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Abstract. Based on the results of viscometric studies of the patterns of precision iron-carbon melts formation, the need to take into account the structural
state of the initial iron melt and the carbon material when developing the optimal carburization technology is substantiated. Considering the kinematic
viscosity value and stability of the values of this structure-sensitive property as indicators of the non-equilibrium degree of the iron-carbon melt struc-
tural state, it is shown that the optimal solution should be considered to be the carburization of liquid iron with a predominantly fec-like short-range
order structure, which can be facilitated by introducing carbon into the charge composition, forced heating and melting with the formation of a melt
with significant overheating above the liquidus temperature. Using the data of X-ray structural analysis, it was experimentally established that when
using carbon materials subjected to graphitization for carburization, it is advisable to reduce the proportion of the amorphous phase, increase the size
of crystallites and the graphitization degree, and improve the structural homogeneity. The experimentally determined difference in the nature of melt
formation during carburization of pure iron and in the case of simultaneous deoxidation and carburization of highly oxidized metal is associated with
the process of deactivation of the carbon material surface by oxygen, the development degree of which depends on reactivity of the carbon material
and decreases with an increase in the degree of its graphitization and a decrease in the defectiveness of the crystal structure. During the simultaneous
deoxidation and carburization of highly oxidized iron, a significant role of the deoxidizer type was established, which is associated with the different
partial influence of the materials used on structural state of the iron melt and with the different neutralization degree of the effect of oxygen on deacti-
vation of the surface of carburizer particles.
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AHHomayus. Ha ocHOBE pe3ynbTaToB BHCKO3UMETPUUECKHX HCCIEIOBAHMN 3aKOHOMEPHOCTEH (hOPMHPOBAHMS MPELU3HOHHBIX IKEJIE30yIIIepPOIn-
CTBIX PacIulaBOB 0OOCHOBaHA HEOOXOAMMOCTb Y4eTa CTPYKTYPHOI'O COCTOSIHUSI MCXOJHOTO JK€JIE3HOr0 paciulaBa U yIJIEpOAHOIo Marepualla Ipu
pa3paboTke ONTUMAIBLHOM TEXHOJIOTHH HAYIIIEpOKMBaHUs. PaccMaTpuBasi BEIMUMHY KHHEMAaTHYECKOH BSI3KOCTH M CTa0MIIBHOCTD 3HAYEHHI 9TOrO
CTPYKTYPHO-UYBCTBHTEIIBHOTO CBOMCTBA KaK [10KA3aTeIN CTENIEHH HEPAaBHOBECHOCTH CTPYKTYPHOI'O COCTOSIHHS XKEJI€30yIIIEPOUCTOrO PacIljiaBa,
aBTOPBI MOKA3bIBAIOT, YTO ONTUMAJIBHBIM PEIICHUEM CIEAyeT CUNTATh HAyIJIePOKMBAHUE JKHUIKOTO JKenesa ¢ npeumyiiectBenHo ['TIK-nono0Hoii
CTPYKTYpOI1 OJIMKHETO TopsiKa. DTOMY MOXKET CIIOCOOCTBOBAThH BBOJ| YIVIEPO/IA B COCTAB IUXTHI, )OPCHPOBAHHBIN HATPEB U IUIaBICHUE C (hOPMU-
pOBaHMEM pacIljiaBa MpH 3HAYUTEIBHOM IeEperpeBe Haja TemrmepaTypoil nukBuayc. C MpUBIEUCHNEM JAaHHBIX PEHTIEHOCTPYKTYPHOTO aHalIn3a
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9KCIEPUMEHTAIBHO YCTAHOBIIEHO, YTO P MCIIOIb30BAHUH JUISl HAYIVIEPOXKUBAHHS YITIEPOAHBIX MaT€PHAIIOB, HOIBEPIHY THIX IpadUTALUH, 1IEIeCO-
00pa3HO CHIDKEHHE JONH aMOpGHOII (a3bl, yBenHUCHHE pa3sMepa KPUCTAUINTOB M CTCHEHM rpadUTalUy, IOBBIIICHHE CTPYKTYPHOH OXHOPOX-
HOCTH. DKCIIEPUMEHTAJILHO YCTAaHOBJICHHOE Pa3InyuKe XapakTepoB (hOpMUPOBaHMs paciiaBa IpU HayIJIEPOKUBAHUN YHCTOIO JKejIe3a U B CIydyae
OZIHOBPEMEHHOT'0 PACKHCIIEHUS M HAyITIEPOKUBAHUS BBICOKOOKHMCIIEHHOTO METaJlla CBA3aHO C MPOIECCOM JI€3aKTHBALMM HOBEPXHOCTH YITIEPO-
HOTO MaTepuaja KUCIOPOIOM, CTENeHb Pa3BUTUS KOTOPOTO 3aBUCHUT OT PEAKIMOHHOH COCOOHOCTH YIIIEPOJHOIO MaTepHaa M CHUKAETCS TIpU
YBEIIMYICHUH CTETICHH €0 IPaUTAINK U YMEHbIICHUH 1e()eKTHOCTU KPHCTAILTMYECKOH CTPYKTYpBL. [Ipi oMHOBpEeMEHHOM PACKUCICHUH U HAyTIIe-
POKMBAaHUH BBICOKOOKHCIICHHOTI'O )KeJe3a YCTaHOBJIEHA 3HAUYUTEIIbHAS POJIb TUIIA PACKUCIIHUTEIIS, YTO CBA3aHO C Pa3HBIM MaplUaIbHBIM BIUSHUEM
HCTIONB3YEMBIX MaTEPHAIOB Ha CTPYKTYPHOE COCTOSIHHE PACIIIaBa JKeJle3a U C Pa3HON CTENEHbI0 HEHTpann3aluy BAMSHUSA KUCIOPOIa Ha TIPOLIece

