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Аннотация. Исследовано влияние режимов термической обработки на структуру и свойства аустенитной стали марки 08Х18Н6АГ10С. После 

закалки от 1040 и 1100 ℃ сохранилась аустенитная структура с двойникованными границами, при этом произошло уменьшение среднего 
размера аустенитных зерен с 42,3 ± 6 мкм (состояние поставки) до 38,1 ± 5,0 и 39,0 ± 4,5 мкм соответственно. После закалки от 1040 ℃ 
происходит выделение избыточных карбидных фаз на границах зерен. После закалки от 1100 ℃ обнаружены преимущественно оксиды 
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Abstract. The paper studies the influence of heat treatment modes on the structure and properties of austenitic steel grade 08Kh18N6AG10S. Austeni tic 

structure with twinned boundaries was preserved after quenching at 1040 and 1100 ℃. At the same time, the average size of austenitic grains 
decreased from 42.3 ± 6 μm (supply condition) to 38.1 ± 5.0 and 39.0 ± 4.5 μm, respectively. Quenching at 1040 ℃ leads to release of excess carbide 
phases at the grain boundaries. Mainly manganese and silicon oxides were found after quenching at 1100 ℃. Quenching at 1040 ℃ leads to a slight 
decrease in microhardness (by 12 %) compared to the condition of supply (from 3285 ± 80 to 2895 ± 70 MPa). The hardness decreases less after 
quenching at 1100 ℃ (up to 3090 ± 80 MPa). Quenching at 1040 and 1100 ℃ has significantly improved the fracture toughness of steel. Values 
of impact strength of the steel increased to 223 ± 10 and 240 ± 5 J/cm2 compared to the condition of supply (55 J/cm2). The authors found that 
the steel samples demonstrate a comparable level of wear resistance during tests for abrasive wear compared to the condition of supply after quenching 
at 1040 and 1100 ℃. The mass loss after passing the roller distance of 4309 m for all steel conditions is approximately 8.0 %. The authors concluded 
that the most optimal heat treatment of 08Kh18N6AG10S steel is quenching at 1100 ℃, which improves the fracture toughness of steel while main-
taining microhardness and wear resistance. 
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 Introduction

In recent years, oil-producing companies have 
shown increased interest in fields with hard-to-recover 
(HTR) oil reserves. According to 2021 statistics, extrac-
tion from hard-to-recover oil reserves accounts for about 
44 % of produced oil, and approximately 25 % of gas is 
extracted from HTR natural gas reserves [1; 2]. Modern 
directionally drilling technology – rotary steerable sys-
tems (RSS) – is used to develop HTR oil reserves with 
both horizontally and directionally well profiles [3; 4].

The RSS operates in direct contact with the aggres-
sive liquid medium of the drilling agent, which contains 
salt solutions and a suspension of silicate sand particles, 
leading to accelerated corrosion and water-abrasive wear 
of the RSS components. Recesses were made in the RSS 
housing on the outer surface to accommodate telem-
etry and gamma-ray logging systems for carrying out 
geophysical research during drilling [5]. For stable and 
reliable RSS operation, its components must be made 
of non-magnetic, corrosion-resistant materials with high 
hardness and resistance to water-abrasive wear.

The most suitable materials for manufacturing RSS 
components are non-magnetic austenitic steels since 
their high strength, corrosion resistance, and significant 
wear resistance [6]. It was noted in [7] that steels with 
a high chromium content successfully combine strength, 
wear resistance, fracture toughness and creep resis-
tance. Therefore, it is advisable to use them in condi-
tions of increased abrasion. The study [8] revealed that 
steels containing 25 wt. % Mn are exceptionally ductile 
and strong as deformation twins form at room tempera-
ture [9; 10]. Joint alloying with nickel and chromium 
increases the ducti lity and fracture toughness of steel. 
Obtained steels, for example, 08Kh18N10, 02Kh18N11, 
12Kh18N10Т are well processed by cold and hot defor-
mation. To enhance the performance of these steels 
at temperatures above 450 °C, they are additionally 

alloyed with nitrogen [11 – 13], which improves their 
strength properties. At the same time, the plastic proper-
ties of nitrogen-containing steels are rather high [3; 14]. 
Nitrogen is a strong austenite-forming element; it 
replaces expensive nickel and manganese and reduces 
magnetic permeability [4; 11]. Alloying austenitic steels 
with nitrogen enhances their resistance to local corro-
sion [5; 12]. The physical and mechanical properties 
of steels alloyed with nitrogen improve due to the precip-
itation of fine and homogeneously distributed chromium 
and vanadium nitrides instead of coarser carbide precipi-
tates [15]. Alloying with nitrogen leads to structural and 
phase transformations in steel which significantly affect 
the mechanical properties [16; 17].

