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The mechanical properties of steel 30CrMnSi (30KhGSA) are studied upon optimization of the mode of heat

treatment with respect to four parameters [the duration of austenitization (15 – 40 min), the temperature of the

first tempering (480 – 530°C), the temperature of the second tempering (the temperature of the first tempering

� 50°C), the duration of the second tempering (60 – 100 min)] and upon changing the cooling medium in

quenching, first tempering, second tempering, and second refinement. The parameters are optimized using the

method of analysis on the response surface for 30 tests. The structure of the steel after the treatment by the op-

timized modes is studied by scanning electron microscopy, including the methods of back-scattered electrons

and energy dispersive analysis.

Key words: chromium-silicon-manganese steel, heat treatment, too-stage tempering, design of ex-

periment, response surface, optimization.

INTRODUCTION

Steel 30CrMnSi (30KhGSA) is a well known representa-

tive of high-strength low-alloy steels. Various variants of

heat treatment of this steel provide a wide range of mechani-

cal properties, which makes this grade suitable for various

operating conditions. The composition of steel 30CrMnSi

fully matches that of the Russian 30KhGSA counterpart; the

western counterparts are grades AISI 4130 and 5130 [1]. Ta-

ble 1 presents the chemical compositions of steel 30KhGSA

prescribed by the Russian Standard and of steel 30CrMnSi

determined by a spark emission spectroscopic analysis. The

design critical points for 30CrMnSi are as follows: Ac
1
=

718°C, Ac
3
= 846°C (reported values are Ac

1
= 760°C and

Ac
3
= 830°C). The preferred temperature of austenitizing is

about 890°C [2].

Repeated tempering of tool steels is a well known

method, but such tempering is applied rarely to low-alloy

steels. As a rule, the required properties are obtained by

varying the parameters of one-stage (first) tempering. The

available data show that two-stage tempering affects little the

rupture strength. The dependence of the ductility and of the

impact toughness on the composition of the steel and on the

tempering temperature and time is more complex [3]. The ef-

fect of two-stage tempering is stronger in silicon-alloyed

steels due to the action of silicon on formation of carbides

during tempering. At a high Si : C proportion in the solid so-

lution an �-carbide may precipitate due to low-temperature

tempering of martensite. At higher tempering temperatures

carbon becomes steadier in the solid solution, and the vo-

lume fraction of the carbide phase decreases. The impact

toughness of a steel can be raised by choosing the tempera-
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tures of the first and second tempering, if the steel contains

alloying elements decelerating the decomposition of mar-

tensite. The appropriate choice provides optimum distribu-

tion of the carbide phase, admissible level of stresses in the

martensite, and hence creation of optimum properties in the

metal [3]. In [1] the impact toughness of steel 30KhGSAwas

measured after 3-h tempering at 200 – 600°C and cooling in

air. Tempering at 250 – 400°C lowers the impact toughness,

i.e., the steel becomes susceptible to temper brittleness. In

[4] the microstructure and mechanical properties of steel

30KhGSA were studied after thermomechanical treatment in

the range of intermediate stability of the austenite (austem-

pering) under continuous cooling at different cooling rates,

and the tempering temperature was optimized with the aim to

obtain a bainitic structure. After austenitization at 900°C and

15-min deformation at 360°C, water quenching and 1-h tem-

pering at different temperatures the structure acquired

round-shape bainite. It should be noted that optimization of

several parameters always requires a laborious statistical

analysis for obtaining the best result. Today many research-

ers resort to different methods of design of experiment, in-

cluding commercial ones widely used in the industry for re-

ducing the time and the cost of the processes.

The most popular method of the kind is one-factor se-

quential experiment (OFSE). In some cases of complex mu-

tual influence of the studied parameters such an experiment

requires considerable time and economic resources and may

give an inaccurate result.7 The most effective way to raise the

accuracy and efficiency of the time and economic resources

is to resort to modified methods.

In the method of OFSE the parameters may vary with

time sequentially (i.e., not simultaneously), and the mutual

effect of several parameters is hardly determinable. Modern

methods of design of experiment make it possible to allow

for the mutual effect of two and more parameters [5]. The

most popular methods of design of experiment are factorial

design [6], Taguchi approach [7], and analysis of response

surface (RSA) [8].