JAC3aKTHUBALIUU MTOBEPXHOCTU YACTULl HAYTJICPOXKUBATCIIS.

Katoyesbvle cn08a: xene30yrepoaucThiil paciias, CTPYKTYPHOE COCTOSHUE, HAyIIIEPOXKUBAHNE, CTPYKTYPa YIIIEPOIHOTO MaTeprana, THIT PACKUCIHTENs

BaazodapHocmu: ABTopsl BeIpaxaroT OnaromapHocts Myp3uny A.B. 3a ieHHbIC 3aMeuaHust IPH 00CYKICHHN PaOOThI.

/s yumupoeanus: T'ynos A.I., Bypmacos C.I1., CmupsoB JI.A. HccnenoBanue HhopMUPOBaHUsI KEIE30yIICPOAUCTHIX PACIUIABOB U TEXHOJIOTH-
YEeCKHe acleKThl HayIIIepOXKUBaHU. M3secmus 6y306. Yepnaa memannypeus. 2025;68(5):506-516.
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[ INTRODUCTION

Carburization has become an integral element in
steel production using modern high-intensity technolo-
gies. This increases the relevance of studying the pat-
terns of iron—carbon melt formation, since the establish-
ment of an equilibrium structural state of the melt prior
to crystallization is a prerequisite for achieving the maxi-
mum level of service properties of the metal [1 — 4]. Dif-
ferent degrees of completion of the relaxation process
of the non-equilibrium structural state of the melt caused
by carburization lead to an increase in the heterogeneity
of the metal and the instability of its properties [5; 6].
Insufficient attention to this factor may explain why
the use of modern technological schemes for steel pro-
duction, despite their enhanced ability to refine the metal
from undesirable impurities, does not guarantee the sta-
bility of high service properties of steel products [7].

Modern methods for assessing the degree of non-
equilibrium of the structural state of iron melts are based
on the study of structure-sensitive properties of melts, in
particular on viscometric studies. In most cases, a higher
degree of equilibrium of the melt’s structural state
at a fixed composition corresponds to higher kinematic
viscosity values and greater stability of this structure-
sensitive property [1 — 4].

As shown in the authors’ previous studies [8], iron
melts can exist within a spectrum of similar structural
states, and the stability of one of these states increases
when a solution with carbon is formed. To further elu-
cidate the regularities of iron carburization, the authors
continued viscometric studies on the formation of pre-
cision iron—carbon melts. The experiments were car-
ried out in a vacuum high-temperature viscometer under
an atmosphere of ultra-pure helium (>99.9999 %),
using the torsional oscillation method of a crucible
containing the metal to determine the kinematic visco-
sity of the melt. This method minimizes the perturbing
influence on the structural state of the melt. The results
obtained at this stage make it possible to identify a num-

ber of factors that must be considered when developing
the parameters of the optimal carburization technology
for iron.