Based on the above, the non-magnetic 08Kh18N6AG10S 
steel alloyed with chromium, nickel, manganese, and 
nitrogen can be selected as RSS housing elements mate-
rial. Complex steel alloying should ensure the RSS opera-
tion in an aggressive environment.

Complex steel alloying should ensure the RSS opera-
tion in an aggressive environment. To obtain optimal 
mechanical characteristics required for the material oper-
ating in aggressive environments, austenitic nitrogen 
steels are subjected to thermal and thermomechanical 
treatments [18]. Heat treatment of chromium-nickel and 
chromium-manganese-nickel austenitic steels involves 
quenching in water at temperatures from 1050 to 1100 °С. 
Heating to the temperatures should ensure the chromium 
carbides dissolution, while rapid cooling should maintain 
the supersaturated solid solution state. Despite numerous 
publications on the heat treatment effect on the nitrogen 
austenitic steel structure, phase composition, and mechan-
ical properties, information on the 08Kh18N6AG10S 
steel used for the RSS protective components is rather 
limited. 

The purpose of the work is to study the impact of heat 
treatment modes on the structure, phase composition, and 
mechanical properties of 08Kh18N6AG10S steel.

марганца и кремния. Закалка стали от температуры 1040 ℃ приводит к незначительному снижению микротвердости (на 12 %) по сравнению 
с состоянием поставки (с 3285 ± 80 до 2895 ± 70 МПа). После закалки от 1100 ℃ твердость снижается в меньшей степени (до 3090 ± 80 МПа). 
Проведение закалки от 1040 и 1100 ℃ позволило существенно улучшить ударную вязкость разрушения стали. Значения ударной вязкости 
стали возросли до 223 ± 10 и 240 ± 5 Дж/см2 по сравнению с состоянием поставки (55 Дж/см2). При проведении испытаний на абразивный 
износ обнаружено, что образцы стали после закалки от 1040 и 1100 ℃ демонстрируют сопоставимый уровень износостойкости по срав-
нению с состоянием поставки. Потеря массы после прохождения дистанции ролика 4309 м для всех состояний стали составляет примерно 
8,0 %. Сделано заключение, что оптимальной термической обработкой стали марки 08Х18Н6АГ10С является закалка от температуры 
1100 ℃, которая позволяет улучшить вязкость разрушения стали при сохранении микротвердости и износостойкости. 

Ключевые слова: немагнитная аустенитная сталь, закалка, микроструктура, фазовый состав, ударная вязкость разрушения, микротвердость, 
абразивный износ
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 Materials and methods

The industrial 08Kh18N6AG10S steel in as-forged 
(condition of supply) with the following chemical com-
position, wt. %: C < 0.06, 8.5 – 10.0 Mn, 0.6 – 1.2 Si, 
P < 0.03, S < 0.03, 16.0 – 18.0 Cr, 5.0 – 6.0 Ni, Al < 0.02, 
0.01 – 0.02 Ca, N > 0.4 and Fe-rest, was investigated. 
The steel was heat treated in a SNOL 185/1200 electric 
chamber furnace in an argon atmosphere at temperatures 
of 1040 and 1100 ℃ for 40 min, followed by quench-
ing in water. For structural studies, samples were cut by 
elect rical discharge machining into rectangular plates 
with dimensions of 10×10×3 mm. 

The sample surfaces were ground on abrasive paper 
with a gradual reduction in abrasive grain size and poli-
shed with diamond pastes of varying dispersion. Grain 
boundaries were etched with a solution of nitric (HNO3) 
and hydrochloric (HCl) acids in a volume ratio of 25:75. 
Microstructural studies were conducting using an Altami 
MET 1M optical microscope and a scanning electron 
microscope (SEM) (LEO EVO 50) equipped with an 
energy-dispersive spectrometer.

