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The phase equilibria at 1270 K in the Dy-B—C system were studied using X-ray
diffraction, scanning electron microscopy and electron probe microanalysis. Eleven
ternary compounds were detected. The existence of DyB2C>, Dy2B4C, DyB:C, DysB2Cs,
DysB>Cs, Dy2B2Cs, DysB3Cy, Dy10B7Cro, DyisB+Ci4 was confirmed. Two new ternary
compounds ~Dy2BCs and ~Dy4BsCis with unknown crystal structure were isolated. The
tetragonal structure of DyB2C> was solved from the X-ray single crystal data: space group
P4/mbm, Z = 2, a = 5.345(1), ¢ = 3.5600(5) A, RI = 0.046 (wRz2 = 0.049) for 585
reflections with I, > 20 (I,)). The composition of earlier known ternary compound
“DyBC” was refined to be Dy2B:Cs3 by electron probe microanalysis. Additionally, the
phase of DysB:Cs was analyzed showing a broad homogeneity range described by the
formula Dys(BC)x where (7.5 <x <9.0).
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1. Introduction

Up to now the phase relations in the general RE-B—C systems were not studied in
sufficient detail so far. Majority of the discovered ternary rare-earth metal (RE) boron
carbides RExB,C, revealed from partial or complete investigations of ternary RE—-B—C
phase diagrams for RE = Sc, Y, La, Ce, Pr, Eu, Gd, Tb, Ho, Er [1-11]. The crystal
chemistry of the ternary rare-earth metal (RE) boride carbides REB,C. comprises
different structural arrangements with B,C: entities ranging from zero-dimensional (0-D)
units isolated from each other in a matrix formed from the rare earth metal atoms to one-,
two-, and three-dimensional networks alternating or surrounded by metal sublattices,
which are closely related to the valence electron count (VEC) per light atoms. Indeed,
some new different structural types have been reported so far solely for the most
electron-rich compounds, i.e., those containing finite quasi-molecular entities and having
a large VEC [1]. These finite B,C: chains embedded in voids of the metal atom matrix
may have various lengths ranging from 2 to 13 non-metal atoms up to now, and chains
of different sizes as well as isolated C atoms can coexist. Novel representatives were
discovered during our recent investigation of the La—B—C [4], Ce—B—C [5], Pr-B—C [6]
and Tb-B-C systems [9]. Our latest studies of the isothermal section of the ternary
Dy-B-C phase diagram at 1270 K, crystallographic data for all its ternary compounds
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and the structure refinement of DyB,C, as well as homogeneity range of the solid
solution based on DysB,C¢ phase are the subject of present work.

2. Experimental details

2.1. Synthesis of alloys

Polycrystalline samples were prepared from commercially available pure elements:
dysprosium with a claimed purity of 99.99 at%, Alfa — Aesar, Johnson Matthey
Company, sublimed bulk pieces; crystalline boron powder, purity 99.99 at%, H. C.
Starck, Germany; graphite powder, purity 99.98 at%, Aldrich. Before use, the graphite
and boron powders were degased overnight at 1220 K and p < 107 mbar. Dysprosium
ingots were filed to coarse powders with beryllium bronze files (Donges GmbH,
Germany). Stoichiometric mixtures of the constituents were compacted in stainless steel
dies. The pellets were arc-melted under purified argon atmosphere on a water-cooled
copper hearth. The alloy buttons of 1g were turned over and remelted two times to
improve their homogeneity. The samples were then wrapped in molybdenum foil and
annealed in silica tubes under argon for one month at 1270 K. Subsequent heating for
some samples just above the melting point was carried out in a high-frequency furnace
(TIG-10/300, Hiittinger, FRG) under argon atmosphere for several hours at different
temperatures. Finally, the samples were also annealed at 1270 K in evacuated silica
tubes for one month by procedure described above and subsequently quenched in cold
water. Sample handling was carried out under argon atmosphere in a glove box (P20 <
0.1 ppm) or through the Schlenk technique.

