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SUMMARY

Filonenko N. YuDevelopment of scientific and technical positions on the
influence of thermokinetic factors on the structure andmechanical properties of

aluminum- and iron-based alloysi Qualifying research paper as manuscript.

Thesis for the Academic Degree of a Doctor of Technical Scieimcdise
specialty 05.02.01«Materials science (131 Mechanical Engineering). Iron and
Steel Institute of ZI. Nekrasov of National Academy of Sciences of Ukraine,
Ukrainian State University of Science and Technologits, «Prydniprovska State
Academy of Civil Engineering and Architecterénipro, 205.

The dissertation is devoted to the study of the effect of thermokinetic factors,
chemical composition of alloys and steels, deformation and heat treatment on obtainin
alloys with predicted mechanical, operational and service propefitles paper
presents the original results of theoretical studies of the thermodynamic stability line
of melts.To determine the temperature, the heating to which will lead to suppression
of the primary phases and an increase in the dispersion of the phases, theoretic
calculations are performed using a thermodynamic approdeh thermodynamic
approach proposed in this work is based on the combination of Gibbs theory, a gener
approach for describing phase transitions in multicomponent systems
(RobertB. Griffiths), and, additionally, on considering the configurational component
of energy (fluctuations, which are spontaneous deviations of a physical property fron
the average value). It should be noted that known thermodynamic methods fol



computing thermodynamic funotns and phase stability can be used only under
equilibrium conditions and do not take fluctuations into account. To determine
thermodynamic functions of phases, in the Gibbs energy the contribution associate
with fluctuations is consideredthe contribubn of the firstdegree approximation of
high-temperature expansion of the thermodynamic potential. The results of the
calculations show that to reduce the nuclei of the primary phases, it is necessary to he
the melt above the liquidus line up to 200 Which will contribute to increase in the
dispersion of the structural components of alloys and sfeelsbtain the regularities
of the influence of the heating temperature above the liquidus line and the cooling rat
on the phase composition of alloysriohg solidification, model binary systems of the
eutectic type (FeB, Ali Cu and PbSb) with different mutual solubility of components
are studiedConsidering the contribution of the first degree of approximation of the
high-temperature expansion of theermodynamic potential to the Gibbs energy, the
temperature dependences of the thermodynamic stability of the melt are obtained fc
theFé& B and Al Cumodel systemd o experimentally verify the analytically obtained
results regarding the influence of theating temperature above the liquidus line on
the formation of primary phases and the dispersion of structural components, heatin
above the liquidus line by 50 °C, 100 °C, 150 °C and 200 °C was performed for the
Fe B, Ali Cu and PbSbmodel binary system

To study the effect of cooling temperatures on structure formation, melts after
heating above the liquidus line to the specified temperatures were poured inte wedge
shaped casting molds. This made it possible to obtain cooling ratesiéf 2G/s. The
temperatures and cooling rate were determined using a thermocouple and by tr
geometry of the wedgén this work, the temperature and boron content of the eutectic
in the F&B system alloy is clarified. The application of the qeasemical method,
consdering fluctuation processes, makes it possible to analytically obtain the right anc
left branches of the F& diagram, where the intersection point of these branches is the
eutectic point. In addition, experimental studies of alloys of thdFystem wes

carried out: metallographic, differential thermal analysis. Thus, as a result of the
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experimental and analytical studies carried out in this work, the eutectic transformatior
temperature in the FB system is obtained, which occurs to be 11G9

It is shown that an increase in the heating temperature of the melt above the
liguidus line by 150C and subsequent cooling at a rate &f 10* °C/s contributes to
a significant decrease in the number of primary phases: in il $ystemi UFe in
hypoeutect alloys and partially K8 boride in hypereutectic alloys; for iACu alloys
it | eads to a signifi can tAlphasdinhygoeuteatic o f
alloys and the ACu phase in hypereutectic alloys. Heating af-and Al Cu alloys
to 100i 150 °C above the liquidus line and further cooling at a rate &f110 °C/s
contributes to a reduction in the corrosion rate by38®6 and an increase in relative
wear resistance to 45, and the microbrittleness of alloys decreases b 80mpared
to samples without heating above the liquidus lifi@e obtained result regarding the
improvement of the physical and chemical, and operational properties ofitBe Fe
alloys after heating above the liquidus line to 2G0and cooling at rates of 30
10* °C/s can be explained by the fact that the dispersion of the eutectic significantly
increases and the length of the boundary of the primary phases decreases

