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Ao 1 tio

The objective of this investigation was to study vaporization
processes in the molybdenum - boron system for the purpose of deter-
mining equilidbrium pressures and stebilities of the dorides and
possible gaseous compounds.

Quantitative dats oconocerning thermodynemic stability and
equilibrium pressures are of pructical walue in ohooungz mnateriuls
of sonstruction for use at high temperatures and at low pressures,
and are of theoretical value in that they represent a coatribution
to knowledge of a group of compounds for which relatively little
quantitative data are available.

The molybdenum -~ boron aystem was chosen because it is repre-
sentative of a group of refraotory two-component systems, one com-
ponent of which is a transition metal, and the other of which is
one of the light non-metsls (1,2,3,4,5,6,7). These systems are
eharacterized by their hardness, high melting points, metallic
luster, high electrical conductivity and very frequently by nominal
compositions of sclid phases having little apparent relationship
t0 the normal valence numbers of the elements.

Molybdenum and bdoron form a number of solid phases which
have the gensral properties described above. Three phases are
stable at rooa tempereture, MogB, MoB, and MogB, (7,16a,156b), the
last two having high temperature forms and extensive homogeneity
ranges. A sixth phase, 4048y, fscmorphous with CrzBp, is stable



only a$ high temperatures and disproportionates at low temper-
atures into MogB and MoB (9). Boron is not soluble to a detect-

able extent in molybdenum. The melting temperatures range from
about 2100 so 2350%, (11).

0f the various methcds of detemining stabilities or free
energies of formation, that based on vapor pressure data is the
most applicable to refrectory compounds of ths type boln:; eon=-
sidered (19). The factors whieh favor the use of such data are
that a wide variety of methods for measuring pressures over a
wide range of pressures and temperatures exist (20) and the
stabilities are logarithmic funetions of pressures. On the other
hand, determination of stabilities from thermal data is complicated
by the difficulty of obtaining acourate high temperature heat
capscities, the inertness of the compounds, and the 4ifficulty of
obtaining resction products of definite composition (23).

The methods of measuring vapor pressures which were conasidered
were: (a) Langmuir's rate-of-evaporation method, (24) (b) Knudsen's
effusion method (25) (o) manometric or static method, (268) (4) the
srenspiration method, (22) and (e) methods baned on mechanical force
measurements. The last three methods were eliminated for various
reagsons as follows: the msnometric techniques employ apparatus having
very close mechanicel tolerances which would be very difficult or
impossible to attain at very high temperatures; the theoretical



study of the transpiration method carried out by Lepore end Van
Wazer indicated that diffusion effects would render the method

not suitadle for use at the high temperatures and low pressures

%0 be expected; and the low forces to be messured by the reaction
method would intrcduce mechaniocal difficulties. Observations
made during preliminary studies indicated that the Langmuir method
would prove to be most advantageous in the region of eon:pouuu
studied,

It may be pertineant to point out here that the experimental
work to be described im the following sections of this report was
not carried out in the chronological order in which the topics are
arranged in the tadble of ocontents. Thus, vaerious parts of the
work desorided under each of the mejor sections were carried out
over the entire period of this investigation., For example, analytical
methods were tried and used as the need for them becams evident during
the ocourse of the work. Heating arrangements were devised and tried
as more information oconserning the system was acoumulated and
requirements bedane clear.

The experiments on which caloulations cf the stabilities of
MopB, MoB, MogBy and OB, were based are descridbed very briefly
below in the ohronological order in which they were conducted.

(1) A group of five samples of composition ranging from

MoB N oto MoB 2 '!.n heated simultaneocusly in & molybdenum cruaidble.



The semples were suspended inside individual oylindrical shields
which served to igolate the samples from esch other. These experi-
ments were ocarried out in June, 1951, and are recorded in Notebook
I, pp 38-48 and pp 57-38,

(2) Oylindrical samples approximately 19 mm dismeter aend
16.5 mm in height having e MoB core and a MogB surfaee were heated
in a Langmiy experiment to obtain rote-of-eveporation d:nta. These
experiments were carried ous during the period February to May, 1933,
and the date are recorded in Notedook V, pp 15-76.

(3) A oylindrical sample of MooB was heated in a menner similar
to that deseribed in (2). Information obteined in this and the pre-
gecding group of experiments showed that lﬁgl is not a constant evap-
orating eomposition and also parmitted making caloulations of stabil-
ity of liogh. These experiments were carried out in May, 1953, and
the data are Tecorded in Notedbock V¥V, pp 82-87 and Notebook VI, pp £-5,

(4) Experiments on a MoB aylinder were carried out in which
the temperature and duration of heating were limited to those at
which MooB and MoB eould exist at the surface. The reesction

2B, oq(s) z Mo B(s) + 0.92B(g)
could be studied in this way. These experiments were carried out
in May, 1953, and the data are recorded in Notebook VI, pp 9499
and Rotebook VI, p 1.



B. Apparatus snd Materials of Construstion

A Gesoription of the equipment and materials used for this
work appears elsewhere (£8), however, a brief resums of the mein
features of the voouum induotion furnace used for the mejor fractiom
of the work is given below.

The line, designated "apparatus no. 2%, was characterizad by
use of a high-~speed pumping system and placemsnt of the sample
directly above the 4diffusion pump to obtain the most direct pos-
aidle gas flow, to reduece "dead volume™ to a minimum, and to obtain
sinplicity of deaign. A two-plece baffle between the oil diffusion
pump and the cell minimized beck diffusion and kept powders and
other substenoea from felling into the pump, Pressures were read
by msans of a Pirani and an ionization type gauge, and a utility
port was provided for attashing o MoLeod gauge for salibretion or
for introduction of electrical leads, leaks or inert atmospheres,

High frequeney power for heating was derived from a 6 KW
AJax electrothermic are type converter operating at sbout 28 KGC,

A group of four work eoils of various sizes made possidle a choice
of heating oconditions.

Provisions for automatic temperature csontrol and temperature
recording, and the circuit used to celidrate optical windows are
alsc desorided in another place (28). The automatic tempereture
esontrol equipment was not used because its use resulted in excessive
decrease in attainable tempsratures.



Crusibles and radiation shields were meade of tantalum end
molybdenum rod and sheet and of spectroscopie grade graphite rod,
Tantalum and molybdenum rod of verious diameters up to 1/8 inch
was available and was used as supports for assemblies of various
kinds. A complete listing of available materials of construction
is also given in the report cited adove,

Two Leeds end Northrup diseppearing filament optiedl pyvo-
meters whish were certified by the National Bureau of Standerda
wore given the laboratory designetion "no. 1" and™no. 2" and were
used with apperatuses no. 1 and no. £ respectively. Temperature
readings were ostimated to be accurate to + 20° ¢,



g fpalyties) Nethods

The analytical prosedures eonsidered essential to this in-
vestigation were: (a) those for the assay of molybdenum and boron
in the raw materials and bdoride preparations, (b) methods for the
determination of vapor ecmpositions, and (¢) a method for identify~
ing 80l4d phases, In additicn a number of asuxiliary methods were
found helpful for such purposes as identifying and uti:;nting
impurities and estimating effectiveness of purification proscesses
and will therefore be descrived driefly.

1. Assay of Molybdenum and Boron

Samples sufficient to give about 0,28 gm of molybdenum and
about 30 $0 40 mgma of boron per aliquot were dissolved in & mix-
ture of HOl and ENOg or HOL and HpOg in a pyrex flask fitted with
a reflux oondenser t0 avoid mechanical loss. The mixed acids were
about 1 H 4n HCl1 and 2 to 6 N in HNOg4. The quantity of seid was
kept to a minimum required to effeet solution so thet & high HiOy
consentretion would not interfere with subsequent boron determin-

ations by oxidizing the indicators. If HgOp were used, the reagent
was added in £ to 3 ml portions as required. The latter resgent
was slower than the former but eould de decomposed by heating for
5 to 10 minutes after making the solution alkalime. Boride and
boron sclutions were mads alkaline to remove irom, which could de
estimated colorimetrically. The intensity of the colored complex
formed by ferric irom and KONS in HOl eould be oompared visually



with standards prepared in a similar manner, Ko effort was made

to remove iron or to estimate that metal during assays of molybdenum
powder because the specifications for the rew material showed
negligidle quantities of iron. After removal of iron from the
boride or boron solutions, the sclutions were made ecid and trans-
ferred %0 volumetrio flesks, made up to the appropriste volume,

and sliquots taken as required. :

The molybdenum was assaysd by the lead molybdate method
desoribed by Scott (29). IS should be noted that molybdenum forms
poly-seids and a silico-molybdate complex the destruetion of whieh
may require prolonged digestion of the lsad molybdate precipitate.
At least two hours digestion at or near boiling temperature is
recoamended. Molyddenum analyses were found to be reliedle to
about 0,28 relative to total molybdenum, although failure to wash
precipitates thoroughly or to digest them suffieiently could casuse
errors as great as 2%.

Boron was determined by the method Blumsnthal descridbed for
use with trensition metal borides (8), The use of mixed aeids in-
steed of a carbonate fusion to effect solution, and edjustment of
I with bariwm kydroxide t0 presipitate molybdenum (30) were the
modifications in the method as originally given. An aliquot of the
acidified, iron-free solution as prepared above was diluted to
about 100 to 123 ml and sufficient barium cerbonate added %o



neutralise the major fractiom of HCl. Barium hydroxide was then
added to adjust the pH t0 8 or 8.5 using Eydrion paper as indicator,
thus precipitating molybdenum as berium molybdate whisch could then
be removed by filtering. The filtrate from the molybdate precipit-
ation was acidified alightly with HOl and boliled for about one
minute %0 remove CO,, and the excess seid was then neutralized with
NeOH using a mixed indicetor. Eight grams of manaitol fn then
added and the boric acid titruted as the mannitol complex.

The doron determinations on samples analyzed as above were
reliable to about 1% relative to the boron sontent. The chief
sourde of error appeared to arise from insomplete removal of moly-
bdate and manifested iteelf by giving a poor end point when the
oxsess HOL was neutralized. XEnd points were ususlly sharp unless
the solutica temperature dropped, ccnsequently it was desirabdle %0
meintain the temperature at 60 to 80° G, as recommended by Blumenthel.

8. Vapor Compositions

Aslyticel information concerning compositions of vapors was
nesded to study vaporization processes and %o calculate partial
pressures of boroa and molybdenum in rate-of-eveporation experi-
ments. Some information could be obtained from weight loss and
ocomposition change date obtained by the methods desoribed adbove,
howsver sush determinations were not always feasidle, partieularly
in the experiments to determine the stability of ogB, The smell
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wolght losses and amall composition changes $0 bde expected in these
exporiments necessitated the use of methods applioable to the small
quantities of sudlimates.

Spectrophotometrie methods were tried But proved to be unsat~
isfactory. Two methods were tried for the metal, the first being
based on the formation of a peroxy-aeid having an sdsorption maxie-
mum at 330 millimiorons (31) and the second based om tho: formation
of a complex by Mo(V) and KCNS in acid medium (32). The inatability
of aquecus tantalates interfered with bdoth methods by virtue of the
tendensy of molybdenum to de carried down by the tantslum on which
sublimates were condensed. Boron gould not de dstermined accurately
in the presence of tantalum, the diffioulty being attridbuted to
incomplete removal of the metal by the method cutlined earlier,
Efforts to determine boron by use of a colorimetrioc method utilizing
quinalizarin as reagent proved unsugcessful because of inability to
observe any ¢olor change. As a consequende of the diffioculties
above, it was nesessary to resort to spectrossopisc msthods for the
desired analyses.

Two spectroscopic methods were employed to determine the boron -
molybdenua ratio in vapors odtained during experiments to determine
the stadility of MogB, The same set of four standards could be
used for preparetion of calibretion curves for both methods.

™ “unknowns"™ consisted of tantalum yrediatioa shields on whioh
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sublimates of molybdenum and boron were collected., The standards
were prepared tq sinnlate as nearly as possiile the expected oom=
positions of the unknowns. It was possidble, on the baais of weight~
loss data obtained during experiments and approximate vapor som-
positions obtained from weight loss ~ composition shange data, %o
estimate the probadle range of concentration of boron and molyb-
denum in tantalum, The estimated range for boron, in weight per sent
relative $0 tantalum, was from 0.30% to 1.10%, The boron was added to
approximately 0.2 gm of tantalum sheet in the form of comnervially
availsble TaB; ,,, the assay of which had been confirmed within
experimental limits of error. The dorcn content was caloulated om
the basis of total tantalum. The value of the molybdeanua eontent
wes kept econstant at a figure of 2.0 weight per ocent relative to
tantalum and was within the estimated range of molybdemum coneen=-
tratioa expected in the unknowns,

The unknowns and standards were fused in approximately tem
timea thelr weights of a fusion mixture eonsisting of 9 parts dy
weight of K500 and one part XHO3z. After the melts were orushed,
they were subjected to ths usual operations of emission spectro-
scopy. Intensities of lines were read by means of a densitometer,
Exposure of the film, areing conditions, and other operations were
kept as nearly constant as possidble. The unknowns were determined
ia two groups and a set of standards was run with each group.
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The first method of determination of vapor somposition made
use of the tantalun itself as an internsl stendard and was similar
to that desoribed by Brode (33). In this method, the boron contens
of the shield was determined and the molybdenum obtained dy dif-
ference. In the second, the boron -~ molybdenum ratio was deter-
mined directly. The fact that the total consentrations of the
standards and unknowns were comparable with respect to hoth molyb=
denun and boron mede the method feasible and gave approximate
agreenant with the first method; Because both methods suffered
from wide variations in cptical density of emission lines, neither
method eould be selscted as being superior sc results of the two
analyses run on each unknown were averaged to obtain the values
used for ecmputation of compositions.

3. Identification of Solid Phaces

The identification of s0lid phases for such purposes as
obdtaining assurance of complete reaction dwuring a boride prepar-
stion, and determining compositions of surfaces, could be reliadly
and quickly made with a Ceneral Eleotric XRD - 3 x-ray diffraction
apparatus equipped with a spectrogoniometer. This apparatus trasces
out » plot of x-rey intensities ve 2 © on a strip chart on which
angle marks are made.

The copper tube and a nickel filter were used to examine the
borides of molybdenum. The procedure for powders was as follows:
The powder, of about 200 mesh, was sprinkled ia a thin layer about
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1/4 ineh wide and 1 1/4 ineh long down the middle of a vaseline-
coated glass miscroscope slide. The slide was then placed in
position on the spectrogoniometer and the x~ray detector allowed
t0 soan thro gh an inorement of 2 @ from about 20 to 80 degrees.
Surfaces of aylinders were exazined in a similar manner though
alignment of the surface in the beam was mede visually. A run
ocould be made in this manner in about 40 to 45 minutes.

