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"THE VAPOR PRESSURE, THE EVAPORATION COEFFICIENT AND THE HEAT
OF SUBLIMATION OF BARIUM FLUORIDE

-

, Patrick E. Hart and Alan W. Searcy
s . .
Inorgenic Néterials Research Division, Lawrence Radiation Laberatory,

and Department of Mineral rFechnology, College of Engineerlng,
University of Callfornla Berkeley, California

ABSTRACT
The vapor pressure bf barium fluoride was méasured in the femperature
i range 1261°to 1548°K by the torsion-effusion method. The free~sdrfaée.
Subiimation pressure from the [111] faces of singlé crystals was measured
by the torsion-Léngmuir'method in the rangé 1315%to lh9é°K. Comparisoﬁ ’
. of the torsion-effusion and torsion-Langmuir data indicates a sublimation
"coefficient of 1.0 * 0.1. Extrapolation of the data in the Langmuir
experiments yields a heat of sublimation at 298°K of §O.hl'* 3 kcal/mole
v‘and for the knudsenvexperiments yields 90.25 * 3 kcal/mole by the third-
lew method and 88.9 * 3 kcal/mole and 88.8 # 3 kcal/mole by fhe second;

law method.



‘fluoride was chosen as the substance for study by the torsion-effusion’

INTRODUCTION -

Measurements of the vapor pressure of barium fluoride have been

' made by Ruff and LeBoucher! between 1960° and 2206°K by use of a dynamie

method, by Green et al.2 by means of a Knudsen effusion study with a

mass spectrometer between l232°‘and 1505°K, by hildenbrand et-a1.3 b

means of a torsion-effusion study between 1300° and 1550°K, and by

-

Bautista and Marérave by means of a weight loss study on single crystals:
between 1167° and 1250°K.

From a comparison of various effu51on and free-surface evaporation

- studies, Bautiste and Margraveh suggest that the evaporatlon coeff1c1ent

for alkaline earth fluorides and chlorides are in the range 0.1 to 0.3.
However; the free-surface and effusion expérimentsoompared were

in no case performed in both the seme apparatus and in the same temperature

rangé, SO that the apparent.difforences in measured pressures could arise

from éystematic experiméntal errors.’ It'therefore seemed desirable to

measure the vapor pressure of some alkaiine earth difluoride by an

offusion and by a Langmuir method in & single apparatus. 'Since one of

us5 had already obtained some torsion-effusion data for barium fluoride

and since single crystals of barium fluoride were available, barium

6,7

and torsion-Langmuir8 methods.

EXPERIMENTAL
Barium fluoride in the form of powder of optical quality and of single
crystals was’ obtalned from Semi Elements, Incorporated.

The torsion apparatus that was used in this work is described by



‘experimeuts. Corrections for the finite orifice leng*hs :

 Hammer and Pask.9 The apparatus makes use of the interaction of an

electric fleld with a small permanent magnet "to balance the uorqueir

produced by effusion of vapor from oriflces or su_faces which are offset

from th center of support. Celibration of the epparatus was effectuated

.in the manner described by'Hamme” and Pask. Fo} the present study, the

torsion cells were made of National Carbon ZT-101 graphite in box sbaoe.

' Palrs of orlfices with uhree éifferent areaslo were used in +he Knudsen

vere made

in calculations from the data.f Before effusion heles were machined in‘

.the cell walls, each cell was heated with barium flco“ de inslde. .No

observable deflectiou was found when the cslls'and samples vere hesteo:
%o 1&SO°K. »Therefore, it wes assumed thet measufedjdeflecﬁions during ;
‘-(the experiment_Were due only fo effusion of vapor tgfough the orifices}
In the Languuir free-surfece evaéoration experiments, cleaved [1111_:]

, ffffaces of barium fluoride single crystals were placed behind graphite :,j'_L -
- . washers mounted in the verticle cell walls. Two different washer orifice-
'.areas lg were used to prove that leakage through.or around the washersi\

