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of economic alloyed steels for power engineering

Mema. [ocniGumu ennue KOMI/IeKCHO20 MIKposiegy8aHHs a30moM, mMUMmaHOM | anoMiHiEM Ha cmpykmypy i enacmu-
80CmIi TUMUX HU3bKOorie2o8aHuUXx cmariel npu rnidsuweHux memrepamypax.

Memoduka. []ns memarnozpachidHo20 aHanizy MiKpocmpykmypu cmarsel 3acmocogysarnucsi Memoou Onmu4HoOi Mikpo-
ckonii. MexaHiqyHi enacmusocmi rpu KiMmHamHil i midsuw,eHoi memnepamypu gu3Haqarnu Ha cmamuyHul po3msie, 3a2uH
i ydapHuli eueuH.

Pe3ynbmamu. TexHonoeis kapb6oHImpudHO20 3MiUHEHHST KpeMHiliMapeaHyesux merocmilkux cmanel npodlwia do-
cnidHo-npomucrose onpobysaHHs. Pe3ynbmamu mexaHiYHUX surnpobysaHb cgid4amb rpo CrApusimiaueoMy KOMIIeKC-
HOMYy ernusi azomy, mumady i antomirito Ha enacmusocmi cmanu 20 CJ1 e yceomy diana3oHi poboyux memmnepamyp.
Haykoea Hoeu3Ha. Bniepwe docnidxeHo ennue HaHooucrnepcHuUx kapboHimpudHux ¢a3 (TiN, AIN) Ha mexaHiyHi enac-
musocmi HU3bKOIe208aHoT KpeMHitiMapaaHuesoi cmani mury ['CJ1 npu nidsuweHux memnepamypax (250-450°C).
lpakmuyHa 3Hayywicmb. 3acmocysaHHs mexHoroeii KapboHIMPUOHO20 3MIUHEHHSI KpeMHiliMapeaHyesux mernaoc-
milikoi ennekmpocmarii 3abe3anedye nidsuweHHs ekcriiyamau,itHoi HadiliHocmi, 36inbWeHHsT MepMiHy CriyX06u i 3HUXeH-
HS MEMAanoEMHOCMI ycmamkKy8aHHs1 eHepa2emu4yHo20 MaluHObydy8aHHs.

Knro4yoei cnoea: mexHoroeisi, enekmpocmarnbs, mernmaocmilkicmbs, KapOOHIMpudHe 3MiUHEHHs], MiKponeayeaHHs,
cmanb 20ICJ1

Purpose. Investigate the effect of complex microalloying with nitrogen, titanium and aluminum on the structure and
properties of cast steels at elevated temperatures.

Methodology. Methods of optical microscopy were used for metallographic analysis of the microstructure of steels. The
mechanical properties at room and elevated temperatures were determined for static tension, crease and impact bend-
ing.

Results. The technology of carbonitride strengthening of silicon-manganese production steels has passed pilot testing.
The results of mechanical tests indicate a favorable complex effect of nitrogen, titanium and aluminum on the properties
of 20GSL steel in the entire range of operating temperatures.

Scientific novelty. For the first time, the effect of nano-dispersed carbonitride phases (TiN, AIN) on the mechanical
properties of low-alloy silicon-manganese steel of the GSL type at elevated temperatures (250-4500C) has been inves-
tigated.

Practical value. The use of carbonitride technology for strengthening silicon-manganese heat-resistant electric steel
provides an increase in operational reliability, an increase in the service life and reduce the metal consumption of

equipment for power engineering.

Keywords: technology, electric steel, heat resistance, carbonitride reinforcement, microalloying, steel 20GSL.

Introduction. Nowadays, low-alloy silicon-
manganese steels are used for the manufacture of
castings of critical-purpose and increased strength
parts operating in the temperature range from -40 ° C
to + 450 ° C. For example, 20GSL steel is used for
the production of parts for hydro, steam and gas tur-
bines, parts for equipment of nuclear power plants,
heat supply stations, combined heat and power
plants, nuclear reactors and installations, as well as
parts of welded-cast structures with a large volume of
welding. Accordingly, an increase in the strength of
low-alloy silicon-manganese steels provides:

- increased service life and reduced costs and
time for repair work;

- increase operational reliability;

- reduce in metal consumption.

