PHYSICS AND CHEMISTRY
OF SOLID STATE

V. 24, No. 4 (2023) pp. 707-713

Section: Technology

PACS: 64.10.+h, 05.70.Fh

Vasyl Stefanyk Precarpathian
National University

®I3UKA I XIMISI TBEPJIOT'O TLIA
T. 24, Ne 4 (2023) C. 707-713

Texuiuni nayku

ISSN 1729-4428

Yu.G. Chabak!2, M.A. Golinskyi?, V.G. Efremenko®?*, H. Halfa?, V.I. Zurnadzhy!?,
B.V. Efremenko?, E.V. Tsvetkoval, A.V. Dzherenoval

Ti-rich carboborides in the multi-component high-boron alloy:
morphology and elemental distribution

'Pryazovskyi State Technical University, Dnipro, Ukraine, vgefremenko@gmail.com
2Institute of Materials Research of Slovak Academy of Sciences, Kosice, Slovakia
3Central Metallurgical Research and Development Institute, Eltebbin, Helwan, Cairo, Egypt

In the article, the characterization of the morphology, chemical composition, and elemental distribution in the
Ti-based carboboride M(C,B) in (wt.%) Fe-0.72C-2.75B-5.05W-5.57M0-10.35Cr-2.60Ti multi-component alloy
is fulfilled. The study was performed using optical microscopy, SEM, TEM, and energy-dispersive X-ray
spectroscopy. It was found that the carboboride M(C,B) is present in the structure in the form of the equiaxed
polygonal particles of a 0.5-7.3 um mean size. The particles are divided into “duplex” and “uniform” ones. The
duplex particles consists of the Ti-rich (75 wt. % Ti) “core” (Ti(C,B)) and the Ti-depleted (47.3 wt. % Ti) “shell”
((Ti,W,Mo,V)(C,B)). The uniform particles are characterized by an even distribution of the elements having a
chemical composition close to the “shell”. The ratio of B:C (at. %) is 1:2.5, 1:3.3, and 1:3.2 for the “core”, “shell”
and the uniform particle respectively. The chemical formulas of the duplex/uniform M(C,B) inclusions and the

mechanism of their formation are proposed.
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Introduction

Titanium carbide TiC and titanium boride TiB, are
important structural components of various materials of
tribological applications (cast irons, tool alloys,
composites, etc) [1-3]. Their main advantage is a high
hardness (2500-3200 HV [4]) exceeding the hardness of
the most abrasive particles thus effectively improving the
abrasive wear resistance of different alloys (high-Cr cast
iron [5], CoCrMo biomedical alloy [6], hardfacing layers
[7], coating [8], composites [9], etc.). TiC and TiB, have
advanced thermal stability similar to the refractory
ceramic [10]; also, they crystallize first from the melt
refining the structure of cast alloys due to the nucleation
effect [11-14]. Wu et al. [12] found that adding 1.5 wt. %
Tiled to a 2.5 times decrease in the equivalent diameter of
coarse primary carbides M7Cs in a 4 wt.%C-20wt.%Cr
hyper-eutectic cast iron. The same effect was reported by
Zhang et al. [13] who revealed the strong nucleation effect

707

of TiC—NbC core-shell carbide in a 3.7wt.%C-25wt.%
Cr cast iron due to lower mismatch with M7Cs meaning
stronger nucleation efficiency. Bedolla-Jacuinde et al.
reported [14] that introducing 2 wt.% Ti into the
2.5wt.%C-15wt.%Cr-3wt.%Mo resulted in a decrease in
the SDAS (the secondary dendrites arm spacing) from
25 umto 18 pum. In the high-boron alloys, the addition of
titanium reduces brittleness by replacing the eutectic
Fe;B-based network with uniformly distributed equiaxed
particles of titanium diboride TiB2 [15, 16].

