ISSN 1027-5495. Functional Materials, 25, No.4 (2018), p. 736-740.
doi:https://doi.org/10.15407/fm25.04.736 © 2018 — STC "Institute for Single Crystals”

Titanium-based high-melting nanodispersed
compositions obtaining and study

V. .Bolshakovl , AV.K alininl , D.B.Glushkova2 ,
I.G.Kirichenkoz, A.I.Voronkovz, L.L.Kostina2

1Prydniprovska State Academy of Civil Engineering and Architecture, 24a
Chernishevskogo St., 49600 Dnipro, Ukraine
2Kharkiv National Automobile and Highway University, 25 Yaroslava
Mudrogo St., 61002 Kharkiv, Ukraine

Received June 20, 2018

Crystallographic characteristics of nanodispersed materials obtained by plasma-chemical
synthesis were studied. Using industrial equipment for plasma-chemical synthesis the
nanodispersed powders of high-melting carbide, nitride, carbonitride and silicide class
compounds based on titanium, magnesium, aluminium, silicon were obtained. Technology
for synthesis of powder fraction less than 100 nm was developed. The efficiency of
nanodisperse compositions use in smelting of structural steels was determined. In the
result of 10T2C steel modification with Ti(CN) nanopowder properties may by notice ably
enhanced. Elemental composition of nanodispersed composition was determined: SiC, TiC,
TiN, Ti(CN), AIN, Mg,Si, Mg;N,. The elemental composition of synthesized compounds
corresponded to stoichiometric composition. Microdiffractional patterns of the particles
were analyzed; it was shown that nanopowders belong to the solid crystalline bodies with
metallic bond. It has been found, that titanium carbonitride Ti(CN) particles have face-centered
crystal lattice, while silicon carbide (SiC) particles have hexagonal lattice. Experiments for
steel 10I'2 and 10I'2C modifying with nanopowder compositions on base of Ti(CN) and SiC were
carried out. The efficiency of nanodisperse compositions use in smelting of structural steels
was determined. In the result of 10I'2C steel modification with Ti(CN) nanopowder strength,
plastic properties and impact toughness were improved. The choice of nanodisperse titanium
carbonitride Ti(CN) powders with 100 nm fraction for light alloy steels modifying was justi-
fied. The required criteria for choice of nanopowder modifiers were obtained: insolubility in
smelt, correspondence of crystal lattice to steel matrix, commensurability with austenite germ
critical radius in crystallizing.

Keywords: nanodispersed composition, modifying, plasma-chemical synthesis, struc-
tural steel, mechanical characteristics, crystallographic characteristics.