[ INFLUENCE OF STRUCTURAL STATE OF THE INITIAL
IRON MELT

Fig. 1 presents the results of a viscometric study
of the formation of a pure iron melt at 1873 K obtained
through a multistage hydrogen refining process of car-
bonyl iron. Two heating modes up to 1873 K were used:

—mode /: isothermal holding for 900 s at 1473 K
(within the thermodynamic stability region of y-Fe), fol-
lowed by forced heating to 1873 K within 120 s;

—mode 2: holding for 1200 s near the melting point
(within the thermodynamic stability region of §-Fe),
nearly equilibrium slow melting for 8400 s with minimal
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Fig. 1. Results of the viscometric study of dynamics of pure iron melt
formation in the case of different heating and melting modes:
1 —mode /; 2—mode 2 (crucible material — BeO)

Puc. 1. Pe3ynbrarsl HCCIEIOBAHHS METOOM BHCKO3HMETPHI
JIMHAMUKH (GOPMHUPOBAHHMS pacIuiaBa YHCTOTO JKee3a
B CJIydae Pa3HbIX PeKUMOB HAarpeBa M IUIABICHHS:
1 —pexum 1; 2 — pexxum 2 (Marepuan turist — BeO)
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overheating above the melting temperature, and subse-
quent heating to 1873 K at an average rate of 2 K/min.

The obtained data indicate a significant influence
of the heating and melting mode on the structural state
of the resulting iron melt. According to the authors,
the difference in the structural states of the melt may be
associated with the “inheritance” of different short-range
order structures from the initial solid metal. In the first
case, the increased kinematic viscosity values after melt-
ing can be attributed to a more densely packed structure
with a predominantly FCC-like atomic coordination.
In the second case, a BCC-like configuration of atomic
micro-groupings is inherited. It is worth noting that, under
the thermodynamic conditions implemented for pure iron
melts, the structural state with a predominantly FCC-like
atomic coordination is relatively unstable. During isother-
mal holding at 1873 K, a transition occurs to a structural
state with predominantly BCC-like atomic coordination.
The pronounced high-frequency oscillations of kine-
matic viscosity observed in the case of forced heating
may be attributed to significant micro-inhomogeneity
of the forming structural state of the melt, caused by par-
tial transformation of y-Fe to 3-Fe as a result of the over-
lap of two phase transitions and the coexistence of FCC-
and BCC-like atomic groupings.

The implementation of carburization under the above
heating and melting modes can therefore be associated
with the formation of a carbon solution in different struc-
tural states of the initial iron melt. As shown in Fig. 2, a,
the formation of an iron—carbon melt under the first heat-
ing and melting mode leads to the development of a struc-
tural state with a markedly higher kinematic viscosity,

which, according to currently accepted views, corres-
ponds to a more equilibrium structural state of the melt.
This is further supported by an analysis of the stabi-
lity of the realized structural states of the iron—carbon
melt: for the state with lower kinematic viscosity, there
is a clear tendency to transform into a state with higher
viscosity, both under isothermal holding at 1873 K and
during subsequent cooling from 1873 K to crystallization
(Fig. 2, b).

The above results suggest that, during carburization
of iron, the optimal process should be considered the car-
burization of liquid iron possessing a predominantly
FCC-like short-range order structure. However, it is also
possible that the instability and non-equilibrium character
of the initial structural state — enhanced by the strongly
non-equilibrium melting mode — play a substantial, if not
decisive, role in this process.

- INFLUENCE OF THE CARBON MATERIAL STRUCTURE

From the standpoint of differences in carburizer qua-
lity, current research mainly focuses on its chemical com-
position — primarily the carbon content (or ash content)
and nitrogen concentration. According to the authors,
attention should also be paid to the structure of the car-
bon material itself. It is the structure, above all, that may
determine the influence of the carbon material type on
the nature of melt-formation behavior and the resulting
structural state after iron carburization (Fig. 3).

