
State and prospects of application of plastically deformed nanostructured metals, alloys, 

and sprayed coatings 
 

Syzonenko Olha1, 2, Dubovyi Oleksandr2, Makrukha Tetiana2, Karpechenko Anton2, Bobrov Maksym2, Torpakov Andrii1 

Institute of Pulse Processes and Technologies of the National Academy of Sciences of Ukraine – Mykolaiv, Ukraine 1 

Admiral Makarov National University of Shipbuilding – Mykolaiv, Ukraine 2 
sizonenko43@rambler.ru 

 
Abstract It is shown that thermal stabilization of the polygonization substructure up to 60 min is provided by a combination of uniaxial 

compressive deformations, namely dynamic by 30% and static by 30%, followed by pre-recrystallization heat treatment (PHT) at the initial 
recrystallization temperature. This ensures subgrain size of 80… 187 nm, while strength characteristics increase by 10… 30% with sufficient 

ductility. 

It is shown that PHT provides the formation of nanoscale elements in electric arc coatings with Sv-08G2S (Св-08Г2С), and additional 
deformation of the coating allows to increase the thermal stability of the polygonization substructure up to 40… 50 min. 

It is found that the combined deformation and subsequent PHT of steels provides an increase in the calculated  number of nanoscale 
subgrains from 15 to 65%.  
Keywords: PRE-CRYSTALLIZATION HEAT TREATMENT, SUBGRAIN SIZE, POLYGONIZATION, HARDENSS, DYNAMIC 

DEFORMATION, STATIC DEFORMATION 

 

1. Introduction 

 Modern industry is constantly in need of new technologies and 

materials that can improve the properties and working life of 
various products. The use of new materials in structures and 

individual parts is determined by the relationship between strength 
and ductility of metals and alloys, as well as wear resistance, which 

is provided mainly by coatings with a suitable structure. The 
increase in strength, which also forms increased wear resistance 

with sufficient plasticity, is provided mainly by the formation of a 

dispersed micro- and nanoscale structure [1, 2]. 

Grinding of the grain (subgrain) structure to nanoscale size is 
performed mainly by the conventional methods of intense plastic 

deformation (IPD), which forms a highly disoriented fragmented 
substructure due to the large deformation [3, 4]. Volumetric 

nanostructuring by IPD methods is used in engineering to obtain 
small products [2]. The task of creating an effective IPD device that 

will provide low-complexity production of massive nanostructured 

blanks and products with high properties will be relevant for a long 
time. 

In recent decades, methods of mechanothermic and 

thermomechanical treatment were developed and used, which 
significantly improved the quality of rolled and forged steel 

products by forming a dispersed polygonization substructure [5]. 
High-temperature thermomechanical treatment, for example, of 

high-carbon steels allows to form the dispersed polygonization 

substructure, which leads to the rise of strength by 30… 60% while 
maintaining sufficient toughness [5]. In addition, the polygonization 

substructure complicates the movement of dislocations in the 
process of creep [5]. But the possibilities of forming a disperse and 

nanoscale substructure are not fully used due to the processes of 
dynamic and collective polygonization, which occur at a relatively 

long times of exposure to high temperatures. 

There are methods of deformation-heat treatment of metals and 

alloys [6], which provide increase of hardness of metals and alloys, 
deformed by compression, and sprayed coatings with the decrease 

of thermal conductivity. This is achieved by heating metal products, 
alloys and sprayed coatings before the initial recrystallization with 

short-term (up to 10 min) exposure and subsequent cooling to 
ambient temperature at a rate less than 5 °C / s, which prevents the 

growth of subgrains (pre-recrystallization heat treatment). This 
leads to a formation of disperse and nanoscale polygonization 

substructure. But short-term exposure means that these methods 

could not be used to process massive and large metal parts which 
require large treatment times in order to ensure their volumetric 

heating. 

Therefore, the goal of the work is to find the regularities of 
formation of thermally stable polygonization nanoscale subgrains in 

metals, alloys and sprayed coatings with high physical and 

mechanical properties. 

2. Methodology 

 Iron is the main component of any steel, so initial studies of the 
patterns of influence of deformation and thermal factors on the 

physical and mechanical properties of metals and alloys were 
studied on the example of technically pure iron. Specimens of 5 × 5 

× 8 mm size were subjected to static deformation on 
LosenHousenWLRK (Dusseldorf) hydraulic press with a load of up 

to 35 t. Pre-recrystallization heat treatment (PHT) was performed in 

SNOL-1.6.2.0.08 / 9-M1 (СНОЛ-1.6.2.0.08/9-М1) laboratory 
electric furnace. Hardness was determined according to DSTU ISO 

6507-4: 2008 (ДСТУ ІSО 6507-4:2008) on a Vickers device with a 
load of 5 kg.  

