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The single crystals of ternary borides MoAIB and WAIB, and
quaternary borides (Mo,ME, ,)AIB (ME = Cr, W, V, Nb, Ta)
were grown by the flux method using molten aluminium as a
solvent. The as-growth MoAIB, WAIB, (Mo,Cr,_,)AIB, and
(Mo, W, _,)AIB single crystals were subjected to chemical ana-
lyses and measurements of unit cell parameters. The homogen-
eity range for the solid solutions of (Mo,Cr, ,)AIB and
(Mo, W, _)AIB crystals was studied by X-ray powder diffrac-
tion and chemical analyses. However, the crystals of the ternary
boride VAIB, NbAIB, and TaAlIB and the quaternary boride
(Mo, V,_yx)AIB, (Moy,Nb,_,)AIB, and (Mo, Ta,_,)AIB com-
pounds were not obtained. Crystallographic data, crystal size,
crystal morphology, Vickers microhardness and electrical resis-
tivity, and oxidation resistivity heated in air of MoAIB, WAIB,
and (Mo, ME, ,)AIB (ME = Cr and W) crystals were studied.
© 1997 Academic Press

INTRODUCTION

In the Mo—AIl-B system, ternary phases Mo-AlgB-
(MoAly g¢B) (1) and MoAIB (UBC type) (space group
Cmcm) (2) have been reported. The Mo,Al¢B, phase has
a composition very close to that of MoAIB but completely
different unit cell parameters. In addition, in the W—Al-B
system, it has been found that single crystals of a new
compound WAIB (space group Cmcm) (3) and of the earlier
known MoAIB can be grown by using the aluminium solu-
tion technique (4). Single crystal growth experiments have
been performed in the Cr—Al-B and Va group (transition
elements)-Al-B systems, however, ternary boride CrAlB,
VAIB, NbAIB, and TaAIB phases were not reported (5-9).
In previous work, we performed the preparation and struc-
ture analysis for the single crystals of MoAIB (4), WAIB (3),
and Cr; - yMoxAIB (X = 0.39) (10). However, there is a little
information about chemical and physical properties of
MOoAIB, (Mox ME; _x)AIB (ME = Cr and W), and WAIB
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crystals. In this paper, we report experimental conditions for
gorwing relatively large single crystals of the solid solution
(MoxME, _x)AIB (ME = Cr and W) by the high-temper-
ature aluminium solution. The homogeneity range for the
solid solutions of (MoxCr;_x)AIB and (MoyW;_x)AIB
was examined by X-ray powder diffraction and chemical
analysis. Crystallographic data, crystal size, crystal morpho-
logy, Vickers microhardness and electrical resistivity, and
oxidation resistivity at high temperature in air of these
crystals were studied.

EXPERIMENTAL DETAILS

Single crystal growth experiments were performed in the
system of the solid solution (MoxyME; _x)AIB (ME = Cr,
W, V, Nb, Ta) using high-temperature aluminium solution.
The purities of the starting materials were as follows:
Cr powder (purity 99.9%), Mo powder (purity 99.9%),
W powder (purity 99.9%), V chips (purity 99.6%), Nb
powder (purity 99.9%), Ta powder (purity 99.9%), B pow-
der (purity 99.6%), and Al chips (purity 99.6%). They were
weighted at the atomic ratio of (B/(MoxyME,_x) = 1.0)
(ME = Cr, W, V, Nb, Ta), and mixed with Al chips in the
weight ratio 1:15. The amount of Mo in the starting mater-
ials was fixed at 2.0 g throughout all the experiments (4).
The mixture was placed in a dense alumina crucible. The
crucible was inserted in a vertical electric furnace. Purified
Ar gas was flowing in the furnace as a protecting atmo-
sphere against oxidation. Figure 1 shows the schematic
arrangement of the growth apparatus. The mixture was
heated at a rate of 300°C h™! and held at 1500-1650°C for
5 h. The solution was cooled to 1000°C at a rate of 50°C h ™!
and then quenched to room temperature. The crystals were
separated from the solidified mixture by dissolving the ex-
cess Al with 6 moldm 2 hydrochloric acid for 2 to 3 days.
The typical growth procedure is presented in Table 1.
Experimental conditions for the growth of the single
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FIG. 1. Schematic arrangement of the growth apparatus.

