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A STUDY OF THE REFRACTORY BORIDES
Leo Brewer, Dwight L., Sawyer, D. H. Templeton, and Carol H. Dauben
February 24, 1950

Abstract

The phases of the boron systems of Ce, Ti, Zr, Nb, Ta, Mo, and
W were determined‘by X-ray eXamination of various mixtures of boroen
and the respective metal after heating to elevated temperatures.
Date on the sintering behavior and stability at high temperatures

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

found to have promising refractory properties.
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A STUDY OF THE REFRACTORY BORiDES
Leo Brewer, Dwight L. Sawyer, D. H. Templeton, and Carol H. Dauben

Introduction

Although some of the borides should be very useful refractories,
a survey of the literature at the time of the commencement of thig
research indicated that virtually no such work had been done with
the borides., Since it was desired to find phases which would be
useful as refractory containers, the study which was undertaken was
restricted to those boride systems which could possibly provide
compounds stable at very high temperatures., Brewer, Bromley, Gilles,

(1,2)

and Lofgren have discussed the factors which fix the melting

(1) Lo Brewer, L., Ao, Bromley, P, Wo Gilles, and N, L, Lofgren,
National Nuclear Energy Series, Plutonium Project Record, Divi-
sion IV, Vol. 19B, Paper 4 (1950).

(2) 1, Brewer, L. A, Bromley, Po W. Gilies, and N. L. Lofgren,
Nationél Nuclear Energy Series, Plutonium Project Record, Divi-

sion IV, Vol. 19B, Paper 7 (1950).

points and stabilities of the halides, oxides, sulfides, nitrides,
carbides, silicides, and other similar compounds. By similar con-
sidergtions, one can limit the region of stable borides. From the

data given by Hansen(g), one finds that Cu, Ag, Au, Zn, TL, Sn, Pb,

(2] Mo Hansen, Der Aufbau der Zweistofflegierungen, (Julien'Springer,

Berlin), 1936,

and Bi are all immiscible with boron and form no intermediate phases.
Likewise Na forms no intermediate phases. If one considers an

extended periodic table in which the sub groups ars not placed
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together with the msain groups but are extended out to the right,
one sees that boron does not form any intermediate phases with
elements to the far left or right of the periodic table. This
behavior is similar to that of carbon and silicon, 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
n@n=metalAshifts to the left in the periodic table toward carbon
and boron. An analysis of these trends leads one to predict that
the most refractory and most stable borides will be borides of metals
in the region of the periodic table bounded by Ti, Nb, Mo, W, the
actinide metals, and the rare earth metals., This is the region

which was studied in the present researcho.

Experimental

The phases of the boride systems of Ce, Ti, Zr, Th™, Nb, Ta,
Mo, W, and U* have been investigated. The preparations of various
compositions were made by mixing boron.powder with the metal powder,
The»mixed powder was~tamped intb a crucible which was made of
molybdenum unless otherwise noted. The heating was carried out in
the high frequency apparatus used by Eastman, Brewer, Bromley,
(4,5) ‘

Gilles, and Lofgren for the preparation of the refractory

‘ ) .
(4”Ea Do Eastman, L. Brewer, L. A, Bromley, Po Wo Gilles, and

No Lo Lofgren, Journal of American Chemical Society, March 1950.
(5>Lo Brewer, L. A. Bromley, Po Wo Gilles, and N, L. Lofgren,
Declassified Atomic Energy Commission Paper MDDC=367, Aug. 1945,

