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Phase equilibria at 800 °C in the concentration part up to 33.3 at. % Tb of the Th—Ni—C
system were determined. Three ternary compounds Tb;;Nig)Cs, Tb>NisCs and TbNiC, have
been found to occur at thermodynamically equilibrium conditions. Crystal structure of
TbNiC, was refined by means of a single crystal X-ray diffraction method: structure type
CeNiC,, space group Amm2, a = 3.6010(7) A, b = 4.5110(9) 4, ¢ = 6.046(1) 4, R1 = 2.2 %,
wR2 = 5.2 %. Real-space chemical bonding analysis indicates the TbNiC, compound
represents a unique series of ternary carbide structures stabilized by complex interaction
of different types of chemical bonding.
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1. Introduction

Systematic investigation of multicomponent systems is an effective approach to find
new compounds. Recently, a high number of new compounds have been discovered
when studying the phase equilibria in the systems at a constant temperature. We continue
our systematic investigations on the interaction of the components in ternary rare earth
(RE) — 3d-element — carbon systems in respect to their perspectives in developing new
functional and energy-effective materials as described in [1]. Due to our recent review
[2] we encountered with a contradiction of our results with previously published data
concerning Tb—Ni—C system at similar conditions [3]. Therefore, our goal was to clarify
the phase equilibria in the Tb—Ni—C system at 800 °C and find reasonable explanation on
these uncertainties.

2. Experimental details

More than twenty binary and ternary alloys covering all the phase fields in studied
part of the phase diagram have been prepared by arc melting. Commercially available
sublimed bulk terbium (Strem Chemicals, 99.9 wt. %), electrolytic nickel (purity of
99.9 wt. %) and graphite rods (Alfa Aesar, 99.999 wt. %) have been used. The samples
were homogenized at 800 °C for 30-180 days and afterwards quenched by cold water in
evacuated silica ampoules. Experimental data on powder X-ray diffraction (XRD) were
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obtained by DRON-2.0M diffractometer (FeKa-radiation) for the annealed and cast
alloys. Phase analysis was performed using WinCSD [4] and STOE WinXPOW [5]
program packages. Additionally, selected samples were mechanically polished and
examined by REMMA-102-02 the scanning electron microscope applying energy
dispersive X-ray spectroscopy (EDX), where only metal atoms ratio was deduced with
quantitative measurement error £1.5%.

Fine-faced needle-like single crystals of TbNiC, were separated with a help of a steel
non-magnetized needle under optical microscope from a mechanically crushed alloy.
Tests for twinning and X-ray diffraction data collection from a suitable single crystal
were collected on a STOE IPDS II diffractometer (MoKa-radiation). Single crystal
structure determination and refinement was performed using WinGX [6], SHELX [7],
and PLATON [8] software.

The Density Functional Theory (DFT) electronic structure calculations were carried
out at the basis of experimental structural parameters for TbNiC, (full unit cell with 8
atoms), with additional optimization (the forces on the atoms are less than 2 mHa/a.u.),
using the all-electron full-potential linearized augmented-plane wave code Elk [9], with
PBEsol [10] generalized gradient approximation (GGA). For more details concerning
procedure of electronic structure calculations and real-space chemical bonding analysis
see Ref. [11]. Total energy values in TbNiC, were converged with accuracy of ~3 meV
for the 15x15x15 (960 points) k-point mesh in the Brillouin zone. Plane waves have
been included up to a cutoff energy of 252.5 eV; electronic states were occupied with a
Fermi-Dirac smearing width of 0.027 eV. Real-space chemical bonding in the TbNiC,
was characterized by combining topological analyses of the electron density (p)
according to quantum theory of atoms in molecules (QTAIM) and the electron
localizability indicator (ELI), which was evaluated in the ELI-D representation. Electron
density and ELI-D were calculated on an equidistant grid with a mesh size of 0.05 Bohr.
All calculations were carried out by the DGrid 4.6e program with Elk support [12, 13]
where VESTA [14] and ParaView program packages [15] were used for visualization.

