also observed 

(Fig. 5). At high degrees of HPT treatment, the basic 

{000l}<1000> texture component predominates over all 

other components of the crystallographic texture (Fig. 5). 

DISCUSSION 

The conducted studies have shown that the Zn–

1%Mg–1%Fe alloy subjected to HPT treatment demon-

strates increased strength characteristics along with suffi-

cient ductility during its extension (Table 1). To determine 

the reasons for the increase in strength and ductility of this 

alloy, comprehensive studies of its microstructure were 

conducted. According to the conducted studies, the initial 

Zn–Mg–Fe alloy subjected to heat treatment consists of 

the Zn, Mg2Zn11 and FeZn13 phases. In this case, cylindri-

cal MgZn2 particles precipitated in the Mg2Zn11 phase 

(Fig. 2 a). Earlier, some works [25; 26] also noted that 

MgZn2 particles strengthening the alloy can precipitate in 

the Mg2Zn11 phase. 

The conducted analysis of the microstructure showed 

that even at the early stages of HPT treatment (0.5 revo-

lution), the alloy does not exhibit eutectic structures 

characteristic of the cast state. In this case, a band struc-

ture consisting of a mixture of the Zn, FeZn13 and 

Mg2Zn11 phases is formed, in which MgZn2 particles pre-

cipitate (Fig. 2 b). MgZn2 particles inside the Mg2Zn11 

bands (darker areas) are revealed as numerous light areas 

of different morphology (Fig. 2 b, inset). According to 

microscopy data, with an increase in the degree and tem-

perature of HPT treatment, the width of the bands corre-

sponding to the Zn, Mg2Zn11 and FeZn13 phases decreas-

es. Moreover, a refinement of the structural components 

is observed inside the bands of each phase. In particular, 

the formation of equiaxial grains with a diameter of 

230 nm in the Mg2Zn11 bands is demonstrated in the inset 

to Fig. 2 c. In addition to the structure refinement, at high 

speeds of HPT treatment, Zn and MgZn2 particles of 

spherical morphology strengthening the alloy precipitate 

in the Mg2Zn11 phase (Fig. 2 d, inset). With an increase in 

the HPT temperature (150 °C), the dynamic strain ageing 

process is implemented more completely. This fact is 

explained by an increase in the proportion of MgZn2 par-

ticles in the Mg2Zn11 phase (Fig. 4 a). In this regard, one 

can argue that the role of dispersion, strengthening of 

the alloy increases significantly with an increase in 

the HPT temperature. 

The obtained microscopy results are in good agree-

ment with the X-ray diffraction analysis data. In particu-

lar, the quantitative X-ray diffraction method found that 

in the initial (as-cast) state of the alloy, the content of 

the Zn, Mg2Zn11, FeZn13 and MgZn2 phases is 69.0, 17.3, 

13.5, and 0.2 %, respectively (Fig. 4 a). According to 

the literature data [23; 24], the mixture of Zn and 

Mg2Zn11 phases is in the eutectic state, and this fact is 

consistent with the SEM study data. At the same time, 

the presence of the FeZn13 phase in the microstructure 

was also identified as a result of the SEM analysis, and 

traces of intense precipitation of MgZn2 particles in 

the Mg2Zn11 phase were observed after heat treatment of 

the alloy (Fig. 2 a, 3 a). 
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In the case of HPT treatment, even a small defor-

mation (0.5 revolutions) leads to changes in the ratio of 

the identified phases. In particular, it is clear that after 0.5 

HPT revolution, a regular decrease in the Mg2Zn11 and 

FeZn13 mass fractions is observed (Fig. 4 a). At the same 

time, the Zn mass fraction increases monotonically 

(Fig. 4 a). An increase in the degree of deformation leads 

to a further regular decrease in the content of the Mg2Zn11 

and FeZn13 phases (Fig. 4 a). At high degrees and an in-

crease in the HPT temperature, the Zn phase content, as 

well as the MgZn2 (precipitates) mass fraction increase 

significantly (Fig. 4 a). 

As is known [18; 19; 27; 28], metallic materials subject-

ed to HPT are characterised by a grain refinement, an in-

creased density of induced defects, a developed crystallo-

graphic texture and an extremely nonequilibrium state of 

grain boundaries. The XRD analysis of the zinc alloy data 

shows that the microstructure changes differently in each of 

the main phases during HPT deformation. In particular, 

the Mg2Zn11 phase is characterised by a sharp decrease in 

the CSD size (Fig. 4 b), which can be associated with grain 

refinement during HPT. It is evident that even at the initial 

stages of HPT treatment (up to 1 revolution), the average 

CSD size of the Mg2Zn11 phase decreases to ~30 nm 

(Fig. 4 b). With an increase in the number of HPT revolu-

tions to 3, a further decrease in the average CSR size down 

to ~20 nm is observed. At high HPT degrees, the average 

CSD size in the Mg2Zn11 phase remains virtually un-

changed, and remains in the range of 18…22 nm (Fig. 4 b). 

The same pattern of decrease in the CSD size in 

the Mg2Zn11 phase is observed, with an increase in the HPT 

temperature (Fig. 4 c). On the other hand, the process of 

refinement of the structural elements in the Zn phase during 

HPT treatment is not as effective as expected (Fig. 4 b). 

In particular, it is obvious that at the early HPT stages 

(up to 1 revolution), the average CSD size remains virtually 

unchanged (Fig. 4 b). Only after reaching high degrees of 

HPT treatment (after 10 revolutions), the average CSD size 

in the Zn phase decreases to ~65 nm (Fig. 4 b). On the con-

trary, with an increase in the HPT temperature to 150 °C, 

the CSD size of the Zn phase decreases significantly even 

at the initial stages of deformation (Fig. 4 c). At high de-

grees of HPT, the CSD size of the Zn phase reaches satura-

tion and is ~50 nm. 

Comparative analysis showed, that the average densities 

of the induced defects in the analysed phases also change 

non-monotonically (Fig. 4 b). In particular, in the Mg2Zn11 

phase, after 3 HPT revolutions, the dislocation density 

reaches its maximum value (~4.5·10
15

 m
−2

), and then de-

creases slightly with an increase in the number of revolu-

tions (Fig. 4 b). According to the X-ray diffraction data, 

a similar trend is observed in the Zn phase. However, com-

pared to the Mg2Zn11 phase, it has a relatively low disloca-

tion density, not exceeding 0.8·10
15

 m
−2

 (Fig. 4 b). At high 

degrees of HPT treatment, a decrease in the dislocation 

density is observed in the Zn phase (Fig. 4 b). With an in-

crease in the HPT temperature to 150 °C, the dislocation 

density in the Zn phase increases significantly (Fig. 4 c). 

In this case, in the Mg2Zn11 phase, the dislocation density 

values found, are comparable with those obtained after HPT 

at 27 °C (Fig. 4 c). 

The changes in the lattice constant values in the Zn 

phase depending on the degree of HPT treatment shown in 

Fig. 4 d are interesting. In particular, in the as-cast state, 

the lattice constant of Zn along the edge a of the hexagonal 

close-packed (hcp) lattice is 0.266549 nm, and along 

the basic edge c, it is 0.494952 nm (Fig. 4 d). The values 

found differ from the tabular data (a=0.26648 nm, 

c=0.49467 nm [29]), especially in the direction of the basis 

c of the hcp lattice. After 0.5 revolution of HPT treatment, 

a gradual increase in the lattice constant along the edge a, 

and a decrease in the value along the c direction of the hcp 

lattice are observed (Fig. 4 d). With a further increase in 

the number of revolutions and the temperature of HPT, 

the lattice constant of Zn along the edge a continues to in-

crease, and along the face c it normally decreases. This change 

in the Zn lattice constant is most likely associated with 

the presence of Fe and Mg impurity atoms in this phase, which 

is supported by the SEM analysis data (Fig. 1 d). 

As studies have shown, alloying Zn with Mg and Fe 

atoms and conducting HPT treatment, made it possible to 

increase significantly the alloy strength characteristics and 

simultaneously increase its ductility (Table 1), which meet 

the requirements for fixing bones and stents. Despite 

the low tensile strength (33 MPa) of the initial alloy, its 

microhardness (118 HV) is much higher than that of pure 

zinc (41 HV according to [1]). As SEM studies have 

shown, the initial alloy contains coarse Mg2Zn11 and FeZn13 

phases (Fig. 1). Moreover, according to work [30], 

the hardness of the Mg2Zn11 phase is ~300 HV and that of 

the FeZn13 phase is 290 HV [31]. In this regard, the high 

microhardness of the initial alloy can be explained by 

the presence of coarse Mg2Zn11 and FeZn13 phases in its 

structure. As a result of HPT treatment (e.g. after 

1 revolution, 27 °C), the alloy strength increases to 

289 MPa, however, the microhardness of the alloy in this 

state is no more than 114 HV (Table 1). Studies have 

shown that HPT treatment of the alloy causes both the 

fragmentation of the Mg2Zn11 and FeZn13 phases (Fig. 2), 

and a decrease in the content of these phases (Fig. 4). 

At the same time, the proportion of the Zn phase increases 

(Fig. 4). These facts apparently limit the growth of the alloy 

microhardness, and explain the observed decrease in its 

microhardness during HPT. In general, the formation of 

a band structure consisting of the Zn, FeZn13 and Mg2Zn11 

phases, grain refinement in the main phases, and the preci-

pitation of particles in them, turned out to be the main fac-

tors in the zinc alloy increasing its mechanical properties. 

An equally important factor determining the level and ani-

sotropy of the strength properties of the alloy under study is 

its developed crystallographic texture. 

Analysis of the crystallographic textures showed that 

the Zn phase grain orientations in the initial alloy belong to 

the basic {0001}<1000>, pyramidal {10–11}<0–110> and 

{21–36}<1–210>, as well as prismatic {21–30}<1–210> 

and {31–40}<1–320> texture components. At the same time, 

there are compression twin components {11–22}<uwtv> 

(Fig. 5). However, when the alloy is subjected to HPT 

treatment, the spatial orientation of the Zn phase grains 

in the sample changes significantly, as indicated by the tex-

ture maxima redistribution on the (0001) IPF (Fig. 5). 

In particular, already at the early stages of HPT treatment 
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(after 1 revolution, 27 °C), suppression of prismatic and 

pyramidal texture components, and strengthening of 

the basic orientation of grains are observed. In this case, 

other orientations of the pyramidal {11–21}<1–100>, 

{20–21}<0–110> and {11–24}<1–100> types, as well as 

{10–12}<uwtv> tension twin components are formed 

(Fig. 5). With an increase in the number of HPT revolutions 

to 3, the proportion of the basic {0001}<1000> component 

increases, and all other identified grain orientations are 

slightly suppressed. At high HPT degrees, further suppres-

sion of all texture components is observed in favour of 

the basic one, which becomes the main one.  

With increasing the HPT temperature (150 °C), the tex-

ture formation processes proceed identically with the pre-

dominance of the basic {000l}<1000> texture component 

(Fig. 5). However, at the early stages of HPT at 150 °C, 

except for the components characteristic of HPT at 27 °C, 

new grain orientations are formed in the sample. In this 

case, the pole densities of the new texture components in-

crease with an increase in the number of HPT revolutions 

to 3 (Fig. 5). In this state, the basic {000l}<1000> and 

prismatic {21–30}<1–210> / {31–40}<1–320> texture 

components also increase (Fig. 5). 

As shown by tensile tests, in the state after 3 revolutions 

of HPT at 150 °C, the alloy demonstrates the highest me-

chanical properties (Table 1). In this state, the Zn phase 

grains have pyramidal, prismatic and twin components of 

the volume fraction texture, in addition to the basic one. 

