PHY SICS AND CHEMISTRY OF SOLID STATE
V. 19, Ne 2 (2018) P. 179-185
DOI: 10.15330/pcss.19.2.179-185

PACS 61.05.cp, 61.43.GT, 62.20.Qp, 62.23.-c, 81.20.Ev, 81.20.Wk

OI3UKA I XIMIA TBEPAOI'O TUIA
T. 19, Ne 2 (2018) C. 179-185

ISSN 1729-4428

O.l. Nakonechna, N.N. Belyavina, M.M. Dashevskyi, K.O. lvanenko, S.L. Revo

Novel Ti,CuCy and TisCu,C, Carbides Obtained by Sintering of
Products of M echanochemical Synthesisof Ti, Cu
and Carbon Nanotubes

R&D Laboratory of Physics of Metal and Ceramics, Taras Shevchenko National University of Kyiv, 64/13,
Volodymyrska Sreet, 01601, Kyiv, Ukraine, s_revo@i.ua

Mechanical aloying of the elementa powder mixture of titanium and copper (particle size of both powders
is about 40 pum, purity is not less than 99.6% wt. %) was performed in a high energy planetary ball mill to obtain
Ti:Cu (2:1 and 3:1) compositions. An addition of 1 vol. % of multiwalled carbon nanotubes (MWCNT, average
diameter 10-20 nm) into Ti-Cu charge results in a formation of nanoscaled Ti,CuC, and TizCu,C, carbides
(containing 0.5 and 4.2 at.% of carbon and 30.8 and 37.5 at.% of copper, respectively). These carbides have
synthesized for the first time. Nature of interaction of the charge components at processing in a ball mill has
studied on test samples using a complex of X-ray techniques. These techniques include a full-profile analysis for
the primary processing of diffractograms obtained with DRON-3M apparatus; quaitative and quantitative phase
analysis for determining the phase composition of the products of synthesis; X-ray structura analysis to verify
and refine the structural models; Williamson-Hall method for determining the grain sizes. The Vickers hardness
of compacted (by sintering) samples with 20.1 and 27.3 at. % Cu varies subgtantially within (6.9-7.1) GPa. Thus,
the average microhardness of synthesized materialsis 7 times higher than that of pure titanium microhardness.

Key words: Multiwdled carbon nanotube, Nanocomposite material, X-ray diffraction, Hardness.

Article acted received 05.06.2018; accepted for publication 15.06.2018.

I ntr oduction

Due to its unique mechanical features, the Ti-Cu
system, along with Ti-Au and Ti-Ag alloys, have found
their application as dental materials. For example, argon
arc titanium aloys containing up to 20 wt. % of copper
had a high density, as well as plasticity and durability
much higher than that of commercialy cast pure titanium
(CP Ti) [1-3]. Moreover, the addition of copper to
titanium improves the grindability of the materia
manufactured [4] and provides its stable antibacterial
properties [5]. The authors of Ref. [3] also indicate that
the eadticity of Ti-Cu aloys ensures that they contain
impurities of titanium-rich intermetallics (TisCu, Ti,Cu,
etc.), that is the scientific interest is aso represented by
alloys with the copper content of more than 20 wt. %.

It is known that in addition to standard methods
(such as arc or induction melting) that are used in the
production of compact materials at high temperatures,
such an effective powder metalurgy method as a
synthesis in a high-energy ball mill was implemented to
obtain titanium-copper powders. Thus, a number of
TiiCuy (0,10<x<0,87) intermetallic has been
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synthesized by mechanicd aloying of titanium and
copper powders [6], resulting in a formation in a wide
content range of amorphous powders with smilar
characteristics to those of rapidly quenched amorphous
alloys of the same composition. That is why we selected
this efficient and low energy-consuming powder
metallurgy method [7] for the synthesis of a series of the
Ti-Cu powder materias of 20-30 at. % Cu. At the same
time, in order to prevent the amorphization of the
powders while processing about 1 vol. % of the
multilayer carbon nanotubes (MWCNT) was added to
charge. Previoudly, we have shown the positive effect of
MWCNT on the characteristics of metallic materials [8-
11].