In the method of RSA the response may give a curve in-

stead of a straight line obtained in the factorial approach.

This may give a more accurate estimate and will make it pos-

sible to use polynomial models of the first order [9].

The aim of the present work was to optimize the modes

of heat treatment (the time of austenitizing, the temperatures

of the first and second tempering operations, and the duration

the second tempering) of steel 30CrMnSi (30KhGSA) using

the method of response surface analysis (RSA).

METHODS OF STUDY

The optimization criteria were the rupture and yield

strengths, the hardness, and the elongation. We also took into

account the effect of the environment after austenitizing and

tempering, second tempering, and repeated refinement.

Optimization by the method of design of experiment was

performed in two stages.

Stage 1. The initial materials were plates from steel

30CrMnSi 360 � 280 � 4 mm in size; the plates were used to

cut specimens for tensile tests according to the ASTM E8M

Standard (Fig. 1).

The chemical composition of the steel is presented in Ta-

ble 1. It can be seen from the table that the content of phos-

phorus and sulfur in the metal is below the standardized up-

per limit (0.025%).

The steel was heat treated in a muffle furnace. The speci-

mens were subjected to austenitizing at 900°C, cooled in oil

at a temperature of 25°C and in air at 25°C. The time of the

first tempering was 2 h. The ranges were as follows: the

austenitizing time �
aust

= 15 – 40 min, the temperature of the

first tempering t
I
= 480 – 530°C, its duration t

I
= 2 h, the

temperature of the second tempering t
II
= t

I
� 50°C, its dura-

tion t
II
= 60 – 100 min. In accordance with ASTM E8M two

specimens were treated in each cycle. After this we measured

their HRC hardness and performed tensile tests of each spec-

imen. In all the cases the design was performed with the help

of the Design Expert v7.0.0 software (Central Composite

Design subset for creation of the model, simulation, statisti-
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TABLE 1. Chemical Compositions of Steels 30KhGSA and 30CrMnSi

Steel

Content of elements, wt.%

C Mn Si Cr Ni Cu P S

30KhGSA 0.25 – 0.34 0.8 – 1.1 0.9 – 1.2 0.8 – 1.1 � 0.3 � 0.3 � 0.025 � 0.025

30CrMnSi 0.28 0.91 0.94 0.90 – – 0.016 0.014

100

30 32

R6

6

4

1
0

2

Fig. 1. Sizes of a specimen for tensile tests according to ASTM

E8M.

7
In addition, in some cases OFSE may skip optimum estates of the

factors (Ed. note).



cal analysis and optimization by RSA). The tests were con-

ducted in a random mode in order to minimize the effect of

not controllable factors [10]. To raise the accuracy of the

model and to lower the systematic errors and the human fac-

tor effect [11] five central points were used in the design of

the experiments. Table 2 presents the parameters of the ex-

periments designed. The standard number characterizes the

sequence of computations, and the test number characterizes

the sequence of conduction of tests. These numbers are re-

quired for obtaining random responses and lowering the in-

fluence of interferences on the results [9]. The experiments

were performed in five periods. Each period was represented

as a block in order to determine the possible error in each

block.

When the results of each test are introduced as output

data, the software forms a table for analysis of variance

(ANOVA) and a model, and formulates conditions for con-

duction of a confirmatory trial. The ANOVA exhibits the ef-

fect of each parameter on the responses [9, 12]. After optimi-

zation, the results of the confirmatory trial are compared to

the values predicted by the model.

Stage 2. We conducted six experiments by optimum re-

gimes determined in the first stage for estimating all possible

effects of each parameter. The modes of these experiments

are presented in Table 3. The specimens with the best proper-

ties were studied by the methods of light and scanning elec-

tron microscopy.

RESULTS AND DISCUSSION

First Stage of Optimization by the Method of Design

of Experiment

The responses for the experiments designed according to

Table 2 are presented in Table 4. The optimization was based

on the values of the rupture strength and elongation, but

models were derived for all the four optimization criteria (re-

sponses).

