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An experimental high-strength steel 20Kh2G2SNMAwith high resistance of supercooled austenite to forma-

tion of diffusion transformation products is studied. Dilatometric analysis of the phase and structural transfor-

mations under continuous cooling and isothermal holding is performed. The time-temperature ranges of the

transformations are found. The thermokinetic diagram is plotted. The mechanical properties of the steel are

determined after different treatments, i.e., annealing, normalizing, quenching, tempering, isothermal and step

quenching. It is shown that the presence of bainite in the structure lowers the impact toughness of the steel in-

dependently of its morphology and of the temperature range of its formation.

Key words: steel, heat treatment, microstructure, bainite, mechanical properties, isothermal

quenching.

INTRODUCTION

Steels with high resistance of supercooled austenite to

formation of ferrite-bainite mixture have considerable advan-

tages over the low-alloy structural steels used widely in me-

chanical engineering [1, 2]. The advantages include the pos-

sibility of the use of decelerated cooling in heat treatment,

which lowers the level of residual stresses and provides a ho-

mogeneous structure over the entire cross section of the part

[3 – 6]. In its turn, this makes the heat treatment processes

easier to implement and raises the stability of the mechanical

and functional properties of ready steel parts including

large-size ones.

Steels with elevated content of chromium and nickel

(18Kh2N4MA, 25Kh2N4MA, 38KhN3MA) [7, 8] and

low-carbon martensitic steels (12Kh2G2NMFt,

15Kh2NMFBA, 27Kh2G2NMFBA) [9 – 11] with high sta-

bility of supercooled austenite are classified conventionally

as martensitic steels (Guillet classification). All these steels

contain expensive alloying elements (Ni, Mo, Ni, Nb, V) and

their application is not always expedient economically.

The aim of the present work was to study the special fea-

tures of formation of structure and mechanical properties of

an advanced sparingly alloyed high-strength steel

20Kh2G2SNM with high stability of supercooled austenite.

METHODS OF STUDY

We studied low-carbon alloyed martensitic steel

20Kh2G2SNM containing the following main alloying ele-

ments (in wt.%): 0.22 C, 1.96 Cr, 2.02 Mn, 0.96 Si, 1.09 Ni,

and 0.31 Mo.

The occurrence of transformations in supercooled aus-

tenite in the steel was studied using a LINSEIS L78 R.I.T.A.

dilatometer. Cylindrical specimens with diameter 4 mm and

length 10 mm were heated in vacuum to an austenitization

temperature of 900°C at a rate of 10 K sec. The hold at this

temperature was 15 min. Continuous cooling of the speci-

mens was conducted at a constant rate of 0.1 – 30 K sec. The

temperatures of the start and finish of the transformations un-

der the heating and the cooling were determined by the
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method of detachment of a tangent drawn to the linear part of

the curve describing the dependence of the elongation of the

specimen on the temperature [12].

We also studied the kinetics of the isothermal transfor-

mation of supercooled austenite in the steel by the method of

dilatometry. After 15-min austenitization at 900°C the speci-

mens were cooled in the chamber of the dilatometer at a rate

v
cool

= 30 K sec to the required temperature of isothermal

hold. The hold lasted for 2 – 3 h. Then the specimens were

cooled arbitrarily in the chamber of the dilatometer.

We analyzed the transformations of supercooled auste-

nite under continuous cooling and isothermal hold using the

dilatometric data by the method of [13, 14].

In the next stage of the study we performed a laboratory

heat treatment of specimens in chamber furnaces (auste-

nitization and tempering) and in a tank shaft furnace with a

melt of 50% KNO
3
+ 50% NaNO

3
(isothermal holding) by

the following variants.

1. Austenitization at 900°C for 60 min and cooling under

different conditions, i.e., with the furnace (the average cool-

ing rate in the range of martensitic transformation

0.02 K sec), in air in a container with iron strips (0.2 K sec),

in still air (2 K sec), and in quenching oil I20A (20 K sec).

2. Austenitization at 900°C for 60 min, oil cooling, tem-

pering at 200 – 600°C for 3 h, and air cooling (QT variants).