|. Experimental procedure

The raw mateials for the Ti-Cu based
nanocomposites synthesis were the powders of PTEM-1
titanium, PM-1 copper (99.5 wt. % Cu), and multiwalled
carbon nanotubes (TU U 24.1-03291669-009: 2009
number 02568182/095617 dated 01.09.2009.). Ti:Cu
charge of two compositions 2:1 and 31 (wt. %)
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Tablel
Phase composition of the products obtained by mechanical dloying (MA) of Ti-Cu and Ti-Cu-MWCNT mixtures in a planetary ball mill with further sintering
L attice constants, nm
Charge, at.% ) o _
Type of processing Phase composition Ti Cu
Ti Cu |MWCNT? a c a
Ti:Cu 3:1 (wt. %)
799 | 201 - 60-min milled powder mixture a-Ti (68)? + Cu (11)+TisCu (21) 0.2963(3) 0.4685(4) 0.3623(3)
799 | 201 + 60-min milled powder mixture a-Ti (46) + Cu (19)+Ti3Cu (35) 0.2950(4) 0.4686(4) 0.3630(4)
799 | 201 + Cold pressing and sintering at 980 °C Ti,CuCy (78) + a-Ti (22) 0.2973(1) 0.4768(6) -
Ti:Cu 2:1 (wt. %)
72,7 | 27,3 - 60-min milled powder mixture a-Ti (66) + Cu (19) + TizCu (15) 0.2944(9) 0.4708(7) 0.3623(9)
72,7 27,3 + 60-min milled powder mixture Ti3Cu (100) - - -
72,7 | 27,3 + Sintering at 980 °C Ti,CuCy (53) + TizCu,Cy (40) + TizCu (7) - - -
72,7 27,3 + Cold pressing and sintering at 980 °C Ti,CuCy (58) + TizCu,Cy (42) - - -

YCharge with 1 vol. % MWCNT; marked as“+”.
APhase content (wt.%) according to phase analysis.
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corresponding to 25 wt. % (20.1 a. %) of Cu and
33.3wt. % (27.3 a. %) of Cu has prepared. Multiwalled
carbon nanotubes used in this study were synthesized by
the catalytic chemical vapor deposition method (CVD) at
TM Spetzmash Ltd (Kyiv, Ukraine). The physical
properties of the CNTs are as follows: the average
diameter is (10-20) nm, the specific surface area
(determined by argon desorption method) is (200 -
400) m¥g and their bulk density varies from 20 to
40 g/dm® [12).

Elemental powders were mixed to give the desired
average composition and sealed in a vial under an argon
atmosphere. Hardened zirconia balls (15 units of 15 mm
diameter) and a vial (70 mm height, 50 mm diameter)
with a ball-to-powder weight ratio of 20:1 were used. The
vial temperature was held a below 375 K during the
experiments by air cooling. The milling process was
cyclic with 5 min of treatment and 25 min of cooling
time. The rotation speed was equal to 1480 rpm; the
acceleration was equal to 50¢g, the pressure for a
substance particle was about 5 GPa).

X-ray powder diffraction data were collected with
DRON-4 automatic diffractometer (CoK, radiation). The
diffraction patterns were obtained in a discrete mode
under the following scanning parameters. observation
range 2g = (20 - 100) °, step scan of 0.05°, counting
time per step at 3s. The peak positions and integral
intensities of the observed reflections were determined
using full profile analysis.

The origina software package developed for the
automated DRON equipment has been used for analysis
and interpretation of the X-ray diffraction (XRD) data
obtained. This software package includes full complex of

Sintering of Products of Mechanochemical Synthesis...

standard Rietveld refinement  procedure, namely,
determination of both peak positions and integral
intensities of the Bragg reflections by means of full
profile analysis, carrying out qualitative and quantitative
phase analysis using PDF data for phase identification
and least square method for lattice constants refinement;
testing of the structure models and refining the crystal
structure parameters (including coordinates, degree of
atomic position filling, texture, etc.).

The Vickers microhardness tests were performed
with PMT-3 apparatus at room temperature. The surface
of the samples was mechanically polished with diamond
paste.