crystals are shown in Table 2. Relatively large crystals of
(MoxyME_x)AIB (ME = Cr and W) were selected under
stereomicroscope for chemical analysis. The morphological
properties and the impurity of the crystals were investigated
by optical microscopy, a scanning electron microscope
(SEM) (Hitachi, S-4000), an electron probe micro-analyzer
(EPMA) (Jeol, ISM-35C), and an energy-dispersive detector
(EDX) (Horiba, EMAX-2770). Chemical compositions were
analyzed by EPMA and inductively coupled plasma (ICP)
(Shimadzu, ICP-50) emission analysis (11). Phase analysis
and determination of the unit cell parameters were per-
formed using a powder X-ray diffractometer (XRD) (Rigaku,
RINT-2500VHF) with monochromatic CuKa radiation
(A =0.154183 nm) and a Guinier—-Héigg focusing X-ray
powder diffraction camera (XDC-1000 at Uppsala Univer-
sity, Sweden) with strictly monochromatic CuKo, radiation
(A =0.15405982 nm) and semiconductor grade silicon as

TABLE 1
Preparations of MoAlB, WAIB, and (Mo,ME, ,)AIB
(ME = Cr, W, V, Nb, Ta) Single Crystals by the Flux Method
Using Molten Al as a Flux

| Raw materials: Mo, Cr, W, V, Nb, Ta, B + Flux: Al |

Melt in alumina crucible
by electric furnace

(in an atmosphere of Ar)

Keep at 1500-1650°C

Cool down to 1000°C
at a rate of 50°C/h

Furnace cool

| Ingot (single crystals + ﬂux)l

Dissolve flux material (Al)
in HCI (6 moldm ™~ 3)

Single crystals

an internal calibration standard (12). The unit cell para-
meters were determined by least-squares refinement using
the program UNICELL (13). Thermogravimetric (TG)
analysis and differential thermal analysis (DTA) were

TABLE 2
Typical Growth Conditions for the Single Crystals Obtained from Quarternary Mo—(Cr, W)—Al-B and
Mo—(V, Nb, Ta)-Al-B Systems

Composition of the starting mixture in atomic ratio

Phases (Mo, Cr, W, V, Nb, Ta):“ B Phases identified

MoAIB 1.0 1.0 MoAIB

WAIB 1.0 1.0 WAIB

(Moy.65Crg.35)AIB 0.65 0.35 1.0 (Mog.7,Crg.,3)AIB

(MoxyW; _x)AIB X 1-X 1.0 (MoxW;_x)AIB (0 < X < 1.0)
(Mog.oVo.1)AIB 0.9 0.1 1.0 MOoAIB, (MoxV;_x)3B4, (MoxV;_x)B,
(Mog.oNby.1)AIB 0.9 1.0 MOoAIB, (MoxNb; _x)B,

Moy oTag.1)AIB 0.9 0.1 1.0 MOoAIB, (MoxTa, _x)B, (MoyxTa, _x)3B4

“(MoyME,_x):20g (ME = Cr, W, V, Nb, Ta), Al: 40.0 g. Soaking temperature, 1500°C; soaking time, 5 h.
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performed between room temperature and 1200°C to study
the oxidation resistivity of the crystals in air. A pulverized
specimen of about 25mg was heated at a rate of
10°C min~'. The oxidation products were analyzed by
a powder X-ray diffractometer. The Vickers microhardness
of the as-grown MoAIB, (Moy ME; _x)AIB (ME = Cr and
W), and WAIB crystals were measured in several positions
on b planes, at room temperature in air. A load of 50 g was
applied for 15 s at about 5-8 points for each crystal, and the
values obtained were averaged. The electrical resistivities of
the crystals were measured by a direct-current four-probe
technique at room temperature in air.