3. Results and discussion 

 As a result of numerous experiments, information was 

accumulated to construct a graphical dependence of hardness (HV5) 

on the degree of deformation and temperature and the dependence 
of hardness on the degree of deformation and holding time at the 

temperature of 500 °C. It is known, for example [7], that a decrease 
in grain size (subgrain size) leads to an increase in hardness. This 

effect is observed for almost all types of materials. Strength in most 
cases increases similarly to hardness, so hardness can be an 

approximate criterion of strength, as well as it can be used to 

characterize the size of the subgrain. Moreover, our studies of the 
effect of pre-recrystallization heat treatment on the grain size of 

metals and alloys did not record an average grain size of less than 
50 nm. The influence of deformation-thermal factors on the 

hardness (HV5) of technically pure iron is shown in Fig. 1 and Fig. 
2. 

 

Fig. 1 The dependence of technically pure iron hardness on the degree 
of deformation (ɛ, %) and temperature (t, °C) 
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Fig. 2 The dependence of technically pure iron hardness on the degree 

of deformation (ɛ, %) and time of exposure at the temperature of 500 °C (t, 
min) 

 

The data of Fig. 1 indicate that the optimal temperature of the 
pre-recrystallization treatment is 500 °C, while the dependence is 

extreme, and the maximum hardness is achieved at the exposure for 
1.5… 2 min (see Fig. 2). Increasing static deformation leads to the 

increase of the hardness, which reaches a maximum value at a 

deformation of 80%. The effect of higher static deformation has not 
been studied because cracks were observed sometimes during 

deformation of about 90%, and in practice static deformation above 
80% is virtually not used. The maximum observed value of 

hardness after 80% deformation and PHT at the temperature of 500 
°C was 2.4. GPa (after deformation – 1.52 GPa). Thus, the increase 

in hardness after PHT was 58%. This effect is due to the dispersion 
of subgrains. 

For comparison, specimens of technically pure iron were 
subjected to triaxial deformation by the “abc” method, as a kind of 

equal-channel angular pressing [8]. The hardness (HV5) and the size 
of the regions of coherent scattering (RCS) of X-rays of specimens 

of technically pure iron, deformed by the “abc” method and uniaxial 
compression by 82% after PHT, are shown in table 1. RCS was 

determined by the Scherrer formula by reflection [110], X-ray 
diffraction patterns were recorded on a DRON-3.0 (ДРОН-3,0) 

device. The total value of the actual deformation for the “abc” 

method was e = 3.4.  

Table 1: HV5 hardness and RCS size of technically pure iron, deformed 
by “abc” method and by uniaxial pressing after PHT. 

Deformation 

method 

Hardness, GPa, after RCS size, nm, after 

deformation deformation 

and heat 

treatment 

deformation deformation 

and heat 

treatment 

“abc” 2.96 3.29 149 72 

Uniaxial 

pressing 

after PHT 

2.35 3.60 83 66 

 

Table 1 shows that after “abc” deformation the hardness is 

higher if compared to the hardness of specimens after uniaxial 
deformation, but after pre-recrystallization heat treatment greater 

hardness is observed in uniaxially deformed specimens. The size of 
the RCS, which can be used to evaluate the size of the subgrain, has 

significantly lower values both after uniaxial deformation and after 
deformation with “abc” method and PHT. It is known, for example 

[5], that during deformation the movement of dislocations is carried 

out by sliding and diffusion crawling, thus volume dislocation 
plexuses are formed, which ensures cellular structure of the 

material. Under the action of elastic stresses when heated, 
dislocation plexuses turn into flat small-angle subboundaries, and 

cells turn into subgrains, but subgrain differs sharply in size, 
curvature of boundaries, and angles at the triple junctions of 

subboundaries. The cellular structure formed after the “abc” 
deformation is transformed into a subgrain. These subgrains are 

chaotically disoriented relative to each other in contrast to naturally 
disoriented grains after uniaxial deformation. As a result, the 

algebraic sum of disorientation of subgrains is almost zero, which 
leads to the growth of large subgrains from smaller ones and causes 

a decrease in hardness [5]. In addition, the “abc” deformation is 
triaxial and thus causes the appearance of more dislocations of 

various signs, which causes their annihilation. This also leads to the 

increase of subgrains growth rate. Therefore, the size of the RCS 
after static deformation and heat treatment is smaller than after the 

deformation by the “abc” method and heat treatment. 

