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Abstract. The work continues a series of two articles devoted to the study of cold resistance of new cast Cr – Mn – Ni – Mo – N steel including compa­

rison with cold resistance of traditional Cr – Ni cast steel 12Kh18N10Т–CC (CC – centrifugally cast) published earlier in this journal. The mecha­
nical properties of cast steels 05Kh21AG15N8MFL and 12Kh18N10Т–CC were studied in tensile tests at low temperatures. In particular, micro­
structures, engineering tensile curves at different temperatures were considered, microhardness measurements were carried out, and fractographic 
studies were conducted. The authors compared the results with the calculated and experimental estimates of austenite stability of the studied steels 
during cooling and deformation, with the results of  impact bending tests. Using various methods that complement each other, it was revealed 
that under simultaneous static and impact loading: new austenitic cast steel alloyed with nitrogen retains austenite stability; in 12Kh18N10Т–CC 
steel, deformation-induced martensite is formed both under tension and under impact bending. The effect of  deformation-induced martensite 
formation in this steel on the temperature dependence of mechanical properties was estimated. The research results were considered taking into 
account the available literary data including those on the mechanisms of deformation-induced martensite formation in metastable austenitic steels, 
the effect on the amount of deformation-induced martensite and the type of martensite depending on a decrease in test temperature, deformation 
rates under tension and impact bending, the relationship between the appearance of deformation-induced martensite and its type with the stacking 
fault energy level, the effect of deformation-induced martensite on mechanical properties during static and dynamic tests. 
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 Introduction

This paper continues a series of publications devoted 
to investigating the behavior of austenitic cast steels with 
Cr – Ni and Cr – Mn – Ni – Mo – V – N alloying systems 
subjected to impact loading at low temperatures [1 – 3].

When exposed simultaneously to  deformation and 
cooling, many austenitic steels – such as grades containing 
17 – 19 wt. % Cr and 8 – 10 wt. % Ni  – undergo partial 
martensitic transformation. Metastable austenitic stain­
less steels are thermodynamically unstable; therefore, 
transformation to martensite may be triggered by a reduc­
tion in temperature, elastic stresses, plastic deformation, 
or any combination of  these factors  [4]. A substantial 
body of literature has been devoted to the conditions that 
promote this transformation, its underlying mechanisms, 
its staged character, and its influence on the mechanical 
properties of  steels. In particular, studies published in 
the 1980s [5; 6] focused on metastable Cr  –  Ni austenitic 

steels and described approaches to controlling deforma­
tion-induced martensitic transformation as well as defor­
mation hardening of metastable austenite. A  large num­
ber of studies addressing the effects of low temperatures 
and/or deformation on martensite formation appeared in 
the 2000s. For example, papers [7; 8] examined the for­
mation of  ε-martensite during plastic deformation, 
including deformation under cooling conditions [7]. The 
role of deformation in altering the structure and proper­
ties of austenite was investigated in [9 – 11], while [12] 
assessed martensite formation under the combined action 
of low temperatures and deformation. A review presented 
in [13] summarized studies on martensitic transformation 
in stainless steels, including seven papers on monotonic 
loading (tension, compression, and torsion) and thirteen 
papers on uniaxial cyclic loading. Martensite formation 
during such transformations has a pronounced effect 
on steel properties. It has been shown that the stress state 
near the tip of a growing or stationary crack depends on 

  mvkst@yandex.ru
Аннотация. Данная работа продолжает серию из двух статей, посвящённых изучению хладостойкости новой литейной 