Deviations from velues of £ ¢ calculated from literature
deta were abdout C.l or 0.2 degree for powders, and about 0.4
degree for oylinders. These deviations were attridbuted to poor
alignment of the sample and apperetus, variations in thiockness of
samples, and t0 personal error in reading angles. These deviations
caused no difficulty in making identifications. Values of 2 @
for Ou Ky rediation and relative intensities of reflections for
molybdenum, MogB, MoB, and MogBy are given in Tsble 1. The values
of £ ¢ were caloulated from Kiessling's data (7) for Cr(X«,) radi-
ation and then ressleulated for Cu(Ko) rediation esccording to the
equation

(81n 0)gy/ (81 @) 2 AOW X op
were A . z2.290 % and ,\wgl.mi'. No patterns for boron
could be obtained,
4. Auxiliary Methods
In aidition to the methodas discussed above, visual estimates of

impurities evolved from samples were made from photogrephie plates
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obtained by emission speotrossopy. Quantities of iron of the
order of 5 to 10 mgns evolved during purifieation runs could

be estimated by dissolving sublimates in HC1l, oxidizing the iron
to the trivalent form, precipitating with NaCli and comparing the
precipitates with those prepared by use of known volumes of
standord iron solutionsg. Molybdenum in sublimates oould be

fidentified and estimated Dy use of the Sllg - KONS method,



Table 1

X=Ray Diffraction Date for lolybddenum

Cudbie B.C.

40.8
58.8
73.9
87.8
101.7

e

and Molybdenum Borides

Vogh

Tetregonal

22,3
3E.2
38.0
4.2
44.6
50.6
52.2
6l.4
63.6
66,3
67.8
70.7
2.3
7.2

pgedpddanananns

MoB

Tetragonal

2l.2
£9.2
32,9
39,3
42,9
42,6
47.4
82.7
57.1
59.5
60.0
63.8
66.0
67.8
67.8
68.8
69.7
?70.0
78.7
73.8
78.4
78.6

11;:!::1:1::311: S om1d

HogBs

Rhombohedral

24.6
34.7

36,3 .

38,9
40.0
43.6
48.1
52,7
53.1
58.1
62.2
63.8
64.7
67.4
69.4
71.2
73.2
73.6
75.9
82.3

II!IZIa
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D Preparation of Borjdes
The borides were prepared directly from commercially avail-

abls elementa of high purity (14). The availadility of the rew
materials in powdered form and the availability of o vecuum in-
duction furmase made this method fensible and convenieat (13),
1. ™e Raw Materials

The molybdenun powder, of 400 mesh, was obtained f;vl the
Fansteel Metallurgioal Co. and was specified as deing of 99.9%
purity when freahly prepareds The manufacturer's specification
shoets for this material indicated that oxygen was the prinoipal
dmpurity and that minor impurities were nitrogen, ocarbon, iron and
nickel in truge amounts. The powder is subjeot 0 oxidation on
exposure to air over prolongsd periods of time, The assay 1 1/2
years after purchase was 99.4% after the semple was cutgassed at
1000° 0, for 3 minutes in a vaeuum induotion furnsce. A weight
lose of 0.3 ocourred during the outgassing. Refersnce to the list
of batahes of molybdenum and boron used in this work ahows that the
assay of molybdenum was higher at earlier periods of tims, It is
probable that assays for molybdenum were slightly low besause of
adsorption of atmospheric vapors, however it is apparent that
molybdenwm powder should be used quickly, or should be stored in
a vscuun in order t0 realize its initial high purity.

The 320 mesh boron powder was obtained from the Cooper Metal~
lurgieal Co. and from the Fairmount Chemieal Co. Both manufscturers
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Table 1I

Summary of information
Concerning the Molybdenum and Boron

Molybdenum
Bateh No. Mfy. and speaifications Remarks
1 Fansteel. 99.9%,0g and Hydrogen reduced.
Ng main impurities 1 1b. reev'a 3/6l.
Assay 9.5/ after 7 mo.
Assay 99.4% after 1 1/2 yrs.
2 Fangteal. 2 lbs, reov'd 3/58.
Boron®*
1 C. Bz §5.1% 10 gms reov'd 11/80.
Yo = 0.60% Assay 98-99% after
C = 0O.22¢8 drying in lab. vaeu-
um oven.

2 Ce B =99.188 10 gas recv'd 5/51

re - 0.60’
[} - O.M

S C. B g 99.20% 15 gms recv'd 3/882.

Fe =« 0,35% Spectroacopic estimates

Ce 0,200 showed Mg and Si as ad-
ditional impurities; %
Mg x %81,

4 | ) 10 gns recv'd from A.W.
Searoy, iurdue Univ. "No
great weight loes on heat-
ing at 19000 C." Reev'd
6/82,

s Fo B = 99.10% 50 gms recv'd 11/24/52,

Fe » 0,40% This batch was dropped.
C = 0.308 Assayed 12/20/58. 95,9%
B, 14 M,
] . B¢ 99.1“ 50 gns reav'd 3/”0
Po = 0.408
C = 0.30%

* 0. 2 Cooper Met, Coe; Feo = Faimmount Chem, Co.
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claimed purities of 99.0% or higher, and stated that iron and
carbon were the principel impurities. Chemical and spectroscople
anclyses verified their claims within the lizits of the analytical
procedures used, though earbon was not determined, The assays
were made on ssmples which had besn cutgassed in a vacuum induction
furnsce by heating them to about 1700° g, for ebout ten minutes with
a loss of iilght of 3 to 4%. Batoh No. 5, of fifty gmm:l, whioch
Rhed bean obtained froxm the Fairmount Chemical Co., was dropped
on a wooden floor in poor condition, where the glass container
broke, The datch was recovered with care being taken to mini-
mize the amount cf 4Airt and glass picked wp, and the material was
thon screened through a 800 mesh screer t0 remove glass. Its
assay was 95.5% after outgassing. About 1% of iron and compar—
able quantities of siliocon, caloium and nagnesium were found as
impurities in this batoh,
2. Gensral Procedure

The first step in e preparation consisted in outgassing the
raw materials. The molybdenum and boron were each compacted with
only suffisient prescure to prevent their being blown out of the
erucible when the meschanical forepump was turned on. MNolybdenum
was heated for 10 minutes at about 1000° C, in a molybdenum erucidle
with & weight loss of about 0.3%, Boron was heated in a similar
manner $0 about 1600 to 1700° C. with weight losses of 3 to 4%.
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Heatings were carried out with the diffusion pwmp in operetion.
Uss of high compacting pressures and higher temperatures than
%hose indicated resulted in excensive sintering with attendant
difficulty in arushing and grinding.

After the outgassing, the materials were ocrushed, weighed
out and mixed. .n excess of boron was tesken to sompensate for
fmpurities, about 3£ usually being sufficient when 99% boron
wes used, The powders were mixed first in a gloss dottle of
appropriate size and then paseed three times through a 50 mesh
soreen t0 ensure thorough mixing.

The mixod powders were ecmpacted under about 6,000 lbs of
pressure per square inah and heated in vecuun in molybdenum cruei-
bles. The mixtures were heated slowly to eliminate most of the
oosluded gases and vapors, and the temperature was then raised $o
about 1000 to 12000 0; to effeoct reaction. The nacurrenss of reaction
was marked by sudden rises in tempereture and the expulsion of addit-
iomel vapors. In the preparation of 25 to 35 gm batshes of MogB,
tempereture rises of 50 to 100° C. were noted, and in the preparetion
of eomparadle quantities of MoB, temperature rises of about 300° G,
were found. Large datehes of MoBp were not made, but observations
suggest that the motim 1s also elearly exothemie, If the vio-
lense of the reaction 4id not dlow the 1id off the erucidle, the
mass was heated to 1400 to 1800° C, to effect some purification, With
the exoepiion of sarbon, the impurities are more volatile than the



borides.

After the borides were formed, they were subjected to exam-
instion by x-rey diffraction to make sure that resction wae complete,
and to chenical assay. If these examinations showed the neesd for
adjustment of composition, the appropriate quantity of molybdenum,
boron, or other boride of known compoaition wes added am! mixed
and the mixture wes homogenized by heating for about 10 minutes,
MogB preparetions were heated to about 1400 - 1800° 0. and loB
semples were heated to 1800 - 1900° G, Exsessive sintering took
Pladce if the batoches were heated t0 higher temperestures, so these
values were not generslly exceeded unless the experiment for which
tko material was intended did not require crushing and grinding.

It may be pointed out that x-rey examinations of the resction
produats showed that resction between molybdonum and doron, or be=
twoen the elements snd dorides, was complete under the conditions
employed, and that a given mixture of the elements produced, within
the limits of uncertsinties regarding purities, reaction produsts
consistent with published data on phase compositsions,

3, Purity

The effects of impurities in the samples are: (a) to change
physical and thermodynamie properties such as electrical somductive
ity and thermodynamis astivities, (b) to cause weight loss errors as
s result of voletilization of oxides or other contaminents, and (o)
%0 cause eomposition ohanges in wvaporisation expsriments. Thus,
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excessive loss of boron 6ould take plase by virtus of the formatiom
of stable boron oxides and their subsequent volatilization., The
amount and nature of the impurities and the effectivensss of pro-
codures for their removal were therefore of sonsidersble interest
and will be discussed below,

Carbon and the metallic impurities were introduced primerily
shrough the boron. Oxyeen end oxides were derived primarily from
exposure of the materials to the air. With the emception of carbon
and oarbides, whish 4o not have any solubility in the borides (16b)
and would therefore not cause errors of the type outlined above, all
She important impurities are more volatile than the borides., It
wag therefore possidle to take advantage of the high temperature
heatings in the vaouum induction furnace used in the preperation of
borides and the fadrication of oylinders to effect purification.

It was necessary to evaluate the effectiveness of these oper~
ations indirectly. The limitations on the acocuracies of the methods
for assaying molybdenum and boron, and she introdustion of ime
purities from the mortars when the hard samples were crushed and
ground made sufficiently necurate estimates, partioularly of oxygen,
impossible, The desired estimates were based on assays of the dried
starting material, assays of the borides at early steges of fadbrieation,
weight losses found during various sintering operations, weight gains
of eylinders when exposed to the air, spestrosoopic and chemiocal esti-
mates of impurities in sublimates found on the walls of the cells after
heatings. .
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On the basis of the infommation such as listed above, the
goneral pattern of the purification prosedure has been dedused,
Freshly prepared borides had a minimum caloulated purity of 99,08,
based O assays of dried molyddemum and doron dut were still suffie-
iently sontaminated as t0 make them unfit for use in most vapori-
sation studies. They were also subjest to adsoyption of atmosplierie
Yapors and gases and subsequent oxidation. Sintering op..ntim
wore carrded out in the vasuum furnace with the diffusion pump ia
operation. It is estimated that as muoh as 0.2 - 0,3% woight losses,
ia the fomm of adsorbed vapor, were effected by the punping down
and initial warm up. The estimate is based on estimated "average®
pressures, punmping speeds and times for outgassing. aintqrinc at
high temperatures csused esdditional outgessing, and the elimination
of the metallio impurities and oxides, and also tended to reduce
susceptibility to atmospheric contamination. This type of sontamine
ation, which was considered to be the most troublesome, manifested
iteelf as weight gains on expogure t0 air and had the effect of
giving high retes-of-loss and producing composition changes dy virtue
of combination of the boroa of the semple with oxygen. Vhether oxid-
ation osourred at room temperature or took place when samples were
hoated is not knom, though probably both effects took place and were
followed by loss of borom in preference to the loss of molybdenum,
The offeot of the atmosphere was redused by vigorous sintering, no
doudt as & result of the reduetion in inmternal area ascompenying the



insrease in dulk density.

An estimste of purity of semples as uced for experimsnts can
be mode by using as an example = typiocal oylinder prepured for
Langmuip rate-of-evaporation experiments. The samples had been
made from a bateh of MOR, on prepared from molybdenun assaying at
99.4% and boron assaying at 95.5%. The calculated purity on a dry
basis was 99,0%, assuming no purification took place during prepar-
ation of the boride powder. The iron content was about O.,1% as
dsterained by chemical methods, and spectrosoopio estimates based
on the iron as an internal standard showed that calciua, magnesium
and aluminum wers present to the extent of 0.2 - 0,34, together with
trevce emounts of other substanses. Carbon was not determined though
1% smounted to sdout 0,054. The oylinders were pressed using twenty-
five gram portions and the green compacts hecated for about 10 - 18
minutes at 1800 - 2500° 0., with weight losses of ebout 75 mgm,
or 0,9. The chemical assay for boron and molybdenum showed a
parity of 99.5%. After the "presintered” cylinders were drilled,
they were subdjected t0 a series of heatings at more elevated ten~
peretures, of the order of 3100° C. to decontaminate and shrink
then, Veight losses of the order of 150 - 200 mgms oscurred under
conditions such that only 50 - 60 mgms loss of bdorids could have
oscurred. From the chemical analyses performed on the sublimates
obtained for s group of experiments carried out at about 1400 - 1600°
C., at whiek virtually no boride would volatilize, it was consluded



that deoxidation occurs by a sombinatiom of simple evaporastion

of oxygen and vaporization of boron oxides, with very little
molybdenam oxide loss. It is thus possible ¢o0 conclude that

the treatmsnt accorded the samples in question rendered them of a
purity of 99,9 - 99,96, Other samples, prepared from fregher
batohes of molybdenum and less oontaminated boron could be expected
$0 have impurities to the extent of less than 0.1%.



Z. PFabriestion snd Heoting of Borids Grlinders

1. Choiee of Methods

Thres methods for preparing boride cylinders or rings were
oconsidered: (a) by powler techniques, (b) by casting, (o) by
diffusion of boron into metal rings. Method (b) was discarded
because of the difficulty of heating suffieiently large quantities
of borides to melting temperatures and because of the absence of
satisfactory mold materials, Method (o) was tried but proved un-
satisfactory because of srasking caused dy "swelling" as bdoroan
reacted with and diffused into the metal,

The use of induction hcating was selected in prefersnce to
electrical heating of wires because of the following advantages
pointed out by Johnston end Marshall (34):

(e) "hot spots” dus $o0 non-uniform diameter are avoided

(b) "end effect” or temperature gradients at the ends of wires

are avoided

(e) elimination of significant changes in evaporating surface

area as vaporizrtion oococurs.

(4) ease of odtaining temperature readings by sighting into

"blagkbody” holes eliminates the need for emissivity data.
An additional advantege is the simplicity of design of the apparatus
as compared with that when electrical leads must be bdrought into a
high vacuun system.
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2, Fadbrication Procedure

The odject of the progsdure to be desorided below was to
prepare dense solid eylinders or ennular rings of borides having
ons OF more blaekbody holes nesr the oylinder wells. Solid
eylinders were t0 have amall eentering holes in the center of sach
end, Sash samples were mades by a combination of pomder pressing,
sintering end machining steps.

The design of the powder dies used in these sxperimsnts was
based on specifications suggested by Brewer et al (358). A brief
desoription of the threo dies used cppears in the Table below,
though a more detailed desoripticn is given elsewbere (£8),

Table III
Deseription of Fowlder Dies

No. Nominal O. D, Remarks
of Compasts
1 1/8 inek Sucoessfully made solid

eylinders and annular
rings having a 1/4 insh
I.D.

2 1 inoh Used to prepare solid
saaples. Not suscessful
in pressing annular ring
ocmpacts.

A=107 £7/38 ineh Obtained from Univ, of Cal
Used to prepare solid
cylinders.

The dies desorided above were made from "Ketos" or "Blue Chip" tool

stecl, exeept for the plunger of 4ie Mo, 2, This item wes made from
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a high carbon sterl obtained from an automobile axle and took a
rough finish after bardening and grinding which may have accounted
for the inability to produce the snnular rings.

The boride powders, the preparztion of whioh has been descrided
earlier, ocould be compacted without the use of a binder under & pressure
of 12,000 to 14,000 1bs per square inch. It was also found that no lub-
ricant was neasded if the compacting pressure was kept below the limits
indicated above. In order to simplify the procedure and to avoid intro-
duction of extruneous substances which might adversely affeot the purity
of the samples, neither a binder nor a ludbriecant was used. Compacting
tock plage at room temperature, although a hot die was tried. Compacting
was found to be good with a die that had been heated to 110° C. in a lab-
oratory drying oven but the difficulty in handling the hot die even with
asbestos gloves caused the abandonment of this procedure.