When added to Fe-C-B alloys, titanium binds with
carbon rather than with boron. According to [17], alloying
of high-boron high-speed steel by 0.2-0.55 wt.% Ti
resulted in the formation of TiC carbide; at the same time,
titanium borides were not found despite the presence of
2 wt.% B in the alloy. Under higher Ti content and higher
C/B ratio, the formation of Ti-based borocarbide (such as
TMB;C, where TM includes Ti, V, Cr, Mn, and Fe [18])
is possible. Due to a very high affinity for carbon, titanium
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prevails in competition with other elements, forming
carbide with a high content of titanium and a minimum
presence of other elements [19]. However, when other
carbide-forming elements (W, Mo, V) are added in the
higher concentrations, they may participate in the
formation of TiC leading to partial substitution of titanium
in carbide’s lattice. This case refers to the “hybrid” high-
boron multi-component alloys [20-22] in which the
complex-alloyed Ti-based carboboride M(C,B) was
found. This compound is the focus of the present work
regarding its structural features, chemical composition,
and elemental heterogeneity.

I. Methods

The experimental material was a hybrid high-boron
multi-component alloy studied in [21, 22]. The alloy was
fabricated by conventional casting into sand molds
according to the procedure detailed in [21] with a chemical
composition of: 0.72 wt.% C; 2.75 wt.% B; 0.90 wt.% Mn;
1.10 wt.% Si; 10.35 wt.% Cr, 5.05 wt.% W, 5.57 wt.%
Mo, 2.60 wt.% Ti, Fe - balance. The specimens were cut
from the cast billet and then polished and etched by 4%-
Nital reagent. The microstructure was observed using the
optical microscope (OM) Olympus GX71, scanning
electron microscopy (SEM) JEOL JSM-7000F, and
transmission  electron  microscope JEOL  JEM-
2100F/CESCOR. The elemental composition was
determined by energy-dispersive X-ray spectroscopy
(EDS) using the detector INCAXx-sight (Oxford

Instruments). The average of 4-6 measurements
performed on the same structure/phase constituents was
taken as a phase chemical composition.

I1. Results and Discussion

The comprehensive experimental study and
thermodynamic analysis of the structure formation in the
alloy studied were performed in our previous works [21-
23]. As seen from Figure 1a, the alloy has a heterogeneous
structure consisting of different phase constituents,
specifically [21, 22]: (a) the coarse prismatic-shaped
inclusions (primary boron-carbide My(B,C)s), (b)
elongated eutectic plates of boron-carbide My(B,C)s and
carboboride M7(C,B);s, and (c) the dark equiaxed
dispersed inclusions shown by the arrows in Fig.1la (Ti-
rich carboboride M(C,B)) (for all phases M includes most
of all carbide-forming elements present in the alloy).

The magnified images of the Ti-based carboborides
are shown in Figs. 1b-1d. The volume fraction of these
inclusions was measured previously as 7.3 vol. % [21].
They have a near-square polygonal faceted shape with a
mean side of 0.5-7.3 um (4.22+0.48 pum on average). The
inclusions mostly were spread separately; with that, the
occasional particle-conglomerates were also seen with
sizes up to 35 um in length and 25 um in width (Fig. 1b).
The major fraction of the particles have a duplex structure
with a clearly distinguished “core”/“shell” pattern: as seen
in Fig. 1b, in the optical microscope, the “core” is yellow-
colored while the “shell” is grey-colored. The rest of the

(d) the duplex and uniform particles (a — SEM/SEI image, b, ¢ — OM images, d — SEM/SEI/BEC image).
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particles have a uniform grey-colored morphology
(denoted by the arrows in Figs. 1c and 1d). In the
SEM/SEI (Secondary Electron) images the “core” is
differentiated as the dark-contrast polygonal area with
clearly delineated boundaries (Fig. 1d). The shape of the
“core” roughly corresponds to the shape of the inclusion.
Occasionally, the “core” features a dendrite-like shape
(Fig. 1b) which is characteristic of the larger particles. On
SEM/BEC (Back-Scattered Electron Composition)
images (Fig.1d, the right side), the core has a dark color
indicating its enrichment with elements of low atomic
number which are most likely boron (Zg=5), carbon
(Zc=6), and titanium (Z1i=22). The duplex and uniform
inclusions have the same size distribution.

