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Abstract

The solid-state phase equilibrium in the Pr-B-C system was established using X-ray diffraction,
scanning electron microscopy and electron probe microanalysis. The region up to 60 at. % of Pr
was studied at 1270 K, whereas the Pr-rich corner, due to the generally lower melting points, was
investigated at 1070 K. Eleven ternary compounds were isolated. The existence of PrB,C,,
PrsB,Cs, PrsB4Cs, PrsB,Cs, PrBC, and Pr;¢BoC, was confirmed. PrisBsC,o and PrysB14Co¢ have
been found only in arc-melted alloys. Three new ternary compounds were isolated, namely
Pr,BC, ~P14B;C,3 and ~Pr;ByCss. The monoclinic structure of Pr,BC was solved from X-ray
single crystal data: space group C2/m (a = 13.088(1) A, b = 3.6748(8) A, ¢ = 9.488(1) A, p =
131.03(1)°, R1 = 0.035 (wR2 = 0.086) for 585 reflections with 1, > 25 (l,)). Additionally, the
phase of PrsB,C¢ was analyzed showing a broad homogeneity range described by the formula

Prs(BC)y (7.5 <X < 9.3).
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1. Introduction

The solid-state chemistry of the ternary rare-earth metal (RE) boride carbides REB,C,
encompasses a variety of different structural arrangements with boron-carbon substructures
ranging from zero-dimensional (0-D) units isolated from each other in a matrix formed from the
metal atoms to one- and two-dimensional (2-D) networks alternating with metal sub-lattices,
which are closely related to the valence electron count (VEC) per light atoms [1-4]. Indeed,
nearly a dozen of 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-
4]. These finite chains embedded in voids of the metal atom matrix can have different 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 [5-21]. These compounds were revealed from partial or complete
investigations of ternary RE-B-C phase diagrams earlier established for most of the rare earth
metal elements (RE = Sc, Y, La, Eu, Gd, Ho) [22-27]. Novel representatives were recently
discovered during our new investigations of the La-B-C [24], Pr-B-C and Nd-B-C systems [20,
21]. Our latest studies of the isothermal sections of the ternary Pr-B-C phase diagram at 1270 K
(concentration range 0-60 at.% Pr) and 1070 K (> 60 at.% Pr), crystallographic data of all the
ternary compounds and the structure determinations of the new ternary compound Pr,BC and the

composition of the solid solution of the phase PrsB,Cg are the subject of this work.

2. Experimental

2.1. Synthesis and analysis

Polycrystalline samples were prepared from commercially available pure elements:
praseodymium 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



out-gased overnight at 1220 K, p < 10~ mbar. Prasecodymium 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 [28] on a water-cooled copper hearth. The alloy buttons of 1g were turned
over and remelted three times to improve homogeneity. The samples were then wrapped in
molybdenum foil and annealed in silica tubes under argon for one month at 1270 K
(concentration range 0-60 at.% Pr) or 1070 K (> 60 at.% Pr). 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 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 Mo K radiation, using capillaries sealed under dried argon to avoid hydrolysis.

The unit cell parameters for the investigated compounds PrB,C,, as well as the Rietveld
refinements for some samples containing the ~PrsB,C¢ phase were performed with the help of
the CSD programs package [29]. The results are given in Table 1.

Small irregularly shaped single crystals were selected from the crushed sample of Pr,BC and
sealed under argon atmosphere in glass capillaries. These crystals were first examined by the
Buerger precession technique in order to establish their suitability for the subsequent data

collection. Single crystal diffraction data of Pr,BC were collected at room temperature on a



STOE IPDS II image plate diffractometer with monochromatized Mo K, radiation. All relevant

crystallographic data are listed in Table 2. The starting atomic parameters were derived

Table 1
Crystallographic data of ternary compounds in the Pr-B-C system.

