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R | ABSTRACT
The vapor pressure of gallium was measured by the torsion-

~ effusion method between 1174 and 1603°K. The pressure, in atmospheres, |

is given by the expressmn- log P = 5.5458 - (13 743/7T) in that tempera-

ture range.v The heat of subhmatmn of galhum is calculated by the third- 3 B
." ey ’ : A second law determmation is'in reasonl\ble




I the 'torsionl-effusion method

galhum is the only major vapor specles when galhum is heated in grapmte.

" ment w1th the average of the data of Harteck and of Spelser and Johnston |

; 'Foster. .
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INTRODUCTION | _~ L

| Harteck’ in 1928 and Speiser and Jokmston2 m 1952 measured the R

vapor pressure of gallium by the Knudsen effusion method with quartz B
N effusion celis. However, more recently a maSSespectrometric study3
showed that gallium reacted with quartz, giving a considerable concentra-'-i
" tion of Ga O(g) above 865°C This evidence suggested that the reported

gallium vapor pressures might be too high. To clarify the situation,

Cochran andrFoster4 investigated the apparent vapor pressures of galiium

‘in alumina Knudsen cells with and without added silica or magnesia,
Apparent pressures obtained with silica added agreed well with the pres- .- =
sures of Speiser and J ohnston; but pressures measured when only gallium

" - was present were four- to fivefold lower., Cochran and Foster concluded

that the previous studies in quartz cells were in error because the re- B

'~ action 2 Ga(f) +Si0,(c) = SiO(g) + Ga,0(g) ylelded h1gher weight losses |

~ than did the direct vaporization of gallium.
At the time that the paper of Cochran and Foster appeared, we |
) ‘were engaged ina redef.ermination of the vapor pressure of gallium by
5-8 yith use of a graphite cell, A mass

¢

"spectrometer study by Drowart and Hon1g had demonstrated that atomic
":,-’,Z'Nonetheless, the pressures measured in our research are in good agree

o and thus are four to ﬁve tunes the pressures reported by Cochran and
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. apparatus, The vacuum chamber is a cylinder about 14 in. in diameter i
e and about 18 in, long-'.' In the center a 3-in. diameter cyli.ndei' of 20-mil

tantelum sheet forms the heating element. Several layers of tantalum

torsion cell is r1g1dly attached to the bottom of this rod. During a run

"the cell hangs free in the center of the heatmg element.

- of orifices, .on_e set of 6.3 mm? cross-sectional area and the other of

1 mm” area, were used.

2= UCRL-11062 . '

EXPERIMENTAL

Figure 1 shows a schematic diagram of the torsion-effusion

A

radiation shields are wrapped around this element. A glass tube of

- approximétely 4-in. diameter and 3-ft lengthi forms the upper part of the -
apparatus. Above this tube a goniometer acts as the anchor point for the - .. .
" suspension system by means of a 1/4-in, aluminum rod which enters the

"~ top of the glass tube through an O-ring seal, A 2-mil annealed tungsten

wire 11 in, long hangs from the aluminum rod. To the lower end of the -

tungsten wire, a second 1/4-in, aluminum rod is attached. A 1/2-in. I

I
V

diameter circular mirror is glued to this rod directly in front of a window
which has an optically flat surface, An aluminum disk attached to the rod :t'_';-.
- serves as a damper when a permanent magnet is placed near it.' A 0.1-in. .. .

. .- "diameter tantalum rod is Jomed to the aluminum one, and the graphite

f -

The exterior cell dimensions were 1-1/2 x 1/2 x 1/2 in. Two s"ets;._l‘-';:_’ )

Angular deflections resultmg from the force of the effusmg vapors

were determmed by returning the suspension system to its original (null)

pos1t10n. Measurements were made by s1ghtmg through a telescope.on the R
" mirror that reflects a scale placed outsme the vacuum system ‘just below
. the telescope, _ After returnmg the suspensmn assembly to 1ts or1gmal

: ,posxtlon, deflectmn angles were read from the gomometer. Wxth tms




- ‘_;“Temperature measurements were made by means of a calibrated 20-m11

' inputs and the results were all identical, The thermocouple leads were

- the.emf was measured by a potentmmeter. The output of the thermocouple

o -3- ' UCRL-11062

- arrangement, it was possible to measure angles to the nearest 0. 01 deg. .
A vacuum of better than 10'5 mm Hg was maintained by means of an oil
. diffusion pump and a liquid,uitrogen trap. . |

