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Chemistry -Genera 1 

A STUDY OF THE REFRACTORY BORIDES 
Leo Brewer~ Dwight Lo Sawyer, Do Ho Templeton, and Carol Ho Dauben 

February 24, 1950 
Abstract 

The phases of the boron systems of Ce» TiD ZrSJ NbS~ Ta, MO>_, and 

W were determined by x-ray examination of various mixtures of boron 

and the respective metal after heating to elevated temperatureso 

Data on the sintering behavior and stability at high temperatures 

of many of. the phases were obtained. Several phases have been 

found to ha.v·e promising refractory properties o 
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I 

A STUDY OF THE REFRACTORY BORIDES 
Leo Brewer, Dwigh~ Lo Sawyer» Do Ho Templeton 9 and Carol Ho Dauben 

Introduction 

Although some of the borides should be very useful refractor~es, 

a survey of the literature at the time of the commencement of this 

research indicated that virtually no such work had been done with 

the borideso Since it was desired to find phases which would be 

useful as refractory containers 9 the study which was undertaken was 

restricted to those boride systems which could possibly provide 

compounds stable at very high temperatureso Brewer 9 Bromley9 Gilles, 

and Lofgren(lgZ) have discussed the factors which fix the melt.ing 

(1) Lo Brewer 9 Lo Ao Bromley9 Po Wo Gilles 9 and NoLo Lofgren, 

National Nuclear Energy Series 9 Plutonium Project Record 9 Divi

sion IV 9 Volo 19B, Paper 4 (1950)o 

(Z) Lo Brewer 9 Lo Ao Bromley9 Po Wo Gilles 9 and No Le Lofgreng 

National Nuclear Energy Series 9 Plutonium Project Record 9 Divi

sion IV 9 Volo 19B 9 Paper 7 (1950)o 

points and stabilities of the halides 9 oxides 9 sulfides 9 nitrides 9 

carbides 9 silicides 9 and other similar compoundso By similar con

si'derations 9 one can limit the region of stable borides o From the 

data given by Hansen< 3) 9 one finds that Cu 9 Ag 9 Au 9 Zn 9 Tl, Sn 9 Pb, 

( 3) Mo Hansen 9 Der Aufbau der Zweistofflegierungen 9 (Julien Springer, 

Berlin)» 1936 o 

and Bi are all immiscible with boron and form no intermediate phaseso 

Likewise Na forms no intermediate phaseso If one considers an 

extended periodic table in which the sub groups ar~ not placed 
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together with the main groups but are extended out to the right 9 

one sees that boron does not form any intermediate phases with 

elements to the far left or right of the periodic tableo This 

behaviolr is similar to that of carbon and silicon o The trend toward 

such's. behavior- is seen when one starts with the halides and oxides 

and compares the shifting of the region of maximum stability as the 

non=metal shifts to the left in the periodic table toward carbon 

and bor·ono An analysi.s of these trends leads one to predict that 

the most refractory and most stable borides will be borides of metals 

i.n the region of the periodic table bounded by Ti 9 Nbs Mo 9 W 9 the 

actinide metals 9 and the rare earth metalso This is the region 

which was studied in the present researcho 

Experj.menJ:_aJ_ 

The phases of the boride systems of Ce 9 Ti 9 Zr 9 Th*p Nb:p Ta 1 

Mo.? W .11 and u* have been investigatedo The preparations. of various 

compositions were made by mixing boron powder with the metal powdero 

The mixed powder was· tamped into a crucible which was made of 

molybdenum unless otherwise noted;, Tne heating was carri.ed out in 

the nigh frequency ep~~ratus used by Eastman 9 BrewerD Bromleys 

Gillesp and Lofgren\ 4 »5 ) for the preparation of the refractory 

NoLo Lofgren 9 Journal of American Chemical Society9 March 1950o 

(5}Lo Brewer 9 Lo Ao Bromley 9 Po Wo Gilles 9 and NoLo Lofgren 9 

Declassified Atomic Energy Commission Paper MDDC=367rp Augo 1945o 

* The results of the study of the U and Th borides has been reported 

separately in UCRL~603o 
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sulf·ides., Temperatures were observed with an optical pyrometer o 

Sudden temperature rises had to be avoided since absorbed gases 

t;ended to spray the powder out of the crucible when suddenly 

releasedo The reaction between the boron and the metal usually 
\ 

started at about·950=12509 Co ~ne heat of reaction was rather high 

and the t;empera.tu.re would often suddenly rise e.s reaction commenced. 

