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I PURPOSE OF RESEARCH

As a result of the problems associated with atomic
energy and rocket programs, there is an interest in finding
and studying compounds which can withstand temperatures in
excess of 1000°C. without undergoing phase changes,
dissociatioﬁ, or reaction with other COmpoﬁnds; Reliable
predictions of high temperature behavior can be made only
if the thermodynamic properties and phase relationships
of the compouhd are known or can'be‘eStimated accurately.

The refractory natures of boron carbide and silicon
carbide have enabled themvto be used for many purposes at
high temperatﬁrés. From the positions of silicon, boron,
and carbon in the periodic tahlé, it was reasoned that
silicon and boron might form one or more compounds and
ihat possibly one of these’compouﬁds miéht have properties
which wouid make i1t desirable for use at high temperatures.,

When research for this thesis was started in August
1957, a literature search revealed that recent workers were
unable to find any intermediate phases in the silicon boron
system éven though the preparation of $iB, and SiBg was
reported around the tgrn of the century.;»SInce the recent
studies did not appear to be exhaustive, it seemed
desirable to determine whether compounds existed in the

silicon boron system, and, if so, measure some of their

1



thermodynamic properties and phase relationships.

After research was started in this laboratory reports
of compound formation appeared. Unsuccessful attempts to
duplicate in this laboratory many of the reported compounds
gave rise to the suspicion that many of the reports were in
errors |

\ The research consisted of four parts, the preparation
and characterization of the solid phases in the silicon boron
system, the establishment of the temperature-composition
phase diagram, the establishment of the pressure-composition
phase diagram, and the determination of the enthalpy and
entropy of vaporization and formation of the compounds which
were found to have a vapor pressure which could be measured
by available methods.

High temperature and high vacuum techniques, X~ray
diffraction studies, vapor pressure measurements, chemical
analyses, and the search for and choice of suitable sub-
stances and thelr fabrication into crucibles were all in-
volved in this research. Vaporization studies have proved

to be an-effective way to obtain thermodynamic information.



11 RELATED LITERATURE

This section contains abstracts of pertinent 11tera~
ture referencee appearing both before and after research
was initiated. The reliability of the work reported in the
references will be discussed after the experimental results
have been presented. " . |

The initial preparation of compounds between silioon
and boron was reported by Moissan and Stock (1) 1n 1900.
They indicated that 5183 and SiBé could be formed by melting
five atomic parte of silicon wlth one atomic part of boron
ln an electric arc. They stated that the resulting mixture
was from 10 to eoe 5153 and 80 to 90% sme. | The two com-
pounds were separated from each other by selective treat—
ment wlth HNO3 and KOH. It was reported that KOH destroyed
preferentially the 5133 whereas the HNO3 preferentially
destroyed the SiBg. Watts (2) was unable to duplicate the
work of Moissan and‘stoek. However, in both cases the |
resulting material was repeatedly treated with caustic
agents to try to attaih-a eonetanb eetio between the‘two
elements. This eonstant ratio was the criterionvof.the -
attainment of a compound. | | |

Brewer, Sawyer, Templeton, and Dauben (3) heated two
different retios of silicon to boron. They heated one

sample containing 50 at. percent boron and on another
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occasion.a sample wasPheaﬁed containing 80 at; péfcent
boron in a BeO cruﬁible for.zo minutes at 1725°C. From
their X-ray diffraCtion patterns they*identified*siricon
and’ found a few weak lines which they attributed to. boron.
Stavrolakis, Barr, and Rice (L) cold pressed mixtures of .
silicon and boron in 1:1 and 1:& atomic ratios and then
heated them to temperatures of 1&00°C; They could identify
only sllicon from the Xeray diffraction patternSa e
After experimentai investigaticns for this thesis were
started,there appeared reports. which indicated the pre~ : .
existence‘af slBBan'The firstiwasfthat of Samsonov and.
LatyshéVaf(5)vwhb.reported £he\ggeparation:oeriB3¢: They .
stated that’the ébmpgund-Was%obpéinéd»hy,hot-compression of
mixtures of éiiicon’and borpn.‘iThéyiaiso said that the
compaundscbu1d~bé formed by:théuiedﬁction,of Bp03 and 510,
with magnesiums’:Theyureported.a‘tetragonai unit:cell for
S51By with ag = 2,829 £ 0,007 and c.t,\:»u.'rés T 0.013°8;
however, they gave no indication of the space group nor did
they report any intensity measurements. Gurevich,~.»;;;-‘
Epel'baum and Ormont (6)thave‘questlonedzthe~structure
deteimination of Samsonov and Latyshéva, but as yet no
reference has been found in which Samsonov and Latysheva
replied\to the criticism, |
Rizzo (7) has stated that he also has obtained a
phase which he believes to be SiBj orvSiBu, From single



crystal X~ray diffraction patﬁerns of the material he has
determined that it has a hexagonal unit cell with the par-
ameters‘ao‘% 5.52 endec '=.12'70“R He obtained his
‘material from a melt of the solution of silicon in B203.
:Finally, reports (7 indlcate that Cline has single crystals
which he believes to be either 8133 or SiBu The X-ray
‘diffraction patterns of Cllne's crystals enable him to
calculate a hexagonal unit cell with ag = 3.10 and

= 12.55 2

| Several journal articles which 1ndicated the prepara=
tion of SIB6 appeared after research was begun; however,
as with SiB3 the reports appear too conflicting. A paper
by Samsonov-and Markovski (8) describes the preparation of
SiBg- which was supplied to. Zhuravlev (9) who decided that
the material was 1somorphic with CaBé. He indicated
a, = 4+150 £ 0,002 ] for the parameter of the cubic unit
cell ef 51B6.’ The accepted value for CaBg is ag = 1,153 X.

After-thié?reseafeh was Started, papers by Cline

(10, 11) appeared in which he reported the preparation of
SiBg by heating a mixture of boron and an excess of sili-
~con. The compound obtained was found to have an ortho~
‘rhombic unit cell with the lattice parameters ag = 14.392 ¢

0,0010, b

o = 18.267 £ 0.0015, and c, = 9.885 # 0.0010 R.

The above‘measuremehts were made from Weissenberg photo-

graphs taken about the b and ¢ axes. Adamsky (12) con-



tinued the work of Cline and indicated that the probable.
space group for this form of SiBy was Pnn2 or Pnnm. In
addition, he postulated that the arrangement of the atoms
resembled that of*BuC reported by Clark and Hoard (13) in
that groups of twelve boron atoms are arranged at the ver-
tices of an icosahedron. Groups of two silicon atoms take
the plade of the linear chains of three carbon atoms which
: arefpresent'in Bu-a"Adémsky'and"cline were unable to find
any evidence of a cubic SiBé. Cline indicated the melting
point of SiBg to be 1950°C.
v - Not only have reports appeared recently to support'
the existence of $iB3 and SiBg, but in addition the exis-
tencs of another compound, SiBla, has been proposed by
Parthe (1), He prepared it by heating boron and silicon
in a BN crucible at 2200°C, The products obtained from the
heating were identified by him as silicon and SiB;5. He
reported a meltiﬁg point for ﬁhe SiB;, of 'approximately
2200°C, He found that the material had an orthorhombic
unit cell with a_ = 11,10, by = 14,79, and ¢, = 10.12 2.
The above compound reported by Parthe may or may not
have been the compound referred to by Powell (15). He
listed the reduction at a heated surface by hydrogen:of
SiClu and BC13\as.a method for the preparation of a com=
pound which he identified as SiBn. Nowotny, Dimakopoulou,

and Kudielka (16) were aware of Powell'!s work and indicated



that n would have a value equal to or greater than ten on
the basis of their own work.

" 'The lé$t authcrs'alsc'prQSented'evidence‘furfthe :
sdlubility'of,boroﬁlin solid silicon. 'Thefr'evidence’was
in the form of a Shift'in~the‘1attice'parameters‘from‘“‘
5.1430 for ﬁhe”puré‘silicdn as given by Straumanis and Akc
(17) to‘5;38u98 for tHe silicon phase in equilibrium with

'a phase ‘more rich in boron.



111 METHODS OF APPROACH

- In.this section a description will be given of the
various methods which were used to confirm and to search
for new solid phases of the silicon boron system; to
éstahlish;the‘condensed-statevphase-diagram,=to-study the
vaporization characteristics of ‘the various phases, and
to calculate the‘eﬁthalpy‘and“ehtropyfofvthe vaporization.
and formation of compounds. The identification of compounds
and the establishment of the condensed state phaée diagram
are interrelated problems, therefore a separate discussion
of the methods of approach for this phase of the research

will not be given.

A. Identification of Compounds and the Bstablishment of

the Temperature~Composition Phase Diagram

When one is concerned with a high tempetature condensed
aystem, one finds it is convenient to consider a compound
as a phase with a limited range of homogeneity. If a
particular phase has a limited homogeneity range and in
addition the composition of the phase is a simple ratio of
the components, the phase is frequently referred to as a
compound.

The establlshment of the phase diagram was based on
the phase law. The phase law,

F=CaP42 (1)



gives the number of degrees of freedom, F, as a function of
the number of components:—in the system, C; and'thefnumber
-0f phases present, P. Since the syntheses used to:éstablish
the' temperature-composition diagram for the two component
system, siiicon'and,borbn;mwere carried out under conditions
'which permittedfthe establishment of ‘a vapor phase;. the
maximum number of condensed phases whiéh«couldanist‘over a
' range: of temperatures was.two.

- Syntheses which resulted from heating various ratios
of silicon and boron werevexamined‘bysmeanS'of X~ray'dif—
fraction to determine which diffraction lines were asso~
ciated with which compositions. The presence of a two phase
region could be detected by preparing a group of syntheses
bf gradual changing composition. If all of the syntheses
were‘within the two phase region, the X-ray d;ffraction
patterns would show one group of llnes'decreasing in inten-
sity and one group 1ncreasing'in intensity as the composi-
- tion changed. If the same procedure were used and the
position of the lines with respect to one another changed,
it was concluded that the syntheses of this group represented
a single phase region.

If one were to pass from a two phase region to a one

phase region, it follows that one group of lines would
disappear. If one were to pass from a two phase region,

through a region of limited homogeneity, and then into a
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second two phase regionj it is apparent that one group of
lines would disappear and another group would appear. The
diffraction lines which appeared on both sides of the région
of limited homogeneity would be those of the region of limited
homogeneity: This was the methed used to establish which
diffraction lines were associated with a compound.

It is apparent that different phases might exist at
different temperaturesél‘lt was necessary to make ﬁeatings
at many temperatures and to qﬁenéh the samples in order to
" determine the phase changes which resulted from the varia-
tion ofithe £émperature¢ ,

‘The attainment of equilibrium betweenvsolid phases
was measured in two ways. If £he phases of a synthesis
changed as a result of additional heating at the sémeA
temperature, equilibrium was assumed not to have been
attained as a result of the initial heating. If after
heating a sample at an arbitrary temperature three condensed
phases remaiped‘in violation of the phase rule and two of
the phases were the phases present before the heating was
initiated, it was assumed that the sample had been heated
1nsuff!cient1y to establish equilibrium.

B. Deierminatlon,gg Pressure-Composition Diagrams

Before considering the methods used to determine the
pressure=composition diagrams for the silicoﬁ boron system

one must consider the possible modes of vaporization.
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Gilles (18) has already presented a treatment of the sub-
Ject, but a summary is desirable, |

The various vaporization processes may readily be
divided inﬁo two categories, congruent and i{ncongruent. In
the case of'thé congruent process the overall vapor compo-
sition does not differ from that of the phase which is the
source of the vapor. In such a~system'the continued vapori-
zation of the material does nbt cause a change to occur in
the domposition of the condensed phase. In the case of the
incongruent proﬁess the overall vapor éomposition is different -
from that of the condenéed.phase from which it originated.
Continued vaporization does result in a change in the com-
position of the condensed phase which vaporized incongruently.

In the case of the congruent vaporization, the vapor
need not be compoéed of the same'moleéules which are found
in the condensed phase. The vapor may consist of disso-
ciated molecules or new molecules. The only bequirement is
that the overall stoichiometry of the vapor must be equal
to that of the condensed phase. Thus, if SiBg were to
vaporize congruently’the vapor mlght consist of SiBg mole=-
cules, silicon and boron atoms in the ratio of one to six,
or one SiBh molecule might be present for each SiBg molecule.

For the incongruent vaporization process the condensed
phase may vaporize one of the components preferentially,

may vaporize a molecule of different stoichiometery and
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give rise to one of the‘cemponents in the condensed phase,
or finally the condensed phase may produce a vapor and
condensed phase which consist of molecules of composition |
different from that of the 1nitial condensed phase.

i 5136 were to vaporize lncongruently it might pre-
ferentially vaparize siliccn and form a condensed phase more
rich in boran,‘ov a vapar such as SiB3 and solid boron might
result from the vaporization of SiBé,vDP instead of solid
boron, there might be a neW‘condensed phase richer in boron.
The abcve are only illustrative examples and by no means do
they include all of the possibilitles.

The phaee rule will now be referred to again, since
i£ is useful in pre@}cting whether the vapor pressure of a
sysfem will‘ohiyﬁﬁe e funetieﬁ'of ihe temperature‘or whether
it will he a function of the temperature and the composition.
The question to be answered by the phase rule in this dis-
cussion is how many variables must be fixed in order to fix
the vapor pressure. - |

If one has a congruently vaporizing process 1nVD1v1ng
two elements; one mey consider ﬁhis system as a one compo=-
nent system or as a two component system with one degree of
freedom fixed, l.e., the composition. The remaining degrees
of freedom are the same whether one considers the congruent
vaporizing system as a two component system or a one com=

ponent system. For the one component system it is apparent
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from equation (1) that, if one has two phases present, a
condensed phase and a gaseous phase, one has only one degree
of freedom remaining. If one fixes the temperature there
are no longer any degrees of fﬁeedom left and thus the
pressure may have only one value.

- “When one considers incongruent processes of vaporiza-
tion involving a two component system, one must distinguish
between univariant and divariant!systems. In the case of
the univariant 'system a new phase is fofmed in addition to
the original condensed phase and the gas phase. This system
1s said to be univariant since there are always three phases
present and thus from equation (1) It is seen that there is
only one degree of freedom. If one fixes the temperature
there are no lbnger any degrees of freedom remaining and
thus the pressure may have only one value,

In the case of the divariant system a new condensed
phase is not formed initially by the vaporization procesé,
but instead the composition of the original condensed phase
is changed. 1t is apparent from equation (1) that one must
have a second condensed phase present or must establish the
composition of the condensed phase in order for the pressure
to be fixed.

In order to determine the nature of the pressure-
composition diagram two forms of experiments were conducted.

The condensed phases before and after vaporization had
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occurred were examlned by anay diffraction and by wet methods
to determine what the composition of the vapor nust have

been in order to have produced the changes, if any, in the
composition of the condensed phases. “In the seeond method,
avpertion~of the vapor was 'condensed and the'condeﬁéate -

was anaiyeed“to determlne~thefcempOSItion of the vapor phase.

