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Abstract: Currently, step quenching of steels in the temperature range of martensitic transformation, including quench-
ing — partitioning, has found wide application in the automotive industry. Step quenching technology is successfully used
to increase a set of properties, which most often include temporary tensile strength and relative elongation. The authors
carried out a dilatometric study of the supercooled austenite transformations occurring in the 20Cr2Mn2SiNiMo steel,
when implementing various options of step quenching with holding in the martensitic region. It was found that after single-
stage quenching, single-stage quenching followed by tempering, and two-stage quenching, primary martensite, isothermal
bainite, and secondary martensite are formed in various quantitative ratios. Using X-ray diffraction phase analysis, the
amount of residual austenite was determined during step quenching. It has been shown that two-stage quenching makes it
possible to stabilise up to 14 % of residual austenite, in the structure of the studied steel, at room temperature. Research
has revealed that 20Cr2Mn2SiNiMo steel is characterised by a decrease in the crystal lattice parameter of the residual aus-
tenite, with an increase in its content in the steel structure. Uniaxial tensile and impact bending tests were carried out, and
the values of the mechanical properties were determined. It has been found that during two-stage quenching, higher
strength and elongation values, with lower values of relative contraction and impact strength are achieved compared to oil
quenching and low-temperature tempering. The study showed that, with regard to the structural reliability of machine-
building parts, step quenching is not the optimal heat treatment mode for the steel under study. The best combination of
strength, ductility and impact hardness is achieved after quenching and low-temperature tempering.
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quenching — partitioning; isothermal quenching; quenching and tempering; residual austenite; primary martensite; isother-
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room temperature, no transformations occur, and the car-

INTRODUCTION

Step quenching of steels, in the temperature range of
martensitic transformation, has found wide application in
the automotive industry. In particular, the quenching — par-
titioning concept was developed, which is based on the as-
sumption of the quasi-equilibrium of martensite o-phase,
and austenite vy-phase during isothermal holding in
the range from the beginning to the end of the M,....M; mar-
tensitic transformation [1]. If this condition is met, carbon
from the supersaturated martensite o-phase diffuses into
the surrounding unconverted austenite, thereby changing its
chemical composition. As a result, upon further cooling to

bon-enriched residual austenite remains in a stable state.
However, to implement such a scenario, it is necessary that
there are no competing processes leading to a decrease in
the residual austenite amount, and the degree of its enrich-
ment with carbon (the formation of bainite and precipitation
of carbide phase particles).

The quenching — partitioning technology of step
quenching, in various variants is successfully used to in-
crease a set of properties, which most often include ten-
sile strength and relative elongation [2; 3], as the most
important for the production of high-strength sheet parts
for the automotive industry using deep drawing. For this
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purpose, special grades of Quenching—Partitioning steels
(QP steels) alloyed mainly with silicon, manganese and
aluminium are being developed [4]. Step quenching is
also used when producing mechanical engineering parts
from structural steels [5]. In this case, as in the case of
specially developed QP steels, significant deviations of
the practically obtained results, from the theoretically
predicted ones, are observed [6]. In particular, the volume
fraction of residual austenite in the structure of steels
after step quenching in the vast majority of cases turns
out to be less than the calculated value [7]. This is related
to the fact that it is almost impossible to exclude the for-
mation of bainite and carbides in the steel structure dur-
ing isothermal holding. The precipitation of carbides and
the formation of bainite cannot but affect such properties
of steel as impact strength and relative contraction. These
characteristics are rarely analysed in published works,
despite their practical significance in relation to construc-
tional steels: the impact strength of steel has a certain
correlation with wear resistance [8; 9], and the relative
contraction — with the endurance limit [10; 11].

The purpose of this work is to study the transformations
occurring in high-strength constructional 20Cr2Mn2SiNiMo
steel during step quenching.

METHODS

The chemical composition of the steel under study is
given in Table 1.

