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Аннотация. Исследованы особенности влияния остаточного аустенита на механические свойства стали аустенитно-мартенситного класса 

с 15 % Cr после различных режимов термической обработки. По окончании нагрева под закалку и последующего отпуска или нагрева 
в межкритический интервал температур в микроструктуре стали сохраняется значительное количество остаточного аустенита, что 
затрудняет достижение высокого предела текучести. Дестабилизация остаточного аустенита с последующим превращением в «свежий» 
мартенсит обеспечивается за счет многоступенчатой термической обработки, включающей закалку, нагрев в межкритический интервал 
температур или выше точки АС3 и заключительный отпуск. Установлено, что сохранившийся в микроструктуре двухфазной стали 
остаточный аустенит имеет форму блоков и тонких прослоек, расположенных в межреечном пространстве. Испытание на растяжение 
стали с 15 % Cr показало, что многоступенчатая термообработка обеспечивает высокопрочное состояние, соответствующее группам 
прочности Q125 и Q135. Сравнительный анализ характера деформации аустенитно-мартенситной стали в различных состояниях 
свидетельствует о смещении начала мартенситного превращения при растяжении после заключительного отпуска в упругую область 
с образованием мартенсита напряжения. Для стали с 15 % Cr установлена ограниченная деформационная устойчивость остаточного 
аустенита блочной формы, преимущественно претерпевающего мартенситное превращение при испытаниях на растяжение и удар при 
отрицательной температуре. Предположительно, этим обусловлена заметно меньшая ударная вязкость аустенитно-мартенситной стали 
с 15 % Cr по сравнению со сталью мартенситного класса с 13 % Cr при равной прочности. 

Ключевые слова: нержавеющие высокопрочные стали, стали переходного класса, термическая обработка, закалка, отпуск, мартенсит, 
остаточный аустенит, ударная вязкость, фазовый состав, микрорентгеноспектральный анализ, просвечивающая электронная микроскопия, 
дифракция обратного рассеяния электронов
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Abstract. The paper considers the study of influence of retained austenite on the mechanical properties of steel of the austenite-martensitic class based 

on 15 % Cr after various heat treatment. Significant amount of retained austenite remains in the steel microstructure after quenching and subsequent 
tempering or heating in the intercritical temperature range that makes difficult to achieve a high yield strength. Destabilization of retained austenite 
with subsequent transformation into newly formed martensite is provided by multi-stage heat treatment which includes quenching, heating in the 
intercritical temperature range or above the AC3 point and final tempering. It was established that retained austenite remains in the microstructure 
of two-phase steel and has the form of blocks and thin layers located in the inter-lath space. Tensile testing of steel based on 15 % Cr showed 
that multi-stage heat treatment provides a high-strength condition corresponding to strength groups Q125 and Q135. A comparative analysis 
of deformation behavior of semi-austenitic steel in various states indicates that the beginning of the martensitic transformation after the final 
tempering shifts into the elastic region during tension and leads to the formation of stress-assisted martensite. It was determined that block-
shaped retained austenite in steel with 15 % Cr predominantly undergoes martensitic transformation during tensile and impact tests at a subzero 
temperature. This is supposed to be the reason for the noticeably lower impact toughness of semi-austenitic steel with 15 % Cr compared to 
martensitic steel with 13 % Cr at equal strength. 

Keywords: stainless high-strength steels, semi-austenitic steels, heat treatment, hardening, tempering, martensite, retained austenite, impact toughness, 
phase composition, X-ray microanalysis, transmission electron microscopy, electron backscatter diffraction
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 Introduction

