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Single crystals of V,AIC and the new carbides V,AIC;—x and V,Al;Cq were synthesized from metallic melts. V,AIC
was formed with an excess of Al, while V,AIC;—x (x = 0.31) and V1,Al;Cg require the addition of cobalt to the melt.
All compounds were characterized by XRD, EDX, and WDX measurements. Crystal structures were refined on the
basis of single-crystal data. The crystal structures can be explained with a building-block system consisting of two
types of partial structures. The intermetallic part with a composition VAl is a two-layer cutting of the hexagonal
closest packing. The carbide partial structure is a fragment of the binary carbide VC;—, containing one or three
layers. V,AIC is a H-phase (211-phase) with space group P6s/mmc, Z = 2, and lattice parameters of a = 2.9107-
(6) A, and ¢ = 13.101(4) A. V,AIC;_, (x = 0.31) represents a 413-phase with space group P6s/mmc, Z = 2, a
= 2.9302(4) A, and ¢ = 22.745(5) A. The C-deficit is limited to the carbon site of the central layer. Vi,AlCg is
obtained at lower temperatures. In the superstructure (P6s/mem, Z = 2, a = 5.0882(7) A, and ¢ = 22.983(5) A)
the vacancies on the carbon sites are ordered. The ordering is combined to a small shift of the V atoms. This
ordered structure can serve as a structure model for the binary carbides TMC;—, as well. V,AIC;—x (x ~ 0.31) and
V1,AlCg are the first examples of the so-called MAX-phases (MX),MM' (n = 1, 2, 3), where a deficit of X and its
ordered distribution in a superstructure is proven, (MX;—,),MM'.

Introduction MAX-phases have shown excellent and unique material

. . _ . roperties like damage and shock resistance or good thermal
Binary carbides and nitrides of group IV and V transition prop g g

. . . .., and electrical conductivit$.
metals are important high-temperature hard materials with . )
extremely high melting points.Recent investigations on Frequently, syntheses of high-melting compouriis %
ternaries such as 38iC,,2 TisAIC,,2 Ti,AIN54 and related 2000 K) are hindered by the low reactivity of the starting
compounds of the series (MYMM') (M = “early” transi- material. The application of high temperatures is the most
tion metal; M = main group metal; X= C, N;n=1, 2, 35 simple strategy to overcome these problems, for example,
by arc melting or induction heating, are not always an
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V2A|C, V4A|C37x (X ~ 0.31), and \42A|3C3

crystal growth of new ternary compounds which are not
obtained by conventional high-temperature mettods.

The crystal structures of all compounds (M#JIM') is
based on layers of a closest packing of M and dtbms
with X atoms in octahedral voids between the M layers in a
cubic stacking sequence. According to this building principle,
mixed occupations for the metal atoms M/Ms well as for
the nonmetals X (carbon and nitrogen), are possible.
Furthermore, it is well-known for binary carbides and nitrides
to form non-stoichiometric compounds Wwita C or N
deficit’%!! In some cases, super structures by ordered
vacancies are describ&iTherefore, investigations of single

crystals by means of X-rays and electron microprobe analysis

give new insights into the structural properties, as compared

to measurements on powder samples. For compounds of the

system Ti/Al/Sn/C/N, we have shown on the basis of single-
crystal investigations that substitutions ofASn and G>N
occuri3t4

In the system V/AI/C, YAIC was the only known ternary
compound It was synthesized by arc melting and subse-
quent sintering (1000°C). According to X-ray powder
studies, AIC was assigned to the hexagonap&IC type'®
(H-phase) witha = 2.912 A andc = 13.140 A. Motivated
by the unique material properties of the so-called MAX-
phases electrical transport, thermal transport, and elastic
properties of several H-phasesMC (M = Ti, V, Cr, Nb)
were measuretl. Furthermore, the high-pressure behavior
of V,AIC was investigated up to 55 GP&.

Recently, we have shown for the ternary system Ta/Al/
C%that single crystals of BAIC, and TaAlC3 can be grown
from Al and Al/Sn melts. Now we report on single crystal
investigations on the H-phaseAIC and the C-deficient 413-
phases YAIC3;« and Vi,Al3Cg, respectively.

Experimental Section

Syntheses, Crystal Growth, and Characterization.Single
crystals of VAIC, V,AIC;« (X ~ 0.31) (i.e., VAIC,69), and Vi
Al3Cg were synthesized from melts of Al or Al /Co, respectively.
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Figure 1. SEM picture of MAIC3 « (x ~ 0.31).