The transformation of supercooled austenite was studied
using a LINSEIS L78 R.I.T.A dilatometer. Dilatometric
samples had a diameter of 4 mm and a length of 10 mm.
Heating and holding at the austenitisation temperature
(900 °C, 20 min) were carried out in a vacuum; cooling of
the samples to the isothermal holding temperature, was
carried out at a given rate (20 °C/s) in a helium flow. Fig. 1
shows the diagram of heat treatment modes (QP1 — single-
stage quenching; QP2 — two-stage quenching; QPT — sin-
gle-stage quenching with tempering), of the steel under
study during dilatometric studies.

To assess quantitatively the microstructure formed in
20Cr2Mn2SiNiMo steel during step quenching, the lever
rule was used in relation to dilatometric curves [12; 13].
The temperature of the first quenching stage (280 °C),
was determined according to the procedure used for QP
steels [14; 15]. According to calculations, at a given
cooling interruption temperature, the maximum amount
of residual austenite (up to 25 %) should be stabilised in
the structure of the steel under study. The temperature of
the second stage of holding (350 °C) was chosen in the

M, temperature region of the steel under
(345+5 °C).

The indicated step quenching modes were implement-
ed, during laboratory heat treatment of prismatic blanks
with the dimensions of 12x12x65 mm, from which sam-
ples for mechanical uniaxial tension and impact bending
tests were subsequently made. For heat treatment, SNOL
laboratory chamber furnaces (austenitisation, tempering)
and SShOL shaft crucible furnaces (isothermal holding)
with molten salt (50 % KNO; + 50 % NaNO;) were used.
Cooling of the samples to room temperature was carried
out in 120A quenching oil. After step quenching, all sam-
ples were subjected to low-temperature tempering at
180 °C for 2 h.

Mechanical properties under uniaxial tension, were de-
termined in accordance with GOST 1497 on an Instron in-
stallation at room temperature. For the analysis, cylindrical
samples (type III) with a working part diameter of 6 mm,
and a working part length of 30 mm were used. Impact
bending tests were carried out using a pendulum impact
tester, in accordance with GOST 9454, at room temperature
on standard samples, with a V-shaped stress concentrator
(type 11).

X-ray structural phase analysis, was carried out on
a Bruker D8 Advance X-ray diffractometer in Co—Ka radia-
tion, in the range of reflection angles of 26=45...130° at volt-
age U=35kV, tube current /=40 mA. Quantitative X-ray
phase analysis was carried out according to the reference-free
full-profile Rietveld analysis method using the TOPAS" 4.2
software package.

The microstructure was studied using a Jeol JSM 6490
scanning electron microscope.

study

RESULTS

A dilatometric study of the transformations occurring in
20Cr2Mn2SiNiMo steel during QP1 single-stage quenching
showed that upon cooling to the first stage temperature
(280 °C), a significant amount of M1 primary martensite is
formed. The temperature at which primary martensite be-
gins to form in the steel under study is 345 °C (arrow 1 in
Fig. 2 a). During cooling interruption and holding for
10 min (arrow 2 in Fig. 2 a), the size of the sample conti-
nues to increase, which indicates the development of
an isothermal bainite transformation (Fig. 2 b). Upon final
cooling from a temperature of 280 °C, the formation of M2
secondary martensite is observed (arrow 3 in Fig. 2 a).
The temperature at which the secondary martensitic trans-
formation begins in the case of single-stage quenching
is 215 °C.

Table 1. Chemical composition of 20Cr2Mn2SiNiMo steel
Tabnuya 1. Xumuueckuii cocmas cmanu 20Cr2Mn2SiNiMo