HccnenoBanbl 0COGEHHOCTH KPHUCTALIOrpa@UUeCKUX [1apaMeTPOB HAHOLUCIIEPCHBIX MaTe-
PHUAJIOE ILIA3MOXMMUYECKOr0 CcHHTe3a. Ha NPOMBINIJIEHHON YCTAHOBKE ILIA3MOXUMUYECKOI'O
CUHTE3a IIOJYyYeHbl HAHOAMCIIEPCHBIE IOPOIIKM TYIOILIABKUX COENUHEHWUN KapOuIHOro, HUT-
PUAHOIO, KapGOHUTPUAHOIO U CUJAMIMIHOIO KJACCA HA OCHOBE TUTAHA, MArHWUA, AJIOMUHUA,
Kkpemuusa. OrpaboTaHa TEeXHOJOTHUA CHHTe3a MOPOmKOB hparkuuu meHee 100 um. Yeranosuie-
Ha 5(QPEKTUBHOCTb IIPUMEHEHUS HAHOLMUCIIEPCHBIX KOMIIOBUIIMI NPU BBIIJIABKE KOHCTPYK-
LUOHHBIX crajeiti. B peayaprare mogupuuuposanus craiau 10I2C mamomopomkom Ti(CN)
MOT'YT OLITh 3aMETHO IIOBLIIIEeHLI cBolicTBa. Ompesesél XUMUYECKUH COCTaB HAHOJUCIIEPCHEIX
rommosunuii: SiC, TiC, TiN, Ti(CN), AIN, Mg,Si, Mg;N,. Xumudecknii cocTap CHHTe3HPOBAH-
HBbIX COEIMHEHUU COOTBETCTBOBAJ CTEXHMOMETPUYECKOMY cOocTaBy. IIpoBeleH aHAJU3 MUKDO-
Iu(PAKMOHHBIX KAPTHUH YACTHUI], [IOKA3aHA [IPUHAIJIEMHOCTL HAHOIOPOIIKOB K TBEPABIM
KPUCTANINYECKUM TeJaM C MEeTaJJIMYECKOU CBA3bI0. ¥ CTAHOBJIEHO, UTO YACTUIBI KapOOHUT-
puna turada Ti(CN) umeror rpaHeneHTpupoBaHHyI0, a Kapbuma xpemuusa (SiC) — rexcaro-
HAJIBHYI0 KPHCTAJIMYECKYIO pelieTKy. IIpoBeieHBl 5KCIEePUMEHTHl 10 MOAU(MUIMPOBAHUIO
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crazxeit 10I'2, 10I'2C manonopomKkoBeIME Kommosunuamu Ha ocHoBe TI(CN) u SiC. Obocuo-
BaH BHIGOD HAHOAMCIEPCHBIX MNOPOIMKOB Kapbouutpuga rtutana [i(CN) dpaknum wmemnee
100 uM B KavecTBe MOAUMUKATOPOB HUBKOJETMPOBAHHBIX crajel. IlosyueHbl HeoOXoqUMbIE
KPUTEpPUN BHIOOPA HAHOIMOPOIIKOBHIX MOAM(PUKATOPOB: HEPACTBOPUMOCTbL B pPACILIaBe, COOT-
BETCTBUE KPUCTAIIHUYECKUX DPEUIETOK ¢ MaTpuileil cTaim, COpasMepHOCTh € KPUTHUECKUM
PaguyCcoM 3apOABIITA ayCTeHUTA [PU KPUCTAJIIUZAI[UH.

OTpuMaHHA Ta MOCHIKEHHA BJIACTHBOCTEH TYTOIIABKHX HAHOJAHCHEPCHUX KOMIIO-
3unii Ha ocHoBi THTamy. B.[.Bonwswawxos, A.B.Kaninin, [[.B.I'aywxosa, I1.I'Kupuuenko,
A.I.Boponxos, JI.JI.Kocmina.

Hocaimxeno ocobamBocti KpuctamorpadivHux mapaMeTpiB HAHOAWCIEPCHUX MaTepianis
nnasMoxiMmiunoro cunrtedy. Ha mpoMmcsioBi#i ycTaHOBII IMIa3MOXiMIUYHOTO CHHTE3Y OTPUMAHO
HAHOAMCIIEPCH] MOPONUTKM TYTOIJIABKUX CIONYK KapbigHoro, HiITPpUAHOTO, KapOOHITPUAHOTO
Ta CHJIIIIMIHOTO KJIACIB HA OCHOBI THUTaHy, Martiio, ajoMiHilo, KpeMmHio0. BiampamsoBano
TEeXHOJIOTiI0 CUHTe3y TopomiKie dpakriiii menme 100 um. Beranosneno edeKTUBHICTE 3acTo-
CYBAHHS HAHOAMCIIEPCHUX KOMMIO3UIIHI IPM BUNJAABII KOHCTPYKIIHHUX crajeii. ¥ pesyib-
tari mogudikyBanua crani 10I'2C nanonopomkom Ti(CN) moxyTs 6yTu momitHO migBuIeHi
BIacTUBOCTI. Busmauemo ximiunmii ckiax mHamoxmenepenux xommosumiii: SiC, TiC, TiN,
Ti(CN), AIN, Mg,Si, Mg,N,. Ximiunuii ckpag cUHTe30BaHWX CIOJNYK BigmoBigae crexiomer-
puuHOMY cKJany. IIpoBegeHo aHamiz MiKpoAM@pPaKIifHNX KapTUH YaCTHUHOK, MOKAa3aHa Ha-
JIe}KHICTh HAHOTIOPOIIIKIB 0 TBEPAUX KPUCTATIUHUX TiJ 3 MeTaJieBUM 3B’ sA8KOM. BcTanome-
HO, 110 YacTUHKU KapGouirpuay turany Ti(CN) mamoTs rpaHemeHTpoBady, a Kapbiry Kpem-
miro (SiC) — rekcaromanbHy EKpucrtagiuny pemriTky. IIpoBegeHO €KCIEPUMEHTH 3
moaudikysanusa cranein 102, 10I'2C manonopomkoBumMu Kommosulliamu Ha ocuoBi Ti(CN) i
SiC. O6rpyuroBano Bubip HaHOAMCIIEPCHUX HOPOLIKiB KapOouitpuny turany Ti(CN) dpaxmii
menme 100 M B sarkocti momudirkarTopiB Hu3bKoOJerosamux craJgaeii. Orpumano HeoOximui
Kpurepii BubOpy HAHOIOPOIIKOBUX MoaudikaTopiB: Hepo3umHHiCTL Yy posmiaasi,
BigmoBigHicTs KpHCTANIYHMX PENIiTOK 3 MATPUIEIO CTAJi, CIIBMIipHICTE 3 KPUTUUYHUM Pamiy-