To e.vo5;.,d spr'aylngp the temperatu:r·e was rather slowly raised ur1til 

after X"eact~ton had started o Also a half atmosphere of argon was 

maintained to minimize spraying and to reduce the vaporization of 

the free borono In addition one or more holes were pressed through 

the powder$/ so that the gases could escape without lifting the pow-

dero These precautions were usually sufficient to prevent loss of 

powder o The molybdenum. crucibles suffered little attack with most 

samples although they sometimes became coated with a thin layer o~ 

M<QlzBe When samples containing a large excess of boron were heatled 

in Mo crucibles.!' a large amount of boron was taken u.p by the 

crucibles and they sometimes cracked due to the expansiono However,~~ 

t;here was 110 contamination of the sample by MQJ e 

After the reaction had started$/ the temperature was raised to 

a maximum between 1300 to 2050°Co depending upon the samplee After 

the heating of a very refractory sample.., the compact was quite 

powdery and had not sintered or shrunk together' o For other samples 1 

for which sintering did take placep the compact shrunk away from 

the wall leavi.ng a cylinder" of sinter'ed boride o For a few samples,~~ 

the sintered cylinder had slumped which was taken as a sigr.1.. c1f the 

formation of a small amount of eutectic liquido The least refractory 

samples actually did partially meltc These observations were used 

to estimate the eutectic tempr~ratures and the melting points of the 
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pure phaseso 

The samples were converted to a finely divided powder in a 

dr•y box containing argt.Jlno X,,=ray diffraction patterns were taken 

on a 9 cmo diameter• cylindrical camera with copper Ka radiation 
0 0 

().: lo5418A~ 9 and with CrKo; radiation ( :::\:= 2o2909A) o 

The ·bo.lrcm powder" used was obta:lned from the City Chemical Coo 1 

New Yorko The main impurity was several percent of magnesiumo 

Since the magnesium all ~raporize1d out of the sampless it did not 

cause any difficultyo Du~ to the volatility of boron9 some boron 

was also lost o To compensatl15 fo)r the weight loss of magnesium and 

boron 0 an excess of teln percent 'of boron over that calculated on the 

basis of pure bor•o:n with no losses was used in making up the prepara-

tio:ns o The Mo 9 W 9 Nb 9 an.d Ta powders were furnished by the Fansteel 

Metallu.rg1.cal Coo 9 No Chicagc 9 Ill., They were 400 mesh and better 

than 99 o9% pu:r•e o The Ti and Zr powders were obtaineC' i"'rom Chas o 

Hardy Inco 9 New York and were at least 99o5% pure with respect to 

other m•sts.ls 9 b~l~t considerable amounts of hydrogen 9 ni trogen 9 and 

c»xygen impurities we:r'e present o The thorium metal powder was 

furnished by A o Do Mackay .9 New York as being 99% pur•e o Actually it 

was fou ... YJ.d to contain 14 mol% oxide o However 9 :i. t was possible to use 

it to determine the boride phases of the thorium systemo The 

uranium and cerium were obtained in compact form from the Manhattan 

District Project and we:r:•e powdered by hydriding o They were both 

qui,te pur·e o 

!~~~t~E,:'B~~-~~~~ 

Kiessling(6~ has worked out the phases of the W-B systemo Our 

16} ( \ • Ro Kiessling~ Acta Chemo Scando 9 ls 893 1947uo 
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observations verify his conclusions and check his lattice constants 

very closely. 