Methods of X-ray phase and X-ray diffraction analy-
sis were employed to determine the fine crystal struc-
ture (size of the coherent scattering region (CSR), lattice 
parameter), and phase composition of the steel. X-ray 
diffraction patterns were obtained using a diffractometer 
with filtered CuKα radiation. The X-ray was performed 
in the angle range from 40 to 120° with a step of 0.05° 
and exposure for each point was set to ensure a sta-
tistical accuracy of a minimum of 0.5 %. Phases were 
identified by comparing the peaks of the X-ray diffrac-
tion patterns with the PDF-2 ICDD structural database. 
The parameters of the crystal cells were determined 
based on the interplanar distances (d) for all reflections 
in the angle range from 40 to 120°. The full width at half 
maximum (FWHM) of the X-ray lines was determined 
by approximating the diffraction lines using the Lorentz 
function. The coherent scattering region was calculated 
using the Scherrer equation [19] for the most intense lines 
of the X-ray spectra. Microstresses of 08Kh18N6AG10S 
steel were assessed according to the X-ray data based 
on [20], using calculated microdistortions and litera-
ture data on Young’s modulus. The microdistortion was 
determined using the Stokes–Wilson equation [21]. 
Microstresses in the γ-Fe phase were calculated based 
on the last most distinguishable diffraction reflec-
tion with a plane index (222) under the assumption that 
microdistortion is the main factor determining the dif-
fraction width at far angles.

Steel microhardness was measured using the Vickers 
method on a PMT-3 at a load of 0.98 N and using the Rock-
well method on a TK-″M N1916 at a load of 98.7 N. 
Samples of 10×10×55 mm V-shaped notched of IX type 

according to GOST 6996 – 66 underwent impact bending 
tests at room temperature using a KM-300-M-Sh pendu-
lum impact testing machine. Macroimages of destroyed 
samples were received using an Altami SM0870 stereo-
graphic microscope. Fracture micromechanisms were 
studied using a LEO EVO 50 scanning electron micro-
scope.

The samples were subjected to abrasive wear tests 
according to the ASTM G65-04 standard [22]. Plates 
were fixed in the holder of the abrasive wear unit, oriented 
so that the rubber roller touched the sample at its center. 
Quartz sand with a fraction size of 200 – 300 µm was sup-
plied to the point of contact of the sample with a rubber 
roller at a speed of 400 g/min. The roller rotation speed 
was 100 rpm. Tests were conducted following method D 
of the ASTM G65-04 standard, wherein the roller dis-
tance was 4309 m, and the roller clamping force was 
45 N. After completion of the test, as well as at inter-
vals of linear continuous contact between the samp le and 
the roller of 1000, 2000, 3000, and 4309 m, the samples 
were removed from the holder and weighed on an ana-
lytical laboratory balance AV-120-01 with an accuracy 
of 0.0001 g, followed by the relative weight loss control.

 Results and discussion

 Microstructural studies

Fig. 1 illustrates the microstructures of 08Kh18N6AG10S 
steel in the supply conditions and after quenching at 1040 
and 1100 °C. The steel structure in the supply condi-
tions features large austenitic grains (Fig. 1, a) with 
an average size of 42.3 ± 6 µm with a large number 
of twins characterized for austenite (Fig. 1, a, indicated 
by arrows) [23]. Quenching at temperature of 1040 and 
1100 °C resulted in grain refinement, the average grain 
size reduced to 38.1 ± 5.0 μm and 39 ± 4.5 μm, respec-
tively (Fig. 1, b, c). The reduction in grain size is likely 
due to the high cooling rate during quenching. The aus-
tenitic structure with twin boundaries remains intact. 
Additionally, dark areas were observed at the boundar-
ies of austenite grains in the microstructure after quench-
ing at 1040 °C (Fig. 1, d). Higher magnification revealed 
numerous inclusions within the dark areas of the grain 
boundaries (inset in the bottom corner, Fig. 1, d). Energy 
dispersive analysis during SEM enabled the detec-
tion of carbon segregations in the boundary regions (inset 
in the upper corner, Fig. 1, d). This phenomenon is attrib-
uted to incomplete dissolution of all alloying elements 
during heating to 1040 °C, leading to carbide precipita-
tion at grain boundaries. During rapid cooling, particle 
segregation at grain boundaries can result in microcracks. 
These particle segregations and microcracks in steel after 
quenching at 1040 °C are considered as structural defects 
that can affect the properties of the steel. The authors [13] 
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noted that as carbide phases precipitated along grain 
boundaries, the susceptibility to intergranular corro-
sion of steel increased.