COM 3apojKa ayCTeHiTy mpu Kpucranisaiii.

1. Introduction

The problem of manufacturing of tailor-
made products (wear-resisting, hot-resis-
tance, corrosion-resistant) for industry is
connected with steel alloying by deficit met-
als: Mo, V, rare-learth metals, Nb [1]. Con-
structional nanostructural materials take a
special place between materials with specific
structure and characteristics [3, 4, 6—8].The
use of large particles-modifiers more than
10 ym size in steelmaking is well studied
[1]. One of the prior tendencies in the mod-
ern materials science development is
nanomaterials and nanotechnologies. The
use of nanodispersed particles for steel
structure management is studied just in few
works. Thus, in modifying [9] of low-alloyed
steel by high-melting compositions, it has
been detected the formation of dispersed
structures with homogeneous distribution of
strengthening phases. However, it should be
noted, that work doesn’t have thermody-
namic analysis of parameters of modifying
processes in smelting crystallization. That
means that there are difficulties from prac-
tical point of view in choosing of optimal
composition content and size range of used
nanocompounds. It is connected with sur-
face phenomena essential changes on the
"modifier-smelt” boundary and thermody-

Functional materials, 25, 4, 2018

namic process parameters changes because
of nanoparticles addition.

To solve this problem the estimation [5] of
nanoparticles action efficiency during the
smelt’s treatment was done. The dependence
of modifier solubility degree in smelt on ther-
modynamic stability of process and difference
of nanoparticles and smelt melt temperature
were defined. Despite of practical value of
presented data, features of nanocompositions
crystallographic structure were not studied.

The purpose of work was to study a prob-
lem of obtaining high-melting nanodispersed
compositions with tailor-made crystallographic
parameters for structural steels modifying.

To reach the purpose the following objec-
tives were solved:

— to obtain nanodispersed compositions of
carbide, nitride and carbonitride classes with
particles size less than 100 nm using plasma-
chemical synthesis industrial equipment;

— to define elemental composition,
physical characteristics and crystallographic
nanoparticles parameters;

— to conduct experimental-industrial
10I'2 and 10I'2C steels smelting with use of
nanomodifiers;

— to define the influence of tailor-made
crystallographic nanoparticles parameters
on complex of structural steels mechanical
characteristics.
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Table 1.

Elemental composition of synthesized nanodispersed compounds

Material

Element content, wt. %.

Si Si free C free

N

Al Al free Ti Ti free Mg

Sic
AN
TiC
TiN
Ti(CN)
Mg,Si

65 2.0 30 2.0
0.5
1.5
1.0

1.0

- 21

33

15

1.0

1.0
33
23
19
1.0

65 1.5

76
75
65

1.5
1.0
1.0

65

2. Experimental

Modifying was conducted on construc-
tional low-alloyed 10I'2 and 10I'2C steels
with use of nanodispersed modifiers: TiC,
TiN, Ti(CN), SiC, AIN, Mg,Si with particles
size 20...100 nm. Modifiers were produced
in Neomat JSC (Latvia) at high-frequency
industrial equipment for plasma-chemical
synthesis AEROXIDEP-25.

