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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 12Kh18N10T-CC (CC — centrifugally cast) published earlier in this journal. The mecha-
nical properties of cast steels 05Kh21AG1SN8MFL and 12Kh18N10T—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 12Kh18N10T-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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AnHomayus. JlanHas pabora TNPOAOIDKAET CEpPHUI0 M3 JBYX CTaTei, IOCBAIIEHHBIX M3YyYEHHIO XJAJOCTOMKOCTH HOBOH JHMTEHHOI

Cr—Mn—-Ni—Mo—N cranu, B TOM YKCiIe — B COMOCTABICHUU C XJIaJOCTOWKOCThIO TpaauiuoHHoi Cr—Ni nutoit cranmu 12X18H10T-1JI
(LIJT — ueHTpoOeKHOIUTOH), OIyOIMKOBAaHHBIX paHEe B JaHHOM JKypHasie. MexaHn4eckue cBoicTBa JnTeHHbIX craneid 05X21 AT 1SHEM®DJT
u 12X18H10T-1JI Obue M3y4eHbI MPH HCIBITAHUSIX HA PACTSDKCHHE MPU MOHMKEHHBIX TeMIlepaTypax. B "acTHOCTH, ObUIM pacCMOTPEHBI
MUKPOCTPYKTYPbI, HH)KEHEPHBIC KPUBBIC PACTSIKCHHUS MIPH PA3IMYHBIX TEMIIEPaTypax, MPOBEACHBI H3MEPEHUSI MUKPOTBEPOCTH U (paKkTorpa-
(huueckue nccaeaoBanus. ABTOPBI CPABHUIIH IOy YEHHbIE PE3YyJIbTaThl C PACYETHBIMHU M SKCIIEPUMEHTAJIbHBIMH OIIGCHKAMH CTAOUIIBHOCTH ayCTe-
HUTa U3YYCHHBIX CTaJICH MPU OXJIXKACHUH U Ae(opMalni, ¢ pe3ylibTaTaMy UCIBITAHUI Ha ylapHbIA u3rub. Vcrnoab3ys pa3iindHble METOMbI,
KOTOPBIE JIOTIOJHSIOT APYT IpyTa, ObUIO BBISIBICHO, YTO IPH OJHOBPEMEHHOM BO3ACHCTBUH CTAaTHYECKOTO M YAAPHOTO HArPy)KEHHs HOBas aycTe-
HUTHAs JINTEHHAs CTallb, JIETUPOBAHHAS a30TOM, COXPaHsET CTaOMIBHOCTh aycTeHHTa, a B cTanu 12X18H10T-LJI npoucxoaur odbpa3zoBanue
MapTeHcuTa AeopMaluu Kak MpH PACTSHKECHUH, TaK U IPU yaapHoM narude. OeHeHo BiusiHue 00pa3oBaHHs MapTeHCHTA e opMalliy B 9TOH
CTaJIM Ha 3aBUCUMOCTH MEXaHHYECKUX CBOHCTB OT TEMITEpaTypbl. Pe3ynbrarsl Mcciae10BaHUi ObUIM PACCMOTPEHBI C yUETOM UMEFOIIUXCS JIUTE-
paTypHBIX JaHHBIX, B TOM YHCJIE O MEXaHU3Max 00pa30BaHHs MapTEHCHUTA Je(OpPMALUH B METACTAOMIBHBIX ayCTEHUTHBIX CTAJSIX, O BIUSHUU
Ha KOJIMYECTBO MapTEHCUTA JIe(hOPMALIMH M BHJ MapTCHCUTA B 3aBUCHMOCTH OT CHID)KEHHS TEMIIEPaTypbl HCIBITAHUN, CKOPOCTH JIe(hOpMaLIUH
IIPU PACTSHKEHUU U yJApPHOM M3THOE, a Tak)Ke O B3aMMOCBSI3U MOSBICHUS MapTEHCUTA JIe(OpMALlMK M €ro BHJIA C YPOBHEM dHEpruu aedexra