Lfand deflections of- evaporating molecules‘frou the beveled vashertualls T
©.d1d not constitute significant‘sources.of error. The exterior: face of ff;fV
each washer was beveled to zero thic&ness st.the.center'ﬁole.liMicfoscopic~:-f
:egamination at 250X of sinéle crystals heated at 1450°K fo}‘hS_min

o showed no rouéhening of the [lll]fsurface near the center of the region
'uexposed'fo” eVaporation. Toward the edges of the exposed surfaces, .
Ailsuccessive edges of [111] surfaces rose from the flat centfal region

toward the originel crystal surface. The correction for molecules



3

reflected or condensed near the edges of the gxposed surface are demonstra?ed
‘to be negljéible by the fact.that data obtained from surfacés whosg
';‘areas differed by a factor of U were innexééllent agréemen£. |
Tge fﬁrnace heating elements were of hairpin-shéped tungsten wires
.'cénnected in parallel. Electfémagnetic repulsfon éf the forsion assembly
which‘was nofed.in othe; torsioﬁeéffusion work,l3 wéé not obéerved
because of the self-cancelling of the induced-field in the hairpin
elements. Temperatures were measured by a thermocouple placed inla
reference_graﬁhite cell located below tﬁé effusion bell in the furnace
v:'hot zone. To calibrate the effusion céll pemperature agains% the referencg.
cell temperature, a thermocouple was mounted in an effusion cell. This
_thermocouple was calibrated by a gold point determination when both

éells vere in the vapor pressure apparatus. The reiative temperaturés of .
theimocéuples in the refereﬁce and effusion cells were measured at a

series of power settingé. |

The equilibrium vapor pressure of tin was measured by the torsioﬁ-

| ~effusion method ﬁo check for any'systematic errors that Qouldnaffect‘v

. pressure readings. The third—law_ﬁeat of sublimation of tin at 298°K
was determined as AH;98 = 71.79 1.0.27 kcé;/mole. In an exhaustive .

study of tin by the same method,ASchulzlh found AHS , = 71.8 kcal/mole

298

compared with AH§98 = T2.2 kecal, the value suggested by Hultgren et al.

from earlier studies.

15

v

Prior to a run, the cell gnd sample were heated some 50° higher

‘than the highest tempefature to be reached during the run and until the

\

ambient pressure in the furnace was no higher than 5 x ib:s torr. In

N



'

‘ any particular run from 2 to 6 points'were taken with at least 15 min
- being allowed after each temperature change in order to insure that

eqﬁilibrium was reached. -

\
RESULTS AND DISCUSSION

The results of this study are shown in Fig. 1 and in Tables I and
II. The lines of the graph are the least squares fit to the data gollected.

‘Molecular flow equations for low;pressure gas flow through an orifice'
have 5een shown to appiy only when the mean free path of the vapor species
is gréater than some critical value that &epends on the &imensions of the
effusioﬁ orifice.l6’lT Mean free path to diasmeter ratios were calculaﬁed
using the hard spheres approximation18 with the molecular diaieter of -
barium fluoride taken és 8.1&&, the sum of ionic diameters at—rbom'
temperature, assuming a linear'molecule. This value of A/d can be usedb
oﬁly for relative comparison. - Recent experimeﬁtslg.ihdicate bérium
fluoridé may be a bent molecule and thus would have a slighfly smagller
effective molecular diameter than assumed. Kpudsen pressures for which
calculated A/d vélues are less than 1.0 aré'excluded in the final calculations

-

of the heats of_sub}imation and are notlshown in Fig. 1 because systematic.
deviations in calculatedYValues, preéumably arising from feilure of the
nolecular flow approximation, are apparent for measurements at lower A/d's.

Tor orifice 1 when /4 was less than 1. O AH 8 values of 1.54 to 1.28

A 29
_"kcal/mole below the average were found. Schulz and Searcyl3 elso found
substantial deviation in AH296 values when A/d became less than a crltical

velue near unity.