After pressing, the compacts were suvjected to a "presintering”
in molybdsnum erucibles to csuse the particles of boride to stick
together well enough to allow the necessary holes to be drilled.

MopB semples were sintered initially at about 1500° C. and MoB samples
were sintered at about 1900° C. The treatment above rendered the
compeacts somewhat chalky, but they could be drilled by use of high
speed drills. Annular rings could slso be made from the larger
eylinders by turning out the center part of the oylinder oo a

lathe. Use of higher sintering temperatures made tisse machining

operaticas impossible.



After the mechanical operations on the samples, the latter
were subjected to two or more sintering heats at 2100 to 2250° G,
to drive off the volatile impurities and inerease the bulk density.
The shrinkoge acocompanying the first high temperature sintering
wns abou$ 30 to 354, by volume and produced a marked hardening of
the sample end resistsnce to abrosion and caused a decrease in
susceptibility to oxydation. Samples were usually somewhat dis-
forted as the result of uneven shrinkage, and were therefore "trued®
by grinding, thus causing the need for an additional outgassing %o
remove impurities introduced by this operation.

The 1/2 inoh diecmeter samples were prepared in a menner differ~
ing somewhat from the general prooedure outline adove in that these
sanples often 414 not need interriediate mechanical operations and
therefore could be sintered at high temperatures immediately after
preseing. All samples, however, were subjected to outgessing heatings
imnediately defore they were used for dats runs,.

3. Results of Heating Tests

The selection of dimensions whieh would permit the attainment of
teaperatures nedessary for this work was mede on a trizl and error
besis because the lack of availability of resistivity data at the
beginning and the porcus natuxre of the samples made caloulations
impossidle. Some of the heating tests that were carried out will
be desoridbed bdelow besause they lead to suggestions that may prove
healpful in future work,



The runs to be discussed were as follows:
e¢ Run 9. A #0lid oylinder 21 1/2 mm diem, x 17 1/2
mm wes heated $0 a maximm temperature of 1630° C,
The semple had not been subjected to a high temper-
ature sintering, and was heated in line No., £ with
only a pair of tantealum end shields.
be Run 64 G+ An annular ring 2,37 om in dlameter and
1,80 o in height, prepared by the process deecrided
above oould be heated to 1300° C. with e power input
to the converter of 6 KW, and to 1850° O, with s rower
input of 6 1/2 KW. Only grephite end ghields were used,
6. Run 65 0. A ring similer to that used in b, above
oculd be heated to 2250 to 23500° G, with a tantalum
rediation shield,
The annular rings descrided in the preceding expsriments all ultimately
oracked after a number of heatings but in eash case oracking did not
osour until weight losses of about 2% had oecurred. All experi-~
ments were carried out in line No. £ with a quartz cell eand Ajax
work ooil SPl, having en 1.D. of 2 3/8 inches.

It would appesr that shrinkage may eause a change in resistansce
sufficiently great as $0 affect the heatability of samples. Also,
the possidility exists that a smaller work coil might increase the
attainable temperatures to a value at which shislding may not be
DOOSssAYY.



¥, Ihe Molybdenum - Borog Jrgtem

1. Previous Work

Kiessling deserided three solid phases stable at room temper-
ature, hsn. MoB, end leBBW). Bertaut and Blum reported in 1951
the existence of a fourth structure, MoB, (10). Later, Steinitz
(21) and Steinitz, Binder and Moskowitz snnounced the dimcovery (7)
of a high temperature phase, llosnz, which disproportionates at low
temperatures into logB and loB, and of a high temperature form of
MoB whieh they designated as @ -loB. The last named authors
showed that MoBp, is a highk tempereture form of Wo,Byg and has the
same homogeneity range as the low temperature strusture,

Steinitz and his oolleugues had aleso measured melting points,
trensition temperatures and eutectic and peritectic temperatures in
the system. During the courss of work on vaporization properties of
some of the molybdenum - boride compounds, it wes possidble to make
obeervations of scms trsnsition temperatures. Vvhen the report of
the other workers appeared, it was decided to repeat, in part, their
study.

£. Experimental Work and Results
a. Semples

Stosks of MogB end MoB were prepared asocording to the procedure
desoribed in the section "Preparetion of Borides™, and were found to
have purities of 99.0% or higher. Individusl samples of inter-

mediate compositions were prepared from these two stooks and were



mixed by sereening.
b. Procedure

liost of the experiments were carried cut in grephite con-
tainers, as were those of Steinits et al. Two kinds of containers,
made from spectroscopic grade graphite rod, were used to heat groups
of mixtures weighing 1/4 - 1/2 grem. The first consisted of a
7/8" dlameter cyiinder 3/4" high into which 7 holes 3/16™ in dia-
meter and 1/2" deep were drilled. The second was made by drilling
a 3/16" hole 1/2" deep into a 1/4" grephite rod 8/8% long. The
first waa heated direoctly by induotion and the small orucibles
wore packed into a tuntalum heating element for induotion heating.

The heatings were performed in a high vacuum system in which
the maximum pressure was 2 x 100 mm and was usually less then 1 x
100 mm, The general pattern of heating in graphite was to reise the
temperaeturs rapidly to a valus somewhat below the desired one and
then to reise the temperature slowly. The samples were held for 2 -
5 minutes &t the maximum temperature, The short time was employed
to reduse possible contamination by the orucible material and to
reduce composition changes that would ococur on heating. The samples
were examined after the heating, snd if no changes were noted, were
rehsated to a Ligher temperaturse.

Temperatures were msasured with a Leeds and Northrup Disappear-
ing Filament Optical Fyrometer, certified by the National Buresu of
Stendards, by sighting through s window at the top of the vaouum



syster into the central hole in experiments with the grephite
eéylinders, and into one of the graphite crucibles in experiments
with these in the tantalum heesting element. Some observations

were made during vaporization studies conducted by heating samples
in tantalum ocruci les allowing minimum eontact with the compacts

and usre pertinent to this investigation. In these cases, temper-
atures were read by sighting directly into the crucibles through

an effusion orifice. The reproducibility of temperature resding

wag about 1 5 degrees, Numerous comparisons of pyrometer readings
showing agresment among several workers in this leboratory have been
made. To the observed readings the certification scorrectiocns and
window eorrections were applied in the usual way. The absolute un=-
coertainty of the temperature measurements is of the order of twenty
degroes,

After being heated and cooled the samples were examined visu-
elly for malting. Changes from a dull %o a bright metallic surface,
rounding of edges, and partial or complete collapse of the samples
wore used to make rough estimates of the degree of melting. X-ray
diffraction patterns showed that no reaction with graphite had occurred
unlesa there had been extensive melting. Metallographic sxaminations
were not made,

6. Results
The results of this investigation are shown in the temperature -

eomposition dlegram of Figure 1 in a manner similar to that used by
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the authors above, Sguares represent samples showing no melting ,
trisngles repressnt samples showing poarticl melting, and eircles
represent samples showing extensive or complete melting. The
large eircles around asquares or triangles indicate experiments
ecarried out in tantalum cruecibles. The triangls in the parentheses
indicates an observation made on an annular ring of boride whioh
was heated directly by induction. This point mesks one of the
points, No. 26, obteined in graphite at £266° C. The individual
points are deseribed in Table IV on the following page, and corres-
pond t0 the numbere appearing on the plot,

3. Dimoussion

Except for the point No, 39 at 8,3 doron or approximately
MoBg g and 2350° G, obtained from experiments in a tantslum srusible,
all data are consistent with the generel features of the system as
proposed by the previous workers and as drawn here., This discrep-
aney is not considered serious in view of the fect that the compo-
sition of this sample was not well known because of uncertainties
in initial composition and changes in composition arising from
vaporisation,

At the temperaturss 2142 and 2221, the appsarance of partielly
melted samples lying to the left of the MosBg composition and the
appearseiee Oof unmelted samples lying to the right of this composition
clearly indicate the presence of the sompound reported, Rough esti-
nates were made of the extent of melting after the experiment at R286° O,



Table IV

Suamary of Data on tne Melting of Boride Samples

Pointe Run No. Reaarks
l1 -9 6l a Multi-ouvity cylinder. HNo melting
Temp. = 2008° C,
8 - 14 61 b Reheat of sbove. Temp. = 2097° O,
15 - 21 6l e Freah charges in individual crucibles.
Temp. = £142° ¢,
22 - 87 62 a Point 22 is reheat of No,., 17
] “ L] n L] L] 13
] sb - " L] L] 19
" 2‘ L] L] ] ] 20

Points £3 and 27 were fresh oherges.
Temp. = 2266° C,

28 7 a uono.% heated in Te for 1 hour at

22681° C. No Ta found spectiroseopically.
B/¥o g 0.82 after heating.

29 -l HoBo 96 heated in Ta for 8 min. at

22388 ¢c, Spectroseopic mnalysis for
Ta was negative,

30 77 Noﬂl_oo heated in zraphite to 22980 O,
for melting point determinaticn.

3l - 34 78 Fresh powder charges heated in indi-
viduel graphite acntainers. Temp.
2881° ¢,

3B 7% e Sample heated in mmall container, of
graphite, to 2373° g,

36 80 b 1/2 ineh oylinder heated in graphite
to 2328° ¢,

» 84 ¢ Annular ring of initial composition 10.3%

Boron heated for extended time. Outer
layer partielly melted and showed B/Mo =
0.90 after heating. Sample heated ia
graphite support. Temp. z 2265° C.

B -3 71 b0 IIOBO 9 heated twice in Ta. Compositions

estimated on basis of loss of S B/Mo in
vapor.
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and showed that extent of melting decreased with inoreasing boron
content, thus excluding the possibility of a congruently melting
compound at MosBs. There seems, then, to be little doubt coneerning
the general features of the diagram.

It 48 epparent from Firure I that the ineongruent melting points
for iloBB and MogBy and the melting point of KoB may be set within
reasonably narrow limits. It is in these tempereatures that the
present work differs consideredbly from thet of Steinitz, Binder and

Moskowitz. The temperatures ars compured in Table V.

Table V

Temperatures (°C) in the Molybdenum-Boron System

Subgtanee Phase Change Previous Work This Work
MogB Incongruent melting 2000 2097 - 2148
. Final melting 2060 2142
MozBp Ineongruent melting 2070 2238 - 2266
. Disproportionation 1880
MoB Melting 2180 2325 - 2373
MoBy Melting 2100

The Tadle shows that temperatures differ by about 125 to 178
degress. Generally, in temperature measurements with an optiesl
pyrometer, errors other than those resulting froam gross mismatching
of the filament and obdject tend to make Observed temperatures too
low. ©Sush is the case, for examplse, if the object is not a black
body, if the pyromster lenses are dirty, or if absorbding or scattering

substances are in the light path.
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It is suggested that if the temperatures recorded by earlier
workers are too low that they may be so for the following reasons.
First, sighting through a gas, as they apparently have done, leads
to uncerteinties if any oconvection currents exist in the gus or if
any partioles remain suspended in the gas. Conveoction ourrents may
lead to refrastion effects »nd particles soreen out light, both
tending to give low results. Second, the previous workers sighted
into a tube extending into the heated region, the temperature of
which may well have been higher than the interior of the tubde it~
self because of the thermal drop across the tudbe wall. A third
faotor whieh may explain in part the diffennu in temperature is
the differenee in purities. The samples used by the other workers
were claimed to have purities of 96 - 98%, whereas the minimum
purity found in this work was 99.0%, and most samples could de
expeoted, on the basis of the assays of the rew materials from whieh
they were made, t0 be of greater purity.

The ocomplete phase diagram of Figure III and the partial phase
diaegram of Figure IV in the article of Steinitz, Binder and Moskowitz
implies that molybdenum, MogB, MoaB, and a liquid cen exist simultan-
ecusly. This is contrary to the phase law, however the first named
author subsequently corrected this disorepsnoy and stated that the
eutectie temperature in the Mo - MooB region probably was less than
50° G. below the incongruent melting point of MogB (36). The above
named euthors also state that MosBy is formed by the peritectie



decomposition of MopB, however, the diagrem indicates that doth MogyB
and MogB, meit incongruently.

Kiessling found that MogB has @ narrow rance of solid solubility
(7), a result with which Brewer and his students were in agreement
{16b). It will be assumed in this work that this compound is of
definite composition at ell temperatures used in this study. The
range of solid solublility of MogBp is also shown by Steinitz et al
as being negligidle. sccording to these authors, the high temperature
molybdenum doride is isomorphous with CrgBg and eould therefore be
expeoted to have the same kind of binding as the ohron.iun compound.
In view of the fact that Kiessling shows CrzBp as having a negligible
renge of homogeneity, (37) it is reasonable to assume that MosBp is
also of definite composition and such en assumption will be made in
this work. The range of composition of MoB is given by the formula
MoBj gg.]1.06 8nd that of #4oBy is given by the formula lbns_u_zoas.
It will be assumed that the ocompounds have the indicated ranges of

homogeneity at sll temperatures.
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8. Yaporizetion Properties end Thermodynamic Stabilities

1. Purpose
The primary object of this investigation was to obtain rate-
of-eveporation data from whioh equilibrium vapor pressures sould
be calculated cnd stabilities of the molybdenum borides deduced,
and t0 seareh for gaseous compounds. The Langmuir oquatioia by meuns
of whieh vapor pressures can be deduced from experimental data is

written for purposes of this investigation as:

of 4Py = 0.02254 Gy [ T/My

accommodation coefficient of speoies ™i"

whore 1 =
Py = partial pressure of species "i" in atmospheres
G4 « rate of evaporation of "i" in gms/om?/see
T 2 temperature in °K of the evaporating surface
¥y =z molecular or atomic weight of "i*®

The method of vapor pressure measurement used in this investi-
gation ylelds directly only average total rates of loses, that 1s,
z tl1 o It follows, therefore, that auxiliary-information pertsining
t0 the identity of the importact species and to the ascommodation
coefficients was required. In addition, the fact that the system is
of two components und has more than one solid phase implies that
composition changes must occur during vaporization in some of the
composition renges. A kmowledge of the important vaporizing processes
was therefore also needed to devise experiments, and to interpret
data properly; Some of the required information either appears in the

literuture or may be deduced from litereture data, and will be dissussed
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under the heading "Previous York". The other information hed $0
be obtained experimentally and is described under the heading
"iuxiliery Experiments”. ‘

2. Previous Work

Langmuir et al have shown that molybdenum vaporizes to form
monatomie gus (42), and that the vapor has an accommodation ecef-
ficient of unity. It 1s possible to calculate the equilidbrium
eonstant for the rescotion

Bp(eg) = 2B(g)
from spectroseopie data (38,39) and from this to show that for
boron pressures t0 be expected the distomie bdoron molecule would
be of negligivle importance. BErewer has also stated that no gaseous
borides except B0, BS, and BFy are stuble above 2000° K and a total
pressure of 10~® atmospheres (6). It is recsonable to assume there-
fore that only the monatomic elements need be considered in the vepor-
ization prosesses that ococur during the heating of the molybdenum
borides 0 high temperatures.