Chemical C Cr Mn Si Ni Mo S P
element
wt. % 0.220 1.960 2.020 0.960 1.090 0.310 0.002 0.010
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Fig. 1. Scheme of implemented modes of step quenching of 20Cr2Mn2SiNiMo steel:
QP1 — single-stage quenching, QP2 — two-stage quenching;
OPT — single-stage quenching with tempering.
1 — austenitisation, 900 °C, 20 min; 2 — first stage, 280 °C, 10 min;
3 —second stage, 350 °C, 60 min
Puc. 1. Cxema peanuzo8antuix pexcumos cmynenyamoui 3axanku cmanu 20X2I'2CHMA:
OP1 — oonocmynenuamas s3axanxa, QP2 — 0gyxcmynenuamas 3axanka,
OPT — o0HoCmyneHuamas 3aKaiKa ¢ OmnyCKoM.
1 — aycmenumuszayus, 900 °C, 20 mun; 2 — nepsas cmynens, 280 °C, 10 mun;
3 — emopas cmynenw, 350 °C, 60 mun

In the case of QP2 two-stage quenching, upon cooling
from the austenitisation temperature to the first stage tem-
perature (280 °C), just as in the case of QP1, the formation
of M1 primary martensite occurs (the transformation onset
temperature is 345 °C, arrow 1 in Fig. 3 a), after which
some isothermal bainite is formed (arrow 2 in Fig. 3 a).
After holding at a temperature of 280 °C for 10 min,
the sample was heated to a temperature of 350 °C to in-
crease the carbon diffusion rate. However, as dilatometric
studies showed, when the second stage temperature was
reached, the formation of bainite continued in the steel un-
der study (Fig. 3 b).

In the case of QPT single-stage quenching with medi-
um-temperature tempering, a mixture of M1 primary mar-
tensite (arrow 1 in Fig. 4 a), isothermal bainite formed at
the first stage of treatment at a temperature of 280 °C
(arrow 2 in Fig. 4 a), and M2 secondary martensite, the
temperature of the formation onset which is 215 °C
(arrow 3 in Fig. 4 a), was heated to a temperature of
350 °C. During holding at a temperature of 350 °C, no
changes in the sample dimensions occur (Fig. 4 b), and up-
on subsequent cooling, only a slight deviation from the li-
near dependence is observed, associated with the formation
of no more than 3 % of a new portion of M2 secondary
martensite (arrow 5 in Fig. 4 a).

By calculations, dependences of the formed a-phase
fraction on the temperature were obtained not taking into

account residual austenite (Fig.5). In particular, it was
found that when implementing QP1 single-stage quenching,
73 % of primary martensite, 11 % of bainite and 16 % of
secondary martensite are formed in the steel structure
(Fig. 5 a); and with QP2 two-stage quenching — 75 % of
primary martensite, 16 % of bainite (in total at the first and
second stages of treatment), and 9 % of secondary marten-
site (Fig. 5 b).

After setting the structural-phase composition of the
steel under study, taking into account the amount of
residual austenite, the diagram shown in Fig. 6 was
constructed.

Fig. 7 shows the lattice parameter values of residual
austenite in the 20Cr2Mn2SiNiMo steel structure, after step
quenching and isothermal quenching, at a temperature of
320 °C. The highest austenite lattice parameter is observed
during single-stage quenching followed by tempering
(Fig. 7 a). In 20Cr2Mn2SiNiMo steel at a holding tempera-
ture of 320 °C, the amount of residual austenite in the struc-
ture increases with increasing holding duration from 5 to
10 %, and the austenite crystal lattice parameter decreases
from 3.6068 to 3.6037 A.

The results of a metallographic study of
the 20Cr2Mn2SiNiMo steel microstructure are shown in
Fig. 8. In the case of QP1 single-stage quenching and QPT
single-stage quenching with tempering, a pronounced edg-
ing of the primary martensite and bainite packets with
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Fig. 2. The dependence of relative elongation of the 20Cr2Mn2SiNiMo steel sample
on the temperature (a) and time (b)
when implementing QP1 single-stage quenching.
1 — M1 primary martensite formation, 2 — isothermal holding at 280 °C, 10 min; 3 — M2 secondary martensite formation
Puc. 2. 3asucumocms omuocumenvno2o yonurenus oopasya cmanu 20X2I"2CHMA
om memnepamypwi (a) u spemenu (b)
npu peanusayuu oOHocmynenyamou saxaiku QPI.
1 — obpazosanue nepsuunozo mapmencuma M1, 2 — usomepmuueckasn evioepaicka npu 280 °C, 10 mun;
3 — obpaszosanue emopuurozo mapmerncuma M2