Without the addition of Co, the only ternary compound observed
was VLAIC. VAI 3 is the most prominent byproduct, but sometimes
small amounts of YAl4s and VAl were additionally identified.
The addition of Co resulted in GAlg and CAl3 as byproducts
and suppressed the formation of \(AThe amount of binary Co/

Al phases varied. It is reduced by a longer duration of dissolution.
V,AIC was obtained at higher temperatures (150650°C), while
V,Al3— and V;,Al3Cg were formed at lower temperatures (1300
1500°C). Binary carbides of vanadium were never observed, but
depending on the reaction conditions (ratio and purity of the
elements, quality of the inert atmosphere, reaction of the crucible),
Al,C; and AlLO,C were detected.

EDX and WDX measurements on single crystals were performed
to ensure the correct composition. By EDX the ratio of V/Al was
determined and the possible uptake of other metals (for example
Co from the melt) was excluded. Furthermore, WDX measurements
are necessary to exclude the incorporation of light elements with 4
< Z < 13. Nitrogen is especially able to substitute carbof
carbides and cannot be reliably determined from X-ray data.

XRD patterns were recorded with a Siemens D5000 (Gu K
radiation, Ge monochromator, gas-filed PSD, Deb$eherrer
geometry, transmission). SEM pictures and EDX measurements
were performed using a Jeol SM 6400 (Ge detector). For WDX
investigations a Cameca SX 50 (analyzer crystal PC2, diamond
and c-BN as standards) was used.

V,AIC. Without the use of Co, the main products were usually
the intermetallic VA4 and the H-phase YAIC. Single crystals of
V,AIC were obtained from the elements by the following procedure.
Commercially available powders of the elements V (Acros, 99.5%),
C (graphite, Chempur, 9%94%), and Al (Riedel-de Haen, 99.9%)
were intimately mixed in a ratio of 2:1:10 and pressed into a pellet
(total mass: ca. 750 mg). The pellet was put into corundum
crucibles and quickly (200 K/h) heated up to 150D under an
argon atmosphere. The sample was held for 50 h at 16060o0led
to 1000°C with a cooling rate of 5 K/h, held for 30 h, and then
cooled at 30 K/h to RT. The excess metal of the solidified melt
was removed by dissolving the regulus in half-concentrated agqueous
HCI. The residue was washed and dried. Small hexagonal platelets
were characterized as,XIC. The XRD pattern was indexed with
a hexagonal unit cell with = 2.9163(13) A andt = 13.130(6) A.
Additional lines were assigned to VAIEDX measurements on
selected single crystals revealed a V/Al ratio of 70:30. WDX
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Table 1. Structure Refinement of JAIC, V4AIC; 4 (x &~ 0.31), and \{2Al3Cg

Etzkorn et al.

V2A|C V4A|C3—x (X ~ 0.31) V12A|3Cg

cryst shape hexagonal hexagonal hexagonal

platelet platelet prism
cryst color metallic metallic metallic

lustrous lustrous lustrous
cryst size (mr) 0.08x 0.08x 0.01 0.2x 0.2x 0.01 0.06x 0.06 x 0.02
fw (g/mol) 140.87 262.76 788.3
cryst syst hexagonal hexagonal hexagonal
space group P6s/mmc Bs/mmc FBs/mem

lattice params

cell vol (A3)
formula units
density, calcd
(g/cn?)
radiation

6 range

temp €C)
max
diffractometer

exposure time (s)
reflns measured
independent
reflins

reflnsl > 20(1)
abs correction

Rint., Ry

abs coeff (mm?)
extinction coeff?
max./min. transmission
structure solution
refinement

residual electron @A3
min, max,o
weighting

functior?2

no. of params
Rfactors

a=2.9107(6) A
c=13.101(4)A
96.12

2

4.87

Mo Kll
—-4<h=<4
—-4<k=<4
-19=<1<19
23
65°

IPDS I
0°<w =180
y=0°111;
Aw = 2°

300

1079
90

68

empirical;
equivalent method
0.0859, 0.0521
9.7
0.097(31)

