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TRANSFORMATION OF THE IRON
IN THE STEEL OF THERMOCHEMICAL PROCESSING
OF THE SURFACE OF THE BLUE CYLIN

Abstract. The production of pig iron and steel is based on a two stage technology - cast iron smelting and
oxidizing melting of steel. The first stage results in carbonization of the metal; the second, on the contrary, its decar-
bonization.

Decarbonization of cast iron from the melt under this scheme results in significant losses of valuable metals,
degradation in metal quality and technical-and-economic efficiency of the process. The author offers to carry out an
alternative way i.e. to decarbonize a solidphase cast iron by thermochemical treating its working surface using metal
oxide powders as a case and carbon dissolved in cast iron as a reducing agent. Heating of the given system up to the
set temperature and time-exposure resulted in direct recovery of metal by dissolved carbon, ecarburization of the
outer surface and embedding of recovered metal into it. We established that depending on the temperature of heating
and holding time there was possible to convert/to embed cast iron into layers of steel coating up to a specified depth.

Key words: metals, iron, iron, steel, ore, coal, carbon, recovery, melting, crystallization, decarburization, struc-
ture.

The production of pig iron and steel, as the fundamental basis of the industry, is under intensive
development reaching today enormous proportions [1-3]. The elements of traditional technology - blast
furnace smelting of cast iron and steel smelting in oxygen converters account for about 80% of world
production of iron and steel [4, 5]. However, this two stage technology including such processes as pre-
paration and processing of iron ore and metallurgical has some specific shortcomings threats basically
associated with the accumulation of solid waste dumps and gas emissions into atmosphere [6]. Therefore,
some industrially developed countries begin using new steel production technologies like metallization of
iron ore products in electric smelting units [7-10]. But traditional «Domna-Converter» methods still used
in production of pig iron and steel can’t be changed overnight. But scientific research aimed to create new
metallization technologies gives good results, both theoretical and practical. As in nature iron ore resour-
ces are found in the form of oxide compounds, their preparation and processing considers the organization
metal recovery works at a global scale. The latter in practice requires the production and use of reagents,
their choice being of critical importance [11]. Nature has given mankind not only oxide iron ore, but also a
huge mass of coal and hydrocarbon fuel as sources for production of reagents like hot reducing gases
(HRG) used for recovery processes in blast and shaft furnaces. However, the reduction potential of CO, H,
is limited. They are able to provide a complete recovery of iron from iron ore but unable to recover to a
metallic state such valuable impurities hidden in the charge, as manganese, chromium and vanadium. That
is why during the reduction of complex IORM in the blast furnace, these impurity metals are completely
recovered by solid coke carbon and pass into cast iron, which represents by itself a naturally alloyed
intermediate metal product. Its transformation into a structural product i.e. steel is associated with its
decarbonation during oxidative remelt in the oxygen converter. But the paradox of this two-stage
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technology is that oxidative smelt oxidizes not only carbon and all valuable metals passed into cast iron
during smelt reduction.

The problem of retaining these valuable metals at converting pig iron into steel is topical practically
speaking but still unsolved. The problem can be solved by the carbon dissolved in cast iron. This parti-
cular aspect is reviewed in this article.

Solid carbon is as they say a nature phenomenon. It has a high electronic potential which make it a
highly effective reagent. It is well known not only for being a highly effective recovery agent, but also as a
regulator of metal alloy structure, in particular, of «iron-carbon» alloy. Relating to iron metallurgy, Car-
bon as a very effective reductive agent plays a key role direct reduction of iron, i.¢. it first provides for the
production of metallic iron from oxide iron ore raw material, and secondly, when dissolving in it turns the
resulting metallic iron into a structural material of various purpose. Another peculiarity of solid carbon is
that its atomic radius is half the size of the atomic radius of iron, which guaranties a high penetration of
carbon into crystal lattice of iron. Iron also has a different crystal lattice, in this connection, it is divided
into a-iron crystal lattice with a body-centered cubic (bcc) and y-iron crystal lattice with a face-centered
cubic (fcc). In the crystal lattice of y-iron, the interatomic distance is much larger than in a-iron. There-
fore, in carbon solubility at penetration into the crystal lattice of a particular iron is different. In a-iron,
carbon solubility is limited from 0.025% at 727°C to 0.1% at 1499°C and forms a phase called ferrite. In
v-iron, the solubility of carbon increases; its maximum concentration reaches up to 2.14% and forms a
phase of the iron-carbon alloy called austenite [12, 13]. Carbon not only dissolves, but also forms a
chemical compound with iron cementite FesC under the principle of donor-acceptor mechanism [14].
Since iron also has a significant electronic potential, but smaller than that of carbon, the bond strength of
cementite is low and at certain heating conditions it can dissociate and form a dissolved carbon. Thus, the
interaction of iron with carbon is associated with the formation of the following phases of iron-carbon
alloys: ferrite (concentration up to 0.1% C); austenite (concentration up to 2.14% C) and cementite (ma-
ximum concentration to 6.67% C), with cementite being dissolved in the phases of ferrite and austenite.
The process of cementite dissolution in austenite at 1153°C is associated with eutectoid change and phase
formation - ledeburite with an average carbon concentration of up to 4.3%. In practice, this is iron, in
which the more of the carbon is in the form of interstitial solution and the smaller - in the form of a weak
or thin chemical compound Fe;C. Taking into account that cementite is able to dissolve in ferritic-
austenite phases and that we can use carbon in solid-phase reactions, we shall be using a simple term for it
calling it a «dissolved carbon».

