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FOREWORD

This report was prepared by the National Bureau of Standards
uader USAF Delivery Order Nr, 33(615)64~Ci, which was later changed
to Delivery Order Nr. 33(615)64-1003, and Amendment Nr. 1(65-1438).
The work was initlated under Proje:t Nr. 3048 and Task Nr. 304802,
The initiator and buyer were A. E, Zengel, APFL, and Hs E. Richeson,
SEKNB, respectively.

This report (NBS Report Nc. 8962) covers work performed in the
period 1 October 1963 to 30 June 1965 under NBS Project 221-0428,

The validity of the measurements and caleculations made in this
investigation was dependent upon the procurement of good quality
sampless The aluminum borides and the boron carbide sample were
obtained from the Carborundum Company cn a cost sharing basls. The
graphi*e sample was obtained from the Ultra Carbon Corporation,
while the sample of crystalline boron was a gift from the Eagle-
Picher Company. The whole hearted cooperation of these suppllers
is acknowledged in their effort to nreparé samples of as high a
purlty as possible in the light of current technology.

The authors wish to thank the followirg psrsonnel for various
types of technical assistance: C. F. Coyle, Jr., calculation of
dsta; Re A. Paulson, B, Jo Mslenthal, R¢ J. Hail, J. I. Shutz,

Ke M. Sappenfield, Rs W. Burke, and E. R. Deardorff, wet chemical
analysis; E. B. Hughes and W, D, Dorko, mass spactroscopic analysls;
F. K. Huhbard; spectrochemical analysisy and E. ¥. Swsasor,
crystallogrsphic analysis,

This report was submitted by the authors onm 1 October 1965.
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ABSTRACT

The purpose of this work was to provide heat of formation data
on boron and intermetallic borides which are applicable to calcula-

tions involving the combustion of slurry fuels

The heats of formstion of BF3(g), CF,(g), B;C(c), AtBp,215(c),
a-AlB32(c) and y-AtB1o(c) were calculated from the heats of combustion
of boron, graphite, B;C(c), AtB2,215(c), a-AtBi2(c) and y-AtBio(e)
in fluorine at high pressures. The heat measurements were made in
a bomb calorimeter. The samples were subjected to thorough analysis
and careful characterization. Three different methods were used
to prepare pelleted mixtures of the samples with Teflon powder
for combustion. The completeness of combustion was determined by
analysis of the unburned sample remaining in the bomb after an
experiment .

The heats of combustion in fluorine at 298°K and the correspond-
ing standard deviations of the means, in keal mole~l are given as
follows, along with the substances for which they were determined:
crystalline boron, -271.82 +0,153 graphite, -222,87 £0.04; B;C(c),
"'1290'7 :i:0.53 ALB2.215(C)’ "946‘27 i0.73; G-ALBR(C)’ "356007 ﬁ:107,
Y"ALBlz(C) » "358301 +0.3,

The standard heats of formation at 298°K and the estimated
over-all accuracies, in keal mole™l, are as followss BF3(g),
-271,82 £0.,38; CF/(g), -222.87 +0,13; Bﬁc(c), =19.5 +4:63 AlBy 515(c),
-16.2 2,93 a-AlB1ole) , =615 +£10.95 y-AtB12(c), ~39.1 £13.1.
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HEATS OF FORMATION OF METALLIC BORIDES
BY FLUORINE BOMB CALORIMETRY

1,0 Introduetion

In order to make accurate thermodynamic caloculatlons of slurry
fuel formulations involving boron or intermetallie borides, the
thermodynamic properties of these substances must be well known,
The main goal of this program has been to provide heat of formastion
data on boron and intermetallic borides which will find application
in calculating the combustion properties of slurry fuelss Further
application of this data can be found in evaluating the stability
of intermetallic compounds, Interpreting phase dlagrams of binary
metal systems and in calculating heats of reaction In which these
particular substances are involved.

The heats of combustlion of the following substances were
measured in elemental fluorine: borony boron carbide, graphite,
alumimm diboride, G-aluminum dodecaboride and 4~aluminum dadeca-
boride, Although data on aluminum diboride and a-aluminum dodeca-
boride hava been reported to this sponsor eariier [1], new heat
measurements and analytical data warranted a recaleculation of their
heats of combustion and formation.

The technique used for determining the heats of combustion, and
formation, of these substances was fluorine bomb calorimetry,
Previous work [2] on the combustion of aluminum in fluorine provided
a directly applicable technique for studying boron and intermetallic
boridesy and also provided some essential data needed in calculating
the heats of formation of the aluminum borides. Oxygen bomb calorim-
etry 1s not particularly sultable for determining the hesats of
combustion of boronys boron carbide or the aluminum borides bscause
boric oxide, a combustion product, may not be formed as a single
phase material, It not only exists in both orystalline and
amorphous forms, but lower oxides of boron are known also [3,4,5]
and their formation during combustion would be undesirable. The
combustion of the aluminum borides in oxygen has the further compli~
cation of forming two non~volatile products, At203 and B203. Not
only mst consideration be given 1o interactions such as heats of
mixing or solution of these two products, but also the extrication
of unburned starting material from an Al03-Bp03 mixture. Recent
work [6] has shown that more than one phase of aluminum oxide can be
formed during a bomb combustion, giving additional complications,
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The heat of formation of boron trifluoride has been derived from

the heats of solution of gaseous BF3 in water [9,10,11] and the

heat

of solution of boric oxide in aqueous HF [12,13], giving an average

value for AH% gg of —270 £2 keal mole~l., Wise, Margrave, Feder

and

Bubbard [14] determined the heat of formation of boron trifluoride

to be =269.88 £0,+9 keal mole~l in a bomb calorimeter by direct

com-

bination. Recent work by Johnson, nger and Hubbard [15], using s
two-chapter combustion bomb shows AHpogg[BF3(g)] = -271.65 keal mole™t

from the direct combination of the elements.

Although it has been demonstrated [7,8] that graphite can b

e

burned successfully in an oxygen bomb to give precise data, attempts
to determine the heat of formation of carbon tetrafluoride by direct
combination of the elements has not been as simple. Von Wartenburg

and Schutte [77] calculated the heat of formation of CFj, to be
162 £2 keal mole~! as a result of the direct combination of the

elements. Ruff and Bretschneider [78] later pointed cut that the

presence of fluorocarbons in the product gases necessitates a

correction vwhich changes the latter value for CF,, to -183.5 keal mole™t,

Scott et al. [16] and Good et al. [17] have determined the heat
of combustion of Teflon in an oxygen bomb and have calculated the
heat of formation of carbon tetrafluoride to be -218.3 keal mole~1l.
Similar, but more recent work by Cox, Gundry and Head [i8] on the
heats of combustion of docosafluoroblcyeclohexyl, and docosafluoro-
bicyclohexyl-benzoic acid mixtures in oxygen has been made. With

the aid of auxillary data the heat of formation of caibon tetra-
fluoride has been calculated to be -218.56 keal mole™

or -225 063

keal mole™™ depending upon whether values for the heat of formation
of HF(aq) were used as recommended in NBS Circular 500 [29] or as

determined by Cox and Harrop [17], rgspectivel o Domalski and
Armstrong [2{ have caleculated for AH 298[GF4(g§

] = -221.8 keal mole™t

from measurements on the heat of combustion of Teflon in fluorine

and a reassessment of the heat of formation of Teflon. Jessup,
McCoskey and Nelson [22] calculsted the heat of formation of CFy,
from the reaction of methane with fluorine and found -220.4 kcal

(g)

mole~l, Kirkbiide and Davidson [23] and yon Wartenberg et al. [24,25]
calculated -218, -231 and -225 kecal mole™, respectively, for the

heat of formation of CE4(g) from the following reaction:
CF, (g) + 4K(g) = 4KF(c) + C(c)

(1)

Vorob'ev aﬁd Skuratov [26] caleulated for CF;(g), AHpagg = ~219.2

£2.3 keal mcle™
sodium was used rather than potassiume Duus [27] ealculated

from a reaction similar to reaction (1) except that

P08 CE)E)] =

-~212,7 keal mole™! from measurements on the explosive decomposition,
explosive hydrogenation, and oxygen combustion of C2F;(g). Neugebauer

and Margrave [28] studied the decomposition and hydrogenation of

2




C2F (g) and caloulated for AHanga[CFy(g)], ~217.1 keal mole™l,

Work by Baibuz [20] on the explosion of CFj, Hpy Op and CO mixtures
has led to & calculatign of heat of formation of CFA(g) of

=-22061 *1,4 keal mole™*, Corrections for certain heat losses were
later made for this study by Baibuz and Medvedev [21] and upon re-
caloulation they found AH®oog[CF,(g)] = -220.6 1,4 keal mole~l,
There also exist many review articles and compilations in the litera-
ture which attempt to melect & M"best value™ for the heat of formation
of carbon tetraflueride [29,30,31].