A. Model for the yield strength �
0.2

(MPa):

�
0.2

= 2072.57305 – 2.34576t
I
– 1t

II
– 8.90856 � 10

– 3
t
II

2
,

where t
I
and t

II
are the temperatures of the first and second

tempering stages (°C), respectively.
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TABLE 2. Design of Experiment by the Method of OFSE

Standard

number

Number

of experi-

ment

Block �
aust

, min t
I
, °C t

II
, °C t

II
, min

1 22 4 15 480 430 60

2 16 3 35 480 430 60

3 24 4 15 530 480 60

4 29 5 35 530 480 60

5 25 5 15 480 530 60

6 8 2 35 480 530 60

7 15 3 15 530 580 60

8 21 4 35 530 580 60

9 4 1 15 480 430 100

10 1 1 35 480 430 100

11 9 2 15 530 480 100

12 3 1 35 530 480 100

13 13 3 15 480 530 100

14 11 2 35 480 530 100

15 12 2 15 530 580 100

16 17 3 35 530 580 100

17 10 2 9 505 505 80

18 28 5 41 505 505 80

19 23 4 25 464 464 80

20 26 5 25 546 546 80

21 20 4 25 505 422 80

22 6 1 25 505 422 80

23 14 3 25 505 505 47

24 27 5 25 505 505 113

25 5 1 25 505 505 80

26 2 1 25 506 505 80

27 7 2 25 505 505 80

28 18 3 25 505 505 80

29 19 4 25 505 505 80

Notations: �
aust

) time of austenitizing at t
aust

= 900°C; t
I
) tempera-

ture of the first tempering of duration �
I
= 2 h; t

II
and �

II
) tempera-

ture and duration of the second tempering, respectively.

TABLE 3. Experimental Modes in the Second Stage of Optimiza-

tion of Steel 30CrMnSi

Regime t
n
, °C �

n
, min

Quenching

medium
CM

I
t
II
, °C �

II
, min CM

II

A
1

900 20 Oil Air 430 60 Air

B 900 20 Oil Oil 430 60 Oil

D
2

900 20 Oil Air 430 60 Air

E 900 20 Water Air 430 60 Air

F 900 20 Oil Air – – –

G – – Oil Air 430 60 Air

H
3

900 20 Oil – – – –

1
Optimum mode obtained in the first optimization stage.

2
After second austenitizing and first tempering.

3
After quenching.

Notations: t
n
and �

n
) temperature and duration of normalizing, re-

spectively; CM
I
and CM

II
) cooling media after the first and second

tempering, respectively.

Note. In all the experiments the austenitizing temperature was

880°C, the duration of the first tempering was 120 min, and the tem-

perature of the second tempering was 480°C.



B. Model for rupture strength �
r
(MPa):

�
r
= 2461.60177 – 3.07585�

aust
– 2.96213t

I
–

0.88253t
II
– 7.14484�

II
+ 0.013514t

I
�
II
–

0.081242�
aust

2
– 4.70221 � 10

– 3
t
II

2
,

where �
aust

is the duration of the austenitizing (min).

C.Model for elongation � (%):

� = 12.25 + 1.21t
I
(code) + 0.80t

II
(code).

Since the model of the elongation does not reflect the

hierarchic tendency, the program has coded the former.

D. Model for HRC hardness:

HRC = 64.94520 – 0.067759t
I
–

0.022327t
II
– 2.67582 � 10

– 4
t
II

2
.

Tables 5 and 6 present the results of the analysis of vari-

ance (ANOVA) for the rupture strength and the elongation,

respectively. With allowance for the value of p of the model,
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No
st