Based on X-ray diffraction (XRD) analysis (Table 1),
comparing carbon materials subjected to graphitization
(graphites of different grades, e.g., GMZ and GII-A,
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Fig. 2. Results of the viscometric study of dynamics of the Fe — 0.1 % C melt formation in the case of different heating and melting modes:
1 —mode /; 2—mode 2 (crucible material — BeO, carburizer — diamond powder);
a — isothermal holding at 1873 K; b — subsequent stepwise cooling to crystallization with isothermal holding at each temperature for 600 s

Puc. 2. Pe3ynbrarhl HCCIIEI0BaHUS METOJOM BUCKO3UMETPUH AMHAMUKH (popmupoBanus paciuiasa Fe — 0,1 % C
B CJIydae Pa3HBIX PEKMMOB HAarpeBa U IUIABIICHHSA:
1 —pexum [; 2 — pexxum 2 (Marepuan turis — BeO, HayrepoxxuBaTelb — aJIMa3HbIH IOPOILOK);
a — n3otepmudeckas Boiiepxkka npu 1873 K; b — mocnenyroriee ctyneH4yaToe OXJIaKaeHHE 10 KPUCTAJUTU3AINN
C U30TEPMHUYECKOM BBIIEPIKKOMN 1pu Kaxaoii remneparype 600 ¢
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and electrode scrap), the data indicate that a decrease
in the kinematic viscosity of the resulting iron—carbon
melt — and, in line with current understanding, a corres-
ponding increase in the degree of structural non-equilib-
rium — is associated with a higher amorphous-phase frac-
tion (likely due to a non-graphitizing binder or its partial
graphitization), a smaller crystallite (coherent domain)
size, and a lower degree of graphitization (three-dimen-
sional ordering within crystallites) [9].

The results shown in Fig. 4, obtained from carburi-
zation tests in which the same pure converter iron was
carburized using graphite of GII-A grade supplied by
three different manufacturers, also indicate that it is not
the graphite type itself but its structure that plays the deci-
sive role. Along with confirming the previously described
effect of the graphite structural parameters (Table 2)
on the viscosity level of the iron—carbon melt, these data
demonstrate a substantial influence of the initial gra-
phite structural heterogeneity on both the relaxation time
ofthe melt’s structural-state non-equilibrium after graphite
addition and the amplitude of the high-frequency oscil-
latory component of kinematic viscosity changes, which
can be associated with the degree of micro-inhomoge-
neity of the melt. The maximum structural heterogeneity
of graphite — characterized by a combination of a rela-

tively low-defect crystalline phase and a large amorphous
phase fraction (Fig. 4, b) — leads to the greatest micro-
inhomogeneity and instability of the structural state
of the iron—carbon melt. Reducing the graphite heteroge-
neity, either by increasing the defectiveness of the crys-
talline phase (Fig. 4, a) or by decreasing the amorphous
phase fraction (Fig. 4, ¢), reduces both the amplitude
of the high-frequency component and the stabilization
time of kinematic viscosity values, although at different
levels of this structure-sensitive property, corresponding
to different degrees of non-equilibrium structural state
of the melt. The behavior of the subsequent polytherms
indicates a higher degree of structural non-equilibrium,
characterized by lower kinematic viscosity values.

The mechanism of carbon transfer from the carburizer
into liquid iron is one of the key aspects of the physi-
cochemical nature of the carburization process. Accor-
ding to A.A. Vertman and A.M. Samarin [10], based on
the relatively low activation energy of graphite disso-
lution and the specific features of its crystal structure,
the dissolution of graphite in liquid iron proceeds in
at least two stages: (1) detachment of flat graphite layers
from the surface of the solid particle and (2) dissolution
of these detached layers.

Table 1. Results of X-ray structural analysis of carbon materials

Ta6auya 1. Pe3ys1bTaTbl PpEeHTT€HOCTPYKTYPHOIO MCC/IeJ0BAHUS YIVIePOACOAePKALUX MATePUAIOB