As is known [32; 33], the value of the critical shear stress, 

which determines the onset of operation of certain slip sys-

tems, is minimal for basic systems, and has the highest 

values for pyramidal, prismatic and twin systems. In this 

regard, one can argue that the formation of pyramidal, 

prismatic and twin texture components at the initial stages 

of HPT treatment of the alloy, contributes to an increase 

in its strength properties, since their operation requires high 

loads. At high degrees of HPT, the main orientation is 

the basic component, and for the operation of the alloy, i. e. 

for the implementation of its plastic deformation, less im-

pact is required. The formation of a predominantly basic 

texture component, can explain the decrease in the strength 

properties of this alloy at high degrees of HPT.  

The studies conducted using XRD and microscopy 

methods showed that as a result of HPT, a unique UFG 

structure consisting of the Zn, Mg2Zn11 and FeZn13 phases, 

in which particles of spherical morphology precipitate, is 

formed in the Zn–1%Mg–1%Fe alloy. During HPT, 

the density of introduced structural defects also increases 

and a developed crystallographic texture is formed. 

The discovered facts indicate that dispersion, grain-

boundary (according to the Hall–Petch relationship), and 

dislocation strengthening mechanisms are implemented 

in the alloy. At the same time, the stability of the pyra-

midal, prismatic and twin texture components during 

HPT treatment determine the level and anisotropy of 

the strength properties of this alloy. In general, com-

pared to pure Zn, the Zn–1%Mg–1%Fe alloy, optimised 

by the HPT method, exhibits higher strength properties 

(tensile strength, hardness) with sufficient ductility, and 

with such characteristics it can be used as implants for 

some applications [34]. 

CONCLUSIONS 

A new Zn–1%Mg–1%Fe alloy with improved mechani-

cal properties (ultimate tensile strength is 415 MPa, ductili-

ty is 82 %) to be used in medicine, as implants, has been 

produced by alloying and forming a UFG structure in it as 

a result of HPT (3 revolutions, 150 °C). It has been found 

that HPT in the main phases (Zn and Mg2Zn11) results in 

effective refinement of the grain structure, and an increase 

in the density of introduced defects. At the initial stages of 

HPT, a developed crystallographic texture consisting of 

basic, pyramidal, prismatic and twin texture components 

is formed in the Zn phase. The stability of the pyramidal, 

prismatic and twin texture components during HPT, de-

termines the level and anisotropy of the strength proper-

ties of this alloy. Effective refinement of grains in 

the main phases and the formation of the UFG structure, 

as well as the precipitation of spherical particles with 

a high content, are the main factors increasing the me-

chanical properties of this alloy. 
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Аннотация: Статья посвящена получению, анализу микроструктуры, кристаллографической текстуры 

и механизмов деформации ультрамелкозернистого (УМЗ) цинкового Zn–1%Mg–1%Fe сплава, демонстрирующего 

уникальные физико-механические свойства по сравнению с его крупнокристаллическими аналогами. Цинковый 

сплав с улучшенными механическими свойствами разрабатывали в два этапа. На первом этапе на основе анализа 

литературных данных отливали сплав со следующим химическим составом: Zn–1%Mg–1%Fe. В дальнейшем 

сплав подвергали интенсивной пластической деформации кручением (ИПДК) с целью повышения механических 

свойств в результате измельчения зеренной структуры и реализации в нем динамического деформационного 

старения. Проведенные механические испытания на растяжения образцов и оценка твердости сплава показали, что 

ИПДК-обработка приводит к росту предела его прочности до 415 МПа, увеличению твердости до значения 

144 HV и повышению пластичности до 82 %. Полученные механические характеристики демонстрируют 

пригодность использования разработанного сплава в медицине в качестве некоторых имплантатов (стентов), 

требующих больших приложенных нагрузок. Для объяснения причин повышения механических свойств данного 

сплава проведены комплексные испытания методами микроскопии и рентгеноструктурного анализа. Анализ 

микроструктуры показал, что при формировании УМЗ структуры реализуется фазовый переход по следующей 

схеме: Znэвтектика + Mg2Zn11эвтектика + FeZn13 → Znфаза + Mg2Zn11фаза + MgZn2частицы + Znчастицы. Установлено, что 

в результате ИПДК-обработки в основных фазах (Zn, Mg2Zn11) происходит измельчение зеренной структуры, 

повышение плотности внесенных дефектов и формирование развитой кристаллографической текстуры, состоящей 

из базисных, пирамидальных, призматических и двойниковых компонент текстуры. Показано, что стойкость 

пирамидальных, призматических и двойниковых компонент текстуры на начальных этапах ИПДК определяет 

уровень и анизотропию прочностных свойств данного сплава. Обсуждается взаимосвязь обнаруженных 

структурных особенностей полученного сплава с его уникальными механическими свойствами. 

Ключевые слова: сплав Zn–1%Mg–1%Fe; фазовые переходы в цинковом сплаве; интенсивная пластическая 

деформация; методы рентгеновского рассеяния; механические свойства; прочность; пластичность; кристал-

лографическая текстура.  
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Abstract: Special feature of operation of electrovacuum tubes, in particular the cathode assembly, is constant heating 

due to bombardment of its surface with electrons. Stable characteristics and durability of the cathode assembly depend on 

high-quality connection (welding) of the core surfaces with the emitter over the entire area of the overlapped conjugation. 

The use of diffusion welding for joining a cathode assembly made of dissimilar materials is not possible due to the occur-

rence of poor welding fusion due to the presence of gaps in the ring sectors of the equipment, and, consequently, a de-

crease in the service life of the cathode assembly. The authors proposed to implement the process by combining magnetic 

pulse welding with diffusion welding. The originality of the work is the possibility of remote action on the joint through 

a dielectric quartz cup, which is a part of the technological vacuum chamber. The inductor system is outside the quartz 

cup, which allows heating the assembled unit without heating the tool – an inductor made of dissimilar materials – to 

a temperature of 700 °C and higher. The authors determined the main parameters of the process of pulse diffusion welding 

in vacuum: pressure in the working chamber is В=0.66·10
−2

 Pa (5·10
−5

 mm Hg); preheating temperature is T=700–

1250 °C; magnetic field pulse energy is W=5÷17 kJ; operating frequency of current pulse discharge is fd=5–15 kHz; mag-

netic pressure is Pm>∙10
7
 N/m

2
. In this way, cathode assemblies of a wide range of metal pair combinations with a base

diameter of d=20 mm and a sample length of L=40 mm were produced. The proposed technology has been successfully 

implemented and introduced at Tantal (Open Joint Stock company). The economic effect consists in reducing labor inten-

sity and obtaining joints of stable quality. 

Keywords: pulse diffusion welding; welding of female joints; magnetic pulse welding; inductor; magnetic pressure; in-

put energy; dissimilar alloys. 
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INTRODUCTION 

In the production of electrovacuum tubes (EVT), emitter 

materials based on platinum-barium, palladium-barium, 

iridium-lanthanum, etc. alloys are widely used. The con-

nection of the emitter with the cathode core is a typical fe-

male design. The emitter should be welded to the core sur-

face in the solid phase without mixing the materials. Fig. 1 

shows typical representatives of cathode assemblies. A spe-

cific performance feature of the cathode assembly is its 

constant heating due to the bombardment of its surface with 

electrons. To ensure stable operational properties and dura-

bility of devices, it is necessary to ensure high quality of 

welding of the core surfaces with the emitter over 

the entire area of the overlapped conjugation. 

Classical diffusion welding in a protective environment 

with a static load ensures the production of high-quality 

connections, which guarantees the required service life of 

the units. Examples and parameters of diffusion welding 

modes for metals in homogeneous and heterogeneous com-

binations are shown in more detail in [1]. Moreover, replac-

ing the factory laser welding technology with diffusion 

welding allows increasing the productivity of the welding 

technology up to 75 % [1]. 

Despite the significant advantages of diffusion welding, 

if its technology is violated or there is no long-term testing 

of the resulting joints under various loading conditions 

(thermal, thermomechanical), defects such as poor welding 

fusion occur during the production process, and cracks oc-

cur during operation, which is unacceptable in EVT. 

The relationship between defects and the causes of their 

occurrence, which must be taken into account when deve-

loping the technology, as applied to the design of 

the welded parts is described in [2]. 

To expand the capabilities of diffusion welding and 

produce defect-free welded joints, it is possible to use in-

termediate layers that have sufficient affinity for a pair of 

metals that are difficult to weld together. It has been proven 

that the use of intermediate layers allows reducing the tem-

perature of the diffusion welding process to 350–750 °C 

when welding ARMCO iron with a high-purity nickel alloy [3]. 
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a b 

Fig. 1. Design of cathode assemblies: 

a – welding on a cylindrical surface; b – welding on a developed surface. 

1 – core; 2 – emitter; d – assembly diameter; δ, l – emitter thickness and width; r – surface curvature 

Рис. 1. Конструкция катодных узлов: 

a – сварка по цилиндрической поверхности; b – сварка по развитой поверхности. 

1 – керн; 2 – эмиттер; d – диаметр узла; δ, l – толщина и ширина эмиттера; r – кривизна поверхности 

The authors of [4] used an intermediate Ni layer to re-

duce the likelihood of intermetallic compound formation 

and to obtain Mo–Ni and Cu–Ni solid solutions during dif-

fusion welding of Mo–Cu. The paper [5] showed that 

the use of an intermediate Zn layer facilitates the formation 

of a strong bond between Al and Cu during a short period 

of time and at a low temperature of the process between Zn, 

Cu and Al. When using Ag as an intermediate component 

[6] and increasing the process temperature to 700 °C,

the formation of Ag–Ti intermetallic compounds and an Ag

solid solution instead of Cu–Ti intermetallic compounds

was identified in the welded joint. The use of CoCrFeMnNi

alloy as an intermediate layer during diffusion welding of

Cu–Ti or 0Cr18Ni9 allows reducing the brittleness of Cu/Ti

joints due to the formation of solid solutions at a process

temperature of 800 °C [7; 8]

In the absence of intermediate materials, diffusion weld-

ing of Cu and Ti was carried out at temperatures of 800–

900 °C. The shear strength of the joints was about 28 MPa. 

A number of brittle intermetallic compounds, such 

as β-Cu4Ti, Cu2Ti and Cu3Ti formed at the joint boundary, 

were found [9]. 

When implementing the process of diffusion welding 

at high temperatures, significant thermal stresses were 

detected in the joint, the grain size of the weld, the near-

weld zone and the base metal increased [10]. The authors 

[10] note that with increasing temperature, the diffusion

component of the process increases. Thus, diffusion

processes were identified when studying the phase-

structural components at a temperature of 830 °C,

a pressure of 15 MPa, and even at 550~580 °C and a pres-

sure of 30~40 MPa.

As a result of studies of diffusion welding of dissimi-

lar metals, it was found that it must be carried out at 

the lowest possible melting temperatures and a short 

process duration. The intermediate metal must have 

the lowest melting temperature in relation to the welded 

parts and have the greatest affinity in crystalline struc-

ture [11].  

The author of the work [12] presented the results of 

studies of the possibility of producing bimetallic joints 

of the AlMn alloy with kovar (29NK alloy) and nickel 

(NP2 alloy) by the method of diffusion welding in 

a vacuum with subsequent fabrication of parts from 

them. The products were hollow cylindrical blanks of 

the AlMn alloy, into which the 29NK or NP2 alloy in 

the form of a cylindrical blank of solid cross-section was 

pressed with a force of 7000 N at a temperature of 

610 °C. Analysis of the resulting joints under these 

welding conditions showed uniform distribution of ele-

ments across the thickness of the transition layer 

(up to 30 μm wide) and mutual diffusion achieved at 

a given temperature and welding force. Intermetallic 

compounds were not detected.  

Analysis of literary sources showed that all welded 

joints were produced with an initial parallel arrangement of 

the welded surfaces relative to each other. The arrangement 

of the welded surfaces at an angle during diffusion welding 

was not carried out [13]. Despite the wide range of perma-

nent joints obtained by researchers using diffusion welding, 

the literature does not contain any information on produc-

ing joints from copper-nickel alloy with platinum, TP 439 

alloy, MPVF molybdenum (pure molybdenum manufac-

tured by vacuum fusion) or nickel-vanadium alloy with 

PtBa alloy.  