The elemental inhomogeneity of the duplex M(C,B)
inclusions was more precisely studied using the EDS
analysis. Fig. 2 presents the profiles of the elements’
distribution across the inclusions. In the duplex particle
(Fig. 2a), the titanium profile demonstrates a high content
of this element (as-compared to the matrix) with an
additional pronounced increase in Ti content
corresponding to the “core”. Both profiles of carbon and
boron have a significant drop attributed to the “core”,
while carbon concentration, in general, is higher as
compared with boron. The same profile shape (with a
decrease in the “core” to the matrix level) is characteristic
of W and Mo profiles (Fig. 2b). The distribution of
vanadium is more even relatively W and Mo, with only a
slight decrease in the “core”. Iron is almost completely
absent in the inclusion. Figs. 2a and 2b reveal that the
duplex inclusion is a complex-alloyed Ti-rich carboboride
where Ti is mostly concentrated in the “core” while the
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other elements (C, B, W, Mo) are mainly gathered in the
“shell”. This results in the dark BEC-contrast of the
“core”, since the atomic number of Ti is much lower than
that of other carbide-forming elements.

The uniform inclusion (Figs. 2c and 2d), as in the case
above, performs an increased (relative to the matrix)
contents of C, B, Ti, W, Mo, and V. The distinctive feature
of the uniform particle is the roughly level distribution of
the elements within it. The only noticeable exception is a
slight increase in the concentration of molybdenum at a
reduced content of titanium in the peripheral areas of the
inclusion (marked by arrows in Figs. 2c and 2d).

The quantitative data on the “core”/“shell” chemical
compositions was obtained by the point EDS analysis. As
follows from Fig. 3, the results of the measurements are in
full accordance with the elements profiles (Fig. 2). The
average concentration of titanium in the “core”
(75.6 wt.%) is by 32 wt. % higher as compared to the
“shell”. Accordingly, the total amount of carbon and
boron in the “core” (16 wt. %) is by 10.8 wt.% lower than
that of the “shell”. Taking into account the residual
amounts of other elements (less than 9 wt. % in total), the
atomic concentration of titanium in the “core” is 83.7 at.%
which is close to the stoichiometric atomic concentration
of titanium in the TiC carbide (80 wt.%). Thus, the “core”
can be considered as a TiC where carbon is partially
replaced with boron (their atomic concentrations in the
inclusion are 9.7 at.% and 5.3 at. % respectively). In the
“shell”, titanium is still a major element but the amounts
of other elements (W, V, Mo, Fe) are much bigger than in
the “core” reaching 25.9 wt.% in total. (Among them
tungsten is a main contributor performing a 10 wt.%

SEI 10.0kV X11,000 Tum WD 9.6mm

Fig. 2 The profiles of the elements (a, ¢) C, B, Ti, and (b d) W, Mo, V, Fe across (a b) the duplex M(C,B)
particle and (c, d) the uniform M(C,B) particle.
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Fig. 3. The chemical compositions of the duplex and the
uniform Ti-rich carboborides M(C,B).

increment in content as compared to the ‘“core”).
Accordingly, the atomic content of Ti in the “shell” is only
64.9 at.% while the carbon and boron contents are
increased to 21.7 at.% and 8.7 at.% respectively. The
difference in the chemical composition between the “core”
and the “shell” is illustrated by the EDS spectra shown in
Fig. 4. Based on the elemental compositions, the formulas
for the “core” and the “shell” can be presented as
(Ti0.92V0.06Wo0.01F€0.01)(Co.71Bo.29) and
(Tio.78V0.11Wo.0sM00.04F€0.02) (Co.77Bo.23), respectively.

As follows from Fig.3, the chemical composition of
the uniform Ti-rich particles is rather close to the “shell”
with a negligible difference in the contents of C, B, W, and
Mo. More notable differences refer to Ti (decrease by 6.9
wt.%) and V (increase by 5.2 wt.%). The atomic
concentration of Ti is 59.4 at.% which is even lower than
that of the “shell”. This is also confirmed by a change in
the ratio of the intensity of the Ti and (W, V, Mo) energy
peaks presented in Fig. 4c. The formula of the uniform
inclusion is (Tio,mVo,zoMOo,oeWo,osFEo,oz)(Co_7sBo_24). The
ratio of B:C (at. %) is 1:2.5, 1:3.3, and 1:3.2 for the “core”,
“shell” and the uniform particle, respectively, thus Ti-
depleted inclusions contain more carbon and less boron as
compared with the Ti-rich “core”.