Analysis of literature indicates and problem state-
ment.To obtain high strength properties, low-alloy sili-
con-manganese steels (15GSL [1-4], 20GSL [5-7],
25GSL[8], 30GSL [5]) contain a sufficiently high con-
centration of silicon, which worsens their impact and
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plastic characteristics. It should be noted that in for-
eign analogs of steels of this class (for example on
DIN EN 10269) the silicon content is limited to a level
of £0.50%. To mitigate the effect of silicon on brittle-
ness and improve the mechanical and operational
properties of low-alloy silicon-manganese steels, we
proposed their complex microalloying with nitrogen, ti-
tanium and aluminum. Complex microalloying with
these elements provides high mechanical properties
of low-alloy silicon-manganese steels at room and low
temperatures (up to - 60 ° C) due to the refinement of
the metal structure[9, 10], whereas at elevated tem-
peratures (250 - 450 ° C), this can be achieved by
strengthening the volume of the grains with finely dis-
persed titanium carbonitride, and their boundaries -
aluminum nitride.

The purpose and objectives of the research. To
enhance the quality and improve the production tech-
nology of economically alloyed steels for power engi-
neering, it is necessary to study the effect of complex
microalloying with nitrogen, titanium and aluminum on
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the structure, mechanical and operational properties
of the metal at elevated temperatures (250-4500C).

To achieve this goal, the following tasks were set:

- to determine the influence of the complex
N+Ti+Al on the quality of steels of the GSL type;

- To investigate the effect of heat treatment on the
properties of cast silicon-manganese steels microal-
loyed with nitrogen, titanium and aluminum at elevat-
ed temperatures;

- To improve the technology for the production of
steels of the GSL type with carbonitride reinforce-
ment.

Materials and research methods. Exploratory
and industrial melting was carried out in an IST-0.06
furnace and an electric arc furnace DSP-3. The com-
position of the metal was determined by chemical and
spectral analyzes. Methods of optical microscopy
were used for metallographic analysis of the micro-
structure of steels. Mechanical properties at room and
elevated temperatures were determined for static ten-
sion, crease and impact bending.

Industrial studies and research are carried out in
accordance with modern standards, on instruments
and equipment that have passed metrological control,
confirms the reliability of the results obtained.

The following materials were used for research:
low alloy steel waste, ferrosilicon FS65, iron-silicon-
manganese MHC17, ferrotitanium FTi35 and FTi70,
aluminum stamp AB-87AB-87, aluminum calcium
wire, nitrogen-containing ligatures.

Research results. The study of the effect of com-
plex microalloying with nitrogen, titanium and alumi-
num on the structure and complex of mechanical and
operational properties of steel 20G (S) L was carried
out in the conditions of the metallurgical equipment
shop of PJSC "Kremenchug Steel Plant" ("KSZ") in
an induction furnace I1ST-0.06 with acid lining. The
weight of the heats was ~ 60 kg. In order to approxi-
mate the conditions of industrial production, the fol-
lowing materials were used as a charge at the plant:
waste steel 20GL, ferrosilicon FS65, iron-silicon-
manganese MHC17, ferrotitanium FTi35, aluminum
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calcium wire. To introduce the required nitrogen con-
tent into the steel, we used nitrogen-containing alloys
developed and manufactured at NMetAU on the basis
of standard ferromanganese FMn78.

After complete melting of the charge and holding
for heating the melt, “scrap patch” and a sample for
metal analysis were taken, and the necessary
amounts of iron-silicon-manganese and ferrosilicon
were successively added to the furnace.After a short
exposure for the complete assimilation of those alloy-
ing, the temperature was measured with a thermo-
couple. The outlet temperature, which was 1650 ° C,
was controlled by holding the metal with the furnace
turned on at the rate of its heating ~ 10 ° C / min. The
melt was tapped into a preheated ladle with an acidic
lining.

In order to improve the assimilation of titanium and
nitrogen, the final deoxidation of the metal was car-
ried out in two steps. Immediately before tapping, half
of the required amount of aluminum-calcium wire was
fed to the bottom of the ladle. Then, after filling ~ 1/3
of the ladles, another aluminum was planted under
the stream ferrotitanium and nitrogen-containing liga-
tures.