The following stability tests were made under a half atmosphere 

of argon o The hexagonal w2B5 phase was found to be only slightly 

decomposed after 24 minutes at 1700°e. but completely decomposed 

after 9; minutes at 1810°C. The tetragonal WB phase decomposed to 

a large extent after 15 minutes at 2040°e 9 but only to a small extent 

after 11 minutes at 1730°C • The tetragonal WZ& did not lose boron 

rapidly even at 2040°C. The tungsten borides were all quite refrac

t~ry and virtually no sintering or shrinking took place even thoUgh 

the W~5 had been heated to 1700°c., and the WB to 18l0°e. TheW~ 

had not shrunk appreciably after heating for 15 minutes at 2040°e. 8 

but it had sintered enough to produce a compact that did not crumble 

readil'y. From the behavior of the preparations containing two phases, 

it is clear that the eutectic temperatures are very high for the 

W-B system. They are probably all we~l above 2000°e. with. the 

melting points of the pure phases very much higher yet. 4gteC 7 l has 

(?) Co Agte.~~ Dissert. Techn. Hochschule, Berlin,!) 1931. 

reported a melting point of 2920 :t 50°C. for WB. 

To test the stability of tungsten borides compared to borides 

of other metals 9 w2B was heated with other metalso From the phases 

observed 9 one finds that W2B is reduced by Ti 9 Ta and zr. w2B 

which was heated with carbon for 19 minutes at 1990°C. gave WBD we 

and a slight amount of carbon. For we.~~ we obtained a ~ 2.905 ~0.003 
0 

and c =: 2.79S :t 0.003Ao These values correspond to those for pure 

we. Likewise the WB lattice constants were the same as those ob-

tai.ned for pure WB. This is taken to indicate no large solid 
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Using the powder metallurgy techni.ques described by Eastman 9 

Brewer 9 Bromley9 Gilles 9 and Lofgren(S}~ several 5/8" diao W2B 

(S} ~n9 Lo Brewer 9 Lo Ae Bromley 9 Po Wo Gilles 9· and 
. ~2J-_p 

No Lo Lofgren 9 ~eclassified AEC Paper AECD=B2~ Octo 27 9 1945o 

crucibles were pressed and sintered for 30 minutes at 2150°Co 

The crucibles shrank 10% and were still rather· po£ou.s and not too 

well sintered 9 as they could be scratched with an iron pointo Much 

higher sintering temperatures will be required fo.r dense cruciblese 

Molyb!Lenum-Boride System 

Kiessling( 6) has worked out the phases of the Mo=B systemo 

Our preparations verify his conclusions and check his lattice con-

stantso 

To test the relative stabilities of the molybdenum and tungsten 

borides 9 molybdenum metal was'heated with W2Bo Both the metals and 

the M2B phases of these elements are isomorphous and only two phases 

were obtainede A cubic metal phase which had a lattice constant 

intermediate between those of molybdenum and tungsten and a tetrag

onal phase with lattice constants intermediate between those of Mo2B 

As would be expected from the relative stabi-

lities of other similar compounds of Mo and W9 the stabilities are 

very eloseo In view of the observations that 'the tungsten bor:ides 

are not as stable as other borides of interest 9 no extensive work 

was· done with the molybdenum borides o No rapid loss of boron was 

observ-ed upon heating either M©2B or MoB at 1810°Co for 9 minutes 

under one half atmosphere of argono A mixture of M@2B and MoB shrank 
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slightly after 9 minutes at 1810°Co 9 but the sample was well enough 