residual austenite, is observed (Fig. 8 a, 8 b). Moreover, in
the case of QPT single-stage quenching with tempering
(Fig. 8 b), the austenitic edging of the a-phase packets is
more pronounced, which indicates an additional carbon
outflow from martensite (primary and secondary) and
bainite during the tempering process. In the case of two-
stage quenching, no such pronounced boundaries were
identified, and the secondary martensite/residual austenite
areas have a diffuse structure (Fig. 8 c).

Table 2 shows the mechanical properties of the studied
20Cr2Mn2SiNiMo steel after step quenching, as well as
after other heat treatment modes that provide a similar level
of strength (isothermal quenching for 2 h at temperatures of
280 and 300 °C; oil quenching and tempering at tempera-
tures of 200 and 300 °C).

Fig. 9 shows comparative diagrams of the mechanical
properties of the steel under study after various heat treat-
ment modes.

56

Frontier Materials & Technologies. 2024. No. 2



Maisuradze M.V., Kuklina A.A., Nazarova V.V. “The study of transformations of supercooled austenite during step quenching...”

0.002 -
) 0.001 -
>
-
c i
s °
=}
©
e
S -0.001 A
)
g
2 -0.002 A
o
]
(3
-0.003 -
-0.004 T T T
20 120 220 320 420
Temperature, °C
a
0.002 -
S° 0.001 + Isothermal bainite
T ! formation (280 °C)
c :
2 0 - L/ -
o : Isothermal bainite
& e it formation (350 °C)
(o] 1
v 0001 - :
w I
.E l Martensite M1 formation
o] :
& -0.002 :
1
I
1
___________ N
-0.003 ' ‘ ‘
10 100 1000
Time, s
b

Fig. 3. The dependence of relative elongation of the 20Cr2Mn2SiNiMo steel sample on the temperature (a)
and time (b) when implementing QP2 two-stage quenching.
1 — M1 primary martensite formation, 2 — isothermal holding at 280 °C, 10 min,
3 —isothermal holding at 350 °C, 60 min; 4 — M2 secondary martensite formation
Puc. 3. 3asucumocmv omnocumenvhozo yonurenus oopasya cmanu 20X2I'2CHMA om memnepamypul (a)
u epemenu (b) npu peanuzayuu osyxcmynenyamou 3axaixu QP2.
1 — obpasosanue nepsuurnozo mapmencuma M1; 2 — uzomepmuueckas svioepoicka npu 280 °C, 10 mun,
3 — usomepmuueckas gvioepacka npu 350 °C, 60 mun; 4 — obpazosanue smopuuno2o mapmencuma M2

DISCUSSION

In 20Cr2Mn2SiNiMo steel, during QP1 single-stage
hardening, the decrease in the martensitic transformation
temperature after holding at a temperature of 280 °C
(Fig. 2 a) is associated with the enrichment of unconverted
austenite with carbon. Nevertheless, the presence of a se-
condary martensitic transformation indicates an insufficient
carbon content in austenite to shift the M,, temperature below
room temperature. This is a deviation from one of the main

provisions of the quenching — partitioning theory (complete
stabilisation of austenite during cooling suspension).

