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EFFECT OF PROCESSING AT THE STEEL
VACUUM PROCESSING UNIT (SVPU) ON
DESULFURIZATION OF UNMODIFIED
AND MODIFIED KP-2 STEEL

O6’ckmom docnidacenns € npouec nozaniunoi 06pobru xonicnoi cmani KII-2. Oonum 3 natibiivus npooiemmuux
MICUDb NPU BUNILABYT CYUACHUX CMATCLL € CMAOLILHICMD XIMIUH020 CKAAOY UePe3 GUKOPUCTANHA HEKOHMPOLbOBAHUX
3G 3MICTOM IOMIG, WUXMU T CMAHOAPMHUX MOOUDIKAMOPIE, AKI 6U20MOBAAIOMbCS NAACLCHUM CNOCOOOM.

s ycynenns yiei npobaemu 6 x00i 00CHiONCeHHA SUKOPUCMOBYEANUC bazamodynKyionarvii mooudika-
mopu. Lle nog’szano 3 mum, wo 3anpononosanuil 6 oanii pobomi memood mooudixysanns cmani KII-2 mae pso
ocobnusocmeii. B darnomy sunaoky 6cmanosieno enius mooudixamopis bazamopynuxuionanrvioi 0ii na ycmanoeui
saxkyymmnoi 06podxu cmaii na decyrvpypauito xoricnoi cmani mapku KII-2, ompumanoi 6 ymosax iokpumozo
axuionepnozo mosapucmea <Iumepnaiin HT3» (m. [ninpo, Yepaina). 3oxpema, npu 06pobuyi cmanesozo po3niagy
bazamoynryionarvnumu mooudixamopamu 6id0ysacmvpcs ne mitvku papinyioua 0is, are maxoiwc niosuulens
CcMabinbHOCM XIMIUH020 CKAAOY i PIGHS MeXANIUNUX XapaKkmepucmuk Koricnoi cmani mapxu KII-2. I[e niomeep-
Ovceno npedcmasienumu 6 pobomi koepiyicumamu eapiauii i Mevcniasounoi piznuyi (PO3MAXoM), OMPUMAHUMU
memodamu cmamucmuuioi 06pooKu eeauxo2o macusy oanux — 442 cepiiinux niasox i 1 modugixosanoi (6 xouic).

3aedaxu 6azamodynxyionarviit moougivayii 0iticno nideuUWYEMbCa PIBeHL MEXANIUNUX XAPAKMEPUCTNUK
i siocmi 20mosux Koaic. Y nopiensnni 3 nodionumu cepitinumu mamepiaiamu, maxumu sx FeSi, FeCa, FeMn, SiCa,
3acmocysanis nosux moougixamopis 6azamodynxyionanvioi 0ii ¢ koricniti cmani KII-2 sabesneuye snaune 3nu-
JHCCHMA MACOBOT UACTNKU CIPKU, MINC 6 TOMY HC MeMAi, aKuti 00pobisioms mpaduyiiinum cnocobom. Bemanoesneno,
w0 npu 3acmocysanii 6a2amoPynKUionarbHux MOOUGDIKamopie sMiHIOEMbC POPMA HEMEMALEEUX BKIIOUEHD HA
2100YAPHY | SHUNCYEMBCSL IX KIILKICMb, W0 MAKONC NI0SULYE PIBeHL MEXAHIUHUX 8AACMUBOCTEl KOMICHOT cmai
KII-2. Ompumani xoedivyicumu sapiauii 00600smb, w0 mexaniuni xapaxmepucmuxu mooudixosanoi cmani KII-2

Polishke S.

cmabinvniwi, wixe 6 cepitinux niaexax miei s cmani. Lle nidsuwumo nonum i axicmo na yi 3a1isnuuni xoaecd.
Kmouosi cnosa: 6azamodynuxuionanivii MooupiKamopu, Ximiunuii cKkaad cmai, Mexaniumi 61acmueocmi cCmaJi,

HemMemanesi 6KIUCHHS.

1. Introduction

The use of rail transport for railway wheel steels is
a scientific and practical interest because of the fact that
this — multicomponent systems that have a significant
variation of the chemical composition [1]. This is happening
because during the smelting of the wheel metal, due to
the non-controlled chemical composition of scrap and se-
rial modifiers, unfavorable chemical compounds get into
the wheel steel. At as a result, this leads to a significant
variation in the mechanical characteristics of the transport
metal, it can lead to extremely negative consequences — loss
crack resistance and railway wheels and the qualities of
a finished products in general. This proves the relevance
of these studies.

2. The ohject of research
and its technological audit

The object of this researches is process of secondary
treatment of wheel steel KP-2.