Revised data for the heats of formation of HF(g) and HF(ag) by
Evans [32] has affected some of the heat of formation data on carbon
tetrafluoride directly iIn that certain reactions under investigation
involved HF(g) or HF(aq) as a product, We have recalculated the
following heat of formation data for CFj(g) using the revised HF
datag Good et al, and chtt et aley —220,9 keal mole~l Jessup

}

et al,y ~218,0 keal mole™ 1

Neugebauer and Margrave, -220.4 kecal mole™ ",

Smith, Dworkin and Van Artsdalen [33], using bomb calorimetric
technlques, burned boron carbide in oxygen, From the heat of combus-
tlon of B;C and the heats of forpation of amorphous BpO3 and COp,
they calculated -13.8 kecal mole™ for the heat of formatlon of boron
carbide, Inspectlon of theilr data showed that the degree of complete-
ness of combustion was not large, ranging from 25 to 41 percente It
also revealed that when the amounts of B203 and COs produced in the
combustion was measured, a deficiency in the COo content was observed.
The authors assumed that some of the carbon in boron carbide failed
to burn and remained behind as free carbon. In view of the fact
that Incompleteness of sombustion and non-stoichiometry, requiring
analysis of both B03 and €02 were present, the agreement of the heat
measurements made was good, AHgogg = ~683,8 42,2 keal mole™, A re-
cajeulation of the data of Smith it al, by Evans [34] gave
Mpogg[B4C(e) ] = -12,2 koal mole™" after a more recent value for the
heat of formation of amorphous B203 is used,

Earlier values for the heat of formatlon of B;C cited in the
1iterature, 66,0 [35,36,37] and 48,12 [38,39] keal mole~l are con-
sidered urnreliable because of the obscurity of the source and lack
of Information concerning experimental metnods and caloulations.

Yo b -

As far as the borides of aluminum are concerned, there exists
essentially no data from which the heats of formation may be calou-~
lateds Van Arkel [40] estimated the heat of formation of aluminum
diboride by a method he did not describe. The vapor pressure of AlByo
was measured by Bolgar, Verkhoglyadova and Sameonov [41] between 1100°
and 2000°C. They observed aluminum in the vapor but do not state
whether other species were present also, Thersfore, the relationship !
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between their heat of vaporization and the heat of formation is not
clear, Interpretstion is further complicated by a diserepancy of
about an order oif’ magnitude in the heats of vaporization of TiBp

and ZrBo as reported by the above authors and as reported by Schissel
and Trulson [42] and by Leitnaker, Bowman and Gilles [43],

240 Characterization of the Samples
2,1 Elemental Boron

A ten gram sample of -100 mesh erystals of high purity boron,
p-rhombohedral phase, was received from the Eagle-Plcher Company.
It was prepared by the hydrogen reduction of beron tribromide on a
substrate of zone refined boron, as desecribed by Starks and
Buford [44]s The supplier reported thav emisslon speotrographlc
analysls showed 3 ppm, Si and 7 ppm. Cu. Carben analysis supplied
showed 500 ppm, carbon. having been analyzed by the metnod
Kuo et al, f"b5]o

The boron pemple was sent to the NBS Analysis and Purifiecation
Section for spectrographic analysis for metallie impurities and
their subsequent analysis. The latter analysis in conjunction with
that of the supplier is summarized in Table l. Oxygen analysis was
performed by neutron activation analysis at General Atomic while
the nitrogen sontent was determined using the Kjeldahl technique
at the National Bureau of Standards.

X-ray analysis on the boron sample by the NBS Crystallesraphy
Section showed good agreement with data xiported earlier for latiice
parameters [4?;. The sample has lattice parameters of ¢ = 10,93A
and ¢ = 23,954, with a space group assignment of R3m,

2.2 Boron Carbide

A 46,3 gram sample of boron carbide, having a particle size of
-100 mesh was obtained from the Carborundum Companys. The sample
was analyzed by the NBS Analysis and Purification Section and the
results presented in Table 2 along with the supplierls analysis,
The nitrogen content in the boron carbide was determined at NBS by
the Kjeldahl method while oxygen analysls was done at General
Atomic by neutron activation analysis. The large dispersien of
boron and carbon analysis determined at NBS and Cerborundum are not
easily reconcilrd. The range cof analytical determinations varies
from 0.1 percent to 2.7 percent for boron and from 0.25 percent to
1.2 percent for carbon. The extreme refractory nature of boron
carbids and its resistance toward fusion and solution ares no doubt,
influential factors. Using average values for the boron and carbon
analyses, 77,85 percent boron and 20,32 percent carbon, gives a boron
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Table 1

Analysis of Elemeutal Boron

Element Composition (percent by weight)
Supplierts Analysis NBS Analysis o
Specte Anala.| Quant. Anal, Spect. Anal, | Quant, Anal,
Al - 0.001-0,01 < 0,001
Fe - 0,001~0,01 0.079
Mg - 0.0001~0,001 0,002
Mn - 0,001-0,01 0,014
Sr - 0.001-0,01 0,002
Ca - 0,01 -0,1 0,010
Cu 04,0007 0.0001~0,C01 -
Ba - 0,001-0,01 -
Si 0.0003 0,01 ~0.1 0,012
N - < 0,005
0 - 0,161 (a)
c 0.05 0,11
Total Tup, 0,051 0.396
% Boron 99,949 .99,604

(a) General Atomic, San Diego, California




’ J:.L

ORETE e L

Table 2

Analysis of Boron Carbide

Element Composition (percent by weight)
Supplierts Analysis NBS Analysis
Spect, Anal,|Quant, Anal,| Spect., Anal, | Spect. Anal,| Quant. Anal.

B(78.268)° 79,28 T60657748577a7
c(2L7H" 20,55 20,8, 19.6

AL 0,005 0.001-0,01 | 0.01-0.1

Ba - - 0,001-0,01

Ca 04004 0,0001~0,001| 0.01-0.1

Cu < 0,001 < 0,0001 0.001-0,01

Fe 0,008 0.001-0,01| 0401-0,1

Mg < 0,001 040001-0,001 | 0,0001-0,001

Ma < 04001 - 0,0001-0,001

Ni - - 0.001-0,01

s1 0402 0,001-0,01 | 0.01-0.1 0,023

Zr 0,004 0.001-0,01 | 0,601-0.01

T4 < 0,001 - -

N - 0.21

0 - 0.185%
% 8,0 99,874 972742

2 General Atomic, San Diegoy California

D Theoretical for B,C

JA

This value for B;C (97.742%) was obtained by swmuing the latest analytical
values for boron and carbon, 77.7% and 19.6%, the NBS silicon analysis, the
oxygen and nitrogen analyses, and using the Carborundum Co. analyses for

the remaining metallic impurities.
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to carbon ratio of 4.26, If one chooses the latest analytical
results for boron and carbor, namely 77.7 and 19,6 percent, a
boron to carbon ratio of 4440 is obtained. In view of the large
dispersion of the boron and carbon analyses and the poor maus
balance of the total composition, we have chosen the stoichiometry
B, .00C Yo represent the formula welght of our sample.

The sample was examined using X-ray techniques by the NBS
Crystallography Section and found to be in good agreement with the
established pattern for boron,carbide. Similarly, the salculated
lattice parameters, a = 5.559K and ¢ = 12,07A, were found to agree
well with the literature values [50],

203 Graphite

A four ounce (113 gram) sample of spectroscopic graphite powder
was purchased from the Ultra Carbon Corporation having a particle
8ize of -35 on 100 mesh and a total ash content specified as not
exceeding ten ppme No significant metailic impurities were found
in the sample as a result of analysis by the NBS Analysis and Purifi-
catlion Section. Oxygen and nitrogen impurities were detected in
the sample using neutron activation analysis (General Atomic) to be
<86 ppm. and <204 ppme, respectively. The graphite sample underwent
X-ray analyels by the NBS Crystallography Sectigns; Lattlice parameters
were calculated to bey 8 = 2,462 and ¢ = 6,7224, in good agreement
with literature values [47,48,49].

2e¢4 Aluminum Diboride

The characterization of aluminum diboride has been adequately
deseribed in previous work [1l]. No additional analyses were performed
on this sample during the period of the present dellvery order.

2¢5 Alumimum Dodecaborides

Botk a- and y-aluwminum dodecaboride are described in previous
work [1] with respect to spectrographic, X-ray radiochemical and
wet chemical analysis, Under the present delivery order both a-AtBi2
and yY-AlBis were analyzed at NBS for nitrogen by the Kjeldahl technique
and were found to contain 0,27 and 0,02 percent nitrogen by welght,
respectively, This nitrogen analysis is preferred to that performed
by neutron aetivation methods in that the latter is not as sensitive
below 0.3 percent in the presence of small amounts of other metallic
impurities. Inclusion of the nitrogen analysis brings the total
compositlon of a-AlBjp and y-~AtB12 to 100.408 and 97,290 percent by
welght, respectively,
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2,6 Teflon Powder and Fiim

Two Teflon pcwders were used in preparing mixtures for the
combustion experiments and were designated as TFE Fluorocarbon
Resins "Teflon 5" and Yeflon 7", respectively, Both powlers were
composed of lrregularly shaped particles which easlly adhered to
one another. "Teflon 5" particles ranged in size from 50 to 800
microns while those of "Teflon 7" were from 10 to 500 microns. The
Teflon f£ilm used in preparing bags to hold powdered mixtures was
designated as FEP Fluorocarbon f£ilm, type A, and hap a thickness
of 04001 1uchs TheTeflon 5" powder was used exclusively for heat
meagrrements on the aluminum borides while "Teflon 7" was used in
ksat measurements on borony boron carbide and graphite, Neither
the powders nor the f1lm were modified or treated in any special
way prior to use.

2.7 Fluorine

The fluorine used in the heat measurements was a speclally
prepared high-purity commercial grades The fluorine used for heat
measurements on the aluminum borldes and graphite had an average
assay of 99,79 percent while that used for experiments on boron and
boron carbide had an assay of 99,40 percent. The fluorine was
analyzed by absorption in mercury and observing the pressure of the
residual gases [51]« The volatile residue was examined in a mass
spectrometers Typical results are shown in Table 3 for the compo-
sition of the residues,

Table 3

Analysis of Fluorine Impurities (Mole Percent)
F, hssay 99.40 99.79
02 16,0 60,8
Né 4644 27.8
CO2 2,91 507
GF4 32,7 4e92
Ar 1,38 0.13
SOF, 0,014 VA
SiEA 0.052 Ou 14
02F6 0.38 0.31
CAFS 0./}1 0.23
CBFB 0,075 0,067
02F4 or 00006 0. 027

cyclic 04F8
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3e0 Preparation of Semple Pellets

Attempts to prepare sultable pellets of the substances under
study without the aid of an auxilisry substance were not successful
because of the hardness and resistance to compression of some of the
samples, or their resctlon with fluorine in the combustion bomb
pricr to the desired time of ignition.