Glaser has made a study of the systems oonsisting of a transition
metal, carbon and bdoron (40) and concludes that in general the borides
are steble with respect to reaction with graphite exaept that Mo B does
react in a carbonaseous atmosphere or with graphite above about 2000°
Co (40)¢ This study was useful in selecting graphite as a material of
eonstrustion. Om the basis of studies such as those of Post and on
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the besis of other available data, Brewer and Harsldsez have deea
able %0 set limits to heats of formation of some of the borides (23).

The Langmuir method for meusuring vapor pressures hss beea
applied not only to metsls dut aleo to eush compounds as N10O (34)
end to the study of the equilibrium pressure for the reaction (41):2

3ar0(s) + (s) » Bsr(gH- sWoy .
Such studies have indicated thet accammodation ecefficients are
unity. It is reasonable to assume that aecommodation soceffieients
would also be unity in the vaporization prosesses involving the
molybdenum borides.

In summary, it appears that vaporization from heated molyd-
denum borides should ocour to monstomic elements. Aceommodation
soeffisients may be assumed to be unity tbough data pertaining to
the system under study would de desirable,



3. Auxiliary Work
8. Gettering

In the following discussion the term "gettering" refera to
the reastion of a vapor with a hot, solid non-volatile reagent such
28 tentalum and sudbsequeant diffusion into the reagent., . "gettor"
experinent is considered to de a rete-of-evaporation experiment in
whiekh a vacuum is maintained by gettering instead of condensation
of a vapor on a cold surface. The "getter factor” is the ratio of
the number of atoms of vapor which are "gettered™ to the number
which are inoident on the getter surfaoce,

Ascording %0 the definitions given sbove, the oondensation
coefficient or ascommodation escefficient of the vapor heing studied
mast be equal to or greater than the getter factor beocsuse sticking,
or eondensation, must ocour if gettering is to occcur. Experiments
wore carried out in which 1% was posasible to show that getter faotors
for molybdenum and boron on boride surfaces were equal,to or of
the order of unity and thus to provide evidence justifying the as~
sumpticn regarding secommodation coefficients made in the preceding
section. These experiments will be dessribed besause of their appli-
eability %o this study and dessuse the gettering teshnique may be
of potential though probeably limited value in cases where heating or
fabrication difficulties are encountered. The evidence is doth jusl~
itative and quantitative.

The qualisative observations consisted of failure to find ovi-
dence of attack of surfaces by reflected vapor except where surfaces
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had already deen heavily attacked. Thus, in a number of experi-
mants in whieh borides were heated in tantalum or molybdenum
containers, it was found that various parts of the assembly ocast
sharp shadows end surfa¢es not directly exposed to the vaporizing
surface were not attacked,

Two kinds of experiments were carricd out which provided in-
formation ocomcerning the magnitude of getter faotors. The first
group of experiments consisted of heatings in whieh the vapor
preasure of boron was measured using a molybdenum orucible as a
heater and gotter. As a first approximation, the comparison of the
vapor pressure messured in that way with that measured by a different
method such as the effusion method used by Searcy (44) should give
the valus of the getter factor for borcn on a borided molybdenum
surfase., An alternate method of somparing results would be to com-
pare heats of veporization at some reference temperature such as
298° K, Both eomparisons are made below and show that the getter
factor indicated are unisy or nearly unity.

A boron eylinder 1.28 oa in diameter and 0.51 om in height
was used., The history of the sample used prior to the experiments
descrided below is as follows: the sample was prepared from boron
bateh No. £ by pressing and sintering at 1700° C. for about 15 mine-
utes. The semple was then heated for approximately 100 minutes at
1528° G. for purposes of making vapor pressure measurenents dut
the run was considered as giving inconclusive results at that time,
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Weighings of the sintered sample four days after these experiments,
which were carried out during September, 1951, showed that sintered
boron ¢ylinders are impervious or necrly impervious to atmospherie
attack. The sample was then stored in a dessicator for approximately
fen months before being used again.

The sample was heated in a covered 3/4 inch diemeter molyb-
denum crueible, It was supported on a piece of tantalum sheet whioh
had been dented in order to minimize contact. Two heatings were
made in a pyrex cell using apparatus No. 2. The first heating, No.
26, was originally intended to be a degassing run but because of
the amall extent of atmospheric attac_k the data obtained during the
run are included and are used. The ﬁata are summarized in Table VI,

The reported temperatures are msan values to whioch pyromster
and window corrections have been added. The areas shown were the
external area of the cylinder as calculated from the dimsnsions of

the c0ld sample.



Table VI

Summary of Data for Vapor Pressure
of Boron by Getter Experiments

Run 826 Run 27
Time, so® 3600 9000
Teap., K 2060 £015
Ares, e 4.60 4.60
Weight changes, mgms '
seaple -10.8 ~11.3
loaded ecruoible - 2.4 - 1.3
orucidle only 8.5 10.3
Eetimated eorrectioa
dues to v.p., of o, mgms 0.6 0.7
Corrected gain of orucidle 9.1 o 11.0 -
P;.m.tnu:mk 1.7 x 10 8.2 x 10
P; , Atm, Searey's data 8.9 x 10°8 2.9 x 10°8
Hpgg » ksal. this work 13 137

The vapor pressure of boron determined in these experiments
wes ealsulated on the basis of the corrected gein of the oruaibdle.
It was assumed that net loss of the loaded erusidle was due to out-
gassing and loss of molybdenum from the exterior of the orucible.
The latter loss was estimated on the dasis of the external area
of tke orueible and data odtained from the paper of Edwards, Johaston
and Blaokburn (46) and wes applied to the cruoible gain., The corrected
net losses should thus be ~-1.8 and -0.6 mgm for runs 26 and 27 respect-
ively. These losses are reasonable on the basis of the properties
of sintered boron and the assay of the rew material., The calculation
of F} was made for eesh run aecording to the Lengmiir expression co
the assumption that the getter faotor was unity.
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The values of PQ found in this work can be eompared with
those somputed from Searey's heat of vaporizationm for boron of
140.9 4+ 1.4 keal and from Brewer's free energy functions (43,44).

It can be seen that the values found in this work are higher than
those somputed from the above data.

The values of Al" wore combined with Brewer's free eaergy
functions to obtain the indicated values of A Hpog 12 the usual way.

T™e data summarised in the table above indicats that the
getter factor is apparently higher than unity, however it is delieved
that the data found in this work agrees withia experimental limite
with that given by Searey so that it may be consluded that the
getter faotor of boron on & borided surfece is unity or nearly unisy.
Sinee "sticking™, or condensetion is a necessary proeess in gettering,
1% follows that the accommodation ¢oefficient of boran on a boride is
unity or approaches unity. There is no reasson to believe that the
agcommodetion coefficient of molydbdenun vapor should not also cpproach
or equal unity on one of its compounds.

A ssoond group of experiments was carried out the objestives of
whioch were (a) to evaluate getter factors, (b) to determine whether or
not MoB has a ccastant subliming composition and (¢) to measure rates
of evaporation in order to determine stabilities if such a composition
were found t0 exist. The experiments culminated in the melting of the
sample, & fast whioh was shown on the basis of weight loss - composition
change data %0 have been due to preferential loes of boron. Suffieient
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data wers taken however to show that getter factors must be of
the order of unity.

A boride eylinder of spproximately 12 mm diameter was pre-
pared from molybdenum bateh No, 1 and boron bateh No. 3 in a
manney desoridbed earlier. The initial composition of the sample
was 9.6% boron and 90,.2% molybdenum or HoBy og

Heatings were carried out in spparatus No. £ equipped with a
quarts cell. The heating arrangensnt is shown in the sketeh of
Figure II and employed a tantalum heating element which heated a
tantelum spinneret and its contents by rediation. The spinneret
was dented on the side and bdottom in order to minimize contedt
with the sample.

The data teken during the runs on a single cylinder are sum-
marized in Table VII, Rum 71 a, Of 8 minutes duration at 2200° ¢,
was & sintering and ocusgassing run on which no data were takem.

Buns 71 » and ¢ were intended to cause a weight loss of about 10§

in oxder %0 permit the sample t0 reach its constent subliming
sompogition, if sueh a composition exists. Runs 72 a and b were

made 10 outgas a new spinneret in preparation for run 73 and provides
information by means of which outgassing corrections could be applied
to weight change data taken on the previcus runs. Run 73 was intended
to provide data for evaluation of getter faoctors, and weight loss

data for ealculstiom of equilidrium pressures but proved to be abortive
in that the sample melted., The melting of the semple during r»un 73



led to the conclusion that composition shanges odourred, a conslusion
which was subsequently confirmed by making somposition echange =~
weight loss determinations.

The bdasis for making the getter fuctor determination consisted
of comparing the welight of wapor gettered with the weight incident
on the gettering surface, It was assumed that the net weizht loss
sufferesd by the apinneret and contents took plase by virtue of
effusion through the orifice in the spinneret cover and that the
weight of vepor incident on the uader side of the cover aould be
meagured by that loss. The assumption wes also made, as a first
approximation, that vapor would not be reflected from the under
side of the heater cover, an sssumption whieh appeared justified
in view of the faet that there was no evidence of vapor attack on
the top of the spinneret cover., That is, had the effusing vapor
boen reflested from the hot heater top, there should have been evi-
denoce of soms attask by vapor which had been reflected on to the
top of the spinneret cover. The adbsence of sush atteck is takem
as qualitative evidence that getter faotors were nearly unity.

The fraction of vapor thet was gettered could be determined
by eomparing the weight gain of the spinneret top per unit area with
the rate of inoidence per unit area as measured above., The assumption
that the rate of insidence per unit area was constant over the under-
side of the cover was made but it waas prodably not presisely correet
to do oo,
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Table VII

Sumary of Data for Getter-Fector Experiments

Run Tl a

Time, sec 480
Temp. %, 2200
Sample dimensions
init*l, em
final =
t. of sample, gms
initial
final
loss
Wt. of spinneret, (loeded)
inisial, gus

final, gns

net loss, gms
spinneres eover gain, gms
orifice dian, om
reaction area diem, om

Rum (blank) 72 a
tins, seec, 3800
temp, OG. 2350
spinneret loss

ons. without 144 0,0083

710

3600

2320

D xH
1,18 x 0,93

1,12 x 0,91

5.9808
8. 7903

0.1908

10,0887
10,0666

0.0281

broken
Q.48

1.40
72 %

3600
2270

0.0009

1e

3600
2345

1.12 x 0,91
1,08 x 0,88

5.7903
D+ 5454

0.2449

10,4045
10,3800

0.0248

0.0433
0.45

1.40
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The getter factor may be computed in terms of weight

ohanges and dismeters as shown below for run 71 e.

Getter factor z 43.3 - 85  o.20
(1.‘02 - 0.“ ) (0.“)2

where the numerator is proportional to the rate of gettering and
the denominator is proportional to the rete of inecidence.

I% may be seen from the manner in which the experiment was
condusted that getter factors would be very sensitive to any error
that tended to give high retes of incidence. Susch errors could
result from loss of impuritiss sueh as iron froa the sample itself,
or froa outgassing of the tantalum container. That sueh errors
aotually 414 ogcour was shown by the fact thut approximately 2 mgms
of iron was found in the gondensate formed on the quar¥s eell wall
and by the data givem for the "dblenk" runs., Recalculation of the
gotter faotor after applying an estimated correction of 4.5 mgas
to the net loss gives a factor of 0,25, It is worth noting that
the sample used im run 71 o was partially melted with the liquid
probebly ecating the outside. The composition change in similar
sanaples as noted in seotion C, part 2, indicated that the escaping
mole retic was approximately 3 B per ko,

In the following discussion it is essumed that the boron and
molybdenum vapor arising from the sample resot with the tantalum %o
form § laysr of teatalum-boron-molybdenum alloy above which the



partial pressures of molybdeaum and boron are smaller than the

partial pressures under investigation. If t:e conoentration of the
condensed, or gettered, vapor increases in the alloy layer as
vaporisation coatinues during an experiment, then the partial pressure
of the boron and molybdenum might be expected to inoresse with con-
sogquent "dack"” vaporization, unless diffusion of the gettsred vapor
into the getter is sufficiently repid to0 maintain a low eonoentration.
This effsot would appeer t0 be partioularly applieable to molybdeaum
and aight account for the low observed getter faetor.

IV 18 appureat, nevertheless, that a very substantial freotion
of the vapor must have condensed on the alloy surface in the manner
postulated by Langmuir and that observed low getter feetors are
explainable ia terms that are not inconsistent with the assumption
thet ascommodation socefficients are unity or nearly unity.

b Yaporization Prosesses

The experimental work on which the following discussion is
based extended throughout the entire period of this investiration,
however, it is convenient, before going cn to descride the deter-
mination of the stabilities of the individual borides, to discuss
the subjeet of vaporization processes at this point.

The means by which the general pattern of behavior was deter-
mined consisted of cbservations of composition changes produced
when borides were heated in a vacuum and comperisons of rates of
loss from Worides with that from molybdenum metal. The importent



procedures ecasisted of the analytical methods for boron and
molybdenum, end the x-ray M-ntiriution of solid phases., Of

the observations which led to the conclusiocns to be discussed delow,
those which were most free of objections were made on runs to be
deseribed in connection with the determinations of stebilities end
therefore no detailed description of those experiments will de
given here. In general, however, the methods of preparation of
samples and heating and the procedures used have already been indi-
cated previously.

Results of observations have led to the conslusion that there
is no oonstant sudbliming ocomposition in the Mo - B system, and no
important gasecus boride is of suffieient stability existe to bde
oonsidered, It was also found that if a given higher boride sush
as MoBy were heated in vacuum, the preferential loss of boroa
causes the formatiocn of a lower doride through which boron diffuses.
The general reaction to be considered is thus

MoBy(s) = Mo(g) + xB(g)
where MoBy represents the

lower boride oconstituting the surface layer. Because vaporization
oscurs from a single s0lid phase surface having two components, it
follows that the partial pressures of molyddenum and boron are not
fixed, dut must be used to ealoulate am equilidbrium constant,
[’ngS!i +« The system sppears to be very mueh like the Al -
AlgO3 system studied by Brewer and Searoy (43), but is simpler.



The experiments by which the adove ccnslusions were reached
are desoribed bdriefly below, Mixtures of MoB and ioBp having compo-
sitions ranging from MoB, o to MoBg o were suspended within indi-
vidual molybdenum cylinders to isolate samples from one another
and hested in a molybdenum crusible, Heatings of about one hour
duration in the temperature range 1828°% C. to 1900° 0. wers con-
duoted. X-ray examinations of the starting material defore the
rns end similer examinations of the samples after the runs
showed ¢lesrly the presence of an outer layer of NoB and sn inner
core of MoBs or MoBp together with MoB, depending on the initial
eomposition.

T™wo prelininary getter experiments and one conventional Lang-
muir experiment showed that doron is lost preferentially froa MoB
as determined by weight loss and corresponding composition change
data. These experimsnts are listed below together with pertinead
weight loss and composition data,

Bup 76 g A semple of initisl weight 0.8680 gm lost 0,0128

&n and the weight peroent boron decressed from 8.8
to 8,3%, in g getter experiment..

B 76 . 4 sample of initial weight 2,3083 gms lost 0,078

gn and the weight percent boron decreased from
9.0 to 8.9% in a getter experimsnt.

Bn 84 8. 4 #2011d cylinder of MoP weighing 23,7441 gms

initially underwent a loss of 0.2308 gma end



a eorresponding change of boron eocatent from
9.0 to 8.9 weight-peroent,
The information above thus indicates that MoB loses doron
prefereantially.