1. Results and discussion

To clarify the data on the nature of the titanium and
copper atoms interaction in a ball mill [6], two mixtures
for Ti-Cu composition (without MWCNT) containing of
25 wt% (20.1 at. %) and 33.3 wt. % (27.3 at.%) of
copper have processes at the first stage of this research.
According to the results of the X-ray phase analysis, the
samples of these compositions contain mainly primary
metals (titanium and copper) with a small admixture of
intermetallic TizCu (Table 1) after 60 min of processing
in the mill. The lattice periods of these phases are close
to those of the initial metals, namely, a = 0.4156 nm and
¢ = 0.3594 nm for TizCu, and a = 0.2950 nm and c=
0.4686 nm for titanium atoms and a = 0.3620 nm for
copper atoms. At the same time, al reflections on the
diffraction patterns are broadened, which indicates the
fine crystallinity of the obtained synthesis products.
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Fig. 1. Diffrcation patterns of mechanically alloyed powder system of Ti:Cu (3:1) with 1 vol. % of MWCNT with
further sintering at 980 °C of this charge (compacted sample): T - Ti, C - Cu, 1 - Ti,CuC,.
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Fig. 2. Diffrcation patterns of mechanically alloyed powder system of Ti:Cu (3:1) with 1 vol. % of MWCNT with
further sintering at 980 °C of this charge (compacted sampl€): 1-Ti,CuC,, 2-TizCu,Cy.

Moreover, the subsequent processing of these powders
(over 60 minutes) resulted in gicking the synthesized
material to the working surfaces of a vial and milling
balls, and the material itself turned out to be X-ray-
amorphous, as the authors of Ref. [6] have revealed a
tendency to amorphization of the titanium-copper aloys.

Further XRD sudy of the products of
mechanochemical interaction of the two mentioned Ti-
Cu compositions was performed for a charge containing
1 vol. % of MWCNT. According to the phase analysis
(Table 1), 60 min milled charge with 20.1 at.% Cu
contains a significant amount of raw metals along with
TisCu (Fig. 1), while the processed charge with
27.3a.% Cu is a single-phase product (Fig. 2,). In
addition, the comparison of XRD results for charges
without and with MWCNT (Table 1) indicates that
carbon nanotubes contribute to the interaction of titanium
and copper atoms, which leads to the formation of TisCu
intermetallic. Since X-ray reflections of this compound
have been significantly broadened (Fig. 1, 2), the average
size of its grains was estimated using the Williamson-
Hall plot. As a result, it was found that the TizCu
intermetallic formed in the final products of the
mechanochemical synthesis is a nanoscaled phase with a
grain size of about 7 nm.

The powders synthesized were compacted in two
ways, namely, by sintering at 980 °C with or without
previous cold pressing at room temperature. As a result
of the X-ray study, it was found that the phase
composition of the samples compacted is absolutly
different from that of the milled powders.

Thus, the heat treatment of a 60 min milled charge of
25 wt. % (20.1 at.%) of Cu (the compact sintered at
980 °C, Tahle 1) results in a formation of a new phase
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that isindexed well in fcc lattice with a = 1.1514 (3) nm
(marked as Ti,CuCx carbide) along with a raw titanium
reflections. The lattice period meaning and typical
displacement of the diffraction pesks on a diffractogram
of this sample (Fig. 1) lets us to suggest that this phase
crystallizes in the Ti,Ni structural type with intertitial
carbon atoms. This assumption is entirely natural, since it
is in this structural type the wel-known Ti,Cu
intermetallic crystallizes. That is why the refinement of
the crystalline structure of the mentioned Ti,CuCy
carbide was carried out in a model of known Ti,Ni type
with a calculation of several variants of the location of
intergtitial carbon atoms. One of the proposed variants,
which provides the best correspondence between
experimental and calculated values of the intensity of the
reflections, is presented in Table 2. This variant of the
placement of atoms in the crystalline structure of the
Ti,CuC carbide indicates that the structure is somewhat
defective in Cu (calculated composition corresponds to
30.8 at.% Cu, not 33.3 at.%) and contains asmall amount
of carbon atoms that are immersed in it (only 0.5 at.%).
So, the crystalline structure of this carbide is dlightly
different from the generative Ti,Cu intermetalic
structure.

In the meantime, the nanoscaled TisCu intermetallic
(powder with 27.3 at.% Cu) under high temperature is
transformed into a mixture of the described Ti,CuCy
cubic carbide and TisCu,C, phase whose diffraction
spectrum isindexed well in the tetragonal lattice with a =
1.1985(2) nm, ¢ = 0.3044(1) nm (Fig. 2). Unfortunately,
only the Ti3CuN nitride with an unknown crystalline
structure, but close to the values of the tetragonal
crystalline lattice, was detected as suitable for
identification. The calculation of several variants of the
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Table 2

Crystallographic data of triple carbides formed by sintering of products of mechanochemical synthesis of
Ti-Cu-MWCNT charge