Today it is very important is the question of raising
the quality of wheels for railway cars, where the alloy
steel is used. In our time serial wheels are used. For exam-
ple, in the conditions of open joint stock company (JSC)
«Interpipe NTRP» (Dnipro, Ukraine) make wheels from

steel KP-2 according to DSTU GOST 10791-2016, which
are characterized by an unstable chemical composition,
have an increased number of nonmetallic inclusions, but
the person of acute and n faceted shape. There are stress
concentrators, which leads to a decrease in strength, crack
resistance, a short service life and insufficient stability of
characteristics during operation.

Among the main directions of solving this problem is
the modification of steel with multifunctional modifiers. To
enhance the mechanical characteristics of the metal in terms
of «Interpipe NTRP» multifunctional modifiers have been
successfully applied [2]. They were introduced into the melt
after the applied ligatures of ferrosilicon, ferromanganese,
ferrotitanium, silicomanganese, silicocalcium, CaO, CaFs.

3. The aim and ohjectives of research

The aim of research is establishing the effect of multi-
functional modifiers on desulfurization of unmodified and
modified KP-2 steel.

To achieve this aim, it is necessary to perform the
following objectives:

1. To determine the stability of the chemical composi-
tion in the serial and modified metal.

2. To establish the desulfurization degree of serial and
modified metal.

.
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3. To establish the effect of modification on the mor-
phology of non-metallic inclusions and on the level and
stability of mechanical characteristics.

4. Research of existing solutions
to the prohlem

The problem of increase the quality of wheels for railway
cars is very important [3]. Among the works devoted this
subject, it can be isolated [4, 5]. However, in these papers,
problems such as desulfurization of steel and stabilization
of chemical composition weren’t considered.

An alternative solution to the problem, described in [6],
does not provide for the steel desulfurization. It is also
important in the study of the crystallographic texture of
steel of rail wheels as a result of modification and thermo-
mechanical processing.

Article [7] is devoted and impact modifier which con-
tains rare earth elements (RE) on the characteristics of
the alloy with a melting point or viscous (Al-Bi-Sb) and
Si-Ca alloys to high-carbon steel containing 1.9 % C. But
in this work, the question of reducing the sulfur concen-
tration and the number of non-metallic inclusions in steel
remains unresolved.

The modification described in detail in [8]. However,
this source does not fully disclose the description of the
process of stabilization of the chemical composition and
improvement of the morphology of nonmetallic inclusions.

In [9, 10] it is illustrated that metal modification process
is a one of the second main smelting operations in steel wheel.
This process consists in reducing the amount of non-metallic
inclusions from the liquid metal, which is present in the
form of various metal compounds with harmful impurities.
But it wasn’t proved that to improve the morphology of
non-metallic inclusions and reducing the amount of sulfur,
it is necessary to introduce modifying elements — substances
that have a special feature for combining with sulfur.

The authors of [7, 11] shows that the steel quality is
largely dependent on melt processing of multifunctional
modifiers. This is an essential process for obtaining quality
steel. Depending on the situation, the molten steel is in-
troduced soluble scavengers modifier-ligatures (FeMn, FeSi,
FeTi, FeNb, SiMn, SiCa, C, Al) in the form of ingots. As
a result of the multifunctional action, iron is reduced to
a free state and the formation of oxides of modifiers of
the multifunctional action, which due to a less specific
weight, float to the surface as slags. However, the problem
of improving the quality of the metal remains important,
as part of the non-metallic inclusions still remains in the
steel, despite the use of the above modifiers of multi-
functional action. Introduction of each metal reduces the
temperature of the ladle cooling it, which often leads to
undissolved ferroalloys and refractory to the formation of
microsegregates. Thus, the results lead to the conclusion
that the most progressive way to improve the quality and
grained carbon steels is handling them in the liquid state
multifunctional modifiers as briquettes (Fig. 1).

The above statement, as proved in [12, 13], is justified
by the fact that the modifiers in the form of briquettes
are completely absorbed by the steel melt. As a result,
non-metallic inclusions of a globular form are formed,
which leads to the formation of additional crystallization
centers. This, in turn, contributes to the stability of the
properties and quality of the finished metal.

Fig. 1. Reducing the sulfur content in the processing of unmodified
standard steel KP-2

5. Methods of research

In the study of the stability of the chemical composition
of multifunctional modifiers, statistical processing methods
were used. The use of statistical processing methods is
convenient technically, since all the necessary features
were available in Microsoft Office.

Analysis of the chemical composition of the KP-2 series
steel by statistical processing methods showed the following:

— low degree of desulfurization of KP-2 steel,

— the unstable chemical composition of KP-2steel,

processed in the traditional way with serial deoxidizers.

