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The Aluminum-Aluminum Oxide System at High Temperatures e

Leo Brewer and Alan W. Searcy
August 31, 1949

By effusion eXperiments shnilar to those previously employed 1n

4

this laboratory to determine the vapor pressure and heat of sublimation

(1)

of graphite s wefhave,determined vapor pressures for aluminum and

for saluminum oxide. We have also investigated vaporization from

ffraluminum—aluminum oxide mixtures. Using our data with apprOpriate

thermodynamic data from other sources we have computed thermodynamic
equations for aluminum gas ana aluminum gaseous oxide species at high

temperatures,

,l' Aluminum,

A. Experimental'

The'high reactivity of liquid aluminum made the selection of a

‘container for effusion studies difficult. Of the metals, only Ta, Mo,

W, and Re seemed to offer any possibility as containers for aluminum

. at the temperatures .we expected to employ, 1300-1500°K, and thése were

known to form aluminum compounds. We found eXperimentally that~almnif
num attacked Te;‘W,‘and Mo crucibles when heated for oue halfvhouf‘etb
1600°K, The‘Wfand Mo crucibles were swollen and cracked} the_Ta cru-
éible_was not bisibiy attacked, but the aluminum melt showed .5-5%
’tehtalum'when analyzed spectroscopically. Rhenium was not tested.

Of possible oXide containers that could be used for molten aluminum
at'temperatures of 1400°K. and above, Be0 was the ohly one which could
possibly be satisfactory from consideration of thermodynamic data.

If a reaction did take place with BeO, it would be the following ones
2A1(1) + 4BeO(s) = ZBe(l) + BeO - Als0sz(s) eeesessesasll)

‘All‘phases would be at unit activity except the Be, which wbulq_be'

dissolved in the molten aluminum. There .are no thermodynamic data for
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BéO0A1203, but the data of R.F. Geller, P.J. Yavorsky, B.L. Steierman
and A.S. Creamer(z), indicate é congruent melting point for BeO~AIgOs'
B} just a'few_degrees above the esutectic temperatures,

We would estimate for the reaction

:Beo(s)'¥ Aly0z(s) = 890711203(3) ; AF oo = -2 kilocalories.
 Thi§ together with the thermodynamic data given by L. Brewer(®)

allows
oéeé assuming ACP = Q('to calculate for‘the reaction (1), AFEéOO = ~-45
.kilbcaié. or an activity of 1072 for Be. From the Al=-Be phase-diégram
'given by M; Hansen(4), the solubility of solid Be in molten Al at
1400°K. is around a mole fraction of 0.5. Since this is near the
- melting point of Be, the activity of Be is apout the same relative to
either thé liquid or solid standard state. .Assuming Henry's LaW for
Be in A1 l1quid;'one'finaily qalcuiates that Al will reduce Be0 until
a mdié.ffaction:ova.OOS Be is reached in the molten Al. Since Be
and Al have very closely the same boiling points, this concentration
" of Be would not. add appreciably to the volatility nor would it be ex-
upected to reduce fhe_Al activity.appreciéblyo Even though increasing
thé.femperatures 2 few hundredvdegrees'would increase the Be mole
fﬁactibh to Q.Ol'or.gvgﬁ higher, one would expect to have an appreci-
ablé tempefature'range in which one could work without excessive
attack on the BeO.-

After eight hours heating at about 1450“K. spectroscopic
examination of aluminum in a BeO crucible shows 1-1% wt. Be. This

probably méans elther that the 147 K. cal. heat of formation chosen

by Brewer(S) is slightly high or that BeO°A1203(s) is more stable than

we have estimated. These results indicate, however, that the value
of 135 Ke cal. for heat of formation of Be0O discarded by Brewer(z) is

not cbrrect, since that value would indicate considerable reaction
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bstween Al and BeO at 1450°K.

Other materials which might contain aluminum without reacting

- are some of the carbides, silicides,; and borides, Very'little is

known about the silicides and boridess

We heated tantalum, silicon, and .6g aluminum together in a

‘silicide coated tantalum crucible to 1970°K and found only TaSi g and

TaSi 20.from x-ray examination indicating the Ta-Al phases are not as

'stéble as the Ta-S1 phases., Thus tantalum silicides could serve as

suitable containers for aluminum metal but because the silicon partial

' pressures'over the tantalum silicide compounds are notknown‘9 and

. other sultable contalners were found we made no effusion runs from

tantalum silicide containers. Borides were tested.

- Of the carbides,; the most promising appeared to be TaC. It seems

ko b§ the most stable of the carbides; it is veryvhigh melting, ahd it

is formed from a metal which appears to have relatively low reactivity

toward aluminum at the temperatures of interest,

Wé prépared TaC containers by packing in graphite powder tantalum’

¢rucibles 58 mm high, 18 mm in diameter, about .6 mm walls and heating

the cfuciblés‘andvgraphite for from 3-8 hours at 2550—2800°K‘in the
ihducfion‘furnacé used in all thé.heatings reported here and described
. : (5)°

The Ta crucibles and gra@ﬁzte powder were packed tightly inside
vd_i"'diameter éraphite crucible which served as a heating element and
thié‘crucible was in turn papked in porous carbon insulatibn inside a
ziréon crucible 6"vhigh and 2 1/2“ in diameter. From the weight géins

of the crucibles, their compositions'after heatiné could be calculated

as TaC,gz to TaC gge The crucibles, and effusion 1ids similarly

produced, were only slightly expanded over their originai size, they

were brittle and tended to split in the plane of their sm'v-’;f;au:es‘9
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. probably where carbon diffusing from Opposiﬁe faces met.

- Aluminum mixed with TaC powder in one of these TaC crucibles
was heatead to -1720°K for about twenty minutes. The TaC showed, after
neating, a lattice constant of a = 4.453 * .oozZ compared to the
"literature value of 4.454. Only a few Al lines could be observed in
the x-ray pictufeg these gave a constant within experimental error
of the literature value. Spectroscopic examination of éluminum melts
in TéC:crucibles shdw.about .01 to .1% Ta by weight dissolves ih
 aluminum-in one to two hours heating at 1400 to lSOO“K? Unfortunately,
though liquid aluminum and TaC do not react, the aluminum weﬁs TaC
~very strongly. The TaC crucibies we preépared were soaked through by
aiuminum after an average of two hours heating at 1400YK. That there
was no chemical reaction when: this occurred'Was visually demonstrated
by treatment of the crucibles with dilutevH01° The aluminum dissolved
with evolution of hydrogen leaving the crucible intact and restored -
to its original gold color. |

 Ten effusion runs were:completed for aluminum. PFour in TaC and'
8ix in Be( crucibles. The TaC crucibles acted as their own heating
~element. The BeO crucibles;"which'were about 26 mm high and 18 mm in
‘diameter,.with.2 to 3 mm wéiié, were placed inside a snug fitting Ta.
crucible which served asAa heating element, A series of 0;0254 mm
thickjmolfbdenum spirais surrounded ‘he crucible and a series of
molybdenum disks were set on 1;6 mm pins.below the crucible. This
~arrangement served to decrease heat losses outWérdvand'downward. Heat
losses out the top were resduced by a series of tantalum disks having
raguiarly increasing center holes éo}that an unobstructed cone was
available for escape of gluminuvaapor. The topmost of these disks

served as-a collimator to determine the geometry ¢f the beam collected
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On thin platinum plates placed 18 to 25 mm above the collimator. The
col%ector.plates were. supported by a water-cooled copper holder.
Aluminum was allowed to escape from the c¢rucible intoc the cone formed
bv the colllmator through a kniiewedged hole in the crucible lido
‘The crucibles and shieldings were supported inside a zircon
Cﬁueible placed inside a.water—cooled pyrex tube. Pressures thfoughw
out the runs were always lower than 1'x 104 mm and averagedkabeut
4-5 x 10~ M. Pressures were read on both a Philips gauge and an
Tonization gaﬁge whose readings agreed to twenty percent in this
"range, and whose calibrations were checked several times against a
: McLeod gauge;~ _

_ Temperaturesvinside the crucibles were‘vead with an optieal:
pvrometer s1ghted on the effusion hole through a 4.8 mm hele in the
colleetor plate. Two pvrometersg one of which had been nalibra*ed by
the Bureau>0f Standardsg were checked against each other. Their rela-
tive readings did not change during the course of this researuh.