0.287; 0.083
known mod@l
SHELXL 972

+0.52;-0.70, 0.19

0.0595;
0.0

9

R1E) = 0.0295
WR2(F2) = 0.0806

a=2.9302(4) A
c=22.745(5) A
169.12

2

5.16

Mo Kgz
—4<h=<3
—4<k=<3
—34<1<34
23

64.6°

IPDS |

0° < w < 200
Aw =2°

300
1304
158

140

empirical;

equivalent method
0.0539, 0.0214

10.7

0.009(3)

0.1667; 0.0556
known modei?
SHELXL 9722
+0.50,—0.78, 0.12

0.0183;
0.2288

16
R1(F) = 0.0201
WR2(F?) = 0.0432

a=15.0882(7) A
c=22.983(5) A
515.30

2
5.08

Mo K1
—-6=<h=<6
—7=<k=7
—34<1<34
23

65.5

IPDS |

0° < w =< 200
Aw = 2°

600
7404
378

328
empirical;
equivalent method

0.0459, 0.0152

10.6

0.0155(13)

0.246; 0.105

direct method®
SHELXL 9722
+0.54,—0.61, 0.16

0.0476;
0.914

26
R1(F) = 0.0277
WR2(F2) = 0.0865

investigations confirmed the presence of the elements V, Al, and Table 2. Coordinates, Displacement Parameters (ih A9, and Site
C and the absence of N and O. Occupation Factors in AlC2

VAAIC3 « (X~ 0.31).V4AIC;3« was obtained in a Co-containing  atom site x vy z U sof U Uss
melt. The elements V, C, Al, and Co (Chempur, 99.5%) were mixed vV 4f 13 2/3 008558(7) 113(4) 0.994(6) 87(5) 165(5)
in a ratio of 1.4:1:6.6:2 (total mass 750 mg) and submitted tothe A 24 2/3 1/3 1/4 136(6) 0.96(4) 115(7) 176(11)
same temperature program as for the synthesisAfG/ V,AIC 3« C 22 0 0 O 125(13) 1.10(5) 86(16) 204(28)

formed thin black hexagon.al platelets with a me.tallic luster 2 esd's in parenthesey = Uss = 2 Uzs, Uzs = Uss = 0. In order to
(thickness about 0.01 mm, diameter up to 0.2 mm (Figure 1). The check for mixed occupations and/or vacancies, site occupation factors were
XRD pattern showed the lines of XIC3-x and CQAli3. The treated by turns as free variables at the end of the refinement.
refinement of the indexed reflections resulted in a hexagonal unit
cell with a = 2.9276(14) A ana = 22.69(2) A. EDX measurements
on selected single crystals revealed a ratio of 80:20 for V/Al and  Structure Determinations. V-AIC. A black hexagonal platelet
the absence of Co. WDX investigations confirmed the presence of was isolated from the Al melt and investigated using a single-crystal
the elements V, Al, and C and the absence of N and O. diffractometer equipped with an image plate detector (STOE, IPDS
V1,Al3Cs. Single crystals of the ordered; )l ;Cg were obtained II, Mo K 4, radiation). All reflections were indexed with a hexagonal
by the application of lower temperatures. It is well known from unit cell with lattice parameters af= 2.9107(6) A andt = 13.101-
binary transition metal carbides with a NaCl structure that ordering (4) A. Unit cell dimensions and reflection conditiorish{ with | =
phenomena of the C atoms occur at temperatures between 100@n) were characteristic for a H-phase. The refinement was started
and 1200°C.1° The reaction conditions for MAIsCg were the with the parameters of a @xIC type!®in space grou@6s/mmc R
same as those for MIC3_,, but the maximum temperature was factors of R1F) = 0.0295 and wRZ?) = 0.0806 were obtained
1300°C. EDX measurements on selected single crystals revealedwith 90 unique reflections (68 with > 2¢(l)) and 9 parameters.
a ratio of 82:18 for /Al and the absence of Co. WDX investigations The refinement of the site occupation factors showed no significant
confirmed the presence of the elements V, Al, and C and the deviations. Therefore, an ordered and stoichiometric structure can
absence of N and O. be assumed. Details are listed in Tables31
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V2A|C, V4A|C37x (X ~ 0.31), and \42A|3Cg