o e Phase Compound Quantity, Coherclant Lattice Degree of
carbon . . Space group scattering parameters, e
. No. (mineralogical name) % . graphitization
material region, nm nm
. a=0.2459;
1 Graphite-2H P6,/mmc 47.13 29 o= 0.6789 0.53
GII-A
. . a=0.2456;
graphite 2 Graphite-3R R-3m 25.72 21 o= 1.0300 0.08
3 AmopdHas daza - 27.15 - - -
GMZ . a=10.2460;
graphite 1 Graphite P6,/mmc 100.00 87 c=06731 0.87
. a=0.2200;
. 1 Graphite-2H P6,/mmc 16.36 2.04 = 06952 —
Anthracite 0.2474
. a=0. ;
2 Graphite-3R R-3m 83.64 1.62 o= 12035 -
. a=0.2127,
Glassy 1 Graphite-2H P6,/mmc 60.53 1.45 c=0.7471 -
carbon . a=0.2438;
2 Graphite-3R R-3m 39.47 3.24 ¢ =1.0310 0.04
. a=0.2463;
1 Graphite-2H P6./mmc 18.00 2000 ’ 0.97
Electrode P 3 c=0.6714
scrap . a=0.2438,;
2 Graphite-2H P6,/mmc 82.00 2000 = 0.6757 0.72
Diamond Diamond Fd3m 97.72 1260 a=0.3567 -
powder 2 Diamond-n R3 2.28 45 a=0.3610 -

509



N3BECTUA BY30B. YEPHASA METAJIJIYPTUA. 2025;68(5):506-516.

I'ydos A.I', Bypmacos C.I1, CmupHos JL.A. UcciefoBanue GopMUPOBaHUS KeJIe30yTIePOACThIX PACIIABOB U TEXHOJIOTUYECKHE ACTIEKTHI ...

(09g — ¥uaul reudoren 7 — sunorgern u egodien wimxad) migAdioneH — 3 5 romodon yiqHERNIR — /¢
‘rodorikorroro — ,2 ‘2 ‘nog uiaHrodowe — p p y-p] widew wuded — 0 O (g T uxdew udedi — g ‘g ‘rumedine — v ‘v
:yorrareamxodartiAen gounl xigHeed nuHegosdronou udu (doxdew HigHORAN) REIIOX OJOHIOXOU KIT MINITHHBY O MMHOIARLOOLIO) 8 MHIBEUITreLoUdN O KHHOIMKEIXO OJQIMIOIATQIr00N Q70X
MUHOHOWEHN U Y ¢/ 8] Udi mxdoriag HoxoohuNdoLoEH oIoX € ) 9, 0 — 9 eaernded skuHegodumndod uIuweHny MHdLOWHEONOME WOTOLOW KMHBEOIAIrOU 191BLIUAEd] 'S "Ind

(0og — reueyeWw 9[qIoNId ‘7 opow — Sunow pue Junesy) saqmoueu — 3 ‘3 ‘xopmod puowerp — /¢
‘uoqied Asse[3 — ,2 ‘@ ‘deos opomnodoyd — p p ‘opeid y-11D jo anuydeid — 0 0 ‘opeid ZND Jo ayydeid— g ‘g ‘oyorryue — v ‘v
:$10Z11nqIed Jo sad£) Juaroyrp Suisn uaym (I9yIewW Pal) UOII [ERIUL dY) 10J BIep AU Yim uosLredwoos ut
uonezi[[e)sA1o 0) 3urjood juonbasqns JurLmnp soFueyd pue I ¢/ 8] e SUIP[OY [BULIY}OSI SULINP UOIBULIOJ J[oW D) 9% ['() — 9. Y} JO SOIWRUAP JO Apnjs OLIJOWOISIA dY) JO SINSAY S *b1

Y ‘ernjeroduwia],

006} 068/ 008} 0SZL 006} 0S8L 008}t 0GZL 006) 0S8L 008t 0SZL 006} 0S8L 008t 0SZL 006} 0S8) 008L 0SZL 006} 0S8) 008t 0SZL 006} 0S98) 008L 0SL.)

T T T T T T T T T T T T T T m
b b b b - b 49
b b b b - b 42
b b b b - b 48

\M \‘ \m xh ;U \Q »B
6

5012wy
4 0t 0 0z 0} 0 4 0} 0 4 (] 0 0z 0} 0 4 0t 0
g
T T T T T T

- - -9
T A
b b b 48

3 s 2 P P q [
6

A ‘L()[ A

s/ Q-

510



I1ZVESTIYA. FERROUS METALLURGY. 2025;68(5):506-516.
Gudov A.G., Burmasov S.P, Smirnov L.A. Formation of iron-carbon melts and technological aspects of carburization

8
a b c
£
> %
N m |
2
S
6 1 1 1 1 1 1 1 1 1
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
Time 103, S Time 103, S Time 103, S
8
a b' c'
2 Tr - -
g
=
5 6 o o
1 1 1 1 1 1 1 1 1 1 1 1