To obtain accurate and reliable results, a complex of
modern methods for determining the properties of the mate-
rials under study has been used. The chemical composition
of steel without modification and after modification was
determined on high-precision instruments: Polivak E-600
and LECO (England). Microstructure studies were per-
formed on a NEOPHOT 32 microscope (Germany) at
magnifications up to 900 short. Mechanical properties
were determined on standard discontinuous samples on
an MUP-20 tensile testing machine and pendulum shock
machine MK-30 (Russia). Experimental data processing
was performed using modern computer programs Micro-
soft Excel 2016.

The smelting of KP-2 wheeled steel was carried out on
an open-hearth furnace with further processing on a ladle
furnace and a vacuum unit. Wheel rolling and heat treat-
ment was carried out according to the existing production
technology under the conditions of «Interpipe NTRP».

6. Research resulis

The chemical composition of steel KP-2 complies with
the requirements of DSTU GOST 10791-2016 according
to statistical research data 442 serial heats produced by
«Interpipe NTRP» of unmodified and modified second
melt (6 wheels) of steel KP-2 steel (Table 1) [14].

From the data presented in Table 1 it follows that
the maximum values for harmful impurities of sulfur and
phosphorus in unmodified KP-2 steel are higher than in
a modified metal of the same grade. At the same time, the
minimum values are the same, but at the same time the
interfusion difference (span) between the maximum and
minimum values in the serial metal is also larger than in
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the modified one. This leads to instability of the chemi-
cal composition of the wheel steel KP-2, and, as a result,
to the instability of the mechanical characteristics. This
causes a reduction in the quality of the finished wheels.

Tahle 1
Chemical composition of KP-2 steel
Chemical composition data
Options

C | Mn | Si | P | 5

KP-2 unmodified steel
Maximum 0.62 0.74 0.36 0.015 0.008
Minimum 0.58 0.70 0.28 0.008 0.005
Hange 0.04 0.04 0.07 0.007 0.004
Average value 0.60 0.72 0.31 0.012 0.007
Variation coefficient 0.02 0.02 0.09 0.21 0.24

KP-2 modified steel

Maximum 0.63 0.73 0.33 0.013 0.006
Minimum 0.62 0.72 0.32 0.012 0.005
Hange 0.01 0.01 0.01 0.001 0.001
Average value 0.63 0.73 0.33 0.012 0.006
Variation coefficient 0.01 0.01 0.01 0.04 0.08

In order to confirm the above, a study was conducted
of the effect of modification on a SVPU (steel vacuum
processing unit) for desulfurization of unmodified and modi-
fied KP-2 steel.

The decrease in sulfur content according to the re-
sults of research as a result of technological operations
on SVPU is presented in graphs (Fig. 2, 3). All data in
Fig. 2, 3 comply with the requirements of regulatory docu-
ments (GOST).

0.035
0.03
0.025
0.02
0.015
0.01 >
0.005
0 1 1 1 1

After the ladle After the
furnace vacuum

——
/ \\

Sulphur, %

After open-
hearth furnace

On casting

Fig. 2. Reduction of sulfur content in the processing of unmodified KP-2
serial steel on the installation of vacuum steel processing

0.035
0.03
X 0.025
£ 0.02 —
£ 0.015 >~
@ 001
0.005 I,
0 T T T 1
After open-  After the ladle After the On casting
hearth furnace furnace vacuum

Fig. 3. Beduction of sulfur content in the processing of modified KP-2
standard steel at the vacuum processing facility for steel

From the analysis of the data presented in Fig. 2, 3,
it is possible to draw the following conclusions.

Desulfurization of industrial melts on SVPU does not
depend on the sulfur concentration after open-hearth:
for example, the degree of desulfurization with high sul-
fur content (§=0.026 %) after marten on casting is 2.9
(5=0.010 % wt.), Fig. 2.

Processing of modifiers multifunctional action of KP-2
steel on SVPU sulfur content reduced to 0.005 %. It's
at 7 times lower compared with the requirements of
DSTU GOST 10791 and from 40 % up to 60 % less than
442 KP-2 unmodified steel melting (Fig. 3).

Since the sulfur content largely determines the risk
of microcracks and the destruction of the wheels, it is
necessary to strive for their optimal content from 0.005 %
to 0.006 % wt. sulfur.

In unmodified melting, even after processing on SVPU,
the interfusion sulfur content is very unstable. Only modi-
fication allows to reduce on a constant basis both the
sulfur content and stabilize its intermelting and inter-
fusion concentration.