Table 3. Selected Distances (in A) and Angles (in deg) igd\C? yielded was very similar to YAIC3_, but the C atoms were ordered
V_C 2.0201(6) X Al—Al 2.9107(6) 6< and_ gll sites cc_)mpletgly occupigd With very small stanc_iard
V—Al 2.7321(9) 3« Al—V 2.7321(9) 6¢ deviations. The final refinement with 378 independent reflections
V-V 2.8021(16) X c-v 2.0201(6) 6¢ (328 with| > 20(1)) and 26 parameters gafRevalues of R1F) =
V-V 2.9107(6) 6¢ vV-C-Vv 87.82(3)/92.18(3) 0.0277 and WRH?) = 0.0865. TheUe, values are similar
aesd’s in parentheses. (especially C1 and C2) and the shape of the displacement ellipsoids

are nearly isotropic. In connection with the EDX and WDX

Table 4. Coordinates, Displacement Parameters (it A8 and Site measurements, WAIsCg should be considered as a completely

Occupation Factors in JAIC-# ordered and stoichiometric compound. Details are listed in Tables

atom site x y z Uq sof Unn  Usg 1, 6, and 7. For obvious reasons, the data set can also be refined

VI 4 0 0 015504(2) 92(2) 1.004@) 83(2) 110@3)  With the structure of the subcef.
V2 4f 1/3 2/3 0.05450(2) 120(2) 1.001P4) 131(2) 99(3) Further details on the structure refinements (complete list of
Al 2c 13 2/3 1/4 114(3) 0.975(9) 113(4) 114(6) distances and angleB,/F. list) may be obtained from: Fachin-

Cl 4 2/3 1/3 0.10634(14) 87(6) 1.004(}9)80(8) 111(11)

2 .m0 0 0 89(17) 0.692(28)80(19) 108(29) formationszentrum Karlsruhe, D-76344 Eggenstein-Leopoldshafen

(Germany) (fax:+49)724-808-666: e-mail: crysdata@fiz-karlsru-
3esd’s in parentheseli1 = Uz = 2U1p, Uz = U3 =0 PIn order to he.de) on quoting the registry number CSDL6854 (MAIC),

check for mixed occupations and/or vacancies, site occupation factors were
treated by turns as free variables at the end of the refineniéfree CSD—-416855 (MAIC3-,), and CSDB-416856 (M2Al3Cg).

refinement (see text . .
( ) Results and Discussion

Table 5. Selected Distances (in A) and Angles (in deg) ip\C3_,@

V,AIC. The single-crystal investigations on,AMC con-

xi:gll 22;112?,2&(25))&& %:g; 3-885(32(21;*& firm and state more precisely the results of previous studies
V1-V2 2.8445(7) X V2—V1 2.8445(7) X based on powder data. According to the crystal structure of
V1-V1 2.9302(4) 6 V2-V2 2.9302(4) 6 a H-phase (or 211-phase) the metal atoms form a hexagonal
V2-V2 3.0010(7) X - i i

A1 2.7436(5) 6 Vo C1v2 88.3(1) closes_t packing with alternating sequences of two layers of
Al—Al 2.9302(4) 6< V1—C1-V1 92.9(1) yanadlum atoms and one layer aluminum. Th_e C atoms are
C1-V1 2.022(2) % V1-C1-V2 90.5(1)/178.3(1) in octahedral voids between the V layers (Figure 2). The
Cl-v2  2.062(2) X v2-C2-vz  88.6(1) distances within the layers are given by the lattice parameter
C2-V2 2.0973(4) 6 V2—C2-V2 91.4(1 .

_ @ ) a (2.9107(6) A). The metalmetal distances between the
“esd's in parentheses. layers are shorter (YAl, 2.7321(9) A; V-V, 2.802(2) A).

VLAIC s, (X ~ 0.31). A hexagonal platelet was isolated from The C-V-distances of 2.0201(6) A are about 5% shorter

the Al/Co melt, which had been heated up to 1500 According ~ then in the binary VC (2.086 A) but similar to,¢ (2.030

to unit cell dimensionsg = 2.9302(4) A,c = 22.745(5) A), A), which is assigned to a defect NiAs tygeThe CVs

symmetry (Laue-class ®mmn), and reflection conditionshpl with octahedra’s “compression” in [001] directions results in

| = 2n) the refinement was started in space gré&g/mmcwith V—C—V angles of 87.8and 92.2. Similar changes are also

the structure model of a 413-pha8é! The quick convergence of  observed for other 211-phases like,®IC,* Ti,GaC, Cp-

the refinement (158 reflections, 140 with 20(1), 16 parameters, GaC TpSnC, and z1SnC22