YIIaKOBKH, BIIMAHUEM MapTCHCUTA Z[C(l)OpMaI_[I/II/I Ha MEXaHMYECKHE CBOMCTBA IpU CTaTUYCCKUX U JUHAMUYCCKUX HUCIBbITAHUAX.
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B 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
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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 e-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
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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 12KhI8N10-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 HCI, 1 part HNO,, and 1 part glyce-
rin. Microstructural examinations of polished sections
were performed using an Olympus GX51 optical micros-
cope and a Tescan Vega Il 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:

— M, — the temperature corresponding to the onset
of martensitic transformation;

-M, 30/50) ~ the temperature at which 50 % martensite

forms under a true strain of 30 %.

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

M_(°C) =502 — 810 (% C) — 1230 (% N) —
— 13 (% Mn) — 30 (% Ni) — 12 (% Cr) —
— 54 (% Cu) — 46 (% Mo), (1)

M, 050y (°C) = 497 — 462 (% C + % N) -
~9.2 (% Si)— 8.1 (% Mn) — 13.7 (% Cr) —
—20 (% Ni) - 18.5 (% Mo). )

- 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, ). 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 05Kh21AG15SNS8MFL and 08Kh18N10-CC, wt. %, Fe — base

Tabauya 1. Xumuveckuii coctaB crajeid 05X21AT'1SHEM®JI u 08X 18H10-LIJI, mac. %, Fe — ocHoBa

Steel grade C Mn Si Cr Ni Mo v S P N
05SKh21AGISNSMFL | 0.04 | 14.40 | 0.24 22.00 7.60 1.12 | 022 | 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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Fig. 1. Strength (a, b) and plasticity (c) of 05Kh21AG15N8MFL and 12Kh18N10T—CC steels
during tensile tests at temperatures from —40 to —110 °C:

a,b—[7,

yield strength, [, [l tensile strength

¢—05Kh21AGI5SNSMFL (M), 12Kh18N10-CC ()

Puc. 1. Ilpounocts (a, b) n mnactuarocTs () craneit 05X21AI' I SHEM®IT u 12X 18H10-11JI
IIPY MCTIBITAHUSIX HA pacTsDKeHUeE Mpu Temrepatypax or —40 1o —110 °C:

a9b7 s

npenen Tekydecty, [, [l npeznen npouHocTH;

¢ —05X21AT'15SHSM®JI (), 12X18H10-1JI ()

shows a smooth and moderate increase in strength, accom-
panied by a slight decrease in plasticity (Fig. 1, b, ¢).
The plasticity of both steels remains high at —40 °C and
—110 °C (Fig. 1, ¢). 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.

1400

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 d-ferrite. However, unlike 05Kh21AGI5SNSMFL
steel, the microstructure of 12Kh18N10-CC steel tested
at —110 °C displayed features characteristic of this trans-
formation process (Fig. 3, ¢).

Austenite stability in both steels was assessed using
Egs. (1) and (2). For 05Kh21AGI5N8MFL steel, the cal-
culated M_and M, (30/50) values lie far below absolute zero,
indicating that martensitic transformation in the austenite
is not thermodynamically feasible (Table 2). In contrast,

the M_ and M, 30/50) values obtained for 12Kh18N10-CC

1200
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Fig. 2. Engineering curves of steels 05Kh21AG15N8MFL (a) and 12Kh18N10-CC (b) at low temperatures

Puc. 2. nxenepusie kpuBble pactsokenus craneit 05X21AT 1SHEM®JIT (a) u 12X18H10-L1JI (b) npu HU3KHX TemriepaTypax
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Fig. 3. Structures of steels 05 Kh21AG15N8MFL (a) and 12Kh18N10-CC (b) before tensile testing
and steel 12Kh18N10-CC (c) with deformation martensite after testing at —110 °C

