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1. Igetroelanctaon
  Vanadium  borides have various  unique  properties, which

in many  cases  are of  great importance from technolegical

viewpeints.  Among  their attractive  properties are  high

thermag  and  chemical  stability,  high melting  points, high

electrical
 and  thermal conductivity,  high hardness, high

rnechanicaA
 stiffness  and  wear  resistancei･2). In the

vanadium-boron  system  the intermediate phases V3B2,  VB,

VsB6, V3B4e V2B3 and  VB2  have so far been reported  
2'4).

                                         V3B4 arKlRecently, we  have prepared single  crystals of  VB,

VB2S)  or V2B36)  by the, high-temperature aluminium

solution  method.  In the present work  we  present the

experirr)ental conditions  for the growth of relatively  Earge

VB, VsB6,  V3B4, V2B3  andVB2  single  crystals  using  the

same  fnethod.  The  crystals  were  examined  by X-ray and

chemical  anaEyses.  Densities, Vickers microhardness  and

e!ectrical resistivity  of  the crystals  were  measured,  and

oxidation  at high temperature in air was  studied.

2. ExperimentaE cietaies

2.1, Preparation qt' vanadium  boride crystals

  The starting  materials  were  vanadium  metal  chips  (purity,
99,9%), crystalline  boron powder (purity, 99.89t) and

aluminium  metal  chips  (puritM 99,996%), Mixtures of  these

materiaas  in various  atom'ic ratios  were  piaced in an a}utnina

crueible  and  heated in a  tantalum-resistance  furnace under  an

argon  atmosphere.  The  amount  of  vanadlum  in the starting

materials  Was fixed at  2.00 g throughout  all  the

experiments.  The  temperature  of  the furnace was  raised  at  a

rate  of 300 ℃ fh, maintained  at  prescribed temperature  (1400
-1700 ℃ ) for5 h, and  then  cooled  sgowly  to room  tempe-

rature,  The crystals  grown in the  reaction  ffngxtures  
were

separated  frorn the solidified  matrix  by dissolving the

excess  metal  in the 6 molldm3  hydrochgoric acid. The

average  size  und  morphology  of the as-grown  crystals  were

examined  by binocular optical microscope  and  a  scannmg

electron  microscope  (SEM).
2.2, X-ra.v analysis

  X-ray analysis  of  crystals  was  made  by using  a  powder  X-

ray  diffi/actometer with  monochromatic  CuK  cr radiation  ( A

=1.S4183  A) or a  Guinier-Hh"gg camera  with  strictly

monochromatic  CrKa  i radiation  ( A=2.289753 A) and
silicon  powder (purity, 99.9999%, a=S,431065  A) as an
internal standard. The X-ray diffraction films were  expgored

on  a scanning  microdensitometer  (Line Scanner Model LS-

 18)7). Unit celi dimensions were  refined  with  the aid  of  the

 local least-squares program CELLKANT.

 2.3. Properties

 2.3.1. Microhardness

    The  microhardness  of as-grown  single  crystals  was

 measured  by using  a Vickers diamend  lndenter at room

 temperature  in air  A Load of  200 g was  applied  for 15

 seconds  at 7 to 10 points of each  crystal, and  the values

 obtained  were  aveTaged.

 2.3.2, Electrical resistivity

   The  electrical  resigtivity of  as-grown  VB.  V3B4, V2B3  arKl

 VB2  single  crystals  were  measured  by direct current  
four

 probe technique  at room  temperature  in  air.

 2.3.3. 0xidation in air

   Themiogravirnetric (TG) analysis  and  differential thermal

 anaiysis  (D[rA) were  performed up  to 1200  
OC

 to st-dy  
the

 oxidation  of crystals in air. Specimens  of  about  2S mg  were
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heated at a  rate  of  10℃fmin. The oxidation  products were
analyzed  with  a  powder X-ray difftactoineter.