Cr – Mn – Ni – Mo – N стали, в том числе  – в сопоставлении с хладостойкостью традиционной Cr – Ni литой стали 12Х18Н10Т–ЦЛ 
(ЦЛ – центробежнолитой), опубликованных ранее в данном журнале. Механические свойства литейных сталей 05Х21АГ15Н8МФЛ 
и  12Х18Н10Т–ЦЛ были изучены при испытаниях на растяжение при пониженных температурах. В частности, были рассмотрены 
микроструктуры, инженерные кривые растяжения при различных температурах, проведены измерения микротвердости и фрактогра­
фические исследования. Авторы сравнили полученные результаты с расчетными и экспериментальными оценками стабильности аусте­
нита изученных сталей при охлаждении и деформации, с результатами испытаний на ударный изгиб. Используя различные методы, 
которые дополняют друг друга, было выявлено, что при одновременном воздействии статического и ударного нагружения новая аусте­
нитная литейная сталь, легированная азотом, сохраняет стабильность аустенита, а в стали 12Х18Н10Т–ЦЛ происходит образование 
мартенсита деформации как при растяжении, так и при ударном изгибе. Оценено влияние образования мартенсита деформации в этой 
стали на зависимости механических свойств от температуры. Результаты исследований были рассмотрены с учётом имеющихся лите­
ратурных данных, в том числе о механизмах образования мартенсита деформации в метастабильных аустенитных сталях, о влиянии 
на количество мартенсита деформации и вид мартенсита в зависимости от снижения температуры испытаний, скорости деформации 
при растяжении и ударном изгибе, а также о взаимосвязи появления мартенсита деформации и его вида с уровнем энергии дефекта 
упаковки, влиянием мартенсита деформации на механические свойства при статических и динамических испытаниях. 

Ключевые слова: сталь, азот, деформация, аустенит, мартенсит, охлаждение, превращение
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the occurrence of phase transformation, since volumetric 
expansion of the harder martensitic phase alters the local 
strength of  the  material  [14]. Deformation-induced 
martensite effectively reduces stress levels and modi­
fies the  stress field at the  crack tip, thereby enhancing 
the fracture toughness of the material [15; 16]. The aus­
tenite-to-martensite transformation typically initiates in 
regions where microcracks form. Although microcrack 
nucleation is accompanied by localized plastic deforma­
tion at the crack tip, this deformation promotes marten­
sitic transformation, which locally increases strength 
and arrests crack propagation. This self-hardening 
effect during service enables components to operate for 
extended periods without failure [17].

In view of  the  above, this study aims to  investi­
gate the  mechanical properties of  austenitic cast steels 
05Kh21AG15N8MFL (0.05C – 21Cr – 15Mn – 0.5N – 
– (Mo,V) –C) and 12Kh18N10–CC (0.12C – 18Cr – 
– 10Ni – CC) under static tensile and impact loading 
at low temperatures, as well as to analyze phase transfor­
mations in the metastable austenite of 18Cr – 10Ni steel 
under the combined effects of low temperature and defor­
mation, using tensile and impact bending tests. 

 Materials and methods

Investigations of  05Kh21AG15N8MFL steel were 
carried out using metal from a laboratory cast plate with 
a  thickness of  40 mm, which was solution-annealed 
at  1100 °C and subsequently water-quenched. The refe­
rence material was metal from an industrially produced 
centrifugally cast pipe made of  12Kh18N10–CC steel, 
with a chemical composition complying with the require­
ments of GOST 5632–2014. 

The chemical compositions of the steels are presented 
in Table 1. 

Impact bending tests were performed in accordance 
with GOST 9454–78 and GOST 22848–77 using an 
Amsler RKP 450 (Zwick/Roell) impact testing machine 
with a pendulum energy of 450 J. 

Miniature samples for tensile testing were machined 
from the halves of impact samples tested at room tempe­
rature. This approach ensured that tensile testing was con­
ducted on material possessing the same cast microstruc­
tural features and phase composition as those involved in 
the  impact bending tests. Tensile tests were carried out 
in accordance with GOST 1497–84 and GOST 11150–84 

using a 10-ton Instron 3382 testing machine. The cross­
head speed in all tests was 1 mm/min.

The microstructure was revealed using an etchant 
composed of 3 parts HCl, 1 part HNO3 , and 1 part glyce­
rin. Microstructural examinations of  polished sections 
were performed using an Olympus GX51 optical micros­
cope and a Tescan Vega II SBU scanning electron micros­
cope equipped with an INCA Energy 300 EDS system. 
The same SEM was employed for fractographic analysis.

The ferrite and martensitic phase contents in austenite 
were evaluated using a magnetometric method (MVP-2M 
ferritometer) and by microstructural analysis. 