é;l Effusion Method of Measurement of Pressurev ’

“ There are several methods which might be used to'
measure. the vapor pressure ef a substance. SOme of these
methods are the stetic, boiling point, transpiration,
Knudsen effusion (19, 20, 21), and Langmuir free evapera-‘
tion (22) methods.‘ » ; |

The Vapor pressure ef the compounds found was appre-
ciable only at high temperatures. At high temperatures a
vacuum is desirable to prevent 1nteract£on and to prevent
the loss of power. Of the methods mentloned above only the
Knudsen effusionvmethod and the Langmuir method lend them=-
seives te measurements in evaeuated‘systems.

In the case of the effuslen method, the vapor pressure
is determined by the number of molecules of the vapor which
pass through an erifice in the container, In the Langmuir
method there is no container, but instead free evaporation
occurs from the sample surface. Probably one of the‘biggest

disadvantages of the Langmuir method is the inabllity’to
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measd:é.the:temperature of the surface of the solid sample
if it is different from that of the body of the sample.
Probably the mqst‘signifiéant disadvantage in using the
Knudsen method is to find a satisfactory crucible material.
,‘vThe.Knudseﬁ effusion:methpd,require; a;measqtement.pf
. all .the vapor passing through an ldeal nrifice.“.The‘vaﬁor
‘pressures,mgésured in:this §hesis wege,measured.b& cqllgcting
iny‘that,pof;ion”ofIthezvapon_:fgm,a non-ideal orifice
.jwhignlpasggdwyhppugh a limited solid angle, therefore it was
necessary, to. know phe:funcgion;forﬁﬁhéJangular_distribution
~of the vapor which effused through an ideal orifice, the
cprreqtiéns,to tha‘funcﬁion\which are necessary for a non-
ideal orifice, and the integration of the function for the
above processes. The cosina.law:gives'the~distribution for
an ideal orifice. Clausing (23, 2i) hés determined the
corrections for a non-ideal orifice, and. Freeman and Searcy
(25, 26) have integrated the functions, In order to under=-
stand the limitations of the above methods, one should have
a concept of the theories and assumptions which serve as the
basis of the equations which are used later in this thesis.

1, KXnudsen Effusion

The Knudsen effusion equation is based on the assump=-
tion‘that the number of molecules effusing through an
orifice will be equal to the difference in the number of

molecules from each side of the orifice striking the cross
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sectional area of the orifice. From the kinetic theory of
gases the number striking the cross section from one side
‘is given by the equatlon. - |

z=1 ___(SRT)% :

- (2)

.In the above equation,

‘ Ais the number of concentration of vapor Species,
is Boltzman’s constant, e

vis the absolute temperature,g

'is the mass ‘of a particle of the vapor species

is the duration of time in which the measurement is
e made,and

- 'S:'is the cross sectional area of the orifice. ‘
At low pressures it is satisfactory to use the ideal gas
law to determ!ne the value for n, thus

z =Byt S (3)
Knudsen stated that the net effusion'was equai to the
difference in the number from each side colliding wlth the
orifice dross section, therefore ‘the number effusing is

2= eramnHer-en, (1)

where P! and P" represent the pressures onleither side of
the orifice.' When the experimental details are discussed
 1n a 1ater section of this thesis, it will be apparent that
the pressure of the gas on one side of the orifice will be

negllgible with respect to the other. " This last statement



17

combined with a knowledge of the molecular weight of the

vapor species permits one tu_write'tha'equation
p=y (2“'“”")% o (5)

- for. the measurement of the pressure from the measurement of
the mass of material which effused through an orifice. W is
the mass of material which effused through the orifice and

M is the molacﬁkar weight.

2o Cosine Law
Tha casine law states that the number ef moiecules
which effuse in a directiun which makes an angle © with a

normal to the cross section of an arifice will be given by
vzgg.ug%a «(‘@ﬁ!{%’% ts cos @, | (6)

where dw is the solid angle whose axis is inclined at an
angle of @ from the normal., Figure 1 assists one to
visuallze the angles involved. For an angle of zero cos

® i3 one, thus

Zo j;" LIS (7.

If one divides equation (6) by aéuation (7), one has the
ratio of molecules which effuse through a solid sngle in-
clined 8° from the normal with respect to the molecules
effusing through the solid angle whose axis coincides with

the normat. The reéults of the division are



ANGLES PERTINENT TO COSINE LAW

FIGURE |
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.Z', ,
'_.gg.# cos ® o | - (8)

QD

3. Clausing's Corrections

- Clausing‘(23} 2h) first'cqnsidered’theyprobébility that
a molecule would be effused through a tube and then he con-
~sidered the angular distribution of ;hg.moléculés.' This is
the order in_which_these twb corrections will be discus;ed

here.

" a. Probability that a Molecule will Effuse

 Through a Tube :

‘The number of molecules which pass through an orifice

will be given by the equation |
zZ=WwWsz, - o | | | (9)

where W is the probability that a molecule will pass through
an orifice if it strikes the orifice, S 1s the cross sec-
tional area of the orifice, and z is the number of mole-
cules which hit the wall per unit area. For the ideal
or"ifice, the orifice with infinitely thin walls, W will
have a value of oné. ‘Clausing assumed that the number‘of
molecules which hit the orifice was given by the kinetlc
theory for an ideal gas at a pressure P. He also assumed
that the molecules which hit the walls of the non-ideal
orifice were restituted in accordance with the cosine law.

Finally, he assumed that there was molecular flow inside
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the orifice. He considered the flow through the orifice to
be composed of the sum of two processes. He considered that
part of the molecules passed thréugh the orifi#e without
undergeoing any collisions. The remaining molecules passed
through ihélhole only with one or more cellisions with the
wall of the orifice.

Clausing calculated values for several probabilities
whidh he incdrporated into the totai probability. He indi-
cated that the total prcbability‘was equal to

W o= J:'wsr(x) w(x)dx + wgg(L). (10)

In the above equation L 1s the length of the orifice,
wsr(x)ds is ;Qe mean probability"over the cross section of
the orifiae,tﬁat'a molecule whicﬁ leaves the cross section
falls on a fing in the orifice dx long which is at a distance
x from the cross section, w(x) is the probability that a
molecule passes into a second container without returning
to the first container, and wgg(L) is ﬁhe mean probability
over a cross section area of the orifice that a molecule
leaves the disk and falls directly on a second disk at a
distance L. |
Clausing was unable to obtain a rigorous solution for
w(x). He concluded that for very small values of r/L,
where r is the radius of the orifice, and at a sufficlent

distance from the end of the orifice the following equation
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is fairly satisfactory: v

w(x) = x/L. | (11)
For values of ~Zw larger than one that the following equation
is more satisfactorys PR

wix) = o< + 4 0L2°< X | . (12)

‘Clausing stated that if equation (12) were a true

séldtibﬁ o< would turn out to be a constant; however o< was
a function of X the distance along the orifice. It was
found that for 1arge values of _[Q o was practically inde-
pendent of Xo In considering a value for ool he. could have :
chosen a mean value, or he could have chosen vaiues con~ -
tinuously over the length of the orifice.

There were certain restrictions on the choice of values

for <. It was necessary to choose values such that

w(x} x/L ‘ EREEEAA ; | o (13)
for small values of (L and such that

W 3L e e (1h)
for long orifices. In order to satisfy these conditions
the choice

o = 2r J7 , ' (18)

3L =+ 2.r-J7

was made. The above choice for o was made to satisfy
extreme conditions; howgver, Clausing tested the choice fbr
intermediate value of gégland found'that it was accurate

to within 2% error.,
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By the use of the above approximation for o¢, Clausing
reported the following sclution for the probability that a

molecule would effuse through a non-ideal orifice:

w =-%§§fﬁ.ﬂ+r3+(ha-2r2)11L2+ur2-L3] +
o+ T (121 JL20yr2r2r2] (16)

DemércuS'and“Hopper'(QT, 28) also have formulated, by
a slightly diffepent'apprbacn; a vaiuetfor'tnéfprobabixity
that a molecule will effuse through a non-ideal orifice.
They compared their vélues'agaiﬁét'Clausing's aﬁd fdund
that the difference did not exceed'o;l%'fbr.a'Valué:of L/r

less than two.

'bs Angular Distribution of Effusing Molecules

: Clausing_extended the above treatment to consider the
deviatipn from the cosine law which was caused by the use
of_ofifides_which were not infinitely thin. In order to
presenﬁ an equaﬁion for the deviation, he first estimated the
nu@ber of molecules stfiking the orifice crdss_section_at
point x, | | _

glx) = z [+ (1= 20¢) ()], (17)
Once again he found it necessary to estimate a value for
o<, In this case, he defined it in a different fashion,

op 4 lré
o JLZ # Lr2

Once again the equation for o is only an approximation.

(18)
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It is valid only when L/r approaches zero; however, it is
a very good approximation even when L is equal to 4r.
 Clausing considered the effusion of molecules in the
direction z from the ring dx inside the orifice. See
figure 2. He stated that only molecules passing through the
shaded area of the two circles did not strike the walls of
the orifice. He then combined the apparent geometrical
relationship for this with the cosine law to derive an ex-
pression for the number of molecules whichlpassed through
the orifice without striking the walls of the orifice and
for the number of molecules whichvpassed through the orifice
after collision with the walls, In the first case tan ©
is less than 2r/L, and in the second case tan 8 is greatef
than 2r/L. |
The fraction effusing in the direction 8 through the
solid angle dw is given by the following: ' |

for the first case

K(O) dw = 1_27_ cos © ij;’w Jre=s® [oc+(1-200) ‘-;x] ds +  (19)

Z cos © dw RES),,
= 4

which after integration gives

k(@) deo = -'ﬁ-z' cos® deo T r‘[\-%("’?)(o«-csinp-&p\’t;-p y + (20)

A (1 ~2s) I—(i"p_'f’“' ]
3m P
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. _Ltane _, R ST
P == 3 B L . (a1)
for the second case . "

<®) e = 2 con e’a;,j“ | -46 {mcl z-q - x] a-,- (22)

wo

which after integratlon yields

k(e) dw = = cos © Am'n'f [9“,4(; z.oﬂ] (23)
L . T3 e L
L tan © : S |
P = "*§;*- b2 . el b _ _ (2L)

In the above equations #iml is the function which represents
the shaded area of Figure 2. | |

| In both cases the quantity 1nside the brackets is
designated by T, which ls ‘the deviation from the cosine law.

If one makes a polar plot of T cOoS Q as a function of

9, Ona finds that the cucve comes to a sharp point when 8
is_equal to zero. It does not seem reasonable that the plot
should come to a sharp point. Examination of the equations
afreadyrprésénied will indicate another unreasonable con~
sequence; There lé a sharp discontinuity in the nﬁmber of
molecules which strike the walls of the orifice, aé one
approaches an infinitely thin orifice. These two dis-
crepancies indicate that_Clausing'é work leaves something
to be desired in the theory which enables one to calculate

the deviation from the cosine law for a non-ideal orifice.

li. Freeman and Searcy's Integration

Freeman and Searcy (25, 26) were interested in the



26

fraction of molecules, n, wﬁich effusefthrouéh a hole into
a cone whose sides are at an angle, 8, with the normal to
‘the hole. This is the problem one encounters when trying
to determine the number of molecules which effuse through a.
’ho;e by measuring the number which impinge upon a target a
given,disﬁance.frnm the_hole.. 1f one is able.toyintegrate

equations (80 and 23), one has thg:&gsired,answer,‘

f’rcosed“’ e (28
" Equatlon (25)'cannot,be intégratedranalytica11y§ -
ﬁoﬁéver,'it can be éValﬁatéd by Simpson's;methdd,’if T is
known for the required values of 8. Since e is rarely
‘greater than 20° and usually only has values between O°
and 20°; T is nearly a linear function of © for a given
value of L/r. Freeman and Searcy have approximétedlz_by
T = 1.0000 - 0.3260 L o, (26)
Combination of equations (25 and 26) and the subétitution
of 2T sin © de:'for dw upon integration_givéé
 n=sin® - 0.0815 & (sin 26 - 20 cos 20). (27)
Freeman and Searcy have estimated that the accuracy of the
abovg equat1on'1s 114 for vélues.Of E[z less than 2.0 and
for values,of © less than 0.35. The ahgle‘g must be expressed

in radians.
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D.:: Thermodynamic Quantities from Vapor Pressure Measurements

| After the phase diagram for a particular system, the
thermodynamlc functions are the next most useful to charac-
terlze a system's lnteractlon wlth lts environment. If one
knows the thermodynamlc functlons for the products and the
reactants for the temperature under consideration, one may
calculate the equlllbrium constant for the reactlon and
Hdetermina whether the reaction under conslderatlon can
proceed to an appreciable extent lf thermcdynamic equilibrium
is reached. There are several ways to calculate the thermo-
‘dynamic funct;ons from vapor pressure measurements., ‘
The flrst of these is termed the second law method.

The relationships for the Glbbs free energy,

AFO = AHC - ‘I‘ASD = .-RTln K, o ' -~ (28)
may belrcarranged to |
- L AH  As®

It will be shown in the chapter which presents the results
that the equilibrium constant which is of interest is,

= a silicon (a bovon)6 o .
K a 5136 (30)

If the actlvlty of the SiBé is concluded to be unity and
the actlvlty of the sillcnn is equal to its pressure, one

( may comblne equation (29) and (30) to obtaln,

. AHC ZXSQ

1n Psi T )

‘e;maB - - (31)
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It is apparent from the above equation that e plot of the
natural logarithm of the pressure in atmospheres as a
.function of the reciprocal of the absolute temperature 1s

a straight line if the enthalpy, entropy, and activity of
Jboron are independent of temperature., It has an intercept
'eequal to the entropy divided by the ges constant minus the
v nature1 1ogar£thm of the sixth power of the activity of the
| boron. The slope of the above plot 1s equal to minus the
enthalpy divided by the gas constant.

 ' The enthalpy and the entropy obtained from ‘the above
processes are approxxmate at the temperature range of the
experiments. Velues at other temperatures must be obtained
by the use of heat capacity data. In the event the desired
heat capacity data are not available it may be estimated.

In order to obtain an enthalpy and entropy of vapori-
zation from the above treatment it is only necessary to
combine the thermodynamlc values obtained with the thermo=
dynamic values for the sublimation of silicon.

There is another way to obtain the thermodynamic
quantities from measurements of\vapor’pressure. The
entropy at the temperature of vanorization may be deter-
mined from the entropy of the reactants and the products.
From‘the'measurenent of the equilibrium constant at a par-
-ticular temperature, one is able to calculate the enthalpy

- of the process from the relationship
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-RT In K= AH® ~TAS® (32)
This last method is frequently called the: third law method
from.the,manner in which the entropy is obtained.,

. Gilles (18) has indicated ihai'it is ‘not uncommon for
: second law values to be in error by more than ten percent.
The third law value for the quantlties 15 usually more
reliable. Heat capacity data and entrOpy data are frequently
not available and must be estimated, thus the reliability

of . the thlrd 1aw value may. be 1mpaired somewhat.



IV EXPERIMENTAL

Three basic types of experiments were performed,
studies to determine the condensed phase dliagram for the
silicon boron system, studies to determine what vapor
species existed for the silicon boron system, and lastly
studies to determine the vapor pressure of 5186. All of
the experiments were performed in a high vacuum, inductively
'heated apparatus. |

The apparatus consisted of a crucible of either BN
or ZrBa, ghsusceptor of Ta or Mo, a glass envelope and
support syétem, vacuum pumps and gauges, induction heating
equipment, and a method for the measurement of temperature.
For some of the experiments which involved the study of the
vapor, a system of replaceable targets was used to condense
and collect the vapor. The equipment will be discussed in
the above brder. It will be followed by a discussion of
the procedures used. Finally the method of analysis for

silicon and boron will be given.