3. Austenitization at 900°C for 60 min, hold in molten

salt at 280 – 380°C for 90 min, oil cooling, and tempering at

180°C for 3 h (AT variants).

4. Austenitization at 900°C for 60 min, hold in molten

salt at 280°C for 10 min, oil cooling, and tempering at 180°C

for 3 h (variant QP1).

5. Austenitization at 900°C for 60 min, hold in molten

salt at 280°C for 10 min, hold at 350°C for 60 min, oil cool-

ing, and tempering at 180°C for 3 h (variant QP2).

6. Austenitization at 900°C for 60 min, hold in molten

salt at 280°C for 10 min, oil cooling, hold at 350°C for

60 min, oil cooling, and tempering at 180°C for 3 h (variant

QPT).

The mechanical properties of the steel (the yield limit

0.2
, the ultimate strength

r
, the elongation , and the con-

traction ) after the treatments mentioned were determined

using an INSTRON facility at room temperature according

to GOST 1497. The specimens for the tests were shaped as

cylinders (type III) with functional part with diameter 6 mm

and length 30 mm. In tests for impact bending were per-

formed with the help of a pendulum hammer according to

GOST 9454 at room temperature for standard V-notched

specimens. The Rockwell hardness was measured according

to GOST 9013 (scale C).

The microstructure was studied using MEIJI IM7200,

OPYMPUS and other optical microscopes. To uncover the

microstructure, the polished sections were etched in a 5% al-

coholic solution of nitric acid.

RESULTS AND DISCUSSION

The dilatometric analysis gave us the critical tempera-

tures of the steel under heating, i.e., Ac
1
= 780°C and

Ac
3
= 860°C. We established that cooling from 900°C at a

constant rate of 0.1 – 30 K sec produced a bainitic structure

in the range of 355 – 480°C and a martensitic structure start-

ing with 355°C (Fig. 1a ). By the data of the dilatometry, the

content of bainite in the structure was 15 – 20% at v
cool

=

0.1 – 0.3 K sec and 5 – 10% at v
cool

= 1 – 10 K sec.

The microstructure of the steel after cooling from 900°C

at different rates does not differ substantially and has a lath

structure in all the cases (Fig. 2a and b ). The hardness grows

from 45 HRC (v
cool

= 0.1 K sec) to 49 HRC (v
cool

= 30 K sec),

which correlates with the content of bainite determined by

the dilatometry. Thus, the bainite formed in continuous cool-

ing of the steel in the range of 0.1 – 30 K sec has a morpho-

logy close to a martensitic one though the temperature of the
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Fig. 1. Dependence of the fraction of transformation of supercooled austenite (q
a
) on the temperature in continuous cooling

at a rate of 0.1 – 30 K sec and thermokinetic diagram of the transformation (the austenitization temperature is 900°C).



start of formation of martensite is quite high. The thermo-

kinetic diagram of the transformation of supercooled auste-

nite in the steel is presented in Fig. 1b.

We determined the mechanical properties of the steel af-

ter cooling it with different intensities. It turned out that the

decrease in the cooling rate by a factor of 1000 (from 20 to

0.02 K sec) results in lowering of the strength characteris-

tics, i.e., from 1300 to 1050 MPa (by 19%) for
0.2

and from

1540 to 1375 MPa (by 10%) for
r
. The elongation remains

invariable ( = 12 – 14%). However, when the cooling rate is

reduced from 20 to 0.02 K sec, the impact toughness KCV

decreases substantially (from 0.89 to 0.35 MJ m2, i.e., by

60%).

By the data of the metallographic studies, the structure of

the steel cooled at a rate of 0.02 K sec acquires a conside-

rable content of upper bainite (Fig. 2c ), which explains the

minimal level of the impact toughness typical for this type of

microstructure. However, the impact toughness lowers con-

siderably even when the cooling rate is lowered from 30 to

0.1 – 2 K sec, when the microstructure does not contain up-

per bainite (Fig. 2d ). This is explainable by the fact that the

lower bainite in the steel studied, just like the upper bainite,

has a lower level of impact toughness than martensite, while

it is expected that after the cooling at 20 K sec the steel

should acquire a maximum content of martensite.