Ti,CuCy
Atom Site Site occ. X Y Z
Ti(1) 48f 1,00(2) 0,449(1) 0,125 0,125
Ti(2) 16¢ 1,00(2) 0 0 0
Cu(1) 32d 0,82(1) 0,209(1) 0,209(1) 0,209(1)
Cu(2) 16e 0,16(1) 0,5 0,5 0,5
C(1) 8a 0,06(1) 0,125 0,125 0,125
Space group Fd3m, N 227
L attice constant, a, nm 1,1516(3)
Independent reflections 34
Temperature correction, nm’ B = 2,89(1)-107
Calculated phase content, at. % 68,6 Ti; 30,8 Cu; 0,6 C
Reliability factor Rw = 0,078

TizCu,Cy,
Atom Site Site occ. X Y Z
Ti(1) 2a 1,00(2) 0 0 0
Ti(2) 8 0,64(2) 0,128(1) 0,182(1) 0,5
Ti(3) 8 0,76(2) 0,423(1) 0,228(1) 0
Ti(4) 4g 1,00(2) 0,301(2) 0,199(2) 0
Ti(5) 4h 0,24(1) 0,250(1) 0,250(2) 0,5
Cu(1) 4h 1,00(2) 0,401(1) 0,099(1) 0,5
Cu(2) 4g 0,64(1) 0,099(1) 0,401(1) 0
Cu(3) 8 0,64(1) 0,995(1) 0,206(1) 0,5
C(1) 4i 0,33(1) 0 0,5 0,25
Space group P4/mbm, N 127
L attice constants, a, ¢, nm 1,1986(7); 0,3042(2)
Independent reflections 80
Temperature correction, nm’ B = 3,89(1)-107
Calculated phase content, at. % 58,3 Ti; 37,5Cu; 4,2C
Reliability factor Rw = 0,076

arrangement of atoms by regular systems of points of the
P4/mbm spatial group (this spatial group was identified
for Ti3CuN nitride) led to a completely correct model of
TisCu,C, carbide structure (Table 2, Fig. 3). This phase
can be considered as a new structural type of inorganic
compounds. According to the calculated composition of
the compound, it is defective in both titanium and copper
atoms, and also contains a certain amount of carbon
atoms (4.2 at.%) embedded in the tetrahedral voids of the
metal lattice (Fig. 3).

Thus, triple carbides Ti,CuC, and TisCu,C, are
formed as aresult of heat treatment (980 °C) of products
of the mechanochemical synthesis of the charge with 20 -
27 at. % of Cu. The crystalline structure of one of which
is determined for the first time and attributed to a new,
previously unknown structurd type (Table 2, Fig. 3).

Microhardness (Vickers) of compacted samples
varies substantialy within (6.9-7.1) GPa. That is, the
average microhardness of the synthesized materials is
significantly higher than the average pure titanium
microhardness (0.97 GPa [13]) and more particularly
copper (0.37 GPa [13)]), regardiess of phase composition
(content of Ti,CuC, and TisCu,C4 carbides, and aso
related phases). So, the addition of inggnificant amount
of MWCNT to alloys containing 20 - 27 at. % Cu have a
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significant effect on the phase composition of both the
products of the mechanochemical synthesis of Ti-Cu-
MWCNT compositions and on the phase composition of
the sintered samples. This, in turn, leads to a fact that the
microhardness of these samples substantially exceeds the
values inherent to the compact Ti-Cu aloys and the CP
titanium (1.4 - 2.7 GPa) [2].

Thus, using the method of mechanochemical
synthesis of mixtures of Ti-Cu-MWCNT at the first
technological stage, the new triple Ti,CuC, and TisCu,Cy
carbides (containing 0.5 and 4.2 a.% of carbon atoms,
respectively) were synthesized for the firg time. Their
crystal structure has determined by XRD phase analysis.
As the content of the mixed compositions (20.1 and
20.7 a.% Cu) turned out to be different from that
inherent to indicated carbides (30.8 and 37.5 at.% Cu for
Ti,CuCy and TizCu,C,, respectively), further work is
planned to be carried out on stoichiometric mixtures for
these compounds. Then, in the case of the synthesis of
single-phase carbide compounds Ti,CuC, and Ti;Cu,C,,
it would be reasonable to study microhardness and other
mechanical features (such as pladicity, durability,
elasticity) to determine the areas of application of these
materias.
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Fig. 3. Structure projection of TizCu,Cy carbide on XY plane black circles are titanium atoms; grey circlesare
copper atoms; light circles are carbon atoms.