In the case of QP2 two-stage quenching during holding
at 350 °C after the suspension of bainite formation, a de-
crease in sample size by 2 % is observed (Fig. 3 b), which
is associated both with the processes of tempering the pri-
mary martensite and bainite a-phase, and with the diffusion
carbon redistribution between the a-phase and austenite.
With further cooling from the second stage temperature,
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Fig. 4. The dependence of relative elongation of the 20Cr2Mn2SiNiMo steel sample on the temperature (a)

and time (b) when implementing QPT single-stage quenching with tempering.
1 — M1 primary martensite formation; 2 — isothermal holding at 280 °C, 10 min; 3 — M2 secondary martensite formation,
4 — holding during tempering, 350 °C, 60 min,; 5 — M2 secondary martensite formation

Puc. 4. 3asucumocms omuocumenvrozo yonunenus: oopasya cmanu 20X2I'2CHMA om memnepamypul (a)

u epemenu (b) npu peanusayuu oonocmynenyamou saxkaiku ¢ omnyckom QPT.
1 — obpazoeanue nepsuunoco mapmercuma M1; 2 — usomepmuueckas evioepocka npu 280 °C, 10 mun;
3 — obpaszosanue emopuurozo mapmencuma M2; 4 — evioepoacka npu omnycke, 350 °C, 60 mun;
5 — o6paszosanue eémopuunozo mapmencuma M2

the secondary martensitic transformation begins at tempera-
tures below 140 °C (Fig. 3 a). This is associated, firstly,
with a smaller (compared to QP1) amount of unconverted
austenite at the start of cooling, since the bainite transfor-
mation continues during holding at the second stage, and
secondly, with a more effective stabilisation of residual
austenite. As X-ray diffraction phase analysis showed, after
QP1 single-stage quenching, the steel under study contains
about 6 % of residual austenite, and when implementing

QP2 two-stage quenching at room temperature, 14 % of
residual austenite is stabilised.

In the case of QPT single-stage quenching, with medi-
um-temperature tempering, the temperature at which the
secondary martensite formation is observed is about 95 °C
(Fig. 4 a). The amount of residual austenite stabilised in the
structure of the steel under study, after QPT step quenching
is practically no different from the result obtained with
QP1, single-step quenching and is about 8 %. Thus, medium-
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Fig. 5. The dependence of the fraction of transformation of supercooled 20Cr2Mn2SiNiMo steel austenite, on the temperature,
during step quenching (without taking into account residual austenite): a — QP1; b— QP2
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temperature tempering after single-stage quenching does
not lead to a noticeable change in the quantitative ratio of
the structural components. During heating to a temperature
of 350 °C, a nonlinear dependence of the relative elonga-
tion on the temperature is dilatometrically recorded, which
indicates the occurrence of tempering and stress relaxation
processes.

When implementing QPT single-stage quenching with
tempering, the microstructure composition is practically
no different from that obtained in the case of QP1 single-
step quenching. Two-stage quenching leads to an increase
in the residual austenite content in the structure, mainly

due to a reduction in the secondary martensite amount
(Fig. 6). In this case, the residual austenite lattice parame-
ter after QP2 two-stage heat treatment, is less than after
QP1 and QPT single-stage treatment (Fig. 7). Studies of
20Cr2Mn2SiNiMo steel have shown that it is characte-
rised by a decrease in the residual austenite crystal lattice
parameter, with an increase in its content in the steel
structure. This phenomenon is associated with the fact
that with an increase in the volume fraction of carbon-
enriched unconverted austenite, present in the steel at
the end of the isothermal holding, the carbon concentra-
tion in it is leveled out and averaged, which influences
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the crystal lattice parameter value. In the case of QPI
single-stage quenching, the temperature and duration of
isothermal holding (280 °C, 10 min) are insufficient for
the bainite transformation completion and diffusion
equalisation of the carbon concentration in unconverted
austenite. As a result of this, austenite is significantly
enriched in carbon only in volumes immediately adjacent
to the martensite and bainite packets (which amounted to
6...8 % of the total metal volume), and in the remaining
volume of unconverted austenite, the carbon concentra-
tion is insufficient to lower the M, temperature below
room temperature. Due to this, cooling from the isother-
mal holding temperature led to the formation of M2 se-
condary martensite at a temperature of 215 °C and below.