The massive use of cast iron as a structural metal product is known to be limited by its fragility.
Therefore, a global technology ia aimed at reducing carbon concentration in cast iron up to the level of
carbon concentration in steel [15].

As said above, decarbonization of cast iron from its melt under traditional technology is associated
with significant loss of valuable metals, production costs and environmental problems.

Considering the said shortcomings we believe search for ways of selective weakening carbon
concentration in cast iron to be a promising aspect.

The thing is that the high electronic potential and mobility of dissolved carbon enable to organize a
mass exchange process not only in the melt, but also in a solidphase cast iron. The mechanism of behavior
of solid-phase reactions with dissolved carbon participation in the mass-exchange process is more
preferential than with a free carbon [16-20]. Carbon dissolved in cast iron under a certain temperature can
interact on the contact surface with powdered metal oxides.

[Clre + FeO = [Fe]z. + CO, (D
Fe;C + FeO = 4[Fe]y. + CO, )

where [Clg. - carbon dissolved in iron; [Fe]r. - iron recovered by dissolved carbon and imbedded into cast
iron structure.

After the reactions (1) - (2), the dissolved carbon transforms into a gas phase, while a reduced metal
is imbedded into the crystal lattice of the matrix with a positive thermal effect. Thus, there is occurring not
only a process of cast iron decarbonization but also the imbedding of reduced metal into the outer zone of
cast 1ron.
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The physical-chemical properties of the cast iron itself have a favorable effect on the organization of
the said process. First, its melting point is much lower than that of steel. Secondly, it has a higher liquid
mobility than steel that enables to produce cast metal product of a required shape. Third, it retains valuable
alloying metals in its composition.

Taking into account the said features of cast iron and the high activity of dissolved carbon as a
reducing reagent, one can organize solid-phase reactions of (1) - (2) type and solve a new task of conver-
ting cast iron surface layers from the ledeburite high-carbon phase into ferritic-austenite low-and medium-
carbon phase. The solution of this task has scientific and practical values.

Experimental research. Experimental studies on process organization consisted of successive
stages:

1. Cast iron smelting from oxide iron-ore concentrate.

2. Pouring cast iron into square shape ceramic cells.

Figure 1 — Lab equipment and apparatus:
1.1 - bunkers for charge components; 1.2 — Electric-vibrating cutting machine;
1.3 — batch blending system; 1.4 - charge granulator, 1.5 - oven «SUOL-044 12-M2y for metallization;
1.6 - smelt furnace «KRHTC 80 - 230/15 Controller B410»
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3. Preparation of cast-iron plates 5.0-8.0 mm.thick.

4. Surface treatment of cast iron plates.

5. Preparation of disperse oxide iron powders.

6. Carrying out a solidphase mass exchange process between the surface of cast iron plates and iron
oxide powders. Lab equipment and instrumentation for experimental tests see in figure 1.

For iron smelting, we used iron ore concentrates produced by local MPPs developing Sokolovskoe
(SSGPO) and Abayil deposits; charcoal, as a reducing reagent and chemical compositions shown in table 1.