Lower values of hardness of technically pure iron after “abc” 
deformation and PHT in comparison with uniaxial deformation can 

also be explained by additional influence of grain boundary sliding. 
In paper [9] it is indicated that in layers with a subgrain size of 50 to 

200 nm the deformation is carried out by a mixed mechanism– the 

mechanism of grain boundary slippage joins the usual dislocation 
mechanism. In this case, the deformation can occur by the rotation 

of the subgrains, which is caused by high level of stresses in the 
triple joints, which is characteristic to the “abc” deformation. 

From a practical point of view, it is advisable to investigate the 

physical and mechanical properties of technically pure iron and 
steel. The results of such studies are given in [6, 8], from which it 

follows that the tensile strength of technically pure iron and steel 

after PHT in a mode that provides maximum hardness, significantly 
higher than even after deformation. At the same time it relatively 

increased the plasticity of specimens. This is due to the 
fragmentation of the substructure, which is confirmed by the size of 

the RCS, which lies at the nanoscale range. 

PHT makes it possible to increase the hardness (HV5) of cold-
formed Ni80Cr20 nichrome by 25%, of BrAMts9-2 (БрАМц9-2) 

bronze – by 19%, of M1 electrotechnical copper – by 13%, and of 

nichrome, sprayed by electric arc – by 29%.  

During the spraying of gas-thermal coatings, there is an intense 
plastic deformation of particles due to the high velocity of the 

impact with the substrate. In real spraying processes this velocity 
can reach up to 300 m/s. The amount of deformation can be 90… 

95%, and the cooling rate of the deformed particles reaches 108 
°C/s, which prevents dynamic recrystallization in the coating 

material. Short-term exposure of samples with sprayed coatings at 

the recrystallization temperature and subsequent accelerated cooling 
in air provides an increase in the hardness of the coatings by fixing 

the pre-recrystallization state of the coating material. 

Electric arc coatings made of Sv-08G2S (Св-08Г2С) wire were 
studied, because they are characterized by the lowest value of RCS 

and the highest effect of increasing hardness after pre-
recrystallization heat treatment. From a practical point of view, the 

main disadvantage of pre-recrystallization heat treatment is the 
short exposure time (a few minutes). Therefore, it is important to 

study the possibility of stabilizing the dispersed polygonization 

substructure of the sprayed coating with a longer exposure in the 
process of heat treatment using subsequent deformation. 

In order to inhibit the movement of dislocation subboundaries in 

the process of collective polygonization, which is manifested by 
heating (long exposure), additional deformation of the coating was 

carried out in two ways: by pressing on a hydraulic press at a load 
of 10 t (30% deformation) and by surface plastic deformation (SPD) 

with steel balls with a diameter of 0.1-0.3 mm for 2 minutes. The 

heating temperature of the deformed samples was reduced to 400 °C 
due to the fact that increasing the values of deformation leads to the 

decrease of the temperature threshold of recrystallization. The 
results of these studies are shown in Fig. 3. 

Analysis of obtained results shows that the use of the 

subsequent deformation provides a smaller decrease in hardness 
while increasing duration of exposure during pre-recrystallization 

heat treatment to 15 minutes. This trend is observed for both types 

of deformation of the coating. For example, the hardness of the 
coating without subsequent deformation when increasing the 
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duration of exposure from 2 to 15 min decreases from 2.7 to 2 GPa 
(– 35%), and with the subsequent deformation – from 3 to 2.8 GPa 

(–7%) and from 3.1 to 3 GPa (–3%) for SPD and pressing, 
respectively. 

 

 

Fig. 3 The dependence of the hardness of electric arc coatings of Sv-

08G2S (Св-08Г2С) wire on the duration of exposure and the type of 
subsequent deformation without additional deformation at the temperature 
of 450 °C (●), after SPD(■) and pressing (▲) 

 

In general, sufficiently high hardness values are ensured at a 

holding time of up to 40 min for SPD and of up to 50 min for 

pressing. This is explained by the fact that during re-deformation 
the dislocation interaction ends with the appearance of 50% to 75% 

of dislocation barriers, and the rest of dislocations participate in the 
formation of dislocation plexuses. These dislocation barriers, which 

arise along the direction perpendicular to the axis of deformation, 
inhibit the movement of dislocations and, consequently, reduce the 

mobility of polygonization subboundaries, which reduces the speed 
of polygonization processes and provides a stabilizing effect. 