Fig. 2 presents the X-ray diffraction patterns 
of 08Kh18N6AG10S steel in the condition of supply and 
after quenching at 1040 and 1100 °C. All X-ray diffrac-
tion patterns exhibit lines corresponding to the γ-Fe phase 
with a face-centered cubic lattice. Quenching of the steel 
resulted in a decrease in the full width at half maximum 
(FWHM) of the γ-Fe phase diffraction lines compared 
to the X-ray diffraction pattern of the steel in the condi-
tion of supply. For instance, the FWHM of the diffrac-
tion reflection (111) decreased from 0.2496 to 0.1797° 
at a quenching temperature of 1040 °C and from 0.2496 
to 0.2080° at a quenching temperature of 1100 °C. This 
trend aligns with the findings of [24], where heat treatment 
of Fe – Cr – Mn – C – N steel resulted in a decrease in 
FWHM of diffraction lines from 1.1 to 0.89°. The reduc-
tion in FWHM of diffraction lines may stem from an 

Fig. 1. Microstructure of 08Kh18N6AG10S steel in condition of supply (а), 
after quenching at 1040 °C (b, d) and 1100 °С (c)  

Рис. 1. Микроструктура стали марки 08Х18Н6АГ10С в состоянии поставки (а), 
после закалки от 1040 °С (b, d) и от 1100 °С (c)

Fig. 2. X-ray images of 08Kh18N6AG10S steel in condition  
of supply (1), after quenching at 1040 °C (2) and 1100 °C (3) 

Рис. 2. Рентгенограммы стали марки 08Х18Н6АГ10С в состоянии 
поставки (1), после закалки от 1040 °С (2) и 1100 °С (3)
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increased size of coherent scattering regions and changes 
in microstress values due to quenching.

The X-ray diffraction patterns of all studied conditions 
show no lines characteristic of free carbon or carbides 
(Fig. 2), indicating that the proportion of the carbide 
phase is insignificant relative to the austenitic matrix.

The cell parameter of the γ-Fe phase of steel in the con-
dition of supply was measured at 0.3629 ± 5·10–4 nm. 
After quenching the cell parameter of the γ-Fe phase 
changed insignificantly to 0.3631 ± 5·10–4 nm after 
quenching at 1040 °C and 0.3633 ± 5·10–4 nm after 
quenching at 1100 °С.

Calculation of type II stresses revealed that after 
quenching at 1040 °C, microstresses present in the ini-
tial steel structure relaxed. Type II stresses decreased 
from 0.27 GPa in the supply condition to 0.24 GPa after 
quenching at 1040 °C. Quenching at 1100 °C leaded 
to the microstress value increased to 0.32 GPa, likely due 
to the formation of a fine-grained structure and better dis-
solution of alloying components in the solid solution. 

 Mechanical properties of steel

Table 1 displays the microhardness values and 
the results of impact tests for steel 08Kh18N6AG10S 
conducted at room temperature. The microhard-
ness of the steel in the condition of supply was 
3285 ± 80 MPa, which aligns well with literature 
data [25]. After quenching the microhardness decreased 
to 2895 ± 70 MPa (equivalent to 30 ± 1 HRC) at 1040 °C 
and to 3090 ± 80 MPa (equivalent to 32 ± 1 HRC) 
at 1100 °C. Notably, the microhardness values of steel 
after quenching at 1040 °C are lower compared to those 
after quenching at 1100 °C. This suggests that the heat-
ing temperature of 1040 °C may not be sufficient for all 
alloying elements to enter the solid solution, leading 
to carbide precipitation at grain boundaries (Fig. 1, d). 
Consequently, the effect of solid solution hardening is 
more pronounced in steel after quenching at 1100 °C. 
This aligns with the type II stresses calculation results, 
showing an increase in microstress to 0.32 GPa after 
quenching at 1100 °C.