At the Don State Technical University, together 

with the Microengineering Research Institute, a number 

of magnetic pulse welding (MPW) processes have been 

developed that make it possible to abandon glancing 

collision and clean the surfaces to be joined by electr i-

cal erosion or vacuum heat treatment. The authors of 

the paper propose to carry out diffusion welding by 

means of pulsed magnetic fields, which provide radial 

pressure on the welded unit according to the “crimping” 

scheme [13]. 

As with classical diffusion welding, in this work it is 

proposed to heat the unit assembled for welding in 

a vacuum, which leads to a decrease in the resistance of 

materials, deformation and acceleration of stress re-

laxation in the joint zone, and helps to clean the sur-

faces being joined from adsorbed inclusions and other 

contaminants. 
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The development of the equipment was based on si-

milar units from dissimilar connections during magnetic-

pulse assembly, diffusion welding [14–16]. Fig. 2 shows 

the equipment for welding facing emission coatings on 

cylindrical surfaces of cores. The design allows pressing 

the welded elements during welding due to the diffe-

rence in the thermal coefficients of linear expansion 

(TCLE) of its parts. The casing element is usually made 

of molybdenum, kovar or materials with low TCLE, and 

the ring sectors of the equipment are made of TP 439 

steel with high TCLE. 

Due to the presence of gaps in the ring sectors of 

the equipment, such defects as poor welding fusion occur 

during diffusion welding of the emitter with the core. With 

prolonged isothermal action on the processed unit, interme-

tallic phases often occur in the zone of conjugation of 

the welded surfaces. 

To produce joints of dissimilar materials while main-

taining an organized structure, pulse welding methods are 

widely used. The mechanism for cleaning the welded sur-

faces is realized due to the glancing collision of 

the thrown elements, the conjugated surfaces are cleaned 

with a cumulative jet and the subsequent joint deformation 

of the materials and, as a result, a connection in the solid 

phase occurs by analogy with explosion welding. 

The principle of glancing collision is also used in classi-

cal MPW. The energy carrier changes: instead of 

the action of an explosive substance, the ponderomotive 

force is used – magnetic pressure, which allows using 

the MPW technology to weld small-sized units in work-

shop conditions with increased requirements for process 

hygiene [17; 18]. 

For MPW, depending on the design of the assembled 

parts for welding, various types of inductor systems have 

been developed and studied, which are characterized by 

inductive resistance, magnetic induction in the working 

area, and durability during operation [13–15; 19–21]. 

The purpose of this work is to study the process of pulse 

welding in a controlled environment, which allows reduc-

ing the duration of producing a joint in the solid phase from 

dissimilar materials. 

METHODS 

In electrovacuum tubes, cathode assemblies with a dia-

meter of d=(5–100)∙10
−3

 m are used. To implement pulse 

diffusion welding (PDW) in a vacuum, the process is car-

ried out using copper shells – satellites [22]. The wall 

thickness of the copper bushings was selected so that 

the penetration depth of the magnetic field H through 

the satellite material – the deformable bushing – did not 

exceed the thickness of its wall. To produce joints from 

refractory materials, the satellite material was replaced by 

nickel or molybdenum with a wall thickness of 

tsat=0.2∙10
−3

 m. When welding on developed surfaces,

the heated satellite behaves like an elastic punch. 

Fig. 3 shows the proposed scheme for implementing 

PDW. The process is carried out as follows. The core (1) 

with the lining (2), heating element (3) and satellite (4) 

are installed in the vacuum chamber and placed in 

the working area of the magnetic-pulse tool – inductor (6). 

The air in the vacuum chamber is rarefied to a pressure 

of 0.66∙10
−2

 Pa. The heating element increases 

the temperature of the assembly to 700–1250 °C. 

The pulse current generator (5) is discharged onto 

the inductor (6) causing the discharge current Id (7) to 

flow through the inductor. In this case, the magnetic 

flow H (8) induces induced currents in the satellite Ii (9). 

The magnetic interaction force Pm (10) arises. The sa-

tellite (4) is deformed (compressed), and the lining (2) 

and the core (1) are welded in the solid phase. The du-

ration of the process with isothermal holding does not 

exceed 100–200 μs. When calculating the process cha-

racteristics, the following parameters were taken as

Fig. 2. Equipment for diffusion welding of a cathode assembly: 

1 – core; 2 – emitter; 3 – ring sectors of the equipment; 4 – casing element; δ – preliminary gap 

Рис. 2. Оснастка для диффузионной сварки катодного узла в сборе: 

1 – керн; 2 – эмиттер; 3 – кольцевые секторы оснастки; 4 – корпусной элемент; δ – предварительный зазор 
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Fig. 3. Structure diagram of a device for pulse diffusion welding in a vacuum: 

1 – base (core); 2 – lining (emitter); 3 – heating element; 

4 – satellite; 5 – pulse current generator PCG; 6 – inductor; 7 – discharge current (Id); 8 – magnetic flow (Н);  

9 – induced current (Ii); 10 – magnetic interaction force (РM); 11 – dielectric cup; 

12 – vacuum seal; 13 – vacuum chamber base; 

PS – power source; VS – vacuum system; h – gap between the emitter and the satellite; 

∆ – gap between the inductor and the satellite; li – length of the inductor working zone 

Рис. 3. Схема устройства импульсной диффузионной сварки в вакууме: 

1 – основание (керн); 2 – облицовка (эмиттер); 3 – нагревательный элемент; 

4 – спутник; 5 – генератор импульсных токов PCG; 6 – индуктор; 7 – ток разряда (Id); 8 – магнитный поток (Н); 

9 – индуцированный ток (Ii); 10 – сила магнитного взаимодействия (РМ); 11 – диэлектрический стакан; 

12 – вакуумный уплотнитель; 13 – основание вакуумной камеры; 

PS – источник питания; VS – вакуумная система; h – зазор между эмиттером и спутником; 

∆ – зазор между индуктором и спутником; li – длина рабочей зоны индуктора 

constants: the number of inductor turns n=6, the inductor 

diameter Di=30∙10
−3

 m, the length of the inductor work-

ing zone li=45∙10
−3

 m, the capacity of the installlation

storage tank C=1500∙10
−6

 F, and the voltage on 

the storage tank Us=5∙10
3
 V.

The optimal parameters of the PDW process were de-

termined in accordance with the conditions for producing 

high-quality welded joints given in the literature [23]. 

The first and second conditions are the time parameters of 

the process: the MPW implementation should be completed 

in ½ of the current discharge period, including the time of 

contact melting, electroexplosive cleaning, shaping and 

welding. The third condition states that the values of 

the induced current density for welding each material must 

be provided in the range Imin–Imax. The fourth condition de-

scribes the time relationships of solid-phase interaction: 

the duration of contact stresses in the joint zone should be 

longer than the time of deformation activation of 

the contact surface and the relaxation time (relaxation cha-

racteristics of the blank and temperature in the interaction 

zone). The fifth condition consists in determining 

the specific impulse of the first half-wave of magnetic pres-

sure, taking into account the tool parameters – the inductor, 

the operating voltage and inductance of the pulse current 

generator (PCG), the value of which will allow determining 

the magnitude of the relative deformation ε to level 

the initial gap between the inductor and the satellite wall. 

The presented limitations for the operating frequency of 

the process allow determining the frequency characteristics 

of the magnetic-pulse equipment, taking into account 

the low penetration of the magnetic flow into the gap be-

tween the inductor and the satellite to ensure cleaning of 

the welded surfaces – this is the sixth condition of high-

quality processing. 
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Diffusion welding modes were tested in controlled envi-

ronments on the Impulse–BM magnetic-pulse processing unit 

manufactured at Microengineering Research Institute (Ros-

tov-on-Don, Russia) [24]. The same equipment is used to 

implement the technology of pressing, sintering and welding 

of facing coatings from powder compositions. 

The quality of the welded joints produced by pulse dif-

fusion welding was determined based on the test results: 

leak testing with a TI1-50 helium leakage detector (Russia), 

GOST 3242-79, mechanical shear testing on a UMM-10 

machine (Russia), GOST 6996-66, metallographic analysis 

of the produced joints using a PMT-3 microhardness tester 

(Russia), GOST 9450-76, multiple cyclic heating in 

a vacuum by electron bombardment and tenfold heating to 

a temperature of 1000 °C with holding for 1 h and gradual 

cooling. The heating and cooling time did not exceed 1 h, 

which should ensure a vacuum level of at least 0.66∙10
−2

 Pa 

during testing. 

RESULTS 

From the dependences of the welded joint shear strength 

τ on the process temperature T for two values of the input 

energy of 10 and 12 kJ, it is evident that with an increase in 

the input energy, the shear strength increases (Fig. 4). At 

the same time, with an increase in the process temperature, 

the strength indicators also increase. The highest strength 

indicators of the samples were found in the temperature 

range of 500–1000 °C. 

Table 1 presents the results of tests for the tightness and 

mechanical strength of joints of M0b copper with Pt ob-

tained at different degrees of vacuum (pressure). From 

the obtained data, it follows that with an increase in 

the degree of vacuum from 1∙10
−3

 to 5∙10
−4

 Pa, the quality 

of the welded joints improves due to the cleaning of 

the joint zone from contaminants, solid-phase interaction 

occurs over the entire area of impact of the welded surfaces 

with a clear boundary of the joint zone. 

Fig. 5 illustrates the reduced calculated dependences of 

the inductance Li–b and active resistance Ri–b of the in-

ductor-blank system, the operating frequency fo, the ma-

gnetic interaction force Pm, the specific impulse of the first 

half-wave of the magnetic pressure JM, the mean time be-

tween failures of the inductor Ni on the gap between 

the inductor and the copper satellite ∆. The gap value ∆ 

depends on the manufacturing accuracy of the satellite it-

self. The air gap is necessary for feasibility cleaning from 

contaminants, oxide films under the radial action of 

ponderomotive forces arising from the interaction of 

the inductor magnetic flow with induced currents in 

the satellite wall. The obtained dependences of the quality 

of the welded joint are conventionally divided into 4 zones: 

1) a gap of (0–2.1)∙10
3
 m – it is impossible in terms of de-

sign to assemble the unit in the inductor; 2) a gap of (2.2–

3.5)∙10
3
 m is characterized by low performance characteris-

tics and service life of the cathode assembly; 3) an initial

gap of (3.6–6.1)∙10
3
 m allows producing high-quality weld-

ed joints characterized by long service life; 4) a gap of more

than 6.1∙10
3
 m – the efficiency of magnetic pulse action

decreases, such defects as poor welding fusion are possible

in welded joints.

If the conditions for high-quality material processing 

are met [23], PDW made it possible to produce perma-

nent joints from the following metals and alloys used 

when manufacturing electronic products. Base material: 

M0b alloy, Ni, TP 439 steel, copper-nickel alloy, 29NK 

alloy, MPVF molybdenum (pure molybdenum manufac-

tured by vacuum fusion), nickel-vanadium alloy. Lining 

material: Al–Ba, Ni, Pt, Pt–Ba, Ir–La. 