~ Least-square calculations from Knudsen data where A/d > 1.0 yield



“T.15 * 0.12 between 1261° and 1548°K and log P = f(é L.576

79.73 * 0.77 103
s | Yoot

3.
0.08 ¢ 1.2) x }g +

for the vapor pressure in atmospheres log P = -

7.18 * 0.28 between 1315° and 1492°K for the Langmuir experiment. The

" errors are the standard deviations from the least-squares fits.

The heats of sublimation of barium fluoride at 298°K for the

" Knudsen and Langmuir data were calculated by both the second-law and

" third-law methods. - In all calculations, BaF2 vas considered to be the

major vapor species2 becausé thermodynamic calculations indicate that
the pressures produced by the reactions Ban(s) + C(s) = BaF(g) + CF(g),

BaFe(s) + c(s) = Ba(g) + CFz(g) and Ban(c) +.1/2C(s) = BaF(g) + 1/20Fé(g);

~would be several orders of magnitude below the observed pressures.

The same heat capacity equations and free energy functioﬁs for solid
barium J‘.‘luoridezo and the game estimated heabt capacity and free energy .
functions for barium fluoride gaszl were used in éalculating heats of
sublimation as were used by Green et al.2 and by Bautista and Margrave.

The free energy functions used are expected to be as reliasble as can

presently be estimated>’ whether or not the Ban(g) molecule is linear

N

.. or bent as suggested by recent electric dipole‘studies.lg The second-law
treatment yielded AH398 = 88.78 ¢+ 1.26 kcal/mole from the Knudsen experiments
" and AH;98 = 88.94 * 1.75 kcal/mole from the Langmuif experiments. The"

third-law calculstions for the 46 Knudsen measurements for which AJd > 1.0

n

. o .
yielded AH298

s o
yielded AH298

deviations, The free'energy functions could be in error by enough to

90.25 * 0.28 kcal/mole and for the 25 Langmuir megsurements -

90.41 * 0.35. The indicated errors are the standard

contribute a b kcal error to the_éalculated heété at 298°K; however, the



heat of sublimation calculated by the third—law‘meﬁhod is probably
‘correct to within *3.ksal/mole} Assuming a 45° error at the high end of -
measurements aﬁd e -5° error at the lower end, (éorrespondihgly $10%
errors in pressures) fields an estimated maximum error of_2.8 kcal for
' the second law calculation. o
Brewer et al.zl concluded from the eafly work of Ruff and LeBoucﬁe;;
" that the heat. of sublimstion of-barium fluoride is about 88 kcal/mole}at
298°K. Green et al'e in the mass spectrometer study found AH298 = 92{3
298 = 9338 kcal/mole by the |

3

second-law method. Tor31on-effu51on studles of Hildenbrand et al.

keal/mole by the third-law method and AHS

yield AH2 = 88.6 kcal when recalculated with the same free energy

98 =
functions used by the other 1nvest1gators. The Langmulr measurements of
Bautista and Nargraveh yleld AH298 = 92 3 kcal/mole from thlrd law analysis
and AH 298 = 94,7 kcal/mole by second law analysis.

Hildenbrand and coworkers3
that barium flﬁoride is bent. We will not comment further on this point -

. because the work of Hildenbrand et al. is not yet<publishéd except in

company reports. The second and third iaw measurements of the present

- work agree well ﬁhsn Erewer'le ffeeienefg& functions "are used.’
Since the same free energylfunctions were ﬁsed by Green et al.,zl

by Bautista and Margraveh and'b& us and since the measurements ﬁere

made in approxmmately the same!temperature ranges, the differences 1n ,
;calculated heats of subllmation at 298°K reflect the systematic dlfferences

of approximately a factor of 2 in measured pressures and not possible

errors in the free-energy functions. Mass spectrometer pressure measure-

believe their experlmental results 1ndlcate

m———



ments are usuaily expected to be uncertain by a factor of two or more.