Low-carbon complex alloy steels containing 13 % 
chromium [1] have proven themselves as corrosion-resis-
tant, high-strength materials used in pipe products within 
the oil, gas, and energy industries. However, the ongo-
ing exploration of deep deposits (exceeding 4000 m) with 
elevated СО2 levels, alongside the development of pro-
jects for СО2 capture, utilization, and disposal via absorp-
tion wells, necessitates enhanced corrosion resistance in 
steels. This enhancement can be achieved by augment-
ing the chromium composition. However, an increase 
in chromium content may potentially prompt the forma-
tion of δ ferrite within the steel’s microstructure. This 
formation adversely affects its visco-plastic properties 
at both room temperature and sub-zero temperatures, as 
well as its manufacturability during hot deformation [2]. 
The emergence of δ ferrite in the steel can be circum-
vented by introducing austenite-forming elements, such 
as nickel. Nonetheless, a combined elevation in the levels 
of chromium and nickel notably lowers the temperature 
at which martensitic transformation commences, shift-
ing the steel from the martensitic class to the transitional 
(austenitic–martensitic) class [3 – 6]. Steels classified 
within the transitional category maintain high strength. 
However, due to the presence of retained austenite in 
the martensitic matrix, they exhibit increased ductility 
and deformability at low temperatures [7 – 11]. 

The heat treatment of transition class steels involves 
several operations, starting with quenching at a tem-
perature sufficient to dissolve chromium-based carbides. 
The next operation aims to convert the majority of auste-
nite into martensite [2; 3; 5]. Various techniques, including 
cold treatment, are employed to achieve the most compre-
hensive transformation. However, employing this method 
in the production of pipe products is deemed impractical. 

An alternative approach involves intermediate heat-
ing above the Aс3 point, facilitating the controlled release 
of carbides and consequently elevating the martensitic 
transformation temperature. The selection of heating 
temperature is determined by the carbon content and dop-
ants, potentially reaching 780 – 800 °C for steel grade 
08Kh17N5M3 [2]. 

The final tempering process aims to mitigate inter-
nal stresses that arise during the formation of “fresh” 
(untempered) martensite, thereby enhancing ductility and 
strengthening the material [3; 7]. 

In high-strength steels, retained austenite typically 
manifests as blocks or thin layers [12 – 15]. Block aus-
tenite in low-alloy high-strength steels exhibits a heighte-

ned concentration of carbon, situated adjacent to softer 
ferrite regions. Conversely, thin layers of austenite are 
enveloped by hard bainite or martensite laths [14; 16; 17]. 
Block austenite tends to possess low stability, making 
it susceptible to undergoing martensitic transforma-
tion during deformation [12; 13; 17 – 19]. Thin layers 
of austenite exhibit greater stability due to the influence 
of the surrounding lath microstructure of martensite or 
bainite, impeding the γ → α transformation and creating 
a “shielding” effect [17; 20 – 22]. 

The purpose of this research is to investigate the influ-
ence exerted by the quantity and morphology of retained 
austenite on the mechanical properties of 13 and 15 % 
chromium steel as well as on achievement of strength 
properties for the Q125 strength category (σu not less than 
931 MPa; σ0.65 not less than 862 MPa) and Q135 strength 
category (σu ≥ 1000 MPa; σ0.65 ≥ 930 MPa) in accordance 
with State Standard GOST 31446 – 2017.

 Materials and methods

The investigation focused on two steels containing 13 
and 15 % Cr (Table 1) exhibiting compositions typical for 
such materials [23 – 25]. Following smelting in a labora-
tory vacuum induction furnace and subsequent casting, 
the ingots were heated to 1180 – 1200 °C, maintaining 
a homogenizing hold. 

Further processing involved hot rolling the ingots 
into 16 mm diameter rods using a universal mill, imple-
mented in three passes, with a finishing temperature of at 
least 850 °C. The rods were then air-cooled to reach 
a temperature of 20 °C. Subsequent tempering of the rods 
occurred at 620 °C for 1 h.

