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Specific Distribution of Thermal Effects of Graphite
Forming Reactions in High-strength Cast Iron

The dependence of thermal effects of reactions in the formation of inclusions of vermicular and globular
graphite is substantiated in the article. The calculation of thermal effects according to the heat of formation of
reagents in cast iron and their dependence on the temperature factor is given. The distribution of temperatures
and carbon content in the eutectic shell is shown, increasing the compact inclusion of graphite due to diffusing
carbon from the melt through the austenitic shell.
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OcobOenocTu pacnpenesieHusi TemJaoBbIX 3¢ dexkToB peakunit popmupoBanusi rpadpura

BBICOKOITPOYHBIX YYT'YHOB

B crarbe npuBeneH pacuyer TemIoBHIX 3((EKTOB ¢ TEmIOTOH 00pa3oBaHMs PEareHTOB B YyryHE U
YCTAHOBJIEHO UX 3aBUCHMOCTbB OT TemriepaTypHoro ¢akropa. OO0CHOBaHa POJIb TEIUIOPHU3NIECKUX HPOLIECCOB B
(hopMUpPOBaHMN BKJIFOYECHUI BEPMHUKYJSPHOTO U HIAPOBUAHOTO rpadura, ¢ oOECIeUeHHEM HX POCTa 3a CYET
Juddy3un yrirepoaa u3 paciiaBa uepes ayCTeHUTHYIO 000JI0UKY.
BbICONIPOYHBbIN YYI'yH, IIAPOBMAHBII rpauT, BEePpMHKYJSIPHbII rpaur, KpUCTALIM3ALMA, TEIJIOBOM
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Statement of the problem. High-strength cast irons continue to keep a leading
position amongst structural materials in modern engineering. This group of cast irons is
characterized by high strength and durability indicators at the level of carbon steels with high
level of foundry properties (liquidity, segregation). All the facts show the increase of demand
for the use of high-strength cast iron for the manufacture of machine parts and mechanisms.
Modern technologies applied in the production of high-strength cast iron make it possible to
obtain a set of enhanced properties, which are achieved by modifying the melts with
spheroidizing elements and forming graphite inclusions of compact form, as well as alloying.
At the same time, the issues of the mechanism of forming globular graphite are still debatable
and do not allow reaching a generally accepted theoretical explanation of the phenomena.

It is known that cast iron has thermophysical characteristics, which strongly depend on
the nature of the forming structure, the parameters of which depend on local crystallization
conditions. Physicochemical processes occurring during crystallization of high-strength cast
iron complicate the explanation of the mechanism of formation of inclusions of spherical and
compact forms of graphite. The varied hypotheses of the formation of globular graphite and
current possibilities of computer simulation do not lead to a generalized theoretical
explanation of the phenomena that occur during graphitization. The discovery of the
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mechanism of the processes of formation of globular graphite will open possibilities for
controlling the structure and properties of high-strength cast iron. That allows developing
effective technological processes for obtaining cast products for various purposes.

Analysis of recent research and publications. Modern research methods create new
opportunities to confirm or disprove the validity of one or another hypothesis about the
formation mechanism of globular and vermicular graphite in high-strength cast iron.

There is a number of works [2] in which the formation of globular graphite (after
modifying the melt with magnesium-containing additives) is associated with "gas bubbles" of
magnesium vapour. However, such hypotheses do not explain the formation mechanism of
vermicular graphite inclusions in magnesium iron. Attempts are made to transform the bubble
theory with new experimental data, for example, the discovery of new modification of carbon
- fullerenes and their detection in iron-carbon alloys [3].

Studies on the formation of graphite nucleus [11-13] show that the centre of the
graphite globule contains Ca, Mg, S, Si, and O, therefore, calcium and magnesium sulphides
(CaS, MgS) are surrounded by an oxide layer and are considered as substrates for graphite
nucleation. With the increase of magnesium in the melt, the number of magnesium-containing
compounds increases and they affect the formation of the microstructure of the matrix,
graphite and inter-granular boundary. Growth of graphite globules, their size and shape are
determined by such factors as: the nature of the nucleus; the ability of the nucleus to adsorb
impurities and gases and the rate of carbon diffusion.