Cylinders of MoB and of MogB were heated by industion in e
menner 10 be desoribed in the sections following this and were
found to have cuter layers of MogB and Mo respectively after heat-
ing. These outer layers were persistent with heeting 0 that the
possibility of somposition changes resulting from adsorbed or dis~
solved impurities susch as oxygen was [recluded,

That no important gaseous species exists could be shown by
compariscn of rates of loss from the MopB oylinder with the rate of
loss from Mo, If & metal layer were formed on the surface of the
MogB oylinder, the rate of loss of metal should be equal to that
corresponding to the vapor pressure of the metal iteelf, A furthep
gontyridution 0 the rate of loss should cecur by virtue of vaporiszing
boron. If a gaseocus boride were important, the total measured rate
of loss should de greater than that due to the vaporization of the
clements clone. Within experimental limits this was not found to be
the case s0 that the possidbility of any important gaseous boride i»
eliminated.

4. Stability of lh'l

The stability of Mo_B wes studied by use of two reactionst
(1) MogB(s) = 24o(g)t+B(g)
(2) Hnal!(l) » 2do(s)+B(g)



Prosess (1) eonld be utilized by hoeating a cylinder of
MoB, o¢ iR Vasuum so that the preferential loss of boron left
an outer laysr of Iosl through whioh boron &iffused from the
interior as desoribed in a previous section of this report.
Analysis of $he sublimete for molybdenum and boron together
with rets-of-evaporation data made possible the determination of
Ky for the reaction. The freec energy changes onloulated from K,
were then used with fre- eaergy funotions to compute A Hfjgg Of
formation for the solid.

Six eylindricel seaples approximetely 19 mm in diameter end
16 1/2 ma high were prepared from molybdenum batoh No. 1 and boron
batoh No. 5. The preparation of the boride, the fabricatiom of the
samples and the puritics of samples as prepared for rate-of-evapor-
ation experiments have already beecn discussed, Of the six oylinders,
three were used, eash of which wua subjecied to three runs.

The apparatus No. 2 with quartz cells wes employed for the
heatings. The equipment and details of the heating arrangement
used ere given elsewhere (28). The heating arrengement wos much
the same as that showm in Figure II exsept that the tantalum heater
was replaced by the sample itself and the top and bottom tantalum
shest used for rediation shields next to the heated element wers re-
placed by grephite discs turned froam spectrossopic grade graphite
rod. The graphite was used in place of tantalum to avoid warping
shat would result from resction of the mstal and vapor.



Before rate-of-evaporetion experiments were carried out, one
run, designated run 84 e, was mede to obtain assurange that no
signifieant errors would osour as a result of temperature gradi-
ents. Another experiment, designated run No, 80 b, was also
made $0 obtain assurance that temperature readinga would be
made by eighting into a blaockbody hole.

FJor run 84 o, a 1/16 inch diameter hole was drilled longi-
tudinally down the center of one sample eylinder to a depth of 1/8
ingh and a similar hole was drilled near the cylinder wall upprox-
imately 9/32 ineh from the center. The cylinder was then heated to
about 2360° C, in line No. £ in a typical heating arrangement and
Seapsrsture readings were teken on both holes. Differences of 13°
C. were noted. Besause of the nearness of the outer hole to the
outer layer of doride within which heating took place by induction,
it was estimated that the temperature of the wall would be no more
$han & degreos higher shan that read in the ocuter hole. The errop
eould be expected to be mualler at lower temperatures, 5Since temper-
sture readings oculd be reproduced to within a range of only about 10
degrees at £000° G or higher, it wes assumed that errors due to temper-
ature gradients would be negligible.

For the sescnd experiment, run No., 85 b, three holes 1/16 inch
in diameter were drilled 3/8, 1/2 and 5/8 inch deep on a 9/16 ineh
diameter eirele and the sample was then heated as above to 1900° G.
Three observers took readings on each hole and the readings were



found to fall within the renge 1900 to 1909° G. It was therefore
oconeluded thet a hole at least six times eas deep as its diameter
in a doride oylinder should de a dleekdody.

After the preliminary teste described above were condusted,
the rate-of-evaporeation experiments were ocarried out. After evac-
uvation of the system, power was applicd after first setting the
gap at a point estimated on the dasis of past experience which would
produce a desired temperature. Temperature readings were taken
et intervals of adbout one minute during the warm-up period and thea
at inereasingly longer intervals as the temperature leveled off, It
was not possidle to use the available automatie temperature control
eircuits decause the introduction of a variometer resulted in ex-
oesaive lowering of the availadle temperature. The temperature was
therefore controlled within a range of about twenty degrees by means
of a galvanized bucket filled with water whioh was placed dDetween
the redio-frequensy leads tc the work coil. Movement of the leasds
with respect to the ducket eould produce temperature changes of about
£5 degress,

The data taken for the exporiments consisted of the following:
weights of the sample and parts of the heating assemdbly before and
after heating, dimensions of the sample prior to the heatings, temper-
ature~time data, and spectrosseopic analyses of the tantalum shields
for boroa and molybdemum. In addition to the data taken above, opticel
windows were calibrated a number of times during the experimentel work



to make sure that no significent adsorptioa correction changes oeour-
red. A sample was also examined prior to a series of runs dy x-ray
diffrestion end was found to have an all-MooB surfece. All samples
were examined after their series of heatings in a similer manner %o
make sure that evaporation took place from MogB surfaces during all
nms.

T™he data token during this work is summarized in Tadle YIIXI, and
will be discuased below. The net loss is the difference in weight
of the sample and end shields before and after the runs. It was
ascumed that no net loss from the ends of the sample ocourred. The
shield gain was the difference in weight of the shield before and
after the runs and is belicved to be the significant weight ehange
besause of "leakage™ of vapor past the slots in the graphite oaps,
loas through the holes through which tempereture readings were taken,
and evolution of impurities against whioch the shield seemed to dis~
eriminate. The initial area of the sample was caleulated from the
dieneter and height of the cold sample prior t0 the run. It may be
seet that an additional shrinkage in area of 1 to 2% occurred per run.

The tamperatures and tinse of the runs were determined from plots
of temperature versus time. MNean temperatures were evaluated visu-
ally with the aid of a plastioc strip on which a straight line had
been seribed, and were estimeted to be sorrect to + 22 G. The truwe
temperstures are, of course, subject to an unsertainty of + 80° C.
The usial window and pyrometer correcticns were applied to the mean



Table VIII

Ssmary of Data on the Equilibrium MogB(s) @do(g) B(g)

Oylinder No.
humn Ho. e
Het Losa, mgme 16.3

ghield Cein, mgns 7.4
Initial Ares, am®

Mean Temp., X

I

Vapor Composition,
Wt.-Fraction Boraon

Py, Atm.
Rgne At

K, = (Fp) (B)®

-»I“lp

85 as av

9 h [ ] 4 h e 4 h
46.9 43.8 19.2 20.9 33.2 32.6 49.5 44.1
40.7 40,7 13,3 18.1 29.2 B8.9 4343 39.3
B8.49 7.99 8.40 8,30 8.22 8.63 8.4 8.16
377 2374 2234 2237 2332 255 2385 21
5800 6420 12,840 19,800 7620 7080 14,400 15,000

0.16 0.18 0.17 0,17 0.19 0.14 0.21 0.24

4.42 4.76 Ge71 8.05 2,92 2,02 2.48 B.54
x10€ 110€ x109 x 109 x 108 x 108 x 108 x10-8

277 .27 1.1l 9.98 4.18  4.20 3,13 £,70
x 1078 xlo"’ x10® 210 x10® x10® x10® x108

.66 8.52 8.26 6,03 5,10 3.58 2.43
110-23::10-88:10-@:10-&:10-23:10-33:10%:10—9

21.575 £1.599 24.083 24.226 22,296 22.450 22.614 22,737
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temperature and the results are recorded in the Tadble. The effective
starting $ime of the run wes estimeted visually. In view of the

faot that the ensire warm-up period 41d not exceed 8% of the total
heating time in any case and it is reasonadle 40 assume that virtu-
slly mo vaporization oecurred during the first few minutes of the
run, the error in time as estimated above is believed to be no
greater than £ or .

The enmalytical procedures for the detemination of the vapor
gomposition were deseribed earlier. Although these determinations
weres subject to considerable unsertainties, the effect of taese
uncertainties on calculated vulues of stabilities is not large as
can be seon by considering the data for run 87 e as an example. In
this run, the experimental K, s 3.58 x 10" end the sublimate was
found to have a weight fraction of boron of O.14. Recaloulation
on the basis of the maximum weight frection of bdoron found, namely
0.24 gave a valus of K, = 2444 X 1023, g corresponding negative
logarithms of the Kp values are 22,450 and £2,612 for a weight
freetion of boron of 0,14 and 0.24 respectively. The equilibrium
congtants were caloulated on the basis of shield gains for reasons
indicated above. It may be sesn that shield geins are approximately
154 lower than net loases. BEven though the total differense were
atiriduted o0 loss of dorom only, it is apparent from the above that
no signifisant error would resuls,

T™he partial pressures of boron and molybdenum were calcoulated



using lLengmuir's equation in which the accommodation ecefficient
was taken as unity. The equilibrium constant needs no sorment,
The negative of the logarithm of x, for eash determination is
shovn for convenience in later calculutions of A Hjgge A plot of
hlx,nlftiazlminnsmnl in which the slope of the
line is dram to sorrespond to a heat of 478.8 ksal, the caiou-
lation of which will be desoribed laters

Care was taken t0 minimize error due to atmospheris atteck.
Thus, ssmples were oxposed to the atmosphere for the aminimum time
poseidble between runs, In the case of sample 88, about cme month
delay cocurred between run 85 f and 85 h. Accordingly the sample
was outgassed in run 85 g imediately prior to run 65 he Runs om
smmples 66 and 87 wexe made consecutively, the samples deing re-
moved from the veouun line only long enough $0 permit making the
negessary weighings and msasuremsnts,

Ran 80 o was not ueed on the grounds of low weight loss and
exsoasive &ifference bdetweon net loss and ahield gain. The low
weight lose resulted in a scanecentration of sublimate in tantalum
vhioh was deyond that for which calibretion curves were considered
useadle. The large relative difference between the weight changes
indicated adove sug:iosted that excessive errors might be expected
because of posaible oxidatiom.

In ran 85 f, observed temperature reedings varied more than
twonty degrecs; that ia, readings decreased with inereasing tims.



The effect was attriduted to the fast that in this run, the

window was exposed to the sample for a relatively large frection
of the total time, that is, adbout 10 to 15%. The window sorrection
applied was therefore based on calidrations made dbefore and after
the run, In the following runs, care was taken t0 meke readings
with a minimm of "exposure” time, and frequensy of reedings was
reduced, with the result that no asignificant ehange in absorption
corrections were subsequently found.

In the case of runs 86 ¢ and £, the seme tantalunm shield was
used for both runs in order to maintain a suffieiently high sudblimade
concentretion in the tantalum to make posaible the use of calibratiom
curves used for analysis. The vapor composition shown for these runs
is the average for tha two,

T™he equilibrium oonstant data sumarised in Teble VIII may bde
used in a numbder of ways to find a heat of resetion. Thus, a heat
oould be found from the aslope of the ocurve of Ficure II1 according
to the integrated from of the Olausius-Olapeyron equation

1k, » - AB/RY 41
The use of this method however was not feasidle in this case becsuse
of the relatively smsll tempereture interval used for the experiments,
and the relatively large uncertainties in tempereture msasuremsnts.
The relatively large wmeertainties in Ky resulting from analytical
limitations are also important in this case.
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A ssoond method consists in the use of entyoples, or
eatimated entropiss, $0 caloulate heats aseoxding to the
equation

AHg AFP+TAS

The free enargy changss et temperature T could de computed in the
usual menner from the equilidrium comstants. In the ebsence of
measured high temperatuxe entropies, one would bde required to
estimete entropy changes. Latimer has discussed the estimstion

of entropies of elements in compounds (47), but use of his method
required information regaxmding oxidation number, a quantity having
1ittle meaning in the case of dorides of the trensition metals. An
estimation of the entropy of dorom in borides, dased on data for
carbides and nitrides, leads to the value -3 e,u, Entropies of
various molybdenun borides were caloulated sccording to Latimer's
date and are sompared with those eomputed from NB3 data (48) assume
ing no entropy change of formation,

Table IX
Comparison of Zstimates of Entropies of Borides

Boride Based on Based on
Labimey KBS Tables,
AB(L) a0
W’B 8l.6 185.28
Ins‘z 30.9 23.6)
MoB 9.3 8.9
W&“ 5.8 10,47



A third method of finding s heat of resotion is t0 use
free snergy functions. The free energy of an elamsnt ox a
compound may be computed from thermel data in the case of sclids
or may be calculated for gases from data derived wholly from
speotroscopic data. Oaloulationa pertaining to equilibric are :
convenisntly made with the use of such funotions and heats of re-~
eotiocn et zoms reference temperature, usually O %K or 298° X and
thermal data are very convenlently swmerised in the form of sush
quantities, Jor these reasons, thermodynamie informetion is oom~
monly reported in that form and the following disoussion will de
based on the use of free energy functions.

Free snergy funstions for solid gompounds will be assumed to
be egual t0 the sum of the free energy funstions of the constituens
elements. This i3 equivalent to assuming that A S and ACp of form-
ation are 3ero. In the case of vaporisation reactions the uncertainty
introduced dy this approximation is small relative to the total ehange
in free energy funetion because of the small values of this funotion
for solids, For convenience, valuss of =(AF°- A HReg)/T st verious
tenperztures ror vaporization of molybdenwm and boron are listed ia
Table X and calculations in shis and following discussions are based
on those values,

The data for molybdenuam are taken from Bdwards, Johnston and
Blackburn's paper om the Vepor pressure of molyddenum (48) and are
sorrected to a referense temperature of 298° K using a value of 394
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Table X
Soomary of Yree Energy Munction Data

Yor Mo(s) g Mo(g)

Temp. °X ~(4¥° -AHQ)/T  (4ABZ.g -AHJ)/T -(ar® -411:”)/‘!

£98
2155 54,18 0.18 34.56
2185 34,07 0.18 34.28
£n3l 33,92 0.18 34.10
2240 33,90 0.18 34,08
£260 33,83 0.17 34,00
2300 33470 0.17 33,97
2397 33,37 0.16 33,53
2434 33,24 0.16 33,40
2458 33,15 .16 33,31

yor B(s) 3 B(g)

Temp. % 500 1000 1500 2000  (28300)

-(A!“-AB:”)/T 3.l  30.6 35.6 30.4 (88,0)



calories for A HYoq ~AHQ as takea from Brewsr's tables end
Simon and Zeidler's thermal data for the s011d metel (49). The
data for bdoron are taksn entirely from Brewer's tables of thermoe
dynamie funotions for the elements(43). The valus in parentheses
is en extrapolated one but, because of the slow change in free
energy funetion differenses with temperature, should lead to
negligible error.

Oomputations of A!‘m for the proeeass

MogB(s) = Ro(g) + B(g)
ere tebulated on the following page. Caloulation of AHD,, is
based on the squation

AB/T & ~(AY -AFSeg) T+ AT/
The table lists values of the heat of feaction for each run in the
right hend colum, It is seen that the average value of A HReq
is 478,3 kcal, Using 9sercy's heat of vaporization of bdoron and
Edwerds, Johnston and Blaekburn's value for molybdenum after
sorrection to 298 %k, 44 {s found that the hest of formation of
MogB(s) from the solid elemsnts is -23.5 koal,

I$ should be pointed out that the experimental results obtained
as desoridbed abcve pertain to a sample of !bznfl) which was effect~
ively heetsd in an excess of B(g) which was derived from the interior
of the samples. It is possidle to deduce the nature of the changes
which would oeour if pure Mo B were heated in a vacuum from the data

obtained and from a knowledge of vapor pressures of the elements.