Table 1 — Chemical composition of charge components

Batch Chemical composition, %
component name Fe | FeO | MnO | V,05 | SiOy | ALOs | CaO | MeO | TiO, | S | P | C
Concentrate SSGPO 623 | 182 | 018 | 0022 | 418 | 112 | 124 | 092 | 024 | 0.19 | 0009 | -
igg;ffggfgg?egfm 6656 | 854 | 263 | - |s82| 124 |02 | - ~ |02 | o005 | -
Charcoal | - - — 156 | o2 | - - — Joo3 | = | a0

> > >

Based on the chemical composition of stated iron ore concentrates, we calculated stoichiometric
consumption of charcoal per unit mass of the concentrates, with taking into account a complete reduction
of iron and impurity metals and carbonization of metal melt up to 4.2-4.5% C, i.e. pig-iron production.
Ore-coal mixtures were prepared by adding a set quantity of charcoal to 1 kg of the concentrate. After
additional grinding fractures to size less than 1.0 mm on a pellet granulator we produced ore-coal pellets
in 150-200 gr and 8.0-16.0 mm in size. The pellets melting pots were placed into the reaction zone of a
tube furnace «SUOL-044 12-M2» for metallization. The batch was heated at a rate of 10°C/min. to 1000-
1050°C, keeping this temperature for 25-30 min until the end of complete reduction of iron and partially
of impurity metals - manganese, vanadium. After removing a metalized product from fumace it was
cooled with no access to air. After cooling the metalized pellets were loaded into refractory pots of a
specified shape and put again into a smelt furnace, see figure 2.

Figure 2 — Scheme installing a hermetic cell and pot in smelt furnace:
1 — argon cylinder; 2 - waterproof cell; 3- inlet/outlet union; 4 - working zone of smelt furnace;
5 — thermometer; 6 — boat with metal products;, 7 — water bottle

The working space of the cell was kept under the atmosphere of neutral gas, argon, in order to avoid
secondary oxidation of metalized granules. The temperature of the system was being raised at a rate of
15°C/min up to 1450-1500°C, the temperature needed for the start of melting metalized granules and
production of cast iron melt. The pot location diagram see in figure 2. Since ore bearing pellets were
containing a set quantity of solid carbon embedded into its composition for recovery of impurity metals, at
the temperature stated above, manganese and vanadium were reduced to cast iron. The cast iron melt was
cumulating in the lower part of a rectangular shape crucible/pot. Then the cell with crucible were pulled
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out of the furnace. After cooling, hardened layers of slag and cast iron were knocked out of the crucible.
Then the cast iron in the form of a rectangular plate was weighed on electronic scales. On processing the
surface of cast iron, we produced plate-shaped ingots 5.0-8.0 mm thick, 20 mm wide and 35.0-40.0 mm
long. Chemical composition of cast iron plates see in table 2.

Table 2 — Chemical composition of cast iron prototypes

By the number Chemical composition, %

of experiments C Man Si v S P
Experience number 1 4,15 0,17 0,53 0,020 0,035 0,010
Experience number 2 420 0,16 0,56 0,021 0,038 0,015
Experience number 3 4,40 2,12 0,67 - 0,025 0,040

The surface of cast-iron plates melted and processed after this method was subject to thermochemical
treatment with organization of solid-phase reactions between dissolved carbon and metal oxide powder.
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Figure 3 — Microstructure of the section of the original cast iron

Iron oxide was used as oxide powder. It was produced by etching the sheet metal surface at the
“ArcelorMittal Temirtau” metallurgical plant. See its chemical composition:

Feosn = 68,6%; Fe,05;=98.0%; S=0,02%; P=0,03%.

The iron oxide was ground to 0.074 mm size; the surface of cast iron plate was polished, covered
with a set quantity of powdered iron oxide and placed in a hermetic lab cell made of a quartz tube. The
cell with the stuff inside was placed into the tubular electric heater "RHTC 80-230/15 Controller B410",
that was preheated to 500°C. Further, the heating temperature was raised to 1100°C, that resulted in gas
reaction released during a process of direct iron recovery with the carbon dissolved in cast iron.

3 [C] + Fe,0; = 2Fe + 2CO + CO, . 3)

The rate of solid phase reaction was limited by the diffusion regime. Therefore, the system was kept
under the said temperature for 50, 60, 90 min. correspondingly according to the order of experiment
procedures. After each time-exposure, the cell with the stuff inside was being taken from the oven and
cooled to room temperature. The surface of the burnt and thermochemically treated cast iron plates was
polished and prepared to make a microstructural analysis of the product. The microstructure of polished
section of initial gray iron see in figure 3.

The microstructure of end faces of thermochemically treated cast iron plate, see in figure 4 a), b), ¢).