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

separately in UCRL-603.
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sulfides. Temperatures were cbserved with sn optical pyrometer.
Sudden temperature rises had to be avoided since absoﬁbed gases
tended to spray the powder oub of the ecrucible when suddenly
released, The reaction between the boron and the metal usually
started at about 950-1250°C., The heat of reaction was rather high
and the temperature would often suddenly rise ss reaction commenced.
To aveid spraying, the temperature was rather slowly raised until
after reaction had started. Also a half atmoéphere of argon was
maintained %o minimize spraying and to reduce the vaporization of
the free borom. In addition one or more holes were pressed through
~the p@W§6P9 80 that the gases could escape without 1ifting the pow=
der. These precaubtiong were usually sufficient to prevent loss of
>p®WdePo The molybdenum crucibles suffered little attack with most
samples although ther scmetimes became ccated with a thin layer of
MogB. When samples containing a large excess of boron were heated
in Mo crucibles, a large amount of boron was taken up by the
crucibles and they sometimes cracked due to tha expansion. However,
there was 1o contamination of the sample by Moe
- After the reaction had starﬁedg the temperature was raised to
a maximum between 1300 to 2050°C, depen&ing upon the sample. After
the heating of a very refractory sample, the compact was quite
powdery and had not sintered or shrunk together. For other sampies,
for which sintering did take place, the compact shrunk away from
the wall leaving a cylinder of sintered boride. For a few samples,
the sintered cylinder had slumped which was taken as a sign of the
formation of a small amount of eubectic liguid. The least refractory
samples sctually did partially melt. These cbservations were used

to estimate the eutectic temperatures and the melting points of the
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pure phases.

The samples were converted to a finely divided powder in a
dry box containing argon. X=ray diffraction patterns were taken
on & 9 ecm. diameter cylindrical camera with copper Ko radiation
(A= 1,54188), and with CrKe radlation (= 2.2909A).

The boron powder used was obtained from the City Chemical Co.,
New York. The main impurity was several percent of magnesium.
Since the magnesium all vaporized out of the samples, it did not
cause any difficulty. Due to the volatility of boron, some boron
was alse lost, To compensate for fhe weight loss of magnesium and
boron, an excess of ten percent 'of boron over that @alculated on the
basis of pure boron with no losses was used in making up the prepara-
tions. The M©9 Wy, Nb, and Ta powders wefe furnished by the Fansteel
Metallurgical Co., N. Chicago, Ill. They were 400 mesh énd better
than 99¢.9% pure. The Ti and Zr powders were obtaine¢ from Chas.
Hardy Inc., New York and were at least 99 .5% pure with respect to
other mefals, but considerable amounts @f.hydrogeng nitrogen, and
oxXygen impurities were preseﬁto The thorium metal powder was
furnished by A. D. Macksay, New York as being 99% pure. . Actually it
was found to contain 14 mol% @xideo However, it was possible to use
it to determine the boride phases of the thorium system. The
uranivm and cerium were ébtained in compact form from the Manhattan
District Project and were powdered by hydriding. They were both

quite pure,

Tungsten-Boron System

Kiesslingﬁﬁ» has worked oubt the phaseg of the W-B system. Our

(6} Ro Kiesélings hcta Chemo Scande, 1, 893 (1947).




”’8"
UCRL=610

observations verify his conclusions and check his lattice constants
very closely.

The following stabllity tests were made under a half atmosphere
of argon. The hexégonal WoBg phase was found to be only slightly
decomposed after 24 minutes at 1700°C; but completely decomposed
after 9 minutes at 1810°Co The tetragonal WB phase dééomposed to
a large extent after 15 minﬁtes at 2040°C, but only‘tp a small extent
after 11 minutes at 1730°C . The tetragonal WoB did not lose boron
rapidly even at 2040°C. The tungsten borides were all quite refrac-
tory and virtually no sintering or shrinking took place even though
the W.Bg had been heated to 1700°C., and the WB to 1810°C. The W,B
had not shrunk appreciably after heating for 15 minutes at 2040°C.,
but it had sintered enough to produce a compact that did not crumble
readily. 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 ail well above 2000°C. with the

meiting points of the pure phases very much higher yet. Agte(7)“has

(7 Co. Agte, Dissert. Techn. Hochséhule, Berlin, 1931,

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

To test the stability of tungsten borides compared to borides
of other metals, WoB was heated with other metals., From the phases
observed, one finds that WgB is reduced by Tig Ta and Zr. WgoB
which was heated with carbon for 19 minutes at 1990°C° gave WBb we
and a slight amount of carbon. For WC, we obtained a = 2.905'ﬁ0.003
and ¢ = 2,798 & 0000539 These values correspond to those for pure
WC. Likewise the WB lattice constants were the same as those ob=

tained for pure WB. This is taken to indicate no large solid
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solubllities between WB and WC,
Using the powder metalliurgy techniques described by Eastman,