Tadle XX

Sammary of Computations of Heet
of Vaporizatioa of LN

Run and “(ar -0B2.)/T A/t Alfee/r A

Temp. S in oal/deg. eal/deg. ocal/deg. 1in koal
8s ¢ 102.3 98.8 201.1  478.0
(2577)
852 108,83 8.9 £01.8 477.6
{2374)
86 o 103.4 110.3 218.7 477.4
(2234)
86 ¢ 103.4 111.0 £14.4 479.6
(2237)
86 g 102.7 102.1 204.8 4.8
(2338)
8% e 108.7 102.8 805,85 479,0
(2351)
87 ¢ 102,97 10336 208,3 479.6
(2328)

‘e g 102.7 104.1 206.8 477.9

P.Be 20,678 (S o 0.5 Keal.
n(n-1)
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First, lot it Do assumed that pure Mo B were to volatilise

only sceording to the proeess
MogB(s) = 2:o(g)+B(g),
that 1s, the adove pro-

cess is assumed to be the only ome that would oeccur., It follows,
then, that for each atom of boron vaporizing, two atoms of molyb-
denum must vaporize. Pecause of the fasot that retes of volatili-
zation into a veouum are dependsent on atomic weights as well as
equilibriun pressures, Pll# 1/8 Fyo iz this case, as would be true
in an equilibrium type experiment. That this is $true may be seem
from Longmuir's equation. Noting that the experimental conditlons
reguire tht'nn s 1/8 B, +» Where the n's are retes of evaporation

in Mﬂ_f"nalm one secs that the retio of PB/P” is given by

Py _ 0.02254(1/Bny,) | Ty

B 0.02254( n ) f‘ﬁo

Substitution of the appropriate atomic weights shows that

in the postulated cese, Py = 1/5.95 B, .. Thé rate of mass trensfer
would differ in the Langmir and equilibrium experiments for the
san resson, The fres energy change for the proeess is given by
t2e expression AF° 5 <RT 1a (Py)®(Pg), wWhere the product
(Rgo)®(Pp) may be recogaised as the equilibrium comstant for the
process,

Next, let 1t.be sssumed that the stability of the solid, and
therefore the frees saergy of the above prosess, ¢an be decreased,
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It follows therefore that the pressures must becoms greater
but that they must maintain a oonstant ratio so long as the assumed
process occurs sxdluaively. If, in the hypothetical case, the
stability were nllowed to continue deoreasing, then because B}, is
less than PR, the partial pressure of the metal vapor would ulti-
mately reach its limiting value, namely, PR, and at that point, solid
molybdenum should just start to appear. .s the decrease of stability
is .llowed to continue, the pressure of the metal vapor may not in-
oresse, but that of the borom will. In oonventional practice, the
partial pressure ofJSSm. in the situation now prevsiling, would
be conasidered es h:ﬁiu the equilibrium conatant for the reaction

J o B(s) = 2uo(s) +Blg)e

To determine the equilibrium pressure for the above reaotion, ome
neud only divide the equilibrium constant for the initial case by
8.7 . If 1t were found that ths resulting quotient were numeri-
6ally greater than 0.168 Q) , then 1% follows that MogB(s) should
lose boron at a rate greater than 1/2 that of molybdeaum and thas
the btoride should leave a residue of free metal on being heated.
By similar reascning, it ie possible to set an upper or lower limit
to stability of o B according to whether molybdenum does or does
not sppear whea pure MogB 1s heated in a vacuua. Similar conelusions
could be dramm for the equilidrium ease though the numerical values
would differ because of the atomic weight effest.



Calesulations based on the reasoning above nd_ the data
previously described isdicate that KogB is not a eonstant
sudliming compound. These caloulations will be shown below.

For future comvenience, the temperature chosen will be £200° K.
Froa the data Of Table X, the valus of -(AF° -AHQ ,)/T for the
vaporization of llo'B 1s found to be 104.6. Therefore,
«AF°/T & 104.6 = 478,500/2200 » =11£.8
-AY°/T 3 4.58 Log K, = -Li8.8

x’ s 2.4 x 1080

Froa the data of Blwards, Johnston and Blaekdurn, P;o ts found

%0 be 9.4 x 10°9 atmospheres. Py for the resstion involving the
free metal is therefore
Py = 2.4 x 10°85/(9.4 x 10°9)2 & 2.7 x 1077
atmospheres. This is greater than 1/5.93 P;o 80 that Mo,B should
not be a sonstant subliming compound when heated in vasuum. A
verification of this conolusion is desoribed in the following experi-
mental work, in whieh reastion (2) was studied.

For the purpose of stuldying the process

¥oyB(s) e Bo(s) 4 B(g)

a oylinder of MogB wns prepered froa molybdenum batoh ¥o, B and
boron datoh No. 6 and is designated here as sample No. 93. The
method of preparation and of fabrication were the same as those

used for previous work.
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The sample was heated in apparatus Ho. £ using quarts cells
and the sams kind of heating arreangement as was used for work with
the !o'B = MoB cylinders dsscribed above.

The oylinder was subjected to & series of heatings during which
eomposition changes ocourring at the surface were determineq by x-ray
diffrastion examination. In adiition to surface examinations, weight
1loss and gain data and time vs. temperature data were taken. The mms

and changes in surfasee composition are most conveniently desoribed im

tabular form.
Table XII
Data on Changes of Surface Composition
of a uo,n Sample
Run Heating Tt. losa Composition of
Conditions ngus the surfaoce

8L 3/4 hs. at 45 lbzl with trece o!'_

1813" c. MoB before heating.

Mo on surface after.
Surfaee ground after run o0 expose Mo B

92 e 50 min, =

Mg Ce 40 Mo prineipally,
trace of ).sz

Surfaee gro:md after run $0 expose lb’)

i S 30 min, o 14.0 Mo with minor
2G00-20385" C, snount of 5502!
Surface not ground, heating continued

e 2 hre. at 60 Mo oaly

2078
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Rung 93 b and ¢ may be regarded as degassing runs though
the tendsncy of the sample to lose boron preferensially is indie-
cated by the x-ray observations. Howaver because the sample was
not ground between runs 93 4 and 93 e and thus no oxides were intro-
duced and becsuse run 93 e was carried out for a sufficiently long
time and at a high temperature such that interference by extranecus
processes was excluded, it is believed that this paiw of runs jemon~
strates olearly that lsz is not a constant subliming compound whem
heated in a Langouir experiment,

A seoond group Of runs were carried out om the ssmpie in order
t0o make gquantitative determinations of rates of evaporation from a
Ko ~ Mo,B surface. The sample was g round t0 expose iogB, subjected
to a degasaing run and then t0 a data run. The sample was examined
after sach data run to nake sure of the presenoce of MogB. No exam~
ination by use of x-rays was made prior t0 the data rums singe it
is reasomable to assume that ogh and Mo would be present during
the run if they were present at the end. Runs 95 d and 93 @ are
listed with the second group because approximate data were avail-
able. The data for this group of experiments are given in Tadle
XIIXe

The net loss, ashield gaia, tempereture, area snd time of heeting
in Tebls XIII need no discussion sinse the procsdure used in these
experiments was the same- as that used before. The vapor pressure of
molybdenum and the weight loss dus to wolatilisation of sthe free



Ruan

Net loss, mgms
Shield gain, "
Temp. %k
Ares, ca®
Time, ses

PO am.

Ko

Oaloulated loss
of Mo, mgms

Measured PB
Ata

Kp s PIO‘ PB

Ppz “y/‘ﬁ

P/ P

Table XXII

Sommary of Data on the Equilibrium

lhzﬂl) s Blo(e) Blg)

9S4
12,7
6.3
2310
7.7
1600

4.32 x 10~8
4.9

3.8x10"8
1.8x10~83

1.0x10-8

0.23

93 e W
45,3 6.1
39.7 8.2
£350 2260

7.6 T.E
7260 3600

7.28x10"® 2,20x10°9

35.9 5.2

2,3x10°8 -

1.1x10°22 1 ay)o~B24
2.1x10"%  s.7x10°°

0.29 0.17

93 1
4.3

3.8

7:1
2940

1.82x1078

3.5

8.7x10-28
2,6x10~?

0.18
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metal were caloulated from the data used previcusly (48). The
"measured Py" was oaloulated from rates of loss of boron which were
obtained by subtracting the loss of molybdenum from the shield gain.
The amell losses of boron made it impossible to obtain analytical
data for these runs. The l'., used for eash temperature was read

from the curve of Figure III which waa drawn to have u slope corres-
ponding to a heat of vaporization of 478.3 keal,

The data show that the entire weight loss cam be attributed to
10ss of molybdenum, nevertheless molybdenum appears, so that boroa is
lost at & rete greater than 1/2 that of the metal, It follows there-
fore that according to Langmir's equation, P, is greater thun 0,168
70 . (m thess grounds, Py mey be fized in the renge 0.168 Fj & Py <
Hio 1o the two phase region. The caleulated Py/F may be ocnsidered
%0 be in agrecment with observations in light of the necessarily limited
weight losses.

5. Madility of MoP

Vapor pressure msasurements could be used to determine the
stability of MoB in either of two ways. In the first case, the
squilidrium constant for the process

WB(s) = Mo(g) +B(g)

eculd be meesured in a menner similar to thet used for MoyB. loB
has a range of homogeneity, however, 90 that an additionsl determin-
ation other than rates of loss and composition of vapor -mu be
needed, namely, the composition of the surfase from whieh vaporisatioa



had osourred. An altersative method would be to hest MoBy, oe

in the presence of MopB or MNo.B, in an effusion or rete~of-evepor-
ation experiment. In such a cass, the composition of the two
phases would be fixsd according to the phase law and the system
would be completely defined. The predominant prosess would eon=~
sist in the preferential loss gd resultent conversicn of the
higher boride to the lmr cne, but nevertheless the two processes

“"Bo.se(’) =z Mo(g) +0.96B(g)
MogB(s) = 2M0(g) +B(g)

would osocur to0 some extent s0 that the corresponding equilidrium eon=
stunts would have to be satisfied. Determimation of these equili-
brium constents would permit making caloulations of the stebilities
of both s0lid phases: One might also perform the experiment with
uoB and MoBg. The difficulty that wus antieipated in this type of
experiment was that the results would suffer in ascoureey as a result
of the low partia)l pressure of Mo that might be expected end the con~
sequent small weight loss of the metal, Because of these factors, a
sooond possidility was seleoted and will be deseribed below.

The method used consisted in measuring the equilidrium pressure
for the reaction

MoB) (s) = MogB(s) + 0.9%3(g),

The fyee energy changs for the above process could be combined with

other data %0 obtain the stability of nnno 06 28 shown later. It

should be noted that the tcapsrature of the experiment must de kept



$0 a value at which MogBg eannot exist. On the basis of the work
of Steinits and his colleagues (9) and of the work performsd ia
this laboratory (11), it was estimated that experimental temper-
atures oould not de greater than approximately 2200° X,

The sample used for the experimental work to be described
below consisted of sample number 88 after the outer layer of iogh
had been ground off on a grindiag wheel, This sample hed beer used
in studies of the reastion

MogB(s) = 2o(g) + Blg).
The reason for selesting such a sample was t0 take adwvantage of the
extensive heating which should have prodused purification and sinter-
ing.

The apparstus and heating procedure used for the experiments
wore identionl to those used in the previous experiments. The gen-
eral procedure consicted in grinding the semple t0 assurs sxposure
of a MogB - MoB surface, degassing for abo:t five minutes at 1700 %o

1800° g, heating for the purpose of taking data, and then examining
the surface after the data mm $0 meke sure of the pressnce of the
two #0lid phases, The sample and parts of the assenbdly were weighed
after the degassing run with minimum exposure to the atmcsphere.
Weight losses of the sample were about 2 t0 8 mgme duriag degassing
and approximately 1 mga during heatings for data-taking purposes.
The data are sumarised in Tadle XIV. Sublimates were not analysed
for borom.



Table XIV
Sammayry of Data for the Prosess
BBy og(s) = MogB(s) -+ 0.928(g)

Run 86 m 86 o 86 q 86 o
(1) net 10... 1.0 1.0 0.9 1.4
ngns

(2) shield gain,
ngas 0.6 0.8 Y ) 1.1
(3) urea, 6m® 8,1 8.1 8.0 7.8
(4) time, sec. 1080 1200 900 3300
(5) Temp. % £103 2098 2181 2084

(6) Ppe atmos- .8
pheres  2.1x10 2.6x108 3,9x10~8 1.3x10°8

0
(7) P_, atmos-
B’ heres  1.3x1077  1.2x10~7 3.0x10°7 9.2x10°8
(8) AF°/T e
-(0.92)(4.58)
Log P, oal/deg. 32.4 31.9 31.8 33,2

pn”; 0.16 0.22 0.13 0.14



fams 86 1, n,p and r were degassing runs which followed
grinding of the cylinder. Runs 86 m, 0, q and 8 were followed
by x-ray examination which showed the presense of both MogB and
MoB at the surfsce im each case, The data on net lose, shield gein,
arsa, time, and temperature given in Table XIV were determiped in
the gsame manner as that used for the corresponding data presented
ia Table VIII relative to the experimeats on iogB. The pressure of
boron, Ppy was computed on the basis of shiseld gains on the aasumption
thet loss of molybdenum was negligible. That sush a assumption was
Justified could de shown dy computing the weight of molybdenum thad
would be lost from the pure metal using the data of Johnston, Edwards
end Bleskburn. The estimated loss from pure metal would be approxi-
metely O.2 mgns, and the loss molybdenum from the Mogn = MoB surfeoe
could be sxpectsd to be less.

The data odtained ir the experiments above will de used with

free energy fumetions to compute the value orﬂll;

0.928(s) + HoB(s) = MoB, ...

8 for the ressctioa

If the assumption is made that ~(¥° -a"m)/r, that is, the free

energy function, of the compounds are equal numerically to the sum

of the free ensrgy functions of the elements as waa done for tl_n

precesding caloulationa, then it can be shown that for the reactioa
&30.“(3) 3 Mo B(s) + 0.92B(g)

the ohange in free energy functions is numerically equal to that



for the process

0.928(s) = 0.92B(g).
The quantity H:'(‘l_‘ for the process

RdoBy, gg(e) = Mo B(s) + 0.92B(g)
may be fo.nd by use of the equation

O /T a=( P - My /T r/r

where the free energy function can be eomputed as indicated above
and AY’/T oan be computed as indicated in the next to the lest
row of Table XIV. The computations cutlined adove were mude and
ars summeriszed in the Table below.