The metal was poured into 3 test trial of the "club"
type (according to drawing No. 1 GOST 977-88 [5])
according to the accepted technology. In the process
of casting, an identification sample was taken, which,
after the end of the melting, was sent together with
the previous one for analysis. Pursuant to the results
obtained, if necessary, adjustments were made to the
amount of alloying additions in further heats.

Treatment of "clubs", heat treatment of workpiec-
es, manufacturing and testing of samples were car-
ried out at "KSZ" according to the current instructions.
In order to exclude the influence of accidental unac-
counted for factors, the heat treatment of the samples
was carried out according to two options - in the
workshop and laboratory conditions. The chemical
composition and test results of the metal are shown in
tables 1 and 2.

Table 1. The chemical composition of steel 20GSL is complexly microalloyed with nitrogen, titanium and

aluminum and smelted in Ist-0.06

Chemical com-

position C Si Mn S P Ni Cu Cr N Ti Al

% mass

Melting Ne 422 0,19 | 0,78 1,35 | 0,035 0,030 0,14 |0,13 | 0,09 |0,015 | 0,012 | 0,043
Melting Ne 423 0,17 | 0,65 1,37 | 0,030 0,024 0,10 | 0,10 | 0,07 |0,017 | 0,013 | 0,049

Table 2. Mechanical properties of microalloyed steel 20GSL smelted in Ist-0.06

Og or O, ) Kcu %
Heat treatment H/mm?2 H/mm?2 % % Jem?
Ne 17 630-660 430-460 20-22 37 50-61
Ne 27 620-640 420-425 18-25 35-42 40-63
Ne 3% 690-710 555-580 21 47-49 33-61
Ne 47 630-680 530-570 18-19 39-47 31-45
Note: 7 - normalization in laboratory conditions; 2 - normalizaton in the workshop;

9. 3hardening and high tempering in laboratory conditions; M. guenching and high tempering in the workshop.
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Based on the results recommendations were de-
veloped for the industrial production of 20GL steel
under conditions of "KSZ", containing within the limits
of the grade an increased concentration of silicon and
complex microalloyed with nitrogen, titanium and
aluminum.

Smelting of pilot-industrial smelts of low-alloy heat-
resistant silicon-manganese steels complexly modi-
fied with titanium nitride and aluminum was carried
out under the conditions of AT “Armaprom” in a DSP-
3 furnace according to the current technological in-
structions with changes concerning mainly the addi-
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tion of microlight elements (N, Ti and Al). As a nitro-
gen carrier, we used special nitrogen-containing mod-
ifiers based on ferro silico manganese or ferro-
chrome, which were introduced into the furnace be-
fore tapping the metal. Aluminum grade AB-87 was
fed on a rod to the bottom of the ladle at the begin-
ning of the tapping in the amount of 3.5-5.6 kg / smelt,
and ferrotitanium of the FTI-70 grade (1.3-3.0 kg /
melt) was fed into the ladle when it was filled by ~ 1/5
of its volume. The chemical composition of pilot-
industrial melts of micro-alloy steel 20GSL is shown in
Table 3.

Table 3. Chemical composition of standard and complex microalloyed with nitrogen, titanium and aluminum

steel 20GSL, smelted in DSP-3

Melting num- | Element content, % mass

ber C Si Mn S P Ni Cu Cr N Ti Al
1-33 0,18 0,76 1,25 0,008 0,011 - - - 0,018 | 0,037 | 0,06
1-64 0,16 0,62 1,32 0,003 0,025 - - - 0,012 | 0,030 | 0,03
1-159 0,17 0,58 1,50 0,004 0,019 - - - 0,012 | 0,035 | 0,10
3-382 0,21 0,75 1,00 0,006 0,030 0,040 0,16 0,29 0,017 | 0,020 | 0,05
GOST-R 977- | 0,16- 0,60- 1,00- . . .
88 0.22 0.80 130 <0,03 <0,030 <0,3 <0,3 <0,3 H.p. H.p. H.p.
Permissible -0,02 -0,05 -0,12

variation +0,01 | 40,00 | +0.25 |~ - *015 1401 1401 - - -

Note: *n.r. - not regulated.

To obtain the number of samples required for test-
ing, trial ingots of the type "wedge" (according to the
drawing Ne3 GOST 977-88 [5]) were cast which were
subjected to heat treatment in three modes:

-normalization at a temperature of 900-950 ° C, air
cooling (mode Ne1);
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- quenching at a temperature of 900-950 ° C, cool-
ing in water and further tempering at a tempera-
ture690 °C (mode Ne 2) i 650°C (mode Ne 3).