2.2. X-ray diffraction and structure refinement

X-ray powder diffraction patterns were obtained on a powder diffractometer STOE
STADI P with MoKa,; radiation, using Lindemann glass capillaries sealed under dried
argon to avoid hydrolysis. Refinement of the unit cell parameters for the investigated
ternary compounds Dy,B,C,, as well as the phase analysis was performed with WinCSD
[12] and WinXPOW [13] program packages. The results are given in Table 1. Small
irregularly-shaped single crystals of DyB,>C, were selected from the mechanically
crushed sample of Dy»0B49Cs0 nominal composition and sealed under argon atmosphere
in glass capillaries. The single crystal X-ray diffraction data of DyB,C, were collected at
room temperature on a STOE IPDS II image plate diffractometer with monochromatized
MoKa radiation. All relevant crystallographic data are listed in Table 2. The starting
atomic parameters were derived via direct methods using the program SIR97 [14]. They
were subsequently refined with the program SHELX-97 [15] within the WinGX program
package [16] (full matrix least-squares on F?) with anisotropic atomic displacement
parameters for dysprosium atoms. No additional reflections with regard to the DyB,C,
type unit cell were detected. The atomic coordinates and displacement parameters are
listed in Table 3.

2.3. Microprobe analysis

For metallographic investigation and electron probe microanalysis (EPMA) some
alloys were embedded in Woods metal (Fluka Chemie, Switzerland) with a melting point
of ca. 350 K. The samples were polished on a nylon cloth using chromium(III) oxide
(Biihler Isomet) suspended in dry petroleum with grain sizes 1-5 um. Qualitative and
quantitative composition analyses of the samples were performed by energy dispersive
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X-ray spectroscopy (EDX) and wavelength dispersive X-ray spectroscopy (WDX) on a
scanning electron microscope TESCAN 5130 MM with an Oxford Si-detector and with
an Oxford INCA WAVE 700 detector. DyB,C, standard was used to deduce the
compositions of the new compounds. The boron and dysprosium contents were
investigated in the alloys. For the chemical microprobe, the polishing procedure had to
be performed or repeated just before the measurements and the surface of the samples
was protected by dry petroleum. Metallographic and EPMA analyses of the Dy-B-C
samples reveal the ternary boron carbide DyB,C, [17] to be in phase equilibria with new
compound ~Dy,BCs and Dy,B>Cs. DysB2.6Cs4 (LasB2Cs structure type) [18] is in phase
equilibrium with DysB,Cs [19] and DysB3Cs [20]. The results of the EPMA for
dysprosium boron carbide Dys(B,C), (7.5 <x £ 9.0) samples are listed in Table 4.

3. Results and discussion

3.1. Phase equilibria at 1270 K in the Dy—B—C ternary system

The isothermal section of the Dy—B—C phase diagram at 1270 K is shown in Fig. 1.
According to the phase diagram the boundary Dy-B system there occur five binary
dysprosium borides. Four of them DyB,, DyBs, DyBi» and DyBgs are formed by
peritectic reactions at ~2370 K, 2470 K, 2370 K and 2300 K, respectively. DyB4 melts
congruently at 2770 K. DyBg exhibits a narrow homogeneity range [21]. The data on the
binary Dy—C phase diagram was recently assessed [22].

Dy15B4C4
DysByCs
Dy5(B.C),
(7.55x<9.0)
Dy10B7C10
Dy4B3Cy

~Dy>BCs3
Dy2B3C3
Dy,B4C

9. DyB;C

10. DyBsCy

11. NDy435C1 ]

i b g

b B

Fig. 1. Isothermal section of the Dy—B—C phase diagram at 1270 K.
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A small range of homogeneity of DyCi.« at the composition DyC, (0.33<x<0.45) was
detected. At low temperatures (proper temperature is unknown) and at 2:1 stoichiometry
(x=0.5) the compound undergoes an ordering of carbon atoms in the structure, leading to
the trigonal anti- CdCl-type structure. According to the XRD powder data, Dy4Cs
belongs to the aY4Cs structure type. The sesquicarbide, Dy,Cs crystallizes in the Pu,C;-
type structure and the binary compound DysC; is isomorphic with aHo4Cr-type
structure. No extension into the ternary domain has been detected for the known binary
compound "B4C" [23].