To prove this hypothesis, we subjected the steel to iso-

thermal quenching in the range of 280 – 380°C (M
s
= 355°C)

in order to form a bainitic structure. By the data of the

dilatometry, the steel undergoes an isothermal bainitic trans-

formation of supercooled austenite in this temperature range,

both above and below M
s
(Fig. 3a ). According to [15, 16],

most grades of structural steels undergo an isothermal bai-

nitic transformation in the temperature range of formation of

martensite.

Our dilatometric studies show that the steel acquires

some carbon-enriched martensite below 240°C (Fig. 3b ) in

cooling after the isothermal hold at 340°C (below M
s
).

Therefore, the structure of the steel (Fig. 4a ) after the iso-

thermal treatment below 355 should consist of “primary”

martensite formed during the cooling to the temperature of

the isothermal hold, bainite, freshly formed high-carbon

martensite, and retained austenite stable at room temperature

and located in regions bainite and martensite in the form of

layers between -plates and in the form of blocky compo-

nents [15 – 18]. The content of “primary” martensite in the

structure of the steel subjected to isothermal quenching be-

low M
s
can be assessed from the curve describing the de-

pendence of the fraction of martensite on the temperature

plotted in continuous cooling (Fig. 1a ). In cooling to the

temperature of the isothermal holds at 280, 320 and 340°C its

content should be 75, 30 and 10%, respectively.

As a result of the isothermal quenching at 380°C, the

bainitic transformation develops incompletely, and the un-

transformed austenite is enriched with carbon. As a conse-

quence, the final cooling after the hold produces carbon-en-

riched martensite in the structure of the steel (Fig. 3b ). The
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temperature of the start of its formation (315°C) is somewhat

lower than the point M
s
of the initial steel but much higher

than after the isothermal hold at 340°C. This indicates a

lower redistribution of carbon between the - and -phases in

the process of formation of upper bainite and, as a conse-

quence, a lower stability of the austenite. The bainite formed

in the structure at a temperature above M
s
has a granular

structure. Its content can be assessed metallographically

(Fig. 4b ). It amounts to about 80 and 60% at the isothermal

hold at 360 and 380°C, respectively.

The ultimate strength of the steel depends little on the

temperature of the isothermal hold and amounts to

r
= 1400 – 1500 MPa. The ultimate strength is mainly af-

fected by the content of the formed bainite, i.e., is minimal

(
r
= 930°C) when the temperature of the isothermal hold is

340°C, when the structure acquires up to 85% bainite. The

contraction remains virtually invariable ( = 45 – 55%) and

the elongation decreases from = 15% for the isothermal

hold at 280°C to = 11% for the hold at 380°C.

When the temperature of the isothermal hold is raised

from 280 to 340°C, i.e., in the range below M
s
, the impact

toughness decreases from 0.72 to 0.40 MJ m2 (Fig. 5a ),

which correlates with the content of bainite in the structure

of the steel. Elevation of the temperature of the isothermal

hold to > 360°C raises the impact toughness to 0.52 MJ m2,

which is also related to the decrease in the proportion of

bainite in the structure. The data of Fig. 5b confirm that it is

the formation of bainite, including the lower one, which

causes the decrease in the impact toughness, i.e., prolonga-

tion of the time of the hold at 350°C from 5 to 90 min re-

duces the value of KCV from 0.72 to 0.49 MJ m2. The be-

havior of the curve correlates with the kinetics of formation

of bainite.

Step quenching known as “quenching-partitioning” [19]

does not increase substantially the toughness and the ductil-

ity properties of the steel studied as compared to the treat-

ment for martensite. In the case of a single-step quenching

QP1, the level of the ductility is the same as after the oil

quenching and low-temperature tempering, i.e.,
0.2

=
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1290 MPa,
r
= 1560 MPa. However, the value of the impact

toughness (KCV = 0.68 MJ m2 ) is lower than that of the

steel with martensitic structure (KCV = 0.89 MJ m2 ).