RESULTS AND DISCUSSION

Characteristics and Crystal Morphology of MoAIB, WAIB,
and (MoxME | _x)AIB (ME = Cr, W, V, Nb, Ta)

Single crystals of ternary boride MoAIB and WAIB, and
quaternary boride (MoyME; _x)AIB (ME = Cr, W, V, Nb,
Ta) were grown by the flux method using molten aluminium
as a solvent. It turned out that the quaternary phases
(MoyxCry _x)AIB and (Moxy W, _x)AIB were obtained in the
Mo-Cr—Al-B and Mo—W-AI-B systems, respectively. The
results of the phase analysis and the unit cell parameters of
as-grown (MoyME, _x)AIB (ME = Cr and W) crystals are
listed in Tables 3 and 4. Instead of any quaternary phase,
however, only ternary MoAIB single crystals were obtained
together with the ternary (MoyxV; _x)3B4, (MoxV;_x)B,,
(MoxNb; _x)B,, (MoyxTa;_x)B, and (MoxTa;_x);Bs
phases in the Va elements (V, Nb, Ta)-Mo—AIl-B systems.
In our previous work, ternary VAIB, NbAIB, and TaAlB
phases of the UBC-type structure were not obtained from
the single crystal growth experiment in the V-Al-B,
Nb-Al-B, and Ta—Al-B systems using the same crystal
growth method (6-9). EDX and chemical analyses show
that the compositions of the obtained MoAIB crystals in the

only group VIa elements form ternary and quaternary
(MoxME;_x)AIB (ME = Cr and W) phases of the UBC-
type structure. According to Yu and Lundstrom (10), from
the crystal structure refinement and chemical analysis of the
quaternary phases (MoxCr; _x)AIB, the chromium atoms
were found to occupy the molybdenum atomic positions,
and the chromium concentration was refined to X = 0.39. It
is reported that the X values corresponding to the homogen-
eity range in (MoyxCr_x)AIB is about 0 < X <0.4. The
crystal structure of (MoyCr; _x)AIB is illustrated in Fig. 2
(10). The structure is conveniently described in terms of the
trigonal prismatic arrangement of Vla transition metal
atoms (Cr and Mo) surrounding each boron atom. The
aluminium atoms form strongly puckered metal layers in-
terleaved between the ME double layers, and the boron
atoms form zigzag chains in the z direction.

On the other hand, in the (MoxW,;_x)AIB system,
considering the similarities in atomic radius of molybdenum
and tungsten (14), an attempt was carried out to grow single
crystals of (MoxW;_x)AIB in the Mo—W-AI-B system
with the same crystal growth experiments as those in the
Mo-Cr—Al-B system. The results are presented in Table 4,
which indicate that tungsten atoms have solid solubility in
MoAIB. This means that the X values corresponding to the
homogeneity range in (MoxW; _x)AIB are 0 < X < 1.0.

(MoxW, _x)AIB single crystals, have silver color and me-
tallic luster, were generally obtained as thick platelets with
large b planes (Fig. 3a) and needle-like rectangles extending
in the ¢ axis direction (Fig. 3b). The largest crystals prepared
have maximum dimensions of about 0.3 x 7.0 X 9.3 mm.
(MoxCr, _x)AIB single crystals of needle-like rectangles
with maximum dimensions of 1.0 x 1.0 x 6.4 mm with silver
metallic luster, as shown in Fig. 4, were extracted from the
solution.

Properties
Va elements—Mo—Al-B systems are close to the MoAIB P
composition (Table 3). This indicates that group Va ele- The DTA-TG curves in air for MoAIB, WAIB,
ments have no solid solubility in MoAIB crystals, and (Mog.75Wy.25)AIB, (Moo sWy 5)AIB, and (Mog gCry.,)
TABLE 3
Representations of the (Mo, Cr,_,)AIB-Type Structure
Unit cell parameters
Phases Chemical compositions a (nm) b (nm) ¢ (nm) V (nm?3) Ref.
MoAIB — 0.32085(3) 1.3980(1) 0.31002(3) 0.13906 (10)
MOoAIB Moy 00Al; 04B 0.3213(1) 1.3986(1) 0.3103(1) 0.1395(1) This work
(M0g 65Crg 05)AlB (M0y 05Crg o7)AIB 0.3207(1) 1.3980(1) 0.3099(1) 0.1390(1) This work
(M0yo.00Cro.10)AIB (Moo.84Cro 16)AIB 0.3205(1) 1.3971(3) 0.3098(2) 0.1387(1) This work
(Mo0g 50Cro 20)AIB (M0y 50Cro 20)AIB 0.3196(1) 1.3968(3) 0.3089(1) 0.1379(1) This work
(Mo0yg.65Cro.35)AIB (Moyg.,Cro »5)AIB 0.3189(4) 1.3964(1) 0.3087(1) 0.1375(1) This work
(MoyCr, _ x)AIB (Mo0y 61Cro 30)AlB 0.31702(6) 1.3948(2) 0.30743(4) 0.13594(6) (10)
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TABLE 4
Representations of the (Mo, W,_,)AIB-Type Structure