In the case of two-stage quenching, heating to a tem-
perature of 350 °C ensured a more complete occurrence of
the bainite transformation, due to which the volume of
unconverted austenite was largely crushed by a-phase
packets. Along with the increased temperature, this con-
tributed to a more intense diffusion of carbon atoms from
the boundaries with a-phase deep into the unconverted
austenite volumes. As a result, the secondary martensitic
transformation during cooling proceeded less intensely
and at a lower temperature (140 °C) compared to the QP1
mode (single-stage quenching), and the volume of auste-
nite enriched in carbon sufficiently to reduce the M, tem-
perature below 20 °C turned out to be significantly larger
(14 %). This is confirmed by the results of metallographic
research (Fig. 8).

QP2 two-stage quenching provides the maximum dif-
ference between the offset yield strength and tensile
strength, as well as a rather high relative elongation,
which is associated with the TRIP (Transformation-
Induced Plasticity) effect. With regard to the PSE criteri-
on, widely used in foreign practice, (the product of tensile
strength and relative elongation, MPax% [16, 17]) applied

mainly for automotive sheet steels, the best result for
the studied 20Cr2Mn2SiNiMo steel is provided by QP2
two-stage quenching (PSE=22,490 MPax%). However, in
terms of structural reliability required for mechanical en-
gineering parts operating under conditions of alternating
loads and wear, relative contraction and impact strength
are also important characteristics. In this regard, the level
of properties obtained during step, and isothermal quench-
ing, is significantly inferior to the properties obtained af-
ter quenching and low-temperature tempering.

Thus, depending on the purpose of the part, the studied
20Cr2Mn2SiNiMo steel can provide a different combina-
tion of mechanical properties (strength, ductility, impact
strength), and high stability of supercooled austenite of this
steel [18; 19] allows implementing the heat treatment
modes using only convective cooling media.

As one can see, to achieve both high strength and ducti-
lity, 20Cr2Mn2SiNiMo steel should be subjected to step
quenching according to the QP2 mode. To achieve high
impact strength and relative contraction, it is recommended
to carry out quenching and low-temperature tempering at
a temperature of no more than 200 °C. It is worth noting
that the QPT single-stage quenching, and tempering mode
provides the lowest impact strength, and the QP2 two-stage
quenching mode provides the least contraction. The first is
associated with the manifestation of the a-phase temper
brittleness; the second is associated with the residual aus-
tenite transformation during deformation accompanied by
an increase in the volume, and the formation of brittle high-
carbon martensite.

CONCLUSIONS

1. A dilatometric study of the supercooled austenite
transformations in the 20Cr2Mn2SiNiMo steel was carried
out during step quenching in different modes: QP1 single-
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Fig. 7. Values of the lattice parameter of residual austenite in the structure of 20Cr2Mn2SiNiMo steel
after various heat treatment modes:
a — step quenching; b — isothermal quenching at 320 °C
Puc. 7. 3nauenus napamempa pewemxu ocmamounozo aycmenuma ¢ cmpyxkmype cmanu 20X2I'2CHMA
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a — cmynenuamas 3akanxa;, b —usomepmuueckasn saxanxa npu 320 °C

Fig. 8. The microstructure of 20Cr2Mn2SiNiMo steel after various options of step quenching
(scanning electron microscopy): a — QP1; b— QPT; ¢ — QP2.
M1 — primary martensite; B — bainite; M2 — secondary martensite; A — residual austenite
Puc. 8. Muxpocmpyxmypa cmanu 20X21"2CHMA nocne pa3nuuHvix 6apuanmos cmyneHuamon 3aKaiKku
(pacmpoeas snexmponnas mukpockonus): a — QP1; b — QPT; ¢ — QP2.
M1 — nepeuunviii mapmencum, B — 6etinum; M2 — emopuunviii mapmencum,; A — ocmamounwlil aycmenum

a1udlsne pauielay
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Table 2. Mechanical properties of 20Cr2Mn2SiNiMo steel after various heat treatment modes
Taonuya 2. Mexanuueckue ceoticmea cmanu 20X2I"2CHMA nociae pasnuunvix pexicumos mepmuieckoll 06pabomxu