sintered so that the compact did not crumbleo A mixture of M~B 

and Mo under the same conditions shrank enough so that the compact 

fell CYUt of the crucible easilyo It also was well enough sintered 

so that some force was required to crush the compacto These experi-

ments indicated the molybdenum borides to be very similar to the 

tungsten borides in regard to melting points and stabilitieso 

Tdap _!al~J2.0~£!!. .. ~X~~~ 

After' the work ©:n this system was complete 9 two papers on this 

system appearedo The paper by K1ess1ing( 9 l covered the same range 

(g) Rc Kiessling 9 Acta Chemo Scando 9 3 9 603 (1949)o 

as our work and our work is in s~bstantial agreement with his 

except for one additional phase which we findo Thus we obtain 
0 

a :::: 3o060 '!:. Oo002 and c = 3o290 ±: Oo002A for the h:tgh boron end 

of the hexagonal TaB1 ~78 = 2 o57 solid solution range while Kiessling 
0 

obtains a :::: 3o057 and c = 3o291Ao We obtain a = 3o097 t Oo003 and 
Q 

c = 3e227 t Oo002A for the low boron end of the range while 
0 

Kiessling obtains a = 3o099 and c = 3o224Ao Norton 9 Blumenthal 9 

and Sindeband(lO~ 9 who discuss only the MB2 phases 9 were in agreement 

(10) Jo To Norton9 He Blumenthal 9 and So Jo Sindeband0 Metals 

•Transactions AIME 749 (1949)o 

in regard to the crystal structure of TaB29 but they were not certain 

about the possibility of a wide homogeneity range of TaB2 o 

In agreement with Kiessling 9 the orthorhombic Ta 3B4 and TaB 

phases were found with the same lattice constants given by Kiessling. 
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TaB 2 iz1 a s:ample heated to. 1180°Co whi.ch might indicate Ta3B.4 

di.spropm'"t~:..(i(r.~.a tes at; high t;em.p er'attJ~re o The tetragonal T~;zB ph.ase 

gave ls..t;t;:J.ce ~.onstants a := 5.,t?S5 '± Oo003 and c = 4o86? 
0 

t Oo003A 

0 
CC"mpa!"ed to a =:: 5o1?8 a:nd c = 4o864A given by Ki.esslingo As 

samples wtth. 20 and 25 atomic % borono 

and Ta we:r'e fotl.:rld in a sample with a:n overall composition of Ta2B 

or• 33 at:omlc % boNXlo A sample with 40 atomic % boron showed TaB 

and Ta2B with a trace of' Tao A trace of Ta2B together with TaB 

coruld l:i'~ d\:11te(0t:ed i.n samples up to almost 50 atomic % bGron o In an 

effort t.o, deter"rrti.ne the stability range of Ta2B"' preparations were 

made :tn. the temperature !'a:nge 1650 to 2040°C o» but the temperat.ure 

of' pr·aparat:1.on d~~d not seem f,;o have any effecto A mixture of Ta. 

0 =5 and Taa))B was heated to 1950 Co under 4 x 10 · mmo pressure and the:n 
c:;; 

suddenly qu.enched by turn:lng off' the high freque:n.Gy power and letting 

in one half atmosphere of argon o The sample· contai.ned Ta a.nd Ta2B 

pluSJ a weak phase i.somorphous with th.e phase ten.tati·';rely· designated 

as. Nb 3B o A sample of oyerall composit:.ion Ta2B was heated to) 
~ ' 

19:50° Co 'W'lder· 4 x lo='..Jmm. .. pl"essu.re and slowly cooled w1der vam:m.m 

condi t:lLo:ns taking 70 minutes to c CJol toJ ll40°C .. and several hour•s 

' Ta were st:l:ll tm.:.u1do The only change noted was that the powder 

pat:te:r·':n. 1:ines were more spotty indicating larger crystals o Thus 

i:!; was :r:.>t:t't poss:lble to determine whether Ta2B is stable at high 

te~pe:r·'at;u.:r"es: a:.nd d:ll.spor•portionates upo:n cooling like FeO or whether 

T~ZS is unstable at high temperatures and forms by the reaction or 
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Ta with TaB upon cooling as does SnOo The difficulty in distinguish-

ing appears to be due to a narrow temperature range in which the 

rates of reaction are rapid.. Rapid and slow cooling through this 

range should allow one to distinguish between the two.possibilities .. 

The phase designated as Ta 3B appears to be stable only at very high 

temperatures and d:lsproportionates ~pon cooling.. Kiessling(9} 9 who 

did not heat to as high temperatures nor quench as rapidly 9 did not 

report this phase.. Thus of the five intermediate phases of the 

Ta - B system 9 Ta3:B ( ?) 9 Ta2B9 and Ta3B4 have only lirriited tempera

ture ranges of stability.. Only TaB and TaB2 are apparently stable 

from room temperature to the melting points .. In. agreement.with 

Kiessling 9 the Ta metal lattice was found to be expanded, indicating 

appreciable s~?lid solubility of boron in the metal ... 

