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SIMULATION OF THERMAL PROCESS FOR ULTRA-LOW CARBON STEEL
IN THE CONDITIONS OF SELF-PROPAGATING HIGH-TEMPERATURE SYNTHESIS

The mathematical modeling of the thermal process of forming the Armko-iron structure with
the purpose of increasing the hardness and choosing the optimal charge composition is considered.
Investigation of the mechanism of thermal process formation for ultra-low-alloy steel used the method
of thermodynamic analysis of possible reactions between system components. For the thermal process,
a universal program for the calculation of multicomponent heterogencous TERRA systems based on
the ASTRA-4 program is used. Unlike traditional methods in chemical thermodynamics, methods of
calculating the equilibrium parameters using Gibbs energy, equilibrium constants, and Goldberg and
Vage law, the universal program of TERRA thermodynamic calculations is based on the maximum
entropy principle for isolated thermodynamics.

Using the methods of mathematical modeling, a rational charge composition was developed,
and the shelf life of arco-iron in the furnace was determined with the aim of increasing hardness and
durability.
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B pobomi  pozenamymo mamemamuyne MOOent08AHH MEPMIUHO20 Hpoyecy QopmyeanHs
CMPYKMypU apMKO-3a1i3a 3 Yinvio RIOGUUEHHS MEEPOOCTi Mma 8UOOPY ONMUMATLHO20 CKAAOY WUX-
mu. Jocniodcenns Mexanizmy opmy8aHus mepmiuHo2o npoyecy Oas YabmpaHusbKo8yIuyeeoi cmaii
BUKOPUCTNOBYBATU MEMOO MEPMOOUHAMIYHOL0 AHANIZY MONCIUBUX PeaKyiti MidC KOMNOHEHMAMU CUC-
memu. [[na mepmiuHo20 npoyecy SUKOPUCTIOBYEMbCA YHIBEPCANbHA NPOZPAMA PO3PAXYHKY bazamo-
Komnonenwmuux 2emepoeenuux cucmem TERRA na 6a3i npoepamu ACTPA-4. Ha 6iominy 6i0 mpadu-
YIUHUX Memo9die XiMIUHOI MepMOOUHAMIKYU, MemMOOi8 0OUUCTIeHHS NApamMempie pieHo8azU 3a 0ONOMO-
2ot enepeii 1'i0bca, koncmanum pisnogazu ma 3axkouy I'onvbepea ma Bare, ynisepcanvna npozpama
mepmoouramiynux oouucinenv TERRA 3acnosana na npunyuni MaxcumanvbHoi enmponii 015l i301606a-
HOI MepMOOUHAMIKU.

3 3acmocysanusam memoodi@ MameMamuyHo20 MOOen08ANHS PO3POOIeHU PayioHATbHUL
CKAA0 WUXMU, GUIHAYEHUTI MEPMIH GUMPUMKYU APKO-3Ai3a @ neui 3 Memor NioSUujeHHs meepoocmi
ma 3HOCOCMItIKOCHIL.

Knrouoei cnosa: meepoicmo, CBC-wuxma, memnepamypa, Cheyianibti Spanuyi; 3HOCOCMILKICb.

Formulation of the problem

The intensive development of industry, new technologies and technology requires the devel-
opment of new types of structural materials and technological processes. The essence of the SHS me-
thod is to exothermic reactions in the mode of propagation of the combustion wave with the formation
of combustion products in the form of compounds and materials of practical value and having valuable
characteristics [1]. Therefore, the improvement of the heat treatment process will allow to obtain struc-
tural materials with new structure and mechanical characteristics.

The development of a process for improving the quality of ultra-low carbon steel is currently
one of the pressing problems of today.

Analysis of recent research and publications

The influence of carbon on the structure of steel significantly affects the mechanical and mag-
netic characteristics.For analysis and significant impact of the street was taken iron and iron annealing.
In [1,2], the study of the structure on the Armko-iron samples with a minimum number of streets
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C = 0.02% was carried out and the special boundaries affecting the grain boundary structure of the
steel on their mechanical properties where heat treatment was carried out under SHS conditions were
revealed.

Analysis of the literature showed that the study of the influence of the structure on the formation of
special boundaries in a single-phase (ferrite component) in the SHS conditions was almost never con-
ducted. Some works [3,4,5,6] only confirm this fact.

Therefore, studies aimed at developing the optimal composition of the SHS charge to form a
structure with a relative number of special hardness boundaries and the effect of the structure on the
magnitude of the coercive force are relevant.

Formulation of research purpose

The purpose of the work is to simulate the optimal process of heat treatment and determine
the rational composition of the SHS charge with the determination of the shelf life of the iron-iron in
the furnace in order to increase the hardness and wear resistance of the SHS process and control the
structure by the magnitude of the coercive force.