A. Selection of a Suitable Crucible Material

1. Possible crucibles

The selection of a satisfactory crublicle in which to
carry out the réactions batween silicon and boron and to
form vapor pressure measurements was one of the most diffi-
cult parts of this research. A wide variety of crucible

30
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materials, Including metals, graphite, oxides, boron car-
bide, silicbn carbide, boron nitride, and metal ﬁﬁrides,
was investigated to find ones that would meet thé?requiren
ments of being relatively 1ner£ towards the chemical attack
of silicon and boron and yet be sufficiently refractory at
temperatures as high as 2000°C, |

The refractory metals were considered as possible
‘materials from which to construct crucibles. Molybdenum
(mepe 2625°C.),‘tanta1um (mep. 2996°C.), and tungsten
(meps 3410°C.) (29) have desiraﬁle melting points. Tung-

’ sten‘was:not'usedfas a crucible material, since a method of
fabricating a‘crucibze from the metal was not known in this
laboratory when the search was made for a crucible material.
It was believed that silicon and'boronﬁwould react with a
crucible of either molybdenum or tantalum; however, attempts
were made to use them. The boron was found to react readily
with the molybdenum crucible (Ei)'and the tantalum crucible
(E2).

The use of graphite (E3) as a crucible material was
not any more successful than the use bf molybdenum or
tantalum, because even at the relatively low apparent
temperature of 1700°C, boroﬁ was found to react more readily
with graphite»than silicon. When silicon was heated in a
graphite crucibie without the presence of boron 1; was

found to react with the graphite tc form a modification
of SiC.
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Since the elements did not have all of the desired
properties which were required for the use of the material
as a crucible, the oxides were investigated next. The use
of quartz was attempted (EL). EAlthoughxquartz.cbuld not be
used at the higher temperatures, it was believed that.
possibly quartz could be used for some of the sample pre=
paratidns at the.lower,temperatures, 1500°C, it was used
a few times; however, sag was a definite problem.

The choice of alumina (E5) as a,crucibie material had
two disqdvantages. Alumina reacted with both,silicon,and
borqn to fofm gaseous species which were readily lost from
the crucible., Alumina also apparently formed a eutectic
with silicon and the bottom of the cruclble was found to
melt at a temperature of about 1850°C. Alumina is reported
to melt at 2015°C. (30).

There was some'be11ef that perhaps magnesia might

prove to be a satisfactory materlial. Unfortunately, despite
its high melting temperature, magnesia (E6) has a high
vapor préssure which preveﬁts its use in vacuum at tempera=-
tures in excess of 1600°C. | o |

Zirconla (stabfilized) (E7) was used as a crucible for
a number of the attempted preparations of a compound between
silicon and boron. 2rOp, undergoes a change in the crystal
structures when it is heated to high temperétures. The

possible crystal modifications cause fabricated parts to
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crack when they are repeatedly heated or cooled. The crystal
structure of ZrO, may be stabilized by the addition of small
amounts of Ca0. In certain instances this stabilization may
be satisfactory. When attempts were made to heat boron in

a stabllized Z2rO, crucible in this laboratory, it was found
that CaO was sublimed from the crucible into the boron and
CaBg was formed. .

Because‘the‘oxldes were not found to be satisfactory,
the other compounds weée tried. It was postulated that
perhaps th would form a more suitable crucible, but
crucibles of this material were not readily available. It
was not believed to be possible to fabricate a Buc,crucible
without special equipment. Attempts were made to coat the
inside of a graphite crucible with sufficient boron to form
a coating of BuC which would be inert with respect to attack
by boron, or silicon, or any compound that silicon and boron
might form with each other. 1In all cases the graphite which
absorbed the boron in the process of forming the BuC had a
tendency to expand, and this resulted in the rupture of the
walls of the graphite crucible.

Recently self bonded silicon carbide crucibles and
nitride bonded silicon carbide crucibles have appeared on
the market. At the time when a crucible material was being
sought, the only SiC crucibles that were availabie were

silicon bonded and graphite bonded (E8). The graphite bonded
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crucibles were perhaps not as good as pure graphite, since
they pqssessed the same reactivity but lacked,the structural
strength of graphite., The silicon bonded crucibles. (E8)
suffered from similar disadvantages. After silicon carbide
was_examinedfasgajpossibility,:more was learned about the
sintering of,powders‘to form usable crucibles. It might have
been possible‘to fabricate readily a nitride bonded or self

bonded,siljcon,carbi@e crucible,

2:; Boron Nitride Crucibles
| Boron nitride was found to possess some of the most

uéeful characteristics, and it was used fcr the preparative
WOrk; Not only was it inert towards reaction with silicon
and boron, but in addition ‘the molten silicon did not wet
the boron nitride.' The boron nitride was obtained from the
manufacturer in the form of 3/li inch rods (E9), but it was
readily fabricated into crucibles and lids;‘ It is possible
to machine boron nitri&e about as readiiy és oné machines
graphite. | | |

The decomposition of BN becomes appreciable at higher
témperatures., In order to prevant this decomposition,
attempté'were made initially to use the_BN crucibles in a
nltrogen atmosphere. This was an unsatiéfactqry érrange-
ment, since the nitrogén atﬁoéphere reacted with the
material in the crucible to form nitrides. it'was later

found that the BN drucible could be used at temperatures as
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 high as 1700°C.; however, at this temperature a vacuum of
only,abputfl'xtlofhmmmtof mercury could be obtained in the
- -vacuum .system. This pressure presented no great problem for
‘ samplefpréparations,;but it rendered the BN useless for use
in the measurement of the vapor pressure of‘SiBé.f\

It was found,necessafygtouheat.the,BNrérucibles3inA
. vacuum before using them, . The BN supplled by the manufac-

turerfwaSgéontaminated with some form of calcium, and when

.. the BN wasiheatedlthe‘calcium was sublimed .into. the sampie.

“3,' Metal Boride Crucibles

It was believed from the first that the use of a re-
'”fractory boride of titanium, zirconium, or tantalum would
‘prove to be satisfactory. CAll of these materials already
cantained boron and hava relatively high melting points.
“TiBa melts at ca. 2600°C.; TaBg decomposes to form other
borides at temperatures above 200000., and ZrBp melts at
a99o~3ooo°c. (31) After the phase diagrams for the three
compounds had been compared (5), it was concluded that
ZrBE would be the most stable with respect boron attack.
Crucibles of the above materials were not available
'commercially and, 1nitia11y, no attempt was made to fabri-
cate them.} It was believed that in order to accomplish
sintering of the above refractory borides, one would have
to heat the material to a temperature which was higher than

the temperatures attained in this laboratory.
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In the first attempts to fabricate a cruclble of TaBg,
mixtures of tantalum and boron were pressed 1nto the desired
shape and heated to initiate reaction between the tantalum
‘and the boronﬁl This was not a satisfactory method¢ The
‘tantalum reacted so vigorcusly with the boron that much
‘heat was generated and the shape was . destroyed by the eXe
panding gases. Attempts were made to Increase the applied
’heat slowly to prevent the vigorous reaction, but the
: vigorous reaction persisted. Diluting the tantalum and the
| boron with Taﬁz was also not successful in decreasing the
| 'vdismtegratiun of the fom hefm«e it had sintered.
| | Since the shape of the material could not be malntained
'In the above experiments, attempts were made to hot press |
v the desired shapes. The material was held inside a graphite
mold, the pressure was applied by a Iaboratory press (ElO),
and the. mold was heated by induction heating. This arrange-
ment was more successful than the heating of the unrestricted

form. Hot pressing had the disadvantage that it was most

- difficult to remove the product from the mold, because part

- of the boron reacted with the graphite mold instead of with
-the tantalum. With the hot preséing arrangement described
.above, it was only possible to attain a temperature of
1200°¢, ahd a pressure of ca. 1000 p.s.i, When higher
pressures were placed on the graphite plungers of the

apparatus, they were crushed.
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It was found finally that a sehi-satisfactory\crucible
of rigid form could be obtained by heating;TaBQ afterﬂit
“had been pressed*lnto the desired shape. The problem
usually associated with such an operation is the removal.
of the presseds~powder . shape from the dies. Qqcasionally
one,alSQ,iindsEthatfthe.mgtgrial_will crack,ﬁhilerit is
beipg:heated,po~theftemperature%at:whicﬁ»sinteringlqccurs.

- It was found that the problem could be solved by using
the following procedure: The powder was moistened with a
 few drops of water before»it was pressed. The faces of the
dies were lined with weighing paper which facilitated thev
form to be slipped from the dies.i,Finaliy the form was
pressed by stagas,,i.e.,,only ennughimatériéi wasvaddéd to
form the sides and only after’thé sides had been pressed
Waszmore material added to be'pfeésed into a bottbm.
Sintering of the crucible was accomplished by heating the
material for one hour at 2000°C.

'Figure 3 is a sketch of the dieé used. Thgy were
fabricated from cold-rolled steel rods. Note'that the end
of plunger B was used to press the walls and the other end
was used to press the bottom, Plungers C and D were used
to fprm one of the lids which were used in‘the,effusion
experiments. Dies of different dimensions were used to
form the pthef 1id which was used in theeffusion expefi-

ments.
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It was anticipated that TiBz could also be sintered,
‘ but the surprising finding was that ZrBZ could be sintered
- without the necesaity to: exceed 2000°C.. it wasvfound that
the Zr82 was - slntered sufficiently after it had been . heated
fur two hours at EODOOC‘ “The zirconium and titanium borides
were obtalned commercially (Ell, EIZ), however, the tantalum
| boride was prepared in: this laboratory from tantalum and
boron: (E13, Ell)s ' |
© After the availability of either a TiBp, TaBp, or
| 2rB, crucible was realized;:théfproblem-Was which of the
borides would be’tﬁe least 1likely to react,with.siiicon, or
boron,‘6r~therr.compoﬁﬁdS;¥ The problemzwas,sgived in a
rather simple fashion.. By tﬁe‘tima it was reallzed that a
refractory metal,bdridé cculd,bejfcrmed‘into a . crucible,
fSiBélhad already been prepared in a BN crucible. Mixtures
._wére'prepared betwgen;each of the borides and the‘SiBé.
The mixtures wevagpbessed,into,plugsgand‘heated one at a.
time in tha'TaBR;crucible’forg3O minﬁtes at 1715°C.. An
X-ray diffraction pattern (E15) was prepared of the material

before and after. the heating, .The appearance of additional

lines in the films taken after the heating was considered
as evidence of interaction. |

: TaB2~displayed'the~most~reaction with the SiBg; how-
ever, no reaction appeared to occur between the Z2rBo and
the SiBg. - The reaction products between the refractory
borides and SiBy were not identified.
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B. Crucible Design

It was possible to make a relatively tight fitting lid
for the BN crucible; however, the vapor pressure of the BN
was appreciable. The vapor pressure of the 2532 was
negligible; however, a tight fitting 1lid could not be -
fashioned from this material, because neither the tolerances
could be maintained during the sintering process, nor could
the resulting piece be machined. Since a tight fitting‘lid
was necessary for the sample preparations to prevent the
loss of silicon, the BN crucibie-was used for this purpose.
Since the vapor pressure of BN could not be tolerated when
the vapor pressure of 8186 was measured, the ZrBz-crucible
and two different lids with orifices of approximately 1/16"
and 1/8" were used for this purpose.

In a later section the use of inductibn heating will
be described. Neither BN nor ZrB, will heat inductively;
‘therefureﬁﬁt was necessary to surround the material with a
susceptor which could be heated by induction. The hot suscep=-
tors heated the BN and ZrB2 crucibles by radiation. Tantalum
was used to heat the ZrB, and molybdenum was used to heat
the BN, Both were equally well suited; therefore, the*
choice was made on the basié of the availability of the
desired shapes‘which were required,

Theoretically in order to have tﬁe crucible and the 1lid

at a uniform temperature, it is necessary to surround them
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completely with a susceptor at a uniform temperature. In
order to try to accomplish this, covers which also heated
inductively were placed on top of the,susceptbrs.

In order to prevent interference with the vapor effus=-
ing through the orifice of the ZrB, 1id, it was necessary
to provide a hole in the susceptor cover which was used |
with the Zng‘cvucible and lid. The hole had to be small
enough to prevent the lid from becoming cooler than the
crucible, On the other hand, the hole had to be as large
as possible to prevent the susceptor cover from interfering
with the beam of the molecules effusing through the orifice.
If the distribution were disturbed, equation (27) would not
give the fraction collected. ‘

In order to decide what size hole should be made in the
susceptor cover, several covers were designed and used., The
one that was selected for the effusion measurements had a
hole Jjust small enough to prevent the vapor from depositing
in the orifice, yet the hole was sufficiently large that no
vapor could be observed on the under side of it after its
use, It will be'shown later that it was necessary to have
two lids for the ZrB, crucible. Since the lids had dif-
ferent size holes and were of different thicknesses, a
susceptor was provided for each lid.

Since less power was generated in the bottom of the

susceptor than in the sides, the bottom of the susceptor
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was cooler than the sides. In order to separate the.
crucibles from the bottoms of the susceptors, a disc was
fashioned from the same material as the crucibles and the
crucibles were supported by these discs. In order to
measure the temperature of the bottom of the crucible, a
hole was provided in the bottom of the susceptor and in
the supporting disc. ..

. Figure i is a diagram of the BN crucible inside the
molybdenum susceptor. Figure 5 is a diagram of the Z2rBp
crucible and one of the lids and susceptors which were .

used with it..

C; Supgort System |

| The sugceptor which contained the crucible was
supported on a semi klnematic quartz table. The table was
constructed from a cylindrical quartz blank (816) Cut
across the top of the blank were grooves which interéected
in the ceniér of the top to form angles of 60°'with ohe
another. A glass saw and a specially designed Jig were
used to facilitate the cutting ofythe grooves. The table
rested on top of a Vycor tube which was sealed to the glass
envelope, A circular groove Qas cut into the bottom of the
quartz table to prevent it from sliding on the support
tube. |



Mo LID

65 mi.
|
BN LID
| /W
T %
; / Mo CRUCIBLE
BN CRUCIBLE %
3/4" 0.D. ; L/ I 174" 0.D.
"1 I/8"HIGH £ % é 2" HIGH
178" THICK f 40 miL. THICK
/
W
N
BN SPACER \\

% ' 22777,

BN CRUCIBLE INSIDE Mo HEATER

FIGURE 4



ZrB, LID ~_
/16 OR Is8" <8

ORFICE & —+%

ZrB, CRUCIBLE
7/8" 0.D.

9/16" 1. D.
3/4" HIGH

ZrB, SPACER _
ca. 3/16” TALLS
/8" HOLE

20miL. Ta LID

ey

20 mic. |” DIA.