Brewer, Bromley, Gilles, and Lofgren(s}g several 5/8" dia. WoB

(8) getman, Lo Brewer, L. A. Bromley@ P, W. Gilles, and

. 22503
No L, Lofgren, Declassified AEC Paper AECD-22643; Oct. 27, 1945,

¢rucibles were pressed and sintered for 30 minutes at 2150°C.
The crucibles shrank 10% and were still rather p@m@ué.and'nct too
well sintered, as they could be scratched With an iron point. Much

higher sintering temperatures will be required for dense crucibles.

Molybdenum-Boride System

-Kiessling(6) has worked aﬁt the phases of the Mo-B system.
Qur preparations verify his conclusions and check his lattice con~-
stants.

To test the relative stabilities of the molybdenum and tungsten
borides, molybdenum metal was heated with WoB., Both the metals and

the MoB phases of these elements are lsomorphous and only two phases

were obtained. 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 MooB
and WoB were founde As would be expected from the relative stabi-
lities of other similar'eampounds of Mo and W, the stabilities are

very close. In view of the observations that the tungsten borides

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

was done with the molybdenum borides. No rapid loss of boron was
cbserved upoh heating either MooB or MoB at 1810°C. for 9 minutes

under one half atmosphere of argon., A mixture of MooB snd MoB shrank
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slightly after © minutes at 1810°C., but the sample was well encugh
sintered so that the compact did not crumble, A mixture of M@@B‘
and Mo under the same conditions shrank enough so that the compact
fell out of the crucible éasilyo It also was well enough sintered
s0 that some force was required to crush the compact. These experi-
ments indicated the molybdenum borides to be very similar to the

tungsten borides in regard to melting points and stebilities,

Tantalum-Boron System

After the work on this system was complete, two papers on this

system appeared. The paper by Kiessling(Q) covered the same range

(9) Ro Kiessling, Acta Chem. Scand., 3, 603 (1949) .

as our work and our work is in substantial agreement with his

except for one additional phase which we find. Thus we cbtain

a = 3.060 ¥ 0,002 and ¢ = 3,290 % 0,002A for the high boron end

of ﬁhe_hexagonal TEBIQVS - 2,57 s0lid solution range while Kiessling
obtains 8 = 30057 and ¢ = 5029130 "We c¢btain a = 3.097 ﬁ 0003 and
e = 3,227 ﬁ 000023 for the low boron end of the range while
Kiessling obtains a = 3,099 and ¢ = 3022420 Norton, Blumenthal,

and Sindeband(lo»g who discuss only the MB, phases, were in agreement

(10} Jo To Norton, He Blumenthal, and S, J., Sindeband, Metals

Transactions AIME 749 (1949).

in regard to the crystal structure of TaBy, but they were not certain
about the possibility of a wide homogeneity range of TaBze
In agreement with Kiessling, the orthorhombic TazB, and TaB

phases were found with the same lattice constants given by Kiesslinge
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No waristion of constants were found with composition indicating
narrow homogenelby ranges. However, TaB was observed btogether with
:TaBQ in = sample heated to 1780°C, which might indicate TagzBy
disproporbionates at high temperabure. The tetragonal Te2B phase
gave latiice constants a = 5,785 T 0,005 and ¢ = 4,867 £ 0,0034
compared $0 a = D778 and ¢ = 40864i given by Kiessling. As
Kiessling found, i% was not possible to prepare pure TagB. TapgB and
Ta wers found in semples with 20 and 25 atomic % boren. TaB, TagB,
and Ta were found in a sample with an overall composition of TagB
or 3% atomic % boron. A sample with 40 atomiec % boron showed TaB
and TaoB with a trace of Ta. A trace of TaoB together with TaB
could be debscted in samples up to almost 50 atomie 4 boron. In an
effort to determine the stakility range of TagB, preparaticns were
made in the temperature range IGSO_E@ 2040°C., but the tempsrature
of preparation did not seem %o have any effect. A mixture of Ta
and Tanb was heated to 1880°C, under 4 x 1®m5mmo pressure and then