The hardness of chromium-manganese-nickel aus-
tenitic steels decreases during quenching as carbides 
of alloying elements dissolve and the supersaturated solid 
solution is maintained during rapid cooling. Additionally, 
recrystallization processes during quenching eliminate 
the effect of dislocation hardening due to plastic defor-
mation under forging.

The fracture toughness of steel in the condi-
tion of supp ly is 55 J/cm2. Fractures of the steel samples 
in the condition of supply exhibit minimal tightening 
of the side faces, and shear lips are practically absent 
(Fig. 3, a), indicating that macroplastic deformation pre-
ceding destruction is not significant.

The fracture micromechanism of steel in the condi-
tion of supply is mixed, featuring large pits characte ristic 
of ductile fracture, as well as areas of brittle fracture 
with typical cleavage facets and microcracks (Fig. 3, a, 
inset). Cracking is observed within large austenite 
grains. Energy dispersive analysis revealed that second-
phase inclusions in large pits consist of manganese and 
iron carbides, silicon, and aluminum oxides (Table 2, 
with areas of energy dispersive analysis indicated in 
Fig. 3 as an example). The size of round particles ranges 
from 3.2 to 5.0 µm. 

After quenching at 1040 °C, the fracture toughness 
of the steel is significantly higher (Table 1) compared 
to the condition of supply. Concurrently, the tighten-
ing of the side faces and the width of the shear lip areas 
at the fractures (Fig. 3, b, marked with an arrow), which 
characterize the degree of plastic deformation as the crack 
develops, increased. The destruction micromechanism 
of the samples is entirely ductile and dimple-shaped, 
without signs of brittle fracture (Fig. 3, b, inset).

Round and elongated particles, with shapes close 
to plates, were detected in the pits. The size of round par-
ticles ranged from 1.5 to 5.5 µm, while the size of elon-
gated particles reached 3×15 µm.  

After quenching at 1100 °C, the impact strength 
of the steel is the highest among those presented, reach-
ing 240 ± 5 J/cm2 (Table 1). The fractures of the samples 
are characterized by a high degree of tightening (Fig. 3, c, 
marked with an arrow) and sophisticated surface topogra-

Table 1. Microhardness and results of impact tests of 08Kh18N6AG10S steel at room temperature

Таблица 1. Микротвердость и результаты ударных испытаний, проведенных при комнатной температуре,  
стали марки 08Х18Н6АГ10С 

Steel condition
Hardness Fracture toughness, 

J/cm2
Fracture 
energy, Jaccording to Vickers, MPa HRC

Supply 3285 ± 80 35 ± 1 55 ± 11 44 ± 11
Quenching at 1040 °С 2895 ± 70 30 ± 1 223 ± 10 178 ± 10
Quenching at 1100 °С 3090 ± 80 32 ± 1 240 ± 5 192 ± 5
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phy. Large pores on the fracture surface indicate the duc-
tile nature of the fracture. Particles of different mor-
phologies and sizes were found in the pores (Fig. 3, c). 
These include round particles, ranging in size from 3.5 
to 5.0 µm, dispersed particles with sizes of 0.8 – 1.5 µm, 
and elongated particles measuring 1.5 × 7.0 µm. Accord-
ing to the energy dispersive analysis data, the particles 
in the pits are primarily oxides of manganese and sili-
con (Table 2). The proportion of carbide inclusions in 
the steel after quenching at 1100 °C is significantly 
smaller. This confirms the earlier conclusions that when 
heated to 1100 °C, most of the alloying elements enter 

the solid solution, leading to a reduction in the carbide 
inclusions of in the steel. The smaller proportion of car-
bide particles and their smaller size account for the higher 
fracture toughness of the steel in this structural condi-
tion (Table 1).

During the abrasive wear testing of the steel in differ-
ent structural conditions, marked traces of abrasive wear 
and changes in the geometry of the samples are observed 
after the roller covers a distance of 4309 m (the traces 
of abrasive wear of the sample in the supply condition are 
shown as an example, Fig. 4, a). 