Lju TUBING

=R

N |
NN SN |
W>\\ N
AV AL wom
Ta TRIPOD

40mi.. Ta
WIRE LEGS

ZrB, CRUCIBLE INSIDE Ta HEATER

FIGURE 5



L5

D, Sample Preparation Apparatus

- The sample preparation apgaratus was constructed of
Pyrex and VyCQr. ;The‘lower Pyrex part was connected to
the cold trap of the diffusion pump. It was 75mm. in
diameter and was Joined to.a 55/50 standard taper Joint.
A side arm was sealed to this section to ppovide,an optical
window, Through the optical window and a prism which was
contained in this section could be observed the bottom of
the crucibie..‘A glass shutter which could be operated by
a magnet-outside,the-glaSs,envelope could close over the
_prism and prevent its transmission characteristics from
being changed, The Vycor support tube of the support assembly
‘was connected to this lower section of the glass envelope.
This section of the glass envelope was common to this
apparatus and the effusion apparatus which will be described
in the next section. - , ;

The upper half of the‘glass envelope consisted of a
Vvertical condensor which connected to the lower half. This
condenser was‘a standard wall thickness 5lmm. Vycor tube
4,80mm. long closed at one end and sealed to a 55/50 standard
taper Joint at the other. |

E. Effusion Apparatus

The effusion apparatus consisted of a system of
replabeable targets and a Pyrex and Vycor énvelnpe; Figure

6 is a schematic diagram and Figure 7 is a photograph of
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the effusion;apparatusz "The crucible, susceptor, semi-
kinematic table, supporting tube, and lower portion of the
glass envelope have already been discussed. ' .

- It will be notedfin,Piguref6~thaticertéinwoflthe parts
have been specified to have heen'cdnstruétedfofvvyCOr..'The
remaining glass parts were constructed of Pyrex. The 50mm.
standard wall Vycor tube was of such a length that the
bottom of the magazine was 135.5 mm. above the top of one
of ‘the two crucible: lids.:

- The capper_garget.magazine‘cou%d-hdldvupfto-six targets
for subsequent exposure. The lower retaining ring of the
) magazine was heveled on the lower edge of the inner periphery
so that a knife edge was formed at the top surface. This
knife edge served to fix more definitely the fraction of
vapor which was permitted to strike the target. The target
was contained in a supporting ring which rested on‘the
collimator ring. | |

A plunger which could be actuated by a magnet outside
the glass envelcpe consisted of a mclybdenum rod affixed to
an’iron slug. A system of holes in the target magazine
enabled the plunger rod to strike the supporting ring which
held a target and to push the ring and target out the side
df the magazine and into the target receiver. After the

ring was ejected another ring and target dropped into posi~

tion.
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A glass shutter which also could be bpératéd by a
magnet'was’poéitidned»below:ﬁhe‘térgéi‘magézine; This
shutter could be closed to prevent vapor from striking the
targets. Thus, one could adjust théiiéﬁpeféturéiéf'the
crucible before a target was‘eprseﬁ. The use of a shutter
:alsp_enabledgone,to;fjx more:definitely.thgftimevof the
exposure. of the targets. R '¢~
| The target rings were cooled by contact with the copper
"magazingiwh;¢h was in,turn coolgd'byldry 1ce.acetone
refrigerant contained in the reservoir directly above the
,target magazine.‘ - . ‘

The targets consisted of platinum discs 1 1/8 inches
in diametep‘held‘ln supporting rings of stainless steel by
22 gauge. spring copper wire. A diagram of the target assembly

is shown in Figure 8,

F. Vacuum Pumps and Gauges

lt‘was necessary to conduct the heatings in vacuum
to insure a mean free path of the vapor sufficlent to
pvevént‘collisions of the effusing species with Itself
before it'stfikes the target.. The vacuum technique also
eliminates heat losses by conduction and convection and
contamination by atmosphere.k

A dry ice acetone cold trap was provided above the
diffusion pump to prevent 011 from diffusing into the

apparatus. The trap consisted of a group of brass baffles.
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‘The vacuum was attained by means of a mechanical fore
pump (E17) and an oil difquibn’pump‘(EISJ.. The standard
taper glass Jjoints of theglassehyelopefwere‘rendered  :
vaéﬁumfiight,by‘the'use of‘high'vacqﬁmv§§§pc0ckigrease~-'
"(519) '*The‘metalfto metal seals wefe:faéilltated by the

use of neoprene non rings (5202 The copper to glass seals

' ?were'purchased-(Eal).' "Black wax"’ (322) was used to make

the glass to brass seal at the bottom of the effusion .
apparatus.- ‘ o ,
~Thevvacuum‘attained)was'mgésuved'by means of a pirani’
’gauge'(523),'a’cbid’cathade'gauge‘(Eau), and a‘logaritﬁﬁic
| ion gauge (E25). The:pifani gauge:wés used to meésure‘the
pressures from one atmosphere to one micron aﬁd the cold
cathode gauge and the logarithmic ion gauge were used to
measure pressufes:from‘one micron to 10”7 mm. of mercury.
© For the effusion measurements, it was possible to
obtain a vacuum of 1 x 10‘6mm;§¢howeverg,when the BN crucible
was.used at high temperatures a vacuum of only 1 x lc*h'mm.

could be obtained.

G. Induction Heating

The crucibles were heated by the radiation of heat
from susceptors which were heated by induction. Induction
heating has a number of advantages. The heating occurs
‘much more rapidly than other methods since the heat is

generated within the body itself. There is no need to pass



52

conductorsithrough the”vac&uﬁ‘enveiope.':Finally,'the‘region
that is heated is axially restrictad to the region within
the primary work coil.- ‘
1f one neglects the power losses in the primary work

coil, one Would'find‘that the heat generated in the sample
'is proportional to the frequency. ‘Because¢ power losses in
the circuitry increase with the ffequency, there is an
‘optimum value for the frequericy. The frequencies used for
induction heating are also restricted,*beCéuse*cffthe re-
servation of ceitain frequencies for radio communicatlions.

© A 20 kwes vacuum tube oscillator (E26)‘wasvused as a
power supply for the' induction heating. It had a rated
frequency of 500 kc. The work coil had a fairly high impe-
dance because of the number of turns which were necessaf&
to attain;sufficientrcoupling with the susceptor. This
necessitated the use of a minimum grid pickup, therefore it
was;poss!ﬁ}é to obtain a frequency of only 390 kc. The low
frequeﬁcy did not impose a éerious'disadVantage ph the
maximum temperatures which could be obtained. 1t was never
found necessary to use a power setting of more than 75
of full power. | |

The power supply was controlled by means of the

variation of the bias to the thyratron tubes in the rectl-
fier section of the oscillator. The bias was controlled

by a variable 10K resistor in series with a variable 1K
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resistor serving as a verier for the larger-tesistor. To
insure a more nearly constant power delivery the voltage to
the vacﬁum tube oscillator was regulated by means of dry=-
type induction voltage regulators (827); A measure of the
performance of the power supply is that the temperature
would not change during one hour for a’given power setting
more than four degrees at a températurefcf 1200°C,

The primary work coil consisted of 1/l in. flattened
copper water tubing fashioned into sixteen turns with an
inside diameter of 75 mm. and a heigh£ of 70 mm. The turns

were insulated from one another by asbestos paper.

H. Temperature Measurement

Temperature measurement was accomplished by means of
an optical pyrometer (E28) which had been calibrated by the
National Bureau of Standards, test no. G2495L, 31 March 1959.

It is not sufficlent to measure the temperature of an
obJect by sighting on it through the telescope of an optical
pyrometer and matching the brightness of the filament with
the brightness of the crucible. Corrections had to be made
for the fraction of the light that was reflected and absorbed
when the light passed through thé window and prism which
were necessary in these experiments. In addition, the
possibility had to be considered that the bottom of the

crucible on which the pyrometer was sighted might not be at
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the same temperature as the contents of the crucible. There
was also the possibility that an emissivitytcorrection should
be applied to the temperature as,determinedvby the material
of the crucible,

A discussion of the window and prism corrections will
' now be made. For correction purposes the prism (E29) and
the window (E30) were considered as a single unit, since at
all times one did not sight thrbugh.oné without sighting
through the other. They were considered as a single screen
which absorbed a fraction of the light emitted by the
crucible. |

The absolute true temperature of a body Ty may be
calculated by meésuring the apparent temperature T, through
a neutral screen and calculating £he true temperature from
equation (33) which is derived from Wein's law.

1/T, = 1/Ty = - %-Z- In 77 | (33)
In the above equation Zlg is the effective wave length,

C, is Wein's second constant, and 77 is the fraction of
light transmitted.

The‘right side of thevaboﬁe equation may be considered
as a constant for purposes of calibration of windows and
prisms. The quantities Cp and 7 are true constants. For
an optical pyrometer similar to the one used in these
experiments, the effective wave length was‘found to vary

from 0.6512 to 0.6523 for the temperature range used.
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The effective wave lengths were calculated by assuming that
the temperature differences were 50°C,,€S;nce it was possible
to evaluate the right side of the equation to only two signi-
ficant figures, lt ‘was considered satisfactory to regard
JAe as a constant. N o T S

o It was necessary to evaluate the right side of equation
(33) several times during the research. Calibration was
accomplished by the use of a sacond vacuum system similar
to the one described previously;l A graphite cylinder with

a black body hole was heated with the induction heating ‘
equipmenpf The temperature of the bady was measured in the
nﬁrmai‘manner and this measurement was:=considered to give a
value for Ty. The temperature of the body was then measured
by placing the window and the prism in the path of the
optical pyrometer. This temperature was used as a value of
T, which was combined with Ty to give the Qalue of the

right hand side.’ These measurements were measured three
times at each power setting. 'The‘pdwer’was ad justed so that
temperature measurements might be made at 50° temperature
intervals over the temperature range which was used in these
measurements.  Initially attempts were made to calibrate

the window and prism by sighting on the filament of a pro-
Jection lamp. It was found that the temperature of the
graphite body was more constant than the filament and that

it was easier to match the brightness of the filament to
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the brightness of the black body hole of the graphite
cylinder than.to the brightness of the surface of the fila-
ment. ‘

. Mention has already been made of the shutter which
protected .the prrsm'from‘the;depositation«ﬁf vapor from -
the susceptor and crucible.. Ltgwé5>necessqry in order to
prevent a coating that would decrease the percentage of
1ight transmitted through the prism and thereby void the
calibration. . i |

Table I shows the data géthefedpfor a typical calibra-
tion of the value for the right side of equation (33).
TABLE 1
 CALIBRATION OF WINDOW AND PRISM

Average Temperature ' , Constan Calculated

Degrees Kelvin . . 10=2 deg~l
With Without
Window and Prism |

1739 | 77T N 1.0l
1780 - 1820 1.23
1876 I 1922 1.28
1929 1973 1.15
1970 . 2023 7 1433

| - mean. 1.21

probable error of mean  +0,028

"When thié section was introduced mention was made of

the possibility that the temperature of the sample was not
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equal,to,the temperatuve[of the,hottom of,thevcrucibleﬁk
It has already been stated that the major thermal gradients
accurred at the ends. of the susceptur and that the top and
the’ bottom of the susceptor were closed to prevent the loss
- of heat by radiation: The use uf a disc to separate the
_crucible from this region of temperature gradient has been
1ndicated, therefore the assumption was. made that the
_.tempgngggpetpfﬂthe hot;om_was,thg&same.aslthat.of the‘sample.
1_¢;nfgtqéﬁ;§b;measnre‘thg.trqc §¢mpetatura of a body,
,with’an‘optlcal\pyrometer, one ﬁuéi hava biack body condi-
_:tiuns or apply some correction to the measured temperature
~to convert At to the true temperature. In these,experiments
A_the,tempgrature4mgasurements,were;made,by‘s;ghting through
the supporting spacer and onto thejbqptom,of‘the,c:ucible.
‘Thg‘suppaftingfspacet was intended to simulate a black body
hOIQ'E ‘ L : . ; :

A test was made to determine if the disc did create
a black body ‘hole. It was conc¢luded that by sighting through
the or;:ice down into the.crucibleidid‘repre#ent observing
the,temberﬁturepf a black body hole; therefore, by means
of a window and prism above the crucible and a prism and
window below the crucible a comparison of the temperature
measqréd;by the two methods was made. At 1739° the dif-
feregce (n»the}two;temperatures,was found to be negligible;

however, at a temperature of 1987°K, it was found that the’
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temperature read from the bottom was nine degrees low. The
appropriate corrections were made to the temperatures

measured from the bottom of the crucible,

I. Determination of Phase Diagrams

wa that the apparatus used haé been discussed, the
éctuai procedure used to determine the phase diagrams will
be presented,"‘

The temperature composition diagfam was determined by
heating samples of various compositions in closéd crucibles
to fixed temperatures. The phases were noted which were |
present in the sample after it had been cooled. The decom=-
position tempefaiures were verified by making successive
heatings at increasingly higher temperatures until evidence
of the decomposition product$4cou1d be detected in the
/samples after they had been cooied.

Two methods were used to determine the nature of the
pressure composition diagrams. Samplés were heated at
various constant temperatures in open crucibles and the con-
densed phases were examined before and after the heatings.
The nature of the vapor phase was deduced from the changes
in the condensed phases. In the second type of experiment
the platinum targets were used to condense some of the
vapor. The deposit on the targets was examined to deter-
mine the ratio of silicon to boron which had been present

in the vapor.
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The silicon used in theapreparations@Was represented
by the manufacturer to be "solarfgrade"u(§31)a The . amorphous
boron .used was represented by the manufaciurer to be 99.2%
pure (Elu)g;lrhe,analysis,squitted,ﬁy tﬂéjmanufacturep-for
ﬁhehbaron lisied'thev;mpuritigs,fbut n9,meﬁ;1on.was‘made of
any 6xygen 1mpqr1ty,  An,ana;ys§s in;tﬁis Labor§to;y,indiv
cated that the‘amorphous_bo#qn»ﬁas,bnlyA9752%'pure; The
vdifférénca §ay or mayvnot,have;bean:the;p:esenc¢ of’oxygen«‘
1n_the;bprqﬁo"The metﬁoﬁ'of_aﬂalys;s<of_bath the silicon
andxghe,boron;wil;,beAexplalne@;inxa 1étestecﬁ£oqof this-
thesxg;f | ‘_‘ 2 o |

beinsure the completion of,the rééction‘the,silicoq -
was powdefed-with a mortar (E32) sufficiently to pass. |
through a 325 mesh sieve (E35). To prevént the loss of
silicon during reaction, all of the preparations were
carried out in BN crucibles. o |

After the samples had,beenﬁheated as rapidly as
pqssible and cooled by discontinuing the supply of power,
the material was examined by both X-ray difffact:on (E15)
~ and wei analysis. It was found necessary to grind the
‘samples for x~réy,d1ffract£onv£n a boron carbide mortar
and pestle (E3u) to prevent contamination. The wet analy=-
sis was necessary even for the samples for»which‘noveffue
sion was planned. Some silicon was lost even when the BN

~crucible and 1id were used.
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"It,wés:found'neceSSary'to’heat the samples for a longer
period of time at the lower temperatures §n order*to-estabé
lish equilibrium. At the lawer'temperétu#e, 1227°C., some
of the‘samplesywere annealed for eighteen hours. At the
higher temperatures, 1869°C.; iheLsamples were'annealed
for only'a‘half hour. During the'énneaiing procéés/thév
‘temperature was maintained to within'# 5°%. |

 The‘pr§b1em‘pf the:attainment.of“equilibrium was an
1ntergsting one; .At the highef témpératutésrthié wés nbt
\avpgpblem, since‘;be variation bf‘ﬁhé héétiﬁg’from oné half
to two'héurs_héd n9Ieffect on the ﬁrodudts\fcrmed. At the
lower témperaturgs'some erroneous conclusions were made with
regard to the nature of the phaée diagram‘before it was
realized thaﬁ longgr heating bf the‘éamples &1d havé an
effect on the products formed, Heating was continued at
the lower temperaiures until‘no change was observed in the

products formed.