Conclusions

In this work, new triple carbides Ti,CuC, and
TisCu,Cy (containing 0.5 and 4.2 a.% of MWCNT and
30.8 and 37.5 at.% of Cu, respectively) were synthesized
for the first time during sintering of products of
mechanochemical synthesis of Ti and Cu powders with
multiwalled carbon nanotubes. Their crystal structures
have defined and described.

Microhardness (Vickers) of the compacted samples
was found to be 7 times higher than the microhardness of
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Hogi kap6igm Ti,CuCyta TisCu,Cy, oTpuMani ciikaHHAM
NPOAYKTIiB MeXaHOXiMiuyHOTO cuHTe3y muxTu Ti-CU 3 1o6aBkamMu
ByIJIeLleBUX HAHOTPYOOK

Hayxoeo-0ocniona nabopamopis «@izuxu memanie ma kepamixu» Kuigcokozo nayionanvnozo ynieepcumemy imeni Tapaca
Llleguenxa, eyn. Bonooumupcoka, 64/13, m. Kuis, Yxpaina, 01601, s revo@i.ua

MexaHOXIMIYHOI aKTHUBALI€I0 y BHCOKOCHEPIreTHYHOMY IUIAHETAPHOMY KYJIBOBOMY MIIMHI 3 IOpOLIKIB
TUTaHy Ta Mimi (po3mip yactuHOK ~ 90 pM, yncrora He Hikue 99,6 mac.%) cuHre3oBano cucremu Ti:Cu i3
crmiBBigHOmEHHAM KommoHeHT 2:1 Ta 3:1. Pesynmbrarom nomaBaHHsS no mmxtd 106.% GararormmapoBnx
ByriieneBux HanoTpyook (BBHT, cepenuiit miamerp 10 — 20 HM) € BHeplue CHHTE30BaHi HAHOPO3MIpHI KapOinu
Ti,CuC, ta TizCu,Cy (i3 Bmicrom 0,5 Ta 4,2ar. % Byrnemo Ta 30,8 ta 37,5 ar. % wminmi, BiamoBimHo).
JlocnimKeHHs Xxapakrepy B3aeMOJii micisi 0OpoOKH KOMIIOHEHTIB IMXTH B MIIMHI IPOBEACHO 3 BUKOPUCTaHHAM
KOMIUIEKCY PEHTT'€HIBCHKUX METOMMK, a CaMe, IIOBHONPO(LIEHOro aHali3y IEepBUHHOI 00pOoOKH audpakTorpam,
orpuManux Ha anapari JIPOH-3M; sikicHoro i KinbKicHOro ()a3oBOro aHai3iB JUls BU3HAUCHHS ()a30BOr0 CKIALy
MPOAYKTIB CHUHTE3Y, PEHITCHOCTPYKTYPHOTrO aHali3y JUI IEPeBIPKH 1 YTOYHEHHS CTPYKTYPHHX MOJeei;
METOIVKK BinmbsiMcona-Xoina juis BU3HA4YEHHST PO3MipiB 3epeH CHHTe30BaHMX KapOiniB. [lokazano, mo Moziensb
crpykrypu kapbiny TisCu,Cy MOXHA po3rismaTé sK HOBUMH, OIMCAHMI BIepIle CTPYKTYPHHIl THUII, BOHA €
Ne(hEeKTHOO SIK 110 TUTaHy TakK i 1Mo Miji, i MiCTUTh MeBHY KibKicTh Byriewto (4,2 at. %), sKuii 3aHYpPIOEThCS B
TeTpaeApHYHI MOpH METaliqHOi IpaTku. Bu3HavyeHO, o MIKpOTBEpAicTh KOMIAKTOBaHMX 3paskiB i3 20,1 ta
27,3 ar.% Cu € HEOIHOPIJHOK 3a 3HAYCHHSAMHU BEIIMYMHHM, SIKi 3MIHIOIOTHCS B OCHOBHOMY B Mexax (6,9 -
7,1) I'la, TO0TO, CepeHs BEIMYNHA MIKPOTBEPAOCTI CHHTE30BaHUX MaTepiaiiB y 7 pa3iB NEpPeBUIyE BEIHIUHY
MIKpOTBEp/IOCT] YHCTOrO THTAHY.

Kurouosi ciioBa: GaraTomapoa ByrieleBa HaHOTpYOKa, HAHOKOMIO3MIIMHMII Marepian, peHITeHIBCbKa
g paxuis, MiKpoTBEpIiCTb.

185