Puc. 3. Ctpyxrypsi craneit 05X21AT'1SHEM®JT (a) u 12X18H10T-LJI (b) o ucnibiTaHuii Ha pacTsHKeHUE
u cramu 12X18H10-LUI (¢) ¢ maprencurom pedopmanuu nocie ucrsiranuit mpu —110 °C

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, ) 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 / (the region

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

of deformation martensite formation M, @0/50)

Tabauya 2. PacueTHbIe TeMIEPATYPhl HAYa A
MapTeHCHTHOro npespamenus M
U TeMIepaTypbl 00pa3oBaHus

maprencuta tedopmauun M, o

Steel grade M., °C | M, 30/50)° °C
05Kh21AG15N8SMFL -839 -331
12Kh18N10-CC -126 -16

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 / 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 d-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 /, a pronounced

280
240
200
160
120

KCV, J/em’

80
40

0
-180-160-140-120-100 =80 —-60 —40 -20 0 20

Temperature, °C

Fig. 4. Temperature dependence of impact strength of steels
05SKh21AGISNSMFL (/) and 12Kh18N10-CC (2).
Extrapolations of KCV = f(#) 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

Puc. 4. TemneparypHasi 3aBUCUMOCTb YIAPHON BA3KOCTH CTajeil
05X21AT'15SHSM®JI (1) m 12X18H10-1UI (2).
Oxkcrpanomanuu kpuBoit KCV = f{(¢) cramu 12X18H10-11I:

3 — mpeanonaraBmiascs 1o pesynsraraM ucnsitanuii npu —40 u —70 °C;
4 — peann3oBaBLIascA 10 pe3yabTaTaM ucnelitanuii npu —110 °C
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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 / and 2 of the steel sample: 1.1 and 1.2 — steel 05Kh21AG15N8MFL, 2.1 and 2.2 — steel 12Kh18N10-CC

Puc. 5. MarauToMeTpriecKie U3MEpeHHns Ha yJIapHbIX 00pa3uax:
a — 30HBI U3MEPEHUIT; b — BIMSHUE TEMIIEPaTypbl HCIIBITAHUS HA YIApHBII U3THO Ha colepiKaHue B MeTajuie (heppOMarHUuTHOM (asbl.
W3zmepenns B 30Hax / u 2 odpasua cranu: 1.1 n 1.2 — s cramu 05SX21AT1SHSM®JT; 2.1 u 2.2 — s cranm 12X 18H10-1LUT

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. 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*

Puc. 6. U3nom ynaproro obpasua suroit cramu 12X18H10-L1JI, ucnsrrannoit npu —110 °C:
a — obwmit Bug; b — d — yyactku uznoma rpu ysennaerun 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(z,, ) 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, @) 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
g, =22 % for samples subjected to tensile deformation
at —40 and —70 °C. When the deformation temperature
was further reduced to —110 °C, ¢ 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 6—¢ 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

o, MPa T T T
« 1 2 1
1’_ : strain-hardening stage !
strain-

1000 _hardening i i
stage | 1
1 1
800 ; |
1 1
1 1
600 i !
i i
400 i i
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200 | 1 1 L1 1 1

0 10 20 30 40 50 60 &%
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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 1.5-102 s7! [10]
with highlighted hardening intervals according to the scheme [21] of typical behavior of austenitic stainless steel
in the low temperature range; » — 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]

Puc. 7. Acniektsl 00pa3oBaHUs MapTEHCHUTA JIe(OpMAaLIUK:

@ — UHKEHEPHbIE KPUBBIE PACTSIKEHU MeTacTaOuIbHOM cranu 304 SS npu +25 u —80 °C npu ckopoctu Harpyxkenus 1,5-102 ¢! [10]

C BBIJICJICHHBIMU MHTEPBAJIAMH YIIPOYHEHUSI COMTacHO cxeme [20] THIMMYHOTO MOBEICHHS ayCTCHUTHOW HEepIKaBeIoIIeH cTaln
B IMAra30HE HU3KUX TeMIeparyp; b — cxema pa3pylleHus yaIapHoro oopasiia, B KOTOpOM 00pa3yeTcsi MapTeHCHT e opMarinu:
1 — TIOJIOCHI CKOJTBKEHNUS; 2 — MUKPOTPELIMHBI BJIOJIb TI0JIOC CKOJIBKEHUS M TPAHHIL PEeK MM TTaKeTOB; 3 — MaKpoTpeInHa [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
of o-ferrite (Type 1);

— 12Kh18N10T steel without 6-ferrite (Type 2).