'The'effusion'hOIes used were of two sizes--about 502-mmvdiameteﬁ-'
and‘about‘lae mm diameter. To be certain that the holes gave black.
.5edy;conditionss we heated four small molybdenum ¢rucibies in. the same
'tubes used fer our effusion experiments. One cruci le was open} the
Other three had lids with hole™s 31aes of 2, 2 1,6, and 1.0 mm diamotero
The open crucible gave lower temperatures than the cthers,: buu the
- temperatures of the other three crucibles,; when corrected for differ-
ences In 1id surface temperatures, gave ident ical temperature. redﬁi g
‘ a%.14009 1700 and 1950°K. Johnston and Marshall(Gb cbserved a
.témperature 20 degrees lower in a 1.8 mm diametef hole at 160()o than
'observed-ineoﬁaand'1°2 mm holes, HoweVer the ?ples in their expsri-

ment‘correspOnded to tiny open crucibles, rather than to small fractions
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of the 1id area as in our experiment. Their results\and curs,
therefore, are not.discordant. N o &

The transmission of_the windeWS_was detefminede The correétiops
- amount to 10412° at the temperatures employed for aluminum va por
pressure measurements. The windowé'were protscted from the effusing
aluninum by the collector except for the 4.76 mm hole through the
collecter. They were further protected by an iron plate when tempera-
. ture feedings were not being made, and they were frequently cleaned.

}_The apparent temperatures of the upper surfaces of the crucible

1id§ werevusuelly about. twenty degress below that ¢f the holes. Since
the 1id suffaces were not black bodies, the actual temperature
differeﬁces'sheuld be smaller. One Be0 1id weighed after consecutive
runs showed a‘uniform increase in weight due to the ccllection of
aluminum droplets on the under surface. From the increase in weight
of the'iid_We calculate that the temperature of the inside 1id surface
‘was only 4-degfees lower than that of the aluminum‘melt even though
the.cbserved temperature of the upper lid surface was 229 lower.

Tempera ture reaaings were made at two or thrse ﬁinute intervals
£ill equilibrium was established aftef which the readings were made
at five to ten minute intervals for the duration of the run. The
_flﬁetuetions from the mean temperature at eguilibrium were only rarely
“over five~degrees and probably averaged two to three degrees. The
temperature'pf each run was obtained, therefore, by averaging the
temperatures read, at. fairly regular intervales after squilibrium was
sstablished and applying window and pyrometer corrections to this
average value, The byrometer correction rangsd from 0 to 3°.

End corrsctions for vaporization during.the rise in temperature
‘to the equilibrium value and during ccoling after the run were applied.

These corrections varied from 2 to 12 percent. Uncertainty in the
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effectlve ﬁime at the eQuilibrium temperétﬁre'after end corrections
were made is less than 2 percent for all runs.

The aluﬁinum employed for dqr experiments was 99099% pure.
Berause the Alfsoakedlthrough'the:TaC crucibiess it was pecessary to.
" make sdme of'oﬁr‘ruﬁs With aluminum which had not been previcusly
he «ted to drive off volatile impurities, but a sﬁectr@sccpig examing -
'ﬁion ¢f such a collection showed only .1 to 1% ng about’ .01% Fe,

'and'léss.thaﬁ «01% of either Bi or Si., X-ray exaﬁimation showed Al

'aé the principal phase with a very weak second phase, probably an cxlde,
wﬁiéﬁ'eouldlnot be identifiedo Since the amcunt of Al woilected was
*determ;ned by analysis, volati;ization c¢f impuri tie@ bﬂQuid not
¢n1¢uenue our results.

Tue an&lysis was done colorimetrically using the ZWOQZ band of
the aluminv =-ferron complex9 a method suggested by Davenpart(?’, The
aﬂélysis differed from that used by Davenpart enly in that we used a
pH of 4.7 instead of 5.0

The platinum colleétienvplatesg whiich were previcusly heated in
nitric acid and then flamed, were weighed to .1 mg before and after
‘each fuho The aluminum was then dlssolved from the plates with warm
1.2 ﬁ HC1 ., Severai of the plates were reweighed after:this»treatment
and féund to have the same weight as the cleaned plate befcre the run.

5 ml

[

Samples were di;uted to exactly 200 ml and kept at pH I - 2 till
vportions could be taken for analyses. The welght of aluminun in -

| thesé portions was determined from a calibratiocn curve made from
sélutions of ¥mown aluminum strength. The known sclutions wéye given
identical treatment to that of the unkncwn. Readings were made in
éuarté one centimeter cells in a Beckman Speetréphbtometer“p ugl ng

1d@ntiualiy prepared aluminum-free scluticus asvblankso Since the

\\
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3700° ‘band ie;dependent'on‘pﬁ,'the pH'wae checked for each buffered
sample solution with ‘a Beckman pH meter. |

The stock solutlons required for the analysis remained stable
over the two month period in which they were in use. Fresh blanks were
made up da11y9 nownvor, and known solutions were run each time a new
series of analysis was begun to check the validity of the calibration
curve. :Thejvisible speetra of both known and unknown solutions were
scanned in diéefy:spectPOphotometEr Eo demonstrate that the absorption
observed Was in each qasn due to the aluminum~=ferron complex. The

probable error in analysis was five percent,

Shields used in the heatings were degassed several nundred degrees
abo#e the’tehperatures at which the effusion runs were made. The
tanualum shlelds above the cruc1ble were degassed after every second
cr thlrd effusion run at 2300 to 2500°K. Heatings were made 1mmediately
after most of the effu81on runs with empty crucibles substituted for
 those conta;ning-aluminumo The coxlections-then cbtained were from
10 to ZO%Xoffthe weight of the collection in the preceeding. runs, the
higher percentages appearing when smaller hoLes had been used in the
effusion’ necnssitating longer runs- or higher temperatures to collect
a given weight of aluminum for a_nalysis° Twoe blanks were analyzed.,

Oﬁe showed 9,9% of the aluminum,collected in an equivalent time 1in
the'effusionfrun immedlately preceeding, the»Other 6.7%. The vapor

| pressures eaiculaped.were accordingly;all.reduced by 8% to correct for
~collection of alg@inuﬁ from random’ sources.