'Ji Measurement of Vapor Pressure of SiBg

The Knudsen effusion apparatus which was used to measure
the vapor pressure of SiBg has already been described. An
account will now be given of the procedure which was used.

| It was necesséry‘to prepare a new sample each time
‘thé‘crucible was filled for the effusion studies. It was
ﬁecessary to fill the ZrB, crucible almost full for each

group of pressure measurements. Since the capacity of the
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ZrBa crucible was about the same as the capacity of the
BN crucible, all of one preparation was uSed to fi11l the
crucible. '

When the 2rB, crucible had been filled it was possible
to expose about five targets before th; sample became de-
pletedﬂﬁ‘siaéa The condensed phases in the crucible were
examined Sefoveiand after the vaporization for the presence
of two condensed phases. |

In the event this criterion was not met the pressure
measurements for the sample were disregarded. From what has
been said in the theoretical chapter and the description of
the apparatus, it is apparent that only a fraction of the
vapor was condensed on the platinum targets. The vapor

pressures were calculated by the use‘of the following

equation,
- ‘
P = gl (BTEDLE (34)
in which,

W is the weight collected on the target in grams,

S iIs the area of the orifice in cma,

t is the time of exposure ln‘seconds,

R is the gas constant, 8.3136 x 107 ergs/deg. K-mole,
T is the temperature in degrees Kelvin,

M is the molecular weight of effused species In

grams/mole,
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n is the fraction colle&ted and is dimensionless, and
K is a factor to convert the,pressure to atmospheres,
K = 1.01325 x 106 dynes/cm®~atmospheres.

The quantity'g‘was calculated from the following
equation: - |

n=stn2e - 0.0815 (X)(sin 20 = 26 cos 26)  (35)
in which,

@ is the angle between a normal drawn to the plane of

the 1id and a line drawn from the center of the

. orifice to thé‘defining edge of the collimating ring,'

L ig the length of the orifice, and |

r is the radius of the orifice.

The method of measurement of the weight of material
collected on the platinum target will be discussed in a
separate section. The method of tempe rature measurement has
already been discussed. The method of measurement of the
other quantities listed above will now be made.

Two ZrB, lids were used to make the effusion measure=
ments. The orifice of the one lid was approkimately four
times the area of the orifice of the other lid. The pur=
pose of the two area sizes was to determine i1f the vapor
pressure was a function of the area of the orifice. If the
vapor pressure measured using the larger orifice was smaller,
this would 1nd1c§te that the vapor in the crucible was not

saturated when the larger orifice was used.
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The area of the orifices were measured by the use of a
comparator (E35).  In order to correét;for—the-possible
lack of circularity of the orifice, the diameter was
measured in two-directions,perpendicularfto one another,
Table 11 shows the precision which was obtained in measuring
oneaqf'the‘orifices,”ln.the‘eVent that the diameter changed
as:a result of depositation of silicon in the orifice the

pressure measurements were disregarded.

TABLE 11
EIAMETER OF ORIFICE, LID l

Direction A - , Direction B
3.1142 mm - 3.1297 mm
3.1207 ; o 3.1283
3.1230 3.1294
mean 3.,1192 mm | 3.1291 mm
prbb;‘ h
able

error %0,0018 mm +0.00028 mm

~Table IIl indicates the precision that was obtained
in measuring with a micrometer (E36) the thickness of one
of the lids.,

The precaution of measuring the diameter in two
directions was used in measuring the collimator ring of the
target magazine, The collimator was measured by means of a
vernier caliper (E37). Table IV gives an indication of the

precision obtained.
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TABLE 111
- 'LENGTH OF ‘ORIFICE, LID 1

' 0,201 in.
0,199 |
mean - 0.1993
probable error - .o
of mean *0.00015
TABLE IV

e DIAMETER OF COLLIMATOR
. Direction A o Directicn B

0.939 in. - 0.940 in.
| 0.939 | o 0.9h1
mean 0.9386 | © 0.9403 in.
probable . o |
error of R N o
mean +0.00022 | +0.00022

The height of the defining edge ‘of‘the magazine above
the top of the 1id was measured by means of a cathetometer
(E38), It was necessary to make this type of measurement
for each 1lid, since the two 1ids were of slightly different
thickness, Table V gives an indication of the precision
obtained. Since the inside top of the bottom retaining ring
served as the defining edge, it could not be observed
directly., The outside top of the ring could be observed

where it had been joined to the copper tube, It was assumed
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that the ring had not been deformed in the process of.
fabrication, therefore the outside was used as a point from

which to measure..

TABLE v |
HEIGHT OF COLLIMATOR ABOVE TOP OF CRUCIBLE LD, LID I

- Collimator e Top of Lid
o3 mme . 77.61 mm.
91 39 L PR 77 57
91.y2 153
mean B f?lthB mm;;‘ R 77.577 mm.
probable error . oo
of mean | - %0.026 mm. o %0.012 mm.
difference B | 13.836 mm.

probable error bf difference i0.0EQ»mm. '

The time was measured byVODSéfving the time interval
as .indicated by,é digital timer (538). The timer was capable
of indicating the time}to one hundredths of a minute. The
timé was observed 1mﬁediately after opéning thé shutter
that protected the target and 1mmediately after the shutter
was closed. It was assumed that the time lag was the same
in bdth instances. The same degree of difficulty was
associated with opening and closing the shutter.

Before the platinum targets were used to condense
vapor it was necessary to remove all tracesof silicon and
boron rrom:them. Aé a test of the dléaning‘prOcedure;

platinum térgets were used which had been exposed to silicon
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- vapor. Initially it was believed that the silicon could be
removed from the targets by,heating;themfin;atmosphere@
Even,whenfthettargets~were;heated to;a?femperaturefjust'

~ ‘below the melting point“ofiplatinum,;thé/silicon was not
vaporized. It was found that fused N32¢o3 could be used

. to clean satisfactorily the;targets befbre they were used
to condense :vapor. e |

- In order to determine what molecular weight to use
‘x~fﬁrt£he:vaéoé;xthe~wurk of ‘Honig (32) and the corrections
to ﬁis~work«(33) were considered. - Iﬁ~his work he repdrted
the ratio 6f‘tﬁé.di&tomicvspecies to the monatomic. MFrOm
hisarepert-the monatomic~diatomic equilibrium constaﬁt was
vcalculaiéé.: From the equilibriumfcoﬁstént the ratio was
calculated for ﬁhe pressure of silicon in ‘equilibrium with
SiBg (s) at 1650°C., and it was found that the vapor con-
sisted of 0 013% diatomic molecules. This amount was cone
sidered to be negligible, therefore thé molecular weight
of the vapor species was considered to be 28.06.

The identification number of each effusion measurement
was composed of two numbers. The first half of the number
was the number of the note book page on which the series
was initiated. The second half af’the number was the number
engraved on the target retaining ring. The targets were
placed in the magazine so that they would be exposed in

increasing numerical order.
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‘k;_ Silicon Analysis
| " The method of siliccn analysis was' modified from a
~ moiybdenum blue" colorimetric method which was presented
by Charlot and Beziar (Bu} It was necessary to determine
the - silicon concentratian in the samples which were used in
the phase studies.' In addition it was: necessary to deter~
mine the amount of silicon which had condensed on the
:platinum targets.: |
Approximately ten milligram samples wera used for the

| analysis of the material fram the phase studies. The sample
was mlxed with two grams of Na2003 and rused at the full
" heat of a meeker burner for thirty minutes‘ The sample was
then transferred to a volumetric flask and diluted to
100 cce In order to have a:sample‘with approximately the
same amount of silicon and the same amount of NazCO3 in it,
an aliquot was taken which contained from SOyto ISOUmiéro
grams of.silicon and was mixed wifh three grams of Né2C03.
This permitted the use of the same calibration for samples
érising from the two diffehent sources. |

"For_the analysis of the émodﬁt‘bf'silicon on the
targets,‘the'target was placed in a‘platlnum'dish and
covered with three grams of Na2603. The sample was heated
at the full heat of the meeker burner for thirty minutes.
- After the sample had cooled it was dissolved in about ten

cc. of water. From this point on both samples were treated
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the sames :
"v"Five*cc;'of=3%sH202~sbzutibn~waéiéddad‘ahd~thén>each

of the samples was boiled‘ih'&fhickel”éfucibleffbr ten
minutes;ta'déétrcyfthéééiéesé*ﬂéﬁé“whiéh‘réﬁéiﬁed*éftérfthe
oxidation af?theiSamp1e;,"zndompiéﬁe{déstructibn of the
Hz0, resultediin the formation of a yeixow complex when' -
'ihé”MOlybdate*Sélatinn waS“added;' It:§és eas&rto mistake

’ thely9116w“cbmprex;fJusi‘méﬁticned,‘fcb thé”yé11ow‘comp1ex‘
“silicon fofméé with molybdate. It was found that Boiling
1vfbr;teh’mihutgé?achmpanied“by”washingftha:éides‘was snff1~
Cient'tb“assufe’complete*déstfﬁction bf the H05.

' 'After the solutions naaﬁcoazed‘to{baom~témperature*their
- pH was adjusted to 1.5-1:7 with 9N sulfuric acid. The pH
was determined by means of a pH meter (ELO). ' In order to
form the yellow complex cblor‘S‘C¢;:offacidified ammon i um
mblybdate solution wéS‘added”and the solution was allowed to
stand for exactly 5 minutes. '

Strickland (35) indicates that the molybdate solution
should have from three to five equivalent of hydrogen ion
per mole of molybdate. With this in mind, the mblyhdaie
solution was prepared by dissolving 25 grams of
(Nﬂh)6Mb702u'H20vwith 15.7 cce of cbncentrated*sulfuric
acid and enough water to make 250 cc. Strickland indicated
that the presence of the acid controlled which one of the

two possible yellow complexes would be formed with the
silicon.
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Since the blue cnlor of the silicon—molybdate complex
was far more sensitive, it was used for the colurimetric
determination of the silicon. It was deVeloped five minutes
-after the addition of the molybdate by the addition of 10 cc.
of ON . sulfuric ‘acid, 10 cc. of h% oxalic acid, and 10 cc. of
2. 57 solution of Fe(NHh)g(SO&)a.- The Fe(Nﬁu)g(504)2 solue-
tion was prepared by dissolving Lthe- neceasary amount of
Fe(NHu)g(SOh)a in 0.k N sulfuric acid. The intensity of
the blue calor was measured 10 minutes after the reagents
vhad been added. A colorimeter (Eul) equipped with an 820
m)a interference filter (EL42) was used to ‘measure the ine
‘tensity.

.. The use of Na2003 was most satisfaétory in the above
analysis; however, all commercial NaCOB has small amounts
of silica as an Impurity. The silica impurity is not
appreciable until one attempts to analyze for,SO micro=
gram quantities in which the procedure requires the use of
3 grams of NaacOB. Most commercial sources supply reagent
grade NapCOy with 0,005% silica. This is the equivalent of
150 micrograms of silica in three grams. By actual testing
of the vérious lots from various manufacturers, a lot of
sufficliently nearly pure with respect to silicon was
found (EL3). 1Ironically it turned out to be some material
‘that was. labeled "Calcined-Dry-Purified" in contrast with
the best grade which is labeled "Analytical Reagent".



70

Since the silicon used for the pfaparation of the
samples was known to be of high puvity, it was used as a
primary standard for the preparation 6f the calibration
curve. A plot of the calibration éur?e appears in Figure
9. The least squares equation for‘this line was

109103% = 0.03605 % 0.00112 +Vb.qo1u25 £ 0.000013 g Si

| . (36)
The probable error in the weight of ihe material as deter=
mined from the above calibration cufvé was calculated to
be 0;715%a |

It was interesting to note that'é rough estimate of
the weight of éiiicon on the target could be made by obe-
serving the color of the target. The color of the target
was observed to change from silver, to yellow, to red, to
blue, to grey. The deep blue corresﬁonds to about 80 ug

of silicon on the target.

L. Boron Analysis

A coulometric method similar to that of Gilles,
Iwamoto, Leitnaker, and Robson (36) was used for the analysls
of boron. The method consisted of the internal generation |
of hydroxyl fons at the platinum cathode. The hydroxyl
ions neutralized the acidic complex which was formed be-
tween boric aci{d and manitol, In order to prevent the
generation of hydrogen ions ét the anode, the anode was

constructed of silver. A large excess of chloride ions
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was present in the solution, therefora AgCl was formed at
- the anode. : |

An exposed target from the SiBé vapor pressure measure=
ments was analyzed by means of a spark spectrograph. The
ratio of silicon to boron was found tb be 100:1, therefore
there was no need to analyze.the~targgts for quantity of
boron which had condensed on them.

The samples from the phase studies were énalyzed for
their boron content. A sample of about ten milligrams was
fused with about two grams of N32C03 for thirty minutes at
the full heat of a meeker burner, Thé fused sample was
dissolved in water and diluted to 250 cc. volumetrically.

A 5 cc. aliquot was used for the analysis. 4

In order to remove the dissolved carbon dioxide from.
the aliquot, the aliquot'!s pH was adjusted to 3 by the
addition of dilute HCl and the solution was bubbled with
oxygen free nitrogen for thirty minutes. The removal of
the strong acid before the titration of the boric acid was
accomplished by passing a current of five milliampeis for
about 100 seconds until £he pH was 7.0. The complex between
the mani£01 and the boric acid was then formed by the
addition of 5 cc. of saturated manitol sblutionq This addi-
tion caused the pH to decrease to about l.

The titration was carriéd out by passing a current of

five milllampers through the solution. The current was
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precisely measured by noting the potential drop across a
precision. 10 ohm resistor (E4L) with a potentiometer (E4S).
The end point for the titration was detected graphically as
the»time-atﬁwhtch7the‘gr2éteStvchangg»in‘pH'occurred; This
eccurred at about a pH of 8. . The pH was measured by means
of a commeréial‘pﬂ‘matef~(EA6)i"A clock (EL7) was connected
to measure the‘time during which curnent was passing through
the electrolysis cells

Gilles, et al., reported the need for making a correc=
tion for the blank. They attributed this to oxygen which
had been adsbrbed on the walls of the glass container for
the electrolysis cell, It was found that a teflon beaker
eliminated the need for a correction.

A test was made with the use of boric acid (E48) to
determine the accuracy that could be obtained. The boric
acid was fused with the NaECOB, since the samples were also
fused in this manner. It was found possible to obtain an
accurécy bf‘i0;7%ﬂ An analysis by this method made on the
boron used for ihe samplé preparations (Ell), showed it to
be 97%‘bor0n, | | | |



V RESULTS

‘In this chapter a description wiil be given of the
temperaturencompasltidn*phaszLdiagraﬁ-forvthavsiliconuboron«
system and of the'pressure-compositiﬁﬁ diagrams at 1200,
1700, and 1900°C, ‘for the silicon-boron system. . The results
of ‘the measurements of the vapor pressure of SiBg will be
presenteds ' Finally, the thermodynamic properties for SiBg
which were calculated from the vapor pressure measurements

will be given.