 3. Resu]ts  anddiscussions

 3,i , Crystal growth qf vanadium  boridesfrom
    motten  atuminium  sotutions

 3.1 ,1. Preliminao, search  for optimzam conditions
     cV' co,s, tat growth

   The experiments  were  initially performed under  constant

 
conditions

 of  the AlfV  atomic  ratio  of  28.32, heating rate of

 300 ℃/h, soaking  temperature  ISOO ℃ ,
 seaking  time  5 h

 and  cooling  rate  of50  ℃/h, with  the atoinic ratio BfV  in the
 starting  materials  being varied  from O.50 to 3,Oe. [rhe

 results
 of  phase analysis  of  the reactlon  producls obtained

 under
 these initial conditions  (Run. No, 1-17) are  given in

 I"able 1, together with  results  of  next  three  series  of

 experiments  (Run. No. 18-22, 23-29, 30-33). As seen  fi'om
 the results of  initial experiments,  five kinds of  vanadium

 berides'VB, VsB6, V3B4. V2B3 and  VB2  are formed  within

 the BIV  range  O,50-3.00. It is shown  lhat wilh  increaseof

 boron concentration  in the starting materiais  more  boron-

 rich phases forTn as in the cases  of  the TU-BS), Nb-B9) ut
 Cr-BiO, 

ii)
 phases.

 3.1.2, Growth  conditions  oj' UB  crystals

   The optlmum  atoinic ratios  ofthe  starting materials  weTe

 BIV=O.70 and  AllV=28.32-37,76, VB  single  crystals  were

 generally obtained  as the needres  eiongated  in the <1OO>  or

 
<OOI>

 directions (Fig. 1), The crystals  show  grayish
metallicluster

3.i.3. Growth conditions  oj' T<sB6 crystais

   VsB6 crystals were  invariably obtained  as  a  rnixture  ef

phases (with VBor  V3B,), The  shape  ofthe  VsB6  crystals
was  Tnostly  irregular (Fig, 2). The  VsB6  crystals  me

grayish, having rnetallic luster, The Iargest VsB6 crystals
had maximum  dimensions ofabout  O.05 mmXO.06  mm ×

0.08 mm,

3.i.4. Growth  conditions  of 1,kB4 crystais

  When  mixtures  having the atomic  ratios  BA'=1,20 arxl
AllV=28.32-47.20  were  used, the V3B4 phase fortned
without  being accornpanied  by any  other  crystaliine phases,
The optimum  atomic  ratios  of the slarting materiais  were

BfV=1,20 and  Al!V=28,32 (Run, No. 22). The singie

crystals  ef  V3B4  were  columns  enclosed  with  two  (OIO)
faces, two  small  (iOO) faces and  two  small  (041) faces (Fig.
3), or thin plate-like erystals  having we]1-developed  (OIO)
faces.

 The  largest crystals  prepared in the present work
attained  maximum  dimensions of about  O,4e mmXO.50

mmXl,20  mm.

3.1.5. Growth conditions  of 1/>B3 cryEtats

  ln the first series of  experiments,  the oplirnum  conditions
were

 found to be thoseofRun.  No, 8. Consequently, further
search

 for the optimum  conditions  for growth of V2B3 was
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Tebltt 1Prcpararion
 cendiTions  efVB,  V2B.i ,V.;B4, V.sBe

nnd  VB2  fnvn  mellcn  alurTiiti+um  snltitioTi

CemposiLlenoSs[ftf"ng:nnteri

Rvrr (atomic ratio  Temp.n  Phases
No. V  B
 1

 2
 3
 4

 5

 6

 7

 8

 910]Il2l314LS1617]8l9202122Zl242S26272S29jo3132zz

111lEt];lft1111llt111:HL111IE1111O.5UO,T[)1.CH)2.:ol.201.331,40l.45l.SO1.S51.60IJe1.SO2.{H}2.202,50.1.CK)1,2e1.201,2el.20l2Ul,45t.4S1.4S1,4S].4Sl.45i.4Sl.4S1.4S1,4S1,4S
-Al ℃

2S.]22g,3z28.32!g.z22S.3228.]228.322g"x+)28.322g.322S.3Z28.322g.]z2B.322a.322S.322Bl]L,

 o.ga
 2.364.729,442g.]?O.942.]e4.729.4414,162S,12472e2B.1?.2S.]22B.3Lt28.3'2

15tM]seotsoo15ool5oo1500ISoo15ooIS.

 oo:5coIscnISCX)15{X]15ooISoo:sfnI.scotsooISoo]5C-lscn{sooIS(MISoo]sooi5oo:soo[s[nISoo14oo]s{x)16ool7(X)
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n11ic
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lemFmroturewasShinallcases.

l.