1y guenched by turning off the high frequency pewer and letting

[ #4]
jort
Qy
Qs
o
(;g.

in one half atmesphere of argon. The sample contained Ta and TaosB
plug a weak phase isomorphcus with the phase tentatively designated
as NbgBo A sample of overall composition TagB was héaﬁed to
1950°C. under 4 x 10" mm o pressure and slowly cooled under vacuum
conditions ﬁaking 70 minutes to cool to 1140°C. and several hours
more Lo cool to room temperature., The thfee phases TaB, TasB, and
Ta were still found. The only change noted was that the powder |
pattern lines were more spotty indiecating larger crystals. Thus

it was nét possible to ﬂetermine whether TaoB is stable at high

d disporporticnates upon cooling like Fel or whether

tempsratures &

3

TeyB s unsteble at high temperatures and forms by the reaction of
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Ta with TaB upon cooling as does Sn0. The difficulty in distinguishe-
ing appears to be due to a narrow tempepatﬁre range in which the
rates of reaction are rapid. Rapid and slow cooling through this
range should allow one to distinguish between the twozpqséibilitieso
The phase designated as TagzB appears to be stable only at #ery high
temperatures and disproportionates upon cooling. Kiessling(9)9 who
did not heat to as high temperatures nor quench as rapidly, did not
report this phase. Thus~of the five intermédiate phases of the
Ta - B system, TazB (2, TasB, and TazBg have only'lmmited temperg=
ture ranges of stability. Only TaB and TaBg are apbérently stable
from room temperature to the melting points. .In,agréement_with
Kiessling, the Ta metal lattice was found to be expanaed;indicating
appreciable sollid solubility of boron in the metalﬁ
Aithdugh compositions up to 86 atoﬁic % bcron_were'preparedg
at 1565°C, all excess boron vaporized leaving.hexagoﬁal TaB205%o

The TaB y Dhase loses boron at 1780°C. under alhé}f”atmos=

1 0'78”2 o5 } )
phere of argon to form TagB,, but more than half of the TaB; ,q is

left after 8 minutes, Héwever9 ld'minutes at 1820°Co_Wi11"comp1eﬁely
decompose the hexagonal TaBy ng as well as the orthorhombic TaSB4
1§§y;ng,oniyﬂﬁhe crthorhombic TaB. Both TaB and TagB are found
after 15 minutes at 2040°Ce_innargpp§ There is some Ios§ of boron
at thisltemperature but it is not rapid. |

None of the tantalum boride samples which were heated at 181.0°C. '
or below hadfshrunk or Sintered. All of the eutectic temperabures
must be gquite high, Pure TaB was s%ill an unsintered powder afber
10 minutes at 1820°C. Samples with more tantalum which contained

Tay; TagB, and TaB phases were somewhat sintered after 10 minutes

at 1820°C., but there was no appreciable shrinkageo However,
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further heating of these samples for 15 minubtes at 2040°C. did not
produce shrinkage., Although they were better sintered and stronger
compactsg_they still could be broken up rather easilye
As ﬁentidned in the tungsten boride system discussion,
tantalum reduces WZB to form TaBy, W and the phase designated as
TagBo It is believed that the TazB phase formed during this heating
since the.éample was heated for- 47 minutes at 1980°C. ‘A84noted
above, it is believed that TagzP forms only at very high temperatures,
Thus TaB should be a more satiéfactovy container material for very -
electropositiVe metals than WoB. TaB was heated with excess carbon
at 1700°Co and TaC and TaB, were producede: .
From the information we have obtaiﬁedg‘it is clear'ﬁhat
tantalum borides, particularly TaB, should prove Very useful as
very refraétory materials. However, very high sintering temperatures
will be neceéSary-to produce compact non=porous material.