5
1850 1900 1950 2000 2050 2100 1850 1900 1950 2000 2050 2100 1850 1900 1950 2000 2050 2100

Temperature, K Temperature, K Temperature, K

Fig. 4. Results of the viscometric study of dynamics of the melt formation during isothermal holding at 1873 K and changes
during subsequent heating to 2023 K (red marker) and cooling to 1873 K (blue marker) during alloying of pure converter iron
with carbon (based on obtaining 0.4 % C in the metal) using graphite of GII-A grade from different manufacturers:

a, a'- manufacturer /; 6, 6' — manufacturer 2; 6, 6' — manufacturer 3 (crucible material — ZrO,)

Puc. 4. Pe3ynbraThl HCCIIEI0BAHUS METOJIOM BUCKO3UMETPUH AMHAMUKY (DOPMHUPOBAHMS PACILIIABA B XOJ€ H30TEPMUUESCKOH BBIACPKKU
npu 1873 K u uzmenenuii B npouecce nociueayomero narpesa 10 2023 K (kpacHblil Mapkep) 1 oxnaxxaenus 1o 1873 K (romy6oit mapkep) npu
nerupoBanuu yriepogom JXKUK (u3 pacuera nonydenus B meraie 0,4% C) npu ucnons3zoBanuu rpadura mapku ['MU-A pa3HbIX pou3BoUTEINCH:
a, a' — pou3BouTENb /; 0, 6' — IPOU3BONUTEND 2; 6, 6’ — IPOU3BOAUTEND 3 (MaTepua T — Zr0, )

Accordingly, in addition to crystallite defectiveness stacks. For different graphites, researchers agree that
and the character and degree of ordering of the carbon the interlayer bonds — whether van der Waals, metallic, or
hexagonal layers, another significant factor is the type weakened covalent [11] — are relatively weak yet stable.
of bonding between the hexagonal networks and their The low strength of the bonds between carbon hexagons

Table 2. Results of X-ray structural analysis of graphite of GII-A grade from different manufacturers

Tabauya 2. Pe3yabTaThl PEHTIeHOCTPYKTYPHOIO UccienoBanus rpagpura mapku I'MU-A pa3HbIX npousBoauTeiei

Manufac- | Phase Compound Space orou Quantity, SCCZEZ?;H a;a;:;(;:rs Degree of
turer No. | No. (mineralogical name) pace group % . & p ’ | graphitization
region, nm nm
. a=0.2456;
1 Graphite-2H P6./mmc 64.92 10 c=06719 0.91
1 . a=0.2522;
2 Graphite-3R R-3m 4.07 25 ©=3.0889 0.09
3 Amorphous phase - 31.01 - - -
. a =0.2456;
1 Graphite-2H P6,/mmc 69.63 700 c=06721 0.90
2 . a=0.2522;
2 Graphite-3R R-3m 3.92 25 =3 0889 0.09
3 Amorphous phase - 26.45 - - -
. a=0.2456;
1 Graphite-2H P6,/mmc 80.01 1000 = 06716 0.93
3 . a=0.2522;
2 Graphite-3R R-3m 4.05 25 =3 .0889 0.09
3 Amorphous phase - 15.94 - — -
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(in the form of short hydrocarbon chains [12]) and their
partial rupture upon heating facilitate the dissolution
of carbon into pure iron when using anthracite, thereby
promoting the formation of the most equilibrium struc-
tural state, as indicated by the highest kinematic viscosity
values. In contrast, when glassy carbon is used, the strong
and diverse bonds between hexagonal stacks — including
oxygen bridges and triple conjugated (—C=C-) or double
cumulated (=C=C=) C—C bonds [9] — significantly hin-
der melt formation, increasing the micro-inhomogeneity
and instability of its structural state. The even stronger
bonding of carbon hexagons in carbon nanotubes may
account for the greatest difficulty in melt formation when
this material is used as a carburizer.