Fig. I, Stereom.icroscope photographs of  VB
     single  crystals.

Fig.2. SEMphetographofVsB6singte
 crystals.
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made  using  ahe starting  materials  with  the BfV ratio  E.45

and  the AgfV  ratios  being varied  from  O.94 to 47.20 (Run,

No. 23-29), The V2B]  crystals  were  always  obtained

together  with  other  phases, Therefore, next  serics  
of

experinients  were  carried out  to examine  the influence of  the

soakEfig  temperature  (from 1400 to 1700 
OC)

 using  the

starting  materials  with  B!V=1,45  and  AlfV=28.32.  
The

size of the V2B3  cTystals  increases with soaking  temperature

and  at 16eO 
"C

 the crystals  obtak}ed  had the inaxirnuin

dimensions  ef  about  e.20 TnmXO.20  mm  XO.40 mm.  1'he

crystaa  is ckaracterized  by two  smali  faces of  each  of  the

crystallographic  forms (OIO), (100), (OOI) and  (061), The

crystaTs are shosvn  in Fig. 4. The  V2B3 crystals are  grayish,

showing  a  ffnetalgic  kuster.

Fig, 3. SEM  photograph of  V3B4 single crystal,

   Fig. 4. SEM  photograph of  V2B3  single  crystal.

3.i.6. Growth conditions  of VB2 crystals

  Considering the results of  the first series  of  experiments,

further search  for the optimum  starting material  was  rnade,

artd  the rnixture  with  BfV=2.20  and  AlfV=28.32  was  found

Fig, 5. SEM  photograph of  VB2  single crystals.

S. OKADA  et al,

to be eptimum.  The single cryslals of VB2  are  obtained  as

nearly  hexagonal pelyhedral crystais enclosed  with  (OOOI),

(10il). (liOl). (10iO) and  (liOO) faces (Fig. S). The

maximum  size  of  VB2  crystals obtaEned  was  about  O.1O mm

XO,l4  mmXO.14  mm.

3,1,Z X-ray and  chemicag  anatyses

  The results of  X-ray and  chemical  analyses  are  Iisted in
'fable

 2, The  cell  dimensions of  ehe  crystais  are  in good

agreernenl  suith previously pubGished data4-i2), 
rg'he

gneasured  densities and  chernical  compositions  are agl c]ose

to the X-ray densities and  stoichiometric  compositions,

respectively.  A  small  amount  of  Al impurity fTom the Al

solyent  was  delected in each  of obtagned  crystai  phases, The

baSances(:fable 2) between the totai wt%  and  aOO%  are

ascribable  to the incorporation of  very  fine A1203 fragrnents

frorn ehe alurnina  crucible.  En Table 3, ahe powder X-ray

data ofVsB6  obtained  by Guinier-Htigg method  are  presenteci

together  with  calculated  d-spacings and  intensitEes. The

   Tlabte 2. The X-rny atxi  cheniLcal  analysis data of  VB, VsBs, V3B4,

        ViBl  arKi  VBi

Fermolaunlt
CryslatSystem

  a(A)

  b(A)

  c(A)

  v(AbSpaceg[oup

dniig･cm-1)

dxig･cm'1)
   z

 B Cvvt%)
 V  (wt%)
 AE (wt%)
'fotaL

 {wt%)a
Chemical ･
composition

VBorth.3.0S95C8)8,OS03C12)

2.9719(8)73.20(3}CmcmS.54(S)S.60j(2)

  4

 IS.4
 72.S
  1.4

 S9.3

 vaL.OO

VsB6orth.3.co3(b21.248{4)2.979(1)193.88(9)Cmmm5.474(3)

  2

 VIBq

 orth,3.os'g{1)]3.224(2)2.98e(l}1'20.Sl(2)

 lmmmS,3SC4)5.402(4)

   2

 21,7

 7S.]

 o.2g97.2gVIB4.o7

 V2B3

  orth.3.0S9S(3)lg.428(3)2.9836(8)168,23(5)

 Cmcrn

 5.27(S)

 5.3e3(2)
  4

 23.4

 ?4.1

 O.4397.93V2Bl.g3

 VB2

 filexa.2.9981Cl)3.0S90(D23.gl<1)P6Immm5.03{4)5.061(1)

  l

 2g.o

 68.9

 O.7997.69VBI.gl

a The balance be"veen {he total svt%  aml  1OO%  was  asctibed  to the

 incorporation  of  very  fine A120i  fragments frein the crucible.