Calculated estimates of austenite stability for the stu­
died steels were obtained by determining: 

– Мs  – the  temperature corresponding to  the  onset 
of martensitic transformation; 

– Мd (30/50) – the temperature at which 50 % martensite 
forms under a true strain of 30 %. 

The Мs temperature was evaluated using the  equa­
tion proposed by T. Gladman, W. Holmes, and F. Picke­
ring [18] (Eq. 1). The Мd (30/50) temperature was calculated 
using the  equation developed by T. Gladman, J. Ham­
mond, and F. Marsh [19] (Eq. 2): 

Ms (°С) = 502 – 810 (% C) – 1230 (% N) –

– 13 (% Mn) – 30 (% Ni) – 12 (% Cr) –

	             – 54 (% Cu) – 46 (% Mo),	 (1)

Md (30/50) (°C) = 497 – 462 (% C + % N) –

– 9.2 (% Si) – 8.1 (% Mn) – 13.7 (% Cr) –

	                          – 20 (% Ni) – 18.5 (% Mo).	 (2)

 Results

During tensile testing, samples of  12Kh18N10–CC 
cast steel exhibited a relatively low and nearly constant 
yield strength throughout the  entire range of  reduced 
temperatures (from 360 to  400 MPa, Fig. 1, a), which 
was lower than that of  05Kh21AG15N8MFL steel 
(Fig. 1, b). In particular, at –70 °C the  yield strength 
of  12Kh18N10–CC steel was approximately 1.8 times 
lower than that of  the  nitrogen-alloyed steel, while 
at  –110 °C the  difference reached a factor of  2. With 
decreasing test temperature, the  nitrogen-alloyed steel 

Table 1. Chemical composition of steels 05Kh21AG15N8MFL and 08Kh18N10–CC, wt. %, Fe – base

Таблица 1. Химический состав сталей 05Х21АГ15Н8МФЛ и 08Х18Н10–ЦЛ, мас. %, Fe – основа

Steel grade C Mn Si Cr Ni Mo V S P N
05Kh21AG15N8MFL 0.04 14.40 0.24 22.00 7.60 1.12 0.22 0.01 0.011 0.47

08Kh18N10–CC ≤0.08 ≤2.00 0.45 17.00 – 19.00 9.00 – 11.00 – – ≤0.02 ≤0.040 –
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shows a smooth and moderate increase in strength, accom­
panied by a  slight decrease in plasticity (Fig. 1, b, c). 
The plasticity of both steels remains high at –40 °C and 
–110 °C (Fig. 1, c). In contrast to the nitrogen-containing 
steel, the  ultimate tensile strength of  12Kh18N10–CC 
steel increased markedly with decreasing test tempera­
ture and reached 1280 MPa at –110 °C.

The difference in the tensile behavior of the investigated 
steels at low temperatures is clearly illustrated by a com­
parison of their engineering stress–strain curves (Fig. 2). 
For the  nitrogen-alloyed steel, the  curve shapes did not 
differ from those observed during tensile testing at room 
temperature (Fig. 2, a). In contrast, for 12Kh18N10–CC 
steel, the  stress–strain curves obtained at –40, –70, and 
–110 °C exhibited a distinct inflection point after reaching 
a certain level of uniform elongation. Beyond this point, 
the  samples hardened more intensively, as evidenced by 
a change in the  slope of  the  curves (Fig. 2, b). At –40 
and –70 °C, the  difference in strain hardening beyond 
the inflection point was minimal, whereas at a tensile test 
temperature of –110 °C, the intensification of strain harde­
ning after the inflection point was substantially more pro­
nounced than at –40 and –70 °C.

These differences in the shape of the engineering stress–
strain curves – specifically, the presence of an inflection 
point and enhanced strain hardening in 12Kh18N10–CC 
steel, and the  absence of  this behavior in the  nitrogen-
alloyed steel – can be attributed to deformation-induced 
martensitic transformation occurring in the Cr – Ni steel, 
but not in the  austenite of  the  Cr – Mn – Ni – Mo – V – N 
steel. As reported in the  literature, this type of  transfor­
mation is characteristic of  metastable austenitic Cr – Ni 
steels under deformation. Prior to  testing, both steels 
exhibited microstructures typical of  conventionally 
cast and centrifugally cast steels after brief annealing 
(Fig. 3, a, b), characterized by an austenitic matrix con­
taining δ-ferrite. However, unlike 05Kh21AG15N8MFL 
steel, the microstructure of 12Kh18N10–CC steel tested 
at –110 °C displayed features characteristic of this trans­
formation process (Fig. 3, c).