B. Data end\Thermodynamic Calculations

. Table I lists the essential data aﬁd outlines the calculation

~of vapor pressures from our data for aluminum. The percentage of the

total beam leaving a point source which strikes a concentrically



TaC

TaC ‘

TaC
TaC
BeO
BeO
BeO
BeO
Be0

Be0

0842
L0842

.0194 -

.0194
.0834
L0814

L0814
. 0228
¢0228

. 0228

-~

.« Experimental Vapor Pressures for Aluminﬁm.. L

. 0620

.0634
.0632
. 0632
. 0650

L0647

. 0650
. 0650
L0648
. 0647

¢ f

1383

1391

12T

1460

1410

1412
1419
1420

VT

1468

Table I

Container Hole-Areé (em2) - Effective sina T°K  Time in Minutes

80

93
125

45

6.5

106
136
168.5
127.5
83.5

Wb, Aluminum

~collected {mg) Pressure . Vapor Pressure
.60 - 362 x 19-6-“l3,43 x 1076
.909 3.14 x 1070 2,89 x 107°
1,120 1.9 x 107 1.82 x 1075
772 3.8, x 10 3.63 x 1075
408 3,10 x 107° 2,85 x 1076
.648 3.16 x 100 2.91 x 107
960 3.62 x 1076 3.33 x 10°6
572 6.21 x 107 5,71 x 107
.392 5.71 x 107 5.25 x 107°
420 9.5 x 107 8.69 x 1076

;(atmOSpheres)

Vapor’

Correéted

- 25%~-Tdon

T~
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placed COllimating hole is proportional to the square of the sine of
the angle a whose tangent is the radius of the collimating hole divided

by the perpendicular distance from -the p01nt source to the plane of

' the collimator. The third line of our table lists-effective sinZa,

that is sinZc corrected for the loss of aluminum through the 4.8 mm

nole in the center of the platinum collection plate. The weights

listed in;coiumn 6 are those obtained from our colorimetric analysis.
These weights collected, when dividsd by the effective sinfa give the

,tota%}weight loss to be expected through a hole of the given area.

The pressures listed in the next column can then be calculated from

the effusion equation.

g : 2un) /2 S
o p = e - (2)

v 44 .38 a.t -
wherefp“isvthe pressure in atmospheres of the species of molecular
weightiM and z 1is the number of moles effusing out of the crucible in
£ seconds through a hole of area a cmz. The hcle should be knife
edged if the equation is to be exact. The final column of corrected
vapor pressures was obtained from the precending column by applying
an eight percent correctlon for aluminum collected from random sources

as noted above, -

Table II outlines the calculatlon of AH298 from our experimental

‘results and-calorimetric and spectroscoplic data from other sources.

o — ) . ' o
The _AF 2H39g functions were obtained from combining the low

| T o . ,
temperature calorimetric results of Giauque and Meads (8!

s recent tables
of the high temperature heat content and entropy for solid and iiquid
aluminum,compiled by Kelley(9)9 and the tables of heat contents and

:entropies for the’gaseous.elementS'cOmpiled by Brewer(lO). The final

column of this table lists the values obtained for Aﬂggs of sublimation’



Céntainer Hole Area (em?) TK  06rrected Pressures

TaC

TaC

TaC

"TaC
BeO

BeO

BeQ.

BeC

Bel

" BeO

. 0842

L0842

. 019/
0194

. 0814 -

.0814

L0814

.0228

. 0228

<8

Calculations of pH

1391

1427.
1460
',1410

a2
1419
1420
1451
1468

298

3,43 x 107°

2.89 x 10~®

‘ 1.82 x‘10-5

3.63 x 1077
2.85 x 1076
2,91 x 1076
3.331x 1076

5,71 x 1076

5,25 x 1070
8,69 x 10’§

Table II-

for Sublimation of
-Log P A§f~
5,465 25.00
5.539 25,34
-4.740 21.69
4452 20,37
5,545 25,737
5,536 25,33
5,478 25.06
5,243 23.99
5,280 24.16
5,061 23,15

Aluminum,

AF°-bHoog  BHSGg

°360.53

-30,52
=30, 44
~30. 36
=30.48
~30,47
-30646
~30,45
=30, 38
- 30, 34

T
55,53
155,86

52,13

50,73

55.85

55,80
55,52
544l
54454
53,49

Average

R

’AH298

17680
77,70
T4:39

14,07

78,75
78,79
78.78
77.30
19.13
78,52

TT.42 £ 1,41
" keals,
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_(1n K° cal ) by combining these data with our experimental Vapor

pressure determinations° All of our runs are 1ncluded in the table.

The average value for AHggé for the effu31ons from TaC crucibles
is 75.593 from Beo, 78.36, The AHggé values obtained from BeO crucibles
appear to be independent of hole sizeg the values frOm TaC appear to
depend on the hole size. The absolute magnltudes of our temperature

de erminations are probably good to ts degreesg but the relative

values of the temperaturns determined in different runs should be

consiétentxto 4 degrees, which is equivalent to .14 K; cal. deviation

in the heats of sublimation° A ten percent error in the weight of.

' samnle collected, area of effusion hole used; or time of run would

proﬂuce a .3 K. cal. error in the h°at of sublimationo We would eXpect
agreement of our AH298 values to within °8 Ko calo It sSeems p0331ble
that lower Values for the heat of sublimation and higher vapor pres—
sures were obtained from the TaC cru01blns because of aluhinum soaking

througn fine cracks in the Tac 1ids and vapori21ng from the lid sur—

face into the cone of the collimator. The geometry of our apparatus

is such that only aluminum from a 6.36 mm diameter circle, which

includeS-the effu31on hole itself, could strike the oollector plate.
This source. of error could not be compensated'for by-the blanks we
ran since 1t was, of course; necessary to replace?the effusion uessel
and 1id by a clean vessel and 1id for the blank runs to eliminate
normal effusion from the effusion hole. A small amount of aluminum
could be seen'to‘have soaked through the lids. Since the laréer
effusion holes left less 1id surface in this critical area in the
gffusion cone, louer.vapor pressures would be found with the larger
holes. The validity of this interpretation is uncertain, however,

so it seems best to give equal weight to all determinations.
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‘Since,agregment of'the-AHggé values was obtained when the area
of thebholes.inuBgo erucibles varied by abproximately a factor of four,
we can cbnclude that ‘the accommodation éoefficieﬂt for-aluminum@within
the*cﬁueible is at least as large as the ratio of hole"-size to internal
surfaée area of the crucibles, .about 2 x 10’5, and our resulté7are'
indspendent of the accommodation coefficient. From comparing the
 weigﬁt léss-of a crucible to the'wéight of aluminum collected on =
platinﬁm plate above’the<crucible we calculate_an'adcommodation
coefficient for aluminum on the plate of 1.29, within experimental .
erfbr of unity. - |
ViAveraéing‘oﬁp‘teh determinations and finding the mean deViatidn'
Wé‘ebtain 77,42 £ 1,41 K. cal, for the heat of sublimation of alumirum
at 298;16“K°~ Determinations by Baur and Brumer{(11) using spinell
coﬁtainefss.give'a-value'of 74;97 Ko cal, Farkas'(lg)vsingle dater+
mination at .1476°K., by effusion through a 4.2 mm hole from porcelain
gives 77.83. It is difficult to estimate the probable error for either

investigation. -
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2e Aluminum Oxide,

‘f-A;i4Exper1mental

The'ﬁapér pressure‘for aluminum oxide was detsrmined by.the same
experimental methods as those used for aluminum. Considerably higher
i‘temperatures.had to be employed, of course,. in order to collect
analyzable amounts of aluvminum from the oxide effusions. The tempera-
tures usnd ranged from 2309 to 2605 Ke -

A survey of available thermodynamic data indicated that the best
containers for ligquid Algoz.wpuld-probably be molybdenum, tungsten,
‘and’ rhenium, with molybdenum the‘pobrest of the thfée because of‘its
~jﬁighefrvapor preSsure. Materials actually tested as containeré f&r
7aiumihum'oxide were tantalum, molybdenum,,tunggyén,-zirconium carbide,
tantalum carbide, and TaSi, | ' |