Three methods of sample preparation were used in preparing the
sc ples for combustion in fluorine, all of which use powdered Teflon
as an auxiliary binding material,

Method I, The sample powder and Teflon powder were weighed in a

20 ml, beaker, mixed to obtain reasonable homogeneity, and transferred
to a pellet die for pressing. Upon welghing the pelleted mixture,

a loss of weight was always observed. . The loss occurred from in-
complete transfer of the mixture from the beaker to the die pleces,
and adherence of the mixture to the dle pleces as a result of the
pelleting operation. The welghable quantity of lnst mixture for the
latter two operations was usually inadequate to account fully for
the total loss of mixture, We assumed that the total losss of mix-
ture took place in proportion to the amounts of Teflon and sample
present in the pellet.

Method II {52] A thermoplastic Teflon bag wae prepared from a plece
of £ilm (2.5 ine x 3.0 in. x 0,001 in.) by folding it over once and
sealing two sidesy The bag wes placed in a 20 ml, beaker and the
sample powder and Teflon powder were welghed consecutively inside the
bag. The remaining open end of the bag was sealed and the sample

and Teflon mixed, Care was taken not to exclude air from inside the
bag before the final seal was made, since 1t facilitated the mixing
operation, Be wearing a pair of 0,001 1n, thick polyethylene gloves,
the sealed bag could be passed from hand to hand to carry out the
mixing of the two powders. The bag was placed in a-pellet dle,
plerced with a needle in order to allow the air to escape and the
pellet pressed, Losses were observed in the sealing operation and
assumed to be Teflon exclusively., In the pelleting of the bagged
mixture, we agsumed the losses to take place in proportion to the
smounts of each constituent in the pellet,

Method III, The msmple powder was prepared in pellet form by mixing
with Teflon powder in a Teflon bag a8 in Method II, except the die
pleces used to press the pellet were smaller (0.625 in. diam.) as
compared to those used in the previous pelleting techniques

(075 in. dlam,). The smeller peilst was then placed inside the
larger pellet die on a thin layer of packed Teflon powder, Using a
stainlegs steel tube of appropriate wall thicknessy; additional Teflon
powder was packed in the space beiween the pellet and wall of the die
plece, 4 final top layer of Teflon powder was packed over the pellet,
and the zontents pressed, giving a coating of Teflon arocund the
smaller pelleted mixture.




Prellminary experiments showed that the addition of a Teflon
coating around & pelleted mixture appeared to prevent elther spon-
taneous combustion of the sample during loading of the bomb with

fluorine or premsture reactlon of the sample prior to the desired
ignition.

In Teble 4y one finde a brief analysis of the quantities of
Teflon and sample which comprise a prepared pellet for a given
sample. Also included is the method used to prepare a pellet, the
number of experiments involved, the losses encountered in preparing
a pellet, and the type of support upon which the pellet lay.

In the borony boron carbide, AtBoy a-AtB12, Y-ALB12s and some
of the graphite heat measurements, the "A"™ nickel plate used was
2 in, in diameter and 0.125 in. thick, The monel plate used in
the AtBp and a-AlBi2 work was 2,5 in, in diameter and 0,125 in,
thick with an annular section cut out to retard heat conduction
from the reaction zone, The variations of "A" nickel plate and/or
caleium fluoride plate used in the graphite combustion experiments
are numerous and will be discussed in detall in Section 8,

Use of the bag technique employed in Methods II and IIL
is of definite advantage over Method I. Sample loss from the
mixture remaining in the beaker after each transfer and loss in
transferring the mixture to the pellet die ars eliminated., This ecan
be observed in the preparation of a-AlBio-Teflon pellets and most
strikingly with AtBo-Teflon pellets. In the preparation of
AtBp~Teflon pellets using Method I, transfer of the mixture to the

pellet die was hindered by the electrostatic attractien of ALB2

erystals for the inner beaker surfaces, Hence, the mixture re-
maining in the beaker after transfer wes to the best of our observa-

tions, ALBR, and was treated as such in the treatment of sample
losses,

Samples were welghed to the nearest 0,01 mg,

The densities of the Teflon film and powders were determined
as part of this investigatlion. The Teflon £1lm had a density of
2.15 g em3, and the powders, "Teflon 5" and "Teflon 7" were
2,23 g em™3 and 2,16 g em™>, respectively, The densities gf the
various samples studied were as followst boron, 2.33 § em™? [53,54]3
boron earbids, 2,52 g em~3 [55]3 graphite, 2426 g cm™3 [56]; alumimm
diboride, 2.955 g cw3 [57]3 a-aluminum dodecaboride, 2,557 g cm~3 [58]
and y-aluminum dodecaboride, 24577 g cm~3 [58].
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4.0 Calorimetric Apparatus

No msjor changes were made in the calorimeter, heat measurement
siwation or combustlon bomb since the earlier work on ALBp and a-AlBioe
These apparatuses will be discussed here briefly, however, but for a
detialled description the reader 1a referred to reference fl].

An 1sothermal-jacket, stirred-water calorimeter was used in making
the heat measurements, The jacket was maintained imothermal near 30°C
by an electronic thermoregulator., Tomperatures were measured with a

G—-2 Muelier Bridge in conjunction with a plaiinum resistance thermometer

te 0.0001°C. Reactions were carried out in an "A" nickel combustion
pomb sultably designed for service with fluorine, having & volume of
approximately 380 ml, Two aluminum electrodes, suspended from the bomb
head by two monel rods, held a tungsten fuse. The fuse was about 5 om

in length and was either of 04002 in, or 0.003 in, diameter, contributing

about 20 J or 40 J, respectively, to the combustion energy. A heater
was used n both calibration and combustion experiments to bring the
calorimeter to the desired starting temperature,

For procedures dealing with the loading and emptying of the
combustion bomb and for detalls conecerning the design and constructlon
of the fluorine manifold, our earlier work [1] should be consulted.

50 Products of Combustion

The white powder present in the combustion bomb as a result of
burning AtB2, a-AtBio and Y-AlB32 in fluorine was identified by X-ray
techniques as aluminum fluoride. Previous work [2] has established
that Teflon burns in 15 to 20 atm, of fluorine to carbon tetrafluoride
as the only major product. Higher fluorocarbons were not detected in
amounts greater than 0,05 mole percent. The product gases were
analyzed in a mass spectrometer after absorption of the excess fluorine
in mercury. Comparable mass spectra were obtained when Teflon, boron-
Teflon, boron carbide-Teflon, graphite-Teflon, AlBo-Teflony a-AtB12-
Teflon and y-AtB12-Teflon mixtures were burned in fluorine, It was
interesting to note that in reactions whiech produce boron trifluoride
as a combustion product, no BF3 was found in the mass spectroscopic
analysis of product gasess It 1s suspected that under conditions of
the reaction of fluorine with mercury, an jnteraction of some kind
takes place between BF3 and the mercury fluoride formed during the
absorption of fluorine,

Boron trifluoride was identified as a combustion product by infra-
red spectroscopy. Samples from aluminum boride-~Teflony boron~Teflon,
and boron garbide-Teflon combustions were exsmined in the region 650
to 400 em™", and the BF3 band at 481 el was observed, Also present
in the spectra was the CF; band at 630 em~l. Spectra of the evacuated
cell and of BF, alone were taksn in the region mentioned above to
substantiate the identifications The cell used was 8 cm long and had
polyethylene windows, 0.0625 in. thick,
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6.0 Calibration Experiments

Fourteen calibration experiments were made in which benzoic acid
(Standard Sample 391) was burned in a platinum crucible in the presence
of 30 atm of oxygen and one ml., of distilled water in the nickel com~
bustion bombs Initlally ten calibration experiments were made, and
when the heat measurements on the various samples had been completed,
an additional set of four calibration experiments was performed. The
two sets of calibration data were found to be statistically equivalent
differing by six parts in 100,000, and in similar agreement with six
callbration experiments performed earlier [1]. All twenty experiments
were gimbined to give a single energy equivalent of 14,803.27 £0.99
J deg ©. The uncertainty cited is the standard deviation of the mean,
The energy equlvalent given is that for the standard calorimeter,
which consisted of the nickel combustion bomb with 30 atm of oxygen,

a platinum crucible and fuse support wires, platimm fuse ( 2 em long,
0.01 cm diam.), a 304 stainless steel liner, monel pellet holder, and
no sample., Fastened to the bomb was a heater and ignition leads.

The mass of the calorimeter vessel and water was 3750.0 grams.

Using the appropriate heat capacity data, the energy equivalent
of the standard calorimeter to be used in the fluorine combustion
experiments was calculated, Subtracting the heat capacities of 30 atm
of oxygen, one ml, of water and the platinum ware, and adding values
for 21 atm of fluorine and two aluminum electrodes gave 14,805,17 J deg’i.