Table3,PowderX-raydiffracliondataofVsB6

hkldcalc  A dohs A lcatc lobs
020ggs6??6i??:g?26(8

 LO ,o)sll:?

 :i92 
io(l

 
i,O

 
,o)

10.62S5,3:33.5423.QS82.9452.9392J422.6562,6502.4372.3152.l2S2,l212.0422.00S1,906e.8491.77.e1.745

3.54S3.0642,944

2,6S32.439

2,1252.0432.co61.9081.771T.747

 O.2 .
 O.4 .
 I,6 l.8
 1.3 1,g
 O.1 -22.8

 29.7
 O.4 .
 I.O -
 4,S 6.7
68,4 62.2

 1.6 .23.2

 27.6
8.7 -100.0

 100.0
68.2 84.4
 4.9 52
 2,g -
 22  4,9

2e.9 15.8
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observed  data are  in excellent  agreernent  with  the calcuiatcd

dala.

3.2. Properties
3.2.1. Microhardness

  The Vickers inicrohardness  of  as-grown  VB,  V3B4  axi

V2B3  crystaes  were  measured  on  the (OIO) planes, and  the
vaiues  ranging  from 21.9(±O,5) lo 23.2([if,' 1,O) GI'a were
obtained.  The microhardness  value  on  the (OOOI) pfianes of

VB2  crystals  was  found to be Hv=-28.0(± O.13) GPa, in
good agreementwith  the value  27.S(± O.1) GPa  pubiished
in the literature2>. Ail the microhardnessdataare  given in
llible 4,
3.2.2, Eleciricai resistivity

 
The

 electrical resistivity  of as-grewn  VB, V3B4 and  V2B3
crystals

 were  measured  on  lhe (OIO) planes, mid  that of  VB2
crystals  measured  on  the (OOOI) planes. The  obtained  data
are  listed in Thble 5, together  with  previously published
daiai3).rfable4,

 Vickers microliardness"  of VB, V2B3,

    V  B4 and  VB2  siHg[e crystals

     n  entation  lcro  lar ness

Compeund  plane Hv(GPa)

   i mtB  (OIO)228{ ± O,5,

    VsB6  
-
 -

    V3B4  (OIO) 21.9(±o.s)

    V2B3  (OIe) 23.2( ± 1.o)

    VB2  (OOOI) 28.0(± O,13)
a

           3 4, 23.0 GPa; VB2,  27.s
 (± O,1)GPa

Thb]e
 
5,
 
Elecnical

 resistivity  
a
 ofYB,  V2B3,

    VB  andVB  singlecrysta]s

ztiacixei:k:iltei:iElecincal rcsisttviiir

 (room temp,)

,g1

[:･j

   oA.QLL.20'g"',4o2

 60.g.o)

 80

 100

Fig. 6. D'IIA andTG  curves  ofthe  exidation  of

    VB,V3B4, V2B3 and  VB2 in aiz
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otnpoun

- (flcm)
VBVsB6V3B4V2B3vB2 O.36 × lo-3

 14.6 × lo-3
2:2.gxlo"3

22,7ox  lo-3

    
a
 Data ofreferencei3):  Vl], 35 × lo'3 n  ' an

     (20 ℃) vB2, 3s × lo-3 n  
;
 cm  (2o ℃); 7o.s×

     lo'3 a ･ cm  (lo27 ℃)

3,2.3. 0xidotion in air

 The oxidation  reaclion  of  the crystars in air has been waoed
by DTA  andTG  (Fig. 6). The T'G cuTves  show  that the

reaction  began at about  530 ℃  for VB2, and  at  about  570 ℃
for VB,  V3B4  and  V2B3. 0n  the other  hand, a  1arge
exothermic  peak ofthe  D'ilA curve  was  found at 630-640 ℃
for VB, V3B4  and  V2B3, and  about  610 ℃ for VB2,  T}ie
crystais were  heated for 30 Tnin  at  l200 ℃ ,

 and  in each  case

the
 
oxidation

 products identified were  V20s, V204  and  B203

phases,
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