The use of another allotropic form of carbon — dia-
mond — for carburization of pure iron promotes the for-
mation of a melt structural state with relatively high kine-
matic viscosity. The noticeable oscillatory component
of viscosity variation during melt formation also indicates
its micro-inhomogeneity. This behavior may be explained
by two factors. First, the spatial configuration of carbon
atoms in diamond is similar to that in austenite, allowing
carbon to enter the iron lattice as a complete diamond
cluster, forming a hybrid of interstitial and substitutional
solid solutions [13], which likely facilitates the forma-
tion of an fcc-like structural state of the melt. Second,
when heated above 1273 K, diamond tends to transform
spontaneously into graphite, forming at 1873 K an inter-
mediate carbon structure — a crystalline hybrid of cubic
(diamond) and hexagonal (graphite) lattices [14]. There-
fore, the observed melt-formation behavior may result
from the superposition of graphite dissolution and partial
diamond-to-graphite transformation, which undoubtedly
enhances the micro-inhomogeneity of the melt’s struc-
tural state.

- SIMULTANEOUS CARBURIZATION AND DEOXIDATION
OF METAL

Previously, experiments demonstrated that dissolved
oxygen prolongs the time required for the melt to reach
structural equilibrium during iron carburization, provid-
ing the rationale for treating deoxidation and carburization
as concurrent operations [15]. Accordingly, experiments
were conducted on simultaneous deoxidation and carbu-
rization of iron (Fig. 5). Carbonyl iron with an oxidation
level of 870 ppm was used as the base metal. Deoxidation
was performed with aluminum to obtain a residual con-
centration of 0.03 %.

Analysis of the data shows that the previously
described influence of the structural parameters of gra-
phitized carbon materials on the degree of structural non-
equilibrium of the melt generally persists under these
conditions. In particular, using graphite of GMZ grade
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yields a more equilibrium structural state of the melt
than using graphite of GII-A grade. At the same time,
melt-formation behavior changes fundamentally when
anthracite is used for carburization: the relaxation time
becomes the longest, while the kinematic viscosity is
the lowest. According to A.A. Vertman [16], dissolved
oxygen increases the stability of carbon layer stacks by
forming C O -type oxide films on their surfaces. Under
the present conditions, this process is likely most pro-
nounced for natural carbon materials such as anthracite.
By contrast, with graphitized materials, oxygen-induced
surface deactivation is mitigated because graphitization
lowers reactivity and reduces crystal-structure defective-
ness [14].

It should be noted separately that the established regu-
larities are consistent with previously obtained experi-
mental data under industrial conditions [3 — 5].

[ TYPE OF DEOXIDIZER

Under simultaneous deoxidation and carburization,
the choice of deoxidizer — in addition to the carbon mate-
rial — also affects melt-formation behavior. As shown in
Fig. 6, deoxidizing carbonyl iron with aluminum and
with calcium produces fundamentally different struc-
tural states of the melt. With aluminum, the melt shifts
to a state with significantly lower kinematic viscosity
than that of the starting carbonyl iron. In contrast, cal-
cium deoxidation drives structural changes that increase
kinematic viscosity. This response is consistent with
a calcium-induced perturbation of the melt’s structural
state that drives it toward a higher degree of structural
equilibrium [17].

Experimental results presented in Fig. 7 show that this
deoxidizer-specific effect on the melt’s structural state
persists under simultaneous deoxidation and carburiza-
tion. Calcium yields a structural state with substantially
higher kinematic viscosity than aluminum, indicating
a more nearly equilibrium structure. Moreover, when
anthracite is used for carburization, the relaxation time
of the introduced non-equilibrium is considerably shorter.
The established difference, apart from the distinct effects
of the deoxidizers on the structural state of the iron melt,
may also be related to the fact that calcium, as a stron-
ger deoxidizer, more effectively neutralizes the influence
of oxygen on the deactivation process of the carburizer
particle surface.

Overall, the findings show that, during simultaneous
deoxidation and carburization, calcium favors the for-
mation of an optimal melt structural state. Therefore, in
choosing a deoxidizer, partial or full replacement of alu-
minum with calcium-containing agents (e.g., calcium car-
bide) should be considered, particularly for carbide treat-
ment operations.
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Fig. 5. Results of the viscometric study of dynamics of the Fe — 0.1 % C melt formation with simultaneous deoxidation
with aluminum (residual concentration 0.03 %) and carburization during isothermal holding at 1873 K and changes during subsequent cooling
to crystallization in comparison with the data for the initial carbonyl iron (red marker) using different types of carburizers:
a, a' — anthracite; b, b’ — graphite of GMZ grade; ¢, ¢’ — graphite of GII-A grade (crucible material — BeO)