7.0 Fluorine Combustion Experiments

Seventeen heat measurements were made on the combustion of Teflon
in fluorine, ten on boron-Teflon mixtures, eight on boron carbide-
Teflon mixtures, seven on graphite-Teflon mixtures, eleven .. alumimumm
diboride-Teflon mixtures, eleven on a-aluminum dodecaboride mixiures
and two on Y—aluminum dodecaboride mixtures. As had beer. stated
earlier, part of the aluminum diboride and a-aluminum dedecaboride data
are from previous work [1] and have been combined with new data in
calculating heats of combustion and formation. ’

A fluorine pressure of about 21 atm was used in all experiments
except two Teflon, nine a-AlBjp and five ALBo experiments in which
about 16 atm was used. In each experiment the sample pellet was
placed in the recess of thu monel holder or M"A" nicksel plate, the bomb
abtached to the fluorinc menifold and filled to the degired fluorine
pressure. All bomb parts (bomb base, bomb head assembly and electrodes,
liner and sample plate) were weighed before the first experiment and
after each experiment. The bomb parts were washed with water and dried
bafore the weighings were made.

Tables 5 through 12 give the data for the individual experiments

on Tefion, boron, boron carbide, graphite, aluminum diboride, a-aluminmum
dodecaboride and y-alwrinum dodecaboride, respective; .
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Table 10a

Aluminum Diboride-Teflon 5 Combustion Experiments

Experiment No, 1 2 3 4 5
(1a) B, g 04346897 | 0.315264 | 0.289106 | 0.302016 | 0.289516
(1b) Teflon, g 1,867781 1 2,002869 | 1.931063 | 2.026699 | 2.035973
(2) F2 press, atm, 16.7 16.4 16.7 1608 16‘8‘
(3) (e), J deg™t 14,805.57 | 14,805.09 | 14,805.32 | 14,804445 | 14,803.95
(4) 4t , deg- 3.03427) 2.97751| 2.80252| 2.92554| 2487476
(5) (e)(-&8 ), J ~didys92%a L | ~44308243 | 41949242 | =43,311,0 | -42,557,8
(6) AE fuse, J 41,6 42,3 417 42,3 4145
(7) AR gas, J beb 5e2 5.0 5¢5 407
(8) (-AE° Teflon)(mb), I| 195372,1| 20477362 | 20,028,4 | 21,020,3 | 21,1165
(9) ABj,MB,, 7 gL 73352549 | ~73578405 | ~T45080.4 | ~73,648.1 | ~7358995
(10) AE;OB’ = . "'73’787.7 J g—l
(11) Std. Dev, Mean = 96,5 J g~ = 1,17 koal mole ™
(12) Impurity eorrs = 687.8 J g1 for 2,771% impurities
using Treatmsnt (3), Table 16

) o _ -1
(13) AE§98 - AE303 = =27 d 4 1
(11&) AE298'-'=-" "75,185.9 J g
(15) AnRT = ~139,7 J g%
(16) 8oy = ~75,325.6 7 g1 = ~916,87 koal mole ™ (mole = 8B, )

19




- v

L N

PR

T

o s e

-

A.ﬁm.mmi = eTom) . _oTou T8 Leooe-= 3 ¢ 6%0YLELL~ = mmmmq (9T)

-8 L Ltegl- = Iaw (1)

RS S Y ¥Cqy (1)

(3oL = €06gy 86y (1)

9T oTqey ©(€) auewmywel] Jupsn seypMdW F3OLSZ 103 Tm £ L*TLEL = *xx00 Lypanduy  (2T)

-1 T80Y €L°0 = H..m £ L°6G = Uy .>mam.3m (11)

12 £ €89l = omma (oT)

9ezzEfos~ | §*69T9L~ |6°ev2f9L— | ¥*sT0% 9L | ¥°500 9L 0°8EE£9L- 2L Caay mommq (6)
cuzvsoc |Lvzeefer |LeSL9foE |2670f0E | 0°BTS62 9%0T¢TE |r£ €(qu) (uotIel av-) (8)
G*TT 21t G*TT o1t 0°1T 8Tt e fsed av (L)
02 702 Y0z 02 °02 *02 r fesng av  (9)
€vsgesar- | 7o80° Ly | rogr9f Ly~ | 9°LE8 97~ | 0°0€B 8Y-| 9°GS TS e <) (3)  (9)
26992  |7608T°€  |8L8TZ*E  |20Y9T°€ |9¥786z°€ | 9618Y°¢E Sop €av (V)
6 TO YT |0E°£08 YT |S2 €03°YT | 6T°E08*YT | 88°908°VT | €9°508°7T 1-2oe £ ) (€)
L*T2 G*12 9*12 T2 g* 12 6°12 ‘mys *ssead g ()
OLEEG®e | G6ESLRT | £€9LS6%T | 62eL68 T | TTO9Y8™C TLY7666°C *3 fuorgey (qt)
LurvEzc0 | 09zgezt0 | s6T2ZE 0 | LEYORR®O | YL9ESETO | VLELIETO *3 Cgay (®1)
1T 0T 6 8 L 9 oy yuswpIodyy

squompIedxy UOTSTNAUOY § UOTIOI-OPTIOqTU WRUTUMTY

B

QOT ©TqBL

i ¥

Rid

19a




).

K e Y .

[-PTo% T89X L0956~ = . B  0°690°56~ = mmwz 191)

3 £ 90ZT~- = W (ST)

-3 £ YTrretYe- = mmmmq (1)

12 £ go0- = Oy - Fqy ()

LT °1q8y () ywomyzex3 Juyen soTTaInduy OTZ°E€ 20F 15 £ L°L20T = *XI00 L3pamday  (2T)

1-OT0" 83X L°T = @ £ g°¢¥ = Uweq *48Q *Pis (TT)

=2 segeesee- = Oty (o)

£0L18926~] ¥°529%26—]| 0*€18%26~ | 1°206°26~| Y 156*26—~| 2°TOT E6~| 9*Y00 €6~ | 6°2E6°26~ | 0°€50%€6~ | O°LST E6~] T°VER 6~ H..m £ “lagy-o momﬁ (6)
691492 | 8*85zfsz | Yr08¥*8l | 8°805¢8T | z*9s€ar | S*TLECST | 9°29€%8T |2 6828l | 2*S61*ST | 8°csz®st | Y°Tse’st | £ ¢(am)(uoryer v-) (8)
6°11 9T 9°9 99 £°9 9°9 9°9 g*9 ¥°9 ¥°9 $*9 resed gy (L)
o Yol 4 (4 4 (e d ey 8'1¢ [Ad1 6*9¢ S°LE roLE Loty £ %eeng v (9)
6°928%gY~| 6°Z2a%gr~| €°9€T gy~ | ¥°199%05~ | 9°918°9Y~ | 0*za*gy~| 1°920°SY~ | $*6925LY~ | 6°CLL 9P~ | 9*rofer-| 9 T6E LY~ e “Caw-) () (5)
1€862°€ SLEGTTE 99 £TA4 3 gZeer e ez9te ae91e yethote 96261 °¢E 058651°€ 625Y2°¢ 61102°¢ 3ep ‘03 )
T9°€08YT | S6°66LYT | TUY0R*YT | TY°£08*YT | SY Y0og“¥T | S Y0R8 YT | 61°508°YT | 62°Y08*YT | T2 Y08 YT | TY"Yos VT | LEY08*YT 1-2%p £ (3) (€)
S*12 9°12 8°91T 9°91 8°9t 6°91 6°9T 8°91 L°9T 9t 9°9T m3e *ssead S (2)
TYOSLE T | 209Y2L 2 | TIBIBLUT | 8YSYBLT | TE€869L°T | STETLL T | 2SYOLL®T | 9LEEIL T | SOEYSL T | §966SL°T | L2929L°T *3 ¢uoryer (9T)
29BLET®0 | 590002°0 | ¥6681€°0 | B9SSYE®0 | S9950E°0 | 96TS0E°0 | 0€2982°0 | YLETIE®O | TS990E°0 | TZEGTE®0 | €S0€TE0 3 «Clggy-p (e1)
T 01 6 8 L 9 g kK € (A T *oy juewt.redey

squomtaedxy UOF3SNQUON § UOTJOI~OPTIOQBOOPOJ IMUTUNTY~D

TT o198l

s -
o A e



Table 12

Y~-Aluminmum Dodscaboride-~Teflon 5 Combustion Experiments

Experiment 1 2
(1a) y-ALB, 5, g 00214193 04199240
(1b) Teflon, g 2.881544 2.698701
(2) F, press. atm, 21.5 22,0
(3) (€), T deg™> 14,799.18 14,804,401
(4) Atc, deg 3440060 3417741
(5) (8) ("'Atc) ] J "50,3 26. 1 —47’038.4
(6) AR fu.se, J 20.4 20.4
(7) AE gas, J 1343 12.6
(8) (-8E° Teflon)(mb), J 29,88645 275990.1

-1
(9) AE;OB Y~MBs T € ~95526848 ~95343942
(10) 282 . = 95,3540 7 g

303

(11) Std. Dev, Mean
= 9427 gt = 0434 keal mole~l

(12) Impurity corr. = 4365.2 J g"l for 4.766% impurities
using treatment (4) Table 18

0 o - -1
(13) ABjgq = MBppy = =045 7 g

(4) Mgy = 95,5428 7 ¢

(15) AaRT = -120.6 J g% .

(16) Mgy = =95,663:4 3 gt = -3583.1 keal mole ™
21
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The numbered entries in the Tables ars as followst

(1a) mass of the sample mixed with Teflon in the pellet corrected for
welight loss in praoparation and for recovery of unburned sample,

(1b) mass of Teflon mixed with sample in the pellet corrected for
welght loss.

(2) pressure of fluorine introduced into the bomb prior to combustion
corrected to 30°C,

(3) energy equivalent of the calorimeter for a given experiment,

(4) temperature change of the calorimeter thermometer corrected for
heat of stirring and heat transfer.

(5) total energy change in the bomb process.

(6) energy liberated by the tungsten fuse assuming the fuse burns
according to the reaction (2)

W(e) + 3F,(g) = WF¢(g) (2)

From the heat of formation of WF, [59], we calculate 944 J mg"l
for the energy of combustion of %he fuse,

(7) net energy correction for the hypothetical compression and
decompression of bomb gases.