“As’ predicted by available thermodynamic data, the carbides reacted
-markedly'with:Alzow at’temperatures several hundred degrees below ths |
A1203 mel ting point., Alumina reacted strongly with ZrC at 2150°K.
-'After fiVe minutes at this temperature, X-ray analysis revsaled Zr02
in the*cnucible;with lesser amounts of unreacted ZrC and A1203.
Complateiy plugging the 1/4" diameter hole through a‘radiatlon shield
aboVé”the;crucible was a sublimate consisting of metallic droplets
andwgrey:pbwder..teray analysis of this. sublimate revealed Al, Aly0g
and a weaker thirdvphése not identified. The reaction probably was .
BALg05 +.22ZrC = BAl50(g) + 2C0(g) + 2Zr0s, with the Al,0 dispropor-
tionating: upon dondensatioﬁ; Tantalum carbide reacted similarly. The
tantalum carbide is first reduced .to TagC and then to tantalum. Whext
all the carbon has volatilized as CO, the tantalun metal begins to
react with the Al50; to produce an unknown solid phése, probably afé4

lower tantalum. oxide or a mixed tantalum and aluminum oxide.
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A1203 heated in TaSix gave the same unknown solid phase found
when‘tanfalum metel'was heated with Alzos._ & |

Algog heated in molybdenum or tungsten for several hours from
flOO to 300 degrees above its melting point .shows Less *han olﬁ by
weight of either metal. Accordingly these metals were used for all
our effusion runs, Our earller work was done in molybdenum because
molybdenum4crucibles and 1lds are easier to fabricate tnan tungsten.
Spectfoscopic results indicated9 however, that the samples collected
from effusion runs in molybdenum.containea weights of molybdenum
comparable to that of 412930 It would have been experimentally'
difficult to establish.whether the alumina ccllected was effused
~independent of the molybdenum or as the result_of reaction_which pro-
duced veolatlle suboxides of both aluminum and molybdenume Aeeordihglyp
we changed to tungsten for our later studiss. Effusion from tungsten
appears ‘to be definitely established as independent of reactlon with
the container, so that a check of our reeults with a different con=-
tainer material is unnecessary.

As with the aluminum effusion studies, pressu;es were maintained
lower than 10~% mm throughout each effusion run, averaging about
5 x 10™° mm. Effusion 1lids wers made by stretching cver a tungsten
plate a .025 mn thick tungsten sheet through which a 1.6 to 3.2;mm
diameter hole had been drilled. A concentric €.4 mm hole was @r;lled
through the plate. The region of the .025_mm sheet immediately.
around the hole which was not backed by the tungsten piate gave,
apparent temperature readings as much as 200 degrees below the temper—
ature of the inside of the crucible. A noticeable amount of alumlna
would condense on the inside surface of the sheet in this reglon daring

the course of the higher temperature runs. The porti@n of the sleet
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ba ked by tke tungsten plate remained perfectly rlean. The low
'Pmmne*ature area ‘was too smal l to 1nfluence our measured vapcr pres—
su;gsn’ o CPoEE e e
| Win w oonrections amounted to 25 to 30 degrees.‘ The nindows

¢

‘wene pnctected as in the alumlnum runs. The effective temperature of

¥’

cas ntlun We s obtained as before. Uncertainty in measuring the time
tfvtke TUNs was LeSc than two pe"cent. Uncertainty in temperature
mess ;xement< is about 10° on an absolute basis, but unnertalnty in

wper t res 1is probably only 5°

"1
&3
ot
. } e
C ot
@
(D

‘t£ﬁ§5£en s‘ielding was used at the 31des and below thercrucible
'*o redlcc neat losb{ and tantalum shield ng and collimatlon was again
eed abrre the crucibleo To reduce contamlnation of the collection
platea hy substances vaporizing off the tantalum snields, these
'Bhlcié‘ were degassed at 2500 £o 2600 ¢ and two or thnee ‘runs were |
Vné'- t pwogressively lowered tempenatures with a blanx run after'
Teaen cffu>ion rin. The khieldsvwene then degassed and a smmilar

Senie 'l peatedo The blanks averaged ten to twelve percent of the

aamples collec-eda Thev were not analyzed and no conrections were -

i

7v applied for them since weignt losses from the empty tungsten crucibles

* l

;;”well as from the shields appean to account for most of the blanks.
Analysis of the collection plates for alum*num was complicated
“v.tne 1nsolubility of the aluminum oxide collected and by the pre-
sence of unknown amounts of tungsten on the plates. Spectroscopic
analysis by di“ect sparking of the plates showed 1-10% by weight of
Nuoth tungsten ‘and aluminum. This meant that on a molar basis the
nntic cf aluminum to tungsten might be anything between .7 and 100.

The most satisfactory wav to dlSSOlVe the sanples from the

platinum was to fuse the collector plates in potassium pvrosulfate
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for from thirty to sixty minutes in platinum dishes. The fusion

product was then dissolved in concentrated HC1l and evaporated to

-, Gryness. Water was then added and the dishes heated to redissolve

the samples. Most of any tungsten present precipitated as WO in

' the .resulting hot dilute acid solution. The samples were next dlluted

to 26@ ml and 5 ml samples were submitted to colorimetric analysis
for aluminum,. |

- Samples with kmown weiéhts'Of aluminum and\tungéteﬁ were run
through this scheme of analysis to.obtain & new calibration/Curvéo
It appeared that ail but about .5 mg of tungsﬁen was precipitated
during digestion with dilute acld. A known alumimm solution cone |
tainipg excess tungsten gave a point falling on the calibration cﬁrve
prepared usiﬁg lesser amounts of tungsteh, Dissolﬁed.platinum either

14 not interfere with the analysis or was sufficiently dqnétént'that

- 1ts effect cancelled out. "Each known and unknown solution was scanned

across 1ts visible spectrum by a Cary Recording Spectrophotometer.
Thé.épectra were identical in:form; Readings of IO/I wéfe agéin made
with a Beckman~Spectrbphotometef.: The aluminum found averaged 45%
Ej’weight of the sample collected. Therefore the maximum possible
molal ratio of tungsteh‘collected to aluminum collected was 1/5. The
true;ratio must be even émalief since oxygen must représent a good
portion of the remaining ﬁeight of collection. Unfortunately, sub-
limates'Often give Vefy poor X—ray‘pictures and no'phases'were' '

identified from the collectér plates. The collections were definite-

- 1y not Al or W, and they did not appéér tolcdntain Gy B or'YwAlgogs

W05, or WOg.

Most of thse analyseslwere made using half of a collector plate -

because samples were needed for other tests and bscause whole plates
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were more difficult to handle in the fusions. Analyses made on

different halves of the same olate differed by about twenty-five

- e cento The gnalysis was considerably less accurate than that for

the aluminum_eﬁfu31ons because of the foreign ions present and the

necessity of fusing the samples.

B, Data and Thermodynamic Calculations.