The figures clearly show the structure of the initial cast iron plate containing uniformly distributed
graphite inclusions. The thermochemically treated cast iron plates figure 4 (a), (b), (¢) show that after
thermochemical treatment graphite inclusions seen on the edge of the cast iron plates have practically
disappeared due to the reaction (3).
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Figure 4 — Microstructure of the end face of thermochemically treated cast iron plate:
1 - inner layer (cast iron), 2 - outer layer (steel):
a)att= 1100 °C, t= 50 mum.; b)at t = 1100 °C, 1= 60 mun.; b) at t = 1150 °C, 1= 90 Mum.

Boundaries between decarburized and non-decarbonized layers are clearly visible. figure 4 a), b), ¢)
show that the thickness of a decarburized layer increases as the calcination temperature rises (figure 4 b, ¢)
and the time exposure at one and the same temperature (figure 4 a, b). The chemical analysis of the
selected samples of chips from two opposite plate layers showed that in the decarburized layer the carbon
content decreased on average to 0.20-0.35%, while in the non-carbonized layer the carbon content was
within 3.20-3, 50%, i.e. there also was taking place a small decrease of carbon concentration due to diffu-
sion transfer of a dissolved carbon from its large concentration section towards the smaller one.

This way of thermochemical treatment of cast iron surface can be used in manufacturing cast iron
products of a more complex shape and adding them required mechanical characteristics. The surface
thermochemical treatment can be one and two-sided as well depending on working conditions of cast
product surfaces. For example, a cast iron tube is a quite common construction. Thermochemical treat-
ment of its outer surface leads to the increase of toughness and weldability while the inner surface of cast
iron remains anticorrosive, by that increasing the efficiency of use of processed cast iron tubes in all
spheres of industry.

Cast iron smelting and the production of cast manufactures from them is more affordable and low-
cost, compared with the steel and steel structures manufacture. The results of experimental tests presented
in this paper can be used at making metal products and structures with with the use of cast iron and opem
great perspectives for the development of small and medium-sized businesses.

The conclusion. Our experiment results show that thermochemical treatment of the surface of a cast
iron product in a solid-phase state, under the method designed, enables to transform its surface layer into a
steel coating. The thickness of steel coating depends on heating temperature and time-exposure applied at
processing the system. The increase in steel coating thickness makes the cast iron product more tough and
ductile. The organization of a such technological process has good development perspectives and high
performance indicators.
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C. M. Taeyra6yqos', M. B. Kypmanceiitos', I. K. Cyaramypar’

K. H. Corbacs aTerHaars! Ka3zak YITTHIK TCXHHKAIBIK 3¢PTTCY YHHBEpCHTETI, AnMaTsl, Ka3akcras,
Kaparasmsl MeMICKETTiK TEXHUKATIBIK YHABEpCHTeTI, Kapararmer, Kasakcran

KYHABLIFAH IIOWBIHHBIH BETKI KABATBIH TEPMOXUMMUSLIBIK OHAEY APKBLIbI
BOJIATKA AWHAJIIBIPY

Annoranmusa, [ToWemE MEH OOMAT OHTIPICI KCMICHII €Ki CATHUTBL MIOMBIHABI PSAYKIHATAT-OATKBITYFa JKOHC
00J1aTTHI TOTHIKTAHABIPHIN OANKBITY IPOIECTEPiHE HETI3ACITCH. BipiHII CAaTHIHBIH HOTIKECIHAC KOMIPTEKTI METAI
ajIy, aj SKiHII CaTHICBIHAA KCPICIHINEG MCTAILT KOMIPTCKCI3ACHCI.

Ocpl cynba OolbIHIIA OANKBIMAJAH MONBIHIBI KOMIPTEKCIZACHAIPY Oarabl JIETIPICY i METANJAPABIH Ay KbIM-
JIBI KOFAIY bIHA >KOHE METAJIBIH CANlACHIHBIH, ITPOIECTIH TEXHUKA-KOHOMHUKAIBIK THIMALTIHIH TOMEHACY1HE Oaiina-
HBICTHI. [TIOWBIHHBIH >KYMBICIIBI OCTiHIE Kanray KabaThlH KYPY MAKCATBIHIA METAILT TOTHIKTAPBIHBIH YHTAKTAPBIH
KamTaMa >KOHE IMOMBIHIA epireH KOMIPTETiH PeayKIIIAyIIbl PEAareHT PeTiHAe MaiganaHy apKbLIbl KaTThI(ha3alrbl
TEPMOXHMILUIBIK KOMIPTEKCI3ACHIIPIN OHACYAIH aIbTEPHATHBTI MPOLeci YChIHBULABL. OCHI KYHEHI OCpUITeH TeMIie-
parypara JeiiiH >koHe Oerii Oip YakbIT apaIbIFbIHAA €PITCH KOMIPTETIMEH METAJIbI TIKEJICH PeAy KIHAIA-0aIKbITy
HOTIDKECIHJE OCTTIK KabaTThIH KOMIPTEKCI3ACHE Il KOHE KYPBUIBIMBIHA PEY KIISUIAHFAH METAJLT CHEII.