~1(gas) 0
AE gas = AEi(gas)]o + AEf(gas)]Pf(gas)

(8) standard energy of combustion per gram of Teflon at 30°C multiplied
by the corrected mass of Teflon in the pellet, (mb).
(9) standard energy of combustion per gram of the sample,
(10) aversge standard energy of combustion per gram of the sample.
(11) standard deviation of the mean of the average cited in (10).
(12) correction for impurities.
(13) heat capacity correction converting the reference temperature to 298°K.
(14) standard energy of combustion corrected for impurities at 298°K.
(15) AaRT correction
(16) standard enthalpy of combustiorn at 298°K.
The heat capacities at constant presEEre, Cgi used in the calculation of
entry (13) are as follows in cal deg™" gram1! at 25°C: aluminum, 0.216 [60];

boron, 0e245 [34]3 Teflony 0.28 [17], boron carbide, 0.228 [34] graphite,
0,170 [60]3 aluminum diboride, 0.0907; a~aluminum dodecaboride, 0.0853;

y—aluminum dodecaboride, 0.0853; aluminum fluoride, 04213 [60]3 fluorine,

0,197 [60]; carbon tetrafluoride, 0.166 [61]3 boron trifluoride 0.178 [34];
and calcium fluoride, 0.205 [29]. The heat capacities of ALB2, a-A,LBl2
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and v-AtB12 were estimated by assuming the molar heat capaclties of
the compounds to be the sums of the atomic heat capacities of the
elements, The heat capacities at constant volume used in the calcu-
lation of entry (3) for fluorine, carbon tetrafluoride and boron tri-
fluoride at 30°C were 5452 [60], 12.62 [61], and 10.04 [34] cal deg™t
mole™ ", respectively.

Washburn corrections in entry (7) were calculated following the
procedure outlined by Hubbard [62] for experiments in which fluorine
1g used as the oxidante. The coefficients [8E/8P]p = -T[AB/AT] were
found in tables based on a Lennard-Jones 6-12 potential function as
compiled by Hirschfelder, Curtiss and Bird [63] using the appropriate
force constants. The force constants used for fluoriney carbon tetra-
fluoride and boron trifluoride were those determined by White, Hu and
Johnston [64], Douslin [65], and Brooks and Raw [66], respectively,
Force constants appropriate to the mixtures of Fp and CFj, and Fp,
CFj and BF3 in the reaction products were calculated from those for
the pure components,

In calculating the corrections for the combustion of impurities
in the samples, and in calculating the heats of formation of the
aluminum borides, the followlng values, in keal mole™", were used for
the heats of formation of other compoundst AtF3, -360.4 [2]; At204,
~40044 [67]3 Bo0a2, ~305.34 [68]3 AL,C3y ~49.7 fé]; AN, 76,0 [60]3
BN, =59.51 [69]3 MgFa, —268,7 [70]; CaFp, -290,3 [29]; SiFy,
~385.98 [76]; FeFa, -235 [72]3 CuFpy -126.9 [29]; MnF3, -238 [72];
StF2, -290,3 [29]3 TiFj, -3%.19 [73]3 and ZrF,, -456.80 [74].

Atomic welights were taken from the 1961 table of atomic weights
based on carbon-12 and adopted by the Internationa Union of Pure and
Applied Chemistry [75]. The unit of energy is the Joule, and calorie
was taken as 4.1840 J,

The raw date obtained in the benzoic acid salibration experiments
was programmed for the 7094 computer according to procedures outlined
by C. Howard Shomate for the computer calculation of combustion bomb
calorimetric data. The combustion experiments were similarly programmed,
however, the only valid date calculated by the compuberwas the corrected
temperature rise, Ate, because the program used had not been modified
to accommedate the use of fluorine as the oxidsant.

About 500 mg of erystalline boron was transformed into a borie
acid solution by pyrohydrolysis [79] and the solution examined by
surfaii emission mass spectrometry for the isotopie abundance of
B10/Btl, This study resulted in the atcmic weight determination of
our sample of 10,812 =0.005. The uncertainty cited is a best estimate
and 1s not absolute.
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8.0 Discussion and Results
8.1 Analysis of Combustion Residues

A residue assumed to be unburned Teflon and/or carbon was observed
in heat measurements involving Teflon alone. No correction was applied
to any experiment for thls residue, and we assumed that the formation
of the residue took place in all experiments approximately in proportion
to the amount of Teflon initially present. The heat of combustion per
gram of Teflon would, hence, be constant and the error due to residue
formation would be eliminated when the energy due to the combustion of
Teflon was subtracted from the total energy released in the combustion.

Twelve Teflon combustion experiments were performed in which the
residue remaining after the combustion of a pellet was accurately
weighed, collected with alundum powder, and analyzed for carbon. The
technique consisted of determining the carbon gravimetrically after
combustion in the Coleman carbon-hydrogen analyzer. The average mass
of the residue was about 0,90 mg (range 0.46 to 1.22 mg) while carbon
content wag found to be on the avarage 0.09 mg (range 0.05 to 0415 mg).
Three blank experiments were performed in which a weighed amount of
graphite powder mixed with alundum powder was submltted for analysis
along with the Teflon residues. The graphite samples weighed 7.99 mg,
1,70 mg and 0.92 mg; the carbon found was 7.12 mg, 0.80 mg and 0.34 mg,
respectively, These results implied that the analytical method was
valld for graphite samples of about 5 mg, but was systematically low
for samples of a few mg.

Two experiments were performed (Table 5b experiment 9, Table 6
experiment 7) in which a 0.3 gram Teflon bag was filled with Teflon
powder, pressed and burned in fluorine in order to determine whether
the presence of the Teflon Lag affects the heat of combustion of Teflon.
Another similar experiment was performed (Table 5 experiment 10) in
which a Teflon bag £illed with Teflon powder was pressed and coated
with an cuter layer of Teflon. Combustion of neither thias Teflon
pellet nor the two uncoated Teflon pellets showed any departure from
the expected value for the heat of combustion in fluorine, Examina-
tion of combustion rssidues showed about the same mass of carbon
present here a3 for residues with no bag.

When a pelleted mixture 1s burned in fluorine, it is exceedingly
difficult to obtain both an analysis for the unreacted prineipal
constituent, such as boron or an aluminum boride, and also carbon.
However, several non-calorimetric experiments were performed in which
pellets of boron-Teflon, BjC-Teflony A¢Bo~Teflon, a-AlBjo-Teflon and
v-4iBjo-Teflon were burned in fluorine and the resldues analyzed for
carbon. The results are shown in Table 13,
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Table 13

Carbon Analysls on Residues of Pelleted Mixtures

Pellet tMethod of Initial Mags Carbon
Preparing F2 Pressure,| in Residue, mg
Pellet
atmo
boron-Teflon IIT 21 0412
BAC~Teflon III 21 0.08
A&B2~Teflon III 21 0.33
a—ALBlereflon I 16 0417
Y—-ALBlz-Teflon IT 21 0 149 ’ 0459

Inspection of Table 13 shows that the carbon content of combustion
residues formed by burning boron-Teflon or B;C-Teflon pellets in
fluorine 1s comparable to those found when Teflon is burned alone. The
carbon found in the AlLF3 residue formed from burning an a-AtByo~Teflon
pellet in 16 atm of fluorine in which no Teflon bag was employed, was
similarly smell, However, in the case of AvBy-Teflon and y-AtBj,-Teflon
pellets in which the Teflon bag or Teflon bag and coating was used, a
residue three to six times the average found in a carbon analysis of a
Teflon residue was observed. We suspect that when one of the combustion
products is non-volatile, such as aluminum fluoridey and a Teflon bag
is used 1n preparing a pellet, quenching of the final remeining amounts
of the burning pellet 18 more easily accomplished, It will be mentioned
shortly in the discussion of the boron analysis of AtF3 residues from
the combustion of AtBo-Teflon and a-AlBjo-Teflon residues, that the
boron recoveredy l.e.y aluminum boride, is much less when Method I is
used to prepare the sample than when MethodsII or III, which requires
a Teflon bag, is employed.

Five samples of alundum powder were submitted for blank carbon
analyses and an average of 0.04 mg (range 0.01 to 0.07 mg) was calcu-
lated, slightly reducing each carbon determinatlon performed.

After a boron-Teflon combustlon experiment, a residue was found
weighing approximately three mgy of which 0.5 to 1,1 mg was found to
be boron. The residue was taken up from an "A" nickel plate by mixing
and rubbing NaCO3 into the residue with a spatula, Analysis of the
NapC03-residue mixture was made by the NBS Analysis and Purification
Section where it was fused with KpC0; and put into solutien with
5N HCt, The pH of the solution was adjusted, mannitol added, and the
boric acid formed titrated with base. .
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After a boron carbide-Teflon combustion experiment, a residue
was found welghing about one mg of which 0,13 mg to 0,19 mg was
found to be unburned boron carbide. The manner in which the residue
was gathered from the "A" nickel plate and analyzed for boron (and
consequently boron carbide) was the same as with the boron-Teflon
ccmbustion residues.

Aluminum fluoride residues obtained from the combustlon of
AtBy-Teflon and a-AtB)o-Teflon mixtures prepared by means of Method I
were analyzed for toron content in order to determine the amount of
unreacted aluminum boride, The ALF3 residue underwent carbenste
fusion, followed by solution with acid and extraction of the aqueocus
phase with an crganic solvents The boron in the organic phase was
detarmined spectrophotometrically with carminic acid [76]. The
recovery of unburned ALBo ranged from 0,10 to 0.24 mg while that for
u~4%B1o was between 0.01 and 0,04 mg. .