Austenitization of the steels was conducted in an 
LH 30/13 electric furnace, with a 30 min hold followed 
by air cooling. For steel 1, the heating temperature for 
hardening was 980 °C, whereas for steel 2, it ranged 
from 900 to 1020 °C. Subsequent heating in the tempera-
ture range of 530 to 760 °C was carried out in an electric 
furnace LAC PP 40/85 for durations of 1 to 2 h, followed 

T a b l e  1

Chemical composition of the studied steels, %

Таблица 1. Химический состав исследуемых сталей, %

Steel 
No. C Si Mn S P Cr Ni Mo

1 0.08 0.23 0.43 0.007 0.013 12.7 4.2 1.1
2 0.08 0.37 0.42 0.005 0.007 15.2 6.5 2.2

Для цитирования: Пышминцев И.Ю., Битюков С.М., Гусев А.А. Влияние остаточного аустенита на механические свойства стали с 15 % Cr. 
Известия вузов. Черная металлургия. 2023;66(5):571–579. https://doi.org/10.17073/0368-0797-2023-5-571-579
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by air cooling. To attain the mechanical properties cor-
responding to strength groups Q125 and Q135, steel 1 
underwent tempering at 560 °C for 1.5 h. 

The phase composition analysis of the steels was 
conducted using a Bruker X-ray diffractometer, model 
D8 ADVANCE, using a cobalt anode. For microstruc-
tural examination, a JSM-IT500 scanning electron micro-
scope (SEM) equipped with an inverted electron back-
scattering diffraction detector (EBSD), and a JEOL 
JEM-2100Plus transmission electron microscope (TEM) 
featuring a Bruker XFlash 6TI60 energy-dispersive spec-
trometer were employed. Chemical etching of SEM samples 
was performed using the Vilella reagent. TEM foils were 
prepared from 0.5 mm thick blanks, achieving a final thick-
ness of approximately 100 nm through mechanical thinning 
and electrolytic polishing at a temperature of –22 ℃.

Tensile mechanical properties were determined accord-
ing to State Standard GOST 1497 – 84, using cylind rical 
five-fold samples with a diameter of 6 mm on an MTS 
Insight universal testing machine. The yield stress was 
determined at full elongation under a load of 0.65 % in 
accordance with State Standard GOST 31446 – 2017. 
The strain rate during the tension was set at 1.67·10–3 s–1. 

Impact bending tests, as per State Standard 
GOST 9454 – 78, were carried out using a Zwick RKP-450 
pendulum impact tester on samples featuring a V notch 
measuring 55×10×10 mm at a temperature of –40 °С. 

 Results and discussion

The Potak–Sagalevich structural diagram [2] 
was employed to determine the phase composition 
of the steels, offering a more precise evaluation of phase 
ratios compared to the Scheffler diagram [2]. Steel 1 
exhibited a wholly martensitic structure based on the cal-
culated chromium equivalents for ferrite and martensite 
formation, while steel 2 fell within the austenitic-mar-
tensitic classification, displaying an even distribution 
of structural components. X-ray structural phase analysis 
in the quenched state revealed negligible austenite pres-
ence of no more than 1 % in steel 1. Conversely, steel 2 
exhibited varying austenite amounts from 20.9 to 55.5 % 
with increasing heating temperatures for quenching 
(Table 2).

Quenching steel 2 from 960 ℃ aimed to dimi nish 
retained austenite and dissolve a significant portion of car-
bides [26]. Subsequent high tempering within the tem-
perature range of 530 to 590 °C resulted in a marginal 
reduction in retained austenite content, leading to a lower 
yield stress (as detailed in Table 3). 

Elevated heating within the intercritical temperature 
region (ICR) up to 680 °C notably destabilized retained 
austenite, thereby augmenting the yield stress. Howe-
ver, the emergence of “fresh” martensite during cooling 
noticeably decreased the relative elongation. 

The microstructure of steel 2 following high tempe-
ring at 590 °C showcased decomposition products 
of martensite and retained austenite (Fig. 1, a), while 
heating in the ICR at 680 °C revealed clusters of “fresh” 
marten   site (Fig. 1, b). 

Additionally, the microstructure of steel 2 post-
quenching and high tempering contained chromium 
and molybdenum-based carbides primarily situated in 
the grain boundary regions (Fig. 2), categorized as car-
bides of the Me23C6 type . 