Presenting main material

For the heat treatment, samples of Armco-iron, cut from round @ 52 mm, were used. The

chemical composition is presented in tabl. 1.

Table 1.

C Mn Si S P Cr Ni Cu

0,015 0,25 0,34 0,03 0,008 0,06 0,08 0,17

The processes of thermal heating were carried out in open type reactors (p = 105 PA) in the
thermal ignition mode. The operating temperature range varied in the range of 900 + 950 °C, with a
total holding time of 1 to 3 hours.

For thermal modeling of chemical processes in the SHS process, the equilibrium composition
of system products was calculated using TERRA programs [7].

When developing the optimal regime of the SHS thermal process for ultra-low carbon steel
and a process that provides a rational technological process, we used the methods of mathematical
planning of the experiment with the implementation of full factor analysis according to plan 23.

The choice of a rational composition of the charge for conducting SHS in the conditions of
thermal self-ignition is made on the basis of the results of studies of the thermal picture of the SHS
process. Optimization options - HB hardness index;

The calculated levels of the variation intervals, the nature of their changes and the coding
scheme are presented in tabl. 2.

Table 2.
Characteristic Factors
XC %, wt. t, h. 0, %

Code X3 Xz Xl
Basic level 12 2 22
Variation interval 2 1 7
The lower level 14 3 29
The upper level 10 1 15

The choice of the basic level and the intervals of variation is made on the basis that the intro-
duction of cholesterol of less than 10 wt.%, Leads to the failure of the combustion wave of thermal
self-ignition. Based on the study of changes in the characteristic temperatures of the SHS process, the
amount of cholesterol is selected. Al,O; is used as a ballast admixture to obtain a 100% powder SHS
charge. The numerical value of the regression coefficients and their significance, determined by the



74 Marematiane monemtoBanas Ne 1(42) 2020

variance difference for each response function, as well as the validation of the Student's criterion and
the Fisher's model adequacy assessment, are presented in Tabl. 3.

Table 3. Results of experimental data regression analysis

Parameter Response features
Ay
by 101,64
by -0,4
b, -3,2
b; -2,5
by -4,5556
bs 1,4444
b 5,9444
bs -4,5
bg 1
by 1,25
Ab 0,578
t- criterion 2,77
F- criterion 0,96<5,99

As a result of the regression analysis we obtain equation (1), which shows the dependence of
the surface hardness on the mode of thermal self-ignition, the influence of cooling time and the aver-
age relative number of special boundaries (%):

A1 =101,64 — 0,4X, — 3,2X, — 2,5X;— 4,5556X,” + 1,4444X," +
+5,9444X5° 4. 5X.X, +1X,X5— 1,25X:X5. (1)

Model validation shows that it can be used to predict the response function for any values of
the factors between the upper and lower levels. For this purpose it is advisable to switch to natural va-
riables using the translation formula presented in the following form:

xXr_xo
Xy =—t—". )

1

k .
where X ij — the coded value of the I-th factor investigated in the j-th equation; XZ — natural value

i-th factor, which is explored in j-th equation; X; — the value of the i-h factor, which is studied in the

Jj-th equation at the basic level; A; — the value of the interval of variation of the i-th factor.

Coefficients whose absolute value is equal to a confidence interval of Ab or more should be
considered statistically significant. Statistically insignificant coefficients can be excluded from the
models.

By replacing in the equations 1 the variables Xi on the right-hand side of equation (2) and by
following the similar ones, we obtain natural equations characterizing the effects of the thermal self-
ignition regime, the influence of the cooling time, and the average relative number of special bounda-
ries (%):

AA =-2,89 +30,26XC + 14,09T — 6,910 — 0,06XC*+ 0,06T*+ 0,120*—
—0,04XCT + 0,09XCQ — 0,045T0Q. 3)

In order to evaluate the adequacy of the equation, the calculation of the obtained regression
equations for the rational mode of thermal self-ignition is performed. The results of the calculations
are compared with the experimental data.

From the tabl. 4 it is found that the error between the calculated and experimental values of the re-
sponse function does not exceed 1.5%.
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Table 4. Relation between calculated and experimental data

Indicator Experimental Estimated value Error
AA (Ti-Cr) 108 104,63 3,37

The mathematical design of the experiment significantly reduces the number of studies re-
quired to calculate the regression equation coefficients and obtain an adequate model that characteriz-
es the effect of time and average relative number of special boundaries (%) on HB hardness (number
of cholesterol = 14%)).