3. Results and discussion

3.1. Phase equilibria

Preliminary results on the Tb—Ni—C system have been presented in [16]. Phase
equilibria at 800 °C in the low terbium concentration part of Tb—Ni—C system as a result
of present study are shown in Fig. la. In comparison with earlier investigation of the
system at nearly the same conditions, which results are presented in Fig. 1b [3] we
obtained qualitatively different results. First of all, Tb,Ni»Cs_, and TbyNi;;C, ternary
compounds reported in [3] have not been confirmed as equilibrium phases in the system
at 800 °C. Secondly, new ternary compounds Tb;NigCs and Tb,NisC; have been found.
As we reported already in [17] both Tb,Ni,,C; . and TbyNi;3C4 phases have been
detected in the as cast alloys but were completely decomposed after long term annealing
for 180 days at 800 °C yielding a new Tb;;NigCs compound as the main phase. This
observation provides reason to suggest that the data reported in [3] concern to a non-
equilibrium state of the system. Besides, small annealing time for 12—-17 d at 797 °C
used in [3] supports our conclusion. Similarly to Tb;NigCs compound, another
Tb,NisC; new ternary phase was observed only in the annealed samples. The results of
study of its crystal structure will be reported elsewhere.
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No detectable wide homogeneity ranges (> 2 at. %) of binary and ternary phases
were observed in the system. The unit cell parameters of the same phases in different
phase fields were the same. For comparison, in Table 1 our as well as literature
experimental data concerning equilibrium phases, measured at room temperature are
summarized.
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Fig. 1. Phase equilibria at 800 °C in the low terbium concentration part of Tb—Ni—C system:
a) results of present study; b) at 797 °C [3].

3.2. Single crystal study of TbNiC,

There are many literature data on the study of crystal and magnetic structure of the
TbNiC, compound using powder diffraction methods (for details, see review [2]).
However, every refinement was based on starting atomic parameters of CeNiC, type
structure without taking into account a possible structural peculiarities in TbNiC,
compound itself. This reason we performed a full structural analysis of TbNiC, single
crystal. Preliminary examination of the selected single crystal showed its symmetry
belonging to the orthorhombic crystal system with tentative parameters similar to the
literature values (however, with interchanged a and ¢ parameters). Further data collection
and their handling with WinGX and WinCSD software confirmed the structure of CeNiC,
type. Finally, it was refined with SHELX-2013 program in anisotropic approximation for
metal atoms displacement parameters, whereas only isotropic displacement parameter
was refined for carbon atoms site. Details of the single crystal X-ray diffraction data
collection and refinement are gathered in Table 2. The refined atomic coordinates and
their displacement parameters are shown in Table 3. Crystal structure of TbNiC, is a
distorted AlB,-type structure derivative. Terbium atoms correspond to Al positions
whereas Ni atoms and C,-pairs correspond to B positions inside the trigonal prisms. It
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can be seen from Fig. 2. The C—C distance is 6 = 1.36(3) A, which is close to double C—C
bond length value, observed in olefins (6 = 1.34 A). Other observed interatomic distances
lie within the following ranges: dmp ¢ = 2.648(13)-2.678(11) A, dppni = 2.958(2)-
2.9641(8) A, and o = 1.946(16)-2.000(17) A.

Table 1
Crystallographic parameters of equilibrium at 800 °C phases of Tb—Ni—C system
Structure | Pearson | Space Unit cell parameters 3
C d v, A Ref.
ompoun type symbol | group a, A | b, A | c, A ’ ¢
3.6866(3) T 6.20348) 8431(3) *
oG, CaC, e L&/mmm o (g — 6206  83.95 [18]
) . _ 4.9802(5) _ 24429(6) 5247(2) @ *
TbN PuN hR36
bNis b R3m 4 967 ~ 2446 52261 [19]
. _ 4.9494(5) ~36257(3) 7692(2) @ *
T . R54
baNiz - f-GdCoy  ARSA R3m -y g4 ~ 3623 7682 [20]
. 4.9024(4) _ 3.9663(3) 82.552) @ *
TbN CaC hP6  P6/
s as M 4 8998 ~ 39599 8233 [21]
. _ 8.316(1) ~ 8.044(2) 481.8(2) *
Tb2N117 Th2N117 hP38 P63/mmc 8.315 B 8.041 481.5 [22]
= 16
ThNisC;  LaNis<C;  tP20  Pd/mbm 8.2372(1) — 3.83402(6) 260.14(2)  [16]*
_ _ 3.6010(7)  4.511009) 6.0460(12) 98.21(3)  *
TbNiC CeNiC S8 Amm?2
2 N0 "MZ 36019 45133 60570 98.47 (23]