Alumimm fluoride residuss obtalned from the combustion of
AtBo~Teflon, a~AlByo~Teflon and y-AlByo-Teflon mixtures using
Methods II or III as the preparation technique were treated similar
to those whose samples were prepared by Method I except for a few
differences, After the fusion,the sample was put into solution
with 5N HpSO, and the boron determined spectrophotometrically using
methylene blue. The recovery ranged between 0,07 to 0416 mg for
AlBoy and 0434 to 041 mg for a~AlBjo and y-ALB12, respectively.

The masses of residues obtained as a result of burning a graphlte-
Teflon pellst varied depending upon the type of support used and
particle size of +le graphite. These variations are shown in Table 14
along with a carbon analysis of the residue,

Table 14
Completeness of Graphite-Teflon Combustion Experiments
Exper.|Particle Size Tyne of Sample. Mags Combus--| Mass Carbon
No. |{of Graphite, Support Used . | tion Residue | in Residue
mnge inmicrons o
ng ng
1 150 -~ 420 45 go nickel plate 10,31 5,17
2 150 ~ 420 44 ge nickel plate 13,22 7.11
3 150 ~ 420 25 ge nickel plate 7478 417
A 150 ~ 420 25 ge nickel plate 10,18 5,88
5 150 - 420 25 ge nickel plate 3.02 1.93
and 13 g CaFy plate
6 40 - 150 26 g. nickel plate 1s74 0.83
and 13 g CaF2 plate .
7 40 ~ 150 25 ge nickel plate 0.80 0.28
and 13 g CaFy plate

26

R EGh wB @ e S T @ R WA WR "R W o0 . aE aE =
\ ) b * B B




By reducing the thiskness of the "A" nickel plate from 0125 in.
(45 go) to 0.0625 in. (25 ge)y no significant improvement in the degree
of completeness of reaction was noted, However, improvement came with
use of the 0,0625 in. thick nickel plate and a 0,125 in, thick CaF
plate underneath, Increasing the completeness of combustion from agout
97 percent to better than 99 percent., Further lmprovement in the
degree of completeness ceme by grinding the sample to a smaller
particle size (40-150 microns{, and brought reactions to 99.7 to 99,9
perzent completion. The percent completion wes calculated using the
mass of carbon found 1n the residue as compared to the inltial mass
of graphite in the sample. However, the large difference in mass
between the welghed residue and the carbon determined by analyses
cannot be ignored. Iun order to resolve this disparity two non-
calorimetric combustion experiments were performed in which graphite-
Teflon pellets were burned in 21 atm of fluorine and residues analyzed
for fluorine contente. The residues welghed 13.77 mg and 4.20 mg and
were found to contain 4.8 mg and l.1 mg of fluorine, respectively,
Another non~calorimetric combustion of Teflon alone in 21 atm of
fluorine gave a regidue of 0.65 mg and contained 0.16 mg of fluorine.
Anotker Teflon residue weighing 0.51 mg was simllarly prepared and
analyzed Tor nickel content, showlng 0.03 mg of nickel present.

Besides fluorine and nickel being llkely constituents of the
remainder of the residue, another factor may be piaying a significant
role, namely the tungsten fuse., We observed that tiny balls assumed
to be melted ‘ungsten were spraged atop of the "AM" nickel plate as a
result of fuse ignition ranging in diameter from 0,004 in. to 0.014 in,
If we assume ten balls of molten tungsten are sprayed on the "A" nickel
plate per experiment having an average dlameter of 0.008 in., a mass
increment of 0,08 mg should be observed, We believe if one considers
the carbon, fluorine and nickel analyses errors, and the tungsten mass
inerement assumption, a reasonable, although quentitatively incomplete,
solution to the mass disparity can be found,

842 Relation of the Method of Sample Preparation to Premature
Combustion

Attempts to burn pellets of boron mixed with Teflon in 21 atm of
fluorine using Methods I or II to prepare the sample resulted in
spontaneous combustion of the pellet during the fluorine loading pro-
cedure., However, no spontaneous combustion oecurred when
Method III, using a Teflon coated pellet, was employed to prepare the
semple. Cooling constants calculated for the combustion reactiocns
were comparable to a normal combustion experiment in which no premature
reaction was taking placea
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As a precautionary measure, B,C-Teflon pellets were prepared
using Method III in order to msintain maximum protection of the
sample from spontaneous combustion or premature reaction prior to
the desired time ot ignition.

Combustions of graphite-Teflon pellets were made using Methods II
and III, and from the data no signifiecant effects appear to have taken
plase due to the presence or absence of & Teflon coating around the
pelleta

In the case of @-AtBjo-Teflon combustions, preparation of the
sample using Method I appeared sultable. This fact was tested by
also performing heat measurements on a-AlBj1s-Teflon mixtures prepared
by Methods II and IXII, If the pellets prepared using Method I were
undergoling reaction prior to ignition of the sampley heat measurements
made using pellets prepared by Methods II and III should glve more
negatlve heats of combuatlon. This was not the case, As a matter of
fact the latier two experiments, (nos. 10 and 11, Table 11), gave low
values for the heat of combustion which might be atiributed to the use
of a Teflon bag as mentioned in Sectlon 8,1 and 1llustrated in Table 13.

Two heat measurements were performed in which y-AtByo-Teflon
pellets were burned in 21 atm of fluorine using Method II to prepare
the samples. The calculated heat of combustion for y-AtByo was found
tc be more negative than for a-AlBj2. An analysis of this situation
is given in Section 9.0 on the heat of formatlon of y-AtBjo.

A slow reaction was detected prior to ignition of the AtB2-Teflon
pellets when Method I was used. The rate of temperature rise during
the fore-pericd when the calorimeter is about three degrees below thf
jacket temperature was observed to be 4 x 10~5 t0 5 x 10~ ohms min~
higher than normal and led to unusually high values for the calorimeter
cooling constant,

At the time this work was done [1], an estimate of the fore-period
reaction was attempted by correlating the heat of combustion of each
ALBo-Teflon experiment with its abnormally high cooling constant. A
recalculation of the data has revealed an error in one of the experi-
ments disrupting the trend which implied that a high cooling constant
gave a low heat of combustion for a given experiment. In view of this
feature of the latter ALBy experiments and because another series of
heat measurements on AtBo-Teflon mixtures has been performed in which
the premature reaction of AtBz prior to ignition appears absent, no
further treatment of this data will be made.
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Six heat measurements were made in which ALBo-Teflon pellets
were burned in 21 atm of fluorine using Method III as the tachnique
to prepare samples for combustion. The cooling constants observed
for these experiments were normal, The observed heat of combustion
given in Table 10b 18 29.85 keal mole~l more negative than that
calculated in Table 10a for aluminum diboride, in which Method I was
used for sample preparation. The heat of combugtion of aluminum
diboride glven in Table 10by ~947.12 keal mocle™*, is preferred over
that given in Table 10a since it requires no gross correction for
premature reaction.

8.3 Mass Increments of Pellets Exposed to Fluorine

Pellets of Teflon were exposed to fluorine in the combustion
bomb as seen in the first three tests of Table 15, After prolonged
exposure to fluorine, Teflon pellets have not returned to their
original mass even after treatment in vacuum as shown in tests 1 and
2. Reactlon of the fluorine absorbed in the pellet with moist air
could have resulted in the formation of some hydroflucric acid. Test 3
implied that short exposure to fluorine by a Teflon pellet involved a
small mass inerement of about 0.06 mg and a return to the original
mass was possible In a relatively short time interval, If the inter-
action of Teflon and fluorine results in reaction to earbon tetra-
fluoride, an ultimate decrease in mass should have been observed,
Test 4 showed that as much as O.4 mg can be lost as a consequence of
being under vacuum, This implies that a Teflon pellet formed from
powder by compression may be porous in nature. Under high pressure a
Teflon pellet may absorb a gas and after being returned to atmospheric
pressure will slowly release the gas, The degree of absorption or
retentlion would be difficult to estimate because of slow-equilibration
to the original gas content of the pellet,

In the case of pelleted mixtures, we feel that interpretation of
the mass increments observed as a result of exposure to fluorine is
complicated by moist alr enhanclng reaction between the fluorine that
has been absorbed in the Teflon and the sample mixed with the Teflon.
Estimating whether reaction between fluorine and the sample is taking
place in the bomb and/or being propagated as a result of exposure of
the pellet to molst alr is very difficult to determine,

In tests 5 and 6, in which boron-Teflon and B,C-Teflon pellets
were exposed to fluorine, mass increments appear to be affected by
moisture and a decrease in mass is observed as a result of treatment
under vaccum or exposure to a dry atmosphere.

In the case of exposure to fluorine of a graphite-Teflon pellet,
although a large mess increment was initially observed, 5.5 mg, a
continued decrease in mass implied a lesser affect from exposure to
moist air and possibly a physical rather than chemical process taking

place.
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In test 8, reaction of fluorine with AtB, is observed and 1s
further substantiated by an unusually high initial drift rate of the
calorimeter in the fore period of the experiment. Also apparent is
the effect of molst air upon the observed mass Inocrement, In test 9,
the coated Teflon pellst technique was used and a substantial decrease
in apparent reaction is observed. The effects of molst air upon the
pellet are present but it 1s difficult at +his polnt to decide what
fraction of the initial mass increment was obtained from reaction
with fluorine in the bomb or by the interaction of moilsture from the
alr after removal of the pellet. If reaction was taking place in the
bomb, it was small enough so it did not effect the initlal drift of
the calorimeter since normal cooling constants were obtalned.