Austenite stability in both steels was assessed using 
Eqs. (1) and (2). For 05Kh21AG15N8MFL steel, the cal­
culated Ms and Md (30/50) values lie far below absolute zero, 
indicating that martensitic transformation in the  austenite 
is not thermodynamically feasible (Table 2). In contrast, 
the Ms and Md (30/50) values obtained for 12Kh18N10–CC 

Fig. 1. Strength (a, b) and plasticity (c) of 05Kh21AG15N8MFL and 12Kh18N10Т–CC steels  
during tensile tests at temperatures from –40 to –110 °C:

а, b – ,  yield strength, ,  tensile strength
c – 05Kh21AG15N8MFL ( ), 12Kh18N10–CC ( )

Рис. 1. Прочность (а, b) и пластичность (c) сталей 05Х21АГ15Н8МФЛ и 12Х18Н10–ЦЛ  
при испытаниях на растяжение при температурах от –40 до –110 °С:

а, b – ,  предел текучести, ,  предел прочности;
 c – 05Х21АГ15Н8МФЛ ( ), 12Х18Н10–ЦЛ ( )

Fig. 2. Engineering curves of steels 05Kh21AG15N8MFL (a) and 12Kh18N10–CC (b) at low temperatures

Рис. 2. Инженерные кривые растяжения сталей 05Х21АГ15Н8МФЛ (а) и 12Х18Н10–ЦЛ (b) при низких температурах
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steel confirm the inevitability of martensite formation in 
this indicate that martensite formation is expected both 
during cooling to  cryogenic temperatures and during 
deformation under subzero conditions. 

Martensite formation under the  combined effects 
of  deformation and cooling may have affected not only 
the tensile response and strength of 12Kh18N10–CC steel 
at reduced temperatures, but also the shape of its impact 
toughness–temperature curve. In the  temperature range 
from –40 to –70 °C, this steel shows a gradual decrease 
in impact toughness (Fig. 4, curve 3); however, this trend 
does not continue with further temperature reduction, 
as evidenced by the  results obtained at –110 °C (Fig. 4, 
curve 4). Based on the  results discussed above, this 
behavior is attributed to deformation-induced martensitic 
transformation and associated surface-layer hardening in 
the crack propagation zone.

To verify the  above conclusion, magnetometric mea­
surements were carried out (Fig. 5, b) on halves of impact 
samples from both steels tested according to the scheme 
shown in Fig. 5, a, over a temperature range from +20 
to –110 °C. Measurements were performed on the lateral 
surface of the impact sample halves in zone 1 (the region 

of  plastic deformation beneath the  fracture surface) and 
zone 2 (near the  opposite edge of  the  sample, where no 
deformation occurred). For the  12Kh18N10–CC steel 
impact sample tested at +20 °C, measurements of the ferro­
magnetic phase content in zone 1 beneath the fracture sur­
face and in zone 2 yielded identical results: the ferromag­
netic phase content was approximately 3 % (Fig. 5, b). 
This phase corresponds to residual δ-ferrite, as confirmed 
by the microstructural observations shown in Fig. 3. With 
decreasing test temperature, the ferromagnetic phase con­
tent in zone 2 increased only slightly – by no more than 
1.0 – 1.5 % relative to the initial value (Fig. 5, b). In cont­
rast, for 12Kh18N10–CC steel in zone  1, a pronounced 

Table 2. Calculated temperatures of the onset 
of martensitic transformation Мs and temperature 

of deformation martensite formation Мd (30/50) 

Таблица 2. Расчетные температуры начала 
мартенситного превращения Мн 

и температуры образования 
мартенсита деформации Мd (30/50)

Steel grade Мs , °С Мd (30/50) , °С
05Kh21AG15N8MFL –839 –331

12Kh18N10–CC –126 –16

Fig. 3. Structures of steels 05Kh21AG15N8MFL (a) and 12Kh18N10–CC (b) before tensile testing 
and steel 12Kh18N10–CC (c) with deformation martensite after testing at –110 °C

Рис. 3. Структуры сталей 05Х21АГ15Н8МФЛ (а) и 12Х18Н10Т–ЦЛ (b) до испытаний на растяжение 
и стали 12Х18Н10–ЦЛ (c) с мартенситом деформации после испытаний при –110 °С

Fig. 4. Temperature dependence of impact strength of steels 
05Kh21AG15N8MFL (1) and 12Kh18N10–CC (2). 