R1(F) = 0.0258, wR2F?) = 0.0625) confirmed its qualitative VLAIC; (X ~ 0.31). The structure of VAICs , is

correctness, but the displacement parameter of the C1 atom on Siteanalogous to the 413-phases as they are reported for

2a (0,0,0) was larger (a factor of 2.5) than the parameter of C2, . N .y 14T 2

despite its similar coordination. The free refinement of the TiaAl1-SNC1-N, (x~ 0187y ~ 0.85),“ TiAIN5,* and Ta-
AlC3.1°26The metal atoms form a sequence ABACBCBC

C1 site occupation factor resulted in an occupation of 69(2)% and " . . .
displacement parameters nearly equal to those of C2. Therefore, a (hhhcey with Al atoms in every fifth layer (bold letters)

partial occupation of C1 is assumed. Fifeflactors were RE) = in a hexagonal sequence. The C atoms are located in
0.0201 and wWRZH?) = 0.0432. Details are listed in Tables 1, 4, octahedral voids which are formed exclusively by vanadium

and 5. The deficit for C2 has been confirmed for several single (Figure 3). In regular 413-phases, these layers represent a
crystals. The data given above represent the results for the bestcutting of a NaCl structure type. InIC3_y, the C position
refinement. of the middle layer is partially occupied (69(2)%). The
V12Al5Cs. The investigation of single crystals of MCs-y, surroundings of all atoms can easily be derived from this
which were grown from an Al/Co melt at a lower temperature of - pjding principle (anticuboctahedra for Al and V1, cuboc-
1300 °C, showed weak supgr reflections. To index them it was tahedra for V2, octahedral for C1 and C2, three~\Ci1
necessary to enlarge the lattice paramatby a factor ofv/3, so distances, six V2C1/C2 distances). The VC distances

values ofa = 5.0882(7) A anct = 22.983(5) A were obtaine#. o o
The Laue-class 6dmmremained unchanged, but the reflection show a significant variation from 2.022(2) over 2.062(2) to

condition washOl with h = 2n. The structure solution by direct

(24) R1F) = 0.0223, WR2F2) = 0.0676; V1: z = 0.15505(3),Ueq =

methods was started in space gré@§/mcm The structure model 0.0120(3),U11 = 0.0119(3),Us = 0.0123(4); V2: 7 = 0.05452(4),
Ueq = 0.0149(3),U1; = 0.0167(3),Uss = 0.0113(4); Al: Ueq =
(20) Sheldrick, G. M.SHELXL University of Gdtingen: Gdtingen, 0.0147(4),U11 = 0.0155(6),Usz = 0.0130(8); C1l:z= 0.10545(16),
Germany, 1997 Ueq = 0.0118(7),U11 = 0.0118(10),U3z = 0.0118(16); C2:Ueq =
(21) XSHAPE STOE Cie: Darmstadt, Germany, 2003. 0.0135(25),U11 = 0.0114(27)Uss = 0.0174(44).
(22) Etzkorn, J. Ph.D. Thesis, University of Bayreuth, Germany, 2002.  (25) Bowman, A. L.; Wallace, T. C.; Yarnel, J. L.; Wenzel, R. G.; Storms,
(23) The differences of the lattice parameters (especiallycthgis) are E. K. Acta Crystallogr.1965 19, 6—9.
frequently observed for single crystals grown at different tempera- (26) Manoun, B.; Saxena, S. K.; EI-Raghi, T.; Barsoum, M Appl. Phys.
tures?! Lett 2006 88, 201902.
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Table 6. Coordinates, Displacement Parameters (i A® and Site Occupation Factors in Al 3Cg?

atom site X y z Uq sof Ui Uz Uss
V1 de 0 0 0.15309(4) 122(2) 1.000(5) 124(4)  Un 119(4)
V2 gh 1/3 2/3 0.15601(3) 123(2) 0.999(4) 125(3) Un 119(3)
V3 12 0.3525(1) 0 0.05451(2) 122(2) 0.995(5) 125(3) 121(3) 119(3)
Al 69 0.3293(2) 0 1/4 154(4) 1.02(1) 162(5) 160(6) 138(7)
c1 1% 0.6679(5) 0 0.10638(14) 127(6) 1.00(3) 123(9) 135(11) 128(14)
c2 4d 1/3 213 0 136(9) 1.00(3) 126(13) Uy 156(22)

aesd’s in parenthesebliz = 1/2 Uz, Ugs = Ugs = 0; exceptions: V313 = 2(1); C1,U13 = —7(6).? In order to check for mixed occupations and/or
vacancies, site occupation factors were treated by turns as free variables at the end of the refinement.