Although compositions up to 86 atomic % boron were prepared 9 

at 1565°Co all excess boron vaporized leaving hexagonal TaB2 oS7r" 

The TaB1 ., 7e.,.2 .. 57 phase loses boron.at.1780°C. under a.~a~f.atrnos= 

phere of argon to form Ta3B49 ·but. more than half of the 1'~1 .,'7S is 

left after 8' minutes.. However 9 10 ·minutes at 1820°0 .. will· c omp1etely 

decompose the hexagonal TaBloUZB as well a:;~ the orthorhomb.ic Ta3B4 
le~~~n~ only the orthorhombic TaBo Both TaB~ and Ta2B are found 

after 15 minutes at 2040°Co in argon~ There is some loss of boron 

at this temperature but it is not rapido 

None of the tantalum boride samples which were heated at 1810°Co 
\ 

or below had srJ.runk or sinteredo All of the eutectic temperatures 

must be quite high.. Pure TaB was still an unsintered powder .after 

10 minutes at 1820°Co Samples with more tantalum which contained 

Ta 9 Ta~ 0 and Ta.B phases were somewhat· sintered after 10 minutes 

at l820°Co 9 but there was no appreciable shrinkageo However 0 
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further heating of these samples for 15 minutes at 2040>°Co did not 

produce shrinkageo Although they were better sintered and stronger 

compacts 0 they still could be broken up rather easilyo 

As mentioned in the. tungsten .boride SJTstem discussion 9 

tantalum reduces WzB to form TaB9·W and the phase designated as 

Ta3Bo It is believed that the Ta3B phase formed during this heating 

since the. sample was heated for47 minutes at 1980°Co As noted 

above 0 it is believed that Ta3B forms only at very high temperatureso 

Thus TaB should be a more satisfactory container material for very 

electropositive metals than W2Bo .TaB was heated with excess carbon 

at 1700°Ce and TaC and TaB2 were producedq 

' From the information we have obtainedp it is clear that 

tantalum borides 9 particularly TaB 9 should P.rove very useful as 

very refractory materialso However.~> very high sintering temperatures 

w·ill be necessary.to produce compact non=porous mat·erialo 

Niobium-Boron System 

The highest boride found was hexagonal NbBz 9 isomorphous with 

AlB2 (C 32 typelo It was fo~d to have an appreciable solid solu~ 

tion range with lattice constants a = 3oll0 ! Oo002 and c = 3e264 
. 0 ,. 

to.002A when in equilibrium with Nb~4 and a. = 3e085 ± Oo002 9 

c = 3o311 t Oo002A when prepared by. heating a sample with 86 mol % 
boron for 22 minutes at 1565°Cc The exact composition limits of 

the solid solution range are not known due to loss ~f boron during 

the heatingso After this work was completeD a paper by Norton 9 

Blumenthal and Sindeband(lo) appeared in which they find the same 

structure for NbB2 9 but' they did not have defin:tte information on 
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the homogeneity rangee Kiessling(ll) has also since reported 

('ll) Ro Kiessling 9 Acta Chem., Scand., 3 9 90 {1949}., 

finding the same structure.ll although he has not yet published any 

lattice constants. 

The next boride, Nb3 B4 9 was found to have the orthorhombic 

Ta3B4 structure with lattice constants a = 3.,30 '!: Oe00l 9 

+ + 0 b = 14.1 - Ool, and c = 3.13 - O.OlAe NbB was found to have the 

orthorhombic FeB structure and thus is isomorphous with TaB and 

CrB. The lattice constants a = 3.292 ! Oo003 9 b = 8o713 ~ Oo008g 
0 

and c 3.165 ± Oe003A were found to be independent of the composi-

tion of the sample and thus a narrow homogeneity range is indicated. 

Most samples with more than 50 atomic percent niobium gave only the 

NbB and Nb phaseso The Nb lattice constant was a = 3.,300 f Oe015Ae 

The metal was not well crystallized and thus one can not determine 

if boron has changed the lattice constant .. 