Compound Space Structure Unit cell parameters (A)
group type a b c
1. Pr,BC C2/m Nd,BC 13.073(1) 3.669(1) 9.486(1)
B=131.01(1)
2. PrsB,Cs P4/ncc Gd5B2C5 8448(1) 10970(2)
3. Prs(BC)x P4/ncc | LasB,Cs 8.407(2)- 11.969(4)-
(7.5 <x<9.3) 8.403(1) 12.637(5)
4. PrsB4Csx (x=0.15) | Pna2, CesB4Cs 24.592(2) 8.4563(5) 8.4918(5)
5. PrBC P2,2,2; | LaBC 8.4478(5) 8.4719(8) 12.325(1)
6. PrioBoC1 P4,2,2 | Ce1oBoCir | 8.4365(3) 25.468(1)
7. Pr1sB6Cao P-1 Nd;sBsCig | 8.3431(8) 8.3581(8) 9.2492(9)
a=84.82(1) | p=84.23(1) v=89.68(1)
8. PrysB14Co P2i/n NdysB12Cog | 8.4243(5) 8.4095(6) 30.828(1)
=108.879(4)
9. PrB,C, P4/mbm | LaB,C» 5.38486(4) 3.8148(6)
10. ~PI’4B3C13 —_ — o o o

11. ~PI‘7B9C34

via direct methods using the program SIR97 [30]. They were subsequently refined with the
program SHELX-97 [31] within the WinGX program package [32] (full matrix least-squares on
F?) with anisotropic atomic displacement factors for all atoms. No additional reflections with
regard to the Nd;BC 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. 75 °C.

The samples were polished on a nylon cloth using chromium oxide (Biihler Isomet) suspended in



Table 2

Crystal data and structure refinement for Pr,BC.

Empirical formula
Crystal system:

Space group:

Pearson symbol
Formula per unit cell, Z
Lattice parameters

a/A

b/A

c/A

ﬂo

Unit cell volume / A’
Calculated density / (g/cm”)
Absorption coefficient / (1/cm)
Crystal size / mm’

Radiation and wavelength / A
Diffractometer

Refined parameters
Refinement

2 Bnax and (SINE@/'A)max

h, k, |

Collected reflections
Independent reflections
Reflections with 1,>20(1,)
Final R,® indices (R;* all data)

Weighted wR," factor (szb all data)

Goodness-of-fit on F>:
Extinction coefficient

Largest diff.peak and hole / (e/A™)

Structure solution programs

PI‘QBC
Monoclinic
C2/m
mC16

4

13.088(1)
3.6748(8)
9.488(1)
131.03(1)
344.2(1)

6.174

27.694

0.070 x 0.035x 0.015
Mo Ka, 0.71069
STOE IPDS 11
26

F2

63.4, 0.739
-17<h <17

-5< k<5
-12<1<12

3779

620 (Rin:=0.098)
585 (Rs=0.045)
0.035 (0.049)
0.086 (0.098)
1.2

0.0028(6)
-2.47/1.32

SIR97 [30], SHELXL97 [31]

“Ri(F) = [X(Fol-Fe)I/E|F|

> WRy(F) = [Z[W(Fo™-F ) /Z[w(Fo ) 1]
W = 6°(Fo)*+(0.032P)*+5.85P], where P = (F,*+2F.%)/3

Table 3

Atomic coordinates and displacement parameters® (in A?) for Pr,BC.

Atom | Site X y Z Ueq Ui U, Uss U3

Prl 4i 0.79734(6) | 0 0.38294(7) | 0.0121(6) | 0.0186(3) | 0.0131(3) | 0.0076(3) | 0.0063(3)
P2 |4i | 0.43493(5) |0 | 0.14039(8) | 0.0157(3) | 0.0223(4) | 0.0129(3) | 0.0100(3) | 0.0056(3)
C |4 |0875(1) |0 |0698(1) |0.021(5) |0.022(5 |0.014(4) |0.007(4) |0.0063)
B 4i 0.577(1) 1/2 1 0.107(2) 0.029(5) | 0.018(5) |0.011(4) | 0.011(4) |0.012(4)