Niobium-Boron System

Thé'highest boride found was hexagonal NbBs, igomorphdus with
AlB, (C 32 typel. . It was found to have an appreciable solid solu-
tion range with lattice constants a = 3,110 £ 0,002 and ¢ = 3.264
£0,002R when in equilibrium with NbzBy and & = 3,085 £ 0,002,
¢ = 3,311 ﬁ'oooozi'when prepared by heating a sample with 86 mecl %
boron for 22 minutes at 1565°C. The exact composition limits of
the solid solution range are not kﬁown due to loss of boron during
the heatingso After this work was complete, a paper by Norton,
Biumenthal and Sindeband(IO) appeared in which they find the same

structure for NbBg, but’ they did not have definite information con
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the homogeneity range. Kiessling(ll) has. also since reported

(11) g, Kkiessling, Acta Chem. Scand. 3, 90 (1949).

finding the same structufeg although he hasg not yet published any
lattice constantse |

The next boride, Nbz By, was found to have the orthorhombic
Ta3B4 structure with lattice constants a = 3.30 & 0001,
b = 14.1 % 0,1, and ¢ = 3,13 * 0.01. NbB was found to have the
orthorhombic FeB structure and thus is isomorphous with TaB and
CrB. The lattice constants a = 3,292 &£ 0,003, b = 8,713 £ 0008,
and c¢ :,30165 i 00005ﬁ were found to be independent of the composi-
tion of the sample and thus a narrow homogeneipy range is indicated.
Most samples with more than 50 atomie percent nicbium gave only the
NbB and Nb phases. The Nb lattice constant was a = 3,300 £ 0.0154
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@ two additional phases were found in
* some of the samples containing 25 to 50 atomic % boron. These were
tentatively designated as NbzB and NboB although they could not be
indexeds No phasés'isomorphous with TagB were observed. The NbgzB
phase was isomorphous with the TagB phases

A sample with 25 atomic % boron gave NbzB in addition to.Nb
and NbB after 8 minutes at 1650°C. and a new sample of the same
COmposition still gave the same results after 10 minutes at 1820°C.
A sample with 20 atomic % boron gave no NbgB after 47 minutes at
1980°C. and only consisted of NbB and Nb. Nor did any samples
with 33 atomic % boron or higher give any NbzB after 10 minutes

at 1820°C.
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A sample of 50 atomic % boron after 21 minutes st 1530°C. gave
a strong pattern of NbB and a weak patiern of a phase tentatively
designated a8 NbpB, which was not isomorphous with Tach Another
sample of 50 atomic % boren gave only NbB and FbgB after 9 minutes
at 1810°C,

O0f the five intermediate phases of the nioblun - boron system,
spparently NbogB {?), NbgB (2}, and possibly NbzBg have limited
temperature ranges of stability and only NbB and NbBg are stable
from room temperature up bto the melting point.

Although preparations up to 86 atomic % boron were made, no
phases above the hexagonal NbBgs solid solution were found after
heatings at 1565°C. The NbLB, solid solution range was very refrac-
tory and there were 1ittle signs of sintering even after 24 minutes
at 1706°C. Mixtures of NbBy and NbzBy showed no signs of sintering
after 14 minutes at 1550°C. However, mixtures of Nb and NbB did
. show slight signs of sintering after 21 minubtes at 1830°C. 47 min-
utes at 1980°C, produced a compact that did not crumble readlly or
which was not easily scratched by irone. The core of the compact
was especially well sintered, The excess Nb metal was not hard as
the sintered mixture of Nb and NbB was malleable and could be
flattened out in a B40 mortar. It is thus clear that the Nb borides
are not as refractory as the Ta borides and can ke sintered atb
lower temperatures. This might be an advantage under some circum=
stances when high encugh temperatures are not available %o produce
dense well sintered Ta boride eontainersé O0f the nicbium borides,
NbB or possibly NbgB, should be the most promising refractory

material for very rigorous conditions.
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Zirzonium-Boron System