Fig. 4. Dependence of shear strength τ of the Pt + MPVF joint 

on the preheating temperature T and pulse energy W 

Рис. 4. Зависимость прочности соединения на срез τ соединения Pt + МЧВП (молибден) 

от температуры предварительного разогрева T и энергии импульса W 

Frontier Materials & Technologies. 2024. No. 3 93



Strizhakov E.L., Nescoromniy S.V., Lyudmirsky Yu.G., Mordovtsev N.A.   “Pulse diffusion welding of female joints” 

 

Table 1. Results of tests for tightness, mechanical strength of joints of M0b copper with Pt 
obtained at different degrees of vacuum (pressure) in the process chamber 

Таблица 1. Результаты испытаний на герметичность, механическую прочность соединений меди М0б с Pt, 
полученных при различной степени разрежения (давлении) в технологической камере 

No. 
Pressure, 

Pa 
Results of metallographic analysis 

after thermal testing 
Shear strength, 

τ N/m2·107 
Leakage, 
m3·Pa/s 

1 1∙10 Buckle 5.0 1∙10−4 

2 5∙10−1 Buckle 7.5 1∙10−4 

3 5∙10−2 Pockets and laminations 11.5 4∙10−6 

4 1∙10−2 Discontinuous poor welding fusion 13.5 1∙10−7 

5 5∙10−3 No pockets and laminations 14.5 5∙10−13 

6 1∙10−3 No pockets and laminations, clear joint boundary 15.0 5∙10−14 

7 5∙10−4 No pockets and laminations, clear joint boundary 15.0 1∙10−15 

Fig. 5. Calculated dependencies: ∆ of the inductance Li–b and active resistance Ri–b of the inductor-blank system, 
the operating frequency fo, the magnetic interaction force Pm, the specific impulse of the first half-wave of magnetic pressure JМ 

and the mean time between failures of the inductor Ni on the gap between the inductor and the satellite ∆ 
Рис. 5. Расчетные зависимости: ∆ индуктивности Li–b и активного сопротивления Ri–b  системы «индуктор – заготовка», 
рабочей частоты fo, силы магнитного взаимодействия Pm, удельного импульса первой полуволны магнитного давления JМ  

и наработки на отказ индуктора Ni от зазора между индуктором и спутником ∆ 

Geometric dimensions of the joints: base diameter 

d=20 mm, sample length L=40 mm. Fig. 6 shows 

the obtained PDW units consisting of a molybdenum 

core (pos. 1) with Pt–Ba emitters (pos. 2). 

The optimal parameters of the PDW processes for 

the following cathodes of ultra-high-frequency electrovacuum 

tubes were determined and experimentally confirmed by 

calculation [23]. 

PDW mode: operating temperature is T=700 °C, input en-

ergy is W=6 kJ, magnetic pressure is Pm=10.2∙10
7
 N/m

2
.

2. Base: core – TP 439 high-alloyed steel, diameter is

12 mm; lining: emitter – PtBa alloy, wall thickness is 

0.2 mm, length is 20 mm. PDW mode: operating tem-

perature is T=700 °C, input energy is W=8.67 kJ, magnetic 

pressure is Pm=12.0∙10
7
 N/m

2
.

 
1. Base: core – copper-nickel alloy, diameter is 12 mm;

lining: emitter – Pt, thickness is 0.1 mm, length is 20 mm.

3. Base: core – MPVF molybdenum (pure molybdenum 

manufactured by vacuum fusion), diameter is 17 mm; 

lining: emitter – PtBa alloy, thickness is 0.1∙10
−3

 mm, 

ln N 
Ri-b∙10

–3
, 

Ohm 
Li-b∙10

–3
, 

H 
Fo∙10

3
, 

Hz 
JМ∙10

3
, 

ms/m
2

Рm∙10
7
, 

N/m
2

Lb 
Rb 
Fo 
PМ 

ln N 

JM 

JM 

Pm 

Rb 

fo 

Lb 
ln N 
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Fig. 6. Cathode assemblies produced by pulse diffusion welding: molybdenum core (1) with Pt–Ba emitter (2) 

Рис. 6. Катодные узлы, полученные ИДС: молибденовый керн (1) с эмиттером Pt–Ba (2) 

length is 30 mm. PDW mode: operating temperature is 

T=900 °C, input energy is W=10.26 kJ, magnetic pressure is 

Pm=14.22∙10
7
 N/m

2
.

4. Base: core – nickel-vanadium alloy, diameter is

18 mm; lining: emitter – PtBa alloy, thickness is 0.15 mm, 

length is 40 mm. PDW mode: operating temperature is 

T=1000 °C, input energy is W=13.23 kJ, magnetic pressure 

is Pm=18.33∙10
7
 N/m

2
.

DISCUSSION 

The analyzed results of using diffusion welding to join 

dissimilar metal pairs showed that their diversity is small: 

Al–Cu, Cu–Ti, AlMn–29NK. As a rule, to reduce 

the likelihood of intermetallic compounds, an intermediate 

metal is used that has good adhesion to the welded metals 

and a low melting point. The results of studies of joints 

made by diffusion welding of metal pairs – copper-nickel 

alloy + Pt, TP 439 steel + PtBa, MPVF molybdenum + 

+ PtBa, nickel-vanadium alloy + PtBa – were not found in 

the literature. 

Researchers have shown that at temperatures above 

700 °C, intermetallic compounds are formed during diffu-

sion welding. At temperatures of 350–700 °C, solid solu-

tions of the welded metals with an intermediate one often 

appear [17–21]. The process scheme proposed by the au-

thors is implemented in the temperature range of 700–

1250 °C, which should initiate the formation of intermetal-

lic phases, but due to the short duration of 

the magnetic-pulse action process of 100–200 μs, their 

presence in the structure was not detected. 

Magnetic pulse welding is mainly used to produce dis-

similar joints with high electrical and thermal conductivity, 

usually Al+Cu. Cleaning during MPW is implemented due 

to the cumulative jet, which occurs during glancing colli-

sion of metals. During magnetic pulse welding of female 

structures, the cumulative jet is obtained due to the conical 

shape of one of the welded parts. The developed designs of 

inductor systems allow concentrating ponderomotive forces 

in the magnetic-pulse action zone with a magnetic induc-

tion value of up to 100 T [13–15; 17–21]. However, the use 

of composite inductors has a significant drawback – 

the presence of an uneven magnetic field at the junction of 

the component elements of the inductor sector, which re-

duces the quality of the welded joint. The twisted inductors 

used by the authors of the paper have a shorter service life 

under normal atmospheric pressure compared to sectional 

inductors; however, this is justified by the fact that they 

have a uniform distribution of the magnetic field. More-

over, the durability of twisted inductors is compensated by 

heating the welded products before welding in a vacuum to 

temperatures of 700–1250 °C, which reduces the amount of 

input energy, as well as their location outside the heating 

zone (separated by a heat-resistant, vacuum-tight dielectric 

(quartz or ceramic) glass), which has not been used by re-

searchers before. This design scheme allows welding of 

facing joints in a high vacuum with heating of the assembly 

to a temperature above 700 °C without destruction of 

the insulation of the tool – the inductor to produce perma-

nent joints from dissimilar pairs of metals of a wider range. 

At the same time, as the authors of works on PDW note, 

the presence of a gap between the inductor and the welded 

parts reduces the efficiency of magnetic-pulse action [19–

21]. Thus, with magnetic-pulse action through a quartz 

glass on a unit placed in a vacuum (Fig. 5), the greatest 

efficiency of the Pt + MPVF joint is achieved at tempera-

tures of 500–1000 °C, for other pairs of metals, the tempe-

rature can reach 1200 °C. At lower temperatures in the joint 

zone, poor welding fusion is observed, at a temperature 

above 1000 °C, melting and destruction of the copper satel-

lite occurs. 

The analysis of the calculated data allowed determining 

the non-conductive gap zone Δ equal to (4÷6)∙10
−3

 m, 

which is feasible in terms of design and ensures reliable 

operation of the tool located in the atmosphere, and 

the corresponding parameters of the process, equipment and 

inductor tool: Li–b, Ri–b, fo, Pm, JM, and Ni. 

The analysis of welded joints produced in optimal modes 

showed the presence of a clear boundary of the materials 

being joined, the absence of common grains, increased 

microhardness in the joint zone, which is typical for various 

types of solid-phase welding [13] using the example of ca-

thode pairs of pure molybdenum manufactured by vacuum 

fusion and nickel-vanadium alloy with PtBa alloy. 

Visual inspection did not reveal any buckles of 

the emitter, i.e. no poor welding fusion was detected. 

In the absence of a high-quality solid-phase connection 

between the emitter and the core, the latter melts during 
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operation at the site of poor welding fusion. The analysis of 

welded joints showed that the formation of the joint occurs 

in the solid phase, which reduces the probability of 

the presence of intermetallic inclusions in the joint zone, 

thereby increasing the service life of the products. 

The technology of pulse diffraction welding of cathodes 

of electrovacuum tube devices was developed at the Micro-

engineering Research Institute together with Don State 

Technical University and implemented at Tantal (Open 

Joint Stock company). As a result of developing 

the new process, it was possible to reduce the labor intensi-

ty of welding cathode assemblies by 10 times. 

CONCLUSIONS 

Analysis of the produced welded joints showed that the joint 

is formed in the solid phase, which reduces the probability of 

the presence of intermetallic phases in the joint zone, thereby 

increasing the service life of electronic equipment. 

A design scheme of special technological equipment for 

pulse diffusion welding with an inductor in the atmosphere 

and a heated welded unit in a vacuum was developed and 

implemented, which made it possible to ensure the ne-

cessary operability of the equipment and reduce the labor 

intensity of producing secondary-emission cathode assem-

blies of ultra-high-frequency electrovacuum tubes. 
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Аннотация: Особенностью эксплуатации электровакуумных приборов, в частности катодного узла, является 

постоянный нагрев за счет бомбардировки его поверхности электронами. Стабильные характеристики и стойкость 

катодного узла зависят от качественного соединения (сварки) поверхностей керна с эмиттером по всей площади 

нахлесточного сопряжения. Использование диффузионной сварки для соединения катодного узла из разнородных 

материалов не представляется возможным по причине возникновения непроваров из-за наличия зазоров в кольце-

вых секторах оснастки, а следовательно, снижения срока службы катодного узла. Авторами предложено реализо-

вать процесс путем совмещения магнитно-импульсной сварки с диффузионной. Оригинальность работы заключа-

ется в возможности дистанционного воздействия на соединение через диэлектрический кварцевый стакан, кото-

рый входит в состав технологической вакуумной камеры. Индукторная система находится снаружи кварцевого 

стакана, что позволяет осуществлять нагрев собранного узла без нагрева инструмента – индуктора из разнородных 

материалов – до температуры 700 °С и выше. Определены основные параметры процесса импульсной диффузион-

ной сварки в вакууме: давление в рабочей камере В=0,66·10
−2

 Па (5·10
−5

 мм рт. ст.); температура предварительно-

го разогрева Т=700–1250 °С; энергия импульса магнитного поля W=5÷17 кДж; рабочая частота разряда импульсов 

тока fр=5–15 кГц; магнитное давление Рм>∙10
7
 Н/м

2
. Таким образом были получены катодные узлы широкой но-

менклатуры сочетаний пар металлов с диаметром основания d=20 мм и длиной образца L=40 мм. Предложенная 

технология успешно реализована и внедрена на ОАО «Тантал». Экономический эффект заключается в снижении 

трудоемкости и получении соединений стабильного качества. 

Ключевые слова: импульсная диффузионная сварка; сварка охватывающих соединений; магнитно-импульсная 

сварка; индуктор; магнитное давление; вводимая энергия; разнородные сплавы. 
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Abstract: The purpose of a rational mechanical processing mode remains an urgent task of pre-production engineering. 

Known recommendations and methods for selecting this mode are focused on the processing of solid blanks and do not 

take into account the fact that when processing thin-walled blanks, the temperatures in the processing zone and the surface 

layer of the blank differ. The study is aimed at identifying patterns in changing the parameters of the milling process of 

thin-walled blanks depending on the mode elements, as well as developing recommendations for selecting this mode. 

The authors performed numerical simulation of technological parameters of the milling process of solid and thin-walled 

blanks made of titanium alloy under various modes. The cutting speed, cutting depth and feed per cutter tooth were varied. 

The cutting force, power and densities of heat sources and the temperature in the surface layer of the blank, in the contact 

zones of the cutter tooth with the blank and the chips with the front surface of the tooth were calculated. It has been found 

that when milling thin-walled blanks, the temperature field differs significantly from that formed when processing solid 

blanks due to low heat removal from the unprocessed surface. Increasing the feed per tooth by 45 % leads to an insignifi-

cant decrease in temperatures in the cutting zone (by 5...12 %). Increasing the cutting speed by 25 %, on the contrary, 

leads to an increase in temperatures by 5...10 %. Increasing the cutting depth leads to an increase in the temperature in 

the chip-tooth contact zone by 1.5 times and to an increase in the temperature in the tooth-blank contact zone. 