After heat treatment, blanks of specimens for ten-
sile tests were cut from the wedges according to the
scheme shown in Fig. 1. therefore, from each part of
the workpiece, 2 were obtained (the bottom of the
wedge was not used).

o«

~ 2222222 1)

o L~
L 2222222

ol

-

Figure 1. Cutting scheme of blanks

According to the existing normative and technical
documentation (for example, [6,7] for steel 20GSL),
the quality of cast low-alloy silicon-manganese heat-
resistant steels is determined by mechanical proper-
ties at room temperature(see Table 4) and by the val-
ue of the yield point at operating temperatures(see
Table 5).
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The study of the heat resistance of research steel
in the temperature range provided for steel 20GSL
(250-450 ° C with an interval of 50 ° C), was carried
out in a certified laboratory of the SE “Scientific and
Research Pipe Institute” on a tensile testing machine
R - 5 according to GOST 9551-84 and GOST 9651-
84. The results of these tests are presented in table 5
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Table 4. Mechanical properties of microalloyed steel 20GSL and NTD requirements for the quality of low-
alloy steels at room temperature

Steel mark

O, or, Ss, W, KCU+22° KCV’SO
H/mm H/mm % % Jlcm Jlcm
20GSL (microalloyed) ° °
Mode Ne1 .
Mode Ne2 638-646 400-480 18-31 40-65 55-320 undefined
Mode Ne3 660-690 515-545 21-28 50-82 undefined 25-79
670-715 535-590 20-25 51-80 undefined 25-51
20GSL =500 =280 218 =30 2294 -
20XMFL
1EXIMIFL =500 320-550 215 =230 2294 -

Table 5. Results of testing samples with micro-alloyed steel 20GSL at elevated temperatures (melting Ne 3-
382)

Og, o7, Os, , Temperature

Ne 3/n Himm? Himm? % o tials, 5C
Mode Ne 1

1 553 335 20 58,5 250

2 - 340 24,5 45 300

3 - 332 20 45 350

4 553 358 27 68,5 400

5 487 341 29,5 71,5 450
Mode Ne 2

6 589 411 19,5 495 250

7 617 369 - 44 300

8 637 413 22 29 350

9 610 398 21,5 41 400

10 493 359 22 54 450
Mode Ne 3

11 620 459 - 56 250

12 636 436 - 51 300

13 658 433 17,5 45 350

14 640 487 27 59,5 400

15 525 420 29,5 68 450

Discussion of the results. Table 5 shows that elongation = 22% and relative contraction = 54%,

even at the operating temperature (450 ° C), the max-
imum allowed, microalloyed steel 20GSL has a yield
strength level of 170 - 250 MPa higher than that re-
quired for the base steel [6,7] for a temperature of
400 ° C. Note that the drop in this indicator is regu-
lated, for standard steel 20GSL from room tempera-
ture to 400 ° C is almost 40% relative [6,7], whereas
in microalloyed steel, in fact, this drop does not ex-
ceed 20-25% of the relative value in the range of the
investigated temperatures, which indicates the stabil-
ity of its properties under thermal influences.

Analysis of the data given in table 5 confirms the
advantage of microalloying with nitrogen, titanium and
aluminum steel 20GSL and according to OST, it was
not regulated 108.961.03 and OST 108.961.02 indi-
cators. So the ultimate tensile strength at 450 ° C for
all heat treatment modes is 487-525 MPa,relative

which exceeds the level of these properties required
by the rest 108.961.03 and OST 108.961.02 in steel
20GSL even at room temperature (see Table 5).

Findings. Complex microalloying with nitrogen, ti-
tanium and aluminum of low-alloyed silicon-
manganese heat-resistant electric steel significantly
increases their yield point at 250-450 ° C and ensures
its value is 2.0-2.5 times higher than the required lev-
el. At the operating temperatures, the vyield and
strength limits of microalloyed steel 20GSL remain
practically the same, which indicates their stability un-
der thermal influences. The use of carbonitride tech-
nology for strengthening silicon-manganese heat-
resistant electric steel provides an increase in opera-
tional reliability, an increase in the service life and a
decrease in the metal consumption of equipment for
power mechanical engineering.
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