Unit cell parameters

Phases Chemical compositions a (nm) b (nm) ¢ (nm) V (nm3) Ref.

MoAIB — 0.32085(3) 1.3980(1) 0.31002(3) 0.13906 (10)

MoAIB Mo, 09Al; 04B 0.3213(1) 1.3986(1) 0.3103(1) 0.1395(1) This work
(Mo0g.95Wo.05)AIB (Mog.97Wo.03)AIB 0.3212(1) 1.3983(2) 0.3102(1) 0.1393(1) This work
(Mog.75Wo.25)AlB (M0g.04Wo.06)AIB 0.3211(1) 1.3972(4) 0.3104(2) 0.1393(2) This work
(Mog.65Wo.35)AIB (Moy.6sWo.3,)AIB 0.3209(2) 1.3966(1) 0.3102(1) 0.1390(1) This work
(Mog.50Wo.50)AlB (Mog.56Wo.44)AIB 0.3210(2) 1.3963(5) 0.3105(2) 0.1392(2) This work
(Mog.35Wo.65)AIB (Mog.42Wo.55)AlIB 0.3209(1) 1.3964(2) 0.3104(1) 0.1391(1) This work
(Mog.25Wo.75)AIB (Mo0g.30Wo.61)AIB 0.3205(2) 1.3965(2) 0.3109(2) 0.1392(2) This work
WAIB Wi .00Al;.02B 0.3205(1) 1.3947(2) 0.3108(1) 0.1389(1) (3)

AlIB are shown in Figs. 5 and 6. According to TG curves,
oxidation of the MoAIB, WAIB, (Mo 75Wg.,5)AIB,
(Mog.5W,.5)AIB, and (Mo, sCrg ,)AIB compounds starts at
about 730, 550, 715, 725, and 710°C, respectively. Weight
gains of the samples after TG determination, heated to
1000°C in air, were found to be in the range of about 8.2 to
20.5wt%. In contrast, the exothermic peaks of the DTA
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FIG. 2. The crystal structure of Mo, _ xCryAlB. The boron bondings
and one of the trigonal prisms are indicated. The molybdenum and chro-
mium atoms are distributed randomly at the same atomic positions.

curves were found at about 700 and 830°C for MoAIB, at
about 970°C for WAIB, at about 740, 890, and 1020°C for
(Mogy.75Wy.25)AIB, at about 980°C for (Moy. s Wy 5)AIB, and
at about 720 and 880°C for (Mo, gCr, ,)AIB. The oxidation
products were analyzed by a powder X-ray diffractometer at
room temperature. The final oxidation products of MoAIB,
WAIB, (Mo 75Wy.,5)AIB, and (Moy sW, 5)AIB crystals
contain mixed phases of MoO; (orthorhombic), WO; (or-
thorhombic), Al5(BO3)Og¢ (orthorhombic), Al,(WO,); (or-
thorhombic), and Al;gB, O35 (orthorhombic). On the other
hand, in (Mo, gCry ,)AIB crystals, the identified oxidation
products were found to be MoO5 (orthorhombic), Al,B,Oq
(orthorhombic), Al;gB4O33 (orthorhombic), Als(BO3)Os
(orthorhombic), and CrBO; (rhombohedral) phases, respec-
tively. In all cases, a B,O; phase was not detected by
powder X-ray diffraction; noncrystalline B,O3; was prob-
ably formed during the oxidation reaction. The exothermic
peaks of the DTA curves are attributed to oxidation. On
the oxidation resistivity of MoAIB, (Moy.,5Wg.25)AIB,
(Moy.5sWy.5)AIB, and (Mo, sCry »)AIB compounds showed
relatively high thermochemical stability. Hence oxidation
resistivity of WAIB is relatively low.