Table 1
Crystallographic data for ternary compounds detected in the Dy—B—C system
N Compound Space Structure Unit cell parameters (A)
group type a b c

1.  DyisBsCis P4/mnc TbisB4Cia  8.0882(1) 15.8846(3)
2. DysB2Cs P4/ncc GdsB2Cs 8.0987(1) 10.795(1)
3. Dys(BO)x P4/ncc LasB2Ce 8.012(1) 11.499(2)

(7.5£x<9.0) 8.0220(7) 12.193(2)
4. Dy1oBsCio C2/c TbioB7Cio  11.387(3) 11.147(3) 23.715(4)

£=98.06(2)
5. DysB3C4 P-1 GdsB3C4 3.5545(6) 3.5999(6) 11.739(1)
a=9323(1) p=96.74(1) y=90.16(1)

6. ~Dy:BCs - - - - -
7. Dy2B2C3 Cmmm Tb2B2Cs 3.396(1) 13.694(8) 3.627(1)
8. Dy2B4C Immm Dy2B4C 3.2772(9) 6.567(1) 7.542(2)
9. DyB2C Pbam LuB2C 6.7893(3) 6.7776(3) 3.7254(1)
10. DyB2.Cy* P4/mbm DyB2C> 5.3433(6) - 3.5567(4)
11. ~DysBsCis — - - - -

* - X-ray powder data.

Eleven ternary compounds have been detected. They are of constant composition,
except for (3) Dys(B,C)x (7.5 < x £9.0). Nine ternary compounds, which were reported
earlier, have been confirmed. Two ternaries (6) ~Dy,BCs and (11) ~DysBsCig have been
synthesized for the first time. Their crystal structure remains unknown. Metallographic
investigation, X-ray powder diffraction and EPMA analyses revealed the new compound
~Dy>BCs to be in equilibria with Dy;B>Cs and DyB,C; (Fig. 2 a) as well ~Dy4BsCigto
be in equilibria with DyB,C, and DyBs.

The composition of “DyBC” [24] was defined as Dy,B,Cs via EPMA analyses and
the crystal structure of Dy,B,Cs belongs to the Tb,B>C; structure type [25].

Fig. 2b shows the two-phase region of the Dy-B-C ternary system between
DysB:.0Cs.s and DysB>Cs confirmed by refinement of the X-ray powder diffraction data
and EPMA. Supplementary, the chemical analysis of alloy Dy;sB4Ci4 was performed in
the Mikroanalytisches Labor Pascher in Remagen-Bandorf, Germany. The obtained data
of Dy 44.9 at. %, B 11.0 at. % and C 44.1 at. % are in good agreement with the crystal
structure model [26].

The crystallographic parameters of ternary phases in the Dy—B—C system are listed in
Table 1. Two new ternary compounds ~Dy,BCs, ~Dy4BsCis have been discovered and
characterized by EPMA in the samples being homogenizeted at 1270 K. Their crystal
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structure needs additional study. The crystal structure of Dy,B4C was solved from X-ray
single crystal data [27] and Dy4B4Ci4 from X-ray powder diffraction data [26]. For the
reported earlier tetragonal structure of DyB,C [24], the crystal system was corrected in
[28] to orthorhombic and crystallize in LuB,C structure type. It is worth noting that
contrary to the known data on RE-B—C systems no new phases in the Dy—B—C system
were found in the arc melted alloys.

o fgf <

Fig. 2. Backscattered electron image of the annealed bulk samples: a) Dy30B25Cas; b) Dy40B16Caa.
Phase composition is in accordance with the XRD and EPMA data.

3.2. Crystal structure of DyB:C:

A recent reinvestigation of the structures of REB,C, (RE = La—Nd, Tb—Tm, Lu) has
been performed using powder X-ray diffraction data [29]. Refinements in P4/mbm are in
agreement with the earlier predicted crystal structure characterized by only heteroatomic
B-C bonds, however, in distorted squares and octagons, in contrast to the structural
model proposed in [30, 31]. Here we report on the single crystal X-ray investigations of
DyB,C», the phase with the interesting magnetic properties [32, 33]. The metrics of the
unit cell alone leads to the structural model proposed and refined on the basis of the
powder XRD data by Yamauchi et al. [17] and by van Duijn et al. [34], space group
P4/mbm with alternating B and C atoms. The cell parameters, atomic coordinates and
displacement parameters are given in Table 2 and 3, respectively.