A; Tempreature~Composition Phase Diagram o

V", ln arder ta describe the temperature-composition Phase
diagram for the slliccn boron system, this section will
contain a report of the preparatlon of the crystalline form
of boron from amorphous boron, proof of the solid solution
of silicon in boron, evidence for the exlstenee of SiB6 and
SIBB, and a demonstrahion of the solid solublllty of boron
In silicon. The temperature‘fcr‘the;incqngruent melting of
SiBy and the temperature of the decomposition of SiBj will
be indicated. Finally the distances and the intensities of
the‘X~ray diffraction lines will be given.

Theré’are three forms of crystalline boron. McCarty,
Horn, Decker, and Newkirk (37} have reported a rhombohedral
form with a, = 5.06 R and o= 5804t with 12 atoms per unit
cell. Hoard, Hughes, and Sands (38) reported a tetragonal

Th
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form with a, = 8.473 and ¢, = 5.030 R with 50 atoms per unit
cell. Finally Sands and Hoard (39) bresented evidence for
a second rhombohedral form withaéo‘=}10.12 R and o< = 65%287
with 108 atoms per unit cell. 'Wheh"amorphbus boron was |
heated in:a'ZrBa crucible to a temperéturé'of 1753°C'it;
“Was‘fbund'td”aifénga itself’accbrdiné'ta the crystal struc-
];ture with 108 atoms per unit cells S o
3 Consider now the extent of the solid solubility of
_isiliccn in boron., Figure 10 is 2 plot of thevlines which
,appeared on the X-ray diffraction films‘ Thé‘angle of’the
)_lines are plotted as a function of the composition by analy—
‘sis,of‘thehsample. The_compositipns‘reprqsentgd“extend
from pure boron to 51'68. 'The identificaticn numbers used
were those from the X-ray diffraction log book numher,

‘ An examination of Figure 10 will reveal a gradual shift
of the dlstances associated with the 108 atom:per unit cell
boron structure as the ratio of the silicon to boron in=-
creases, Film C-1425 1is the first film in which lines
could be}detected which were associated with a second
 phase. Since the ratio of the material from which this
| film was prepared was Si:lS IE, it was concluded that the
solubili;y‘of,syl;convin boron occurs from boron to the
apprpximate ratio of 81:168._ Tﬁe samples used for Figure 10
had @eenvheated”to temperatufes betweén 1600 and 1800°C.

A sampie}of S1:12B was heated at 1227°C. and the X-ray
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diffraction prepared from it 1ndicated the presence of only
one phase, the solid solubility of silicon and horon.,_<
‘ The lines, of the second phase which appeared in Figure
10 were found to correspcnd closely with those reported by
Cline (11) for 5186.- Table-VI givas a comparison between
~ the diffraction pattern reported by CIlne and the one found
‘vfin this laboratory. BRI

TABLE‘VI o
X~RAY DIFFRACTION DATA FOR sxaé

‘ Cl ne (11) ‘ _ This Laboratory (C~1u07)
ngn Intensity s “d"R | ~ Intensity
9.12 10 8,68 10
T.62 20 T 47 5
.92 100 g9 100
.62 - L0 6L Lo
le35 70 lye 35 90
.23 80 19 80

- Le15 50 .08 20
3.99 20 3.98 10
3.70 30 3.71 20
3.53 10 3.5 10
3.45 30 |
'3.39 30 3.39 Lo
3.25 4o 3.26 20
3.18 30 '3.18 20
3.10 20 3,11 5
3.05 20 3,03 10
2.98 30 2.96 10
2.93 - 30 2.91 10
2.85 80 2.85 70

C2.7h 50 2.79 10
2.71 60 2.75 10
2.67 60 2.68 60
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The Varietion between the two eets of d!ffraction data
reported in Table VI was attributed to have occurred because
the two samples may have been prepared at different tempera=-
tures. The lines erislng from samples of SiBé which were
known to heve been prepered at different temperatures ‘demon-
streted some varietion of their positlons ‘and intensities.

' The veriation of the lines was not interpreted as evidence
of a homogeneity range for 8136, since ell of the anay
diffrectlon patterns for 8136 showed e!ther a phase richer
or poorer ln boron to be present also.'

A new phese was found which had not been reported in
tﬁe.literature at the time this thesis was written. The
ﬁee phaee ahd SiBg appeared in:semplee_with etoichiometry
more rich in silicon than 51233. ISEiicon was absent from a
semple, C-lSO?, which had the composition $i:3.5 and had
been heated for twelve hours. The silicon phase was ohserved
to be present in a sample, C-1511, with the composition
Siié.?SB which heﬁ been heated for eighteen hpurs; On the
basis of the above evidence it was concluded that the new
compound was SiBB. -o | |

Tabie Vil preeents the calculeted diffrection pattern
on the basis of Clinets unit cell for 5133 (8). Also in
Table VII will be found the diffraction pattern which was
found 1n'this_leboratory for SiBB. The Miller indices which

appear in the table were estimated for the "d" values by the
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use of Bunn charts (40). From the ann charts the SiBj
found in this laboratorvaas:charactérized with a hexagonal
unit cell With'a§ =~6~97'and Cop = 12;2u . ‘The lines re-
corded in Table VII were from X-ray diffraction pattern
C-1511.

TABLE vzx |
XwRAY DIFFRACTION DATA FOR 5133

Cline (7) R S This Laboratory (C~1511)

'"d" (X) vhkl‘ ' ‘ ‘“d" (R) 1ntensity hkl
4e18 0 003 o o hLis oo opl 003
o : ' 3.6 24 111
2,76 - 60 - 200

| . 2.68 100 10l
2.46 o012 2,31 - 5 113
| : 2.31 6 203
2.0 104 E.O% 11 006

1.83 015 1.8 2 o213

B 1.76 10 007

4 1,67 6 107

1.606 22 220

1,55 101 1.582 10 221

Evidence was found for the solid solution of boron in
silicon. The evidence was in the form of a decrease in the
unit cell dimensions for silicon. A value of a, = 5.4308
+ 0.0002 R for pure silicon, C=365, was éalculated from a
Hess least squares fit of the pafameter to the indexed
diffraction lines (41). 'The value for the paraﬁeter of the

saturated solution was obtained from a sample of S1:6B which
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had been arc melted, C«1lij5. The value obtained for this
sample for the parameter of the'saturated'soluiion of boron
in silicon was ag = 5.4114 % 0.0002 8. The solubility 1limit
of the boron in silicon is not known. |

The phases have now been described, The results of
experiments to demonstrdate the incongrﬁent meliing of SiBg
and the decomposition of'8133 will now be pfesented.

It was found that SiBg melted incongruently to form
B (ss.) and a silicon-rich liquid when $iBg was heated above
1864 * 6°C. Since the B (ss.) phase could have been formed
by the preferential loss of silicon or by exceeding the in-
congruent melting point, the appearance the Si (ss.) phase
in the X-ray diffraction patterns was used as the criterion
for the incongruent melting. At a temperature of 186u°C.
the silicon rich phase was liquid; however, upon cooling a
portion of this phase 'became the S.i (ss.) phase. It was
found that when a sample of Siéé and B (ss.) was heated to
18589%C., C~1375, no Si (ss.) lines c ould be observed in the
diffractionlpatterns. When a sample of the same composition
was heated to 1870°C., C-1378, the cooled sample did show
evidence for Si (ss.). |

The phase 5133 was found to be unstable with respect
to Si (ss.) and SiBg at temperatures above 1269 ¥ 10°.
Once again the appearahce of Si (ss.) was used as the

criterion of phase change, A sample composed of 81B3 and
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5iBg was heated to 1258°C. and there was no evidence'of
phase change, melting, or sintering, C-1519«:¢When a sample
of the same composition was heated tq_l279°0,;iit gave evi=
dence for the presence of Si (ss.). The sample did not
appear to have been melted or to have been siﬂtered in the
last mentioned heating. Sintering of the samples did not
appear to havefoccurﬁcd until after samples with the same
composition had been heated to temperatures above 1306°C. |
It was’concluda& that the decompésition;was a‘5011d~soli&
process as contfasted with an ihcongruent melting process.

All of the above compounds appeared to be black in
color, Thé'above compounds wére found to be véry‘hard,
since they‘weré found to be capéble of scratching agate.
They were not found to be capable of scratchiﬁg BuC. All
of the above compounds Were found to be insoluble in oxie-
dizing acids. This was assumed to be caused by the forma=~
tion of an imperﬁious coating of 8102. The compounds could
be dissqlved in a mixture of HFlénd HNOB acids. The com-
pounds\parallaled siliéon in their abilitj to be dissolved
in NaOH solution, No difficulty was found in fusing the
compounds with melted NayCO5.

‘Now that the compounds found f{n :this laboratory have
been pregénted a discussion of the work of others on the
silicon boron system will be presented. Neither Brewer,

et al. (3) nor Stavrolakis, et al. () were able to find
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any compound formation between silicon and boron. The
temperatures of their'experiments»were.sufflciéntly low

if the value they report Is correct. They mayihave been.
searching for compounds with much more simple:ﬁiffractlon
patterns than that of S1Bg. _If‘their X-ray diffraction
patterns were not exposed sufficiently long, they could
have readily mistaken the lines of SiBg for those of boron.

'The,wagklof_Samsonov,and,%atyshgva;(S) on-SiBj has .
already been questioned in the;r;own qountry.and‘they;have
notvsupported,theiriclaims._ Adamsky (12) was also unable
to duplicate their work. The: compound they reporited may
‘have had a compcsltion'that-1ncluded eIements‘other~than.
silicon and boron.,

‘There is some uncertainty about the compound reported
by Rizzo (7), since at the time of his report he had not
obtained a report of ihe_analysis of his material. There is
the possibility that his compound may have been some com~
pound other than 5153»or SiBuq

There are some similarities between the SiBj found
in this laboratory and the 8133.reported by Cline (7).

The c, parameter of the two compounds are almost identical
and the compound found in this laboratory has an a, value
of almost twice that of Cline's compound. Cline determined
his unit cell from single cryétal X-ray diffraction pat=-

terns. Single crystals were not obtained in this labora=-
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tory. It may be that one of the two compounds is a metastable
form and that the unit cell that one obtains 1sfgoverned‘by
the method of preparation.. :
:~,The¢crystal_structgfe,repbrtedvbonhuraviév (9) for

-the compound: prepared by SamsonQannd Matknvsﬁl‘(B) which
was sald.to.be-SiBézis,questione&.:,It waé~he1ieved;at one
time that this compound was ‘prepared. in this laboratory,
but it was later found that the compound prepared was CaBg.
The compound Ca0 had been sublimed from a stabilized zir-
conia crucible into the sample.:.  The unit cell parameters
reported by Zhuravlev were practically the same as the.
accepted values for CaBg. \

The compound.reported by Parthe (1) to be SiB;, may
be incorrect. There is the possibility that this compound
is stable at a temperature which was not investigated in the
course of this research. It is also possible that Parthe's
compound may have represented a point in the boron solid 4
solution. ‘

It 1s possible that still other compounds may be
found to be stable at temperatures which were not investi~
gated in the course of this research.

Figure 11 is the temperature-composition phase diagram
which was deduced for the silicon boron system. Each of the
points on the phase diagram correspond to one of tﬁe heatings

represented in Table VIII. The composition of the points
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-”represented in Table VIII were determined by one of two
rmethods. At the lewer temperatures it was found that the
samples lost less than one percent upon being heated' there-
;fore, the compnsition of these samples was determined by
ﬂsynthesis. At the temperatures above 1550° it wes found

& that samples usually 1est significant amounts of silicon,

‘ therefare the composition of these samples was determined
v,‘by the analysis of the silicnn by the colorimetric method
already described. The composition of the samples 1n Table
‘VIII have been expressed by two methods for the convenience
'of the reader. “ T I SR

TABLE VIII

| HEATINGS PERTINENT TO PHASE DIAGRAMS
Identifi» Composition ~ Phases Present  Temp.
cation ~ ey et . .deg.
- ‘At. Ratio ‘ZJQ‘ DA - C.
.. Bto Si BTN AEE L SRS D ST
C-365 '~~~ 0.0 00,0 s§t oo Mfg.
c-1531; . L5 314 Si(ss), siBy 1227
C=-1511" 2.7 5l si(ss),.siB3 T 1227
~ D-629 3.0 . B3.6 Si(ss), SIBZ . . 1490
C- 645 3.0 ' 53.6 Si(ss), B(ss) - arc melt
C=1507 . 3s5.  57.4  SiB3, SiBg .. 1227
C-1519 - 3¢5 . 57.4  SiBj, SiBé N 1258
celsao,u, 3.5 S?.%_.wSi(ss), $iB3, SiBg 1279
C=1525 5.0 65.8 'si(ss), SiBg 1535
C-14l5 . 6.0 . 69,8  Si(ss), B(ss) . . arc melt
C=1dyly 6.2 ~ 70.5 S$iBg, B(ss) | 1763
, C=1375. .. 6.5 . Tl.y . SiBg, B(ss) . 1858
C~1378 6.5 7l.ly  Si(ss, SiB B(ss) 1870
~Ce1408 .. 7. . 740 - SiBg, B(ss) . - .. 1763
C=1433 10.7 80.5 SiBg, B(ss) 1763
C-1430 . 14.3 - 84.6  SiBg, B(ss) 1863
C~1425 15,1 85;% SiB4, B(ss) 1763
- Cs1403 18,3 87, vf.B(sss 1709
C-1273 31.2N, "7 92.3  B(ss) 1648
C-1318 . 387 93.7 B(ss). . . 1753
C-1334 60.7 95.9 B(ss) 1753
C~1392 inf, 100.0 B 1753
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B. . Pressure-Composition Phase Dliagrams

Tﬁé temperature~composition diagram has been presented.
The;pressurescompositiOn.diagraés,for temperatures of 1200,
1700, and 1900QC¢ will now be discussed. Twﬁ forms of evi-
dence wefé used to determine the;natubeyo£ the,vapor phase,
an analysis of the condensed phasé after'vapbrization had
occurred and analysis of the vapnr which had been condensed
on the- platinum targets. | :

| Table IX presents.the resultéiof-the analysis;of the

composition of‘sampleslbefpre;and:after-a portion of them

- had been vaporized. The note book page was used for identi-

ficatlon purposes. Since in all cases the samples changed
compositiﬁn, 1t iS”appaﬁent that neither SiBg nor B (ss.)

show any tendency for congruent vaporization;, It is also
apparent that both $iBy and B (ss.) preferentially vaporize
~silicon. The final phases of 772 were interpreted as evi~

dence for the slow diffusion of silicon through the sample.

TABLE IX

 COMPOSITION CHANGES FROM VAPORIZATION
~Iden.  Temp. .Initial ~  Initial =~ .Final - Final
deg. . Ratio Phases Ratio Phases
C.  Bfsi - Bfsx

782 1753 6.1L SiBg, B(ss.)  T7.42 SiBg, B(ss.)
772 1700 7 98 SiBg, B{ss.) 18.3 5156, B{ss.)
692 1743 ‘ 0 7 B(ss.) 67.5 B(SS.)
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. Vapor‘frbm the.vapdrization of SiB6 wasfcbilected bn
a platinum target by tha use af the efﬂusion apparatus.
An emission spectrographic analysis of the material on the
tavget indicated the ratia of SI‘B on. the target to be
.100 1.‘ This result was 1nterpreted to indicate that
silicon was the cnly species vaporized from 8186.