The authors in the work [7] associate the formation of a globular graphite form with
the purification of the melt from surfactants of sulphur, oxygen and other impurities. As a
result of this cleaning, the ratio of surface tension on the interface surfaces between the melt
and the base and prismatic planes of graphite inclusions changes. This theory allows
explaining the difference in the formation of globular and vermicular graphite, but does not
explain a number of issues. They are the correlation between the refining and spheroidizing
action of chemical elements, the influence of the rate of crystallization of the melt on the
formation of graphite.

A number of researchers [8, 9] associated the formation of compact forms of graphite
with their growth in the process of eutectic crystallization due to the diffusion of carbon
through the austenitic shell. The calculations confirmed the sufficiency of the eutectic
crystallization time of the modified melt for the growth of compact inclusions due to carbon
diffusion through the austenitic phase. It is noted that the conditions of heat transfer from the
surfaces at the crystallization fronts on which exothermic reactions occur: crystallization of
austenite and separation of graphite out of a liquid or solid carbon solution in iron, play a
significant role in the processes of graphite formation during the crystallization of cast iron.
The results of computer simulations indicate that these thermal effects can have a significant
impact on the development of diffusion and liquidation processes.

Statement of the objective. Thus, the purpose of this work is to clarify the role of
thermal effects of reactions in the process of crystallization of austenite and the formation of
graphite inclusions in modified high-strength cast iron.

Main material. The studies were carried out on samples of high-strength cast iron,
which was smelted in an induction furnace, the chemical composition of which corresponded
to the BU 500-2 brand (DSTU 3925-99). The melt was modified in the ladle by sandwich
method to Mgesidual portion = 0.035% by VL 63 (O) ligature with Mg = 6.3%, Ca = 1.8%,
Si = 46%, Fe — the rest.

Slides preparations were carried out according to conventional methods.
Metallographic analysis was performed using a MIM-7 microscope.

In the first phase of the study, the modified cast iron was poured into graphite
crucibles with the capacity of 1 kg and 5 kg. After a period of time which is sufficient for the
formation of crust up to 10 mm thick on the surface of the crucible, the non-crystallized liquid
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residue in the centre of the crucible was poured out and subsequent rapid cooling of the
crystallized crust with aqueous brine was carried out. Microstructure studies have shown that
the placed inclusions of globular graphite, even directly near the inner surface of the crust are
surrounded by a ferrite shell. Inclusions of vermicular graphite come to the surface of the
section with the ends surrounded by ferrite only on the sides. This indicates that the ends of
the inclusions of compact and vermicular graphite in some periods of the crystallization
process had contact with the melt. At the same time, it is noted that hardened specimens in the
end region, the inclusions of vermicular graphite have a significantly smaller thickness (up to
3 microns), compared to the thickness of the inclusions in the zones that are farther from the
crystallization front. This indicates a significant role in further formation of the diffusion
growth of inclusions of compact graphite through the austenitic shell. Thus, after the
formation of the nucleus of globular graphite, it is completely surrounded by its austenitic
shell, and when forming vermicular graphite it is only partial.

According to the method of calculation of thermal effects of reactions on the heat of
the formation of reagents in cast iron, on the basis of the initial data given in [10], a
thermodynamic calculation of thermal effects of reactions was carried out:

Fe, = Fer; [Clre = Crp; [Clre — FesC.

The calculations of thermal effects of the given reactions in the cast iron were cariied

out by the formula:

C,=a+b-10"T+c-10°T 7 Jlk/moms-K (1)
The change of enthalpy was defined AH 398 :
— for the reaction Fe, — Feyy: AH joq = AH geTB -3AH OFep =0;

— for the reaction [C]Fe — Crp: AH 555 = Angp —AH[OC]Fe =0;
— for the reaction [C]Fe — Fe;C: AH 555 = AHI(:)e}C - AHO[C]F =22,61 kJ/mole.