A 30<kva transformer supplied the power at a maximum of 10V,

Pt-Pt + 10% Rh thermocouple. The thermocouple bead was inserted 1n a -
.'small hole in the bottom of a ""dummy" graphite cell located 1/ 2 in, below
the effusion cell,” The freezmg points of gold, silver, copper, and |

" aluminum measured in the dummy cell in the furnace were used as stand-,
‘;. ,ard pomts in the cahbratwn of the thermocouple. . | '
In order to verlfy the assumption that the temperature of the
' v:'*:-d'um'my cell was the same as that of the effusion cell for a given poweriyk”‘"
', settmg, the dummy cell was moved up and down over a distance of 3 in, !
in the mlddle port1on of the heatmg element. The temperature remamedx

constant to within 3°, This experiment was repeated at different power

. led through a Kovar seal to the outside and were protected with alumina

. tubes, A mlxture of ice and distilled water formed the cold junction and

l

= :was fed to a strip chart recorder. Measurements were made only after :

‘;v_the temperature had reached a constant value, |
“ The galhum used was 99, 97% pure matemal obtamed from the
a Alummum Company of. Amenca. | | B » L
| As a test of the apparatus, the vapor pressure of tm was redeter:—

= mmed. The reSults are descr1bed m the discussion sectiom
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..o .= - RESULTS )

RS s | fv'Pre'ssures were calculated from the equation -

r =2 D¢I (qlalfl + qzazfz)

I
n

vapor pressure, atmosphere :

U‘,
n

torsion constant of the w1re, dyn-cm

angle of deflection, radians '

i
n

- 4ys9p ® perpendicular distances from the center of the "
effusion hole to the axis of rotation, cm SR '.;",-r_' o o

areas of effusion holes, cm?

8108y

f f' = correctmn factors for fm1te orifice lengthsm 11 o ..

1
Constants for the two sets of cells usedband for the torsion wire are su'rn-‘f
marized in Table L .A_ 2-mil tungsten wire with D = 3,416 was used for |
.all runsa F’igure 2"showsvthe agreement between pressures calculated 8
' ‘with'the two orifices, Data collected below’ 1200°K are clearly seen'fro'm4
A ‘_v'Flg. 2 to be unreliable because the force of effusmg vapor is too low for
g i

S accurate measurement and these data were not used in subsequent

!

L calculatlons._ \

The heat of subhmatmn AH was determined by using both the
second=~ and third-law methods, 12 Apparent pressures less than 10 6 atm"
were not used in making these calculations because background torsionalv"'
_effects obscured the lower pressure readmgs.' An expemmental mvestlga

y ".'_";_Ivtlon by Schulz has shown that Eq, (1) can be used up to pressures for '

which the ratio of mean-free-path to orifice diameter becomes: urnty.




. .'between 1174 and 1603°K

»carmed out in the presence of silica are in error because of extensive

e - reaction to yield volatile oxldes. But the vapor pressures measured for

IS - than the vapor pressures reported by Cochran and Foster, and the heats

‘. analysis of the results of the two studies made with silica effusion cells,

“of _the present investigation higher than the true pressures by a factor of

-5- . UCRL-11062

Second-law calculation by the least-square method gave

.AHS‘ 9gg = 63. 5 kcal/,mole. Third-law calculations based on free-energy -
 functions selected by Hultgren“‘are given in Table II. The average valuve’
- calculated for the heat of su’blimation of gallium at 298°K from data col-‘-l'
- lected w1th 2.5 mm diameter or1f1ces is 65.39 kcal/mole and with 1.0 mm
orifices is 65.50 kcal The overall average AH , 208 is 65, 44 + 0, 23
| keal/ mole. Least‘square solutxon for the expenmental data gave the fol- ;

'lowmg expressmn for the vapor pressure of galhum, m atmospheres, ¥

l.og p - 5.458 - 13-743/T .

DISCUSSION |-

&
}

Recent studies by Cochran and Foster4 appeared to demonstrate .