Uxpi=Up;p=0




dry petroleum with grain sizes 1-5 pm. Qualitative and quantitative composition analyses of the
samples were performed by energy dispersive 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. PrB,C, standard was
used to deduce the compositions of the new compounds. The boron and praseodymium 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 Pr-B-C ternary system reveal the
compound PrB,C, [33] to be in phase equilibrium with Pr;oByoCj, [17] and PrsB;¢Ce 7 (LasB,Cs
structure type) [5, 14] and PrB, [34] at 1270 K. PrsB,Cs [16] is in phase equilibrium with
PrsB;7Csg and PrsB4Cs [18]. The results of the EPMA for Prs(BC)y (7.5 < X £ 9.3) are listed in

Table 4.

Table 4
Results of EPMA investigation for alloys* Prs(BC)y (7.5 < x<9.3).

Composition | Lattice parameters | c/a V(A% B, at %
(@, cinA)

PrsB;;Csg ® 8.407(2) 1.423 | 845.9(7) 14(1)
11.969(4)

PrsB,3Ces" 8.405(1) 1.487 | 882.9(5) 17(1)
12.498(4)

PrsB,¢Ce7 € 8.403(1) 1.503 | 891.6(8) 18(1)
12.637(8)

*Phase equilibrium in alloys is also confirmed by X-ray powder investigations:
® PrsBy 7Cs 3+ PrsBaCs, * PrsBy3Co s + PrigBoCia, © PrB,Co+ PrsBs ¢Co 7+ PrCs

3. Results and discussion

3.1. Phase equilibria in the Pr-B-C ternary system
The isothermal section of the Pr-B-C phase diagram at 1270 K and 1070 K is shown in

Fig. 1. According to the phase diagram of the boundaries the Pr—B system contains three binary



boride compounds, i.e., Pr;Bs [35] and PrB4 [34] which are formed by peritectic reactions at
~2250 and 2620 K, respectively, and PrBe [36] which melts congruently at 2880 K and exhibits a
narrow range of homogeneity [37]. The data of binary phase diagram of the Pr—C system was
recently assessed [38]. A small range of homogeneity of Pr,C; was confirmed [39]. No extension
into the ternary domain has been detected for the binary compound "B4C” [40-42]. The phase
boundary of the Pr-rich liquid was not defined within the ternary system and two annealing
temperatures were chosen for achievement of the phase equilibria in the solid state. In addition,
the micrograph analysis was unsuccessful because of high sensitivity of some samples against

moisture.

ProBC
Pr5BoCs
Pr5(B,C)x
(7.5=x<9.3)
Pr5B4C5_x
(x=0.15)

PrBC
Pr10BgC12
PrBoCo

3 -Pr4B3C1 3

9. -—Pr789C34

10. Pri5BgCoq (HT)
1. ProsB14Co6 (HT)

N, =i

>

©®~NOO»

B B13Co B4C C

Fig. 1. Isothermal section of the Pr-B—C phase diagram at 1270 K and 1070 K (Pr;5B¢C, and

Pry5B14Cy6 are observed in arc-cast samples).



Metallographic investigation, X-ray powder diffraction and EPMA analyses revealed the
new compound ~Pr;BoCs4 to be in equilibrium with PrBg and PrsB,C, (see Fig. 2 a and b). Fig. 2
¢ and d shows the three-phase region of the Pr-B-C ternary system between PrB,C,, PrsB; ¢Ce7
and Pr;oByCi, confirmed by refinement of the X-ray powder diffraction data and EPMA
analyses.