The coefficients of temperature dependency of the change of heating capacity AC, in
the process of reaction Fe,—Fe,; were:
Aa=14,11-41,87=-27,76; Ab=29,27-0=29,27; Ac=1,80-0=1_80.
And the change of heating capacity of AC, system, as a result of the reaction Fe,—>Fe; was:
AC, =-27,76+29,27-10°T +1,280-10°T " J/mole-K.
The coefficients of temperature dependency of the change of heating capacity in the
process of reaction [C]Fe—Crp were:
Aa=16,75-0=16,75; Ab=4,27-0=4,27; Ac =-837-0=-8,37.
Heating capacity change of AC, system as a result of reaction [C]JFe — Crp was
defined by the ratio:
AC, =16,75+4,27-107T +(~8,37)-10°T* J/mole-K.
For the reaction [C]r. — Fe;C the calculated coefficients of temperature dependency
of the change of heating capacity were:
Aa=82,23-0=282,23; Ab=83,73-0=83,73; Ac=0-0=0.
The change of heating capacity of AC, system of the reaction [C]Fe — Fe;C:
AC, =8223+83,73-10°T +0-10°T* J/mole:K.
Calculated heating effect AHOT of the reaction Fe,—Fe,, for the temperature interval
1103...1401°C was AH® (1103.c) = 43,368 kJ / mole

Similarly, heating effects for the reaction [Clre—>Crp were defined in the temperature
interval 1152...1348°C and for the reaction [C]ge —Fe3C in the temperature interval
1170...1374°C. The results of the assessment of heating effects of the reactions are shown in
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fig. 1 in the form of histogram.
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Figure 1 — Dependency of thermal effects of reactions on temperature factor
Source: developed by the author

Mole particles (content) of Fe and C in cast iron equal 96% and 4% respectively:

mrey=m(cast iron) - m particle (Fe) =100 - 0,96 = 96 r; my=m (cast iron) - m particle
(C)=100 - 0,04 =4¢

Molar mass of Fe and C are: Mx=56 g/mole; Mc)=12 g/mole.

The quantity of Fe and C in (100 g) cast iron, that is their molar particle are:

96
A(re) = Tre - & ~1,714 mole; Riey = Me 18 0333 mole.

My 56 g/mole M) 12 g/mole

The amount of heat released during the crystallization of the austenitic phase along the

boundary of the melt-austenite separation is 76.69 kJ per 1 kg of melt. Accordingly, the

amount of heat released on the austenite-compact graphite inclusion boundary is 15.39 kJ per

1 kg of melt. This nature of the distribution of heat release areas determines that the

surrounding inclusion of compact graphite is the solid austenitic phase and it will have a
substantially higher temperature than the surrounding melt (Fig. 2).

Temperature 7, K

v gy

Carbon content C, %

0 I R I _
b) x
1 — graphite; 2 — melt; 3 — austenite shell
Figure 2 — Temperature distribution a) and carbon content b) in austenite shell
of growing compact inclusion of graphite
Source: developed by the author

The existence of a continuous overheated austenitic shell is possible due to the reduced
carbon content and, consequently, an increase in the solidus temperature. In its turn, it creates
the conditions for the intense diffusion of carbon through austenite from the melt of the eutectic
composition to the surface of graphite inclusions. Special thermophysical conditions of
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formation of austenitic shells lead to high content of silicon and reduced manganese, which
results in the formation of ferrite shells around the inclusions of compact graphite.

Conclusions.
1. The calculation of thermal effects according to the heat of the formation of reagents

in cast iron was carried out and their dependence on the temperature factor was established.

2. The role of thermophysical processes in the formation of inclusions of vermicular

and globular graphite with their growth due to the diffusion of carbon from the melt through
the austenitic shell has been experimentally and theoretically substantiated.
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Llenmpanvnoykpaincokuu HayionanbHuli mexHiunuul ynigepcumem, m. Kponusnuyvruii, Ykpaina
Oco0smBocTi  po3moainy TemaoBUX e(eKkTiB peakuiii dopmyBaHHs rpagity y
BI/ICOKOMiHHI/IX YaByHax

[Muranus MexaHi3my (OpMyBaHHs KyJIACTOro rpadiTy Bce Ie 3ajMIIalOThCs TUCKYCIHHUM Ta HE Jae
JIOCSITHYTH  3araJIbHONIPUHHATHOTO TEOPETHMYHOTO MOSCHEHHS NPOTIKAIOUMX SBHII. PO3KPUTTS MeXxaHi3My
npoueciB  (GopMyBaHHS KyJSCTOro rpadiTy CHpPHATHME BIAKPUTTIO LIMPOKHUX MOXKIMBOCTEH YIpPaBIiHHS
CTPYKTYPOIO 1 BIACTUBOCTSAMH BUCOKOMIITHOTO 4aBYHY. TakuM YHHOM, METOIO JaHOi pOOOTH € YTOYHEHHS pOoJi
TEIUIOBUX e(EeKTIB peakiiii B Tpoleci KpHcTami3amii aycTeHIiTy 1 (QopMyBaHHI BKIIOYEHb TpadiTHY Yy
MOTU(IKOBAaHOMY BUCOKOMIIIHOMY YaBYHI.