The data and calculations employed in determining vapor pres-
suree'fhr Alaos'are summarized in Table III. The vapor pressures
1iatea in the final nolumn of the table are the vapor pressures for
ALO caleulated on the assumption that Als0s liquid vaporizes by the
reactieon A1505(1) = 2810(g) +_O(g). The reasons for this assumption
will be discussed later. That the accommodation coefficient inside
eur‘cﬁueibleé was at least as,large“aslthe ratio of our hole areas to
intericrlarea-ef the erucible is demonstrated by the agreement in
posititn of the lines formed by the plotting vapor pressures deter-
mined: wmth holes varied by a- factor of four in area. That the

aeeommoaation coefficient on the collector plate was essentially

'unltyg desplte the fact that this plate wa s itself heated to at least
 800°K is demonstrated by the fact that the total weight of sample

-collectea on the plate was about l.1 times the welght eXpected from

weight 1oss by the crucibleo
Treatment of the vapor pressure data by use of a sigma plot and

by use of (AF-=aHpgq)/T tables gives heats agreeing within 10 keals.

or 2%, which is well within experimental uncertainty. Table IV gives

the results ef the AHggq calculations using (AF&AHZQS)/T values. The

neeeesary entropy and high temperature heat content data were obtained

' from'Kelleyfg) for Al,0z, from theﬂﬂatibnal Bureau of Standards

. 2y '
Tablesclég for 0 gasz and from Ward and Hussey(14)'for Al10 gas. In



Hole Area (ome)

.0791
. 0791
0791
L0791

0791

L0791

. 0791

.0198

.0198

- 0198
- (198

o -

Experimental Vapor Pressures

2309

Effective sin® T°K
<0631
0575 2325
0576 2370
. 0631 2393
- 0567 2399
0631 2459
L0575 2478
- 0564, 2487
,0564 2545
<0631 2565
0631 2605

P s
0 2vixm

(B

Table III

Time in'Minutes
137.0
1540
129.5
118.0

63,0
71.0
50.5
84e5
6245
6305
63,0

) (42497 T:rl/2

A10 " btio 38 acm. ° tseco_

V16

=

4

-

for Al O

Wto Aluminum
Collected (mg)

1.33
1.6/

2021

1035
2.96
2.96
1.88
3405
1,60
3.23

'See equation 2

e

* Ppyg and K = ( Alo) (Py) = 00305 Pi1o

‘Vapor Pressure

(as 410)

(atﬂh )

8,70 x 107

1.03 x
1066 X
1&68 x

2.15 %

X _30‘78 X

5.81 x
.10 x
200 x
1.29 x
1.91 x

105

10-3
1072
107
1077
107>
1075
10°%
1074

107%

265=-THon

mZZm



Table IV

Calfulation% of: AH 8 ion AizD (55 1) = gAiufg) - Oan

29

_ gg:
ST

7181
;170,81 ’
67:95
67.90
66041
63.07
- 60.50
57.82
;53.11
55074
53438

T o
12409 o 196°?
Ca2s 0 igss
SEVS R 192.2
<1241 1920
S eiz4el . 19005,
237, 186.8
12305 U 184.0
§:=1é3.414 L 181
2300 176a
>=12éw9" : | _?3178.6

L1228 17602

A1'03(s) = 2010(g) + O(g), AH298!= 456,000 calories

ALzo (1, = 2410(g) * O(g), AF,

= 443,000 + 27,6 T 1log T = 212 T calories

Ave 97 '

459

457
259
456
451
448
458

J 2\2
456 kecalse
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view of the difficult experimental conditions at these high tempera-

tures, the heat obtained from the AF value° together with AS or

(AR AH298)/T values is considered more roliable than the value _ |
_cbtained from a sigma plot° |
Thus we obtain for Alzo (l) = 2A10(g) + O(g) f %,

AF° 443 OOO + 12T lnT - 212T
’ The uncertainty of AF is about t4 kilocalories, The Aﬁggé values in
vTable'lV show an average deviation from the mean of X3 kilocalories |
even though they.show some scatter as well as trend., However the‘
- scatter and-trend are within experimental error.

The only recent experimental determinations of the vapor pres—
sures and heat of vaporization for A1203 available with which our
‘results can be compared are those of Ruff and Konschak(ls) These
authors, however, made their determinations from tantalum crucibles,
| which we have found react with aluminum strongly to giVe volatile
reaction products as discussed earlier in this sectiono 'Their work
cannot be given any weight in deciding the volatility of pure alumi-=
nun oxide. The vapor pressures calculated from the effu31on equation
that.we have employed are dependent on the mclecuiar Weights that ‘we
use. Since our analysis shows only the number of moles of aluminumv
_present regardless of the phase state of trat aluminumg the weight
we substitute into our eouation also depends on the gaseous species
we think the aluminum effused as. The uncertainty of the equation |
due to these two causes partially cancels 50 that our calculatsd
vapor pressures vary as the square=root of the molecular weight we
employ. This uncertainty is only about a factor of two in vapor

pressure for any reasonable Spe ies we could chooseo

The A1203 vapor pressure data will be discussed further in the-

next section where'the aluminum oxide species are discussed.
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3y -Alunihum- and Aluminum-Oxide.

To properly evaluate the vapor pressure determinations of A1203
‘which were described in the 1ast section, it is necessary to know thev
stable gaseous species of the aluminum- oxygen system. The possible

reactlons taking place during the vaporization of A1203 are the

following:
AL,0,(1) = ALyoglg) . @)
A1,05(1) = 2al(g) + Bote) 0 (2)
A1504(1) = 2al0(g) + olg) | (3)
ALy0g(1) = Algoglg) + olg) (&)
A1,05(1) = Alo0(g) + 20(g) (5

Because  of thefverj,low vapor pressure of Al,04 eveniet.very high
temperatures, the conventional methogs,of determining species such
ﬁge_Vapor density determinations,ielectron diffraction meaeurements,
eepc.;ere not‘suitablee._One'possible method would be the determina-
tion .of the volatility of Alg0O,.in gaseous streams of,verying
hpreseqresuof,alnminum metel gas. . If the Alj0, vaporizes according
to.equatjong(l),;tne,yolatility.of;Algbs would be unaffected by the.
:presence of Alwa\lfetnewveporization proceeds according to equation
(2), the presence of Al would greatly diminish the volatility of
Alo0ge .Iflsuboxides‘aremimportent as indicated by equations (&) to
(5), the increased reducing conditions in the presence of Al metal
ﬂwonld.increase:the volatility of A1203. ‘if,increased volatility is
observed;indiceting suboxides, the possible suboxides could be
-distingulshed from the variationxpf the voletility of Aly0z upon
varying .the Al,parpialgpressure.v;This method was successfully used

(16)

by Brewer and Lofgren to determine the gaseous species of the
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copper=chlorine System and would .appear .to be promising in this caseo.
Thus if ‘the aluminum gas were passed SlOle enough over the A1205

. 8o as to obtain equilibrium with_respect to possible reactions,such as

Al(g) + Alo0,(s) = 3Alo(g) | (e
) 41(g) + Aly0g(s) = Balgolg) = o
“2A1(g) + 2A1505(s) = 5A1202(g) | S (8)7'

;then the weight of A1203 required to saturate a given volume of gas |
'_would vary with Pi{z if reaction (6) predominatesg with P§£3 if .
reaction (7) predominate39 and with P2/3 if resction (8)lpr_edominates°
vUnfortunately a ma jor difficulty to carrying out the-proposed~
‘experiment 13 the lack-of a suitable container for holding-the’alumim
-num vapor and Alzoso No satisfactory materials could. be found wnich
'would allow ‘the eXperiment to be carried out in a straightforward

(16) for the copperwchloride'

manner as was done by Brewer and Lofgren
system. However the following substitute experiment was devised
.which it is believed gives one the desired d&t&ov o ‘
Alumina crucibles of exceptionally high purity wers aVailableo,vv
’Spectroscopic analysis of these crucibles showed less than ol% Fe, Sig
and Ca, and less than «01% Mg by weight.r Aluminum pieces varying in
weight from .02 to .7 grams were buried in A1203 powaer after the
powder and crucibles had been previously degassed° The crucible then
was heated at temperatures from 1466°K to 1853 °K. . After hsating at
a given temperature for a perilod whose time was recordedg the cruclible
and contents were allowed to co0) and the change in waight nctedog The
crucible and contents were then reheated to approximately the‘same,'

- temperature and the time of heating and weight change again notedo

«”his‘proress was repeated until the weight change produced by a
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'heating dropped down to the background level for weight change of

ﬂruﬂible and. oxlde powder in the ‘absence of :aluminum metal. This
background level was about 1 mge per hour over the temperature range

investigated.