It was primarily comparison of the Langmuir data with effusion measurements
o

of obher investigators that led Bautista and Margrave to hypothesis

that evapbration coefficients for alkaline earth halides generall& lié in

" -the range 0.1 to 0.3. Recently, however, Loehman, Kent and Margrave22

L

have measured Knudsen data of strontium chloride above its melting

point and Langmuir data below. The Langmuir experiments were proformed

Hon single crystals suspended In the furnace. Extrapolation of their

Knudsen data into the range below‘the melting point clearly indicates an.

evaporation coefficient of 0.3 for the solid. For barium fluoride,

comparison of Bautista's results to our effusion results leads to the

- conclusion that the value of a is about 0.5.

Comparison of our own free surface and effusion data, however,

yields ¢ = 1.0 ¢ 0.1. The relative error in our measurements of free

surface and effuéiqn data should probably not exceed 10% because most

!

" sources of systematic error are common to the free surface and effusion

measurements. The most probable source of serious error in determination

of a is a discrepancy between measured temperature and true temperature

f‘of the evaporating surface of a Langmuir sample. In ﬁhis'research the -

Langmuir specimens were mounted in the seme poéition as the orifices of

' the effusion cells in a chamber of demonstrated uniform temperature. If -

the true value of & were 0.5 our free surface temperatures would have

%o be approximately 35° highér than the tempersature inside an effusion .

cell placed in the same positibns in order to account for the results

presented in this paper. An actual temperatﬁré difference of more than



8

five degrees is very unlikely.

The 111 surfaces of the barium fluoride surfaces remained smooth

' . when examined at 240 magnifications; surface roughening did not, therefore,

significantly increase the effective rate of evaporation. The evaporafion
coefficient for this face of a barium fluoride crystal is unity within a

small probable experimental error, and the evaporation coefficients

' for other alkaline earth fluorides are probably also unity.
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~ Table I. Torsibnfeffusion sublimation pressures for barium fluoride.+

AFP - AHZ
oK | -(— T %) - Dlagg
T, P, atm . ‘
: curcal/deg: " kcal/mole
- 1bko1 3.32 x 10:2 39.77 89.81
1459 1.69 x 10 ¢ 39.96 . . 90.17
14ko 1.03 x 10_z ko.o7 90.57
1k 5.83 x 10_¢ ko.22 - 90.7h
1388 3.56 x 10_) 40.35 90.61
1548 1.24 x 105 39.42 88.71*
1520 1 6.90 x 10 ¢ 39.57 89.09%
1358 - 1.59 x 10_¢ Lo.L46 . 90.99
1378 2.56 x 10_¢ 40.39 - 90.92
1395 3.95 x 10_¢ © Lo.32 - 90.70
1425 8.7 x 10 ¢ 40.10 - 90.21
1358 2.18 x 10_¢ Lo.L1 90.55 -
14148 1:bh x 10 ¢ 40.03 - 90.03
1526 © T.55 x 10_¢ 39.57 - 89.17%
1k01 5.27 x 10_ 40.28 90.27
1305 6.10 x 107] 40.69 90.22
1430 '9.90 x'10_¢ - L0.13 ¢ 90.13
1388 3.80 x 10_¢ 40.37 90.L6 . |
1ko2 5.22 x 10_, - bo.2t 90.33
1293 L.68 x 10_, - ho.h 90.13 .
1308 . 6.76 x 10 o Lo.67 90.13
1318 - 8.70 x 10_¢ ho.6k - 90.12 -
1375 - - 3.08 x 10_¢ . bo.b1 90.25
© 1359 12.13 x 10_, - ho.b8 - .. 90.28
1277 - 3.47 x 10, - - 40.82 .0 89.87
1261 2452 x 10_¢ Lo.89 - 89.6h4
‘ 1375 3.10 x 10_¢ Lo.b1 - 90.22
© . 138k .20 x 10_¢ . b0.37 89.92
1370 2.53 x 10, Lo.L3 90.48
- 1350 1.73 x 10_¢° ~ ko.s2 90.29 -
- 1336 1.19 x 10 o - 140.58 90.43
~ 1455 - L1.bh x 10 2 - . 39.98 - 90.40
1390 hoobx 10 o 40.33 o 90.36
- o1k S 9.22 x 10:S ko.12 . - .90.39
- 1L86 £ 2.70 x 10_¢ 39.80 - 90.21
1486 2.95 x 10 39.80 90.05
3.73 x 39.69 - 90.29