No
exp

�
0.2

, MPa �
r
, MPa �, % HRC

1 2 1 2 1 2 1 2

1 22 1002 970 1046 1031 12.0 9.5 33.4 32.4

2 16 975 980 1029 1025 12.5 8.8 30.3

3 24 844 846 919 928 13.6 14.0 33.3 27.2

4 29 835 845 925 940 15.7 14.0 28.3 30.1

5 25 908 890 973 960 12.0 13.0 31.3 30.1

6 8 817 913 989 968 – 14.7 31.2 31.3

7 15 775 758 875 858 14.0 14.4 27.9 27.5

8 21 735 720 825 830 13.4 15.2 27.5 28.5

9 4 1001 950 1060 1030 11.6 10.0 33.2 33.8

10 1 975 980 1025 1040 10.0 11.0 34.7 33.7

11 9 907 795 981 971 10.7 11.6 29.1 29.2

12 3 863 830 928 921 16.0 15.2 28.9 29.2

13 13 780 815 942 915 14.0 9.0 32.9 29.4

14 11 873 885 931 935 10.5 – 31.4 29.4

15 12 801 803 882 889 15.4 15.3 26.7 26.1

TABLE 5. ANOVAResults for �r of Steel 30CrMnSi

Source Sum of squares d
f Mean square F

p-probabi-

lity > F
Note

Block 10793.75 4 2698.44 – – –

Model 1.754 � 10
5

7 25057.73 144.43 < 0.0001 Essential

A (�
aust

) 3915.88 1 3915.88 22.57 < 0.0001 –

B (t
I
) 89470.44 1 89470.44 515.71 < 0.0001 –

C (t
II
) 71625.48 1 71625.48 412.85 < 0.0001 –

D (�
II
) 1461.89 1 1461.89 8.43 0.0057 –

B D 1338.26 1 1338.26 7.71 0.0079 –

A
2

1721.60 1 1721.60 9.92 0.0029 –

C
2

4068.02 1 4068.02 23.45 < 0.0001 –

Residue 7980.55 46 173.49 –

Approximation residual 3000.05 16 187.50 1.13 0.3740 Not essential

True error 4980.50 30 166.02 – – –

Total 1.942 � 10
5

57 – – – –

Notations: d
f
) number of degrees of freedom; �

aust
) time of austenitizing at t

aust
= 900°C; t

I
) temperature of the

first tempering at �
I
= 2 h; t

II
and �

II
) temperature and duration of the second tempering, respectively.

No
st

No
exp

�
0.2

, MPa �
r
, MPa �, % HRC

1 2 1 2 1 2 1 2

16 17 755 760 845 860 14.4 14.8 24.9 26.3

17 10 921 930 983 993 14.2 12.0 30.8 29.9

18 28 885 833 945 905 12.9 10.7 28.0 30.0

19 23 971 1001 1031 1030 12.0 10.8 32.9 32.7

20 26 781 783 869 873 15.1 11.5 29.7 28.4

21 20 914 918 993 998 14.0 15.2 33.1 31.1

22 6 763 756 873 865 16.0 15.5 25.5 27.0

23 14 902 915 968 982 12.1 14.0 31.0 28.8

24 27 890 880 945 960 12.9 12.7 31.5 31.9

25 5 892 880 962 970 11.6 12.4 31.0 31.2

26 2 901 885 987 960 11.0 12.8 32.1 29.3

27 18 885 925 955 980 12.0 12.8 30.9 31.4

28 7 878 910 968 937 11.6 11.2 30.5 31.1

29 19 877 897 1003 959 13.2 15.0 30.8 30.8

Notations: No
st
) standard number; No

exp
) number of experiment.

TABLE 4. Values of Responses in Designed Experiments for Specimens 1 and 2 of Steel 30CrMnSi



we may state that the model is essential for both criteria (�
r

and �) with probability 99.99%. In addition, the effect of the

interferences is minimum, and the model is steady, because

is inadequacy is low.

We compared the experimental results and the values

computed by the model for each optimization criterion

(Fig. 2). It can be seen that the experimental points deviate

little from the computed values for the case of �
r
(Fig. 2b ).

Table 7 presents the values of the responses computed by

the models. Comparison of the data of Tables 7 and 4 shows

the relation between the experimental results and the values

computed by the models.

With allowance for the data obtained for each criterion

we may distinguish the effective parameters, i.e.,

– the temperatures of the first and second tempering —

for the yield strength;

– the duration of the austenitizing, the temperatures of

first and second tempering, and the duration of the second

tempering — for the rupture strength;

– the temperatures of the first and second tempering —

for the elongation;

– the temperatures of the first and second tempering —

for the hardness.

We continued the optimization with allowance for the

following conditions:
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TABLE 6. ANOVAResults for � of Steel 30CrMnSi

Source Sum of squares d
f

Mean square F p-probability > F Note

Block 0.96 4 0.24 – – –

Model 80.43 2 40.21 17.14 < 0.0001 Essential

B 55.82 1 55.82 23.80 < 0.0001 –

C
2

18.98 1 18.98 8.09 0.0065 –

Residue 114.93 49 2.35 –

Approximation

residual 61.87 21 2.95 1.55 0.1365 Not essential

True error 53.06 28 1.90 – – –

Total 196.32 55 – – – –
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Fig. 2. Relation between computed (the ordinate) and experimental (the abscissa) values of the yield strength (a),

ultimate strength (b ), elongation (c), and HRC hardness of steel 30CrMnSi.