Two types of B-C bonds are present: long bonds of 1.60(4)A, with B-C-B angle of
135.1(3)° in the four- and eight-member rings and short bonds of 1.518(9) A, with B-C-
B angle of 84.5(7)°, unique to the eight-member rings (Fig. 3). Dy atoms located above
the centers of the eight-member rings have slightly shorter contacts to C (2.673(8) A)
than to B (2.733(9) A). Dy atoms are packed in a slightly distorted simple cubic array.
Dy-Dy distances are of 3.560(1) A parallel to [001] and of 3.780(1)A in (001) plane.
They are comparable with other RE-RE distances observed in the neutron diffraction and
X-ray single crystal studies taking into account the lanthanoid contraction [29, 35].

3.3 Solid solution Dys(BC)x (7.5 < x < 9.0)

The crystal structure, twinning and intergrowth of the samples with different compo-
sitions on the ~LasB>Cs compound were investigated in [36, 37]. These samples exhibit
a pronounced tendency to form besides crystal twins and coherently intergrowth
domains of different phases. For DysB,Cg only the unit cell parameters and structure type
was assigned.



50 VOLODYMYR BABIZHETSKYY, BOGDAN KOTUR, VOLODYMYR LEVYTSKYY

¢ >

B ¢

a

Fig. 3. Projection on the (001) plane (a) and side view (b) of the DyB2Cx crystal structure.
Boron-carbon rings are emphasized.

Crystal structure data and structure refinement parameters for DyB,C,

Table 2

Empirical formula

Crystal system

Space group

Pearson symbol

Formula per unit cell (Z)
Lattice parameters

alA

clA

Unit cell volume / A3
Calculated density / (g/cm?)
Absorption coefficient / (1/cm)
Crystal size / mm?

Radiation and wavelength / A
Diffractometer

Refined parameters
Refinement

2 Oax and (Sil’l H/X)max

okl

Collected reflections

Independent reflections

Reflections with Io>20(1)

Final R1“ indices (R1“ all data)
Weighted wR»? factor (wR2? all data)
Goodness-of-fit on F2:

Extinction coefficient

Largest diff.peak and hole / (e/A?)

DyB2C>
Tetragonal
P4/mbm (No. 127)
tP10

2

5.345(1)
3.5600(5)
101.73(4)

6.174

27.694

0.030 x 0.022 x 0.019
Mo Ka, 0.71069
STOE IPDS II

8

F?

704, 0.807
8<h<8,-7<k<7
5<1<5

1134

190 (Rint = 0.094)
90 (Rs=0.033)
0.046 (0.049)
0.046 (0.096)

1.2

0.0028(6)
2.47/1.32

“ Ri(F) = [Z(|Fol-[Fe)}/Z[Fol;

b WR(F?) = [Z[W(Fo>-F)Y/Z[W(Fo?)?]]"2, [w! = 6%(Fo)>+(0.0766P)*+ OP], where P = (Fo>+2F)/3.
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Table 3
Positional and anisotropic displacement parameters for DyB,C,
Atom Site x y z Ueq/Uiso, A2
Dy* 2a 0 0 0 0.0069(8)
B 4h 0.355(1) 0.144(1) 0.5 0.008(2)
C 4h 0.159(3) 0.340(3) 0.5 0.010(8)

*Un = Uz =0.00694(9); Uss = 0.0054(9); U3 = Uz = U2 =0.