_ conclusively that any studies of the vapor pressure of gallium that were";'z a

| galhum m the present investigation are higher by about a factor of four, '

-of sublimation calculated from the data of the present research are in

- excellent agreement with the heat reportedA by Hultgren et al. 14 from

The possibility of errors that could make the apparent pressures/-~ :

four w111 be discussed, and then evidence for the possibility; of erroy in
the work of Cochran and Foster w111 be exammed . ”
The factors that m1ght cause systemaucally lugh apparent pres- R

o sures m the present mVestJ.ganon are contr1but10n to. the vapor of products
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| of reaction of gallium with the graphite effusion cell, faulty temperaturei “

—

calibration, faulty pressure cahbratmn, and leakage of vapor through

. the cell wall. Strong evidence can be adduced that none of these factors

" caused the observed d1screpancy.

| ‘The possibility that gaseous pi‘oducts of some reaction of gallium

with the gx;aph-i'te of the effusion cell were formed in significant concentra- w0

. tion is disproved by the mass spectrometer $tudy by Drowart and Honig
. ;‘ of the effusion of gallium ffem a graphite cell, 9 No ions other than Ga+,_ L
"Ga20+, and Ga2+ were observed, The Ga0+ and Ga2+ intensities rapidly '

1

"decayed to negligible levels, indicating that these ions were produced from"‘f

‘oxides that were introduced with the initial sample, but that were soon re- G
-.m‘oved by heating. o 7 - »“

The poss1b111ty of a temperature error in this work of more than ‘

5° at most appears excluded by the cahbratmn of the readmgs of the dummy SRt

""fff_--cell agamst the melting points of four metals measured in the actual

"< furnace in which the vapor pressure measurements were made. Further=’

: . more, the furnace was demonstrated to have a uniform hot zone over the
" region in which the dummy cell and .torsion effusion cell were placed. A

i ‘.: : temperature error of 90° would be fequired to introduce an error of a
L',iv‘-"*_jfaetor of four.iu the pressure meesurements at the midpoint of the experi-:.;fv
" ‘mental range, . - | | |

| Evidence that the apparatus was calibrated correctly is prov1ded
by agreement to within 10% of the vapor pressure plot obtained for tin w1th
o '.th1s apparatus and the "best" vapor pressure curve for tin as selected by‘“

" "Hultgren et al 14 From n1neteen separate measurements of the vapor

n

pressure of tin with two d;fferent wires that had torsmn constants whmh ,

I
ot
5.
.
s
I

__ 'dlffered oy a. factor of 18 the heat of subhmatzon of tm at 298"K 1s

P
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by Schuls in an extensive study of the reliability and limitations of the

) torsion- effusmn method for vapor pressure determmatmns.
' and Foster also studied the vapor pressure of tin, Their three pressure
'j.Stull and Smke16 or Hultgren et al. from evaluatmn of the data in the
11matlon of tm at 298°K of 74,9 + 1, 1 kcal/mole.

- cepted by Stull and Sinke as _the most reliable are probably in error her\ o

L ., cause of unrecogniz'ed leakage through walls of the 'graphite crucibles. that

" ‘were used for the pressure studies.

“from a graphlte cell may sometimes be comparable to the quantity that
v ';'escapes through an orifice of the dimensions normally employed in effu-
“sion studies, 17 However, in the torsion-~-effusion method, if the cell side

| ~walls are umform in thlckness, the escape of molecules by leakage through

and found that no measurable torque was produced by any Ieakage that mayl

s have taken place.

'ment of the torque produced when a sample was heated ina cell that had
: no or1f1ces, the study d1d mclude measurement of the pressure\wuh sets ;

' 'le_f_of or1f1ces that had areas that dtffered by more than a factor of sxx‘ e The :

-7- UCRL-11062

calculated to be 72, 4 kcal compared to 72, 2 keal calculated by Hultgren

et al, from previous work and .cornpared to 71, 8 kcal Which was obtained

15

To test the rehablhty of their apparatus and techmques, Cochran
'measurements lie cons1derab1y lower than the pressures calculated by
literature. We calculate from the Cochran and Foster data a heat of sub-

Cochran and Foster commented that the vapor pressure data ac=-

There certamly is evidence that the quantity of metal that escapes

the walls will contribute no net torque to the assembly., As part of his N

_mvestlgatlon Schulz heated tin in cells in which no or1flces were drilled

15

Whlle the present mvest1gatmn of galhum did not include measure=~

¥




-8 | UCRL-11062 "'

calculated pressures agree w1thm the small random scatter in data, If" -
AR | 1eakage contrlbuted significantly to the torque, this excellent agreement

-l . between the pressures calculated with these two sets of orifices would -

not have been obtained,
The heat of subhmatmn for tin- calculated from the data of Cochran |

. and Foster is thus 2,7 to 3. 2 kcal h1gher than the heats calculated from
the best'available studies., Similarly the heaf of sublimation of silver i
W ’ b : '»calculated from three pressure measurements byACochran and Foster is _
0 9 kcal higher than the selected value of Hultgren et al 14
Gallium is more volatile than tm and less volatile than silver,