Vo vapor studles were. made for SiBB. Since 5133 was
evan more rich in silicon than 8136 and 3136 was found to
vaporize silicon preferentially, it was concluded that
51B3 would also vapurize silicon preferentially. |

In order to give more than qualitative pressures-
composition diagrams the pressures of silicon and boron
‘represented in the diagrams are those found in the litera-
ture (42). The values for 5156 are the values which were
found as a result of thls research. A more detalled report
of\thé vapor pressure of SiBg will be given in the section
which follows., ~Table X gives the values which were used to

préparé the th:eewpressurencomposﬁtiqn diagrams.

TABLE X

. PRESSURE»COMPOSITION DIAGRAM DAIA

Temperature | . Log Vapor Pressure
. | Silicon . SiBg. ~ - Boron
1900°%. - ~3.75 - =5.01, - 6.36
1700 ""u.o23 "5001 - 7085

1200 - =791 =95k -13.09
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Figures 12,;13,fandv1a:depict theepressureacomposition
phase diagramsefor,tempenatures,ef-lzoo,:1700,~and;19009C..,

c. Measurement of the Vapor Pressure of SiBA

‘Since the neture of the vapor species fcr Siﬁé has been
presented, 1n this sectlon the results of the vapcr pressure
”measurements will be given. Before the results are presented,
proof will be gzven to show that the vapor pressure of 5186
_was constant when the two cendensed phases 5186 and B (ss.)
were present. In addition, three farms of proof will be
offered to indicate that all of the Vapor which impinged
upon the platinum target was condensed. ' |

In order to demonstrate the constancy of the pressure
of 5186~B (ss ) at constant temperature, a series of flve
measurements af the vapor pressure were made, the sample
was removed and returned to the crucible, and four more
measurements of‘the vapur pressure were made. The results
are shown in Figure 15 and in TabieYXIII; ‘The sample was
removed after the fifth measurement for analysis.,

This experiment was very interesting,.éince it demon=-
strated a gradual decrease”of'the vapor pressure as the
amount of silicon which had been vaporized increased.

After the sample had been removed and returned to the cru-
cible the vapor pressure,returned to practically the same
initial value and then the vapor pressure once again appeared

to decrease, but much more slowly.
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The vapor pressure was accepted to be constant, since
repacking the sample in the crucible increased it# calcu-
lated vapor pressure nearly to its initial value. The de-
crease of the apparent vapor preSSufe with the ampunt
vaporized for a given packing of the sample was attributed
to the slow diffusion of silicon through the sample. It
was not attributed to the amount of silicon availabie for
vaporization because the’vapor pressure increased after
the sample had been repacked.

"It is interesting to add thvart. the first time the
sample was placed in the crucible it was packed mbre tightly
than the second time. The effect of diffusion was much
more pronounced in the first series, since the sample was
packed more tightly.

Three forms gfvproaf will now be presented to show
that all of the silicon which impinged upon the targets
was condensed. The first form of evidence was the shadow
cast by the deflning ring of the magazine. If the edges
of the shadow gradually faded, one might have concluded
that not all of the vapor had been condensed. The indis-
tinct target shadow would have been caused by the failure
of some silicon atoms to stick the first time, ;heir being
deflected to the top surface of the collimating ring, their
being deflected again to the target, and finally being

condensed. The shadow cast was sharp; therefore, there
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was no evidence for the bouncing Jjust described. .

The temperature of the targets was measured as a
function of the temperature of the effusion cell;, This was
done to determine if the targets remained sufficiently cool
during the condensation of the vapor to assure that all of
the silicon was condensed. This.wés accomplished by spot
welding a thermocouple to the platinum target. Table XI
presents the results from this meésurement. From the
temperatures of the targets measured there was no reason

to suspect that part of the silicon vapor was not condensed.

TABLE XI
TARGET TEMPERAIURES VS. EFFUSION CELL TEMPERATURES

Temperature of Cell Temperature of Target
- 1435°C, 219°C
1542 261
1647 310
1748 ' 357
1807 100

It was assumed that the fraction of the vapor striking
the target which was restituted to the vapor was a function
of the quantity of silicon which had already been deposited
on the target. If this were true and not all of the silicon
was condensed on the target, the vapor pressure measured
would decrease with increasing length of exposure of the
target. Table XII demonstrates that there was no trend in

the data which corresponded to the length of exposure of the
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target., The third experiment, therefore, supported the con=-
clusion that all of the silicon vapor which struck the

platinum target was condensed.

TABLE xu |
j VAPOR passsuaa oz= S’-Bs Vs, 'rzms or VAPOR cor..wcnou

Identification Time Duration Logarithm of Pres-
i ©oi. sure Measured
v T91e10 o o 0,0 min, o el 721
791=-12 - 20.0 -l,708
LT91-15 coo 1040 | -} .682
791~16" 20.0 E =l 759

Table XIII and XIV give the data which were used to =
calculate the vapor pressure‘of-SiBé.-'Table'XV gives the
composition~ofwthehsamp1é:beﬁore and after vaporiéation for .
a series. The values preceded by ca. were calculated from
the fractioh*of the*samp1e vaporized. 3The other compositions
were established by wet analjsis of the silicon content.
Table XVI gives the pressures which were calculated and the
data which were used to prepare Figure.ié, a plot of the
vapor pressure of SiBg as a functlion of the absolute tem-

perature,

D; Thermodvnamic guantities for the SiBg Vaporization

Now that the vapor pressure of SiB6 from 1&89 to
1807°C. has been presented, the thermodynamic quantities
that were calculated for the vaporization of SiBg will be



TABLE X111
‘ - VAPORIZATION DATA = ; .
lden., -~ . = Area of Time ... Temp. . . - Welight

O0O00 ViIOOOoOWI COO0O®VL owWiowl OV \Nooo

Orifice sec, oK 81 ug
71309 . . 7.4 2700, . 1976 .. By.
71312 7.6l 7213 1866 33,0
71809 7.6 2713 1921 37,8
71810 . . . 7.64. . . 62B,8 ©. 2029 .. . - 36.0
71812 7.6l 141,05 1811  31.5
7510 1.80 1800 2002 70.
74516 - 1.80 ~hso2. . 1982 - L0.
75509 - 1.80 898 . 2090 L6,
75510 1.80 21,02 2036 58,
75512 1.80 hag1 1982 52.
76209 7,64 1200 . 203  70.
76210 7.6k 7200 . 1926 69,
76212 7.6l 12600 1871 B3,
76215 o 7.6L 2880l ‘ 1762 - 25,
76709 7.6 3600 1982 101.
76710 7.6l 28800 = - 1818 56,
76712 7.6l 1200 2038 53,
76715 7.6l 3600 1982 67.
Tz Tl VA R he
78209 7.6l 1200 2037 5.
78210  T7.6L 1200 - 2037 57,
78212 7.6l 1200 2037 51,
78215 7.6l 1200 2037 L6,
78216 7.6l 1200 2037 L2.
78,09 7.6l 1200 2037 71.
78410 7.6l 1200 2037 6l;.
78412 7.6l 1200 . 2037 63,
781115 7.6l 1200 2037 59.
79110 7.6l 2400 2037 126
79112 7.6 1200 2037 65
79115 7.6l 600 2037 3%,5
79116 7.6l 120l 2037 5
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~ Symbol

TABLE XVI
VAPOR PRESSURE DATA

Presgure
1071 atm.
112,80
15.89

18.70
20743,
Ti82

650.2.
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indicated. The methods given in the theoretical chapter
were used to calculate the thermodynamic quantities.

The filrst metheod feqnired the fit of a straight line
to the logérithm of the pressures as a function of the
reciprocal of the absolute temperature. This fit was
accomplished by means of a least squares fit. Equation
(37) presents the\results of the 1éast squares fit of Table
XV1,

log P = 226009 % 573 4 8,112 £ 0.269 (37)
In order to obtain a more hearly accurate value for the
parameters of equation (37), some of the pressure measure-
ments were disregarded and others were weighted more strongly.
it was apparent from Figure 15 that there was a decrease in
the pressure measured after the first effusion from the
samples 782 and 78l;. For this reason only the first points
of the two series were considered to be accurate; therefore
the others were disregarded for the purposes of the least
squares fit. It was considered possible for point 78209

to be high because of the presenée of unreacted silicon in
the sample. For this reason a mean value between 78209 and
78210 was selected and was weighted four times, since the
knoWledge'of the other points contributed to the confidence
of this mean value. Measurement 78,09 was weighted three
times for the same reason. There were probably other points

more reliable than others, but these described above were
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e

the only pressures for which sufficient information was
available to merit weighting. ,: ,

From equation (37) a value of4119.62 ¢.2.62 kcal/mole
was calculated for the standard enthalpy fof?the process,

5186”(‘5) - ‘Si(g, 1 atm) + 6B (s) (38)
If the assumption was made that the.extenf 6f the solubility
of silicon in boron was $1:16B and that the activity of the
boron was equai to its mole fraétion in the solid solution,
a value of 36.53 % 1.29 e.u. was calculated for the standard
entropy of the above process.

It'@as also possible to calculate a value for the
enthalpy of the‘above process by the use of the third law
method presented in tﬁe theoretical section. In order to
use this method it was necessary to estimate a value for
the entropy of the above process. :TheAentropy was estimated
from the estimated entropy of the decomposition of SiBg to
form solid silicon and solid boron and the entropy for the
vaporization of silicon,

The entropy associated with the dissociation of SiBg
to give solid silicon and solid boron was estimated from
the entropy for the decomposition of BHC to give solid
boron and solid carbon. BMC was used, since silicon is
directly below carbon in the periodic table. Another
reason for the use of B)C was that both B)C and SiBg have

similar crystal structures (12).
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f In‘BuC three carbon atoms are arranged in a chain in
the holes between the icosahedron formed of twelve boron
atoms. ' In 8iBg two silicon>atoms‘are'arrangédzin the holes
between the icosahedron. wThefdecompasition;of‘Buc results
in the ‘removal of three carbon atoms from twelve ‘boron atoms.
The decomposition of SiBy results in the removal of ‘three
$ilicon;atoms frum‘elghteen‘boron“étomsefrit was reasoned
that the entropy for the decomposition of SiBg should be
approximately’B/E"és?muéhvas £or‘thé'decompos£tion of Buc;
The value~for‘the‘decompositionlofABuC'iSvO.lo Calley there-
~ fore the value for the entropy of the decomposition of SiBg
should be approximately 0.15 e.u.

In order to estimate & value for the process repre-
sented in equation (38), it was necessary to estimate the
entropy for the vaporization of silicon from the solid at
1900%K. The temperature of 1900°K was selected, since this
was a representative temperature for the range over which
the temperature measurements‘were}méde. Silicon melts at
’1683°Kr» An entropy value was estimated for the sublima~-
tion process by making a plot for the entropy values at the
lower temperatures (Ij2) and extrapolating. This led to a
value of 33,70 e.u. for the sublimation at 1900%K., A
summation of the two values led to an estimation of 33.85 -
e.u. for the entropy of the process represented in equa-

tion (38) at 1900°%K.
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‘In order to calculate a third law heat of vaporization
for each of the pressures which were measured, the entropy
was assumed to rémain'écnstaht~over'the*temparature range
'fdr'Which"the‘méasurementsiweré made. 'The third law heats
are represented in Table XVII. These values led to a mean
value'fnr*the'heat*of‘vapor!zatianQf'IlBk&Eﬁkéal/molé.i

- A combination of the heat capaclty data for the re~
actants and the products (42, 43, Ll) and the enthalpy
calculated by the third law method at 1900%K. led to a
value of 112 kcal/mole for the enthalpy of the process at
298°%K, A similar calculation led to a vdlue of 32.26 e.u.
for the entropy of the prodéssyat 2989K, Since a measured
value of the heat capacity of SiBé'was not available, the
heat capacity of SiB, was estimated to be equal to 7/5
that of BuC.“

| A value of -7.00 kcal/mole was calculated for the
enthalpy of formation of SiBg at 298°K. and a value of 1.33
e.u. was calculated for the entropy of formation at 298%K.
In order to make these calculations it was necessary to
employ the values for the enthalpy and entropy of vaporiza-
tion of silicon (42).

A test was made to determine if the error estimated.
from the internal consistency was the same as that obtained
from the external consistency. ‘The probable error of each

of the quantities of equation (36) was considered in order
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TABLE XVII
THIRD LAW HEAT OF VAPORIZATION
" Temp.  Identification  AHO
. ... .+  kecal/mole. .

2092 . .. 78809 ., 110,49
2092 510 110.90

. .2092 . . .hB12 . . . 112.6h . .

2036 .. .. ..76712 . . 113.84 .

2037 ... ... 78209 ... . . . 113.16

2037 78210 0 11h.33

2037 . ... 78212 . ... . 11478
2037 78215 115.21

- 2037 S ,..78216.. .. 115.k2

2037 ’ 78109 o 113.41

2037 7812 113.91
.2037 ... o8yis o 1ha17
2037 79110 113.90
2037 79115 113.5h
L2037 .. . 791160 1.2t

2036 Ths15 . 112,60
2036 76209 113.39

2029 71810 113.10
1982 75812 110.69
1982 7316 111.89 -
1982 76709 113.39
1982 76715 11,68
Co1976 71309 112.60
1926 76210 Co1ihl L6
1921 ~ 71809 112.74
11871 | 76212 114.33
1870 76716 115.20

1866 | 71312 113.31
1815 76710 113.39
1811 71812 113.17
1762 76215 113.46
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to determine the internal consistency. They follows

' The ‘probable error in the weight of material determined
‘to have been collected on the target was found to be 0.71%
for a typical point. =

For the area of the larger orifice, the probable error
was determined to 0.06%. | |

‘The time was estimated to be in error by ¥ 0.05 minutes.
~ This is the 'equivalent of a probablé*error'OffO}OOI%:‘fbr
\thé"time'bffa‘typical‘exbbsure;' - R

‘ﬁfThe'erfor3fn‘the‘temperaturé'was‘ébnsidered‘to be from
two sources}“the consistency with which the temperature could
be maintained and thé precision which could be obtained for
measubemeﬁﬁs'méde with the optical pyrometer. The probable
error calculated for the mean of the temperature measurements
‘made during a typical exposure was cbnsidered’to be a measure
of both these quantities. 'This probable error was found to
be 0.017%;;;This is less than the estimated error in the
calibration of the optical pyrometer, therefore the error
‘estimated by the National Bureau of Standards was used,
0.26%.

The error in the fraction collected was estimated to
‘occur primarily in the integration by Freeman and Searcy.
They estimated the error of their integration,to be 1%,
therefore this was the value used for the probable error

of the fraction collected.
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By the law of the prapagation of errors this led to a
value of 1:25% for the mean of the pressure measurements.