We observed a large variation of cell parameters of this phase [38]. This was also
evidenced for other rare earths. The structural arrangement of ~DysB,Cs (LasB.Cs
structure type) consists of a 3 D-framework of rare-earth atoms resulting from the
stacking of slightly corrugated two-dimensional squares, which lead to the formation of
octahedral voids and distorted bicapped square antiprismatic cavities. They are filled with
isolated carbon atoms and two-fold disordered [CBCC] units, respectively. Our systema-
tical studies of the crystal structure and the similar solid solution LasB,..Ce+, led to the
formula Las(BC), (5.6 < x < 8.8) [4]. The studied samples with different compositions
nearby to ~DysB.Cs exhibited different cell parameters (see Table 4). These data
evidenced on the homogeneity range of this ternary compound. Variation of the values
of the lattice parameters are pronounced depending upon Dy and non-metal atoms
stoichiometry (see Table 4). This is the reason for the large homogeneity region of this
compound. The WDX analysis of the investigated samples shows that the boron content
in the anionic chains [C1=B-C2=C1]”" in the crystal structure (assuming the formal
charge for the B/C atoms obey the octet rule) of ~DysB,Cs varies from 16(1) to 19(1) at.%
B (Table 4). This leads to a decrease in the charge of [C1=B—C2=C1]" as well as to
disorder of light elements B and C2. The overall charge of the anionic part seems to be
compensated by the introduction of single carbon atoms (C3) into Dy octahedra. The
crystallographic analysis of LasB,C¢ structure type and the solid solution was described
in detail in [4, 36]. So, the homogeneity region of ~DysB>Cs was defined as Dys(BC)x
(7.5 £x£9.0) and is shown in Fig. 1. The electron balance of ~DysB,C¢ can be written
as (Dy*")s(C*)o25(CBCC™),. The isostructural lanthanum compound ~LasB,Cs exhibits
a more pronounced homogeneity region than ~DysB>Cs due to the fact that contrary to
the La—B—C system in the Dy—B-C another ternary compound DysB,Cs with close
composition also exists.

Table 4
Results of EPMA investigation for alloys* Dys(B,C)x, 7.5<x<9.0
.. Lattice parameters 3 o
Composition (a, cin A) cla V(A% B, at. %

DysB2.0Cs.5 8.012(1) 1.435 738.2(5) 16(1)

11.499(2)
DysB2.6Ce.4? 8.0220(7) 1.519 784.6(4) 19(1)

12.193(2)

* Phase equilibria in alloys were also confirmed by X-ray powder diffraction:
¢ DysB2.0Cs.5 + DysB2Cs, ? DysB2.6Ce.4 + DyaB3Ca
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4. Conclusions

The isothermal section of the Dy—B—C phase diagram at 1270 K was investigated by
means of X-ray diffraction, microstructure and EPMA analyses. Eleven ternary
compounds were found to occur. For nine of them, namely DyB.C,, Dy,B4C, DyB,C,
Dy;sB,Cs, DysB,Cs, Dy2B2Cs, DysB3C4, Dy10B7C10, Dy15B4Ci4 the crystal structures were
reported earlier. Elemental composition for Dy,B,Cs; was determined by electron probe
microanalysis. For the first time we observed that the ~DysB2Cs compound has a broad
homogeneity range described by the formula Dys(BC)y, 7.5< x £9.0. Two new ternary
compounds were localized, namely ~Dy,BC; and ~Dy4BsCis. Binary compounds of the
boundary Dy-B and Dy-C systems practically do not dissolve the third element C and
B, respectively. In contrast to other rare earth metals with larger atomic radii (La—Sm),
dysprosium boride carbides form structures with infinite one-dimensional planar or
nearly planar (BC). ribbons. Single crystal X-ray diffraction study confirms that the
four- and eight-member slightly puckered rings in the DyB.C, structure consist of
alternating B and C atoms.
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Bonooumup FABDKEIIbKHH, Bozoan KOTYP, Bonooumup JIEBHIIbKHH

®A30BI PIBHOBATU TA KPUCTAJIIYHI CTPYKTYPU TEPHAPHUX CIIOJIYK
Y CUCTEMI Dy-B-C IIPA 1270 K

Jlvgiecvkuil Hayionanvbruil yHieepcumem imeri leana @panka,
eyn. Kupuna i Megpoois, 6, 79005 JIveis, Yrpaina
e-mail: v.babizhetskyy@googlemail.com