Puc. 5. Pe3ynbraThl HCCIICI0BAHUS METOIOM BHCKO3UMETPUH AWHaMHUKH (GopmupoBanus paciuiasa Fe — 0,1 % C npu oHOBpeMEHHOM
packucieHuu anoMuHneM (ocratoynas konuenTpauus 0,03 %) n HayrepoXUBaHUH B XOJIe M30TepPMUUECKOi Beiaepkku mpu 1873 K
¥ M3MEHEHUI B XOJI€ MOCIICAYIOIIETO OXIAX/ICHNS 10 KPUCTAJUIN3ALNH B CONIOCTABICHUH C JAHHBIMH JJIS1 ICXOTHOTO
KapOOHUIILHOTO JKelie3a (KPaCHBI MapKep) MPH UCIIOJIB30BAHUU Pa3HBIX TUIIOB HAYIIEPOXKUBATEICH:

a, a' — aurpanurt; b, b' — rpadut mapku ['M3; ¢, ¢’ — rpapur mapku 'MU-A (marepuan turist — BeO)

- CONCLUSIONS

When forming an iron—carbon melt, the optimal
route is carburization of liquid iron with a predomi-
nantly FCC-like short-range order. This can be achieved
by introducing carbon into the charge, applying forced
heating, and melting with substantial superheating
above the liquidus.

The structural state of the melt during iron carburi-
zation is strongly governed by the structure of the car-
bon material. With graphitized carbons, it is advisable
to reduce the amorphous-phase fraction, increase crys-
tallite size and degree of graphitization, and improve
structural homogeneity. Other significant factors include
the type of bonding between hexagonal layers and their
stacks and the allotropic form of carbon.

The choice of carburizer depends critically on the ther-
modynamic conditions of melt formation: for pure iron,
anthracite gives the most favorable result, whereas for
highly oxidized metal, graphitized materials are more
effective.

Under simultaneous deoxidation and carburization,
an optimal structural state of the iron—carbon melt is pro-
moted by partially or fully substituting aluminum with
calcium-containing agents, such as calcium carbide.
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Fig. 6. Results of the viscometric study of dynamics of the melt
formation during deoxidation of carbonyl iron by aluminum (/)
based on a residual concentration of 0.03 % and calcium (2)
based on a residual concentration of 0.01 % in comparison
with the melt formation dynamics of the initial carbonyl iron (3)
(crucible material — ZrO,)

Puc. 6. Pe3ynbratsl HccaeI0BaHUSI METOJIOM BHCKO3UMETPHH JHHAMUKU
(hopMHpOBaHHUS pacIlyIaBa IPH PACKUCICHUH KapOOHUIIBHOTO JKele3a
amoMuHueM (/) n3 pacuera ocrarouHoi konnentparuu 0,03 %

u KanbnueM (2) u3 pacyera ocratouHoi koHueHTpanuu 0,01 %

B CPaBHEHHU € IMHAMUKON (JOPMHUPOBAHUS paciuiaBa HCXOAHOTO
KapOOHMIIBHOTO Kene3a (3) (marepuan turs — ZrO,)
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Fig. 7. Results of the viscometric study of dynamics of the melt formation with simultaneous carburization (0.1 % C) and deoxidation
of carbonyl iron with aluminum (/) based on a residual concentration of 0.03 % and calcium (2)
based on a residual concentration of 0.01 % using different types of carbon materials:
a — anthracite; b — diamond powder (crucible material — ZrO, )

Puc. 7. Pe3ynbraThl HCCIIEI0BAHUS METOIOM BUCKO3UMETPUH AUHAMMKH (JOPMHUPOBAHMS pacijiaBa npH ofHOBpeMeHHoM HayriepoxuBanuu (0,1 % C)
U PACKHMCIIEHNH KapOOHMIILHOTO JKeje3a anoMuHueM (/) n3 pacuera ocrarouHoi konnentpauu 0,03 % u kanbiuem (2)
13 pacuyera octatouHoi koHenTpamu 0,01 % mpu uCcnonp30BaHNM PA3IUYHBIX THIIOB YITIEPOAHBIX MATEPHATIOB!
@ — auTpauuT; b — anmasHeli nopomok (Marepuan turis — Zr0, )
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