0.2, OyTS) Sa \Va KCVs PSE’
Technology Mode MPa MPa % % MJ/m? MPax%
QP1 1292 1558 12.3 52.1 0.68 19 157
Step quenching QPT 1297 1477 13.0 55.2 0.47 19 121
QP2 945 1551 14.5 399 0.70 22490
280°C,2h 1038 1398 13.8 47.5 0.72 19 286
Isothermal
quenching 300°C, 2 h 1045 1430 152 51.9 0.61 21 665
. . 200°C,3 h 1294 1540 13.3 60.2 0.89 20533
Oil quenching
and tempering 300 °C, 3 h 1269 1494 122 59.5 0.76 18273
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Fig. 9. Diagrams of the mechanical properties of 20Cr2Mn2SiNiMo steel after various heat treatment options.

SQ — step quenching; 10 — isothermal quenching;, Q+T — quenching and tempering;

parameters of heat treatment modes are indicated next to the corresponding markers

Puc. 9. Juacpammul mexanuueckux ceoticme cmanu 20X2I'2CHMA nocne paznuunsix 6apuanmog mepmuieckoi 0opabomxu.
SO — cmynenvamas 3axanka; 1Q — uzomepmuueckas saxanxka, Q+T — 3axkanka u omnyck;
napamempul pexicumMos mepmooOpabomKy yKasamvl 60371e COOMEEMCMEYIOWUX MAPKEPOS
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stage quenching, QPT single-stage quenching with temper-
ing, and QP2 two-stage quenching. It was found that during
the step quenching process, the following structural com-
ponents are formed in steel: primary martensite at tempera-
tures below 345 °C, isothermal bainite at temperatures of
280 and 350 °C, and secondary martensite at temperatures
below 215 °C (for QP1, QPT) and 140 °C (QP2).

2. It is shown that QP2 two-stage quenching promotes
stabilisation of 14 % of residual austenite in the steel struc-
ture at room temperature, and provides a smaller amount of
secondary martensite. At the same time, the carbon content
in residual austenite characterised by the crystal lattice pa-
rameter, after two-stage quenching is less than after one-
stage quenching.

3. Based on the data of dilatometric and X-ray diffrac-
tion analysis, the structural-phase composition of the steel
under study, was identified after the implementation of step
quenching in different modes: 65...70 % of primary marten-
site; 10...14 % of bainite; 8...16 % of secondary marten-
site; 6...14 % of residual austenite.

4. The mechanical properties of the studied steel were
determined after various types of step quenching. QP2 two-
stage quenching provides a combination of high strength
(1550 MPa) and relative elongation (14.5 %), but the con-
traction is minimal (40 %). Single-stage quenching and
tempering leads to a significant decrease in impact strength
(KCV 0.47 MJ/m?), which is caused by the manifestation of
tempering brittleness.