Table XV
Sarmary of Thermodynamie Data for MOBD 96
Run 86 m 86 o 86 q 86 s
Temp. X 2103 2098 2161 2084
IS of i B
40”(“”)1“ Pn 32.4 51&9 31.! 33.8
-(ar° -angga)/'r 32.4 32.4 32.4 32,4
AW 64.6 64.3 63.6 65.6
[+]
Aﬂm » keal 138,3 134.9 mo‘ 136.7

Avg An"m 2 136.3 keal

PoeBe 2 0,6745 [ TA. gz 0.3 koal,
a(n-1)



The data sumarized in the precesding table may be combined
with heats of wvaporizetion of boron given by Seercy and the heat
of formation of MooB to obtain a heet of formatiom for MoB, o4¢
The operations are illustrated delow,
oB, gg(s) =z Mo Bla) + 0.9%(g) 4RO,y 3 136.3 kol

0.988(g) : 0.9%B(s) ARggg = =0.92(140.9)
= -129.5 keal,

Addition of the equations above and reversing the result gives

ms’(.)-l- 0.923(!) - m‘o s 6,8 kocal.

96 A
Work oa the stability of lbe(l) has shown that the heat of formatiom
An'm, from the elemsnts is -20.% keal per grem mol, from whiok by

sombination with the precseding results,

Rio(s) + 1.92B(s) = BBy o0 AHy

or, for one gram mol, the heat of formation at 208° K 18 ~16.8 keal.

) = «32,3 keal.

It 48 ale0 posaidle t0 show by combining heats of formation
Shat WogB does not disproporticaate. Thus, writing according to the
convention of lewis and Randall,

o.mu'nt-) s 0.92ai0(s) +nun°.“

(0.98)x(~25.85) 0.0  -16.3 Alpee = 8.3

From the resetion adove, the process is seen t0 be endothermie, #0

that Ilb') is thermodynanically stadble with respect to disproportioa-
ation 1a%0 Mo and MoB, .., sinee (AY°-Aliges) 7 isassumed to De sere.



The retios, P /F; ia Table XIV are sesn %0 vary from 0,13
%0 0.22 with no trend with tempersture deing evidsnt. The unsertain-
%ty in temperesture measurement is believed to be partially respoa~
sidle for this varistion. The ervors dus t0 the mmall weight losses
were e eomsequence Of the necessity for limiting hestings to a time
during whish MoB eould remein on the sample surfsoe. No ubuutr
in these results aocorue besause of the existence of the high temper-
ature phage manz. sinee care wes exereised to keep experimental
temperatures below that at whioh the doride is thought to dispro-
portionate.

The available data may be used to oculculate tlie partial pres-
sures of dboron and molyddenum in equilidrium with o B and MoB, oq.
Such ealoulations will be showm below for e temperature of 2200°K
and will uiilize free energy funstion data tabulated elsewhere in
this roport. Thus, from Table X the free ensrgy funetion,

“( OF° - AHgeg)/T, Tor the reaction

amo.“(-) s Dan(ll + 0.92B(g)

is estimuted to be 32.4 units. Ascording $o the date summarized ia

Table XV, AHQ.q for the process is 136,300 calories, so that

~ar’/t o (2P <oy )/T - 136,600/7
= «£9.8 e.u,
4.88(0.92) log P' u =29.8
log Py = =7.08
Pn = 1.00 x 10°7



From earlier oaloulations, it was found that for the vaporizstioa
of WogB, the corresponding equilibrium eonstant, (PID)'(PB) is

204 x 1072 o4 2200%. solving for K, when Py g 1.00 x 1077
atmospheres give B, z 1.6 x 10”7, approximately 1/60 Py, thus
verifying the previcus assuzption that in the MbgB - KoBy oo
region the loss of molybdenua is negligible im comparison with the

loss of borom,
8.5tability of ”sﬂ'

The stadility of MogBy could not be detsrmined directly however
eonelusions regarding that compound may de reeched dy using the
heats of formation of MogB end MoB, oo $ogether with the fact
theat all thrwe compounds can exist simultaneously at sbout 2200° K,

In the dissuseion Shat follows, it will be assumed that the
free energy funetion for the compound is equal to the sum of the
free energy functicas of the elements. This is the same approxi-
mation mede in the cese of iogB and lhlo.”. It will also Dde
assuned that lhalg has a definite composition, that is, that there
is no extensive homogeneity renge. Steinitz, Binder and ioskowits
have found thet Mo B, is isomorphous with CryBg, e faot which indi-
cates similar orystal strusture and dinding. Although the abdbove
authors were not able to study the high temperature phase in detail,
the similarity to the chromium doride and the faet thet Kiessling
indicates a negligible rangs of homogeneity for cx-,sg(m) would
suggest that the assumption made adove with regard to "":‘z is



Justified,

If the reaction between ib,B,, Mo B snd HoB .96 is written e
shown and 1t 1s recelled that =(A Y’ -AHQ .)/T for the reaction
is aero because of the approximation made, thea

0.9BéogB.(s) = 0.88M0pB(s) + NoBg og

AH:”/T s -(aP -AH:”)/T -ar/mzo

where AY’/T 2 O as a result of the equilibrium that can exist at
some temperature.

The heats of formation of the eompounds on the right hand side
of the above resotion may be combined in the usual manner to give
for the reactioa

3uo(s) + £8(s) 2 Mo,B, u:'” s ~42.1 keal.

7. Stability of ‘l'

Information regarding the stability of lbl, was obtained by
measuring the equilibrium pressure for the proeess
Iﬂl:.“(l) s lioll.“h) -+ 1.088(g)

In this discussion, the formulas NoB and Ih!' will be used for
scavenience in referring to the compounds of eomposition shown
above. Data for the recctiom are limited %0 those obtained during
one rul during whieh a group of five small samples, weighing frem
.25 %0 0.38 gm were heated simultenecusly ia s 1,20 ineh diameter



molybdenum crucible ia a "getter” experiment. The details of the
experinent differed consideradly from those of the precesding work
and will be deseribed below.

Preparations and experiments were carried out in apperatus Ko,
£, A 1.88 inch dismeter Fansteel molybdenuam orueible wes used as
both a conteinsr and heating elemsnt in a heating amuc-nt des~
eribed elsswhere.

Five amall ssmples, weighting from: 0.20 to 0,38 gn were pre-
pared from molybdenwm batch No. 1 and boron bateh Fo. 1 by packing
the various powder mixtures into quartz vials and heating for one
Rour at 1330° G, end them for s half hour at 1600° G. A portiom of
eash semple was examined dy x-ray diffraction to make sure resctioa
was complete. Assay by chemical mecns could not be mede decause of
analytieal diffieulties at the time the work was uaderway. The
segond portion of eash sample in the form of a eylindrical plug
about 1/2 oa in diameter was outgussed for one hour at abous 1823°
Ce during which weight losses of 1.5 to 4.5 mgns were observed,

The data for the secand heating sre tadulated in Table XVI.

The seoond heating to which the samples were sudjected was
sarried out in the same manner as for the outgassing run. Saoch
sample was suspended inside en individual oylindrical molydbdenum
shield made from 0,002 insh sheet. The samples were suspended by

means of a 0.010 inch molybdenum wire passing through a hole dowm



the esater of eash sample. No sample eould “see™ any Other,

After the cutgassing ryun and after the 8ata run, parts of the
heater and sontents were exanined visually for evidence of

attask by vapor. It was found that parts of the shields cast sharp
shadows and no evidence of reflestion of vapor ocould de detected.
It was assumed therefore, that the getter experimsnis gave results
compareble to those that would have been odtained in a more com-
ventionsl Langmuir technigue in which tlie scocommodation coeffisieat
was unisy.

The data for the run deseribed above are summarized in Table
IVI. The ratio B/Mo refers to the atomic ratic of the doron and
molybdenum powder prior to heating to cause reastion. XNo amalytical
data were obtained for these semples. Initial weights and wight
losses need no comment. The areas were computed from msasurements
of dismeter and lengths of the individusl samples dut because of
irregularities in the samples, are reported to only two significant
figures. The time and temperature were determined from a time-
temperature plot as for preceeding work, the temperature deing core
rected for pyrometer and window errors as was done in the work des~
oribed before. The upparent "y was caloulated on the basis that the
external area was the true Or effective area Of vaporizatiom. IP
was ocaleulated on the basis of the same data as was used for iogh

and *30.96'



Table XVI

Summary of Data for the Reaotiom
MoBy ) 4(8) = MoB, ,.(s) 4+ 1.08 B(g)

Semple 1 2 s 4 s
B/m. Oﬂm- .
ally (dy 1.0 1.3 1.8 1.8 2.8 °
synthesis)
Initiel weight

P 0.3178 0,3798 0.3084 0,8304 0.2101
Weight loss,

ngne 0.1 0.2 044 1.0 2,0
arecs, onf 1.5 1.7 1.6 1.5 1.4
Time, seo. 3000 5000 8000 5000 3000
Temp. °x 2159 2159 £159 2189 2159
Py apparent - - - 0.5210~% o0.9x10"7
PO 2.9x10~7 2.9x10~7 2.9x20~7 2,9x10*7 2.9m10~7



After The data run, the samples were broken opean and exam~
ined visuslly. It was found that samples 1, 8, and 3 were uniformly
grey in color. Samples 4 and 5 had a dlue-black inner core and a
grey outsr layer. The core of sample 5 was the larger. IX-ray exam-
ination of the samples showed that the inner core comtained loBy
and that the outer layer was M0B. Spectrossopic examination of
the samples =ls0 were made and showed that silicon to the exteant of
0.1 to 1.0% was the prineipel impurity, with traces of iron bdeing
found. The silicon was prodably derived from the quarts vials used
in the preparations.

It sppears that, from the small weight losses relative to the
total weight of semples and to the extensive coamversion of loB,
iato the lower boride, doron is the principle gaseous species evolved
and that no gaseocus doride eould be of importanse., It appears slee
that the prefereatial 1loss of doron leaves & layer of a lower boride
and that either the effective ares of vaporization is smaller then
the superfieial area, Or that the ocuter layer interferes with vapor-
isation, or that a combination of doth of the above effects oocurs.
The data descrided above indicate thas the appereat value of P is low.
In the udsence of other iaformation, the equilibrium pressure for this
reattion will be estimated t0 be 1/2 the vapor pressure of boron im
the range of temperature around 2200% K and esaleulations will be
made on that dasis.
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It 18 possible to estimate the partiusl pressure of molyb=-
denun 1n equilidrium with MoB and !AoBa from available dsta by
applying the Gibds - Duhem equation, (50)

through the iioB rance and by assuning that the aotivity of dorom in
MoB chunges in the sinple way givem by

ap = KiNp/Nye) + C
The oocnstanta of the above equation can be evaluated from the com-
positions at the ends of the MoB solid solution, Ep/Ny, = 0.98
and 1,08, snd the partial pressures of borom, 0.18FF ond 0.80Ff

on opposite sides of the region. Thus,

ap = 3.2 N/ - 2.89.

By rearranging the Gibbs - Duhem equation, making the appropriate
substitutions and performing the indicated integratiom

l' = 0,50 & 3 0.50
dlog 8 = - fn,/n,,,) dlog (32Np/My, = 2.89)
.B 2 0.18 ‘B z 0.18

it is found that the ratioc of the activity of molybdbdenum in
MoB) og $0 1t8 aetivity ia WoB, . 1s 0.36. Thus, the partial
pressure of molybdeawm in equilidrius with MoB and MoB, is givea
194

Plh =l.8 x 10" X036 2 4.3 x 10710 atm,

whore the number 1.2 x 10°? 15 the pressure of molybdsaum in
atmospheres in equilibrium with Mogh and MoBy gg as calsulated
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froa previcusly deterained heat and free energy funotion deta.
The equilibrium partial prescure of molybdenum and of boroa
mey be used in the usual way to show thut for the reaction

MoB) g4(s) =. Mo(g)+ 1.065(g) An:“ £ 322,3 koal

Combinatioa of the above heat of vaporization with that fof one
mol of molybdenum and 1.08 mole of boron gives for the heat of

formatioa of Iioll.o.
Mo(s) + 1.06B(s) 3 NoB, .4(s) ng,a ®-16.9 koal,

Treatment of equilibrium pressure data as illustreted previously
shows that for the reastion

MoB, ) (8) = uoBy og(s) + 1.08B(g) AHD . = 155.1 knal.

and that for

No(8) + 2.14B(s) = MoBg o 4(8) AH;” = =19.8 koal.

that 1s, all 80144 phases are formsd from the elements by an exo-
thermie resotion.
The particl pressure of molybdenum in the lWoBg - B region and
t:e heat of formation of MoBy 5g May be found in the same menner as
for "“’1.05* Thus it is found that the partial pressure molydbdenum
in equilibrium with MoBy 5y and B 1is
Pyo = 0+21 x 4,3 x 10°10 4 0,90 x 10720 ata.

and that for the reaction

NoBy 33(8) = uo(g)+ 2.33B(g) ORgg = 504.2 keal,



”
and that for
uﬂ‘l) -+ l-m(.) - hnz.m(.) d#n - «19.9 ksal.

The partial pressures of boron and molybdenum in different

regions of the phase diagrum at 2200° X are shown in Figure 1V,



E. Sumary of Work oa $he Molyddenus Borides
During the sourse of experimental work on the molybdenum borides
some phase studies were made whieh confirm the existence of a high
temperuture phase, MogBs reported by Steinits, Binder and doskowits
but differ from results of these authors in that melting temperatures
found ia this laboratory were higher by 100 to 178 degrees. Jlislting
points in the range of composition imcluding Mogh and MoB were foumd
to lie in the range of temperature from 2100 to £375% C.
Yaporisstion processes were studied by means of waight loss
deterainations, analyses of sublimates, bm- and temperature data,

and x-roy diffraction examinatiocas as principal tools. .# a result
of four kinds of vaporization experimeats, stabilitics and equili-

brium preasures ia the molybdenua syetem could be found. The experi-
ments and results are summarized briefly below. (1) Zxperiments with

eylinders having a MOB eore and man surface. Data on these experi-
ments, when interpreted in terma of B(g) coming from MoB to decrease
Pm at the surface permitted making measurements of l(p'l and yielded
for the prosesses
llﬂaﬂ(l) = Bio(g) + B(g) AHggg 3 478.3 keal,
fio(s) + Ble) = PbgB(l) Anm z = 25,9 koal,

Data inelude weight loss, weight gain of shields, and sudblimate
analyses all estimated e@curate to 10 - 20 percent.

If a stable gaseo s borids were being formed in the vaporizatiom
the hoat of vaporisation would have been higher than that taken whieh
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would lead to s more negetive heat of formation. Since the present
value is consistent with that of Brewer and Haraldsen, the possidbilisy
of stable gaseous borides is considered negligidle. (2) Experiments
with oylinders of #o,B show that entire uighi losses can be attridbuted
$0 molybdenum beceuse of the vapor pressure of the free metal, how-
ever, solid metal appesrs thus requiring that boron de losi nore
rapidly than 1/2 the rate of loss of molybdenum, On the dasis of

She Langmuir expression, it is possible to limit the value of Py

in equilibrium with Mo and MopB as follows:

(]
.168P P

Caleulations based on the equilidbrium constant for the vaporization
of ilogB indiocate that Py ~ 1/6 P;.. 80 that results are consistent.
The existence of an important gaseous boride is exeluded by these
results because if such existed the cbserved pressure would be greater
than that to be expected on the basis of metal alone vaporizing.