Several seriesuof“heatings.in the region of 1600°K showed weight

.losees whose ratio to weight of aluminum present in the crucible was

Approximately 1.30 to 1.35 at the time that the rate of welght loss

dPOppad‘tO the.low'backgroundvrate'observed in the absence of metal,:

Samples of the sublimate produced by these heatlngs were collected

and submi*ted to anay and soectroscopic ‘analysis. The spectroscopic

,enalyses showed less than .17 by Neight of Be and Fe; less than .017

by Weight of .Co, Cr, Mg,‘MngnNi, Si, Ta, and W, and about 1% by weight

of Mo (theishielding material). ‘X-ray analysis showed aluminum metal

and a eeCond weaker phase which could not bedenalyzed..F

.. Since the-vapor pressure of A1203~isvfar,too.low at the tempera-

tures employed in these experiments to explain the weight 1oeses

observed in excess of the metal present, since the ratiosvof'Weight

'loss‘£0valuminum present 1in the crucible was independent of the weight

df'metal»previouelyfeffused from"the crucible, and since no major

impupity could be-detected in .the sublimates produced, we conclude

that the’extne'volatility observed must be due to reaction of the

v'aluminumnmetal.with-the oxide to_produce_a volatile gaseous.eub-oxide

of aluminum.-

There is other evidenc¢e for formation: of geeeous lower valence

~ state aluminum compounds. - Several .unipositive aluminnmlcompounds have.

previously been reported. ‘A1F<wes;reporﬁed in 1943‘17),‘1ater orie
(19)

article reported Alzs'and;Alzse(IS)sand another article feported

AiCl, AlBr, and AlT. All these compounds appear to be stable onlyvin
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the :vepor phase, The“prbductipn of A10 was clmimed in patent

literature in 1943 by E. Zintl, W. Krings, and W. Brauning&zo)o:-No

detalils of their workIWerexaVaiLable'tO‘uso o

The results obtained upon heating aluninum with aiuminum cxide
clearly-iﬁdiéateathe éxistence 0ﬂ1an~a1uminum»qxide‘gaseous,Species-
of oxidation number less than. three. Now we must determine whether :
this species is of any importance -when 81,50, is vaporized alons.
Eqﬁations (1) tb,(s) gi?en’above_show'the possibie véporization resc~.
tlons for Alo0z¢ We can definitely exclude-reactioh (2) bj using
the heat. of formgtion of-Aléo5 determined by,sﬁyder'and 8e13(21)
togethéf'with.the‘entrbpy data'gnd heat content data;givep by -
Kelley(g)gaand the heat ofAsublim&tion;of alumigum given heré to

calculate the. equilibrium constant for reaction (2). The results as

‘indicated in Fig: 1 are much lower than the obServed.vaper'p:éSaure

of Alp0z and ﬁhﬁ.eXperimental uncertaintles in the heat of formation
of Aléoz and .the vapor: pressure data afe’not large enough to.allow
pOSSible consideration of decomposition to the atoms as the process
for vaporization of Al;0go | _
sWGigan.also.excludé reaction (1) which indicates that AlgOg

'Vaporizes:undecompbsed.‘~If one makes a sigma plot of the Alo0p vapor

pressure data on the assumption of;Algoz(g)'as the species,. one obtains
an abnormally high ‘entropy of wvaporization of around 67 e.u. compared.

to thé expected value of 25Ht0{30_e;u._,Thus-k1203(g).can"be-éxc1uded .

‘28 8 possible species and A1203,mu5t»definitelyvvapofize»by decomposgi-

tion to an oxide of lower: oxidation number. It is not possible from

.entropy considerations alone to distinguish amohg reactiqns,(sl.tp (5)

since the entropies per mole of gaseous.species vaporized are too
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estimating the ehtropies of Alzd and A1202, and the_expefimental '
uncertainty of the vaporization deta, although we will be abie to

- draw cdnclusions from the entropy effect in the Al - Alzo3 system as
“will be noted below. - | |
- However, we must cheek to determine if the same oxide species

is of importance when Algoz vapefizes'as when Al and Aly0, are heated
together. To determine this, we must use our data for the volaﬁility'
of Aly0, in the presence of Al gas to fix the Ehermddﬁnsmic:properties
of the sub-oxide species invdlved’and‘then we must ealeulate its
contribution under the conditions of VAperiZing‘Algog by itself,

This can be dons by calculating equiiibrium'eonstants_ffem the
expefimental'fesulﬁs for the Al = Alg0, heatings on the assumption of"
each of the possible geseoue Species."Thus we can calculate the
thermodynamic preperties'ef Al,0, Al0, and then Aly0, assuming in
each\case a different'mein specles. From these resulﬁs,‘oﬁe can
. éalculate constants for resctions (3) to (5) snd'compere these'With
the observed volatility of7A1203.'—As'will be done in detailvbelow,“
1t 1is quite easy to show ‘that the main sub-oxide Species of the
Ai - A1203 experiments can not be the main species when Alo04 1s
heated alone, The change»in‘stability upon.changing the Al partial-
pressure would be such as to'prevent explenation ef both sets of data
on the assumption of the same Species. - ' )

The next step 1s to attempt to fix the mai; Species in each
case. . As pointed outlabove, it would be_p0331b1e ;o fix the species
in the Al - A1,0, experiments'if it'were'possiELe to determine the
dependence of Al50, Voiatility upon _the. Al partial.pressure._ Because
of Tefractory limitations, it would hot be possible to determine this

in a straight-forward manner, but it is believed that sufficient data
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Tt ¥ 2 be«p rbta*ned bv the method used to obtaln an idna of the pzes=
sure’ dependen@eo _
_ Zi fiud CUEG : ci that whab aluminum netal was co ed with =
&;Lmlﬂhm cxide powder and heated to 1300 = IGOOQKOQ the metal did not
“wet ths ox1oe oowder and soak up into the pOPSSo' Inbteadg the metal
ail remalnea &5 a’ liqu;d pelow the oxide covering and the vapor121ng :
sluminum passed up through the oxide as a gaso' By varying the th;ckm,_
ness and particle size of ﬁhe oxide material, one would expect o
greatiy reﬁdce the sluminum pprtiallpressureAat the poiﬁt of emérgence
from the oxide soveriﬁg or tgg_last'ﬁdint of contact betwéeﬁvthe'vapor
&nj.thé exidég It‘Was-iﬁdsed found thaﬁ the rate of escape cf alumi~
num metal vapor could bg.decreased a hundred lclé by several cent ia
meters of powder. It ﬁas found that Bel and Al,0g pwwdeps pruduﬁe& 2
pSimilaf reduction in ﬁhe Pﬁte of escape of Al gas. From the obsevved
ate of cape of aluminum, one could roughly caiculate the alumlnum
partiai pressure at the top of the oxide coatingo ALthough the
aluminum p*eﬁaures were varied over a wide Pangog the ratio of oxi d
vaporized to aluminum Vaporized atk a-particular temperature was
relatively'insénsitive to the aluminum partial pressures Tﬁis was
taker. as evidence for the exclusion.of'AlO(gl as a pcééible‘ébecies
under.these-cohditionsg since dne would have expected a»iﬁrge_pveséure
dépendeﬁ@eo_ In additiohb the entropy obtained f6r reaétion (6} bj '
treating the data under the assumption of'Aié(g) diffefed beyond
experimental error from that expected for ALQ(g) Soﬁe typical data
sre given in Table V where the ratio of weight of oxide vapofized to
weight of aluminum. vaporized are given along with the aluminum partisl
pnessureé ca*cuxated from the observed rates of escape of alumlnum
‘?apar and thm assumption of unit accommodaticn uoeffinient for the