It has beerrevealedthat heating above the liquidus line 150170 wi | |
suppress the formation pfimary phases and contribute to an increase in the dispersion
of phases, regardless of the chemical composition of the alloy, vdiéimdhfor 7i
10 min. Such heating and cooling rate contribute to a reduction in corrosion rate by uf
to 35% and micrebrittleness by up to 3%, and to an improvement in tribotechnical
properties (wear resistance increases by up t#%}56f alloys compared to samples
without such high heating above the liquidus limePli Sb alloys, regardless of the
temperature of heatirtpe melt above the liquidus line, the rate of further cooling, and
the content of antimony in the alloys, there is no significant change in the phase
composition. Additional heating of the iFBb melt above the liquidus line to 200 °C
leads to the formatioaf a finecrystalline eutectic structure and significantly reduces
the number of primary lead and antimony crystals compared to samples that had
lower heating temperature above the liquidus Ika. the first time, considering the
fluctuations in the @bs energy and in the free energy of théBieC melt, a volume
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surface of thermodynamic stability is obtained, above which there is a significant
decrease in the stable microcomplexes of the primary phases depending on tf
temperature and the content of boron and carbon in the Hlisyshown thain order

to obtain a homogeneous melt of thé BEeC system, which does not contain a micro
inhomogeneous structure in the form of stable microareas withisimye order, it is
necessary to heat it to 150 °C above the liquidus line

Based on the redsl of experimental studies, a liquidus surface is constructed
and it is shown that on the liquidus surface in theBf€ alloys there is a point of
intersection of two monovariant eutectics and peritectics at the boron content of
2.9wt. % and carbon of 3.wt. % at the temperature of 1102.

The proposed thermodynamic approach to determining the melt temperature, &
which there will be a significant decrease in the number of thermodynamically stable
nuclei of primary phases, is used for industaal research and industrial steels. Using
a quasichemical method, the maximum solubility of carbon, manganese, and silicon
i n-a o dferrite, austenite, and cementite of thé GeMni Si alloy is obtained, which
makes it possible to determine the rational aointgf elements in research and
industrial steels that will have an improved complex of mechanical properties.

Studies of the effect of carbon, manganese and silicon content on the formatior
of primary phases during continuous casting of laboratoryirathgstrial steels with a
carbon content of 0.39.5wt. % wascarried out in the conditions of tli@®niprostab
Metallurgical Plantlt is shown that in asast billets with a content of manganese of
O0. 7%. wand si |l i eo-RriteissuD0 e g & eisrt dendrites are
formed from the melt. In the structure of steel¢ast billets), the formation of excess
ferrite along grain boundaries and separate inclusions in grains is observed. In additiot
microsegregation zones enriched in mamganand silicon are observed in the
microstructureThe work shows thdteating experimental steels with a carbon content
of 0.35 0.5 wt.% and increased content of manganese and silicon up to a temperatur
of 1650 °C (150 °C above the liquidus line), doglat a rate of IIQL0? °C/min leads
to a decrease in grain size biy25 times. At the same time, a decrease in grain size,
the formation of finely dispersed pearlite, and finely dispersed inclusions with a size
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of O 2.5 em ar e o beoadingeatt.to Tt/ imnm or sapea
ferrite along the grain boundaries, contributes to the formation of a more uniform
pattern with individual inclusions of phase2< ¢ m i n si ze, whi cl
grain, that simultaneously leads to sedmlude and dispersion hardening of steel and
improvement of its mechanical properties. With this treatment of steels, the volume
fraction of areas containing liquation of elements (manganese and silicon) decrease
compared to specimens after continuous cgstin