In addition to Nb and NbB 9 two additional phases were found in 

some of the samples containing 25 to 50 atomic % boron. These were 

tentatively designated as Nb3B and Nb 2B although they could not be 

indexed.. No phases isomorphous with Ta2B were observed. The Nb 3B 

phase was isomorphous with the Ta3B phaseo 

A sample with 25 atomic % boron gave Nb 3B in addition to Nb 

and NbB after 8 minutes at l650°Ce and a new sample of the same 

composition still gave the same results after 10 minutes at 1820°Co 

A sample with 20 atomic % boron gave no Nb 3B after 47 minutes at 

1980°C. and only consisted of NbB and Nb o Nor di.d any samples 

with 33 atomic % boron or higher give any Nb3B after 10 minutes 

at 182Q°Co 
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A sample of 50 atomic %boron after 21 minutes at l530°C., gave 

a strong pattern of NbB and a weak pattern of a phase tentati.vely 

designated as :Nb2B9 which was not isomorphous with Ta2Bo Another 

sample (\;f 50 atomic % boron gave only NbB and Nb2B after '9 minutes 

Of the five i.ntermediate phases of the niobitll!1 ..... boron system 9 

temperature :r•anges of stability and only NbB and NbBz are stable 

from r·oom temperature up to the melt; ing pointe 

Although preparations up to 86' atomic % bOI"on were made» nQ 

phases above the hexagonal NbB2 s.olid solution were formd after 

heatings at; 1565°C o The NbB2 solid solution range was verJy refrac

tory and there were little signs of sintering even aftez• 24 minutes 

at 1700°C., Mixtures of NbB2 and Nl:'i3B4 showed no signs of sintering 

after 14 minutes at 1550°Co However!) mixtures of Nb and NbB did 

. show sl1.ght signs of .sintering after 21 minutes at l530°C., ,47 min-

utes at 19S:0°Co produced a compact that did not crumble readily or 

which was not easily scratched by irone The core of the compact 

was especially well sinteredo The excess Nb metal was not hard as 

the sintered mixture of Nb and NbB was malleable and could be 

f?:~t~ened out 11'1 a B4c mor•taro It is thus clear' that the Nb borides 

are not _as r~fractory as the Ta borides and can. be s:tntered at 

lower temperatureso This might be an advantQ.ge under some circum-

stances whe:n. high enough temperatures are not available to produce 

dense well sinter•ed Ta boride containers o Of the niobium borides JJ 

NbB or possibly Nb3B.4 should be the most promising refractory 

material .f'or very rigorous conditionSlo 
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Since our work has been completedD Kiessli.ng (11) has published 

work on the systeme Both studi.es indicate only one intermediate 

phaseD ZrB2 ., It has the hexagonal A1B2 (C 32 type) st:r"uctureo 
0 

Kiessling reports a = 3.,169 and c = 3.,530A., Our work yields 

a = 3.,16& ± o.oo2 and c = 3.,528 t Oo002Ae Both studies tend to 

indicate a narrow homogeneity range for ZrB2 and an appreciable 

solid solubility of boron in zirconium as indicated by expansion of 

the metal lattice. Norton. 2 BlumenthalD and Sindeband{lo) have also 
0 

recently studied ZrBz and report a = 3.,170 and c = 3.,533A., 

After 15 minutes heating at 1600°Co in 1/2 atmosphere of argonD 

a preparation with 68 atomic % boron lost the excess boron t~ form 

pure ZrB2 9 but no further decomposition oceurredo Virtually no 

sintering took place and the final compact was sti.ll a loose powder. 