Given that the yield stress did not meet the necessary 
criteria for strength groups Q125 and Q135 following 

T a b l e  2

Influence of hardening temperature 
on steel 2 phase composition

Таблица 2. Влияние температуры нагрева под закалку  
на фазовый состав стали 2

Temperature of heating for 
quenching, °C 900 930 960 990 1020

Contain of retained 
austenite,  % 20.9 32.2 38.6 53.6 55.5

T a b l e  3

Influence of heat treatment on phase composition and mechanical properties of the studied steels

Таблица 3. Влияние режимов термической обработки на фазовый состав и механические свойства исследуемых сталей

Steel 
No.

Heat treatment mode, ℃
γret , % σu , MPa σ0.65 , MPa δ, %

quenching tempering 
1 980 (0.5 h) 560 (1.5 h) 0.2 968 – 1053 924 – 956 17 – 19

2 960 (0.5 h)

530 (1.5 h) 36.1 1137 – 1148 596 – 659 20
560 (1.5 h) 30.6 1120 757 – 779 20
590 (1.5 h) 29.8 1078 – 1090 810 – 833 20 – 21

Heating in ICR 680 (1.5 h) 25.4 1072 – 1075 824 – 841 14 – 16
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the aforementioned heat treatments, steel 2 underwent 
a multi-stage heat treatment process. This involved harde-
ning from 1020 °C with subsequent air cooling, followed 
by heating at 760 °C and tempering at 530 °C. Heating 
at 760 °C induced a reduction in the gamma solid solution 
in carbon through carbide precipitation and destabilization 
of austenite. The final tempering phase aimed to alleviate 
internal stresses by decomposing fresh martensite, thereby 
enhancing both plasticity and yield stress (Table 4). 

The heating of steel 2 at 760 °C results in the pre-
cipitation of carbides exhibiting an equiaxed shape, with 
sizes ranging between 20 to 150 nm (see Fig. 3). These 
carbides align with the highly tempered state (Me23C6 ), 
wherein some chromium atoms are substituted by molyb-
denum.

An analysis of the phase composition of steel 2 after 
heating at 760 °C using EBSD revealed a well-defined 

Fig. 1. Microstructure of steel 2 after hardening (960 °С) and tempering at 590 °С (a) or heat at 680 °С (б); 
γret – retained austenite; α′ – newly formed lath martensite

Рис. 1. Микроструктура стали 2 после закалки от 960 °С и отпуска при 590 °С (а) и нагрева при 680 °С (b):  
γret – остаточный аустенит; α′ – «свежий» мартенсит

Fig. 2. Microstructure (a, b) of steel 2 after hardening (960 °С) and tempering (590 °С) and distribution of chemical elements: Cr (c), Fe (d), Mo (e)  

Рис. 2. Микроструктура стали 2 после закалки от 960 °С и отпуска при 590 °С (а, b) с распределением химических элементов 
по структурным составляющим: Cr (c), Fe (d), Mo (e)

T a b l e  4

Influence of multistage heat treatment on phase composition and mechanical properties of steel 2

Таблица 4. Влияние многоступенчатой термической обработки на фазовый состав и механические свойства стали 2

Heat treatment mode, °С γret , % σu , MPa σ0.65 , MPa δ, %

Quenching 1020 
(0.5 h)

Heating 760 (2 h) 12.2 1119 – 1143 765 – 782 15 – 16
Heating 760 (2 h) + tempering 530 (1 h) 10.7 1069 – 1075 959 – 974 19 – 21
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substructure comprising packets of lath “fresh” marten-
site (α′) and retained austenite (Fig. 4). The retained aus-
tenite manifests in block-like structures (γbl ) and inter-
layers (γil ) interspersed among martensite laths. 

Comparative EBSD analysis demonstrated that 
the final tempering at 530 °C facilitates additional Me23C6 
carbides formation, increasing their fraction on the phase 
map from 1.7 to 2.2 %. Thermo-Calc thermodynamic cal-
culations [26] also support this elevation in carbide frac-
tion at 530 °C. Simultaneously, the fraction of retained 
austenite diminishes by 1.5 %.