Keywords: cutting mode; technological parameters of milling process; temperature field; yield strength; thin-walled 

blank; cutting force; cutting zone temperature.  
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INTRODUCTION

The temperature field formed during mechanical pro-

cessing of thin-walled blanks differs from the field during 

processing of blanks of parts of considerable thickness [1; 

2]. The reason is that during processing of a thin-walled 

blank, its surface opposite to the processed one has a signi-

ficant effect on the temperature field. However, known re-

commendations and methods for selecting the mode are 

focused on the processing of solid blanks, and do not take 

into account the fact that when processing thin-walled 

blanks, the temperatures in the processing zone and 

the surface layer of the blank differ. This is caused by 

the low level of heat removal from the unprocessed surface – 

heat removal to the environment is significantly less than 

that occurred during heat removal to the underlying layers 

of a solid blank [2; 3].  

Knowledge of the patterns of thermal processes of me-

chanical treatment, and the ability to control these pro-

cesses, are necessary to increase processing productivity 

and ensure the quality of processed parts. The temperature 

of the surface layers of the blank affects their structural 

and phase composition, microhardness and stress state of 

the material [4]. The temperatures of the tool surfaces 

contacting with the blank and chip determine the wear 

resistance and service life of the tool, i.e. its operability 

[5; 6]. However, the influence of thermal processes on 

the cutting process is often not considered as a significant 

factor [7; 8]. 

The arguments of the dependencies for calculating 

the powers of heat sources are the cutting forces, which, 

in turn, depend on the mechanical characteristics of 

the material of the processed blank (yield strength and 

tensile strength). To determine the mechanical characte-

ristics, it is necessary to know the temperature in the plas-

tic deformation zone. To determine this temperature, 

a dependence is proposed, the argument of which is 

the average tangential stresses in the conventional shear 

surface depending on the temperature in this zone. This 

circumstance complicates the possibility of determining 

the yield strength of the blank material in the plastic de-

formation zone. 

It is possible to ensure the operability of the tool, 

and the quality parameters of thin-walled parts by selecting 

a rational processing mode, but there are no corresponding 

recommendations in the literature. Studies related to 

the determination of a rational mode for processing 
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thin-walled blanks, take into account the elastic defor-

mation of the technological system elements, including 

the blank itself [9; 10]. Vibrations and pulsations of cut-

ting forces are taken into account, which is also relevant 

for thin-walled blanks [11–13]. Temperature fields and the 

effect of temperatures on the mechanical properties of the 

blank material, during processing were studied for solid 

blanks [14]. However, it was not taken into account that 

the temperature field formed, when processing thin-walled 

blanks, is different from that when processing solid 

blanks, and the effect of the blank temperature on 

the yield strength of its material was not considered [15; 

16]. In [17; 18], the processes of machining thin-walled 

blanks, as well as blanks with a complex profile, were 

studied, but recommendations for choosing cutting modes 

were not provided. 

The patterns of changing the parameters of the mil -

ling process of thin-walled blanks made of titanium 

alloys depending on the mode elements, have not been 

studied.  

The aim of this study is to investigate the influence of 

the elements of the milling mode of thin-walled titanium 

alloy blanks on the technological parameters of the process, 

including the forces and temperatures arising during 

the processing. 

METHODS 

The friction forces of the chip on the tooth front surface, 

the tooth back surface on the blank, and the main compo-

nent of the cutting force, were calculated using the depen-

dencies obtained by transforming the corresponding de-

pendencies proposed in [19; 20]. These forces were ob-

tained under the condition that the assessment of the blank 

material destruction is carried out, based on the flow plas-

ticity theory (“flow plasticity method”) used in [12; 18]. 

One of the main factors determining this process is 

the yield strength of the blank material, which depends on 

the deformed layer temperature: 

 dst Tf , 

where Td is the temperature of the deformed layer of 

the blank material, K.  

The calculation of the σSt parameter was performed 

using the formula [7; 17]: 
















p

d
sst

T

T
1 , 

where σS is the yield stress of the blank material at a tem-

perature of 293 K, Pa;  

Tp is the melting temperature of the material, K. 

The powers and densities of heat sources in the zone 

of deformation and in the contact zones of the tooth with 

the chip and the blank were calculated using the depend-

encies [20; 21]. 

The authors assumed that the blank material (VT6 tita-

nium alloy, the closest analogue according to DIN is 

3.7164) is isotropic, and the phase transformations during 

its heating were not taken into account in the calculation. 

This assumption is valid, since numerical simulation and 

experiments have found that the temperature in the surface 

layer of the blank does not reach the values at which 

the transformations occur. 

To calculate the milling process parameters, we used 

our own software, implementing the temperature field cal-

culation using the finite element method. It allowed calcu-

lating the temperature of the deformed layer of the blank 

material Td and the yield strength of the blank material σSt 

at this temperature. 

The time during which heat exchange occurs is divided 

into finite small intervals. The deformable layer tempera-

ture calculated for a certain moment in time is used to cal-

culate the yield strength of the blank material at the next 

moment in time. 

The σst parameter is the argument of the dependencies 

for calculating the friction forces, and the main component 

of the cutting force Pz. The forces per 1 mm of the cutter 

tooth height were calculated. 

The adequacy of the physical and mathematical mo-

dels adopted for calculating the temperatures to real condi- 

tions, was checked by comparing the average temperature 

in the surface layer of the machined blank made of VT6 

titanium alloy, obtained by calculation, with the results of 

measurement by a semi-artificial thermocouple. By aver-

aging the temperature of the surface layers of a solid 

blank, at different moments in time, and at different points 

at a distance from the blank surface equal to the diameter 

of the thermocouple wire (0.05 mm), the average calculat-

ed temperature was obtained. Milling mode: feed per cut-

ter tooth is Sz=0.16 mm/tooth; cutting speed is V=120 and 

150 m/min; cutting depth is t=0.3 mm; feed rate is 

Vs=1.91 m/min. The other experimental conditions corre-

sponded to those used in the subsequent numerical simula-

tion. At speeds V=120 and 150 m/min, the calculated tem-

peratures were 686 and 701 K, and the experimental va-

lues were 618 and 623 K. 

The discrepancies between the calculated and experi-

mental temperature values recorded at different cutting 

speeds do not exceed 12 %, which indicates the possibility 

of using the proposed methods for the thermophysical ana-

lysis of the milling process. 

The parameters of the milling process of blanks made of 

VT6 titanium alloy, were numerically simulated using 

the cylindrical surface of an end mill made of T5K10 hard 

alloy with a diameter of 20 mm. The thermophysical cha-

racteristics of the blank and cutter material (density, ther-

mal conductivity and heat capacity coefficients) depending 

on the temperature and the yield stress of the blank material 

at a temperature of 293 K were determined from reference 

data. The process parameters were recorded during cutting 

of the blank by the twenty-fifth tooth of the successive se-

ries of working teeth of the cutter. The process of cooling 

the cutting zone with a lubricating fluid was simulated, tak-

ing the coefficient of heat transfer from the surfaces con-

tacting with the coolant to be 5000 W/(m
2
·K); the heat 

transfer coefficient of the surfaces contacting with air was 

taken to be 40 W/(m
2
·K).  

The authors simulated the process of milling a solid 

blank with a thickness of 10 mm, as well as blanks with 
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a thickness of 0.7 and 0.5 mm after processing. The fol-

lowing mode elements were varied: feed per cutter tooth 

Sz – 0.11 and 0.16 mm/tooth; cutting speed V – 120 

and 150 m/min; milling depth t – 0.3 and 0.5 mm. The pro-

cess parameters were recorded at the last moment of contact 

between the cutter tooth and the blank (this time depends 

on the milling mode elements) and at a time that was 

8·10
−5

 s less than the last. 

Table 1 shows a plan for numerical simulation of the pa-

rameters for processing thin-walled blanks with varying 

mode elements. 

RESULTS 

The studies carried out during the machining of blanks 

made of VT6 titanium alloy, showed that blanks with 

a thickness of 10 mm and more are classified as solid 

blanks; during their machining, the surface opposite to 

the blank does not affect the temperature field in the blank.  

Tables 2 and 3 present the results of calculating 

the milling process parameters for a solid blank with 

a thickness of 10 mm and thin-walled blanks, the thickness 

of which after the allowance removal is 0.7 and 0.5 mm. 

Under these conditions and cutting mode, visible changes in 

the temperature field were recorded when milling blanks 

with a thickness of 1 mm after machining. When machining 

a thin-walled blank, the temperatures in the zones of con-

tact of the chip with the tooth front surface, the tooth rear 

surface with the blank and in the deformation zone are 

higher than when machining a solid blank. An increase in 

the temperature of the deformed layer of the blank material 

Td leads to a decrease in the yield strength of the material of 

the thin-walled blank σst. 

Tables 4 and 5 present the results of calculating the pa-

rameters of the milling process for a 0.7 mm thick 

workpiece, after removing the allowance for different mode 

elements. Table 6 presents the results of calculating 

the temperatures. With an increase in the feed Sz from 0.11 

to 0.16 mm/tooth (by 45 %), the maximum depth of tooth 

penetration into the workpiece amax (on average by 45 %), 

and the maximum length of contact of the chip with 

the front surface of the tooth l increase. The parameter l 

increases to a greater extent at a cutting depth of t=0.3 mm – 

by 64 %. An increase in the parameters amax and l is 

the reason for an increase in the friction forces and the main 

component Pz of the cutting force. The effect of the feed on  

the friction force of the tooth on the workpiece F2 is insignificant; 

the friction force of the chip on the front surface of the tooth F1 

and the force Pz increase by 15…42 % and 14…21 %, respec-

tively. This leads to an increase in the power of heat sources in 

the chip-tooth contact zones W1 and in the deformation zone 

Wg; the power of the heat source in the tooth-to-workpiece 

contact zone W2 increases insignificantly. 

With an increase in the cutting speed V from 120 to 

150 m/min, i.e. by 25 %, the power of all heat sources 

increases by 17...27 %. This leads to an increase in 

the average and maximum temperatures T1 and T2 

by 5...10 %. Consequently, with an increase in the cutting 

speed V, the temperature of the surface layer of 

the workpiece increases. 

The kinematic parameters of the milling process – 

the length of the tooth-to-workpiece contact trajectory lК, 

the maximum tooth penetration depth into the workpiece 

amax and the maximum length of chip contact with 

the front surface of the tooth l – are not affected by 

the cutting speed. 

An increase in the cutting depth leads to an increase in 

the kinematic parameters. With increasing parameter amax, 

the friction force F1 and the force Pz, as well as the powers 

of the heat sources W1 and Wg, increase. The friction force 

F2 and the power of the source W2 are not affected by 

the change in the cutting depth.  

Table 1. Numerical simulation plan 

Таблица 1. План численного моделирования 

Experiment 

number 

Varying parameters 

Feed per cutter tooth 

Sz, mm/tooth 

Cutting speed 

V, m/min 

Milling depth 

t, mm 

Feed speed 

Vs, m/min 

1 0.11 120 0.3 1.05 

2 0.16 120 0.3 1.52 

3 0.11 150 0.3 1.31 

4 0.16 150 0.3 1.91 

5 0.11 120 0.5 1.05 

6 0.16 120 0.5 1.52 

7 0.11 150 0.5 1.31 

8 0.16 150 0.5 1.91 
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Table 2. Milling process parameters at various sizes (thicknesses) of a processed blank: 

Sz=0.16 mm/tooth; V=150 m/min; t=0.5 mm; feed speed Vs=1.91 m/min 

Таблица 2. Параметры процесса фрезерования при различных размерах (толщинах) обработанной заготовки: 

Sz=0,16 мм/зуб; V=150 м/мин; t=0,5 мм; скорость подачи Vs=1,91 м/мин 

Blank size  

(thickness)  

after processing, 

mm 

Force 

of friction 

of a chip 

on a tooth 

front surface 

F1, N 

Force of friction 

of a tooth  

on a blank  

F2, N 

Cutting force 

major 

component 

Pz, N 

Heat source power, 

W, in the zone of 

deformation 

Wg

chip-

tooth 

contact 

W1 

tooth-blank 

contact 

W2 

10 54.8/62.7 54.3/55.1 118.1/128.1 109.0/124.9 82.2/94.1 163.0/165.4 

0.7 54.7/62.6 54.2/55.0 117.7/127.8 108.7/124.6 82.0/93.9 162.5/165.0 

0.5 53.4/61.3 54.0/49.8 117.0/127.2 108.2/124.1 81.6/93.5 162.0/164.5 

Note. F1, F2, Pz are forces per 1 mm of the cutter tooth height. 