The crystallographic characteristics of the ternaries in the Pr-B-C system are listed in
Table 1. It is worth noting that the phases PrisB¢C;s and PrysB;4Cys were found only in arc-
melted alloys. After annealing the samples of the Pr;sB¢Coo [19] phase at 1270 K, three phases
were found in phase equilibrium: PrsB,Cg [14], PrB,C; [33] and PrC, [43]. After annealing, the
phase PrsB14Cy6 also had vanished and only PrsB,;Cs [16] and PrsB4Cs [18] were detected.
Finally, three new ternary compounds have been isolated in this system: Pr,BC, ~Pr4B;C;3 and

~Pr;ByCs4 characterized both by EPMA and XRD analysis (see Fig. 1).
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Fig. 2. Secondary electron image (a) and X-ray powder pattern (b) of the annealed bulk sample
with nominal atomic composition Pr/B/C = 15/25/60. Indicated (*) reflections are from PrB,C,
and other reflections are from ~Pr;ByoCs4. Backscattered electron image (c¢) and X-ray powder
pattern (d) with observed and calculated profiles for PrsB;¢Ces7(1), PrB,Ca(2), PrioBoCi2 (3) of

the annealed bulk sample with nominal atomic composition Pr/B/C = 30/25/45.

3.2 Crystal structure of Pr,BC

Metallographic and EPMA analyses of the Pr-B-C ternary system reveal the new
compound Pr,BC to be in equilibrium with elemental Pr and Pr,Bs [35] (see Fig.1) or in another
sample in equilibrium with PrsB,Cs [16] and Pr [44] as well at 1070 K and at 1270 K and they
are in good agreement with results from X-ray powder diffraction. Our attempts to synthesize
isostructural RE;BC compounds with other rare earth metals (except Nd) by the experimental
conditions described above were not successful. Indeed, the ternary compound Pr,BC

crystallizes in the Nd,BC structure type, with space group C2/m (Fig. 3a), which is closely



related to the crystal structures of other ternary compounds containing finite isolated boron-
carbon chains of different lengths [10]. Contrarily to other known structures the Pr framework
adopts a pseudohexagonal symmetry in the [010] direction. The three-dimensional (3-D)
framework consists of two different slabs F and E, formed from condensed trigonal prisms along
the [010] direction. One slab (F) in Pr,BC is filled by bent [C-B-B-C] units with distances dc.g =
1.51(1) A, dgs = 1.68(2) A, and C-B-B angle = 133.6(1)° (see Fig. 3a), comparable to those
measured in Nd,BC [20]. Such units are also encountered in related compounds such as LasB,Cs
[5] and for CecBr;B,C; [45] for instance. According to the distances and angles measured, a
formal charge of 8- can be suggested for these boron carbon chains, rendering them isoelectronic
to 1,3-butadiene. The ionic formulation (Pr’")4(B,C,)¥ . 4 e- can then be proposed suggesting
metallic properties as computed for Nd,BC [20]. The boron atoms occupy the center of trigonal
prisms of praseodymium atoms. Pr-B distances range from 2.77(1) A to 2.903(8) A for Pr2 and
2.938(8) A for Prl. The carbon atoms are located in Prs square pyramids with Pr-C distances of
2.637(8) A (x 4) and 2.44(1) A (x 1) (see Fig. 3b). Condensation of two trigonal prisms via a
common rectangular face and their opposite capping with square pyramids leads to Prjy cages
embedding the [C-B-B-C] units (see Fig. 3b). The Pr-Pr distances in the slabs containing the
C,B; units range from 3.668(1) A to 3.994(7) A. In empty slabs (E) formed only from Pr atoms
(Fig. 3a) and linking both adjacent filled F slabs, Pr-Pr distances are larger than in the filled ones

and range from 3.752(1) A to 4.195(1) A.
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Fig. 3. The crystal structure of Pr,BC (a), praseodymium environment of B,C; units in Pr,BC
(b), and the crystal structure of PrsB,Cq (¢).