- 1506
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-Table I. Continued

AFS - AHD

| _ i T " 298) ATO
T, °K - P, atm ? 298
o ecalf8eg kcal/mole:
1535 5.86 x lo'g R 39.53 90.k1 .
1394 L.76 x 10~ . ko.32 90.24 !
1413 .T.52 % 10‘6 ' ho.22 - . 89.96
1Lko 1.13 x 1072 - ho.o7 90.30
1464 1.99 x 10'? .- - .39.93 : 89.95
1473 2.3 x 10772 .- 39.88 . 89.95
1548 CT.11 x 10”2 . 39.k5 " 90.L45
1360 2.02 x 107 .. , 40.48 89.49
1523 .93 x 10‘2 . 39.58 90.30
1395 Lobist %0107 ' 40.32 90.37
1501 3.66 x 1072 . 39.72 . 90.09
1529 5.29 x

107 39.55 90.39. .

‘ave = 90.25 * 0.28

% o
Indicates where A/d was calculated to be less than 1.0

TFirst 14 points taken with orifice set 1 .
Middle 18 points with orifice set 2
Last 18 points with orifice set 3
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Table II. Torsion-Langmuir Sublimation Pressure for Barium Fluoride+

_ AF; - AHS 8 AHO
P, %K P, atm o ) 298 .
cal/deg - keal/mole . -
1Lhs 1.19 x 1072 - 140.05 " 90.42.
1kT70 1.91 x 1072 7 39.90 ~90.70 f
1492 2,86 x 1072 . 39.75 90.33 " -
1318 1.0h x 10'6 40.63 . 89.63 §
139k 3.90 x 10‘6 , - ho.31 - - 90.69 -
1kos T.66 x 10’6 , - ho.16 © 90.59
1395 4.4 x 10'6‘ S Lo.31 . 90.bk2
1390 3.56 x 10‘6 - hko.3k. - 90.73
1331 ©1.37 x 10”6 - - 40.59 - 89.73.
1347 1.58 x 10" ~ ko.53 90.3k
- 1365 o 2.23 x 10‘6 , , ho.bs . 90.51
k1T S 6.51x10 o0 0 . ko201 90.52
- 1365° 2.1k x 10 o “Lo.bs - 90.63
1408 5.41 x 10'6 o kol . 0 90.60
1377 2.70 x 10'6 © koko - . 90.T1
1430 .9.68 x 10”6 ., . ko2 . 90.18
ko2 . 5.27 x 10, '+ .7 Lo.28 - 90.33
1331 . 9.63 x 1070 o 40.59 . 90.68 .. :
1328 9.19 x 107 b0 - - 90.61
v 1315 . 6.84 x 10'2 .. ho.65 - : 90.55 -
~13L5 "1.23x10. - < h0i53.. - 90.88
1323 7.85 x 10'2 o %0.62 - . . 90.70 .
1340 1.4k x 10'6 3 ho.55 . 90.16
1361 2.25 x 10'6 - Lho.L8 o 90.eT
1350 1.70 x 10 bo.52. + 89.3h
ave = 90.41 * 0.35
+

"First 18 points with orifice set.lt
Last T points with orifice set 5

G



Figure 1.
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' Figure Caption
Vepor Pressure of Barium Fluoride

Knudsen experiment (this work) A/d > 1.0

Ooririce 1, Qorifice 2, A orifice 33

Langmuir experiment (this work)
Voritice b, Crorifice 53

Buff and LeBouche (extrapolated);

—— - - q—

‘ Green et al.;

et et o ooty
-

—— - q— —

~ Bautista and Margrave.

)
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sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this Teport
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepareé, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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