To assess the strengthening mechanisms in the auste-
nitic–martensitic steel, the Orowan relation was applied, 
considering spherical incoherent non-cut particles uni-
formly dispersed within a homogeneous microstruc-
ture [27]. The contribution of carbides released during 
the final tempering in the multi-stage heat treatment was 
estimated using the equation 

where G is the shear modulus (assumed to be 75·109 Pa 
for high-alloy martensitic steels); b is the Burgers vector 
(considered to be 2.49·10–10 m); r is the average particle 
radius (estimated at 40 nm); f is the calculated dimen-
sionless fraction of carbide particles assuming complete 
separation (based on the full stoichiometry of the carbide 
(Cr21Mo2 )C6 taken as 0.003. The maximum possible con-
tribution of dispersed particles does not exceed ~45 MPa. 

A comparative analysis of the austenitic–martensitic 
steel behavior during tensile testing at various stages 
of heat treatment (Fig. 5, curve 1) demonstrates that after 
quenching from 1020 °C and heating at 760 °C, a pro-
nounced strain hardening occurs, attributed to the partial 
transformation of retained austenite into deformation 
martensite. Subsequent tempering at 530 °C results in 

Fig. 3. Bright-field image (a) and composition (b) of carbides in microstructure of steel 2 after hardening from 1020 °C and heating at 760 °C 

Рис. 3. Светлопольное изображение (а) и состав (b) отмеченных стрелкой карбидов в микроструктуре стали 2 
после закалки от 1020 °С и нагрева при 760 °С

Fig. 4. Phase map of steel 2 microstructure after heating at 760 °С (a) and subsequent tempering at 530 °С (b)

Рис. 4. Фазовая карта микроструктуры стали 2 после нагрева при 760 °С (а) и последующего отпуска при 530 °С (b)
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a noteworthy increase in the yield strength, forming a pla-
teau, accompanied by a reduction in the impact of strain 
hardening (curve 2).

X-ray structural phase analysis conducted on the region 
exhibiting uniform elongation in a tensile-tested sample 
post-multi-stage heat treatment unveiled a decrease in 
the proportion of retained austenite from 10.7 to 5.3 %. 
Examination of the phase map within this region, along 
a longitudinal section, revealed that austenite predomi-
nantly exists in the form of interlath layers (Fig. 6). This 
suggests a prevailing transformation of retained austenite 
into a block-like morphology during deformation. 

During the final tempering at 530 °C, there was 
an additional precipitation of carbides, resulting in 
reduced carbon content within the gamma solid solution. 
This reduction in carbon content diminished the stabi-
lity of retained austenite, leading to its partial transfor-
mation into martensite upon subsequent cooling (refer 
to Table 4). This likely caused a shift in the initiation 
of martensitic transformation of retained austenite dur-
ing tension towards the region of elastic deformation. 
Consequently, stress martensite formation ensued, resul-
ting in a notab le increase in the yield stress. The pre-

sence of a yield plateau indicates the occurrence of plas-
tic deformation attributed to local slip and martensitic 
transformation, a characteristic feature observed in 
steels exhibi ting transformation-induced plasticity (TIP 
steels) [28]. If the formation of martensite during ten-
sion primarily arises from the martensitic transformation 
of austenite with block morphology, localized shear is 
facilitated by more stable layers of austenite, along which 
rigid martensite laths can glide [14; 17]. 

Testing of the steels for impact bending at a tempera-
ture of –40 °C was carried out after heat treatment, follow-
ing the outlined procedures in Table. 5. The examined steels 
exhibited high impact toughness, meeting the requirements 
for operation in cold macroclimatic conditions. 