Mixtures of Zr and ZrB2 shrank and sintered a.fter 15 minutes at 

temperatures between 1515 and 1575°C o Mixtures· containing from 

60 to 75 atomic % zirconium were well sintered and compact even 

after 8 minutes at 1500°Co It might appear that the eutectic 

between Zr and ZrB2 is below the mel t·ing point of Zr which is 

probably around 1800°Co when quite pureD and,that the eutectic 

composition contains a fair concentration of borono The melting 

:point_ of pure Zr~-2 is undoubtedly well above 2000°0 o AgteC 7 ) reports 

a_ melting point of' 3190 ± 50°C., for a zirconium bori.de which probably 

corresponds to zr~:a,., 
""' 

The relative stabilities of ZrB2 and w2B were determined by 

melting Zr in a W2B crucible., The Zr reduced w2B to W forming ZrB2 e 
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Titan1.um=Boron System 

Samples prepared with more than 66 atomic % boron lost any 

excess boron to give pure hexagonal TiB29 isomorphous with AlB2 

(C 32 type) o The lattice constants a = 3o030 t OG003 and 
0 

·- c = 3 .227. ± O.o003A were found in agreement with the constants 

reported by Zacharias en (l2 ) o TiB2 found in samples of compos it ion 

(12) 
Wo Ho Zachariasenp Acta Crysto 2D 94 (1949) o 

from 60 atomic %boron to the highest boron compositions studied 

always had the same lattice constants indicating a probable narrow 

homogeneity range<> Ehrli?h {1 3 ) has also reported tb.e TiB2 phase 

(13) 
Pc. Ehrlich 9 Angewe Cheme 9 ~t> 163 (1947) ff Zo anorgo Cheme 9 

259 t' 1 (1949:) • -
0 

with a = 3e03 and c = 3o22A 9 but he also reports a TiB phase of 
0 

cubic zincblende str"ucture with a ::: 4 e25A,o The cubic face centered 
" 0 

phase which we find in our samples with a ::.:: 4.,25 ·r: OoOlA is inter-

preted to be merely TiN due to nitrogen contamination and we believe 

that ErlishVs results might best be interpreted on the same basiso 

His lattice constant would correspond to a solid solution of Ti.O and 

TiNe The Ti phase was distorted due to soluti.on of boron in the 

metal, but no other phases were found between T'iBz and the Ti solid 

solution other than TiO and Ti.N phases which appear in some samples 

due to contamination from the atmospher•e o The solid solution 6f 

boron i.n Ti appears to be a very wide one as also indicated by 

Ehrlich. The powder pattern of the Ti phase changed conti.nually 

as the boron composition was varied from 25 to 50 atomic percent. 

Pure TiB2 was found to be tmsintered aft;er" 15 minutes at 

16009 Co A sample containing some TiN in addition to TiB2 shrar~ 
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noticeably and was scrnewha.t sintered after 15 minutes at 1515°Co 

Samples containing the solid solution of boron in Ti metal were 

well sintered even after 8 minutes at 1500°Ce The higher the 

titanium composition of these samples~ the greater was the degree 

. of sinte:r"ing observedo The well sintered samples were very hard and 

brittle o This might indicate that boron dissolv·es :in Ti metal to 

raise the melting point and there may be a maximum melting point in 

the soli.d solution rangeo 

Wh.en T~ .. was heated with w2B powder or in a >Cr'ucible made of a 

mixture of w2B and WB~ tungsten was found in t;he powder patterns 

indicating reduction of the tungsten borides by titanium., bu.t the 

titanium phase formed was not TiB2 or the Ti metal solid solutiono 

It looked almost isomorphous with TaB and NbB~ but the pattern 

could not be indexed. A ternary phase of Tip Ws and B was possibly 

formed although one can not overlook the possibility of the presence 

of oxygen or nitrogen in the phasee 

Silicon-Bo~on SY!~~ 

Two silicon samples with 50 and 80 atomic. % boron were heated 

in BeO crur~ibles for 20 minutes at 1725°C o The powder patterns 

showed strong lines of a. pure si lie on metal phase with s orne weak 

],.ines possibly due to boron., No evidence for a.ny silicon bor:ide 

was found~ 

Cerium"~Bor"o;o. System 

Samples ranging in composition from 25 to 86 atomic % boron 

were studied o The cubic CeB6 phase previously reported by bc!"t.h 

.o Allard and Stackelberg and co=workers(l4n was obtained upon heating 

-.,J 
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(14) G. Allard 9 Bulle Soco Chem., France 2:'!:, 9 1.213 (1932); Me V(j 