Since our work has been completed, Kiessling(11) has published
work on the system. Bobth studies indicate only one intermediate
phase, ZPBgo It has the hexagonal AlB, (C 32 type) structure.
Kiessling reports a = 3,169 and ¢ = 3053039 Our work yields
8 = 3,168 £ 0,002 and ¢ = 3.528 £ 0.002h. Both studies tend to
indicate a narrow homogeneity range fof ZrBo and an asppreciable
8clid sclubility of boron in zirconium as indicated by expansion of
the metal lattice, Norton, Blumenthal, and Sindeband(IO) have also
recently studied ZrBo and report a = 3,170 and ¢ = 5053530

After 15 minutes heating at 1600°C. in i/2 atmosphere of argon,
a preparation with 68 atomic % boron lost the excess boron to form
pure ZrBs, vut no further decomposition cceurred. Virtually no
sinterihg took place and the final compact was still a loose powder.
Mixtures of Zr and ZrBg shrank and sintered after 15 minutes at
temperatures between 1515 and 1575°C. Mixtures containing from
60 to 75 atomic % zirconium were well sintered snd compact even
aftef 8 minutes at 1500°C. It might appear that the eutectic
between Zr and 2ZrBy 1s below the melting point of Zr which is
probably around 1800°C. when quite pure, and that the eutectic
composition contains a falr concentration of boron. The melting
point of pure ZrB, is undoubtedly well above 2000°C, Agte(7) reports
a melting point of 3190 t 50°C, for a zirconium boride Which”pr@bably
corresponds to ZrBo,

The relative stabilities of ZrBy and WoB were determined by

melting Zr in a WoB crucible. The Zr reduced WoB to W forming ZrBg.
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Titanium=-Boron System

Samples prepared with more thsn 66 atomic % beren lost any
excess boron to give pure hexagonal TiBg, isomorphous with AiBg
(C 32 type}lo The lattice constants a = 3,030 L 0,003 and
¢ = 3.227 £ 0,0034 were found in agreement with the constants

reported by'Zaehariasen(lz)o TiBg found in samples of comp@sition

(12} .
W. Ho Zachariasen, Acta Cryst. 2, 94 (1949).

from 60 atomic % boron to the highest borom compositions studied
always had the same lattice constants indicating a probable narrow

homogeneity range. EhrlicthS) has alsc reported the TiBo phase

(13) P. Ehrlich, Angew. Chem., 59, 163 (194718 2Z. anorg. Chemo,

259, 1 (1949},

with a :-5003 and ¢ = 302239 but he élso reports a TiBR phase of
cubic zincblende structure with a = 40253@ The cubie face centered
phase which we find in our samples with a = 4,28 & OoOlR is inter-
preted to be merely TiN due to nitrogen conbamination and we believe
that Erlish's results might best be interpreted on the same basise.
His lattice constant would correspond to a solid sclution of Ti0 and
TiN, The Ti pﬁaserwas distorted due to solution of boron in the
metal, but no other phases were found between TiBg ahd the Ti solid
solution other than Ti0 and TiN phases which appsar in some samples
due to contamination from the atmosphereov The solid solﬁtian of
boron in Ti appears to be a very wide one as also indicated by
Ehrlichke The powder pattern of the Ti phase changed continually
as the boron composition was varied from 25 to 50 atomic percente.
Pure TiBg was found to be uﬁsinteved after 15 ninutes at

1600°C, A sample containing some TiN in sddition to TiBy shramnk
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noticeably and was somewhat sintered after 15 minutes at 1515°C,
Samples containing the sclid solution of boron in Ti metal were

well sintered even after 8 minutes at 1500°C. The higher the
titanium composition of these sampleé, the greater was the degree
-of sintering observed., The well sintered samples were very hard and
brittle, This might indicate that boron dissoclves in Ti metal to |
raise the melting point and there may be a maximum melting point in
the solid solution rangeo.

When Ti Was heated with WgB powder or in a crucible made of a
mixture of WoB and WB, tungsten was found in the powder patterns
indicating reduction of the tungsten borides by titanium, but the
titanium phase formed was not TiBg or the Ti metal solid solutione
It looked almost isomorphous with TaB and NbB, but the pattern
could not be indexed° A ternary phése of Ti, W, and B was possibly
formed although one can not overlook the possibility of the presence

of oxygen or nitrogen in the phase.