The Vickers microhardness of the as-grown MOoAIB,
WAIB, (MoxCr; _x)AIB, and (MoxW, _x)AIB crystals were
measured in several directions on the b planes. The Vickers
microhardness are presented in Table 5. As seen from
Table 5, essentially, both ternary MoAIB and WAIB, and
quaternary phases (MoyCr;_x)AIB and (MoyW; _x)AIB
reveal relatively high hardness. It is found that the micro-
hardness values of MoAIB and (MoxCr; _x)AIB crystals,
9.8(5)-11.4(9) GPa, were comparatively lower than those of
the WAIB, (Mog.s56Wo.44)AIB, and (Mog 30Wq.61)AIB
phases. The microhardness value of MoAIB, WAIB,
(MoxCr; - x)AIB, and (MoxW,_x)AIB crystals are not
reported in the literature.

The electrical resistivity of as-grown crystals is listed in
Table 6. As seen from Table 6, the electrical resistivity
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FIG. 3. SEM photographs of (Moy W, _x)AIB single crystals.
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- A -

FIG. 4. SEM photograph of (MoyCr, _ x)AIB single crystal.

values of MoAIB and (MoxCr; _ x)AIB crystals were found order of magnitude. The electrical resistivity value of
to be lower than the values of the WAIB, (Mo s Wy 32)AIB, MoAIB, WAIB, (MoxCr; _x)AIB, and (MoxW,_x)AIB
(Mog.56Wo.44)AIB, and (Moy.30W( ¢1)AIB phases by one crystals are not reported in the literature.
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FIG. 5. Differential thermal analysis and thermal gravimetric curves of
MOoAIB, WAIB, (Mo 75 W.25)AIB, (Moy.sW, 5)AIB single crystals heated
in air.

FIG. 6. Differential thermal analysis and thermal gravimetric curves of
MoAIB and (Mo, sCry.,)AIB single crystals heated in air.
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TABLE 5
Vickers Microhardness of MoAIB, WAIB, (Mo, Cr,_,)AIB,
and (Mo, W,_,)AIB Single Crystals

Microhardness

Phases Composition Hv (GPa) Ref.

MoAIB MoAIB 10.3(2) This work
(Mo0g.95Crg.95)AIB (Mo0yg.93Crg.97)AIB 11.4(9) This work
(Mo oCry.1)AIB (Moyg.§4Crg.16)AIB 10.2(5) This work
(Mog sCry.,)AIB (Mo0yg.50Crg.20)AIB 9.8(5) This work
(Mo0g.65Crg.35)AIB  (Mo0g.7,Crg.25)AlB 11.1(3) This work
(Mog.o5Wg.05)AIB (Mo0g.07Wo.03)AlB 10.5(3) This work
(Mog.65Wo.35)AIB (Mog.6sWo.32)AIB 11.6(3) This work
(Moo sWy.5)AIB (Mog.56Wo.44)AIB 15.4(3) This work
(Mog.35Wo.65)AIB (Mog.30Wg.61)AIB 17.2(3) This work
WAIB WAIB 19.3(7) This work

Note. Load, 50 g; load time, 15s.
CONCLUSIONS

The single crystals of ternary boride MoAIB and WAIB,
and quaternary boride (MoyME; _x)AIB (ME = Cr, W, V,
Nb, Ta) have been grown by the flux method using molten
aluminium as a solvent. The as-growth MoAIB, WAIB,
(MoxCr; _x)AIB, and (MoxW, _x)AIB crystals were sub-
jected to chemical analyses and measurements of unit cell
parameters. In addition, measurements of microhardness,
electrical resistivity, and oxidation resistivity in air at high
temperature were carried out.