3pa3sku JUIst AOCIIKEHHSI CHHTE30BaHO CIUIABJISTHHAM BHXIJHUX KOMIIOHCHTIB BHCOKOI uncToTH. [Toporku
rpagity Ta 60py Hmepes BUKOPHCTAHHSIM JerasyBajd MPOXKaproBaHHAM 3a Temmeparypu 1270 K ta Tucky p <
107 mbap. Ctpyxky Dy nepemimyBanu 3 mopomkamu Oopy Ta rpadiTy, B3STUMH Yy CTEXiOMETPHYHHX
CHIBBIIHOMIEHHSAX, 1 IpecyBanu y cTaneBiil npec-¢opmi. CrpecoBani Tabmerku mMacoro 1,000 r cruaBmsiiu B
CIICKTPOAYTOBii meui B aTMocdepi OYMIEHOro aproHy. ['OMOreHi3yrouuil BiAmaia CIUIaBiB, 3arOPHYTHX Yy
MonibaeHoBy ¢oinbry, npoBomwan npu 1270 K ynponosx 800 rox y BakyyMOBaHMX KBapLIOBUX aMITyJiax.
Binmaneni 3pa3ku rapTyBald y XOJIOAHIH BOAI, He PO30MBAIOYM aMITyll. 3pa3KH UL AOCIiDKCHHS TOTyBAllM B
aTMoc(epi OYMIIEHOTO aproHy, BUKOpHCTOBYroun nocyaunu lllnenka, mady 3 iHepTHOIO aTMocheporo Ta
kaminspu JliHgeMaHa, 3alI0BHEHI i 3amasHi miJl aproHOM.
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IobynoBano i3oTepMiunmii mepepi3 miarpamu crany cuctemu Dy-B-C mpu 1270 K. ImentudikoBano
OIMHAIIATH TSPHAPHUX CHOIYK MOCTiifHOTO CKiafy, 3a BUHATKOM Dys(B,C), (7,5 < x <9,0). [l neB’atH 3 HUX
BU3HAUCHO KPHUCTANIYHY CTPYKTYpy Ta yTOYHEHO HEpiogH eIEeMEHTApPHOI KOMIPKH. 3a JOIOMOIOI0 METOXY
PEHTTEHIBCHKOI CHEKTPOCKOIIIT 32 JOBXKHUHOIO XBUI Ta POA BH3HAYCHO CKJIaaM ABOX HOBHX croiyk ~Dy,BCs
i ~Dy4BsCis 3 HEeBiTOMOIO KpHCTalmiqHOIO CTpyKTyporo. Cromyka ~Dy,BC; yrBOpIoe piBHOBa)kHI JBO(a3HI
obmacti 3i cnonykamu DyB,C,, DyC, ta Dys(B,C), (7,5< x <9,0), a ¢a3a 3 Haiibinsmmm BmicToM Kapbomy
~DysB;sCis — 31 cnonykamu DyC,, DyB,C,, DyBs ta Kap6orom. O0nacTs 3 BUCOKMM BMicTOM bopy moonuzy
6inapnoro 6opuny DyBes He nocmimxeno. st cioiayku ~Dy,B,Cs, 1110 KPHCTANI3YeThCs Y CTPYKTYPHOMY THITI
LasB,Cs (mpocTopoBa rpyna P4/ncc) BU3Ha4eHO 00IacTh TOMOTEHHOCTI, AKy ommcaHo ¢opmynoio Dys(B,C),
(7,5 < x £9,0). BusiBneno 3HauHy 3MiHy IapaMeTpiB eIeMEHTapHOI KOMipKH, sIKa 3yMOBJICHA OCOOIHUBOCTSIMU
xpuctanigaoi crpykrypu CT LasB,Cs. Cnomyxy DyB,C, (CT LaB,C,) BUKOpHCTaHO HaMH SIK CTAaHAAPT IIiJ 9ac
JIOCITIKEHHS croyk cucteMu Dy—B—C MeTooM peHTreHiBChKOI CIIEKTPOCKOIIIT 32 IOBKMHOIO XBUII paHille
JOCTi/KYBITH JIHIITE METOIOM TIOPOIIKOBOI AM(paKiii. [i KpucTaniuny cTpyKTypy YTOUHEHO PEHTTEHiBCHKEM
nudpakuifinum Metogom MoHokpucTana: III' P4/mbm, Z =2, a = 5,345(1), ¢ = 3,5600(5) A, R1 = 0.046 (WR,=
0,049) s 585 pedrexcis 3 I, > 26 (I,)). Cxian cmonyku, paHime omucanoi B mitepatypi sk “DyBC”, 3a
JIOTIOMOT'OI0 METOJY PEHTIeHIBCHKOI CIIEKTPOCKOITIi 3a JOBXKHHOIO XBUIIi yTouHeHO sk Dy,B,C; (CT Tb,B,Cs).
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