The denominators represent the process parameters recorded at the last moment of contact between the cutter tooth and the blank, 

and the numerators represent the same parameters at the previous moment.  

Примечание. F1, F2, Pz – силы, приходящиеся на 1 мм высоты зуба фрезы. 

В знаменателях представлены параметры процесса, зафиксированные в последний момент времени контакта зуба фрезы 

с заготовкой, в числителях – в предыдущий момент. 

Table 3. Temperatures at various sizes (thicknesses) of a processed blank: 

Sz=0.16 mm/tooth; V=150 m/min; t=0.5 mm; Vs=1.91 m/min 

Таблица 3. Температуры при различных размерах (толщинах) обработанной заготовки: 

Sz=0,16 мм/зуб; V=150 м/мин; t=0,5 мм; Vs=1,91 м/мин 

Blank size 

(thickness) 

after 

processing, 

mm 

Average temperature 

in the contact zone of 
Temperature  

of the deformed  

layer of the blank 

material  

Td, K 

Yield strength 

of the blank 

material 

σst, MPa 

Temperature of a blank 

Т3, К  

at a distance  

from the processed surface a tooth 

with a blank 

T2, K 

a chip 

with a tooth 

T1, K 30 µm 180 µm 

10 1,000/1,018 1,004/1,012 365/337 784/796 484/478 389/390 

0.7 1,006/1,023 1,008/1,013 371/341 782/794 497/ 491 406/406 

0.5 1,014/1,031 1,014/1,015 379/347 778/791 514/506 425/425 

Note. The denominators represent the process parameters recorded at the last moment of contact between the cutter tooth 

and the blank, and the numerators represent the same parameters at the previous moment. 

Примечание. В знаменателях представлены параметры процесса, зафиксированные в последний момент времени 

 контакта зуба фрезы с заготовкой, в числителях – в предыдущий момент.  

With increasing cutting depth, the average value of 

temperature T2 decreases at Sz=0.11 mm/tooth, and increa-

ses at Sz=0.16 mm/tooth. The maximum value of tempera-

ture T2 increases for all combinations of parameters Sz and V, 

except for Sz=0.11 mm/tooth and V=150 m/min. The work-

piece temperature T3 at a depth of 30 μm increases with 

increasing cutting depth for all combinations of parameters 

Sz and V, except for Sz=0.16 mm/tooth and V=150 m/min. 

The temperature at the tooth tip TE slightly decreases with 

increasing parameter t, except for the calculation for 

the mode Sz=0.11 mm/tooth and V=120 m/min. 

DISCUSSION 

When milling thin-walled blanks, the cutting force Pz 

and the power of the heat sources are somewhat lower due 

to the lower value of the σst parameter. However, due to 

less intense heat removal from the zone of processing thin-

walled blanks, the contact temperatures are somewhat high-

er [3] than when machining solid ones (Tables 2 and 3). 

The temperatures in the surface layer of the blanks increase 

to a greater extent, and the greater the distance from 

the machined surface, the greater the difference in tempera-

tures between the solid and thin-walled blanks. 

102 Frontier Materials & Technologies. 2024. No. 3



Unyanin A.N., Chudnov A.V.   “The influence of cutting mode elements on the technological parameters…” 

 

Table 4. Process technological parameters at various milling mode elements 

Таблица 4. Технологические параметры процесса при различных элементах режима фрезерования 

Experiment 

number 

according 

to Table 3 

Path length 

of the tooth-

blank contact 

lК, mm 

Maximum 

depth of tooth 

penetration 

in a blank 

amax, µm 

Maximum length  

of a contact of a chip 

with the tooth  

front surface  

l, µm 

Temperature  

of the deformed  

layer of the blank 

material  

Td, K 

Yield strength 

of the blank 

material 

σst, MPa 

1 2.46 26.8 76.5 385/366 776/784 

2 2.46 39.0 125.8 376/354 779/789 

3 2.46 26.8 85.2 388/365 774/784 

4 2.46 39.0 125.8 376/351 779/790 

5 3.18 34.4 111.0 394/365 772/784 

6 3.18 50.1 161.5 371/345 781/792 

7 3.18 34.4 111.5 396/363 781/792 

8 3.18 50.1 161.5 371/341 782/794 

Note. The denominators represent the process parameters recorded at the last moment of contact between the cutter tooth 

and the blank, and the numerators represent the same parameters at the previous moment. 

Примечание. В знаменателях представлены параметры процесса, зафиксированные в последний момент времени 

контакта зуба фрезы с заготовкой, в числителях – в предыдущий момент.  

Table 5. Process parameters at various milling mode elements 

Таблица 5. Параметры процесса при различных элементах режима фрезерования 

Experiment 

number 

Force of friction 

of a chip  

on a tooth front  

surface 

F1, N 

Force of friction 

of a tooth  

on a blank  

F2, N 

Cutting force 

major 

component 

Pz, N 

Heat source power, W, in the zone of 

deformation 

Wg

chip-tooth 

contact 

W1 

tooth-blank 

contact 

W2 

1 28.0/31.5 53.8/54.4 86.2/90.8 46.0/51.8 35.0/39.4 134.4/135.8 

2 38.4/45.0 54.0/54.7 98.8/106.9 63.7/74.3 48.3/56.2 135.0/136.6 

3 28.0/31.5 53.7/54.3 86.0/90.8 55.1/62.2 41.9/47.2 161.0/163.0 

4 38.8/45.2 54.0/54.7 99.0/107.2 76.7/89.6 58.2/67.8 162.0/164.1 

5 39.8/44.1 53.5/54.3 99.6/105.5 65.6/72.8 49.7/55.1 133.7/135.8 

6 54.0/61.7 54.2/54.9 116.9/126.7 89.4/102.4 67.5/77.1 135.4/137.3 

7 39.7/44.1 53.4/54.4 99.5/105.6 78.6/87.4 59.6/66.2 160.3/163.2 

8 54.7/62.6 54.2/55.0 117.7/127.8 108.7/124.6 82.0/93.9 162.5/165.0 

Note. F1, F2, Pz are forces per 1 mm of the cutter tooth height. 

The denominators represent the process parameters recorded at the last moment of contact between the cutter tooth and the blank, 

and the numerators represent the same parameters at the previous moment.  

Примечание. F1, F2, Pz – силы, приходящиеся на 1 мм высоты зуба фрезы. 

В знаменателях представлены параметры процесса, зафиксированные в последний момент времени контакта зуба фрезы 

с заготовкой, в числителях – в предыдущий момент. 
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Table 6. Temperatures at various milling mode elements 

Таблица 6. Температуры при различных элементах режима фрезерования 

Experiment 

number 

Temperature  

in the tooth-blank contact zone 

T2, K 

Temperature 

 in the chip-tooth contact zone 

T1, K 

Temperature  

at the tip  

of the cutter tooth 

ТЕ, К 

Blank 

temperature 

Т3, К 
average maximum average maximum 

1 967/972 1,282/1,288 874/871 961/961 1,025/1,017 532/525 

2 922/936 1,301/1,317 959/934 1,277/1,290 1,019/1,010 506/496 

3 1,042/1,052 1,462/1,475 946/958 1,305/1,312 1,036/1,025 539/531 

4 966/987 1,441/1,467 963/970 1,384/1,403 1,013/1,001 502/491 

5 957/960 1,285/1,294 948/946 1,273/1,277 1,034/1,024 542/537 

6 956/969 1,330/1,348 967/970 1,380/1,393 1,014/1,001 507/500 

7 1,011/1,017 1,424/1,437 986/985 1,380/1,388 1,027/1,016 539/535 

8 1,006/1,023 1,477/1,504 1,008/1,013 1,506/1,528 1,008/991 497/491 

Note. Blank temperature Т3 was determined at a distance of 30 µm from the processed surface. 

The denominators represent the process parameters recorded at the last moment of contact between the cutter tooth and the blank, 

and the numerators represent the same parameters at the previous moment.  

Примечание. Температура заготовки Т3 определена на расстоянии 30 мкм от обрабатываемой поверхности. 

В знаменателях представлены параметры процесса, зафиксированные в последний момент времени контакта зуба фрезы 

с заготовкой, в числителях – в предыдущий момент. 

The densities of all heat sources increase insignificantly, 

since with an increase in the feed, both the power of 

the heat sources and their areas increase. The average tem-

peratures in the contact zone of the tooth with the blank T2, 

the temperature at the tip of the cutter tooth ТЕ and the tem-

perature of the blank Т3 in almost all cases decrease insig-

nificantly, with an increase in the feed (by 5...12 %). This 

can be explained by a decrease in the time the blank is op-

posite the heat source with an insignificant increase in 

the densities of the heat sources. The average and maxi-

mum temperatures in the chip-tooth contact zone T1 in-

crease with increasing feed. 

The blank temperature at a distance of 30 μm from 

the machined surface does not change, or decreases slight-

ly, with increasing speed V, which is explained by a de-

crease in the time of action of the heat source on the blank. 

At the last moment of contact of the tooth with 

the blank, the temperature of the deformed layer is slightly 

lower than at the previous one. This is a consequence of 

the fact that the tooth comes into contact with the blank 

material heated to a lesser extent as a result of the opera-

tion of the previous teeth. Therefore, at the last moment of 

time, the yield strength σst is higher, as, consequently, are 

the cutting and friction forces, and the power and density 

of heat sources. For all milling modes, the values of 

the average and maximum temperature T2 are higher at 

this moment of time than at the previous one. The blank 

temperature T3, the temperature at the tooth tip ТЕ and 

the temperature of the deformed layer, are slightly lower 

at the last moment of time than at the previous one. 

The maximum value of temperature T1 is higher at the last 

moment of time, and the average value of this temperature 

changes insignificantly. Therefore, the following depend-

encies for evaluating the process parameters were ob-

tained for: the average value of temperature T2 and force 

Pz recorded at the last moment of contact time; tempera-

tures ТЕ and T3 – at the previous moment; when calculat-

ing the average temperature T1, the temperature averaged 

for two moments of time was used. 

When machining thin-walled blanks, a mode should be 

used that ensures forces and temperatures that do not ex-

ceed those that occur when machining solid [14] blanks 

at maximum productivity. 

The studies performed allow selecting the required mode. 

For example, if mode No. 6 according to Table 3 is used 

(t=0.5 mm; Sz=0.16 mm/tooth and V=120 m/min), then 

the force Pz, as well as the average and maximum values of 

temperatures T1 and T2 are expected to be lower than when 

machining a solid blank (Tables 2 and 3). In this case, 

the feed rate will decrease from 1.91 to 1.52 m/s, i.e. the 

productivity during processing of thin-walled blanks will 

slightly decrease. There are also other modes of processing 

thin-walled blanks providing lower forces Pz and tempera-

tures in comparison with processing of a solid blank, howev-

er, under these modes, productivity decreases significantly.  