Extrapolations of KCV = f (t) curve of 12Kh18N10-CC steel:
3 – expected based on test results at –40 and –70 °C;

4 – realized based on test results at –110 °C

Рис. 4. Температурная зависимость ударной вязкости сталей 
05Х21АГ15Н8МФЛ (1) и 12Х18Н10–ЦЛ (2). 

Экстраполяции кривой KCV = f (t) стали 12Х18Н10–ЦЛ:
3 – предполагавшаяся по результатам испытаний при –40 и –70 °С;

4 – реализовавшаяся по результатам испытаний при –110 °С
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increase in the ferromagnetic phase content was observed 
as the  test temperature decreased; for the  sample tested 
at –110 °C, it reached approximately 12.5 %. 

The formation of  deformation-induced martensite 
was therefore expected to  affect the  fracture morpho­
logy of  12Kh18N10–CC steel tested in impact bending 
at –110 °C (Fig. 6). 

Under the  combined effects of  dynamic loading and 
low temperature, the  fracture surface exhibits not only 
intragranular cleavage facets (Fig. 6, a) but also clear 
evidence of martensitic transformation. This transforma­
tion results in the formation of brittle lamellar packets in 

the near-surface layer, as shown in Fig. 6, b – d. As illust­
rated in Fig. 6, b, for a homogeneous austenitic struc­
ture characterized by very large cast austenite grains, 
the length of martensite plates formed at the initial stage 
of transformation is governed by the austenite grain size. 
Large austenite grains therefore promote the  formation 
of coarse martensite, which is more prone to microcrack 
initiation. In addition, the  fraction of  regions display­
ing a ductile dimpled fracture morphology characteristic 
of austenite is small on the fracture surface (the most pro­
nounced regions are outlined in the images). This obser­
vation indicates that deformation-induced martensite 
formed in the crack opening zone on the fracture surface. 

Fig. 5. Magnetometric measurements on the impact samples: 
a – measurement zones; b – influence of impact bending test temperature on the content of ferromagnetic phase in metal. 

Measurements in zones 1 and 2 of the steel sample: 1.1 and 1.2 – steel 05Kh21AG15N8MFL, 2.1 and 2.2 – steel 12Kh18N10–CC

Рис. 5. Магнитометрические измерения на ударных образцах: 
а – зоны измерений; b – влияние температуры испытания на ударный изгиб на содержание в металле ферромагнитной фазы. 

Измерения в зонах 1 и 2 образца стали: 1.1 и 1.2 – для стали 05Х21АГ15Н8МФЛ; 2.1 и 2.2 – для стали 12Х18Н10–ЦЛ

Fig. 6. Fracture of the impact sample of cast steel 12Kh18N10–CC, tested at –110 °C: 
a – general view; b – d – fracture areas at magnification 2000×

Рис. 6. Излом ударного образца литой стали 12Х18Н10–ЦЛ, испытанной при –110 °С: 
а – общий вид; b – d – участки излома при увеличении 2000×
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 Discussion of the results

The behavior observed for 12Kh18N10 steel in 
the  cast condition under static deformation and impact 
bending at reduced temperatures is broadly consistent 
with that of metastable Cr – Ni steels under comparable 
conditions. Engineering stress–strain curves similar 
to those shown in Fig. 2, b have been reported in a num­
ber of  studies  [10; 20; 21] (Fig. 7, a). As the  deforma­
tion temperature decreases, the  curve shape changes 
from parabolic at room temperature to  sigmoidal. After 
the onset of yielding, a region of low slope or a plateau 
corresponding to  the  first stage of  strain hardening is 
observed. Upon reaching the first inflection point, which 
corresponds to a critical strain, a pronounced increase in 
strain hardening occurs. This second hardening stage is 
substantial and is commonly interpreted as strain harden­
ing associated with a phase transformation. 