»apP0To It was aSSﬂned that the vapor was issuing from holes in the
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: Table V
Pata for the Reaction 4 Al, | # A1.0, = 3 A1,0.
/ 4 (g) 2 3(8) 2

T°K Total whe loss

Time T(min.) Wt. lost in Time T Wt. Al{grams) lost as PAl O/PAI PA%Aat surface

~ Wt. A1 present as metal T (@) . A1, in time T

1466 18 P T S Vo) L0208 | 285 - 240 ¢ 1077
1491 1.20 o196 - L0236 os, 25 1439 - 1077
1501 ; .. o364 k0329 e0R16° 1406 = 1077
1557 s 295 CLomT LT w436 248 ¢ 1077
1609 135 22 2293 Cao . .m3 . 81107
1614 . O 1.30 VR ' P . « R 0198 L 563 1. 2é . 1076 ;
1614 CosT e 30 WO T L eme32 . o T 142 106
1614 - oL 300 GOTAT .- 0393 - L 244,70 1076
1614 0 S300 T a8 0 G0ubh . 2910
1619. 0 132 . 300 049 o - ST.0248 ¢ . 622 - 1.53 « 1076
1624 | . L 60 ' ,1185 40598 T © 1484+ 107
1725 . L2 S (60) 38 54 . 910 49 e 1076
1853 1.65 o (<2o) .- eE851 . . +168 2467 1 >1.66 ¢ 1075

’PA129 B(Moles A12034vaporized) .JQ

Ppy . [Moles Bl - 4(moles A*lzoﬂ 27



UCR£{552'
Lip.QUILaﬁv of the oxide covering which comprised ‘one nalf of the
AT ER &f‘tne,to*aL surface. It 13 obvious that this is a very approx~
et caiaa;at ion of the aluminum partial Qrassure at the surfaceg
Lt 1urtaua+ely in view of the low dependence of the. equilibrium o
constant upcn the a)uminum metal partial pressure, 1t it not necessary
vfo know the siuminum metal partial pressure with gﬂeat accuracyo ‘}n
some cases where the aluminum had completely vaporized during thei'
sxperiment we nave only a lower limit to the P,y and only an upper
rimiv ‘bo the equiliﬁrium constant. |
ﬂTﬁeahnent cf the data on the. assumption of either Peactibns (7)
or (83 Ly & gigma p¢0t treatment gives results which are consistent
W&td e\timatna ﬂntropies in either case., There does not appeear to
be sy way of_distinguishing betwean_A1202 or Al,0 from theidatg sin@e
. théy sre not accurate enough to detect the difference in pressure |
dependenue required or the difference 1in entrOpyﬁnequireqo It should
bevreccgnized‘that the treatment of the data is rather complicated,
eSﬁecially if a very accurate trgatﬁqnt is requiired. For, depehding
upon the speciles, oﬁe will get.more or lessvséparation of Al and thg
gaseuus oxide specles in diffusing through the holes in'the.oxide
coating;and escaping from the surfsce. Also the calculation §f the
agtual'Al and Qgidé‘partial pressures depends}upon the Spééies
shesend Thus if one assunes Al,0(g) as thevspéciesg muchtmogeiof.
the Al must have been used up by reaction with A1,0, as indicated
by resction {(7) than would be the case if»bne_had.éssumed AiO of.
AIQOEL Thus»distinguishihg_between reactions (7) and (8) is not as
clear zut in this‘casé as distinguishiﬁg-siﬁply betﬁeen a 5/4-ana 2
3/2 powder dependence upon the Al partial pressure. The expériménﬁal

and theoretical uncertainties are too large to allow one to make 2
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choide s ‘However, as will be. discussed below, other considerstions
tendﬂto:ihdiCate that the vaporizing dxid¢ species 1s most likely
"Aléﬁawhen~al and Alzoz are heated “together,

"I If one uses the data obtained upon heating Al and Al,0g together
to determine the thermodynamic properties of Alzouor‘Algoz, depending
upon.which one chooses, one can then-calculate the importance of
‘theﬁe’species when one heats Alg0z.alones I1If one ‘does this, one
finds that these specles can nct account f;; the observed volatility
of A1233'as»noted above. This is shown in Fig. 1 where the calculated
partial pressure cf Al,0 over.Algoz is shown based on the thermodyna-
mic data  cbtained for Alé0=from.the mixture experiments at lower
;tempgratuﬁeso. Neither Al,0 nor.Algoé can be used to explaln the
volatility results of both experiments. If we had only two'possib}e
gaseous -species, Als0 and AlQa we would- ncw have fixed the speciesb
in:beth types of volatility experiments$ -since we have shown that
A1;0 will explain the Al = Al,0, éxperiments while A10 will not and
we have demonstrated that the main species must be different in the
TWO experimentsov'Howeverg with Alzoz a8 a posslble specles, we would
hiave to ube tbe following combinations to explain the datan Al50 and
VA;OD A¢202 and AlO, or Algo and A1202o However, if AloQs 1s assumed
uo b§ the main species in either case, one must have to assume extra-

ﬁlnaliiy strong bonding in Alo0, because its complexity, and thus
low entropy per atom compared to simpler molecules, tends to make it
unstable at high temperatures and low pressureso Thus if A1202 is
important, its heat of dissociétion to A10 would have to be as high
as 140 kilocals whicﬁ seems unreasonable for any normal bonding. The
first combination, Alo0 and ALC, is also reasonable since one would

expest a lower oxidation state under the highly reducing conditions
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existing in the pressence of Al metél than under the more oxldizing
conditions existing when cre has pure AlsCzo However, until we know
more about the type of bonding to be expected, we can not conclu-
sively exclude Al-.0s as a species. Taking for the time belng the
reagonahle assumption that Algoz is not of importance, we can now
calculate our results on the basis that Alg0 gas ié the main aluminum
cxide gaseoué'Specias when Al and Alo0g are heated toegether and thab
AlC gas 1s the nain aluminum oxide gaseous Species:when AloCz is
heated alone.

In Table VI, the data cf Table V have been used tc calculate the
equilibrium constant for the reaction 4Al(g) + Aly0g(s) = BAL,C{g!}
and 3 values have been calculated using ACp, = =12 cal/deg e

The data are not too accurate, and examination of the 7 values
shows fthat within experimental error there is nc appreciatlc warisbSion
cf ¥ with tempsrature, which means that AHg is very small. In the

following equaticn AHg‘has been taken as zerc.

=3

4a1(g) + AL 0.(s) = BAlp0(g) (v}

AF® = 27.5T log T - 1127 from data given in Table VI,

Within experimental error there 1is nc change in 2 with temperature
and Aﬁgiis essentially zerc. The uncertainty in AF is £5 kilocslories.
The uncertainty in AH or AS cbtained from this equaticn is &20 kilo-
calories or ilz eolls

2a1(g) + o(g) = Alpxc(g) - (9)

Agog = ~248
The uncertainty in AF is 2 kilocals. and in AH &7 kilccals.

150{1} = 2A10(g) + O(g) | (3)

AFC = 443,000 + 12 T In T - 212T



10g T 2706 10g'T PAIZO/PAI '(PAIZO/PAl)B

3.1661
3.1735
3.1764,
3.1923
3.2066
3.2079
3.2079
3.2079
3.2079
3.2093
3,2106
3.2368
3.2679

87,38
87.59

87.67
88.50
88454
88454

. 88454

8845/,
88,58
88,61
89.34

' 90.19

«285
2325
+325

o436

713
.563
«563

563

563
'w622
622

970

2,67

Calculation of Z =»£%% + T

231
<0343
0343
0829
2362

78
';173
2178
178
o241

o241
2913

19.03

Table VI

Ppy

2.0 x 10°7
1.39 x 1077
1006 % 107
2.8 x 10=7
8.1 x 1077
)

1.22 x 10
la42 x 10=6
2.4 x 1076
2.9 x‘10“6.