The effect of heating temperature and cooling rate, duration of tempering on the
formation of microstructure and mechanical properties of research and industrial stee
K, microalloyed with aluminum, titanium and nitrogen (key K1), aluminum and
nitrogen(key K2) is studied. After crystallization of microalloyed K1 and K2 steels,
the formation of a fingrained structure with increased volume fraction of pearlite and
reduced volume fraction of ferrite occurs, compared to K, 2 and T steel. In the structure
of K1 steel, the formation of multilayer inclusions is observed, with metastable oxide
(Al, Ti)2(O, N) in the center surrounded by carbonitride, §Fey 2)(Nos to.2). During
further processing (deformation at a temperatud260+10°C with a degreef 50 %,
normalizing at the temperature of ~850 °C and exposure at the temperature of ~550 °
for 2 hours), the volume fraction and chemical composition of the inclusions dhange
nitrides and carbonitrides of titanium, which were located on the grairdaones and
in the grain volume, remain.

It is established that additional microalloying of research and industrial steels
with aluminum, titanium and nitrogen, aluminum and nitrogen increases the indexes o
impact toughness and plasticity compared to acarbhp 2 steel and research and
industrial K steel, due to the reduction of grain sizes, dispersion of inclusions. In K2
steel, indexes of strength, hardness and viscosity are highei B§ %bcompared to
indicators for K1 steel. In addition, it is estahksl that experimental K1 and K2 steels
have a 2030 % smaller zone of structural changes compared to steels of Zyrade
(DSTU GOST 10791:2016) and K (TU U 323365425713:2020), which indicates
about greater resistance to the formation of defects of Hleamgin.1 t i s s ho
the first time that to increase the h
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steel , to I mprove iIts mechanical prop
above the | iguiwdush Ifiuret htetoe st BidfOWHhy i s
necessary. A comparative analysis of t
above the | i guuainddu swiltihnoeutt oi t1 5s0h olvs t ha
to a decrease in grain snidz eismp rdoivsepneern
mechani cal properties of steels (K&) a

fluiidpt y% 2dmpared to the pagatmengraba
| i qui dTuos ilmpnreoove t he wear of met al pro
modes of heat treatment of steels can
use microall oying of steels with exp
operatioral opr opmer tciont act pair, It S
coating. Il n t hi si twhoerokr,e ttiwaoa | a paprde aeaxipe=g
determine the boron carbide content ir

Usi ng -ah gmiacal me tihtoyd ,o0 ft hbeo rsoonl uabnidl ¢
(Uf errite, austenB) eis adhdat @ mminn édrti Meor
find the necessary concentration of bc
boron cementation, mamhiiaarh aofesal $8r fi amc &

amount of borides and increased volum
studies of the i nfluence of the conte
carried out. |t i sceamoemwihed hlaay ¢ ros ,0bwlhi
boronized | ayer, the conten%. of boron

The method of boron cementation of the surface of-davibon steel @ is
developed and it is shown that prior plastic deformation intensifiedithusion of
carbon and boron. The proposed regime affects the volume fraction and sizes -of borol
containing phases in the boroamented layer: the volume fraction of,.Beboride
decreases, the volume fraction and dispersion gfCiB9 boron cementite increases.
The resulting boroitemented layers have about twice the depth, hardness, and relative
wear resistance of up 80 40 % above, and microfragility decreased ta' 20%
compared to cemented speciméeRse totality of experimeaal and theoretical results
obtained in the work as for controlling the chemical composition, due to the
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development of theoretical, methmdgical and technological bases for the
development of chemical composition and crystallization parameters, and hea
treatment to increase the homogeneity of the strudiummprove the mechanical and
operational properties of alloys and steels is the ground for further development of «
promising scientific and practical direction in materials science.