Table 7. Selected Distances (in A) and Angles (in deg) iwAf3Cg?

Vi-Cl  2.002(3)% V3-Cl 1.999(3)
VI-Al  2787(1)3  V3-C2 2.071(1) %
Vi-V3  2.890(1)3%  V3-Cl 2.113(2) %
VI-V2  2938(1) &  V3-V2 2.857(1) %
V3-V3 2.857(1) &
V2-C1  2.047(2)%  V3-Vi 2.890(1)
V2-Al  2753(1)3«  V3-V3 2.921(1)
V2-V3  2.857(1)%  V3-V3 3.081(1) X
V2-V1  2938(1)%  V3-V3 3.106(1)
V2-V2  2.938(1) X
Al-V2  2753(1)4&  C2-V3 2.071(1) 6¢
Al-V 2.787(1) 2 V3—-C2-V3  87.2(1)/89.7(1)/
Al-Al 2.902(1) % 96.1(1)/175.3(1)
Al-Al 2.956(1) &
C1-V3  1.999(3) V3-C1-V3  88.0(1)/94.7(1)
C1-V1  2.002(3) VI-C1-V2  93.1(1)

C1-V2  2047(2) % V2-Cl-V2  91.7(1)

C1-Vv3 2.112(2) % V2—-C1-V3  86.7(1)/89.8(1)/177.3(1 ' .
@ V1-C1-V3 89.2%1;/175.%()1) @ Figure 3. Crystal structure of YAIC3—y with X ~ 0.31 (413-phase).

aesd’s in parentheses; MM distances of M atoms in the same layer
are in italics.

Figure 4. Crystal structure of Y,Al3Csg; ellipsoids represent a probability
of 99%.

Figure 2. Crystal structure of YAIC (H- or 211-phase). L

principle of Vi,Al;Cg corresponds to the 413-phases (se-
2.0972(4) A. In the center, they are comparable to VC. This quence of metal layers, C in octahedral voids of V, Figure
can be seen as an increase of the “flattening” of the; CV' 4). |n the case of WAIsCs, one-third of the octahedral voids
octahedra on getting closer to the Al layers. The changes ofin the middle layer remain empty in an ordered way that a

M—M distances and ¥C—V angles are in a line with this.  graphite-like layer of octahedra is formed (Figure 5). The

Similar geometrical conditions were observed inAI&3  Cv; octahedra are connected by common vertices. This motif
with Ta—C distances of 2.17, 2.21, and 2.23 A (Ta in is found as isolated layers in the layer structures of trihalides
TaC: 2.23 A). Also the increase of the lattice paramatier like CrCls, AICI3, and Bik.2

V4AIC3« compared to VAIC reflects the approach to the The ordering of the defects causes a distortion of the CV

structure of the binary VC. A value of 2.950 A is obtained ,ctahedra of C1. There are two shorter distances (1.999,

by transformation of the cubic unit cell. Similar observations 5 5o A), two medium (2.047 A), and two longer (2.112
were made for the row TAIC, TaAIC,, and TaAIC;. A). The V—C distances in the central layer (€¥23) are

Because the structure ofy,XIC3_ is the disordered variant longer (2.071 A), and the octahedral coordination of C2
of V12Al3C, the detailed discussion of the crystal structure (o mains nearly unchanged (Figure 6). Similar to stoichio-
will be focused on Y-AlzCs.

VAl 3C_8' V12AlsCs is the first example of an ordered (27) Wells, A. F. Structural Inorganic Chemistry5th ed.; Clarendon
defect variant of a MAX-phase: (MX,)-MM'. The general Press: Oxford, 1984.
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Figure 7. Relation between the subcell oMC3 « (x ~ 0.31) and the
superstructure of MAI3Cs, projection in the direction [001].