To generate plasma the vortex induction
plasma torch with gas discharge stabiliza-
tion was used. Initial materials were gradu-
ally injected in nitric plasma flow with tem-
perature 5500-7500°C. Heating, melting,
evaporation of the injected materials and
their chemical interaction were conducted [2].

The study of size and crystallographic
structure of nanocompositions was con-
ducted with use of transmission electron
microscope 3M-125 at 100000 times magni-
fication and X-ray diffractometer DRON
2.0 with Cu-anode.

Smelting and modifying of steels were done
in industrial induction furnace with capacity
200 kg at temperature 1600°C. Mechanical
pull testing was done on standard samples ac-
cording to GOST 1497-84. The impact tough-
ness was determined by GOST 9454-80.

As key parameters of mechanical charac-
teristics the following were selected: resis-
tance to rupture, flow limit, percentage ex-
tension, contraction ratio, impact hardness.
The key parameters of nanocompositions
were: physical characteristics, specific sur-
face area, and crystalline lattice distance.

3. Results and discussion

Elemental composition of nanodispersed
compositions obtained at plasma-chemical
synthesis industrial equipment is shown in
Table 1. It should be mentioned, that in the
base of all compositions are elements (Al, Ti,
Mg), forming chemical compounds. The con-
tent of those elements in unbound state can
reach 20 %. Character of size-distribution of
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Fig. 1. Distribution charts of nanoparticles
Ti(CN), AIN, SiC, Mg,Si.

nanoparticles compounds of plasma-chemical
synthesis is shown on Fig. 1. It should be
noticed that the smallest range of size-dis-
tribution has Ti(CN)(10...70 nm), and the big-
gest one — SiC (10...250 nm). Obtained data
let us conclude that character of particles
size-distribution is asymmetrical. Ti(CN) par-
ticles with biggest density (see Table 2) have
average size less than 100 nm, and more light
particles (AIN and SiC) have bigger size
up to 200 nm.

Summarized data of crystallographic and
physical characteristics studies of nanodis-
persed materials is shown in Table 2.
Analysis of powders crystallographic char-
acteristics, particles electron microscopic
images and their microdiffraction patterns
show that finely dispersed composition arti-
ficially created with plasma-chemical syn-
thesis belongs to solid crystalline com-
pounds (Fig. 2). SiC, Ti(CN) saved their abil-
ity for self-faceting and represent discrete
three-dimensional system. The ability of
synthesized systems for self-faceting is a
consequence of their internal -ecrystal-
lographic structure due to which atoms of
crystal-particles are located on certain crys-
tallite lines and planes. This contributed to

Functional materials, 25, 4, 2018
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Table 2. Crystallographic and physical characteristics of nanocompositions.

Mate- Crystal Phase type Lattice Densitg, Melting temperature Estimated
rial lattice distance, A kg/m (decomposition), °C. specific
surface area
mZ/gm3
a c
SiC |Hexagonal, | Implementation | 3.080 | 10.04 3220 2830 Decomposition 54.8
trigonal
AIN | Hexagonal | Implementation - - 2350 2200 Melting 64.6
TiC Cubic Implementation | 4.319 - 4920 3140 Melting 24.7
TiN Cubic Implementation | 4.243 - 5430 2950 Melting 21.6
Ti(CN) Cubic Implementation | 4.256 - 4950 3120 Melting 44.0
Mg, Si Cubic, Substitution 6.338 - 2920 1170 Decomposition 42.8
spheric

plasma gas volume condensation during
plasma-chemical synthesis, which allows
particles to have free crystallizing surface,
which is confirmed in studies [10-12].

Analysis of microdiffraction patterns of
silicon carbide crystals allowed to define,
that by crystalline structure they belongs to
hexagonal syngony with a = 3.08 A, c=
10.04 A parameters. SiC particles are form-
ing in shape of hexagonal and trigonal
prisms with low height (Fig. 2a, b). Analy-
sis of contrast on SiC particle image demon-
strates that it has smaller size on the pe-
riphery than in central part.