As a result of the two-step quenching QP2, the difference

between the yield strength (
0.2

= 945 MPa) and the ultimate

strength (
r
= 1550 MPa) is the highest, = 15%, KCV =

0.70 MJ m2. The lowering of the yield strength of the steel

in the case of the two-step quenching is a result of fuller oc-

currence of the bainitic transformation; the hold at 280°C is

followed by an additional hold at 350°C in which the bainitic

transformation continues to develop. The yield strength is

also affected by the content of retained austenite, which

should be somewhat higher in the case of the two-step

quenching due to the greater fraction of bainite and the

higher temperature promoting the redistribution of carbon.

After the step quenching with medium-temperature tem-

pering (QPT) the strength characteristics of the steel

(
0.2

= 1300 MPa,
r
= 1480 MPa) do not change substan-

tially with respect to those obtained in QP1, but the level of

the impact toughness decreases to KCV = 0.47 MJ m2. This

is connected with the development of temper brittleness. It

has been shown [20] that tempering of martensite at a tem-

perature above 300°C lowers the impact toughness of the

steel from 0.89 to 0.15 MJ m2. Tempering at 600°C, even

despite the growth in the ductility ( = 18%, = 63%) does

not promote growth in the impact toughness

(KCV = 0.25 MJ m2 ). This indicates that temper brittleness

develops intensely due to nonuniform precipitation of car-

bide particles in the tempering of martensite and possible

segregation of impurity atoms over the boundaries of

martensite laths and grains.

Figure 6 presents the results of a comparative analysis of

the mechanical properties of the studied steel after different

heat treatments. It can be seen that the use of isothermal and

step quenching does not cause considerable increase in the

toughness and ductility parameters, i.e., the maximum im-

pact toughness (KCV = 0.89 MJ m2 ) is detected after

quenching for martensite and low-temperature tempering (in

this case
0.2

= 1300 MPa,
r
= 1540 MPa). In all the other

cases (tempering of martensite, formation of bainite) the

level of the impact toughness is not higher. The main reasons

behind the lowering of the impact toughness of the steel, as

well as of steel 30Kh2GSN2VM considered in [21, 22], are

the insufficient stability of the retained austenite (which can

be inferred from formation of martensite in cooling after the

isothermal hold) and the temper brittleness due to precipita-

tion of carbide particles. However, it should be noted that at

r
= 1400 MPa (

0.2
= 1000 MPa) isothermal quenching at

280 – 300°C provides the highest impact toughness in the

steel as compared to quenching and medium-temperature

tempering and normalizing or annealing (the variants with
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decelerated cooling from the austenitization temperature).

Therefore, isothermal quenching can be expedient in some

cases for attaining the required characteristics in ready parts.

Thus, the bainite in the steel studied possesses reduced

toughness with respect to the martensite independently of its

morphology and the temperature range of formation. Despite

the reduced level of impact toughness under decelerated

cooling, the high strength and ductility of the steel make it

possible to use it for manufacturing large-size parts and to

employ air or gas cooling media for its heat treatment.

It should be noted that the steel in question does not con-

tain too much expensive alloying elements, and its cost

should be 20 – 30% lower than that of its nearest counter-

parts like 18Kh2N4MA, 25Kh2N4MA, 30Kh2GSN2VM etc.

CONCLUSIONS

1. We have studied an advanced sparingly alloyed

high-strength steel 20Kh2G2SNMA with Ac
1
= 780°C and

Ac
3
= 860°C.

2. When cooled continuously at a rate of 0.1 – 30 K sec,

the steel undergoes a bainitic transformation in the range of

355 – 480°C and a martensitic transformation below

M
s
= 355°C.

3. When the cooling rate from the austenitization tempe-

rature is reduced by a factor or 1000 (from 20 to 0.02 K sec),

the strength of the steel decreases by only 10% (from 1540 to

1375 MPa), the ductility remains invariable ( = 12 – 14%),

but the impact toughness KCV lowers by 60% (from 0.89 to

0.35 MJ m2 ).

4. The impact toughness of the steel with bainitic struc-

ture is lower than that with martensitic structure, i.e.,

KCV = 0.4 – 0.7 MJ m2 after isothermal (or step) quenching

in the range of 280 – 380°C (bainitic-martensitic structure)

and KCV = 0.89 MJ m2 after oil quenching and low-tempe-

rature tempering (totally martensitic structure).

The work has been performed to implement grant

No. 22-29-00106 of the Russian Scientific Foundation.
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