Analysis of microstructures on an optical metallographic 

microscope showed that no changes in the structure of the coatings 
before and after heat treatment were detected. This indicates that the 

strengthening effect is provided by substructure elements. 

It is known [5] that grinding the structure and obtaining 
nanosized elements leads to a decrease in the thermal conductivity 

of the metal material. Therefore, a study of the effect of pre-
recrystallization heat treatment on the thermal conductivity of the 

obtained electric arc coatings was performed. The analysis of the 

obtained results showed a decrease in the thermal conductivity of 
coatings by an average of 15% after pre-recrystallization heat 

treatment, which is explained by the increase in the length of the 
subboundaries. In order to perform the quantitative evaluation of the 

effect of pre-recrystallization heat treatment on the substructure of 
electric arc coatings, the size of the regions of coherent scattering of 

X-rays was determined (see Table 2). 

 Table 2: The size of the areas of coherent scattering of X-rays of 
electric arc coatings of Sv-08G2S wire. 

Spraying technology and the amount of 

deformation of particles 

Thermal treatment RCS size, 

nm 

By conventional technology. 

Deformation of 83%. 

Without thermal 

treatment 

>200 

450 °С,  2 min 106 

Using electric pulse impact. 

Deformation of 87%. 

Without thermal 

treatment 

~200 

400 °С,  1 min 87 

 

The data, given in Table 2, indicates a significant effect of PHT 
on the size of subgrains, especially when using electric pulse action 

when spraying coatings. After PHT, the size of subgrains (RCS) 
becomes nanoscale. However, the effect of increasing the physical 

and mechanical properties of steels was previously implemented 

only for small products (knives for cutting mica tape and harvester 

knives, 3… 5 mm thick) because of a short exposure time of 1.5… 
2 minutes. 

PHT provides an increase in physical and mechanical properties 

due to the fixation of the dispersed polygonization substructure by 
short-term exposure of statically deformed metals and alloys at the 

temperature of primary recrystallization. Prolongation of the 

exposure time or increase in temperature lead to the leveling of the 
obtained results through the development of collective 

polygonization processes. The boundaries of subgrains, formed at 
the beginning of polygonization, are of dislocation nature. These 

dislocations are mobile and with increasing temperature or 
increasing exposure time, without encountering obstacles, they 

move easily (creep), while increasing the size of subgrains, which 
leads to the decrease of hardness and strength. All this makes it 

impossible to apply PHT process to parts of large (more than 10 

mm) cross section. Thus, in order to expand the possibility of using 
PHT for metal products, it is necessary to create obstacles to the 

movement of dislocations in the form of double and triple 
intersections, dispersed allocations, etc. 

Since St3 (Ст3) steel is one of the most common structural 

materials used for the manufacture of load-bearing welded 
structures, so there is scientific and practical interest is the study of 

changes in the substructure and properties of specimens of St3 

(Ст3) steel after combined deformation (CD). Specimens with a 
size of 3 × 5 × 5 mm were subjected to combined deformation (30% 

dynamic and 30% static) followed by PHT (t = 500 °C). The speed 
of dynamic deformation was 100 mm/s, and for static it was 0.5 

mm/s. The hardness after deformation of the rock was 1.92 GPa. 
The dependence of St3 steel hardness on the duration of exposure 

during PHT is shown in Fig. 4. 

 

Fig. 4 The dependence of St3 (Ст3) steel hardness on PHT exposure 
time 

 

Fig. 4 shows that the dependence of hardness on the duration of 
PHT exposure is extreme. The increase in hardness after PHT, 

which provides maximum hardness, relative to the deformed state is 
22%, and after PHT during 60 min it is 17%. Tensile tests were 

performed (GOST 1497-84) in order to study the changes in 
temporary resistance to failure, relative narrowing and elongation, 

the results of these tests as well as evaluation of nanosized subgrain 

size and quantity are given in table. 3. 

Table 3: The values of temporary fracture toughness, ductility, average 

subgrain size and the quantity of nanosized elements of St3 (Ст3) steel 
depending on the type of deformation and heat treatment. 