Fig. 3. Fracture surfaces of 08Kh18N6AG10S steel in condition of supply (a), after quenching at 1040 ℃ (b) and 1100 ℃ (c) 

Рис. 3. Поверхности разрушения стали марки 08Х18Н6АГ10С в состоянии поставки (а), после закалки от 1040 ℃ (b) и 1100 ℃ (c)
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In all three cases, the maximum decrease in 
the samp le height is approximately 1.5 mm and observed 
at the center, corresponding to 15 % of the total sample 
height. Fig. 4, b depicts the dependence of mass loss 
on the roller path during the testing of 08Kh18N6AG10S 
steel. The dependencies for all samples are linear. 
Steels in the condition of supply and after quenching at 
1040 °C exhibit comparable weight loss values, approxi-
mately 7.7 %. After quenching at 1100 °C, the weight 
loss is slightly greater about 8.5 %. It can be concluded 
that quenching and changes in the structural condi-
tion of the steel do not significantly alter the wear resis-
tance.

Thus, when 08Kh18N6AG10S steel is utilized to manu-
facture the RSS housing, quenching at 1100 °C is recom-

mended. Suggested heat treatment can notably enhance 
the fracture toughness of the steel without compromising 
wear resistance and hardness. Additionally, quenching at 
a temperature of 1100 °C results in a decrease in the pro-
portion of carbide inclusions with magnetic properties, 
which are unacceptable when conducting geophysical 
research during drilling.

 Conclusions

After quenching 08Kh18N6AG10S steel at 1040 
and 1100 ℃, an austenitic structure forms with grain 
sizes of 38.1 ± 5.0 and 39 ± 4.5 μm, respectively. It was 
observed that quenching at 1040 ℃ leads to the precipi-
tation of excess carbide phases at grain boundaries due 
to incomplete austenitization.

According to energy dispersive analysis, the propor-
tion of carbide inclusions decreases after quenching at 
1100 °C with the main inclusions being manganese and 
silicon oxides.

The research revealed that quenching at 1040 and 
1100 ℃ significantly increases the fracture toughness 
of 08Kh18N6AG10S steel to 223 – 240 J/cm2 compared 
to the condition of supply values of 55 J/cm2.

Abrasive wear tests demonstrated that despite 
decreased hardness and increased fracture toughness 
steel samples after quenching at 1040 and 1100 ℃ 
exhibit approximately the same wear resistance as the as-
supplied steel. 

Therefore, we recommend quenching at 1100 ℃ for 
08Kh18N6AG10S steel used in RSS housing manufac-
turing as it provides the required mechanical properties 
and helps to reduce the proportion of magnetic inclusions 
in the material.

Fig. 4. Macrophotograph of lateral side of the steel sample in condition of supply after passing the distance from the roller of 4309 m (a), 
dependences of the mass loss on the roller path during abrasive wear tests 08Kh18N6AG10S steel (b):

 – in condition of supply;  and  – after quenching at 1040 and 1100 °C

Рис. 4. Макрофотография боковой стороны образца стали в состоянии  
поставки после прохождения дистанции ролика 4309 м (а), зависимость потери массы от пути ролика  

при испытаниях на абразивный износ стали марки 08Х18Н6АГ10С (b):
 – в состоянии поставки;  и  – после закалки от 1040 и 1100 °С

Table 2. Result of X-ray energy dispersive microanalysis 
obtained from fractures of 08Kh18N6AG10S steel 

Таблица 2. Результаты энергодисперсионного  
микроанализа, полученные с изломов стали  

марки 08Х18Н6АГ10С

Spectrum
Element content, at. %

C O Mg Al Si Cr Mn Fe
Supply condition

Spectrum 1 45.1 – – – – 4.6 42.3 8.0
Spectrum 2 14.9 46.0 8.5 21.5 – 3.8 4.1 1.2

Quenching at 1040 °С
Spectrum 3 50.7 – – – 0.5 1.2 46.0 1.6
Spectrum 4 19.3 46.5 5.6 – 11.9 0.6 15.2 0.9

Quenching at 1100 °С
Spectrum 5 7.9 51.9 8.6 – 13.9 0.8 15.7 1.2
Spectrum 6 15.5 49.5 2.0 – 11.1 1.8 17.0 3.1
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