Silicon-Boron System

Two silicon samples with 50 and 80 atomic % boron were heated
in BeO crucibles for 20 minutes at 1725°C, The powder patterns
showed strong lines of a pure silicon metal phase with some weak
lines posgibly due to boron. No evidence for any silicon boride

was founde

Cerium-Boron System

Samples ranging in composition from 25 to 86 atomic % boron
were studied. The cubiec CeBg phase previouély reported by both

Allard and Stackelberg and cgwworkers(l4) was obtained upon heating
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(14} G, Allard, Bull. Soce Chem. France 51, 1213 (1932)% M. V.

tackelberg, Fo. Neumann, Z. physik Chem. (B) 12, 14 (1932 ).

a sample containing 867aﬁomic % beron for 13 minutes at 1730°C,
The lattice constant was a = 4.1390 % 0.0007h. Even though there
was a half atmosphere of argon to diminish the rate of decomposition
with_loés of boron, the existence of this compound at 1730°C.,
Indicates a rather high stability. No other compounds above MBg
were obtained for any of the cther systems studied.

The only other boride found was tetragonal CeBy, isomorphous

with UB4 éﬁd ThB4{15)o Its lattice constants were a = 7.205 £ 00,008

(15) A. Zalkin and D, H. Templeton, J. Chem. Phys., (in press).

and ¢ = 4,090 ﬁ ’000053o Samples from 50 to 6% atomic % boron gave
both CeB, and Ce which would eliminate the possibility of any lower
borides. The Ce lattice constant was 5,119 & 0.01%A. Some of the
samplesg particularly those with more than 50 atomic % cerium, had
oxidized somewhat during the grinding process and Celg was also
observedo

Of all the systems investigated, this system was the only
one which gave completely molten samples . Samples containing
between 75 and éb atomic %4 of cerium were completely melted at
1530°C. A sample containing 50 atomic % cerium was partially
melted at 1300°C., Since cerium melts at 785°C., it is quite likely
that the Ce — CeBy eutectic temperature is close to 785°C. with the
eutectic composition very close to pure ceriume.

A CeBy sample had shrunk considerably and was well sintered
after 15 minutes at 1730°C. A mizbure of CeB, and CeBg shramk less
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and was less sintered after the same treatment and pure CeBg under
the same conditions did not shrink or sinter at all and remained a
fluffy light purple powder. Thus CeBg is not only very stable, but
very high melting in addition., In view of the more refractory
behavior of a mixture of CeB, + CeBg than pure CeBy, it is possible
that a peritectic rather than a eutectic will be found between
CéB4 and CeBg. It undoubtedly will be found at temperatures well
above 2000°C,
Experiments to determine the relative stabilities of WoB and
CeB4 were not too conclusive. Ce which was melted in avWQB
crucible soaked into the porous crucible. X-ray powder patterns of
the crucible appeared to indicate an increase in the amount of W
metal, but né CeBy was observed. Howevefg the WoB lattice constants
were about 0,1% larger with almost the same c¢/a ratio, thus indicating

solution of the cerium in the WgBo
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Summary

The X-ray examination of the varlous preparations have indi-
cated the following definite phases: WgB, WBg .g2=1,029 WB200=20139
MogB, MoBg gg-i.06> MoBo, 33, TagB(?), TagB(?), TaB, TagB,,
| Tasl;}mmg;mg NbB(?), NogB(?), NbB, NbBog,, ZrBy, TiBy, CeBy, and
CeBgo The molybdenum and tungsten borides were very high melting,
but were not as stable toward reduction as the other boridgs. TaB
and NbB appear to be the most promising refractory b@rides for
highly reducing conditions. ZrBy and CeB, also show considerable
promise. The tungsten borides, WoB and WBy go.j.ozs Should bs useful
refractories when reducing conditions are not so severe. The
molybdenum borides appear to be very similar in behavior to the
tungsten borides except for somewhat lower melting points which
may be an advantage undef some circumstances due to the difficulty
in'sintering tungsten'borides except at very high temperatures,

This work was done under the auspices of the Atomic Energy

Commissione
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