Tests 10 and 11 show the gain in mass of an a-AtBjys-Teflon pellet
after exposure to fluorine. The results of test 1l show the effect
of moisture upon the pelleted mixture and imply the interaction of
molsture with the pellet is very pronounced in the first few minutes
of exposure to the air,

With the exception of test nos 8, we feel that the data in
Teble 15, although indicative of reactionys 18 not necessarily indica-
tive of events taking place in the combustion bomb prior to ignition
of the sample., However, since our data does not permit unequivocal
interpretation of the mass increments, we have allowed for the
possibility of reaction of the sample prilor to ignition in our
estimate of the accuracy of the heat measurements in Section 8,5.
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844 Treatment of Impurities

In all sampies, metallic Impuritles were assumed to be present
as the elementss In the boron samples the oxygen, nitrogen and
carbon Impurities were assumed present as Bp03, BN and B)C, respectively.
The oxygen and nitrogen Impurities In the graphite sample were assumed
present as the element and to undergo no reaction with the sample.

Difficulty was encountered in ecalculating heats of combustion
and heats of formation for boron carbide and the aluminum borides
because of the non-stoichiometric ratios of boron to carbon and boron
to aluminum found as a result of chemical analysis. Another problem
arises in that the total compositions of boron carblde and y-AtBj2
come to much less than 100 percent, namely 98.14 and 97,29 percent,

On the other hand AtB2 and a~AlB12 come out 101,59 and 100,41 percent,
respectively. In computing the energy contribution of the impurities
to the total energy observed, the total compositlon is normalized to
100 percent and a third problem presents itself., The proportions
by whilch non-metalllic elements sre gembined with the aluminum and boron
present in the aluminum borides is unknown, i1n addition to the nature
of the combination involveds i.ess AL)C3y BjCy At303, B034 AIN or BN.
In the case of boron carbide, the decision as to the nature of
combinatlon of oxygen and nitrogen has been B303 and BN since the
combination of oxygen and nitrogen with carbon results in volatile
roducts,

In considering the possible distribution of the non-metallie
impurities in compounds of aluminum and borons we have chosen three
treatments which are designed to show the variations between the
probable and unlikely situations. First the compound of aluminum and
boron can be considered stolchiometric and the non-metals can be
assumed to be combined entirely wilth one element., Any excess of
aluminum or boron remaining is assumed to be present as the free element.
This situation gives two extreme possibilities depending upon which
element 1s presumed to be combined with the non-metals. AtBp, a-AtBji2
and y-AlByo have been treated in thls manner and the two extreme analyses
are shown in columns (1) and (2) of Tables 164 17 and 18, In treatment
(1) the non-metals are combined entirely with aluminum and in treatment
(2) they are combined entirely with boron.

Seeondly, the compound of aluminum and boron ean be considered
to be non-stoichiometric and the non-metallic impurities distributed
between boron and aluminum in proportion to the relative number of
moles of boron and aluminum, In this situation the measured atomic
ratios lead to non-stolchlometric compounds having formlas AlBp, 215,
0~AtB11,96 and y-AlB12,57. These formulas wers adopted for ecaleulation
of the results on the basls of the chemical analysis found for boron
and aluminum in the respective aiuminum boride.
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Table 16

Composition of Alumimm Diboride (% by Weight)

Constituent (1) (2) (3) (4)

ALB,, 90.532 | 93,976 - 92,772
MBy o1 - - 974232 -

AL - - - -

B 6,027 30541 - o438
AL203 2,001 - 0.651 0.697
B203 o 1.427 0.983 04952
ALN 0.865 - 0,269 0,288
BN - 04524 0.360 0.348
ALAC3 0.315 - 0.181 0.189
BAC - 04362 04154 0.145
Fe 0,025 04025 04025 04025
Cu 0.075 0.075 0,075 0.075
Si 0,026 0.026 0.026 0.026
Mg 0,024 0,024 0,024 04024
Ca 0.013 0.013 0.013 0.013
Mn 0,01 0.01 0.01 0.01
Total 100,003 | 100,003 | 100,003 | 100.003
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Table 17

Composition of a~Aluminum Dodecaboride (% by weight)

Constituent (1) (2) (3) (4)

a-ALB, , 85,028 96.619 - 964790
0-AtByy o6 - - 964847 -

Al - 0,306 - 0.056
B 10,780 - - -

AL203 2751 - 04212 0.211
B203 - 1.878 1,733 1,734
ALY 0,787 - 0.061 0,061
BN - 0476 0.439 04440
A.I,AC3 04437 - 0,088 0.088
B 4C - 0.504 0.403 0.403
Mg 0,149 0.142 0.149 0149
Si 0,050 0.050 0.050 0.050
Ca 0.018 C.018 0,018 0.018
Total 1004000 100,000 100.000 100,000
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Table 18

Composition of y-Aluminum Dodecaboride (% by weight)

Constituent (1) (2) (3) (4)

Y~-MB, 91,795 95,699 - 954234
Y-MBy, s - - 98,981 -

AL - - - -

B 6,968 3e294 - 3746
AL203 0,786 - 0,058 0,061
3203 - 0.537 04497 04495
ALN 0.061 - 0,004 0.005
BN - 0,036 0.034 0.034
ALAC3 04288 - 0.056 0.058
BAC - 0.331 04267 04265
Mg 0.090 0.090 0.090 0,090
Ca 0.007 0,007 0,007 0.007
Fe 0.005 0,005 0,005 0.005
Total 100.000 100,000 994999 100,000
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The final treatment consists of assuming the aluminum borlde to
be stoichiometric with the non-metallic impurities belng distributed
between boron and aluminum in proportion to the stoichiometric number
of moles of boron and alumimm, An excess of elther boron or

alvminum 18 present to adjust the total composition to 1ts original
value.

The manner in which the treatment of impuritles in the aluminum
borides has effected the respective heats of formation 1s discussed
in Section 9.0 and illustrated in Table 24.

8.5 Summary of Errors

We have attempted to estimate the over-all experimental error for
the heats of combustlon of the samples studied in this investigation
and have summarized the results in Table 19.

As a gulde toward estimating the error dus to the loss of sample
during the pelleting operation, we have used the values found in
Table 4, column 9. The total loss of the pellet was not used (Table 4,
column 10) since part of the loss was due to sealing the Teflon bag.
The estimate of the error in analyzing the main constituents in B,C
and y-AtBjo 1s somewhat high because of the poor mass balance found
from examination of the total compositions obtained for these samples
(see Sections 2,2 and 2.5). Similarly, the estimate we chose for the
errcr in analyzing the impurities for the aluminum berl 25 is high
because no information was available concerning the distribution of
non-metallic impurities in the samples, The carbon analysis for the
boron samples as &nalyzed by two Independent laboratories was 0.05
percent and 0.1l percent, respectively, leading to a high impurity
error estimate, The data found in Table 13 on the carbon analysis
of residues for various pelleted mixtures was used to estimate the
error introduced in assuming the Teflon in the pelleted mixture left
a residue upon combustion proportional to the mass of Teflon in the
pellet.

Errors dealing with weighing of the pellet, analysls of combus-
tion residues, fuse energy and bomb ecorrosion were usually difficult
to estimate on an individual basis and have been introduced as Macross
the board" correstions. An error for the possible reaction of the
sample in the bomb prior to ignition has been introduced since our
data on the mass increments of pellets after exposure to fluorine
does not definitely preclude iu.s occurrence. Estimates for errors
incurred from the benzoic acid calibration experiments, Teflon com-
bustion experiments, and combustion of the sample~Teflon mixtures
were made by multiplying the appropriste factor of the t distribution
at the 95 percent confidence level by the percent uncertainty in the
scatter of the heat measurements. This latter uncertainty was found
by dividing the calculated standard deviation of the mean for a
particular set of measurement by its average value.
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The total percent error for a glven semple was found by taking
the square root of the sum of the squares of the individual errors
citeds The last entry gives the same total error expressed in
keal mole™™ for the respactive heat of combustion.

5,0 Heat of Formation Data

The heats of ccombustion of boron in fluorine and graphite in
fluorine are equal to the heats of formation of boron trifluoride
and carbon tetrafluoride since reactions (3) and (4) involve the
direct combination of the elsmen 3,

B(ej (B-rhombohedral phase) + % Fz(g) = BFB(g) (3)

2

C {grapnite) + 2F,(g) = CF,(g) (4)

o

We find AH9oge [BF3(g)] = ~271.82 £0,15 koal mole " and

ods

M98 [OF,(g)] = -222,87 £0,04 keal mole™l, respectively. The
uncertaintles cited are the standard devliations of the means. The
calculated standa~d heats of formatlon for boron trifluoride and
carbon tetrafluoride are estimated to.be accurate within

0.38 kecal mole~! and 0.13 keal mole” s respectively. Our value for
the heat of formation of BF3(g) is in goo. agreement with Johnscn's
recent work [15] whilc the data for CF,(g) appears to be closest to
our calculation [2] based upon the heat 5f combustion of Teflon in
fluorine and a reassessment of the heat of formation of Teflon.

Using the heats of formetion we found for CF,(g) and BF3(g)s the
heat of formation of boron carbide has been caleulated accerding to
reactions (5) and (6)a.

B, 400(c) + 8.6F,(g) = CF,(g) + 4u4 BF,(g) (5)
B,C(e) + 8F,(g) = CF,{g) + 4BF;(g) - (6)

We calculate MiFagg [B4,400(c)] = -27.2 keal mole™! assuming the sample
to be non-stoichiometric and AHRoog [B,C(c)] = ~19.5 keal mole™! if a
stoichiometric sample is assumeds We estimate the heat of formation

to have an over—all experimental error of 5.0 keal mole~l using the
non-stolchiometric treatment and a value of 4.5 keal mole™l if the
stoichiometric approach is used.