Keywords: carbon and microalloyed steels, thermodynamic stalofifyhases
solubility of chemical elements in phases, mechanical properties, heat treatment.
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3 (red7®U60)0 tsltcddOdzeddzd toj L zdz' Is Ods Odzd
_ 1854

q°
H Pi dzOo Odzls @ydjideds 3 2@ H' Oc, =GR sa ‘a3 ded 8 C I
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Hyr T oadglzlste” N dzgv | dzl te G "[Wyi, ¥ Otc dfts HFdedzO d3' Y dz0 ¢
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totsL o d bzj Gedgts H d 2O 3" Ydesets f SIsj dzgy’ Odze B ' dzOto«
ttWHE L O fuglsyipdzy dsd 1/
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[18511 86 ] , B Iz dzts tsils tc d d30 dzats L Odzj ¥ dz' fls! o " &H’
Isi B3 j tOlskztcd :

2 2 n]2
_ nFeBNFeNB

F=- 8NFeNBVFeB' 6NgNgVgg - kT(NFe(lnNFe' 1)- NB(lnNB - 1) 27TR

(3.6)

HZiCtstend g0y’ 2 dzj ydmdzts, 2=C17[184]dw, + N sl  H Iz
Noi yOmlsS O ObNdyOmns@d O®BsdE o Btelz, o' HY
] SLd2Oyddss o ' o deW dedz’ o' dzt dzN... J dzd G
sH' o Mis BiNtel |6 o alzd H'dzj ek ' ¥ H W B
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F=-8N. (- N..)(@+bT+cTInT)- 6(1- N.)*3
3 (& +BT +¢TINT) - KT((NIn(Ng. - 1) - (3.7)
)-1))- (a+bT+cTINT)?N.*(1- Ng)?

2ZRT

- (1' NFe)(ln(l' NFe

MY B yded?2 flsjdy’ Oz L Oz L @ s de@as's  § d 15 diC

€ =-8N(1- N ))(@a+bT+cTInT)+8N.,(a+bT+cTInT) +
+12(1- N )(@+bT+cTInT)+

N, 0 (a+bT+cTINT)’Ne(1- Neo)*

+RTain(1- N )+—- In(1- N,)- 18- 3.8
é%« e I N - 1 e (3.8)
+(a+bT+cTInT)2NFez(l- N
ZRT

sO0Cdds Yyddetsdz, L OfMlstsmizeo Odzdzgy Co90OL " 7' B
fjthsets mMiskzyq j dagv dzO B dzd 3 J dzdzv o dMtsC k&
Isj ted3tsH d dz@ dg'lsydits)d © dzlz B ' dzOtedesets M dzOe kz H
Hoizv ~' d3 ydesets ytslsjdey Oz L Oz L O (3. 8) .

3.1.2. 3. it SLWcORZdasDOdzol @ dets 'z tc Pz B O 'dz
Miskzy j dzv dzOB dzd X § dzdz? o dMBC SIS BY § 6t OIs Iz te dats ¢
ftslsjdzy’ Odzz B "'EZOtcdzse 5 MY dzO o

10 HOMZ (3] tolsl yd dzdz-Lfifdsdz’ LB Stz B9’ daB@tc d' te]
Isj &3t j te Olsicts O ditldbg0dr® 0 1 % dz3OM43,] @ COL BHEASHS |
Isj &3 J AL yd dzdz' Mis: B SOz 0PSOz O0dF@fP. O, (
i0,000015 % d@M. ftcd Is Bt ASOYOA] 5 ¢198IY E© &) .
tctsB SIR4| [zOo sHWIs!-L @Gdzl | M MPBGddls Fdf § OISk
5O 1423 AC tesLydd‘ Ils:fjw 0,008 % Ol. 0
9 L dzOyJ daflaizdets fiplis’'L-L ®tklclz ' o @Bsy dzO@ § sW Mdzd Isd
LtcOL €ABn. [WOSdd3 yd dztsdz, ZzOtcOL dzy B3O’ ft
tetsL yd dzdzts s ° B t$iddaf Mds O @z P dzelg ™. ISC O | A s
IsjIstcOjHtcdydse ftsted. s tststeH d dzGs Qdeigjo disd ) d
jdzj 3] dels Otcdzgz S tsd3" Sz J As tjh " sCd ftoedf OF
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] tCkOjHteduydz § stelkz sy dzO r.o fodidicds ds et
L IsON 5o Odzd?2 © SClOjHtedyds 2 fste’ &O
L zZOR SHWIs! MwO 2209 9 h H @l Biglz O te Bdgjzls to HIGY dz'* Us@ .0
sjltcOetsdzOd dz' 2 e’ Oltd Bstelz BO' 4
ZzO o' APls Odzj Iste OC 5 dzOID AZOL 'f SE@'T, o t6"O® * LzABDd:

L Odzlz to j=idelizy BQHYS Iz .