(1) Single crystals of MoAIB, WAIB, (MoxCr, _x)AIB,
and (MoyW, _x)AIB were grown; the ternary boride VAIB,
NbAIB, and TaAlB and the quaternary boride
(MoyxV; —x)AIB, (MoxNb, _x)AIB, and (MoxTa,_x)AIB

TABLE 6
Electrical Resistivity of MoAIB, WAIB, (Mo, Cr,_,)AIB, and

(Mo, W, _4)AIB Single Crystals
Electrical resistivity

Phases Composition p (pQ cm) Ref.

MoAIB MoAIB 67.1 This work
(Mo0g.95Crg.05)AIB  (M0g.93Cr¢.o7)AIB 43.6 This work
Moy oCry.{)AIB (Mo0yg.54Cr¢.16)AIB 27.8 This work
(Moy sCrq.,)AIB (Mo0g.50Cro.20)AIB 22.5 This work
(Mo0g.65Crg.35)AIB  (Mo0g.7,Crg.23)AlB 384 This work
(Mo0g.05Wo.05)AIB  (M0g.97Wq.03)AlB 91.2 This work
(Mog.65Wo.35)AIB  (M0g.6sWo.32)AIB 108.4 This work
(Moy.sWy.5)AIB (Mog.56Wo.44)AlB 302.6 This work
(Mog.35Wo.65)AIB  (M0g.30Wo.61)AIB 358.2 This work
WAIB WAIB 243.6 This work

phases were not obtained from the single crystal growth
experiment in the Mo-V-Al-B, Mo-Nb-AI-B, and
Mo-Ta—Al-B systems.

(2) MoAIB, WAIB, (MoxCr,_x)AIB, and (MoxW;_x)
AlB single crystals were generally obtained as thick platelets
with large b planes and needle-like rectangles extending
in the ¢ axis direction. The largest crystals prepared have
maximum dimensions of about 0.3 x 7.0 X 9.3 mm.

(3) The tungsten atoms had solid solubility in MoAIB.
The X values corresponding to the homogeneity range in
(MoxW;_x)AIB are 0 < X <1.0. The chromium atoms
were found to occupy the molybdenum atomic positions,
and the chromium concentration was refined to X = 0.39.
The homogeneity range in (MoxCry)AIB 1is about
0<X <04

(4) By means of TG-DTA between room temperature
and 1000°C, the oxidation of MoAIB, WAIB, (Mo 75
Wy.25)AIB, (Mo, sW, 5)AIB, and (Mo, gCry ,)AIB com-
pounds in air starts at about 730, 550, 715, 725, and 710°C,
respectively, and final weight gains were found to be in the
range from about 8.2 to 20.5 wt%. Mixed phases of M0oO3,
WO;, Al5(BO3)Oq, Al (WO,);, AlB,Og, AljgB,O;3,
and CrBOj; were identified by XRD as resultant product.

(5) Average values of Vickers microhardness (Hv) and
electrical resistivity (p) determined for MoAIB, (Mog 95
Cro.05)AIB, (M0 oCro.1)AIB, (Moo sCro ;)AIB, (Mo0g 65
Cro.35)AIB, (M0g.95Wg.05)AIB, (M0¢.65Wo.35)AIB, (Moo 5
Wo.5)AIB, (Mo0y.35Wo.65)AIB, and WAIB crystals are as
follows:

MoAIB Hv =10.3(2) GPa, p =67.1 uQ cm
(Mog.95Crg.o5)AIB:  Hv = 11.4(9) GPa, p =43.6 uQ cm
(Mog.oCrg.1)AIB: Hv = 10.2(5) GPa, p =27.8 uQ cm
(Mog sCrg.»)AIB: Hv =9.8(5) GPa, p=225uQ cm
(Mog.65Crg.35)AIB: Hv =11.1(3) GPa, p =384 puQ cm
(Mog.95Wy.05)AIB:  Hv =10.5(3) GPa, p =91.2 uQ cm
(Mog.¢5Wo.35)AIB:  Hv = 11.6(5) GPa, p = 108.4 uQ cm
(Moy.sW, . 5)AIB: Hv =15.4(9) GPa, p =302.6 uQ cm
(Moo 35Wy65)AIB:  Hv =17.2(8) GPa, p =358.2 uQ cm
WAIB: Hv = 19.3(7) GPa, p = 243.6 uQ cm
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