It is difficult to provide recommendations concerning 

processing of thin-walled blanks due to the ambiguous in-

fluence of any mode element on the process parameters 

with various combinations of others. Therefore, to deter-

mine the rational mode, one can use the following depen-

dencies obtained as a result of processing the results of nu-

merical simulation: 
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VStVtS

VStVST

zz

zz





56.35568.302400

3.141272095.313.11419.2231
; 

VStVtS

VStVST

zz

zz





110001690025900

534041844,9051311013202
; 

VStVtS

VStVST

zz

zzE





30005768600

176013516.29638203.439
; 

tVStVtS

VStVST

zz

zz





8001882500

6805258.11811109.3063
; 

tVStVtS

VStVSP

zz

zzz





2202.2370

628.6352.63.114112.37
. 

Using these dependencies, one can calculate the mode, 

at which the technological parameters, when processing 

a thin-walled blank, will not exceed the permissible values. 

CONCLUSIONS 

1. It has been found that during milling of thin-walled

blanks, the temperature field differs significantly from that 

formed during processing of solid blanks.  

2. Regularities in changing the parameters of the milling

process of thin-walled blanks depending on the mode ele-

ments have been identified.  

3. Mathematical dependencies describing the relation-

ship between temperatures and cutting forces with the mill-

ing mode elements have been obtained. 

4. The results of the research, and the obtained de-

pendencies allow determining the processing mode for 

a thin-walled blank, at which the technological parame-

ters, including temperatures, will not exceed the per-

missible values. 
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Аннотация: Назначение рационального режима процесса механической обработки остается актуальной зада-

чей технологической подготовки производства. Известные рекомендации и методики назначения этого режима 

ориентированы на обработку массивных заготовок и не учитывают того обстоятельства, что при обработке тонко-

стенных заготовок температуры в зоне обработки и поверхностном слое заготовки отличаются. Исследование на-

правлено на выявление закономерностей в изменениях параметров процесса фрезерования заготовок тонкостен-

ных деталей в зависимости от элементов режима, а также разработку рекомендаций по назначению этого режима. 

Выполнено численное моделирование технологических параметров процесса фрезерования заготовок массивных 

и тонкостенных деталей из титанового сплава при различных режимах. Варьировали скорость резания, глубину 

резания и подачу на зуб фрезы. Рассчитывали силу резания, мощности и плотности источников тепловыделения 

и температуру в поверхностном слое заготовки, в зонах контакта зуба фрезы с заготовкой и стружки с передней 

поверхностью зуба. Установлено, что при фрезеровании заготовок тонкостенных деталей температурное поле 

значительно отличается от формирующегося при обработке массивных заготовок из-за низкого теплоотвода от 

необрабатываемой поверхности. Увеличение подачи на зуб на 45 % приводит к незначительному снижению тем-

ператур в зоне резания (на 5…12 %). Увеличение скорости резания на 25 %, напротив, приводит к росту темпера-

тур на 5…10 %. Увеличение глубины резания приводит к увеличению температуры в зоне контакта стружки с зу-

бом в 1,5 раза, а также к увеличению температуры в зоне контакта зуба с заготовкой. 

Ключевые слова: режим резания; технологические параметры процесса фрезерования; температурное поле; 

предел текучести; тонкостенная заготовка; сила резания; температура в зоне резания. 
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Abstract: Currently, one of the effective 3D printing methods is wire-feed electron-beam additive manufacturing 

(EBAM), which allows producing large-sized commercial billets from Ti–6Al–4V titanium alloy. However, Ti–6Al–4V 

alloy produced by this method demonstrates reduced strength properties. It is known that it is possible to increase 

the strength properties of metallic materials by refining their grain structure by high-pressure torsion (HPT). This work is 

aimed at studying the influence of high-pressure torsion on the microstructure, and mechanical strength of a structural Ti–

6Al–4V titanium alloy produced by the wire-feed electron-beam additive manufacturing method. The microstructure of 

a 3D-printed Ti–6Al–4V alloy in the initial state, and after high-pressure torsion, was studied using optical, scanning and 

transmission electron microscopy. An EBSD analysis of the material in its original state was carried out. The microhard-

ness of the material in the initial and deformed states was measured. Using the dependence of the yield strength on micro-

hardness, the estimated mechanical strength of the material after processing by the high-pressure torsion method was de-

termined. The microstructural features of the 3D-printed Ti–6Al–4V alloy after high-pressure torsion, which provide in-

creased strength of this material, are discussed. The research results demonstrate that 3D printing, using the electron-beam 

additive manufacturing method, allows producing a Ti–6Al–4V titanium alloy with a microstructure unusual for this mate-

rial, which consists of columnar primary β-grains with a transverse size of 1–2 mm, inside of which martensitic α'-Ti needles 

are located. Thin β-Ti layers with a thickness of about 200 nm are observed between the α'-Ti needles. Further deformation 

treatment of the alloy, using the high-pressure torsion method, allowed forming an ultrafine-grained structure in its vo-

lume, presumably consisting of α-grains with an average size of (25±10) nm. High-pressure torsion of the 3D-printed alloy 

allowed achieving rather high microhardness values of (448±5) НV0.1, which, according to the HV=2.8–3σy ratio, corre-

sponds to the estimated yield strength of approximately 1460 MPa.  

Keywords: 3D-printed Ti–6Al–4V titanium alloy; Ti–6Al–4V titanium alloy; wire-feed electron-beam additive manu-

facturing; high-pressure torsion; microstructure; mechanical properties. 
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INTRODUCTION 

High-pressure torsion (HPT) is one of the most well-

known methods of severe plastic deformation, which allows 

refining effectively, the microstructure in metal materials 

and providing an ultrafine-grained (UFG) structure, with 

dimensions less than 100 nm, and accordingly, an increase 

in their strength properties [1–3]. There are a number of 

works on the use of high-pressure torsion for processing 

the Ti–6Al–4V titanium alloy (Russian name – VT6), 

which is popular in industry. In this work [4], the authors 

applied HPT treatment on Ti–6Al–4V titanium alloy pro-

duced by hot rolling. As a result, a significant grain struc-

ture refinement to 100–200 nm, and as a consequence, 

a strong increase in strength up to σu=1740 MPa were ob-

served. In the work [5], the authors subjected Ti–6Al–4V 

titanium alloy with a plate structure to high-pressure tor-

sion treatment. The research results showed, that 10 revo-

lutions of high-pressure torsion at a pressure of 7.5 GPa 

allows forming a nanostructured state in the Ti–6Al–4V 

alloy with an average grain size of 52.7 nm and a micro-

hardness of 432 HV. At the same time, a significant in-

crease in tribological properties, such as friction and wear 

resistance, was observed. Works [6–8] show that the for-

mation of a UFG structure in the Ti–6Al–4V alloy ensures 

the manifestation of superplasticity under relatively low 

temperatures (550–650 °C). 

In recent years, it has been demonstrated that the Ti–

6Al–4V alloy, and products made from it, can be success-
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fully manufactured by 3D additive technologies [9–11]. 

Moreover, works [12–14] show that the method of wire-

feed electron-beam additive manufacturing (EBAM) is one 

of the most promising and opens broad prospects for 

the production of large-sized complex-shaped parts from 

titanium alloys. The main advantages of this technology are 

high productivity (up to 2500 cm
3
/h), and almost 100 % 

efficiency of raw material consumption. Moreover, wire is 

much cheaper than powder raw materials, and its products 

are available for sale in a much wider range. 

3D-printed Ti–6Al–4V titanium alloy has a specific ini-

tial microstructure, which significantly differs from 

the same alloy obtained by traditional production methods 

(casting, stamping, etc.). In particular, the microstructure 

after EBAM treatment consists of large columnar grains of 

the initial β-phase containing a lamellar martensitic 

α'-phase, which is formed due to the rapid solidification of 

the melt pool, and multiple phase transformations caused by 

repeated thermal cycles [10; 12]. However, such a structure 

is characterised by lower strength properties, and is notice-

ably inferior to those in comparison with the hot-rolled state 

[15; 16]. In this regard, an urgent task is to study the trans-

formation of the microstructure obtained by additive tech-

nologies to increase the strength properties of the alloy. 

Of great interest is the study of the ultrafine-grained struc-

ture formation when exposed to severe plastic deformation 

(SPD) methods. Recently, such work was carried out on 

a Ti–6Al–4V alloy produced by the directed energy deposi-

tion (DED) technology, where the effect of equal channel 

angular pressing (ECAP) on the microstructure and me-

chanical properties was studied [17]. It was found that 

the alloy subjected to equal channel angular pressing exhi-

bited a noticeable increase in mechanical properties in 

terms of strength and ductility. 

High-pressure torsion treatment leads to a more signifi-

cant refinement of the structure, and the possible unique 

properties that a 3D-printed Ti–6Al–4V alloy can acquire, 

after this treatment, are of scientific interest. This work is 

fundamental in nature. In the future, its results can become 

the basis for research aimed at improving the mechanical 

properties of 3D-printed parts of different geometries, using 

the SPD friction stir method, which, as is known, can be 

applied to treat the surface of various materials, including 

titanium alloys [18]. 

The purpose of this research is to study the effect of 

high-pressure torsion processing, on the microstructure 

and mechanical strength, of 3D-printed Ti–6Al–4V tita-

nium alloy using wire-feed electron-beam additive ma-

nufacturing. 

METHODS 

As a material for research, the Ti–6Al–4V titanium al-

loy was used produced at the Institute of Strength Physics 

and Materials Science of the Siberian Branch of the Russian 

Academy of Sciences, Tomsk, Russia, using a unique scien-

tific installation for wire-feed electron-beam additive manu-

facturing [12; 13]. As the raw material, a wire with a di-

ameter of 1.6 mm made of Ti–6Al–4V titanium alloy was 

used, which was melted by an electron gun with a plasma 

cathode in a vacuum of 1.3×10
−3

 Pa. The wire was fed at 

a speed of 2 m/min at an angle of 35° to the base plate sur-

face. The base plate moved at a speed of 2.2 mm/s relative 

to the electron beam along a meander path with layers de-

posited in an inversed manner. A rod of Ø20 mm was 

turned from the resulting blank. Then samples, with a di-

ameter of 20 mm and a height of 2 mm, were cut out of it 

using an ARTA-120 electrical erosive machine for defor-

mation processing and further research. 

Samples of titanium alloy produced by electron beam 

melting of a wire, were subjected to high-pressure tor-

sion on a SKRUDZH-200 unique scientific device at the 

Research Institute of Ufa University of Science and 

Technology, Ufa, Russia, at a specific compressive pres-

sure of 6 GPa according to the mode: number of revolu-

tions – 10, striker rotation speed – 0.2 rpm. After defor-

mation, samples with a diameter of 20 mm and a height 

of 0.9–1.0 mm were obtained. These processing modes 

are described in detail in [2; 4]. 

The microstructure of the original and deformed sam-

ples was studied, using an Olympus GX51 optical micro-

scope, a TESCAN MIRA LM scanning electron micro-

scope, and a JEM-2100 transmission electron microscope 

(JEOL, Japan) with an accelerating voltage of 200 kV. 

Samples for TEM after high-pressure torsion were pro-

duced from an area 5 mm from the centre of the sample. 

Microhardness was assessed using the Vickers method 

with a diamond pyramid at a load of 100 g for 15 s on 

a DuraScan 50 (EMCO-Test, Austria) device. To obtain an 

average value for each structural state, measurements were 

carried out at least 40 times. 

RESULTS 

Fig. 1 shows the microstructure of the Ti–6Al–4V alloy 

produced by the wire-feed electron-beam additive manufac-

turing method in the initial state. In the image obtained in 

an optical microscope (Fig. 1 a), columnar primary β-grains 

with a transverse size of 1–2 mm are observed in the vo-

lume, of which α-morphology grains were formed during 

the surfacing process. Such grains consist of a combination 

of lamellar and acicular martensitic α'-phase (dark contrast 

in the image). Large β-phase plates, the dimensions of 

which reach approximately (10±2) µm (light contrast in the 

image), are also observed. Detailed studies of the micro-

structure of the samples in SEM and TEM allowed deter-

mining the thickness of the α'-phase plates, which is ap-

proximately (1.5±0.5) μm, as well as thin interlayers, with 

a thickness of about 200 nm (Fig. 1 b–d), which are repre-

sented by β-phase. In the wide α'-phase plates, individual 

dislocations are visible. 