Figure 5. Central layer of C¥ octahedra az = 0 and 0.5. Gray circles, ] )
V; black circles, C; sqares, voids. The calculation of the valence sum according to Br&wn

gives for C2 a value of 4.66 and for C1 a value of 4.93.
This corresponds well the interpretation of2X13Cg as an
intermediate betweenXIC and VC where the valence sums
are 5.35 and 4.47, respectively. FO)AIC;_,, the values

are 4.91 (C1, outer layer) and 4.21 (C2, inner layer). The
changes of the ¥ C distances by a shift of V atoms lead to
an adjustment of the valence sums of the carbon atoms. The
valence sums for the metal atoms confirm the intermediate
position of Vj,Al3Cg. While the total values (V1, 6.03; V2,
5.87; V3, 6.91) reflect the increase of the-Z bonds (V-

C, 2.81; V2-C, 2.49; V3-C, 3.88), the intermetallic share
decreases slightly (\M, 3.22; V2—M, 3.38; V3—M, 3.03).

In agreement to this tendency, the valence sum vanadium
are 6.37 in MAIC (V—C, 2.67; VM, 3.70) and 7.34 in
VC (V—C, 4.47; \\-V, 2.87).

Figure 7 shows the geometrical relation between the
subcell of JAIC;_, and the superstructure of3Al;Cg. The
differences between both structures are very small. Besides
the ordered arrangement of the C atoms in the middle layer
(i.e., site 2a (0,0,0) in MAI:Cs is free) the only significant
deviations are small shifts of V3 (0.053 A), V2 (0.022 A),
and V1 (0.044 A antiparallel to V2). The shifts of V atoms
correlate directly to the ordered C deficit. The shift of V3 is
in the [100] direction away from the empty site. V2 is located

Figure 6. Coordination polyhedra in MAlsCg; (a) C1, (b) C2, (c) V1, above and below the C2 pOSition and is away from this site
(d) V2, and (e) V3. (direction [001] while V1 is shifted in the opposite direction).

) ) ] Model calculations show that the intensities of the super-
metric 413-phases, the average ¥ distances in the “outer” g cture reflections depend mainly on the shifts of vanadium.
layer (C1-V, 2.053 A) are shorter than in the “inner” layers Despite these small changes, the reflections defining the
(C2-V3). superstructure are clearly detected. Out of the total of 378

The surroundings of the metal atoms can easily be derived;niensities observed (328 with> 20(1)), there are 162 from
from the packing principle. The metal atoms form anticub- e sybcell (146 with > 20(1)%).

octahedra around Al, V1, and V2. Additionally there are three 1o examples of YAICs, and Vi,Al:Cs show the
V—C bonds for V1 and V2 (Figure 6¢c and d). V3 is aqyantages of single-crystal data compared to powder data.
coordinated by five C atoms and a¢uboctahedron (Figure  No reflection of the superstructure was detected in the
6e). In general, the MM distances between the layers are o\yder pattern. The hints for the carbon deficit are very
shorter than within them, where they correspond quite exactlyvague according to the small differences of theg values.

to a/v/3. Larger deviations are connected to the vacancies’ Therefore, the existencd a C deficit and the formation of

ordering that causes changes of the M distances too. The 5 gyperstructure at lower temperatures would probably not
longest V-V distances of 3.081 and 3.106 A are found

around the free octahedral void. (28) Brown, I. D.J. Appl. Crystallogr.1996 29, 479-480.
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be detectible by powder methods. In particular, the satisfying A; C2—V, 1.98-2.12 A) are comparable to the distances in
refinement of the superstructure demands single-crystal dataV1,Al;Cg. The distribution of C atoms (or voids, respectively)

The subcell of VAIC;—, and the superstructure of;¥ is given by the space group and therefore are without doubt,
Al3Cg are connected by a simple grougubgroup relatior? but the values for the €V distances are very different than
There is a transition (“klassengleich”) of orderk3) between our results. The shifts of the V atoms of about 6-Q806 A
P6s/mmcandP6s/mcmleading to super structure reflections  displaced from the ideal sites are comparable {eAWACs.
and an enlargement of the unit cedf & +/3 a), which is Obviously, the position of C3 is not located in the correct
shown in Figure 7. way by Rietveld refinement.