Taken together, the detection of a ferromagnetic phase 
in the near-fracture-surface layer (Fig. 5) and the fracture 
morphology observed at –110 °C  – which is uncharac­
teristic of  fully austenitic steels  – provide strong evi­
dence that deformation-induced martensite forms in 
the  deformed layer of  10.5 steel under the  combined 
effects of deformation and low temperature. The forma­
tion of deformation-induced martensite in samples tested 
at –110 °C under both impact bending and tensile loading 
can account for the following observations:

– impact toughness values higher than would be 
expected from the smooth trend of the KCV = f (ttest) curve; 

– an exceptionally high ultimate tensile strength 
of  12Kh18N10–CC steel, characteristic of  martensitic 
steels. 

Accordingly, both the shape of the engineering stress–
strain curves shown in Fig. 2, b and the measured strength 
characteristics (Fig. 1, a) indicate that, as the  deforma­
tion temperature decreases, the fraction of deformation-
induced martensite increases, leading to a corresponding 
increase in steel strength.

For the 12Kh18N10–CC steel examined in this study, 
the  threshold (critical) strain was determined to  be 
εcr ≈ 22 % for samples subjected to  tensile deformation 
at –40 and –70 °С. When the  deformation temperature 
was further reduced to –110 °C, εcr decreased to approxi­
mately 15 % (Fig. 2, b). This trend is fully consistent with 
literature data [21 – 23], which demonstrate that decrea­
sing the deformation temperature shifts the first inflection 
point on the σ – ε curve toward lower strain values. 

With respect to impact bending tests, the authors pro­
pose that the  fracture mechanism of  an impact sample 
undergoing deformation-induced martensitic transfor­
mation (Fig. 7, b)  [24] correlates with the  development 
of microcracks in the fracture region shown in Fig. 6, b. 
According to  [24], microcrack initiation occurs along 
the  habit planes of  martensitic packets and laths, while 
crack propagation proceeds preferentially along their 
boundaries. The characteristic dimensions of  the micro­
structural components of  a macrocrack correlate with 
the  sizes of  martensitic laths and packets. Although 
the  direction of  microcrack propagation changes upon 
crossing packet boundaries, it remains predominantly 
parallel to the <111> direction of martensite.

Several points should be noted when discussing 
the  mechanisms of  deformation-induced martensite for­
mation. After the  first inflection point is reached, aus­
tenitic steels undergo rapid strain hardening as a result 

Fig. 7. Aspects of deformation martensite formation: 
a – engineering tensile curves of metastable 304 SS steel at 25 and –80 °C at a loading rate of 1.5·10–2 s–1 [10] 

with highlighted hardening intervals according to the scheme [21] of typical behavior of austenitic stainless steel 
in the low temperature range; b – scheme of destruction of the impact sample in which deformation martensite is formed: 

1 – slip bands; 2 – microcracks along the slip bands and boundaries of laths or packages; 3 – macrocrack [24] 

Рис. 7. Аспекты образования мартенсита деформации: 
а – инженерные кривые растяжения метастабильной стали 304 SS при +25 и –80 °C при скорости нагружения 1,5·10–2 с–1 [10] 

с выделенными интервалами упрочнения согласно схеме [20] типичного поведения аустенитной нержавеющей стали 
в диапазоне низких температур; b – схема разрушения ударного образца, в котором образуется мартенсит деформации: 
1 – полосы скольжения; 2 – микротрещины вдоль полос скольжения и границ реек или пакетов; 3 – макротрещина [24]
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of martensite plate formation within deformation bands, 
which effectively impedes further dislocation motion [22]. 
In  [8], the  deformation behavior of  metastable Cr – Ni 
austenitized steels was examined for two material types: 

– 10Kh18N9 steel containing a small amount 
of δ-ferrite (Type 1); 

– 12Kh18N10T steel without δ-ferrite (Type 2). 
It was shown that deformation did not induce 

ε-martensite formation in either case. Instead, austenite 
transformed according to the following schemes: 