The formation of two morphologically different Ti-
based compounds is presumably resulted from the
conjoint introduction of the alloying elements which form
the carbide/boride under the solidification in a high-
temperature area. Figure 5a presents the “Thermo-Calc™-
calculated pseudo-binary phase diagram “M — Boron” (M
is the chemical composition of the alloy, excluding B)
adopted from [23] where the experimental alloy is denoted
by the red dotted line. According to the diagram, in the
present alloy, a tungsten boride WB is the first which starts
solidifying at 1472°C. At 1460°C, TiC carbide starts
crystallizing. Further, WB and TiC solidify together in a

(C)]

Fig. 4. The EDX spetra of the (a,b) duplex M(,B) inc

wide temperature range of 1460-1126 °C, where the lower
Gibbs energy corresponds to TiC (Fig. 5b), meaning its
leading role in structure formation.

It can be suggested that under solidification, the first
nuclei of TiC appeared in those Ti-rich melt pools where
the Ti content is sufficient to bind with carbon in the
stoichiometric proportion. According to Figs. 5a and 5b,
titanium boride TiB, does not appear at temperatures less
than 1000 °C. However, in the interval of 978...475°C
[23] it is TiB. that has the lowest Gibbs energy reflecting
the high potential of boron for binding with Ti. As follows
from the EDS results, this potential showed itself even at
higher temperatures when boron competed with carbon
under the TiC formation. As a result, boron partially (by
one-third) substituted carbon in the TiC lattice turning it
into the carboboride Ti(C,B) with a stoichiometric Ti
content (creating the “core” of the duplex particle (Fig.
6a)). The appearance of the “core” resulted in Ti-depletion
of the surrounding melt where contents of other alloying
elements were still rather high (Fig. 6b). In this area, W,
Mo, and V started participating (together with Ti) in the
particle formation thus promoting the TiC cubic lattice
constructing under the deficiency of Ti atoms. As a result,
around the Ti(C,B) “core”, the (Ti,W,Mo,V)(C,B) “shell”
appeared, the outer contours of which generally repeat the
contours of the “core”. The “shell” grew until the
neighboring areas were extremely depleted by Ti, W, Mo,
and V (Fig. 6¢) which was the termination of the particle
formation. It is noteworthy that chromium practically did
not contribute to this process despite its high content in the
alloy (10 wt.%). This is explained by the lower affinity of
chromium for carbon and boron, compared with the above
elements [24, 25].

As to the uniform carboborides, they evidently
appeared in the melt where the Ti concentration was not
sufficient for Ti(C,B) crystallization. Here, Ti, W, Mo,
and V act together from the very beginning to build the
(Ti,W,Mo,V)(C,B) compound that results in their uniform
distribution within the particle. Although here too,
titanium plays the key role predetermining the lattice type
which is similar to Ti(C,B). According to the XRD pattern
[21], both (duplex and uniform) Ti-rich compounds had
the same XRD response performing the diffraction
maxima characteristic for the TiC carbide with a cubic
lattice of NaCl type. This is also confirmed by the TEM
investigation of the duplex inclusion which revealed the
TiC-like crystal structure of the “shell” (Fig. 5¢). The
duplex nature of Ti-rich inclusions is the distinctive
feature of a multi-component alloying [21, 22] aimed at
the competition of the elements to bind with carbon and
boron. This leads to the formation of the non-

lusion and (c) uiform M(C,B) inclusion

(a —the core and b — the shell).
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Fig. 5. (a) The calculated pseudo-binary phase diagram of the “M — Boron” system (where M stands for the
chemical composition of the alloy studied), (b) the temperature dependence of Gibbs energy for the carbide TiC and
borides TiB,, WB, and MoB, (c) SADE pattern taken from the “shell” of the duplex inclusion.

(Figs. (a) and (b) are adopted from [23]).
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Fig. 6. The mechanism of the duplex M(C,B) formation: (a) the “core” solidification, (b) the start of the “shell”
formation, (c) the process completion. (The grey areas are the alloying elements-depleted zones).

stoichiometric phases with a pronounced irregularity in
elemental distribution. Apart of the duplex M(C,B)
carboboride, this irregularity manifested in duplex
morphology of the primary carboborides Ma(B,C)s
(consisting of a W-rich “core” and W-depleted/Cr-rich
“shell”), as well as an apparent segregation of Mo and Fe
within the eutectic plates of boroncementite M3(C,B) [21,
22]. Studying the micromechanical behavior can be the
aim of future research in order to fully characterize the
duplex nature of a Ti-rich carboboride M(C,B).