The notably lower impact toughness observed in 
the austenitic-martensitic steel with 15 % Cr compared 
to the martensitic steel with 13 % Cr, despite similar 
strengths, could be attributed to the limited deforma-
tion stability of block austenite. This notion is supported 
by the phase composition data, indicating a decrease in 
the fraction of retained austenite in steel 2 near the frac-
ture surface after the impact test, dropping from 10.7 
to 8.2 %. The phase map of the austenitic-martensitic 

T a b l e  5

Impact toughness of the studied steels

Таблица 5. Ударная вязкость исследуемых сталей

Steel 
No. Heat treatment mode Impact toughness 

KCV–40 °С, J/сm2

1 Quenching at 980 ℃ (0.5 h) + tempering at 560 ℃ (1.5 h) 136 ± 6
2 Quenching at 1020 °C (0.5 h) + heating at 760 °C (2 h) + tempering at 530 °C (1 h) 84 ± 5

Fig. 5. Section of tensile stress-deformation diagram of steel 2 
in various states:

1 – heating at 760 °С; 2 – subsequent tempering at 530 °С; 
3 – yield plateau 

Рис. 5. Участок диаграммы растяжения разрывного образца стали 2 
в различных состояниях:

1 – нагрев при 760 °С; 2 – последующий отпуск при 530 °С; 
3 – площадка текучести

Fig. 6. Phase map of proportional elongation zone of steel 2 
tensile sample after hardening from 1020 °C, heating at 760 °C 

and tempering at 530 °С

Рис. 6. Фазовая карта микроструктуры разрывного образца 
стали 2 на участке равномерного удлинения после закалки 

от 1020 °С, нагрева при 760 °С и отпуска при 530 °С
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steel (Fig. 7) illustrates a significant reduction in the frac-
tion of block morphology of retained austenite, likely due 
to the partial γ → α′ transformation. 

The computed impact toughness effect of retained 
austenite, represented as stable interlayers, accor ding 
to the results of linear approximation [29], shows an 
insignificant impact when its concentration is below 
10 %. The reduction observed in the impact toughness 
of steel 2 might also be linked to the liberation of carbide 
phase particles, which negatively impact the resistance 
against the propagation of brittle cracks [6; 30].

 Conclusions

The investigation reveals that quenching of 15 % chro-
mium steel, characterized by a high nickel and molyb-
denum content, coupled with tempering in the tempera-
ture range of 530 to 590 °C, does not yield a high yield 
stress due to incomplete martensitic transformation and 
the retention of a considerable quantity of retained aus-
tenite (ranging from 30 to 36 %). Even heating the aus-
tenitic-martensitic steel in ICR to 680 °C did not meet 
the desired performance criteria. 

However, employing a multi-stage heat treatment pro-
cedure involving hardening from 1020 °C, intermediate 
heating at 760 °C, and final tempering at 530 °C proved 
effective in reducing the quantity of retained austenite 
and ensuring mechanical properties aligned with strength 
groups Q125 and Q135. The precipitation of dispersed 
Me23C6 carbides (chromium and molybdenum-based) 
and a reduction in the carbon content within the retained 
austenite after heating and subsequent tempering led 
to a decrease its content to 10.7 %. 

Post multi-stage heat treatment, retained austenite 
appears in the microstructure as blocks and interlayers 
situated between martensite laths. Static tensile test-
ing and subsequent structural-phase analysis unveiled 
the low stability of block-shaped austenite, which under-
goes martensitic transformation under deformation. 

It is presumed that the reduction in carbon content 
within the gamma solid solution due to the final tempering 
at 530 °C shifted the process of martensitic transformation 
of retained austenite during static tension into the elas-
tic deformation region. This leads to the formation 
of stress assisted martensite and a significant increase in 
the yield stress. Due to the stability of the inter-lath layers 
of retained austenite, enabling local sliding of surround-
ing laths, this steel exhibits higher relative elongation 
compared to martensitic steel with 13 % Cr.

The limited deformation stability of block-shaped 
retained austenite appears to underlie the reduced impact 
toughness when contrasted with steel possessing a homo-
geneous martensitic microstructure. 
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