*‘he ealculation of the heat of formstivn of boron carcide is
gummparized in Table 20, a
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Table 20

Heat of Formation of Boron Carbide

Type of Data Heat Data1 Over-all Experimafgal
keal mole — | Errory keal mole
(<]
AH0298[BA.400(0)] ~1391,7 49
(o]
AH0298[BAC(c)] ~1290,7 S
ZAH;298 for products ~1418,9 0481
(non~stoichiometric)
ZAH;298 for products ~1310,2 0.77
(stoichiometrac)
(o]
A poglBy 400(e)] ~27.2 5.0
o]
AHf298[34c(c)] -19.5 46

In view of the problems encountered in obtalning rellable values
for th. Soron and carbon sontents of the boron carbide sample we feel
that the stoichiometric treatmext of the data is to be preferred over
the non-stoichicmetric method.

We estimate the error in the boron analysis for boron carbide at
40,2 percent and carbon aralysis at +0.1 percent, If we assume that
the stoichicmetry of our sample is B4, 00Cs but actually has a boron
content high by 0.2 percent and a carbon content low by C.l percent
yielding a stoichiometry of Bj,028Cs & heat of combustion 7 keal mole'”1
more negative will be found, Similarly the heat of formatlon gf boron
carbide could have & maximm er~u. of better than 7 keal mole ™™ as a
result of such an analytical ercor.

The heat of combustion of alumimm diboride was calculated
according to reaction (7).

MB, 515(e) + 2L B (g) = MFy(o) + 20215 BFy (g) (7)
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Using our data for the heat of formation of aluminum fluoride [2]
and the heat of combustion data on ALBg,glg in Table 10b, we caloulate

fop Ay % [ALBy 2_} (¢)]s ~1642 keal mole™ . :Combining the. errars for
Aéz _f LB:z_,zl'(c ? and AHpogg for the preducts, we estipate. the srror
in the heat of' %omation of AlBp,215 to be 2.9 keal mole™+, The data
used to caloculute the heat of formatlon of AlBp 215 and the correspond-
ing over-all experimental error is shown in Table 21,

Table 21

Heat of Formation of Alwminum Diboride

Type of Data Heat Data | Over—all Experimental
keal mole~t Errory, keal mole~L

AH:298[ALB& 215(0)] ~946,27 2e4

EAH;'298 for products ~962,45 1.7

MI;293[“32.215(")] -~ 16,2 2.9

Since analytical methods for determining boron and aluminum iu
aluminum diboride are good to 0.1 percent, the fact that the persent
boron was found to be 2,5 percent in exsess of the theoretieal value
and the perecent aluminum was found to he 2.5 percent below the
theoretical value in the alumimm diborid: sample, we felt a non-
stoichiometric treatment of the data was a preferred represeutation,

Agsuming that average analytical errors for boron and aluminum
in ALBo are each *0.l1 percent, if the boron analysis is high by this
amount and the alumimum: analysis low, & boron to alumimm ratio of
2.01 to 1 is obtained. _An error of this type will lead to a maxishm
error of 2,0 koal mole~{ in the heat of combustion,

In dealing with the impurities in o~ and y~alumimm dodecaboride
we chose treatment (4) as the best representation for the data, The
heats of formation of a~AtB12 and v-ALB1, have been ealoulated from
the data in Tables 11 and 12, and our data on alwmimm £luoride [2]
and boron trifluoride ascording tc resotions (8) and (9):

a-btBy,(0) + & Fy(g) = MF,(e) + 1287, (g) ()

Y-ALB,,(s) + 22 Fo(g) = MF3(o) + 128F3(g) - (9)
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We f£ind for AHP298[a~AtBio(e)]y ~61.5 keal mole™l and for

Mipogg(y-AtB12(6) 1y -39,1 koal mole™l, rempectively. The data used
to caleculate the heats of formation and sorresponding over-all
experimental errors for a-AlBjs and Y-AtBy, are shown in Tables 22
and 23,

Table 22
Heat of Formation of a~Aluminum Dodecaboride

Type of Data Heat: Data Over-all Experimental
keal mole~l | Error, keal mole~l
8 p0g (0B, (0)] 356047 10,7
ZAH;298 for products ~3622,2 2.1
Mg [a-ABy ()] 61,5 10,9
Table 23

Heat of Formation of 4y~Aluminum Dodeeaboride

Type of Data Heat Data Over-all Experimental
keal mole~L Error, keal mole~l
Moo [v-AtBy,(c)] 3583, 12,9
ZMz008 gor produsts |  -3622.2 2.1 J
Hlgpoq [Y-2By,(0)] -39, 1 131

Because of thse rslatively large amounts of impuritles in the
sluminum borides studled, we have attempted tv estimate limits to the
uncertainties introduced into the ealculiated heats of formation by
the lack of knowledge o the exmot nature of the impurities. This
has been done by using the composition of the samples listed in
Tables 16, 17 and 18 a8 colums (1), (2), (3) and (4), respectively,




The heats of formation of alumimm diboride, o~ and y~aluminum
dodecaborides,; caloulated by assuming these distributlons of non-
metallic impurities between aluminum and borong are shown in Table 24.
The values listed for treatments (1), (2) and zl.) differ from those
obtained by treatment (3) in that they refer to the stoichiometric
rather than non-stoichi.metric compounds. Treatments (3) and (4) are
similar in that they assume that the distribution of non-metallls
impurities is proportional to elther the non-atoichiometric or
stoichiometric number of moles of alwumimum and boron present in the
gample. Inpsestion of Table 24 shows that the heats of formatlon
calculated using a given treatment does not vary considerably from
another treatment for the same samples, The maximum variation in
AHZoog appears to be 3,5 keal mole™t in the case of G-AlB12 caloulated
using treatments (1) and (3), It is evident that an indefinite number
of distributions other than the ones selected arc possible., Becauss
of the manner of amsigning the compositions used in treatments (1)

and (2), we feel that the heats of formation derived by using them
represent approximate extremes to the values that would be obtained
using any accessible composition,

Table 24

Dependence of the Derived Heats of Formation of
the Aluminum Borides upon the Method of Treatment of Impurities

Assumed | Treatment (1)] Treatment (2)] Treatment (3)|Treatment (4)
Sample -1 -1 -1 -1
Composition | keal mole keal mole koal mole keal mole
.A.LBz "'15 [ 9 "‘1 5. 8 "'16. 1
Abgg '32.115 ""1602
o-itB,, ~65.0 ~619 . -61, 5
G—ALB11.96 61,3
Y"—MBR "'39.2(. "'390 0 "390 1

In examining the heat of formation dgta on a~AlBj2 and y~AlBjo
we f£ind that the y-phase 1s 22 keoal mole = less negatlve than the
a~phase, Inasmuch as approximately the same heat value im obtained
for the heat of combustion of G~AlB7s no matter what method of
preparation is used in making the pellet, leads 1us to feel that pre-
mature reaction of a~AlBy, 18 not the reason for this difference in
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the heat datas Inspection of areas which are possible sources of
error shows that small errors in the analysis of boron and aluminum
in AlByy can seriously affect the saloulated heat data, We estimate
that the error in the aluminum analysis is about +0.l percent and
that in the boron analysis about 0.2 percents If the boron analysis
was 042 percent higher than the theoretiscal value and the aluminum
analysls Ol percent lower than the theoretisal value, a stoichiometry
of AYB12,1i0 would be obtainsds If, for example, our @-ALB12 sample
had a molar ratio of boron to aluminum of exactly 12 to 1, and we
assume the same for the y-AlB12 sample, but in reality its true
stolchiometry was y~AlB12,10, then the caloulated heats of combustion
and formation would differ from each other by 25 keal mole~ls This
11lustrates that although the difference we observe in the ealculated
heat of combustion and formation gf our a-AlB12 and {y-AlB]2 samples
is seemingly large, 22 keal mole ™", it is within the limits of the
experimental error that one could expect from this type of error in
the analysis of the AlB12 samples.

Another source of error could be the fact that the sum of the
aluminum, boron and impurity analyses for y-AlBjs come to 97.29 percent,
leaving 2471 percent of the sample unasscunted fore. This implies that
elther certain elements were overlooked in our study of the composition
of this sample, or the refractory nature of y-AlB1o has resulted in an
incomplete analysis of certain elements.

The supplier of y-AlBj2 stated that the sample was not a2 single
phase material but had about 10 percent of the a~phase syntactically
intergrown in it. The two phases are extremely similar from a structur-
al standpoint and it is difficult to envision why there should be a
large difference in the heats of formation of the 90% y- 10% a-phase,
and the a-phase itself,

From the study of Matkovich et als [57] in dealing with the prepara-
tion of the alumimum borides, we noticed that a-AlBjo appears more stable
than y-AlB12 since slow ccoling of an aluminum-boron melt (20%.AL,

80% B by welght) from 1700°C would result in the formation of both a-
and y-phases, while rapid cooling gave only the a-phases This indicates
that the a-phase should have a more negative heat of formation than

the y-phase, huweyer the magnitude expected would be somewhat less than
the 22 keal mole™ observed from our investigation.

10, Conclusion

The heats of combustion of boron, boron carbide, graphite, aluminum
diboride, a-alumimm dodecaboride and y~aluminum dodecaboride were de-
termined by means of fluorine bomb calorimetry. From the experimental
data appropriate heats of formatlon were ealoulated and are shown in
Table 25 along with the over-all experimental eiror.
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Table 25

Summery of Heat of Formation Data

g R

Substange AH;293 Over-all Experimental Error
) and State keal mole ™t koal mole

BFB(g) ' ~271,82 0.38

oF, (g) ~222,87 0.13

BAC(G) - 19,5 beb

Az32‘215(a) - 16,2 249

a-~ALBy5(e) - 61,5 1049

Y"A"'Bg(c) - 3901 1301
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