Kp3ap1py TeMmepaTy pachIHa sKOHE YAKBITKA TOYEIAl TYpJe MOWbIHAA OepiireH TepeHIIKKe AcHiH Oomar kada-
THIHBIH KAJTBINTACY BIHBIH MYMKIH/ITi AHBIKT AL

Tyiiin ce3aep: Mcramaap, TEMip, MOWBH, 00JAT, KCH, KOMip, KOMIPTCK, PSAyKIMAIAN-0aNKBITY, OAIKBITY,
KPHCTANIAHY , KOMIPTEKCI3ACHY, KYPBLIBIM.

C. M. Tueyraymos', M. B. Kypmanceiitos', I'. . Cyaramypar’

"HAO «Kazaxckuii HAIMOHATBHBIH HCCITEI0BATEIBCKII TeXHIIECKHH yHuBepcHTeT nv. K. M. Catmaesay,
AmvaTsr, Kazaxcran,
*KaparasmmHCKHUiH TOCY JapCTBEHHbIH TeXHHYECKHiT yHuBepcuTeT, Kaparanma, Kasaxcran

MNPEOBPA3OBAHHUE UYI'YHA
B CTAJIb TEPMOXHUMHYECKOI OBPABOTKHA MOBEPXHOCTHU JUTOI'O YYT'YHA

Annotanmmst. [TpoM3BOACTBO UyTYHA M CTAJH OCHOBAHO HA ABYCTAAMHHOM IOCIECIOBATCILHOM KOMILICKCE
BOCCTAHOBHTEIBHOM IJIABKU YyTYHA M OKHCIHTCIBHOM MIABKU CTATH. Pe3yabTaToOM NEpBOM CTAIUH ABIACTCA HMOIY-
YEHHE HAYIJICPOKCHHOTO METAJIIA, a BTOPOH CTanuu — HA00OPOT €ro 00e3yIIepOKUBAHIE.

OO0e3yIIeposKHBaHUE YyTyHA H3 PAcIliaBa IO TakoH CXEME CBA3AHO CO 3HAYUTCIbHBIMU MOTEPAMH LICHHBIX
METAJLIOB U CHIDKCHHEM KaueCcTBAa META/LIA M TEXHUKO-3KOHOMHUUESCKOH 3()()eKTHBHOCTH mporecca. I1peaioskeH ab-
TCPHATHUBHBIN NPOLECC 00E3yTICPOKUBAHMS UYTYHA B TBEPAO(PAZHOM COCTOSHHH TCPMOXHMHUYCCKOH 0OpabOTKOH
ero paboucH MOBEPXHOCTH C HMCIOJb30BAHUCM METAJUIOOKCHIHBIX IIOPONIKOB B KAYECTBE MOKPBHITHSI W PACTBOPCH-
HOTO VIIIEpOJA B UYTYHE B KAa4eCTBE BOCCTAHOBUTEIL [Ipm HarpeBe TakOH CHCTEMBI 10 3aJaHHOH TEMIIEPATYPHI U
BPEMCHH BBIJCP)KKH MOJIYYCHBI PE3YJIBTATHI MPSMOTO BOCCTAHOBJICHHS METAUIA PACTBOPSHHBIM YIIIEPOAOM, 00e3-
YITICPOKMBAHUE MOBCPXHOCTHOTO CIOA H BHCAPCHHC B HEr0 BOCCTAHOBJIICHHOTO METAIA. B 3aBHCHMOCTH OT
TEMIIEPATYPbl HATPEBA M BPEMCHH BBIACPKKH YCTAHOBJICHA BO3MOXKHOCTb IIPEOOPA30BAHASI YyTYHA B CIIOM CTAllb-
HOTO ITOKPBITHS HA 3aJaHHYO TJIyOHHY.

K/noueBble c/10Ba: METAILIBL, JKEIE30, YYyTYH, CTAlb, PyJa, YIOJb, YIJICPOA, BOCCTAHOBICHHUE, ILUIABKA, KPHC-
Ta/UIM3aLHA, 00€3yIJICPOKHBAHUE, CTPYKTYPA.
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