Treatment type σb, MPa δ, % Ψ, % Average 

subgrain 

size, nm 

Nanosized 

subgrains 

quantity, % 

Combined deformation 

(CD) 

310 1.05 74 94 55 

CD, followed by PHT, 

which provides maximum 

hardness 

586 5.26 75 89 66 

CD followed by PHT 

during 60 minutes 
402 7.5 59 92 62 
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Photographs of the substructure of the specimens were obtained 
using the analytical auto-emission scanning electron microscope 

SUPRA55VP (see Fig. 5). 

a         b c 

Fig. 5 Microstructures of St3 (Ст3) steel) after CD (a), after CD and 

heat treatment, which provides maximum hardness values (b) and after CD 
and heat treatment, which provides thermal stabilization of the 
polygonization substructure (c) 

Figure 5 shows that the substructural elements are dispersed 

after PHT relative to the deformed state, which is confirmed by the 
results of the determination of the average size of CSR with a shape 

factor of ~ 0.42 and by the relative number of nanosized subgrains 
(see Table 3), which were obtained by computer metallography 

using ImageProPlus software. The average diameters of subgrains 
are measured at intervals of 2 degrees and pass through the centroid 

of the object. 

The effect of combined deformation on the average size of 

subgrains of technically pure iron and individual steels, which are 
most widely used in industry, was also studied (see Table 4). 

Table 4: The results of determining the size of the CSR of steels after 
deformation and pre-recrystallization heat treatment 

Treatment type CSR size, nm 

Technically 

pure iron 

1020 steel 

(сталь 20) 

1045 steel 

(сталь 45) 

W108 

steel 

(У8) 

5140H 

steel 

(40Х) 

 S42000 

steel 

(20Х13) 

Combined 

deformation 

(CD) 

186 143 110 130 131 117 

CD, followed by 

PHT, which 

provides 

maximum 

hardness 

125 119 80 115 117 101 

CD followed by 

PHT during 60 

minutes 

175 187 179 130 118 110 

Results, shown in Table 4, indicate that the combined 

deformation followed by PHT improve the physical and mechanical 
properties of steels due to the dispersion of substructural elements. 

Steels, deformed by the combined method, are characterized by 

certain features of the structure, which differs significantly from the 
structure of the same materials that were statically deformed, due to 

extremely non-equilibrium conditions of their formation (high rate 
of deformation). 

The possible direction of implementation of the proposed 

technology of combined deformation followed by pre-

recrystallization heat treatment and its comparison with traditional 
technologies of steel products processing is considered on the 

example of elastic elements. 

Springs usually work in the conditions of repeated loadings. In 
addition to high hardness and strength under static, dynamic and 

cyclic loads, such parts must have high elastic properties and 
withstand a large number of repeated loads during operation 

without breakage and without deposition. This means that when the 

loads are removed, the spring must fully restore its original 
dimensions and shape. 

The results of the work were implemented at the enterprises of 

AMIKO DIGITAL LLC, Advice You World GmbH LLC 

(Ukraine), SAKENA LLC in the production of regulating springs of 
membrane valves of pipelines. Implementation results have shown 

that HRC hardness of springs after the proposed deformation and 
heat treatment is 19% higher than after the application of traditional 

technology (hardening and tempering).  

4. Conclusions

1. It was found that static deformation provides greater
efficiency of PHT than equal-channel angular pressing. PHT 

provides an opportunity to significantly strengthen metals, steels 

and sprayed coatings with short-term exposure at the temperature of 
the initial recrystallization (1… 2 min).  

2. It is shown that thermal stabilization of the polygonization

substructure up to 60 min is provided by a combination of uniaxial 
compressive deformations, namely dynamic by 30% and static by 

30%, followed by pre-recrystallization heat treatment at the initial 
recrystallization temperature. Such treatment ensures  subgrain size 

in range of 80… 187 nm, while strength characteristics increase by 

10… 30% with sufficient ductility. 

3. It is shown that PHT provides the formation of nanoscale
elements in Sv-08G2S (Св-08Г2С) wire electric arc coatings, and 

additional deformation of the coating allows to increase the thermal 
stability of the polygonization substructure up to 40… 50 min. 

4. It is shown that the combined deformation and subsequent

pre-recrystallization heat treatment of steels provides an increase in 

the calculated number of nanoscale subgrains from 15 to 65%. 

5. Industrial implementation of the proposed method of
combined deformation, followed by pre-recrystallization heat 

treatment for 60 min, on 1070 steel (сталь 70), which is used for the 
manufacture of control springs of diaphragm valves in industrial 

conditions, showed that HRC hardness of springs after the proposed 
deformation and heat treatment is 19% higher than after the 

application of traditional technology (hardening and tempering). 

This opens the possibility of practical application of the proposed 
method of nanostructuring by forming a dispersed polygonization 

substructure by pre-recrystallization heat treatment.  
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