From theoretical point of view it can be
considered that particles faceting is tending
to provide maximum surface energy with
their minimal sizes.

Electron microscopy Ti(CN) particles
analysis has shown, that particles have face-
centered cubic lattice with a = 4,25 A pa-
rameter. This is consistent with the data for
TiC (a = 4.319 A) and TiN (a = 4.243 A) [13].

Comparing of measured and pre-calcu-
lated interplane Ti(CN) distance on diffrac-
tion patterns showed that Ti(CN) lattice is
built on base of titanium carbide TiC, nitro-
gen atoms are in octahedral interstitial sites
forming solid solution of nitrogen substitu-
tion in titanium carbide crystal lattice.

According to it Ti(CN) particles are
formed of cube or tetragons. This is indi-
cated by crystals projections configurations
during their orientation [001], [111], [110].
Distinct linearity of cubes projections sides
is pointing on high Ti(CN) faces and edges
perfection. Obtained data are consistent
with studies data [13, 14].

Electron microscopic images of magne-
sium silicide Mg,Si particles are showing
non-spherical form of particles in face-cen-
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Fig. 2. Electron microscopic images of ultra-

dispersed silicon carbide particles, x100000.
Prisms: a) hexagonal, b) trigonal.

tered cubic lattice. There are different opin-
ions about Mg,Si crystalline lattice type.
According to the obtained data [15] Mg,Si
crystalline lattice is hexagonal.

Our calculations results shows that Mg,Si
interplane distances correspond to face-cen-
tered cubic lattice with a = 6.338 A pa-
rameter (Table 2).

It is mentioned in [10-13, 16], that
plasma-chemical nanodispersed powders ob-
taining is due to high rate of gas-fired flow
volume condensation, which leads to nano-
dispersed particles unstable state.

The effective way to create finely dis-
persed structure and high complex of me-
chanical characteristics of structural steels
is to modify smelts with high-melting nano-
dispersed compositions on base of titanium
[2, 5, 11]. The titanium carbonitride Ti(CN)
with 20-50 nm particles size is the most
effective modifier. This high-melting com-
position has face-centered cubic lattice like
austenite face-centered cubic lattice and
promotes the formation of dispersed struc-
ture of structural steels.

Mechanical characteristics of samples cut
from deformed rods, after thermo-harden-
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Table 3. Modification influence on mechanical characteristics of 10I'2 and 10I'2C steels

Steel brand Steel state Mechanical characteristics
c,, MPa g 9, MPa 8, % v, % KCU, MJ/m?
102 Unmodified 574 512 19.0 40.6 0.58
102 Modified 762 641 21.5 45.2 0.76
10I2C Unmodified 657 568 18.2 43.0 0.58
10T2C Modified 811 675 22.4 45.7 0.81
ing treatment of experimental-industrial References
batche% of 10F2.and .10FZC steels and after 1. V.I.Bolshakov, L.L.Dvorkin, Structure and
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That proves the efficiency of modifying. 4. W.Barsoum, Max-Phases: Properties of Ma-

4. Conclusions

Special aspects of crystallographic struc-
ture and physical characteristics of nanodis-
persed compositions of carbide, carbonitride
and silicide classes which are in correspon-
dence between nanoparticles crystal lattice
and steel crystal lattice parameters were de-
termined. Due to that it’s possible to assert
that nanodispersed titanium carbonitride
Ti(CN) has the most effective influence on
10’2 and 10I'2C steels modifying process.
This is manifested in the fact that Ti(CN)
particles apparently serves as centers of
crystallization allowing to obtain steel dis-
persed composition and thereby a high level
of mechanical properties.

By analyzing structural steels mechanical
characteristics data set it was defined that
titanium carbonitride modifying increase
strength and plastic characteristics aver-
agely on 20 %; impact toughness has the
biggest increase (on 40 %).

The efficiency of nanodispersed composi-
tions use in industrial conditions production
of structural steels with increased mechani-
cal characteristics complex was determined.
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