– maximization of �
r
(over 1050 MPa);

– maximization of � (over 10%).

The optimized conditions were as follows: the time of

the austenitizing 20 min, the temperature of the first temper-

ing 480°C, the temperature of the second tempering 430°C,

the duration of the second tempering 60 min.

The properties of the two specimens after this variant of

heat treatment are presented in Table 8. In addition, we give

in the table the scattering of the values of each optimization

parameter with confidence interval 90%. The data of Table 8

show that the optimization has been successful. The experi-

mental and computed (by the model) data agree well.

Second Stage of Optimization

In this stage we made experiments on estimation of the

effect of the following parameters of heat treatment on the

mechanical properties of the steel (Table 9):

A ) specimens after the first stage of statistical optimization;

B ) cooling medium after tempering and cooling rate;

D ) repeated quenching and tempering;

E ) cooling medium after austenitizing;

F ) one-stage tempering after quenching;

G ) normalizing before the principal treatment;

H ) quenching without subsequent tempering.

Figure 3 presents the results of metallographic analysis

of initial and optimized (variant A ) specimens. In the initial

condition we observe a ferrite-perlite structure with perlitic

colonies (Fig. 3a ). After the optimized treatment the struc-

ture is represented by tempered martensite (Fig. 3b ). Fi-

gure 4 presents images of the structure of a specimen after

optimum treatment obtained in secondary and back-scattered

electrons. The image in back-scattered electrons presents a

homogeneous structure with uniform distribution of the al-

loying elements in the matrix without a feature of segrega-

tion. The image in secondary electrons presents an ultrafine-
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TABLE 7. Comparison of Computed and Experimental Mechani-

cal Characteristics and Hardness of Steel 30CrMnSi

Standard

number
�
0.2

, MPa �
r
, MPa �, % HRC

1 972.99 1042.21 11.92 33.38

2 969.86 1037.25 11.86 32.22

3 855.71 934.64 14.34 29.99

4 849.68 929.68 14.35 29.49

5 867.13 968.71 11.93 30.65

6 884.61 972.69 14.28 30.43

7 752.74 861.16 14.34 26.60

8 755.87 826.66 11.70 27.76

9 977.23 1039.40 11.70 33.21

10 977.23 1019.67 14.21 33.21

11 867.16 973.79 14.12 29.27

12 859.94 939.13 11.86 29.82

13 870.02 942.39 11.79 29.99

14 884.61 946.35 14.21 30.43

15 767.32 885.54 14.28 27.04

16 752.74 842.13 12.20 26.60

17 898.15 980.27 12.34 30.52

18 880.67 923.74 10.39 30.74

19 980.53 1023.14 14.28 33.95

20 786.85 887.42 14.64 28.03

21 907.20 988.95 14.42 31.20

22 741.72 862.44 12.27 27.23

23 883.57 973.89 12.34 30.08

24 880.67 951.45 12.11 30.74

25 890.94 971.43 12.11 31.07

26 890.94 971.43 12.11 31.07

27 890.94 971.43 12.20 31.07

28 898.15 986.36 12.20 30.52

29 898.15 986.36 11.92 30.52

TABLE 8. Predicted Optimized Values of Characteristics, Their

Scattering, and Results of Experiments for Steel 30CrMnSi

Factor

or specimen
�
0.2

, MPa �
r
, MPa �, % HRC

Predicted value 974.3 1061.7 11.84 32.87

Scattering 922.4 –

1026.2

1038.0 –

1085.4

9.2 – 14.5 30.7 – 35.0

Specimen 1 1000 1080 10.4 –

Specimen 2 1005 1087 11.2 36.0

Note. The experimental values of the characteristics of two speci-

mens heat treated in optimized modes.