Fig. 2 presents the results of EBSD analysis of a Ti–

6Al–4V alloy sample in the initial state. In EBSD images in 

this state, a lamellar microstructure, united in large clusters 

with predominantly low-angle misorientation of grain 

boundaries, is observed. The length of the high-angle 

boundaries was 17.6 cm, and the low-angle boundaries 

were 1.16 cm. 

Due to deformation treatment using the high-pressure 

torsion method, it was possible to refine significantly 

the structure in the Ti–6Al–4V alloy (Fig. 3). Inhomogene-

ous contrast is observed, because of the high level of internal 
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a b 

c d 

Fig. 1. Microstructure of a 3D-printed Ti–6Al–4V alloy: 

а – in an optical microscope (OM); b – in a scanning electron microscope (SEM); 

c, d – in a transmission electron microscope (TEM) 

Рис. 1. Микроструктура 3D-напечатанного сплава Ti–6Al–4V: 

а – в оптическом микроскопе (ОМ); b – в растровом электронном микроскопе (РЭМ); 

c, d – в просвечивающем электронном микроскопе (ПЭМ) 

stresses caused by the increased density of crystal lattice 

defects. According to dark-field images, the structure 

consists of equiaxial grains with an average size of 

(25±10) nm. Electron diffraction patterns show nume-

rous reflections located around a circle, which indicates 

the presence of grains with predominantly high-angle 

boundaries. The blurring of diffraction reflections also 

indicates high internal stresses and elastic distortions of 

the crystal lattice. 

Unfortunately, due to the small grain size and high in-

ternal stresses, it was not possible to obtain EBSD micro-

structure maps of Ti–6Al–4V alloy produced using EBAM 

and subjected to HPT. 

In the initial state, the average microhardness of 

the EBAM-produced Ti–6Al–4V sample is (308±4) HV0.1 

(Fig. 4 and Table 1). Subsequent HPT processing of 

the 3D-printed Ti–6Al–4V alloy made it possible to in-

crease significantly the microhardness of the material. In 

this case, a slight heterogeneity along the diameter of 

the sample is observed, which is typical for torsional de-

formation. The best development in the HPT process is 

observed in the region of the middle of the radius, where 

the average microhardness is approximately (448±5) HV0.1. 

DISCUSSION 

In current work, the authors studied Ti–6Al–4V titani-

um alloy produced by wire-feed electron-beam additive 

manufacturing, and subjected to high-pressure torsion. 

The microstructure of the initial state consists of columnar 

primary β-grains, inside of which martensitic α'-Ti plates 

with transverse dimensions of about (1.5±0.5) μm are locat-

ed. Between the martensitic plates, thin β-phase interlayers 

about 200 nm thick are also visible. A similar structure is 

often observed in Ti–6Al–4V titanium alloy, produced 

by additive technologies [12–14]. This structure is 

caused by the fact that in the process of wire-feed elec-

tron-beam additive manufacturing, the action of an elec-

tron beam leads to the formation of a melt pool in 

the near-surface volume of the substrate. Subsequently, 

as a result of solidification of the pools and upper layers 

of the grown metal, a columnar structure of β-grains is 
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Fig. 2. EBSD image of a 3D-printed Ti–6Al–4V alloy sample 

Рис. 2. EBSD-картина 3D-напечатанного образца сплава Ti–6Al–4V 

a b 

Fig. 3. TEM images of the structure of a 3D-printed Ti–6Al–4V alloy after high-pressure torsion (HPT): 

a – bright-field image; b – dark-field image 

Рис. 3. ПЭМ-изображения структуры 3D-напечатанного сплава Ti–6Al–4V после КВД:  
a – светлопольное изображение; b – темнопольное изображение 

formed. During crystallisation of the deposited layer, epi-

taxial growth of columnar primary β-grains takes place, 

the sizes of which are determined by the cooling rate of 

the melt pool. After passing through the electron beam, 

the material solidifies into β-grains, and then undergoes 

rapid cooling, transforming into the martensitic α'-phase, 

which occupies almost the entire volume of the β-grain. 

The high cooling rate of the melt pool during 3D printing 

leads to a low content of the β stabilising element (vana-

dium) in the β-phase, and its presence in the α-phase [19].  

Subsequently, the sample with the initial structure was 

subjected to high-pressure torsion in a mode of 10 revoluti-

ons, the rotation speed of the striker was 0.2 rpm, at a spe-

cific compressive pressure of 6 GPa, which allowed refin-

ing significantly the grain structure to (25±10) nm and in-

creasing considerably the level of internal stresses. 

The resulting structure presumably consists entirely of 

the α-phase, since it is known that during high-pressure 

torsion of the Ti–6Al–4V alloy the β-phase dissolves [5–7]. 

The resulting microstructure differs from that observed 

after high-pressure torsion in the Ti–6Al–4V titanium alloy, 

with an (α+β) structure characteristic of the hot-rolled state. 

The difference in structures manifests itself primarily in 

the sizes of deformed grains. Thus, in the hot-rolled Ti–

6Al–4V alloy after high-pressure torsion under various 

modes, the average grain size ranges from 40 to 100 nm [4–6], 
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Fig. 4. Microhardness distribution along the diameter of a 3D-printed Ti–6Al–4V alloy  
in the initial state and after high-pressure torsion (HPT) 

Рис. 4. Распределение микротвердости по диаметру 3D-напечатанного сплава Ti–6Al–4V 

в исходном состоянии и после кручения под высоким давлением (КВД) 

Table 1. Average values of grain size and microstructure of a 3D-printed sample of the Ti–6Al–4V titanium alloy 
Таблица 1. Средние значения размера зерен и микротвердости 3D-напечатанного образца титанового сплава Ti–6Al–4V 

State Average grain size Microhardness, HV0.1

Initial state (1.5±0.5) µm 308±4 

High-pressure torsion (25±10) nm 448±5 

while in the Ti–6Al–4V titanium alloy produced by elec-

tron-beam additive manufacturing, grain refinement to 

(25±10) nm is observed. This difference in the structures 

of the Ti–6Al–4V titanium alloy after high-pressure tor-

sion is determined by different initial states. In 3D-printed 

Ti–6Al–4V, rapid cooling of the material during wire-feed 

electron-beam additive manufacturing leads to the for-

mation of a predominantly martensitic α'-phase. Research 

[6; 7] shows that such an initial Ti–6Al–4V microstructure 

influences significantly the structure and properties of 

the alloy after high-pressure torsion. The martensitic 

structure contains a high level of residual stresses, disloca-

tions and stacking faults, as well as twins due to shear 

transformation [6; 7]. Moreover, the initial microstructure 

has a high volume fraction of martensitic α'-phase bounda-

ries, which likely act as nucleation sites for rapid grain 

fragmentation, and subgrain formation during the initial 

stages of HPT treatment. 

The average value of microhardness of the 3D-printed 

Ti–6Al–4V alloy in the initial state is (308±4) HV0.1, which 

is typical for the coarse-grained hot-rolled Ti–6Al–4V tita-

nium alloy [5–7]. High-pressure torsion treatment allowed 

increasing significantly the values of the 3D-printed Ti–

6Al–4V alloy microhardness to a level of the order of 

(448±5) HV0.1. The obtained microhardness values are quite 

high for the Ti–6Al–4V alloy subjected to high-pressure 

torsion [5–7]. Using the known ratio of microhardness and 

yield strength (HV=2.8–3σy), it is possible to determine 

the expected mechanical strength of the Ti–6Al–4V alloy 

[20; 21]. Thus, one can assume that after high-pressure tor-

sion, the yield strength of the Ti–6Al–4V titanium alloy 

3D-printed, using the electron-beam additive manufacturing 

method, reaches 1460 MPa, which is a rather high value for 

this material. 

As is known, the high strength of metal materials with 

a UFG structure, obtained by the methods of severe plastic 

deformation can be caused by a number of factors [3; 22; 

23] – grain structure refinement, the presence of a high den-

sity of dislocations, impurity atoms, dispersed particles of

second phases, twins, etc. Moreover, an important factor is

the structure and state of grain boundaries, which usually

have a nonequilibrium structure and contain a significant

amount of grain boundary segregations and insertions [22].

It is obvious that the nature of the high strength of

the 3D-printed Ti–6Al–4V titanium alloy, after high-

pressure torsion obtained in this work, is determined by

a number of structural features, including a highly refined

grain structure and a high density of crystal lattice defects.
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CONCLUSIONS 

1. High-pressure torsion processing of a 3D-printed Ti–

6Al–4V alloy allows refining significantly the grain struc-

ture to dimensions of (25±10) nm. Such strong refinement 

is not observed in the initial hot-rolled state of the alloy and 

is associated with the initial martensitic structure of Ti–

6Al–4V. 

2. High-pressure torsion of the 3D-printed Ti–6Al–4V

alloy allowed increasing significantly the microhardness of 

the material to a level of approximately (448±5) HV0.1, 

which, according to the HV=2.8–3σy ratio, corresponds to 

σy≈1460 MPa. Such a high strength is associated with the 

strong refinement of the structure and the significant densi-

ty of crystal lattice defects. 

3. The results of the study demonstrate, that the initial

state of the Ti–6Al–4V alloy significantly affects the grain 

refinement, and phase transformations caused by high-

pressure torsion, which consequently affects the strength 

characteristics achieved during this treatment. 
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Аннотация: В настоящее время одним из эффективных методов 3D-печати является проволочная электронно-

лучевая аддитивная технология (ЭЛАТ), которая позволяет изготавливать крупногабаритные промышленные за-

готовки из титанового сплава Ti–6Al–4V. Однако Ti–6Al–4V, полученный данным методом, демонстрирует пони-

женные прочностные свойства. Известно, что повысить прочностные свойства металлических материалов можно 

посредством измельчения их зеренной структуры кручением под высоким давлением (КВД). Настоящая работа 

направлена на исследование влияния КВД на микроструктуру и механическую прочность конструкционного тита-

нового сплава Ti–6Al–4V, полученного методом ЭЛАТ. Посредством оптической, растровой и просвечивающей 

электронной микроскопии изучена микроструктура 3D-напечатанного сплава Ti–6Al–4V в исходном состоянии 

и после КВД. Проведен EBSD-анализ материала в исходном состоянии. Измерена микротвердость материала 

в исходном и деформированном состояниях. С использованием зависимости предела текучести от микротвердости 

определена предположительная механическая прочность материала после обработки методом КВД. Обсуждаются 

микроструктурные особенности 3D-напечатанного сплава Ti–6Al–4V после КВД, за счет которых обеспечивается 

повышенная прочность данного материала. Результаты исследований демонстрируют, что 3D-печать методом 

ЭЛАТ позволяет получить титановый сплав Ti–6Al–4V с необычной для данного материала микроструктурой, 

которая состоит из столбчатых первичных β-зерен с поперечным размером 1–2 мм, внутри которых располагаются 

мартенситные иглы α'-Ti. Между иглами α'-Ti наблюдаются тонкие прослойки β-Ti толщиной около 200 нм. Даль-

нейшая деформационная обработка сплава методом КВД позволила сформировать в его объеме ультрамелкозер-

нистую структуру, состоящую предположительно из α-зерен со средним размером (25±10) нм. КВД-обработка 

3D-напечатанного сплава позволила достичь довольно высоких значений микротвердости (448±5) НV0,1, что по 

соотношению HV=2,8–3σт соответствует предположительному пределу текучести, равному примерно 1460 МПа. 

Ключевые слова: 3D-напечатанный титановый сплав Ti–6Al–4V; титановый сплав Ti–6Al–4V; электронно-

лучевая проволочная аддитивная технология; 3D-печать; кручение под высоким давлением; микроструктура; ме-

ханические свойства. 
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