As outlined in the Experimental Section, the formation of  For VeCs, Venables et al® presented a structure model in
V,AIC; x and Vi2Al3Cg depends from the temperature (1500 space groujP3; assuming a cubic close packing of vanadium
and 1300°C, respectively). According to this and the usual and C in octahedral sites with idealized parameters (undis-
behavior of vacancies in solids sXC3_, obviously repre- torted metal layers, C exactly in the center of the octahedra).
sents a HT-phase andi)AlsCg the LT-phase. The unam-  Therefore, the space group was corrected3@1 later on*
biguous proof of this relation and a direct observation of The ordered distribution of vacancies is the same as we
the transition is very difficult by DTA measurements because observed in \AlCs, i.€., between every second layer, one-
only small caloric effects and slow kinetics must be expected. third remains free in a way that a graphite-like pattern of
As far as we know, a direct transition was not observed even corner-sharing octahedral is formed. The voids follow;a 3
for binary TM carbidesTMC;—«. Powder X-ray investigations  screw axis.
are not possible because the X-ray powder diagram shows A similar structure is observed for monoclinic §03 (C2/
no superstructure reflections. Finally, single-crystal investiga- m, a = 4.560 A,b = 9.457 A,c = 4.560 A.p =109.47°)%
tions including the detection of weak superstructure reflec- with the cubic closest packing of Nb and C in five-sixth of
tions at temperatures above 100D are not easy. the octahedral voids, but here the voids follow the direction

Relation to Binary Carbides TMC;_. The determination  [001]. It should be noted that the same topological relations
of the ordered distribution of carbon imAl;Cg offers new are observed for the Crgtype?” (P3,21, ccp of CI, Cr in
aspects for the crystal structures of bin@iy carbides with  two-thirds of the octahedral voids in every second layer). In
a carbon deficilfMC,. The binary carbides of the “early”  monoclinic €C2/m) AICI3?’ the voids are arranged in the
transition metals show unique properties like great hardness[001] direction.
and high chemical and thermal stabilitfherefore, they are
very important for applications as hard materials especially Conclusions
for composite materials (“cermets’)Some of the com-
pounds with lower C content represent stacking variants of . )
closest sphere packings where the octahedral voids between‘?]c ternary cgrbldes. Single crystals .Of the H-phasAlt
hexagonal sequences remain free by geometrical reasons (fo?an be obtained from a V/Al melt. Single crystals of more
example MC, MzC,, M4C3®9). In other cases with higher C complex cgmpounds, so-called MAx-phases, can be grown
content, the ordering variants are based on the cubic closes y _the auxiliary metal bath techmque. For. Fhe system V/.AI/
packing of the NaCl-type (for example g&, VeCs, , it turns out that cobalt is a suitable auxiliary metal which

NbgCs1011303}, Because of experimental reasons (low dif- Zslgotr;[aken UI% by thitgrgailry comgoungs._rﬁ‘t 3501.)?
fraction power of C, small single-crystal size, scattering -phase YAIC, (x ~ 0.31) is produced. The deviation

length of V, high pseudosymmetry), structural parameters from the_ ideal coom_posmon results from the C deficit
like V—C distances were usually derived by a geometrical (occupation 69(2)%) in the central carbide layers. At a lower

construction (closest packing, regular £&ttahedra) from temperature of 1300C, an ordering process of the C

lattice parameters and space group on the basis of data/acancies leads to the formation of a superstructure which

received by diffraction of X-rays, neutrons, and/or electrons, IS comblne.d to small bg_t significant shifts of the V at_oms.
as well as (HR)TEM. To our knowledd VC; is the The resulting composition MAIsCs represents the first

only exception. A Rietveld analysis of X-ray détaevealed zx?mflef Of; I\{[IAX-phaseél\?i?nl;/lM'd(hi 1(’12’ 36)(;’.\126.[;3 i
an ordered cubic structura & 8.34927(2) A, space group elects for £ aloms were detected and Its ordered distribution

P4,32). Within the cubic closest packing of V atoms, one- characterized. Single-crystal data are essential for the
eighth of the octahedral voids remains empty in a W(’,le that unambiguous proof of the defects and the access to reliable

in each alternating layer one-sixteenth and three-sixteenthsStrUCturaI parameters. The ordering process is similarly

of the voids are occupied. One of the three differentsCV observed in binary carbides of the early transition metals.
octahedra is strongly distorted with-&/ distances between Recently, thermodynamic calculations using the CALPHAD

17 258 A V). while the oth 1V 214 program were performeq fc_>r the sygtem HfCBecause
9.and 2.58 A (C3V), while the other two (CLV, detailed structure determinations for binary carbitstC,;

The use of molten metals enables access to single crystals
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