3.3 Solid solution Pr5(BC)y (7.5 <x <9.3)

The crystal structure, twinning and intergrowth of the samples with different
compositions ~PrsB,C¢ were investigated in [14, 46]. These samples exhibit a pronounced
tendency to form twins and coherently intergrown domains of different phases. A large variation
of cell parameters was also evidenced. The structural arrangement of ~PrsB,C¢ (LasB,Cs
structure type [5]) consists of a 3-D framework of rare-earth atoms resulting from the stacking of
slightly corrugated two-dimensional squares, which leads to the formation of octahedral voids
and distorted bicapped square antiprismatic cavities (Fig. 3c). They are filled with isolated
carbon atoms and twofold disordered [CBCC] units, respectively. The C1 and C2/B2 atoms in
~PrsB,Cg form bent [CBCC] units with C/B-C distances of 1.32 A indicative of double bond
character and C/B-C/B distances of 1.65 A. The C-C/B-C/B angle is 158.1°. Our systematical
studies of the similar solid solution LasB,.«Cs:y led to the formula Las(BC) (5.6 < X < 8.8) [24].
Samples with different compositions of ~PrsB,Cs exhibit different cell parameters (Table 4).
Changes are pronounced depending upon Pr and non-metal atoms stoichiometry and the cell
volumes increase from 845.9(7) to 891.6(8) A’ (Table 4). The results of the Rietveld refinements
of XRD powder data are similar to the single crystal structure investigation reported earlier [14,

46]. The atoms in the structure exhibit large displacement parameters for the central C/B atoms



of the [CBCC] units in line with the disorder of occupation by either [CBC] or [CBCC] units for
the large voids and single carbon atoms in octahedral voids. 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 [C=B—C=C]"" (assuming the formal charge for the
B/C atoms to obey the octet rule) of ~PrsB,Cg structure varies from 14(1) to 18(1) at % (Table 4)
which leads to a decrease in charge as well as disorder of light elements. The overall charge of
the anionic part seems to be compensated by the introduction of single carbon atoms (C3) in Pr
octahedra. So, the homogeneity region of ~PrsB,Cs is defined as Prs(BC)x (7.5 < x < 9.3) and
shown in Fig. 1. The lanthanum compound ~LasB,Cg exhibits a more pronounced homogeneity
region than PrsB,C¢ due to the fact that in the Pr-B-C the other ternary compound PrsB,Cs also

exists.

4. Conclusion

The isothermal section of the Pr—B—C phase diagram at 1270 K and 1070 K was
investigated by means of X-ray diffraction, microstructure and EPMA analyses. Eleven ternary
compounds were found. For eighth of them, namely PrB,C,, PrsB,Cs, PrsB4Cs, PrsB,Cs, PrBC,
Pr19ByCia, PrisB¢Cis and PrysB4Coe, the crystal structures were established previously. Indeed,
our studies showed that both phases Pr;sB¢C,o and PrysB14Cys exist above 1270 K. We also
observed that the ~PrsB,Cs compound has a broad homogeneity range described by the formula
Prs(BC)x (7.5 £ x £9.3). For the boundary compounds of the Pr-B and Pr-C system no extension
in the ternary domain was found. Three new ternary compounds were isolated, namely Pr,BC,
~Pr4B3Cy3 and ~Pr7ByCs4. The new compound Pr,BC crystallizes in Nd,BC structure type [20].

In contrast to other rare earth metals with smaller atomic radius, praseodymium boride carbides
do not form compounds with infinite one-dimensional planar or nearly planar (BC).. ribbons.

Except PrB,C,, which adopt the CeB,C, structure type with 2-D B/C nets [33], all the



mvestigated structures contain finite (0-D) quasi-molecular linear or bent B/C entities of

different lengths, which fill voids in praseodymium atom cages.
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Highlights

» Solid-state phase equilibrium in the Pr-B-C system was established at 1270 K. » Eleven
ternary compounds were isolated. ®» The monoclinic structure of Pr,BC was solved from X-

ray single crystal data. » The phase of PrsB,Cs shows a broad homogeneity range.