– Type 1 steel: γ + δ → γ′ + δ + α′; 
– Type 2 steel: γ → γ′ → γ′ + α′. 
In situ tensile experiments on 304 and 304L steels 

conducted in a transmission electron microscope over 
the temperature range from +25 to –100 °C [25] demonst­
rated that the  austenitic γ phase (FCC) can transform 
into either ε-martensite (HCP) or α′-martensite (BCC), 
and that ε-martensite may subsequently transform into 
α′-martensite. Accordingly, three deformation-induced 
martensitic transformation mechanisms are currently 
recognized for metastable steels [26; 27]: 

– γ → ε (1); 
– γ → ε → α′ (2); 
– direct γ → α′ transformation (3). 
Transformations involving ε-martensite formation 

typically occur in materials with lower stacking fault 
energy  (SFE), whereas direct γ → α′ transformation is 
characteristic of  materials with higher SFE  [28 – 31]. 
It  has been reported  [10] that shear bands may consist 
of ε-martensite, mechanical twins, dense stacking faults, or 
twin boundaries. However, with increasing plastic strain, 
ε-martensite ultimately transforms into α′-martensite, 
and at high strain levels only α′-martensite is observed in 
304-series stainless steels. According to the data summa­
rized in [25], deformation-induced martensite forms only 
when the  SFE lies within the  range of  10 – 20 mJ/m2. 
At  SFE values of  20 – 50 mJ/m2, deformation twinning 
predominates, whereas at SFE ≥ 50 mJ/m2, slip becomes 
the dominant deformation mechanism. 

In light of these considerations, an attempt was made 
to estimate the SFE of 12Kh18N10–CC steel at –110 °C. 
The SFE at room temperature was calculated using 
the empirical relationship proposed in [32] 

SFE = −35 + 6.2Ni + 0.7Cr + 3.2Mn + 9.3Mo.    (3)

which yields a value of  41.3 mJ/m2 12Kh18N10–CC 
steel.

Based on calculated and experimental data reported 
in [30], which demonstrate the  influence of  temperature 
on the  SFE of  austenitic steels (curve 1 in Fig. 8, a), it 
was assumed that 12Kh18N10–CC steel exhibits a simi­

lar temperature dependence (dashed curve 2 in Fig. 8, a). 
Under this assumption, an SFE value of  approximately 
18 mJ/m2 corresponds to a temperature of –110 °C.

Despite the  approximate nature of  this estimation, it 
is consistent with the experimentally observed formation 
of  deformation-induced martensite in 12Kh18N10–CC 
steel, since martensitic transformation is expected when 
the  SFE falls within the  10 – 20 mJ/m2 range  [26]. As 
the  SFE decreases at lower deformation temperatures, 
α′-martensite formation becomes energetically more 
favorable and is initiated at lower strain levels, imply­
ing accelerated transformation kinetics compared with 
higher deformation temperatures  [31]. A comparison 
of the microstructures shown in Figs. 8, b and 3, b further 
supports the identification of the additional phase formed 
after deformation at –110 °C as deformation-induced 
martensite.

In addition to temperature and strain, the deformation 
rate is another important factor influencing martensite 

Fig. 8. Aspects of deformation martensite formation: 
a – correspondence of SFE value to the condition 

of α′-martensite formation (experimental data on the change 
in SFE value of austenitic steel [33] (1) and calculated data 

for steel 12Kh18N10Т–CC (2)); 
b – type of microstructure of austenitic steel after 25 % deformation, 

with 56 vol. % deformation martensite, 40 % austenite 
and 4 % δ-ferrite [22] 

Рис. 8. Аспекты образования мартенсита деформации: 
а – соответствие величины ЭДУ условию образования 

α′-мартенсита (экспериментальные данные изменения величины 
ЭДУ аустенитной стали [33] (1) и расчётные данные 

для стали 12Х18Н10Т–ЦЛ (2)); 
b – вид микроструктуры аустенитной стали после 25 % деформации 