TABLE 9. Mechanical Properties of Steel 30CrMnSi after the Se-

cond Stage of Optimization

Mode �
0.2

, MPa �
r
, MPa �, % 	, % HRC

Initial con-

dition

545 764 11.2 – 24.8

545 748 13.0 – 24.4

A 1000 1080 10.4 36.3 –

1005 1087 11.2 38.9 36.0

B 1052 1136 9.2 35.2 37.8

1025 1070 9.6 34.9 –

D 933 1023 12.0 43.4 34.0

910 1013 10.0 47.0 –

E 955 1030 10.0 38.4 –

957 1035 12.8 39.1 34.0

F 960 1020 12.0 39.9 –

976 1051 10.8 37.8 34.0

G 966 1070 9.6 8.5 34.0

965 1050 10.4 32.5 –

H 1473 1658 8.9 35.3 –

1370 1680 9.4 33.9 49.3



grained structure of acicular martensite. The results of the

energy dispersive spectroscopy are presented in Fig. 5.

Experiment A is a result of statistical optimization after

which the steel exhibits the best properties in accordance

with the data of Table 9.

Experiment B proves the effect of the cooling medium

(air or oil) on the mechanical properties of the steel. The

strength increases and the ductility decreases upon growth of

the cooling rate after the tempering, which causes high resi-

dual stresses.

The results of experiment D are lower than those of ex-

periment A. The repeated quenching and first tempering in

experiment D result in a lower level of mechanical proper-

ties. The second austenitizing after quenching and tempering

naturally require less time than the austenitizing of a perlitic

structure [13]. In addition, air heating of the steel causes its

decarburization.

Experiment E shows that the cooling after the quenching

determines the mechanical properties of the steel. The high

cooling rate in water may give rise to high thermal and phase

stresses and, as a consequence, to microcracks. Despite the

fact that the stresses may decrease during tempering, micro-

cracks will appear at stresses below the level of �
r
.

We may conclude from experiment F that 2-h tempering

480°C does not give an optimum result. It also follows from

this experiment that in the process of second tempering at the

relatively low temperature the internal stresses in the mar-

tensite decrease, whereas �
r
and � grow.

Experiment G reflects positive action of normalizing on

the mechanical properties of the steel (as compared to the re-
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Fig. 4. Microstructure of steel

30CrMnSi after optimization (scanning

electron microscopy): a) in secondary

electrons (morphological analysis); b ) in

back-scattered electrons (distribution of

alloying elements).
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Fig. 5. Energy dispersive spectroscopy of heat treated steel

30CrMnSi (30KhGSA).
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Fig. 3. Microstructure of steel 30CrMnSi in the initial condition (a)

and after optimization according to cycle A (b ).



sults of experiment A ). Normalizing improves the perlitic

microstructure of the initial specimen. In this case the opti-

mum time of austenitizing is 20 min. The refinement of the

microstructure of perlite not only improves its homogeneity

but also promotes marked growth in the number of places of

formation of nuclei. By the data of the crystallographic ana-

lysis the coarse-grained perlite in the initial specimen has a

heterogeneous nature and, therefore, the austenitization low-

ers the mechanical properties.

The aim of experiment H was to compare the microstruc-

tures of the specimens before and after tempering. We ex-

pected a brittle behavior of the quenched specimen. How-

ever, the result was unexpected, namely, the combination of

�
r
= 1650 MPa and � = 9% was unusual for the steel studied.

Since the second tempering stage was absent in experi-

ment F, comparison of the properties obtained after experi-

ments F and A shows that the second tempering increases �
r

by 45 – 50 MPa, �
0.2

by 35 MPa and the hardness by 2 HRC,

and lowers � by 0.6% and 	 by 1.25%.

CONCLUSIONS

1. The method of plotting of response surface has been

used for optimizing the regime of heat treatment for steel

30CrMnSi (30KhGSA) including two-stage tempering. The

optimization criteria were the mechanical properties.

2. The optimum conditions for heat treatment of the steel

are 20-min austenitizing at 900°C, first tempering at 480°C,

and second tempering at 430°C for 60 min. After such treat-

ment the steel has �
0.2

= 1003 MPa, �
r
= 1084 MPa, � =

10.8%, and a hardness of 36 HRC.

3. After the optimum variant of heat treatment the steel

acquires a more homogeneous structure of tempered mar-

tensite.
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