The heat of sublimation for gallium calculated from the Cochran and

DT ¢ SR

e L.»:.Foster data can be expected.to be subject to a systematic error in pre‘sl-:“_.‘
: _’f:_.fsure determmatmn that would contribute an error in the derived heat of

‘ "-1t;"'ﬁ",sub11mat10n of 2 % 1 keal. |

A systematic error in the measurements of Cochran and Foster

would not invalidate their conclusion that in the presence of s1l1ca the - o

we1ght 1oss is increased by a factor of four or five because of volat11e

i ox1de formation. Remammg to be explamed therefore, 1s the questmn o
bﬁ_;k‘_(how the studxes of Harteck and of Spelser and Johnston2 which were both
5"": :l_conducted in silica cells, could agree with the results of the present in=

i vestigation in graphite. - |

The probabl,e.answer to this question is that the surface area at.

-'which the heterogeneous reaction between' the gallium and silica could

I .occur 1n silica. Knudsen cells 1s much smaller than the surface prov1ded

!

for reactlon by the coarse s111ca powder added to the cells in the expen-

ents of Cochran and Foster.‘" As a r_esult, although some reactxon must
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. 1

have occurred in the s1l1ca cells, the extent of reactxon may well have -

-been con51derably less- than was measured in the expernnents of Cochran

4

':_and_Foster.; o ‘ R f _ _.: »' .

meter study of galhum vapor1zat1on.from a s111ca cell, The observed m- _

tensity ratio Ga+/Ga 0% was about 10/1 at 1140 to 1300°K. &

From the
‘assumptlons normally applied to calculate pressures from ion mtenszues

' and usually claimed to be correct to w1thm a factor of two, 18 these m-

tensities would yleld a Ga/Ga 0] pressure ratio of 22/ 1. The heat of sub- Ai'

11rnat10n calculated for gallium by a th1rd law method from welght losses
measured at 1300°K and with the assumptmn that the total we1ght loss was

K of elemental gallmm would be low only by about 0. 3 kcal because of neglect
Cof Ga o and Si0 effusmn. TR i
We conclude that the heat of subhmatmn of galhum obtamed by the

.' th1rd law method in the present mvestlgatlon, 65.4 kcal/ mole is probably

' correct to w1th1n + 1 kcal,
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" Table I, Third law heats of sublimation of gallium {(£),

T . -RInP . - AHpgg = . i
°K .- calldeg ™ .

. cal

e 27,244

i 26,088 °
.. 25,859 .
.. 25,652,
25.652 -
25,544 -
25,544
25,280
Y. 25,205

.. 23,501

. 27,308
© 27,286

26,784 )
1 26,869 7
S0 26,559 0
U 26,217

025,205 5T
i 24,948 %

24,385
24,239 -
7 24,056 .
28,741 ¢
23,708

23,565
23,256
23,1017
23,065 -
22,836
22,785
S 22957

65 452 -
65 425
65749
65 296
65 399
65 438
" 65 330
765 275"
65 243

64 987

65 192

217
318
232

195
252

271

245
245 -
281 -

233

359 "
225
765 280
i 330 .':_"_
337 -

396 ;-
395 .-

765234
657 242 o
65379 .1 .
65368 < o LT
85720 ¢ <

]2~

21,569

i -RbaP
' c‘_alldeg N
17765392

'22,414
22,429 .
22,281
£ 22,089 i

© 21,152
" 21,269
21,139
- 20,812

20. 707 .
. 20, 381
20,572

19, 831
19,836
119,453

.19, 195

. 65429 .

20,964 7.

19,134 F
18,934 .
119,037
18,710
18,724
18,404 "
% 18,225
© 18,416 -
117.18.223

117,879

= : ;: \. :v ' r,:
AHgeg 7 -
cal "

- 65 412
65 552

120,406 T
20,203
19,848 .

19,408 .
19,473 .
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R ' = ' : Table I'I.:f_.f"(éqnt,)

Lo+ 1380,
i 1891
e T 1304

S141b
Y1416
U 142150
5»¢_;‘1427'§.
U 1432
1437 4
Ut 1448 118,219
L1453 118,102
1466 17,823
1469 © 18.210 . 66 023
1471 - 17,861. . 65 593
‘1473 17;611‘T?Q‘65 325
_1477 17,711 ;65 638
11482 Qu‘j 17, 908 66 146

16.579_
' 16, 299

15.411 65 654
. 15,263 5" 65 626
‘15.3sos;i” 65 794
15,034 - 65 622
14, 824 .” 65-690 .
14,770 . 65729
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