с 56 об. % мартенсита деформации, 40 % аустенита 
и 4 % δ-феррита [22]
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formation. In the  present study, tensile tests were con­
ducted at a crosshead speed of 1 mm/min, whereas during 
impact bending tests the  effective deformation rate was 
significantly higher and may vary from 10–3 to ≥10–5 s–1. 
It is generally accepted that lower deformation rates favor 
dislocation motion and martensite formation. However, 
studies of metastable steels under impact loading remain 
limited. According to  [33], martensite formed under 
static and dynamic elastic stresses differs in morphol­
ogy. Under dynamic loading, martensite forms as blocks 
(packets) of parallel crystals with approximately uniform 
width, oriented according to the crystallographic direction 
of  the  applied stress. It has been reported that deforma­
tion-induced martensitic transformation can have a ben­
eficial effect on fracture toughness by altering the fracture 
mechanism [35]. At the same time, experiments examin­
ing the  combined effects of  low temperature and defor­
mation indicate that the high loading rates associated with 
impact testing may significantly suppress phase trans­
formations, as observed for 12Kh18N10T steel  [12], or 
reduce the  extent of  austenite-to-martensite transforma­
tion, as reported for 10Kh14AG20 steel [36]. Specifically, 
it was noted in [12] that under impact loading at low tem­
peratures, 12Kh18N10T steel exhibits more ductile beha­
vior than under static loading. This effect was attributed 
to  sample heating resulting from high-rate deformation. 
Similarly, in [37], samples of a steel with the composition 
Fe – 30 wt. % Mn – 9 wt. % Al – 0.65 wt. % – which does 
not undergo phase transformation  – showed an  increase 
in impact toughness with increasing deformation rate, 
rising from 209.5 J/cm2 at an impact velocity of 7.5 m/s 
to a 15.5 % higher value at 30 m/s. Low-temperature impact 
toughness was also investigated in [38] for 07Kh17AG19 
steel containing 0.53 % N, confirming the  conclusions 
of [12]. At low loading rates during tensile testing, a γ → ε 
transformation was observed, whereas at high loading rates 
during impact testing the steel retained austenite stability. 
Fractographic and X-ray diffraction analyses revealed no 
evidence of ε-martensite formation.

In the present study, 12Kh18N10–CC steel was found 
to  exhibit slightly higher impact toughness under low-
temperature impact loading than would be expected 
based on the emerging trend of the KCV = f (tcool ) (Fig. 4). 
Given that low-temperature deformation-induced mar­
tensite was identified on the  fracture surface, the  reten­
tion of a relatively high impact toughness in this cast steel 
is attributed to  the  strengthening effect of  deformation-
induced martensite formed in the near-surface layer ahead 
of the advancing crack front.

 Conclusions

The mechanical properties, microstructure, and 
phase composition of  the  05Kh21AG15N8MFL and 
12Kh18N10–CC cast steels were investigated under ten­

sile testing at reduced temperatures. It was established 
that, in 05Kh21AG15N8MFL steel, the austenitic struc­
ture remains stable under static loading at cryogenic 
temperatures, whereas the  austenite of  12Kh18N10–CC 
steel undergoes a martensitic transformation upon rea­
ching a critical strain during low-temperature deforma­
tion. A comparison of the engineering stress–strain (σ – ε) 
curves with the measured strength characteristics showed 
that, with decreasing test temperature, the critical strain 
εcr triggering the  onset of  martensitic transformation 
decreases, while the amount of deformation-induced mar­
tensite increases.

The tendency toward deformation-induced marten­
site formation under dynamic impact loading at a cryo­
genic temperature of  –110 °C was also evaluated. In 
12Kh18N10–CC steel, deformation-induced martensite 
forms in the near-surface layer of the fracture surface ahead 
of  the  crack front, resulting in strengthening of  the  steel 
and contributing to  a higher level of  impact toughness 
at this temperature. In contrast, 05Kh21AG15N8MFL 
steel showed no tendency toward martensite formation 
on the fracture surface under cryogenic impact testing.

The observed austenite stability 
of  05Kh21AG15N8MFL steel and the  metastabil­
ity of  austenite in 12Kh18N10–CC steel with respect 
to deformation-induced martensitic transformation under 
both static and impact loading are consistent with the cal­
culated values of the martensite start temperature Мs and 
Мd (30/50) for both steels, as well as with the  calculated 
stacking fault energy of 12Kh18N10–CC steel.
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