Conclusions

It was concluded that adding 2.60 wt.% Ti to the
multi-component  (wt.%) Fe-0.72C-2.75B-5.05W-
5.57M0-10.35Cr cast alloy results in the formation of Ti-
based carboboride M(C,B) of a duplex (“core”/”shell”)
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and the uniform morphologies. In the duplex particles, the
“core” is a Tirich (~75 wt. % Ti) carboboride
(Ti0,92V0,06W0,01FEO,Ol)(CO,nBO.ZQ), while the “shell” is a Ti-
depleted (47 wt.% Ti) carboboride
(Tio,7gV0,11Wo,05MOo,o4F€o,02)(C0,77Bo,23). In the uniform
particles, the elements are evenly distributed, and the
chemical composition is close to the “shell”, containing
about 40 wt.% Ti and 30 wt.% (W+Mo+V). In the
carboboride M(C,B), the carbon dominated over boron
with a B:C (at. %) ratio of 1:2.5 for the “core” and
1:3.3(3.2) — for the “shell” and the uniform inclusions.
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30arauveHi Ha TUTaH KAap0O0OOPUAU B MYJIbTHKOMIIOHEHTHOMY
BHCOKOOOPHCTOMY CILIABI: PO3MOAiJ XIMIYHUX €JIeMEHTIB Ta MeXaHI3M
(popmyBaHHA

Ulpuasoscviuii deporcasnuii mexuivnuii ynisepcumem, Mapiynonw, Ypaina, vgefremenko@gmail.com
2[ncmumym mamepianosnascmea Crosayvkoi Axademii nayx, Kowuye, Cnosavuuna
3[Jenmpanvhuii incmumym memanypeitinux 0ocnioscens i po3pobox, dnmeb6oin, Xenean, Kaip, €2unem

V crarTi HaBeeHO Pe3yabTaTH AOCIIHKEHH MOP(OIIOTii, XIMIYHOTO CKJIay 1 PO3MOALTY XiMIYHUX EIEMEHTIB
y 306araueHoMy Ha TUTaH Kap6obopuai M(C,B), nmpucyrHrOMy B MyJIBTHKOMIIOHEHTHOMY crutaBi (Mac.%) Fe-
0,72C-2,75B-5,05W-5,57Mo0-10,35Cr-2,60Ti. JlocimifkeHHs] BAKOHAHO i3 3aCTOCOBYBAHHSM METO/IiB ONITHYHOT Ta
CKaHYIOUOI/TPAaHCMICIHHOT ~ €NEKTPOHHOI ~ MIKPOCKOMIl, a TakKoX EHeproAMCHepCiiiHOl  PEHTTEeHIBCHKOT
criektpockorii. BeranopieHo, mo kap6o6opun M(C,B) 3HaxoouThest y CTPYKTYpi Yy BUIVISAI AMCIEPCHHUX
MOJIrOHANBHUX YacTOK cepemHiM posMmipom 0,5-7,3 MKM 13 pi3HOIO MOPQOJIOTi€I0: «IYIUIEKCHOIO» Ta
«OAHOPiHOOY. JIyIIIeKCHI BKIIFOUCHHS MatoTh 36araueHe Ha tutaH (75 mac. %) «iapo» (Ti(C,B)) Ta 36inHeHy Ha
tutaH (47 mac. %) «ob6onouky» ((Ti,W,Mo0),V)(C,B)). OnHopiaHi BKIIOUEHHs XapaKTepU3yrThCs PIBHOMIPHUM
pO3MONLIOM eNeMEHTIB; 3a XIMIYHHM CKJIaJoM BOHH OJNHM3BbKI J0 «OOOJOHKW» JAYIJIEKCHUX YacCTOK.
Cnieeignonienns B:C (aT.%) ayis «aapay, «000JOHKM» Ta OHOPITHOTO BKIFOYEHHS CTaHOBUTH 1:2,5,1:3,311:3,2,
BiznoBinHo. [Ipexcrasneno ximiuni popmynu aymiekcHux Ta ogHopiaaux M(C,B) BkitoueHb Ta 3apornoHOBaHO
MEXaHi3M iX yTBOpEHHSL.

KorodoBi ciioBa: MyJIbTHKOMIIOHEHTHHH YaBYH, MIKPOCTPYKTYpa, €HeproJAucIepciifHui aHai3, kapoobopun
THTaHY, TyIJIEKCHI BKIIOYEHHS.
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