"~ The pvobable error for the mean of the' pressures rew
JpreSented in’ Figure 15 was found tc be 7 19%; This value
'far‘exCeeﬁstthe'Value estimated*from*the'internai’coﬁéis~

“~tency§:’Iﬁ“iﬁﬁéyaﬁpeafs that*tﬁé'léﬁgéét'sbuhdé”gfzeé§6ﬁ5in
" the measurements of the vapor pressure of Si36 was the

' apparent slow‘diffusicn of silicnn through the’ sample& o
It will be noted ‘in Figure 16 that the’ pressures
Tmeasured by the use of the Smaller orifice were slightly
higher than thcse measured with the 1arger orifice‘: it

is’ pos$ib1e that the smaller; orifice improved the equilis
"brium~condi§ipns inside the cruciblewby the dacrgase in

the effusion rate. It is atsb pbséibie‘that’thé{susceptor
cOver'Which was~used with'thé:é&allér oéifice'wag‘not" |
- properly designed and caused a higher fraction of the

vapor to effuse in the direction of the target¢ It is not
clear whether the points measured with the smallev orifice
are more accurate or less accurate than those measured with
the larger orifices:

' An examination of the ‘third law heats for the indi«
vidual point#QreVeals‘that thé’hiéher*temperaturé'values."
‘are asié‘whple316Wer than the'I§w tempefatur?fvalues{€'This
may‘or'may'nOt‘havg}beenlééuSQd:by5lowﬁtempepature measure-

mentS’at'the‘highef'tempetatures.‘"
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o It was a pleasure to note that there was no evidence
for any attack or wetting uf the Zng crucible aft.er all

: the pressure measuvements had been made. : From t.his it was
-vconcluded that there was no reasen to suspect any changes
had been made 1n the pmducts of the 5186 Vaporizat.ion as

a result of interaction with the crucible.'



VI SUMMARY OF RESULTS

- This section will contain three parts. Theéfirst will
~contain a summary of the phases which were confiﬁmed,,the

' new phases that were found, some of théir propeﬁ#ies-and

" the important aspects of the temperature-composition dia=-

~ :grams The second will contain theximportant aspects of the
;pﬁessure~compositian'diagram;3_Sina11y;kthe‘1a3ﬁ part will
‘contain the enthalpy and entropy for the standard state
vaporization and the enthalpy and entropy of formation of
S1iBg. |

A. Phases Pregared and Their onperties. |
 : Since the temperature-ccmpesition diagram has already
‘heen presented in Figure 11 only the important features of
»the diagvam will be reported. | | V
Silican was found to form a solid solution in boron.
‘The range of the solid solubility was found to extend to
'the ratio Sit 1613 at 1763° c. This extended homogeneity
phase has nct been reported in the literature.
A compound SiBé was prepared which confirmed the
phase prepared by Cline (11), orthorhombic, agy = 14.39,
= 18.27, and cg = 9.88 R. Cline stated that he found
the material to melt at 19SO°C.. however, it was found in
this laboratory that the phase melted incongruently at
186l * 6°C.
o 108
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- A new phase 5133 was found which had a crystal struc~
ture different from those which had been reported for 8133.
‘ From X~ray diffraction powder patterns, ‘the unlt cell was
‘estimated to be hexagonal wlth a =6, 97 and co = 12. 2, A.
The compound was f ound to decompose into Si (ss.) and 5186
at temperatures in excess of 1269 IOOC. No evidence was
found -which would indicate the above process to be an in=
 congruent melting process.’ |
RPN EVideﬁce'was found which confirmed the report of the
solubility of boron in silicon, The extent of the soiid ,
solubility was not determined. -
| The cémpounds,appeared to be black in color. ‘They were
found to have a hardness between that of agate and.BhC.
They wére found topbe insoluble in oxidizing acids; howeVef,
they could be dissélved in awmixture of HF and.HNOB aclds.
No difficulty was found in fusing the compounds with NapCOs.

B. Pressure-Composition Diagrams

The’pressure-ccmposition diagrams have already been
presented in Figures 12; 13, and 1l4; therefbre, only the
impbrtant featureé will be presented in this section. All
of the phases were found to vaporize silicon preférentially.
Since the vapor consisted almost exclusively of silicon and
the nature of silicon vapor had been previously reported

in the literature, it was concluded that the vapor consisted

primarily of monatomic silicdn atoms.
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C+ Summary of the Vapor Pressure and the Thermodynamic -

Values for the Vaporization and Formation of SiBg

A least squares fit of the logarithm of the vapor
pressure of 3136 as a function of theJreciﬁrocal of the
absolute temperature gave the following equations

log P = ”26009?i 513 + 8.142 * 0.289 (39}

The second law method gave a value of 119.02 I 2.6
kcal/mole for the enthalpy and a value of 36.53 ¥ 1.29 e.u.
for the entropy of the vapnyization of SiBg into Si (g) -
and B {¢). The third law method gave a value of 113.4
kcal/mole for thekenthalpy of vaporization and a value of
33.85'e.u. was estimated for the entropy of vaporization
at 1900°%K. The third law values were Judged to be more
reliable and they were used to obtain the values of 112
kcal/mole and 32.36 e.u. for the enthalpy and entropy of
the process 298%°K, For the enthalpy and entropy of forma-
tion of SiBg, a value of =7.00 kcal/mole and 1.33 e.u.
were calculated, From the enthalpy and entropy of forma-
tion, it is apparent that SiBé 1s'hot a compound with
high stability.



V11 SUGGESTIONS FOR FURTHER RESEARCH

A research project is never completed. The findings
of one research project enable the solution of‘énother
problem to be attempted. 1In the course of reséérch many
interesting related problems are noted. Some.of the
problems which might be consideredff;r further research:
will be noted here, . ,

A search might be made to find additional compounds in
the silicon boron system which are~stabie at temperatures
which were notrinvestigated in.the»coﬁrse of this researcﬁ.

Perhaps a moré interesting;fiéld of research would be
an. attempt to obtain single crystals of SiB3 and SiBe which
could be used in a study of their crystal structures. Cline
(11) reported the growth of SiBg single crystals from the
melt; however, he has not yet reportéd the position of
the atoms in the unit cell.

It should be possible to grow single crystals of both
substances from the interaction of silicon vapor with boron
crystals. In all of the preparations carried out in the
course of this research amorphous boron was used. If one
were to use instead of amorphous boron a few large lumps
of crystalline boron, one should be able to decrease the
proportion of sites of nucleation of attack of the silicon
and obtain single crystals of a sufficient size.

111
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In the course of,this‘fesearch, the vapor pressure of
SiBB‘was only qualitatively measured. It might be ‘possible
to measurewthefvapor‘pressuréloffSiBbey:effusion%method
and t01determina'the‘amount,of‘matarialvwhichwhad effused
by the weight loss of the crucible. A .better method would
be to use cbllection~tafgets?anddetermine the amount of
deposit on the target by the use cf,arfadio active isotope
(s132, t; /5 = 300y). The method of silicon znalysis used
in this research would be unsatisfactory, since it is in-
sufficiently sensitive to use in the measurement of the
vapor pressure of SiBj.

In order to determine the heat of formation of SiBg
interaction studies might be carried out with graphite,
zirconium, titanium, and calcium. This would establish the
heat of formation of SiBy with respect to the heats of forma-
tion of the borides of the above compounds.

- It might be desirable to determine the heat of forma=-
tion of SiBg by solution calorimetry. Oxidlzing aclds
would not be satisfactory for such an experiment because
of the tendency of SiBg to form a protective coating of
5i0,+ The use of BrFB might be a possible substance which
could be used to dissolve SiBg.

Finally, since the silicon boron syétem, the boron
carbon system, and the silicon carbon system have been

studied; it should be interesting to study the ternary sys-
tem, silicoquoron and carbon.



- APPENDIX A
EQUIPMENT ‘LIST = .

| (E 1) Molybdenum crucible, 1 l/u" 0. d. x 2" high x
0 ouo" thick, Fansteel Metallurgical Co. o .
| (E 2) Tantalum spinnerets, 1/2“ o.d. x 1/2" high X
O, 020" thick, Fansteal Metallurgical Co.
(E 3) Spectroscopic Graphite Electrcdes, Regular\
Grade, A" x 12“, National Carbon Coo
- (EW Quartz tubing, 10 mm, standard wall, Lamp .
Dept., General Electric. | ' -
(E 5) Alumina crucible,Irecrystallized, B/h" 0.de X
1" high, 3/32“ thick, Morganite Inc. S N
| (E 6) Magnesia crucible, 3/u" o.d. x 1" high_xvl/lé“’
thick, Corning Glass Works. : .
(E 7) 2irconia crucibles, stabilized, 3/&" 0.d. X
1" nigh x 3/32" thick, Titanium Alloy Manufacturing Co.
(E 8) sSilicon carbide crucible, graphite bonded,
3 5/8" x 3 1/ “,,RqsseRacpny Cruciblé Co., crucible was
constructediby drilling l/h" hole in a 1/2“ disc of the
above crucible.
(E 9) Boron nitride rod, 3/&" dia, x 12"
Carborundum Co.
(E10) Carver laboratory press, ser. no. 14902-48,
Fred 8. Carver, Inc.

113
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(E11) Titanium diboride, 100 mesh, Bﬁasg?%g TL 65.1%,
C 1.0%, Norton Company. ' . : -
=J(512) Zirconium diboride, 100 mesh, B 17 O%, 21 76.0%,
C 0.8%, Norton Company.' T
. (E13) !'Tantalum, reagent grade, 99 8%, 400 meshy ..
Fansteel" Metallurgical Corp.w i )
+(E1L) ¢ Boran, ‘amorphous,  grade AA, 325 mesh, lot. 1758,
C 0. 07%, Fe 0‘16%, B 99.56% (B~9);‘lot 41, C 0.10%,
Fe- 0«167, ‘B .99 60% {B124a),: Cooper Metallurgical Associates.
(EIS) xuray diffraction equipment";X~ray diffraction
\unit, type nos 120453 powder‘cameras, Iluﬁ59:mm; dia., type
52056;,sef;~no‘;574607v(no¢'1);“57~601 {no. 3), and 58662
(no;fS);-film~111uminator'and-measﬁringfdevice,:type no.
52022, ser. no. S57~32l; wide'raﬁge pféélsion goniometer,
ftypq¥u2202,-ser;~no. 57~883; X«pay tube type 32112, ser..
no. 25100 {Cu=2); X~ray,tuhe,~typev32112, ser. no. 2460l
(Cu=-1); Phillips Electronics, Inc., Instrument Div. |
(E16) Quartz disc, 1 1/8" diameter x 3/8" thick,
Lamp Dept., General Electric Co. - | ' )
. (E17) Mechanical vacuum pump, Kinney Compound High
Vacuum, size CVD 556, Kinney Mfg. Co.
(E18) - Diffusion pump, oil, MCF=300; oil, octoil=S;
Consolidated Electrodynamids. \
(E19) Stopcock grease, Lubriseal, high vacuum

formula, Arthur H. Thomas Co. -
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(E20) "O" rings, neoprene, Linear Inc. . |

(321) - Copper to glass seal, 1 l/u“ dia., Ace Glass
CD"' ‘. 4 . .

. (E22) Wax, hard, type W, Apiezon, Metropolitan~
Vickers: Electrical Co., Ltd., : ‘

(823) Pirani Gauge, Pﬁ»la, serial no. 303&, Ccnsoll-
dated Electrodynamics'

(Ezu) Cold cathode vacuum gauge, model no. IOOQA,

;;Miller Laboratories.'

(EEE) Logarithmic ionization gange, ‘built from
wiring diagram from Radiation Laboratory, Uhiversity of
California - Berkeley, H. P.-Robinson,
| | (326) Electronic Induction Heater, Type HM-ZO-LI,-
20 KW, General Electric. “ _
r~.(E27) Voltage regulator, dry~type, induction,
GEl~u3278 General Electric.
(828) Optical Pyrometer, madel 8626 6, ser. no.
152&976 Leeds and Northrup Co., (no. LY.
(529) Prism, silvered tank prism, 146 x 53 x 38 mm.,
no. 3oou, Edmund scient!fic Co. |
(EBO) Window, constructed from Pyrex optical flat
plate, 8" x 8" x 1/8", H. S. Martm Co.

v(E31) Silicon, solar grade, E. I. DuPont De Nemours
CD-, (Si""g)o
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(E32) Steel sleeve mortar, 15 mm., Plattner Diamond,

E. H. Sargentfand Co.
- (E33) U, S. Standard Screen Sieves, Newark Wire

Cloth Co. - | | f

(E3lL) Mortar andtPestle;tBuC; Robert»Marks‘Co;»"

(E35) - Comparator, Model M 1201-30B, ser. mo. 310,
Gaertner Scientific Corp. |
. (E36) Micrometer, Miller Falls Co. -

o (E37}~:Calipev,‘verﬁier,'cat;vnos~123, L; S. Starrett

’ 'CQQ )

":'ZV(E38} Cathetometer, ser. no: 362A, Gaertner Scienti-
fic Co. |
- (E39) Clock, Time-it, direct reading in units of

O.Ol}min.,APrecision»Scientific‘Co.

(E4LO) pH meter, cat. no. 766L, ser. no. 1313141,
Leeds and Northrup Co.

(E41) Colorimeter, Electrophotometer, ser. no.
5383, Fisher Scientific Co,

(EL2) Interference filter, 820 my , 9 half width,
Bausch and Lomb. | -

(EL3)} Sodium carbonate, Calcined-Dry-Purified,
cat., no. S=261, Fisher Scientific Co.

(ELl) Resistor, precision, 10 ohm, ser. no. 2443570,
Leeds and Northrup Co,
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(Eh5) Potentiometer, madel no. 8662, ser, no. 779503,

Leeds and Northrup Co. o

) (Eué} pH meter, model G, ser. no. 92u8 Beckman -
Instruments, Inc; | ,

:f (Eu7) Cluck, calibrated in o 1 sec., model 3-10,
The Standard Electric Time Co.l |

N (EAB) Boric Acid, reagent grade, minimum assay 99 57
HBBO3, lot no. 52&&0, Merck and CD., Inc. o
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' CRYSTAL DATA

phase Molecules Symmetry

., .oper Unit
Cell

" boron

boron
éiiiéén;
SiBy
$iB3
5133

siBg

108

 §hom5bheéréiﬁ
tetragonal ..
rhombohedral

o "éuBIEL

8iBs.

sy

tetragonal
hexagonal ..
hexagonal
~hexagonal -

cubic
orthorhombic

" orthorhombic

118

Parameters

ag=5.06 o(=580Y ¢
20=8.L473 €5=5,030
‘30310912,o<=65028!
ag=5.430

a,=2.829 cg=l4.765
ag=5,52. co=12.70

3033310 CO=12'55

v‘30:6p97' C0312§2,.¥.

Cagl.150
. ao"‘_"lh‘u 392 bo=18‘26?

C 03'«9 . 885

‘ag=11.10 bo=14.79
cg=10.12
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e SN ol /B e ot
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Pﬁase‘

Al0
borog '

BN
BiC
graphite
CaBg -
KCl
MgO
silicon
SiBy
SiBg
Sic
TaBy
TaN
TiBp
ZrBp

ZPQZ

APPENDIX C

BEST FILMS

Film No.

Ce 262

a C~1392‘

‘ D~ 302

R
C- 36l

C~1026

G- 5o

Cw1143

- C= 365
 C-1831
C-1hhh

C- L7
C=11T70
c= 733
C=1203

- C-1109
D~ 72
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ﬁ,?hases Present

-  A12O3
“'Vboron, (108 atom)

BN
‘ 'BAC;;

C .
CaBg, S1

KCl

MgO'

si

SiBB, Si
SiBg, B (ss.)
§iC, B

TaBp

‘TaN

TiBa, 5136
ZPBZ
Bt‘Oz
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