JocmimkeHHsT MIKPOCTPYKTYPH TIOKa3aio, IO PO3MIIIEHHI BKIIOUEHHS KYyJSCTOro TpadiTy HaBITh
6e3nocepeaHbO Oisl BHYTPIITHBO! MOBEPXHI KipKH 3HAXOIATHCA B OTOYEHHI (epuTHOi 000M0HKH. BKItoueHHs
BEPMUKYJISIPHOTO IpadiTy BUXOAATH Ha MOBEPXHIO PO3ALITY TOPLSIMH, SIKI OTOYEHI (eprroM juiie no 6okam. Lle
CBIIYMTH, WO TOPLI BKIOYEHb KOMIIAKTHOIO Ta BEPMHUKYJISpHOTO rpadity B OKpeMmi mepiomu Impouecy
KpHCTaji3amii Malu KOHTaKT 3 PO3IUIaBOM. TakuM YMHOM, Iiciisi (OpMyBaHHS 3apojika KyJsicToro rpadiry
BiZIOYBa€THCS TIOBHE OTOYEHHS HOro ayCTEHITHOI OOOJOHKOIO, a IpH (OpPMyBaHHI BEPMHKYJISIPHOTO rpadirty
JIMIIE YacTKOBE. 3TiHO 3 METOAMKOI PO3PaxyHKy TeIUIOBUX e(eKTIB peaklii 3a TeIUIOTOI YTBOPEHHS
peareHTiB B 4aBYHi, KUIbKICTh TEIUIOTH, SIKa BUIUISETHCS IPU KpHUCTaJi3awii aycTeHiTHOI (as3u 1mo Mexi mozimy
"po3IaB — aycTeHIiT" cTaHOBUTH 76,69 k[ Ha 1kT po3miaBy. BiamoBiaHO, KUTBKICTh TEIUIA, SKE BUIUIIETHCS HA
MeXi "ayCTeHIT - KoMIakTHe rpadiTHe BkioueHH:" ckianae 15,39 x/Ix Ha 1 xr posmiaBy. ToOTo, oTouyroda
BKITIOYCHHSI KOMIIAKTHOTO TpadiTy TBepma aycTeHiTHa (aza Oyme MaTH CYTTEBO BHUINY TeMIIepaTrypy HiXK
orouyrounii 1 po3mnaB. OcobnmBi TemmodizudHi YMOBH (POpMyBaHHS ayCTEHITHUX OOOJIOHOK TPHBOIHUTH IO
MiABHUIIEHOTO BMICTY Y HUX KPEMHIIO Ta MMOHIKEHOTO MapraHIlio, HACIIIKOM YOro € (opMyBaHHS (hEepUTHIX
000JIOHOK HAaBKOJIO BKJIFOUEHb KOMIAKTHOTO rpadiry.

OOrpyHTOBaHO 3QJISKHICTh TEIUIOBHX e(eKTIB peakiiid y (popMyBaHHI BKIOYEHb BEPMHUKYJSIPHOTO Ta
Kynsicroro rpadity. HaBeneHo po3paxyHOK TeIUIOBHX e(DEKTIB 3a TEIUIOTOK YTBOPEHHSI PEareHTIB B YaBYHI Ta
BCTaHOBJICHO TX 3aJIGKHICTh Bifl TEMIepaTypHOro ¢aktopy. [lokazaHo po3Mmoii TeMIepaTyp Ta BMICTY BYTJICIIO
B GBTCKTHYHIN OO0OJOHI[, POCTYYOro KOMIIAKTHOTO BKIIIOYCHHs TpadiTy 3a paxyHOK mudysil ByIJICIO 3
PO3ILIaBY Yepe3 ayCTEeHITHY 00O0JIOHKY.

BHCOKOMIllHMII 4YaBYH, KyJascTuii rpadit, BepMukyJspHmii rpadir, kpucramisamis, TenjoBuii edexrt
peakuii

Ooepoicarno (Received) 14.01.2020 IIpopeyenzosano (Reviewed) 11.03.2020
Ipuiinamo do opyky (Approved) 19.10.2020

53