According to the results of studies of non-metallic
inclusions, it was found that in the modified steel they
have a globular shape, in contrast to the commercial metal,
which has non-metallic inclusions of elongated faceted
shape (Fig. 4).

b

Fig. 4. Appearance of non-metallic inclusions in KP-2 steel grade, h900:
a — gerial; b — modified

From the photos in Fig. 4, it can be seen that the
number of non-metallic inclusions themselves also in the
modified metal is less than in the serial one. This is due
to the fact that the components of the modifier contribute
to the formation of stable compounds, which are additional
centers of crystallization. At the same time, excess sulfur
is also formed into compounds that float to the slag.

The level of mechanical characteristics in the KP-2
wheel steel is presented in Table 2.

5
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Tahle 2
Mechanical characteristics of KP-2 steel
Tensile Relative Relative Impact
. . Hardness,
Options strength, | elonga- | narrowing, HB.: MP toughness
G, MPa |[tion, §, % | , % 30 KCU, J/m?
Unmodified steel KP-2
Maximum 1030 16.5 35 306 33
Minimum 980 13 26 278 20
Range 50 3.5 9 28 13
Average 1005 14.81 315 291.4 25
value
Variation
- 0.03 0.07 0.10 0.03 0.15
coefficient
Modified steel KP-2
Maximum 1060 13 28 3020 31
Minimum 1020 11 21 2300 24
Range 40 20 7 120 7
Average 1052 115 229 2982 28
value
Variation | 5 g 0.07 0.13 0.02 0.11
coefficient

From the data presented in Table 2 it follows that the
level of mechanical characteristics in the modified steel
also turned out to be higher than that of the standard
unmodified steel of the same grade. The level of mechani-
cal characteristics of KP-2 steel after modification has
increased on average by 5 % strength, 1 % of plasticity,
11 % impact toughness. The coefficients of variation show
that the mechanical characteristics of KP-2 modified steel
are more stable than in serial melts of the same steel.
This is very important, since it is thankful the stability
that the level of various characteristics can be predicted,
which will increase the demand and quality of these rail-
way wheels.

7. SWOT analysis of research results

Strengths. Modification of multifunctional modifiers has
a positive effect on the formation of non-metallic inclusions.
This leads to a higher level of mechanical characteristics
and an increase in the quality of finished wheels made
of KP-2 steel.

The positive aspects of the study also include the
fact that:

— the time costs are reduced due to the fact that the

modifiers of the multifunctional action are manufactured

in a melting-free manner for several tens of minutes

per piece. While serial deoxidizers are manufactured in

a melted manner, requiring an average time to 1.5 hours

apiece;

— increases the efficiency and productivity of steel

products in general;

— increases the speed of production of finished wheels

without loss of quality;

— production of modifiers of multifunctional action

is environmentally friendly due to the complete as-

similation of their p ac by steel melt.

Weaknesses. Minor increase in the cost of production
for 1 briquette modifier that is leveled by the need for

their smaller number in steelmaking in comparison with
serial analogues, which are needed more, and also they
are more expensive.

Opportunities. The use of multifunctional modification
in the production of KP-2 steel thereby reducing energy
consumption and increasing the level of mechanical cha-
racteristics while reducing the cost of finished production
wheels. The estimated economic effect of the introduction
of multifunctional modifiers is approximately 30 euros
per 1 smelting.

Threats. The need buying of material (chips) for the
manufacture of briquettes, but this is offset by the fact
that the multifunctional modifiers are environmentally
safe and do not need the ground for disposal of industrial
wastes.

There are analogues similar to these modifiers, but they
are manufactured using the fused method with significant
energy consumption [15].

1. As a result of the research, it is found that through
the use of multifunctional modifiers, the stability of the
chemical composition in the serial and modified metal
is increased. By the method of statistical processing, it is
established that the coefficients of variation and range in
the modified steel are lower than in the standard metal.

2. It is proven that the desulfurization of KP-2 steel
has increased under the influence of the modification. When
introduced into the melt multifunctional modifiers average
sulfur concentration decreased from 0.007 to 0.006 g %.
The maximum value at the same time decreased even
more — from 0.009 to 0.006 %, and the minimum remains
the same — 0.005 % for serial and modified steel. This
confirms the conclusions of paragraph 1 — a decrease in
scope in the modified metal. It is recommended to tighten
the technological regimes along the entire production chain,
from smelting to deformation and heat treatment.

3. It is established that the effect of modification im-
proves the morphology of non-metallic inclusions. The use
of multifunctional modification at the company «Interpipe
NTRP» in the smelting of KP-2 steel allows to increase
the level of mechanical properties of KP-2 steel 2 on
average by 5 % tensile strength, 1 % of plasticity and
11 % impact toughness. Based on the obtained coefficients
of variation, it can be argued that the mechanical cha-
racteristics of KP-2 modified steel are more stable than
in serial melts of the same steel. This is very important,
since it is thanks to the stability that the level of various
characteristics can be predicted, which will increase the
demand and quality of these railway wheels.
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