Stackelberg 9 Fo Neumann 9 Zo physik Chemo (B) 1£9 14 (1932 )o 

a sample containing 86 atomic %boron for 13 minutes at 1~30°Co 
0 

The lattice constant was a = 4.,1390. t 0 .. 0007,'Ao E~ven though th.ere 

was a half atmosphere of argon to diminish the rate of decomposition 

with Joss (.Jlf boron 9 the existence of this compound at 1730°C., 

indicates a rather high stabilityo No other compounds above MB4 

were obtained for any of the other systems studi.ed" 

The only other boride found was tetragonal CeB4t~ :isomorphous 

with UB4 and ThB4 (lS) e Its lat;tice constants were a :::: '1 o205 ± 0 o008 

(lS) Ao Zalkin and Do Ho Templeton 9 Jo Chern .. Physo (in press) o 

0 

and c :::: 4o090 t. Oo005Ao Samples from 50 to 6~ atomic % boron gave 

both CeB4 and Ce which would eliminate the p·ossibili ty of any lower 
0 

borideso The Ce lattice constant was 5ell9 ± Oo013Ao Some of the 

samples.~~ particularly those with more than 50 atomic % ceriums had 

oxidized somewhat during the grinding process and. Ceo2 was alst:J> 

observedo 

Of all the systems investigated, this system was t:b.e only 

one which gave completely mol ten samples.. Samples containing 

between 75 and 60 atomic % of cerium were completely melted at 

1530°C o A sample containing 50 atomi.c % cerium was partially 

melted at 1300°Co Since cerium melts at 785°Co~ it is quite likely 

that the Ce - CeB4 eutectic temperature is close to 785°Co with the 

eutectic. composition very close to pure ceriumo 

A CeB4 sample had shrunk considerably and was well sintered 

after 13 minutes at 17.30°Co A mixture of CeB4 and CeB6 shrank less 
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and was less sintered after the same treatment and pure CeB6 under 

the same conditions did not shrink or sinter at all and remained a 

fluffy light purple powdere Thus CeB6 is not only very stable, but 

very high melting in addition. In view of the more refractory 

behavior of a mixture of CeB4 + CeB6 than pure ces4 , it is possible 

that a peritectic rather than a eutectic will be found betweer.1. 

CeB4 and CeB6 o It undoubtedly will be found at temperatures well 

above 2000°Co 

Experiments to determine the relative stabilities of W2B and 

CeB4 were not too conclusiveo Ce which was melted in a w2B 

crucible soaked into the porous cruciblee X-ray powder patterns of 

the crucible appeared to indicate an increase in the amount of W 

metal, but no CeB4 was observed. However, the W2B lattice constants 

were about Ool% larger with almost the same c/a ratio.~~ thus indicating 

solution of the cerium in the w2Be 
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The :X.=ray examination of the various preparations have indi

cated the following definite phasesg WZS 9 WBOo92=lo02D WB2o0=2ol3o 

Mo2B 9 M©Boo96=lo06o MoB2o33D Ta3B(?) 9 Ta2B(?) 9 TaB 9 Ta3B4, 

TaBlo78'=2o5~ 9 Nb 3B(?) 9 Nb~( ?) D NbB 9 NbB2*xP ZrB2 9 TiB2v CeB~.o and 

CeB6 o The .molybdenu..'!l and tungsten borides were very high melti.ng 9 

but were not as stable toward reduction as the other borides. TaB 

and NbB appear to be the most promising refractory borides for• 

highly reducing conditions. ZrB2 and CeB4 also show considerable 

promise o The tungsten borides 9 W2B and WR0 o92-l o02 9 should be useful 

refractories when reducing conditions are not so severee Th® 

molybdenum borides appear to be very similar in behavior to the 

tungsten bor·ides except for' somewhat lower melting poi.nts which 

may be an advantage under same circumstances due to the difficulty 

in sintering tungsten borides except at very high temperatureso 

This work was done under the auspices of the Atomic ~1ergy 

Commission a 
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