5. It is shown that, in terms of the structural reliability
of machine-building parts, step quenching is not the optimal
heat treatment mode for the steel under study. The best
combination of strength (1540 MPa), ductility (relative
elongation is 13 %, relative contraction is 60 %) and impact
strength (KCV 0.89 MJ/m?) is achieved after quenching and
low-temperature tempering.
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Annomayus: B HacTosee BpeMs CTyNeHUATas 3aKallka CTaJeil B TEMIIEpaTypHOM HHTEpBaJie MapTEHCUTHOTO Mpe-
BpallIeHMs, B T. 4. quenching — partitioning, Hala MIMPOKOE IPUMEHEHHE B aBTOMOOMIBHON MTPOMBIIUICHHOCTH. TexHo-
JIOTHS CTYIEHYATOH 3aKalIK{l YCIICIIHO MPUMEHSETCS ISl TOBBIIICHHUS KOMILIEKCa CBOMCTB, K KOTOPBIM Hallle BCETO OTHO-
CSIT BPEMEHHOE CONPOTHUBIICHUE PA3phIBY M OTHOCHTENBHOE YIJIMHEHHE. [IpoBeNeHO MHIIaTOMETPHYECKOE HCCIICIOBAHHE
MIPEBPALLEHUIN NEPEOXIAKAEHHOIO ayCcTeHuTa, npoTekaromux B ctanu 20X2I2CHMA, npu peanu3zauuu pa3jauyHbIX Ba-
PHAHTOB CTYIEHYATOH 3aKaJIKH C BBIIEPKKOI B MApTEHCUTHON 00NAcTH. Y CTaHOBIICHO, YTO MOCIE OAHOCTYNEHYATOH 3a-
KaJIKH, OJJHOCTYIIEHYATOH 3aKaJKH C MMOCIECAYIOIUM OTITyCKOM, JBYXCTYIEHYATON 3aKaJIKW 00pa3yloTCs TIEPBUYHBIA Map-
TEHCHUT, NU30TEPMHUYECKUN OCHHUT, BTOPUYHBIH MapTEHCHUT B PA3IMYHBIX KOJMYECTBEHHBIX COOTHOIIEHUSX. C MOMOIIBIO
PEHTIeHOCTPYKTYPHOTO (ha30BOT0 aHAIN3a ONPEAEICHO KOJIMYECTBO OCTATOYHOTO ayCTEHHTAa NP Pealn3alliu CTyleHYa-
Tol 3akanku. [lokazaHo, YTO ABYXCTyIEHUYATas 3aKajKa MO3BOJLSIET CTa0MIM3MPOBATh B CTPYKTYpE HMCCIEIyeMOM CTanu
IIpU KOMHATHOH TeMnepaType a0 14 % ocraTouHoro aycteHura. McceiaenoBanus BeISBIIM, uTo Ut ctamu 20X2I'2CHMA
XapaKTepHO yMEHBIICHHUE MTapaMeTpa KPUCTAIITHIECKON PEIIETKH OCTaTOYHOTO ayCTEHHUTA MPH YBEIHICHUH €T0 COAeprKa-
HUSI B CTPYKType cTand. [IpoBeneHs! HCIBITaH!s IPH OJHOOCHOM PACTSDKCHUH M Ha yIApHBIN M3THO, ONpeeIeHb! 3Haue-
HUSI MEXaHHYECKUX CBOWCTB. Y CTAHOBJICHO, YTO IIPH JBYXCTYNIEHYATOH 3aKaJIKe JOCTHUTaloTCcs 0ojiee BBICOKHE 110 CpaBHE-
HUIO C 3aKaJIKOW B Macyie ¥ HU3KOTEMIEpaTypHBIM OTIIyCKOM IOKa3aTelIH MPOYHOCTH W OTHOCHUTEIBHOTO YIUIMHEHUS IPH
MCHBIINX 3HAUYCHHUSAX OTHOCHTENIBHOTO CYKCHHS M yIapHOH BS3KOCTH. [Ioka3aHO, UTO C TOYKM 3pEHHs KOHCTPYKTHBHOM
HAJIS)KHOCTH MalIMHOCTPOUTEIBHBIX JEeTANCH CTyNeHYaTas 3aKajKa He SBISIETCS ONTHMAJIbHBIM PEKHMOM TEPMUYECKON
00paboTku mccaexyeMoi cramu. Haumydmiee coueTaHue MPOYHOCTH, MIIACTHYHOCTH M yJApHOW BSI3KOCTH JIOCTHUTAETCS
MoCTIe 3aKaJIKN ¥ HU3KOTEMIIEPAaTypHOTO OTITyCKa.

Kniouesvle cnoea: mpeBpaiieHusi TEPEOXITAKISHHOTO ayCTeHHWTa; CTymeHuyaTas 3akanka; crainb 20X2I2CHMA;
20Cr2Mn2SiNiMo; quenching — partitioning; n3oTepMHYecKas 3aKalika; 3aKajka U OTIIYCK; OCTATOYHBIA ayCTEHHT; Iep-
BUYHBIM MapTEHCHUT; U30TEPMUYECKUI OCHHUT; BTOPHYHBIN MapTEHCUT.
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