It was shown that deformation did not induce

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

containing a small amount

—Type I stee: y+3 —> ¢y + 3+ ao;

—Type 2 steel: y >y — ¢y + a'.

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 y phase (FCC) can transform
into either e-martensite (HCP) or o’-martensite (BCC),
and that e-martensite may subsequently transform into
a'-martensite. Accordingly, three deformation-induced
martensitic transformation mechanisms are currently
recognized for metastable steels [26; 27]:

-y — e (D)
—y e o (2%
— direct y — o' transformation (3).

Transformations involving e-martensite formation
typically occur in materials with lower stacking fault
energy (SFE), whereas direct y — o' transformation is
characteristic of materials with higher SFE [28 —31].
It has been reported [10] that shear bands may consist
of'e-martensite, mechanical twins, dense stacking faults, or
twin boundaries. However, with increasing plastic strain,
e-martensite ultimately transforms into o'-martensite,
and at high strain levels only o’-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/m?.
At SFE values of 20 — 50 mJ/m?, deformation twinning
predominates, whereas at SFE > 50 mJ/m?, 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/m? 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 / in Fig. 8, a), it
was assumed that 12Kh18N10-CC steel exhibits a simi-
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lar temperature dependence (dashed curve 2 in Fig. 8, a).
Under this assumption, an SFE value of approximately
18 mJ/m? 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/m? range [26]. As
the SFE decreases at lower deformation temperatures,
o'-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

70
60
50
40
30
20t .-
10f"

SFE, mJ/m’

0
-200 150 -100 -50 0 50

Temperature, °C

Fig. 8. Aspects of deformation martensite formation:
a — correspondence of SFE value to the condition
of o/-martensite formation (experimental data on the change
in SFE value of austenitic steel [33] (/) and calculated data
for steel 12Kh18N10T-CC (2));
b — type of microstructure of austenitic steel after 25 % deformation,
with 56 vol. % deformation martensite, 40 % austenite
and 4 % o-ferrite [22]

Puc. 8. Acniektsl 00pa30BaHUs MapTeHCHTA e OpMaIIUL:

a — COOTBETCTBYE BeH4UHBI DIV ycI0BUIO 00pa3oBaHUs
o'-MapTeHCHTa (IKCIIEPUMEHTAIbHBIE IAHHBIE U3MCHEHUS! BETMYUHbI
DY aycrennTHoii cranu [33] (/) n pacyéTHBIC JaHHbBIC
s cramu 12X 18H10T-1UJT (2));

b — BUI MUKPOCTPYKTYPBI ayCTEHUTHOH cTayu rocie 25 % aedopmanun
¢ 56 00. % maprencura nepopmaruu, 40 % aycrenura
n 4 % S-peppura [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~ to >107 s\,
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 I0Kh14AG20 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/cm? at an impact velocity of 7.5 m/s
toa15.5 % 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,ay — ¢
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 e-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(z . ,) (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.

[ ConcLusiOoNs
The mechanical properties, microstructure, and

phase composition of the 05Kh21AGI5NSMFL 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 (6 —¢)
curves with the measured strength characteristics showed
that, with decreasing test temperature, the critical strain
g, 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, 05Kh21AGI5SN8MFL
steel showed no tendency toward martensite formation
on the fracture surface under cryogenic impact testing.

The observed austenite stability
of 05Kh21AGI15N8MFL 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 M_ and
M for both steels, as well as with the calculated

d (30/50)
stacking fault energy of 12Kh18N10-CC steel.
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