Data taken ineluded weight losses and weight goins acourate to
about 20 pereent. Sublimate analyses eould not be made bui would have
been useful. (3) Experiments with MoB oylinders on the surface of whieh
b'B formed rapidly eo that runs had to be kept short ia order to keep

loB .pg Present, showed P, %o be higher than for the Mo B experiments

[+
and that for

BB, 9¢(s) = Mo B(s) + 0.92B(g) A HY . = 136.3 koal.

whence °
“.H.) + 00’2'(.) s “'0.“(.) A!m 2 «6,9 keal.
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2%o(s) + 1.92B(s) = 2“930.’ (s) 43;” = =32.,3 koal

6
z =16.2 per mol,
They showed further thut

0.96 %ogB(s) 3z 0.920 + SoBy oo

(8) AHgz 8.3 keal
and therefore lbsn does not disproportionate.
Combination of data on Py and K, for veporization of MogP shows

thet P .= 1/60 Py in the two phase regioa ineluding MogB and WoB, o0

00 that the weight loss of Mo was negligibdle.
Sines lban‘ Just barely disproportionates iato Ilo'l end mo.“

that iz, for the reaction

Q.98 MogBg(s) 2 0.98 MoyB(s) - MoBg gg AHgge 3 O

it 1s possidle to use the heats of formation of Mogh and Ilono.“
%0 odtain {or the resction

3o(s) + 2B(s) z UogB,(s) AH) g = =~48.1 keal
Deta on which the results obtained above were bLased inoluded weight
losses snd gsins of approxirately one mga. No analytical dats could
be takea. (4) Experiments with MoB, ¢ = MoBy ,, oylinders were
earried out using the getter tedhnique and gave data that permitted
meking on estimate of Pge 4scurste data could not be taken because
of the rapid loss of boron whish left en outer layer of MoB. On the
basis of estimated P' of one-half the vapor pressure and the assumed

spplicadbility of a modification of Reoult's law t0 MoB, the P* ia
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equilibriun with koBy oq o0d WB, | wes found to be 4.3 x 10710

ata, and the heat for the resstion
Mo(s) + 1.08B(s) = HoB, ng(8) was found
t0 be ~16.9 koal.
From the resctiona
MoB, 14(8) = MoB, . (s) + 1.08B(g)
the heat for

Mo(s) + B.14B(s) = MoB (=)

2.14
was determined as ~19.8 kcal.
Treataeat of "'3 in a manner similar to that for loB gives for
. - D - .
Mo(s) + 8.338(s) = MoBp s5(s) O H) oz -19.9 keal

and a pressure of molybdenuz in equilibrium with Ilol' and B as

33
being 0.9 x 10710 atm.
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I. Saggestions for Fufuye ¥ork
As & resmult of the experience gained during this investigation

a pumber of suggestions eoncerning equipment and techniques have

been made in amother report (28) and will not be discussed here,.
The equilibrium pressure data for the rsaction

MoB, ,.(s) = mBI.“(-) 4 1.088(g)

obteined im this work were quite meager and it is suggested that
additionel experiments be condusted to extend the number and
agourcoy of such data. JFor such determinations, the Knudsen

method appears t0 be most satisfactory and for thet work it is
suggested that graphite crucibles would be satisfactory (40, 44).
Should these experiments be attempted, the writer has two sugrestions
bssed on kis experience., First, it would be highly desiradble to ob-
taia borcn of grester purity than the commercial product now on the
market. The material used in this investigetion had iron ss one
prineipal impurity together with minor amo:nts of other volatile
materiale such as mugnesiusw and calcium, Loss of these impurities
during effusion experiments would subjest effusion data to possidle
ex00s8aive errors since total loss of materisl during such experiments
is usually small, thet is, of the order of ngms.

The second suggestion eoncerns the desirability of msstering a
suitabls szpectrophotometric method of analysis of boron. If collestor
plate techniques are $0 de used, a micro analytical method of analysis
of doron, sush as that utilizing quinalizaria as a eolor-forming
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resgent in a spectrophotometric prooedure, would be essential.
The writer was not susocessful in odtaining any eolor ehange with
this reagent and therefore sucgests that this analytical problea
be solved first.

Johnston, Herash ead Xerr have obtained the low tempsrature
thermal data on orystalline and amorphous boroa (51). 'l'ho'lr host
capecity at 298° K 1g 2.650 ¢alories/mol/degres as compared to
2.066 calories/mol/degree for gruphite. It appears therefore
that boron behaves in a menner similar t0 that of grephite =0 that
Debye funections eould be used to extend $he low tempersture data
%0 higher temperutures.

Brewer and his students heve studied relative stadilities of
the borides (16a,b) and suggest t:e possible vslue of TeBy and
irBy as orueidle meterials for uss at high temperatures. iccording
to Kiessling, (4), the Ta - B system is rather complicated, however,
sireonium forms only ome boride, and the metal discolves boron to
the extent of about one percent. An estimate of the egquilidrium
ecnstant for the process

irBg(s) = wr(g) + 2B(e)
at 2400° X based on an assumed stadiiity of £4 koslories indi-ates
that there is u high prodebility that the compound may vaporize
a8 s constant subliming phase. Vapor pressures at the tamperature
ehosen may be expected to be of tue order of 7 x 10~ to 10”7 atmos-

phsres. The techniques used in this investigation should therefore
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prove feasidble for the study of Zrl. .

Heats of formation of dorides may be foumd iandireotly by
detorminations of heats of sombustion, Such heats nay de used ia
combination with heats of eombustion of the elements to find
the desired Lecat of formation. IS is possible thut such hent data
may not be readily obtained because of difficulty in obtnuing
definite reaction products, however, an slternate method would
%8 to study the reaction of various compounds such ss ¥oP with mix-

tures of Bz and ilao vapor. The activity of oxygsn could be varied

by varying the relative amounts of Hy and Hg0 and by varying the
total pressure. In the case of 0B, the reuction to e expected
would be

24oB + 3/Z,0 = Mo,B + 1/2Bg0y + 3/H .

Equilibriuna eonstants determined for the resction above in com-
bination with thermodynamic data for borie oxide and water should
permit making a esloulation for the resction

IS is suggested that the experiments Le carried out ot temperstures
greater than adout 4000 C. in order that reasotion ruates be great
encugh to be prectical. iaximum temperetures could be about 10c0° C.
at which socurate temperature measurement and equipmsnt design should
ROt pose excessive difficulty.

The hardnes:s of the borides of molybdenum and of other trans-

ition metals, whieh is of the order of 9 on Moh's hardness sssle (58),
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sugrests that they may find pructieal applieation as machine tool
material. It is probable that their practiecal employment would
depend on their use with some binder element, as in the cese of
tungsten oarbide and cobalt (1). This possidility therefore
su:gests thut phrso diagrem studics involvin- a transition metel,
boron and possible dinders such as copper, iron, nickel or-cobalt

may prove valuable.



PRESSVRE, ATM.

10

J LI L

Py AND PE; vs o

o,

|0

10

YT 1n units of 1074

I | I I |

4.10

4210

4.30 .40 4.50 4.60 4.70



Bidliogrephy
(1) Karl Besker, "Hochsshmelsende Hartstoffe und lhre Technische
Anwendung® Verlag Chemie, Berlin (1938)

(2) N. V. sidgwick, "The Chemical Elemsnts and Their Compounds”,
Vol. 1 p. 367=8, The Clarendon Press, Oxford (1950).

(3) r.C.L. Thorne and B.R. Roberts, "Ephraime Inorgenic Chemistry”,
4th Ed. p. 848-58, Nordeman Publishing Co., K. Y. (1943).

(4) Georg Brauer, F.1.A.T., Review of German Soienee 1939-46.
Chem, Part II (1948),

(5) R. Kiessling, Acta Chemioca Seand. 4 £09-87 (1930).

(5, L. Bm. Le Ae Bmﬂl‘". P. %, tnllll. He Lo Lofw.
Kational Nuelear Energy Series, Div'n. IV, Vol 19B, Paper
v, (1980).

(7) R. Kiessling, ota Chemics Soand. }_ 893 (1947).

(8) lierman Blumenthal, Anal. Chem. £3, 992 (1947).

(%) Robert Steinits, Ira Binder, David lioskowitz, Journal of
Metals, & /9, 983 (1932).

(10) 7. Bertaut, . Blum, Acta Crytallogrephica 4 70-1 (1951).

(11) P, W. OGilles, B. D, Polloek, Technical Note Submitted to
Journal of Metals, Apr.,(1933),

(12) C. Agte, E. Moers, Zeits. fur anorg. Chem. 198, £35 (1931).

(13) P. Sehwartskepf, R. Kfeffer, "Refrectory Hard letals”,
p. 27‘ » Mum co.’ N..Y.. (1953]'

(14) E. H. Covey, “Availability and Sources of the liinety-six
Elsments in High Purity Forms"™ A.B.C.U. 222 (1949).

(18) Fensteel otsllurgiesl Co., Fairmount Chesmical Co., Cooper
¥etellurgical Ladoratories, assays provided by supprliers.

(16a) L. Brewer, D. L. Sawyer, D. li. Templeton, C. H. Dauben, J.
Amer. Ceremie Soe., 34 #6 (1951).



104

(16%) L. Brewer, D. L. Sawyer, D. H, Templeton, C. H. Dauden

(17)

(18)

(18)
(20)
(81)
(28)
(es)

(24)
(28)
(=8)

(27)

(28)

(29)

(30)
(1)

(s2)

(33)

Uaiv. of California Rediation Lab. UCRL 610 (1980).

B. Do Eastman, L. Brewer, L. A. Broaley, P. W, Gilles,
X. L. Lofgren, Atomis Energy Commission, peper A.E.C.D.
2254 (1948).

P, Schwartekepf, "Powder ietellurgy", Macmillah Co., N. Y.
(1“7,. .

I. Klotz, "Chemicel Thermodynamics™ Freatice-lall, N. Y. (1980).
Re W. Ditehburn, J. C. Gilmour, Rev. Mod. Fhys., 13, 310 (1941).
R. Steinitz, rowder Metellurgy Bulletim 61, 546 (1981).

Je V. iLepou, J« R. Van Vazer, K.D.D.0., 1188 (1948).

L. Brewer, H. Haraldsea, "Thermodynsmie Stability of Refractory
Borides,™ Unpublished report.

I. Langmuir, Phys. Review, 2, 329 (1913).
I. Ssterman, "Rev. Mod. Phys.” 18, 300 (193%),

Jos. Reillsy, W. N. Rae, "Physico-Chemicul sethode"™ 34. Ed,
Vol. II, p 3-12 D, Van Nostrund Co., K. Y. (1939).

Genter iesmel, /. Physik 130, 539-348 (1951).

Po ¥e Gilles, Q. del. Wheatley, B, D. Pollock, T. A. iilne,
"High Temperature Laboratory of the Univ, of Kansas,” Un-
published report.

N. H, Furmen, "Osotts Standerd Methods of Analysis". Sth
ed, Vol. 1, p. 539 D. Yun Nostresnd Co., N. Y. (1939).

H. Blumenthal, rPowder Metallurgy Bulletin € 20 (1951).

Alfred Winkler, J. Ind. and Eng. Chexm. (nal. Ed.) 17,
695 (1945),

¥. D. Snell, C. T. Snell, "Colorimetric isthods of Analyses®
34 ®. p. 478-83, D. Van Nostrand Co,, N. Y. (1949)}

VWellsce Brode, “Chamical Spectroscopy” 2nd Ed&. p. 106,
D. Van Nostrend Co. (1943),



(3¢)

(38)

(37)
(s8)

(39)

(40)
(@)
(42)

(43)

(e4)

(48)
(48)

(47)
(e8)

(49)
(s0)

!{l. L.,J'm. A L. Marehall, J.A.C.8. 68, 1382-90,
1940).

L. Brewer, L. A. Bromley, P. W. Gilles, N, L. Lofgrea, A.B3.0.D.
8883 (1948).

Pekka Rautala, R. Steiaiss, Jourmal of Metals, § Sce. B,
p 747, (1933).

Re Klesaling, Acta Chemieca Scemd. 3 595 (1949).

Cerhard Hersberg. "Spectrs of Distomic Moleoules”, Znd Bd.
P 506. De Van Nogtrand 00.. N, Y. (1”0}.

Charlotts Moore, "Atomio ‘nergy Levels™ Vol 1 N,B.S. Cire,
467, p. 16 (1949).

Frank W. Glaser, Journal of Metals, 3 #5, 391 (1982).
Morre, Allison, Jtruthers, J. Chea. ‘hys. 18 1572 (1930).

He As Jones, I. Langmir, G.M.J. MaeKsy, ‘hys. Rev. 4
323 (1933).

Leo Brewer, Nat'l. Nuslosr ¥nergy Series, Div'n IV, Vol 19B,
paper 3, (1950).

As e 3esrey, C. X. lgye-s, Technicgql report, "The Heat of
Bublimation of Boron, The dissosiation emergy of BO sas, and
the Speeies in the B - B0y Jystem", Report based on Yr.
¥eyers thesis for maaters iogm at Purduwe Univ. (1953).

L. m’ Ae Wa &Q“,. J.bﬁ.ﬂa. E. 5309-14. {1951).

J. . Edwerds, H. L. Johnston, . E. Blaokburn, J.A.Ce.S.
74 #6 153940 (1952).

V. Mo Lotimer, J.A.C.5. 73 #3, 1430 (1951).

Fationel Buresu of Standards, Cire. 500 "Selected Velues of
Chemical Thermodynamic Properties,” (1952),

¥. Staon, W. Zeidler, lesitschr. Physek. C:emie, 128 383 (1926).

Semuel Glasstone, "textbook of Physicel Chemistry”, 2nd Ed,
p. 688, D. Vam Nostrund Co., N, Y. (1946),



(51) He Le Jm. R, N, Horﬂ, K. C. Korr. JeheC.3, g.
1112 (1951).

(38) P, . m.. Ind,. and Eng. Chem. g’ 7671 ‘lm)o

106



	FN-000001
	FN-000002
	FN-000003
	FN-000004
	FN-000005
	FN-000006
	FN-000007
	FN-000008
	FN-000009
	FN-000010
	FN-000011
	FN-000012
	FN-000013
	FN-000014
	FN-000015
	FN-000016
	FN-000017
	FN-000018
	FN-000019
	FN-000020
	FN-000021
	FN-000022
	FN-000023_1L
	FN-000023_2R
	FN-000024
	FN-000025
	FN-000026
	FN-000027
	FN-000028
	FN-000029
	FN-000030
	FN-000031
	FN-000032
	FN-000033
	FN-000034
	FN-000035
	FN-000036
	FN-000037
	FN-000038
	FN-000039
	FN-000040
	FN-000041
	FN-000042
	FN-000043
	FN-000044
	FN-000045
	FN-000046
	FN-000047
	FN-000048
	FN-000049
	FN-000050
	FN-000051
	FN-000052
	FN-000053
	FN-000054
	FN-000055
	FN-000056
	FN-000057
	FN-000058
	FN-000059
	FN-000060
	FN-000061
	FN-000062
	FN-000063
	FN-000064
	FN-000065
	FN-000066
	FN-000067
	FN-000068
	FN-000069
	FN-000070
	FN-000071
	FN-000072
	FN-000073
	FN-000074
	FN-000075
	FN-000076
	FN-000077
	FN-000078
	FN-000079
	FN-000080
	FN-000081
	FN-000082
	FN-000083
	FN-000084
	FN-000085
	FN-000086
	FN-000087
	FN-000088
	FN-000089
	FN-000090
	FN-000091
	FN-000092
	FN-000093
	FN-000094
	FN-000095
	FN-000096
	FN-000097
	FN-000098
	FN-000099
	FN-000100
	FN-000101
	FN-000102
	FN-000103
	FN-000104
	FN-000105
	FN-000106
	FN-000107
	FN-000108
	FN-000109
	FN-000110