* Our data

Electron localizability indicator (ELI-D, Y) in the (1 0 0) lattice plane, together with
ELI-D isosurface with ;s = 1.39 is shown in Fig. 2. It’s clearly seen the main negative
charges are localized at C atoms (electron concentration is significantly shifted to non-
metal atoms), whereas Tb and Ni atoms remain positively charged. Moreover, there is
strong covalent bonding between carbon atoms, which form carbon pairs. Effective
atomic charges in TbNiC, according to QTAIM are Tb™**Ni**!"(C **%),, and the ELI-
based oxidation numbers (ELIBON) are Tb**""Ni'"**(C'*""),. In Fig. 3 two types of
covalent bonding in the TbNiC, structure are shown. There are two ELI-D disynaptic
basins C—C with population 2.49 e each (Fig. 3a), indicating a non-polar C—C covalent
bonding (intermediate value between single and double bond). Fig. 3b displays C-Ni
polar covalent bonding — bond polarity index p(C-Ni) = 0.62 and percentage of electron
density p(C) = 81.1%. All these results suggest that TbNiC, structure corresponds to
neither typical carbometalate nor intermetallic being an average between carbometalates
and intermetallics, which are two large groups of ternary RE-containing carbides. Thus,
on the TbNiC, example we concluded on the unique properties of RENIC, (RE =
La—Lu) compounds, which are interesting for further fundamental study of structure-
properties correlations.
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Table 2
Deatails of data collection and structure refinement of the single crystal of TbNiC,

Refined composition TbNiC,

Calculated density, g/cm® 8.172

Absorption coefficient, mm’! 44.79

Number of refined parameters 12

Mode of the refinement F

0,11in> Omas deg. 5.6;31.7

h, k, [ limits —5<h <5,

—5< k <6,
—8<1/<8
Number of reflections, all 599
independent 193 (R;,,= 0.039)

Reflections with 1, > 206(/,) 193 (R;= 0.030)

Residuals R; (R, for all reflections)® 0,022 (0.022)

WR, (WR, for all reflections)" 0,052 (0.052)

S for F*: 1.055

Apin and Ap,q (e-A7) ~3.49; +1.48
Ry = [S(FHFDVEIF " wRy = [E[W(F o —F Y 2 w(F) 1

w= 1/[c°(F,)*+(0,039P)’], where P = (F,’+2F.)/3

Table 3
Fractional atomic coordinates and their displacement parameters for TbNiC,

Atom | Site | x/a /b z/c Uisk/zU o 1221’ lj;ﬁ ’ (/Jii’

Tb 2a 0 0 0.0000(7) 0.0046(2) 0.0024(3) 0.0062(3)  0.0052(4)
Ni 26 172 0 0.6118(5) 0.0056(5) 0.0070(10) 0.0045(11) 0.0053(15)
C 4e 0 0.151(3) 0.301(3) 0.009(2) - - -