1.53 x 1070

1.84 x 1078

(409 X 1Oa6)

K -

C 1.15 x

247 x
3°é4 X
2.9 x
Lol x
1646 x

1.25 X

) 7043 X

6q14 X
1057 X

1-31 X.

(1686 X‘

105)

for AleB(s) + 181 (g) = 341,0(g)’

log K 4575 log K

5,270

(>1.66 x 10°5)  (<1.14 x 10P) <6.057

23.15

2467

25021

25.oé'

25085
23.63

23.32
22028 ’

21.91

23.77

23041
24011

<27.71

Av. 112 cals.

=5

11065
11263
"11209
113.1
11403
11202
111.9
110.8

11065

11263
112.0
11303
<117.9

per degree

266=TaON

ggg_
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This equation warrants a little more discussion. It is based
on the data given in Table.IV where AHpogg = 456 kcals. was calculated

for the reaction Alzos(s) = 2A10(g) + 0(g). The heat of fusion of
(24)

Algos 1s taken as 26 kcals. as given by Kelley » the heat capaclty
of Alp03(l) is taken as 35 cal./deg./mole, and the heat content data
given by Kelley(g) are used for Alg0sz(s). The entropy calculated

(14) was used to calculate

for the 25 state of Al0 by Ward and Hussey
the (F-Hggg)/T values. However, there is a strong likelihood that
the %Z state is not fhe ground state and that a quartet state is the
true ground state and is not observed because of the selection rules.
Additional evlidence that this is so is obtained by comparing the
.spectroscopic data for thé?Z'state of Al0 with the thermodynamic data

given here. One obtains from equation (3)."

Al(g) + o(g) = Alo(g) (10)
AF® = =138 +. 28,3 T

From spectroscopic data, the best evidence indicates that aH for
reaction (10) is AH = 21 kilocalories assuming a 2z ground state
instead of the 127 kilocalories observed here. As pointed out by
»Gaydon(zz),,the great chemical stability of Alzoz(s) and the readiness
with which Al0 bandg are obtained suggested a fairly strong binding
between Al and 0 which appears to contradlect the 21 kiloccalories
value. There is tne possibility that thé,observed predissociation
which fixes the heat at 21 kilocalories is in error. However, even
S0, a linear Birge~-Sponer extrapolation of the vibraticnal levels of
the %E state of AlO would not give a heat greater than 87 kilccalcries.
VThus; it appears very likely that the%Z state ié not the ground state.

If this is the case, the entropies and heat contents used for AlO are
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in efraﬁ due to-the”differing_vibrational spacing and momente of
inertia'fa'beTeXﬁeétedﬂfbﬁ-the two states as well as different
statistical weights for thé glectronic level., However, the differ-
ence to be expected is less than the experimental uncertaiﬁty of our
datéo A sigma plct of the Alzoz:vapor pressure data assuming Al0(g)
gives an entropy wvalue about 5 e.us higher than expected from Ward
and Hussey’s data on.AJLiGE?g but this difference is well within
experimental uncertainties, and the free energy equation given for
reaction {10} is based on the entropy of Al0 given by Ward and Hussey
and the vapor pressures given heréo | |

Baur aﬁd Bfunner(ZS) have reported the existence of a solid subT
cxids 0f_aluminum with_a_composition AIQOB from melting point deter-
minaticnse However, in.vieﬁ éf possible reactions with their graphite
ronbalner, thelr results are somewhat gquestionable., To test the
possibility of exlistence of a sub-oxide, intimate‘mixtures of Al and
Al,04 were heated to temperatures ranging up to 2000°K, and in all
zases, X-ray examination of the mixture showed no new phases. If a
solid-sub-oxide does exist, it either disproportionates at lower
temperatures or it is amorphous. Our preliminary experiments on the
volatility of A1205 in the presence of Al metal appears to indicate
the formation of sclid sub—bxide because of the reduction of the
voiatility of the aluminume. However, further examination showed ne
evidence of reaction and only reduction of volatility because of the
covering by the oxide powder. Similar reductions were cbtained with
Alzos or BeO powders énd are due merely to the decreased pumping
speed of the Al gas through the pores of the powder and the non-
wetting of the powder by the liquid metal. Thus we have obtained no

evidence t¢ confirm Baur and Brunner's observation, but we can nob
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sxelude the possibility of solid oxi@e with a narrow temperabture

range c¢f stability near its meltingvbéint of 2300°K.
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é,iIn'summérﬁ;ﬁggéléfactory materials have been found for containing
aluminumflidul&aﬁndiélﬁﬁfnﬁﬁ S%ldéillqﬁid sepaféﬁel&. The Gépor-pres-
sures of-alumlﬂﬁai;nd"élﬁhihﬂmfbilae‘ﬁéﬁe been determined by an
ﬁ‘effusion method. By use of the vapor pressure data for aluminum to-
"igether with Ehe heat of formation of aluminum oxide and other thermo-
dynamic data, one’ can demonstrate ‘that aluminum oxide does’ not o
vaporize’ by dgcompOsitiqn ‘to’ the‘atoms. By entropy consideratiohs;'
one cen aicluée"fnéfpb551bilitjfth@tIfﬁﬁvépofizesTuﬁdedomﬁosed.: By
heating-a miiﬁuié of aluminum and alwhinum oxide and*abséréing afl
.enhancemehﬁ‘df the aluminum oxidé volatility in the presénce'of'
aluminum, one can demohstraﬁe the existence of gaseous sub=-oxides of
aluminum. However,yangdeterminationnofxthe“heatjof.formaﬁiog;of the
sub-oxide of alumlﬁum.by dotermihatioh of ﬁhe variafion‘of the vola~-
;Htility of Alzoz In the presence of aluminum allows one to demonstrate
’.that the 1mportant Species under these conditions can not be the main

specles when Al,03 vaporizes by itself. Thus there must be two |
separate sub-oxide species of aluminum,

_ Of various possible species, Al0 and Aly0 appear to be the most
‘pfﬁ%able with Alg0, also a possibility. From entropy considera%ions
 éﬁd the variation of the Alo0qg volatility when‘the Al partial pres-
sure is varied, one can eliminate Al0 as the gaseous species in the
Al - Alzo3 mixture. The most reasonable explanation of the available

data is that Al O gas is the main species when Al and A1203 are

. heated together with A1,0 (s) + 4Al(g) = 3A150(g) being the main

reaction, while Al0 gas is the main specles when A120.3 vaporlzes alone
as indicated by the reaction Al,0z(s) = 2a10(g) + o(g)l. It is not
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possible from these data alone to definitely exclude AlgOp gas as a

possible species for elther situation, but bond strength considerations

v

repaer 1t less probables
Assuming that the use of Al,0 and Al0 specles is correct, one

obtains the following heats of formation:
Al(g) + 0(g) = Alo(g), AHpgg = =138 kilocals.
2Al(g) + 0(g) = Al,0(g), AHpgg = =248 kilocals.
The A10 heat does not agree with,the'spectroscOpic AH values of Zi
to 87 kilocals. derived for the 32 state of AlO, but it is quite likely
that the ground state of AlO 1s a quartet state and thus data derived
“or the excited %Z state would not apply to the species studied in a

‘ghemical system where one would have the gas mostly in the ground

gtate,

This work was done under the auspices of the Atomlc fnergy

Commission.