The response surface of the obtained mathematical model is represented by three-dimensional
graphical dependence (Fig. 1).
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Fig. 1. Effect of cooling time and average relative number of special boundaries (%) on HB
hardness (amount of XC=14%)

The microstructure of arm-iron before and after processing in SHS charge is presented in Fig. 2.
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Fig.2. Microstructure of armko-iron before treatment (a), after treatment (b) in SHS condi-
tions. Processing temperature — 900 °C, holding time 60 min
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The rational for the iron-iron is one time of cooling in the air and the relative number of spe-
cial limits of 22% wt., thus, these values of X; X, allow us to obtain maximum hardness ratios for
Armko iron, which correlates with wear resistance. The recommended rational SHS-charge for obtain-
ing a surface with high hardness on the iron-iron is presented in tabl. 5

Table 5. SHS-charge to obtain a surface with high hardness on the armco-iron.

Coating The composition of the charge, %
Ti-Cr 14% XC + 25% Ti + 5% Cr + 39% Al,O3 + 6% NH,F;
Conclusions

The thermal analysis of the SHS products of the charge was carried out and the rational com-
position of the SHS of the charge for processing of Armko-iron was determined. Using the methods of
mathematical modeling, the optimal composition of the charge for heat treatment of Armco-iron was
determined to achieve a rational process. The comparative analysis of the operational mechanical cha-
racteristics obtained during the SHS treatment made it possible to conclude that during the SHS treat-
ment the hardness and wear resistance of the samples is higher by 1.5—2.0 times and compared with
the samples that were processed under isothermal conditions. It has also been found that the heat
treatment mode for arm-iron for one hour is optimal, while increasing the hardness and durability.
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MOJEJIOBAHHSI TEPMIYHOI'O ITPOIIECY HU3BKOBYTJIELIEBOI CTAJII B
YMOBAX CAMOPO3MOBCHOAXYBAJBHOT'O BUCOKOTEMIIEPATYPHOTI'O
CUHTE3Y

Cepena B.II., Cepena I.b., Boiox B.H.

Pedepar

B po6oTi po3riisiHyTO MaTeMaTHYHe MOJCIIOBaHHS TEPMIYHOTO mporecy GOopMyBaHHS CTPYK-
TYypH apMKO-3aJli3a 3 METOIO MiABUILEHHS TBEPAOCTI Ta BUOOPY ONTHUMAJIBHOTO CKiany muxTH. Jocimi-
JDKEHHSA MexaHi3My (opMyBaHHSI TEPMIYHOTO MPOLECY ISl YJIbTPaHU3bKOBYJIUIIEBOI CTalli BUKOPHUC-
TOBYBJIM METOJ TEPMOIMHAMIYHOTO aHATi3y MOKJIMBHX peakmid MK KOMIOHEHTaMHu cucteMu. s
TEPMIYHOTO MPOIIECY BUKOPUCTOBYETHCA YHIBEpcalbHa MpOrpaMa po3paxyHKy 0araTOKOMITOHEHTHHX
rereporenHux cucreM TERRA nHa 6a3i mporpamu ACTPA-4.

31 30inbIICHHSIM TeMIepaTypy KUIBKICTh MPOMYKTIB B razomoniOHid ¢asi 3poctae i BUALIA-
IOTBCSI KOH/IEHCOBaH1 MPOAYKTH. XapakTepHo, o B obnacti Temmepatyp 700—1600 K yactka koH-
neHcoBaHoi a3y majae, 110 TOB'SI3aHO 3 BUMApPOBYBAaHHAM Hocis. OHOYACHO, MOYMHAIOYHN 3 TEMIIe-
patypu 800 K, BinOyBaeThcst po3naa MpOAYKTIB peakiii, 10 MATBEPIKYE MOsBa MPOAYKTIB pO3KIiIa-
JaHHA 1 pi3Kke 30UTbIICHHS KUTBKOCTI MoJie ra3y. ['a30moniOHi IpoAyKTH, B3a€EMOAIIOTH 3 elleMEHTaMt
MOPOIIKOBOI CHCTEMH MEpeBOIATH B Ta30By (pasy. [Ipu Temnepatypax Bume 800 K yactka koHaeHCO-
BaHOI (a3 MpaKkTHYHO He 3MIiHIOEThCS. Llel QakT mae miacTaBy MPUITYCTUTH, IO B TEMIIEPATYpPHOMY
inrepsani 700—1600 K BinOyBaroTbesi peakuii 3 BHAUIEHHSIM KOHIEHCOBaHOI (a3, ane 0e3 3MiHH
qrciaa MOJIeH, IO XapaKTepHO AJIS peakuiil po3many, oOMiHy 3 MiIKIaaKor, TOOTO MO CyTi BigOyBa-
€THCS XIMIYHUI TPaHCHIOPT EJIEMEHTIB.
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