Up=Up;3=Uxs=0

Conclusions

Phase equilibria at 800 °C in the low terbium concentration part of Tb—Ni—C system
have been determined. Present results significantly differ from those reported earlier in
[3], which might be explained by a non-equilibrium state of the ternary system. New
TbyNigCs and Tb,NisC; phases have been found in the investigated part of phase
diagram at the thermodynamically equilibrium conditions. Their synthesis requires a
long term homogenization at 800 °C for at least 30 days. Crystal structure of well-known
TbNiC, compound has been determined using single crystal X-ray diffraction data for
the first time and its isomorphism with CeNiC, structure type was confirmed. Real-space
chemical bonding analysis of TbNiC, confirms a unique series of ternary carbide
structures RENIC, (RE = La—Lu) stabilized by complex interaction of different types of

chemical bonding.
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Fig. 2. Electron localizability indicator (ELI-D, Y) in the (1 0 0) lattice plane and ELI-D isosurface
with 1,5 = 1.39 of the crystal structure of TbNiC,.

a) b)

Fig. 3. Real-space chemical bonding in TbNiC, structure: a) ELI-D disynaptic basins displaying
C—C bonding; b) ELI-D isosurface of TbNiC, containing carbon and nickel atoms.
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CHUCTEMA Tb-Ni-C ITPH 800 °C. KPUCTAJIITYHA TA EJIEKTPOHHA
CTPYKTYPA MOHOKPUCTAJIA TbNiC,

Jlvgi6coruil Hayionanvhuil ynieepcumem imeni leana @panka,
eyn. Kupuna i Megoois, 6, 79005 Jlvsis, Yrpaina
e-mail: v.levyckyy@gmail.com

Jlna BuBUeHHs (pa30BUX PiBHOBAr y KOHIEHTpauiifHii obmacti mo 33,3 at. % Tepbito cuctemu Tb-Ni-C
METOJIOM EJIEKTPOJYrOBOI0 CIUIABISHHA 3 YUCTHX KOMIIOHEHTIB CHHTE30BaHO Ouibiie 20 mOIBIHHUX Ta
MOTPiIHHUX CIUTaBiB. ['OMoOreHi3anito 3paskiB MPOBOIMIN Y 3alasiHUX BaKyyMOBAHHX KBAapLOBHX aMIlyjaX HpH
800 °C tpusamictio 30-180 xi6, micas Woro aMmynu 3i CIUIaBaMH 3arapTOBYBAH y XONOAHIH Boxi. 3a
pe3ynpTaTaMu (Ha30BOro aHalizy, 3pOOJICHOr0 3 BHKOPHCTAaHHSAM METOMAIB IIOPOIIKOBOI PEHTIE€HiBCHKOL
nudpakuii Ta eHeproAucrepciitHol peHTreHiBChKOi CIIeKTPOCKOMii, BU3HaueHo (a3oBi piHoBaru mpu 800 °C.
BusiBiieHO, 1110 PIBHOBOXXHUMH 32 TAKUX YMOB Y CUCTEMI € JBi HOBI TepHapHUX crioiyKu Tby1NigCs, TbNisCs i
Bizoma pasime TbNiC,. [TopiBHsHO 3 naBHimuMu gocnimkeHHsMu A.A. ITytarina (M38. AH CCCP. Merambl.
1991. Ne 3. C. 204-208) cucremu 3a moapibHux ymoB (1070 K = 797 °C) Hamii pe3ynbTaTu CyTTEBO Binpis-
HSIOTBCS. Lle MOSICHIOETBCS THM, IO YTBOPEHHS TEPHAPHUX CIIONYK, SIKI YTBOPIOIOTHCS B OOJACTI HU3BKOTO
BMmicty Tepbiro, morpedye TpuBasoi romoreHisauii 3paskiB (He menme 30 1i6). Tomy, nitepatypHi BioMOCTi
cTocoBHO cucteMu Tb—Ni—C MoXHa BBaXKaTH TaKMMH, IO CTOCYIOTHCS TEPMOAMHAMIYHO HEPiBHOBAXKHOTO
craty. [linTBep/uKeHHs LBOrO BUCHOBKY € Te, L0 BKa3aHi paHiule sk piBHOBaXHi, croiayku TboNinCsy Ta
TbyNi;3C4 MU BUSBUIH NHUINE y HEBiANAlIeHUX 3pa3kax. BussneHi teprapi cnomyku mpu 800 °C He MaioTh
HOMITHHX 00J1acTeif TOMOr€HHOCTI.