] sLd2Oydass € " dzr € ° Mmls Osd3" o Bt
IsjlstcOj Hiblgfyd® 2j dzjtec' ¥ LoodowLCE BT 3ylsqfdd
9"  Hf so ' H dzts. s d&z €' fMls! Isj Stc©OG tsdzO0dz! dzd ~
5CIsOjHic' Yydz' q " wz] W20y 'dzgj ceNw W OLd odL dzOy

F =- 6N Ny/Tos- 4NN - KT(2N(IN2N - 1) - N4 (InN, - 1) -
- (N- Ng)(IN(N - Ng)- )+ N(InN - 1)- N5(InN;, - 1)- (N- N3)(In(N - N;)- 1) -

_(@a+bT+cTInT)*NZ (- Ng)?
ZRT (3.9)

2B tLtcORkzo Olsd tois 100 dzdz, 4 ts [sHctS t8 lHzts © |
mMdMmlsj &i3d tc' o dzv dz L [zt Orw:@dz'OdalzY d33 94 Yz dats’

(3.10)

uN

[ Isted &30 dzO fr]q’fnlscldz,O tc' odgvdz (3.5) IsteOde
tc' o dav dz Bsy 20 tslstcd BZOISd cwOW " Yydzs OB s
Htsy' dz des tesL G dzV HOIsd Ofmd d3ty sl ldede dzd 29 Lt Ld
J Oz d3j dEsQdfdzy ¥ dIs! o' H IsjdBYjwOkzted. uvidB
oL O BSH' a3 j dzj d3j dzls @gggfa+bT+c] 1T SIOG d d
Vig=a,+tbT+cTINT, 9" Hfts9 ' Hdats.

Mm' Bydfdsilsj dzy® Odz L Odz' L O 9 Okfmilsjdz s’
€=-6(1- N.))(@a+bT+cTInT)+6N_(a+bT+cTInT)-

kT%](l NFe)+ |n(1 NFe)+18 (a+bT+CTInT) NFe(l NFe)

NFe ZRT (3.11)
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v O dd3 yd dzts ds, LOMIstsmize Odzdz? S99 OL " 7" d3
fjthsets mMiskzyq j dagv dzO B dzd 3 J dzdzv 9 dMtsC k&
Isj ted3sHd dzO 3" ydetsects 1§ tslsj detp'L ® dgidzd Hzts dz® tis dizte &iz©
Hdzw A" 3 ydesets fslsjdzy Oz L Oz L O (3. 11)

3.1.2.4. (6L©6OREdSS o' d dets’ jdzj to@ '’
Miskzy j dzv dzOB dzdy j dzdz? o dMsC slsj BY j 6 Ols Iz to dats ¢
fslsy dzy’ Odzz B " dZ2Otcdzse 5 MY dzOo Iz

I L f &zOs '  dfOs dp dag Sdig difistodefdirH ©° , 963 J to
l " dzt dglz jdzgjtee' B L dzOskz "L L OMlstsimizio Odac

F =-1INg(1- Neleeg - KT(N(INNg - 1) - (1- Ne)(In(@- Ne) - D) -
_(@+bT+cTINT)®N. (L~ Ng,)? : (3.12)
2ZRT

m° 3" yded?2 fwlsjdzy Odz Olssdz'" © L Odz' L O 9o

€ =-111- N )(@a+bT+cTInT)+1IN_ (a+bT+cTInT)-

~

Nee _na- Ny, +18-

1- N

(@+bT+cTINT)* N, (1- N.)? N
ZRT (3.13)

- KTEN(- N+
v

Fe

3.1.2.5. [(GBLEORLdSS & d8° & So' HEMmL

v sltod B3Odedz d2' dz' © &2 Co' HEfME Hdv H
Bbdzd odSstedMmsOd ®jLbkd Od Lo owWL Sl
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slsted B3Oz r tojL Ezdz SOI" &8 L tcj L Iz dz'ff lss@ i@zl ds
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