Hns cnionyku TbNiC, paHime akTUBHO BHBYaiIMCS 11 (i3M4HI BIACTHBOCTI, MpOTE 11 OBHE CTPYKTYpHE
JIOCIIJDKeHHS 10Ci He mpoBoAWIocs. MU yreplie BUBYMIM KpHcTaniuHy cTpykTypy TbNiC,, BHKOpHCTaBIII
PEHTIeHOCTPYKTYpHUIT MeTo] MoHOKpucTana: crpykrypHuit tun CeNiC,, mpocropoBa rpyma Amm2, a =
3,6010(7) A, b =4,511009) A, ¢ = 6,046(1) A, R, =2,2 %, wR, = 5,2 %. YTOUHEHO KOOPMHATH aTOMiB Ta iXHi
anizotponHi (uis aromiB Tep6iro Ta Hikernro) Ta i3orpomnui (ms atomiB KapGoHy) napameTpu 3MillieHHST IPH
KiMHaTHI# Temnepatypi. MixkaToMHi BincTati oc ¢ = 1,36(3) A 3a BenMuUMHONO GIM3BKI 0 TOBXHHH MOABIHOTO
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38’a3xy C—C B HeHacHueHHX BYTIeBOaHsX (0 = 1,34 A). I Bu3HaUYeHi MiXkaTOMHI Bi/ICTaHi IekKaTh B MeKax
HACTYMHHUX iHTepBamiB: dmc = 2,648(13)-2,678(11) A, drpni = 2,958(2)-2,9641(8) A, dnic = 1,946(16)—
2,000(17) A. TIpemmsiitai cTpyKTypHi TTapaMeTpu aTOMiB 3 TIOJANBIIOI0 iXHBOIO ONTHMI3AIli€l0 BUKOPHCTAHi
ULl KBAaHTOBO-MEXaHIYHHX PO3PaXyHKIB 3 METOI0 aHaNi3y XiMiuHOro 3B’si3Ky. EdekTHBHI 3apsiau aToMmiB y
ctpykrypi TbNIC, 3rigHo QTAIM craHOBIATH Tb”“‘gNi“"”(C”‘825 ,. BU3HaueHi Ha OCHOBI OKA3HUKA JIOKAJIi3aLlil
enextponiB (ELI) crymeni okmchenns (ELIBON): Tb>7'Ni™*(C'*"),. Onmepxani 3mauenns momaTkoo
MiATBEP/UKYIOTh 3HAUYHMN BKJIAJ METAJIYHOTO 3B’S3KY Yy 3arajbHUi XiMiuHMI 3B’s30K y cTpykTypi TbNiC,.
Atomu KapOoHy yTBOPIOIOTH HapH, 3B’s13aHi KOBAJICHTHUM HEHOJSIPHUM 3B’SI3KOM, 32 KPaTHICTIO — HPOMDKHHM
MDK OfMHApHUM i oABifHIM. Mix atomamu KapGony i aromamu Hikesnro BUSIBIGHO MOJSIPHUI KOBAJCHTHHUI
3B’S130K 3 IIOKa3HUKOM HOJIIPHOCTI pc_niy = 0,62 Ta 3MIIEHOI0 eIEKTPOHHOIO IYCTHHOIO 10 aToMiB KapboHy Ha
P = 81,1%. Orpumani pesynbraTé cBimyaTh Hpo Te, mo croixyka TbNiC, BusBIA€ yHiKalbHI eIEKTPOHHI
BJIACTHBOCTI, HE IPUTAMaHHI THIIOBHM KOMIUIEKCHHUM CIIOJyKaM (kKapOomeranaTram) Ta iHTepMmeTaninam. Tomy,
crionyk i3octpykTypHoro psiny RENiC, (RE = La—Lu) nikasi s nogansmmx GyHAaMEHTaIbHUX JOCIIKEHb.

Knouosi cnosa: Gpazosi piBHOBaru, MOHOKPHCTAJ, KPHCTANIYHA CTPYKTYPa, XiMIiYHUI 3B’ A30K.
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