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By effusion experiments similar to those previously employed in 
11} ... ~ .. ~ 

this laboratory to determine the vapor pressure and heat of sublimation 

of graphite(l)' we'have determined vapor pressures for aluminum and 

for aluminum oxide. We have also investigated vaporization from 

aluminum-aluminum oxide mixtures. Using our data with appropriate 

th.ermociynamic data. from other sources we have ,cpmp~t.~~d .. ~-{1.~?~9.9-Y:I}~;~;>;;,;:· .... ,. 

equations for aluminum gas anc1 aluminum gaseous oxide species at high 
-

temperatures. 

1. 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 these wer~ 

known to form aluminum compounds. We found experimentally that· al,umi­

num attacked Ta, W, and Mo crucibles when heated for one half hou~ at 

l600~K~ The W and Mo crucibles were swollen and crackedJ the Ta cru­

cible was not visibly attacked, but the aluminum melt showed ·.s-5% 

tantalum when analyzed spectroscopically. Rhenium was not tested. 

Of possible oxide containers that could be usee'! for molten aluminum 

at·temperatures of 1400"K. and above, BeO was the only one which could 

v possibly oe satisfactory from consideration of thermoc'lyna:mic data. 

If a reaction did take place with Beo, it would be the following one. 
/. 

2Al (1) +. 4BeO( s) = 3Be(l) + BeO • Al203{ s) •••.•.••••••• ( 1} 

All• phas·es would be at unit· activity except the Be, which vuould be 
. ' ' . ' ~. . . ) : . ~· ~· :' 

dissolved in the molten alu..'r!linum. There -are no the!'modynamic data for 
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BeO•Al203 1 but the data of R.F. Geller, P~J. Yavorsky, BeL. Steierman 

and A.S. Creamer< 2 ), indicate a congruent melting point for BeO•Al203 

just a few degrees above the eutectic temperatures. 

We would estimate for th'e reaction 

Beo(s) + Al 2o3(s) = Becr;A.l2o3(s) , D.F~400 = -3 kilocalories. 

This together with the thermodynamic data given by L. Brewer( 3 ) allows 

on.e, assuming ~Cp = o, to calculate for -the reaction (1), &'~400 ::: -45 

kil.oca.ls. or an activity of lo-2 for Be. From the Al-Be phase d_ie.gram 

'gi,ven by M. Hansen(4), the solubility of solid Be in molten Al at 

1400"K. is around e. mole fraction of 0.5. Since this is near the 

melting point of Be, the activity of Be is S:P,out the same relative to 

either the liquid or solid standard state. Assuming Henry's Law for 

Be in Al liquin, one finally calculates that Al will reduce BeO until 

a mole fraction of 0.005 Be is reached in the molten Ale 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

pected to reduce the.Al activity.appreciably. Even though increasing 

the temperatures a few hundred. degrees would increase the Be mole 

ffaction to 0.01 or even higher, one would expect to have an appreci­

abl~ tempera.ture·range in which o~e_ could work without excessive 

attack on the Beo •. 

After eight hours heating at about 1450uK. spectroscopic 

examination of aluminum in e. BeO crucible shows ol-1% wt. Be. This 

probably means either that the 147 K. cal. heat of formation chosen 

by Brewer( 3 ) is slightly high or that BeO•Al2o3(s) is more stable than 

we have estimated. These results indicate, however, that the value 

of 135 K. cal. for heat of formation of BeO discarded by Brewer(3) is 

not correct, since that value would indicate considerable' reaction 
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Other.materials which might contain aluminum without reacting 

are some of the carbides, silicides$ and borides., Very little is 

known about the silicides and borideso 

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

silicide coated tantalum crucible to 1970°K and found only TaSi
06 

and 

TaSi .. 20 .from x-ray examination indicating the Ta~Al phases are not as 
stable as the Ta-Si phases. Thus tantalum silicides could serve as 

suitable containers for aluminum metal but because the silicon partial 

pressures over the tantalum silicide compounds are not known~ and 

other suitable containers were found we made no effusion runs from 

tantalum silicide containers.. Borides were testedo 

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

·.to be the most stable of the carbides,p it is ver~r high melting, and it 

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

toward aluminum at the temperatures of interesto 

We prepared TaC containers by packing in graphite powder tantalum· 

crucibles 38 mm high, 18 mm in diameter.? about .6 mm walls and hea tirtg 

the crucibles and g:raphite for from 3-8 hours at 2550-2800uK in the 

induction furnace used in all the heatings reported here and described 

by Brewerp Bromley 9 Gilles 9 and Lofgren( 5 ) .. 

The Ta crucibles and graphite powder were packed tightly inside 

a 1" diameter graphite crucible which served as a heating element and 

this crucible was in turn packed in porous carbon insulation inside a 

zircon crucible 6rc high and 2 l/2" in diameter .. From the weight gains 

of the crucibles 9 their compositions.after heating could be calculated 

as Ta.C ., 92 to TaC .. 98 .. The crucibles, and effusion lids sj.milarly 

produc~d, were only slightly expanded over th~i~ original size 9 they 

were brittle and tended to split in the plane of their surfaces.? 
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probably where carbon diffusing from opposite faces meto 

Aluminum mixed with TaC powder in one of these TaG crucibles 

was heated to 1720°K for about t1JI.renty minutes.o The TaG showed, after 
~ u 

heatingp a lattice constant of a ::: 4~453 '±: o002A compared to the 

~ literature valt+e of 4.;454o Only .a few Al lines could. be observed in 

the x~ray picture~ these gave a constant within experimental error 

of the l+t;erature value·o Spectroscopic examination of aluminum melts 
.. 

in TaC; crucibles show. about .01 to .1% Ta by weight dissolves in 

aluminum in one to two hours heating at 1400 to l500°Ko Unfortunately, 

though l~quid alwninum and TaG do not react~ the aluminwn wets Te.C 

very stronglyo The TaC crucibles we prepared were soaked through by 

aluminum after an average of two hours heating at 1400"K. That there 

was no chemical reaction when this occurred v~as visually demonstrated 

by treatment of the crucibles with nilute HClo The aluminum dissolved 

with evolution of hyclrogen leaving the crucible intact and restored . 

to its original gold coloro 

Ten effusion runs we.r~ completed for aluminum. Four in TaG and 

six in BeO crucibles. The TaC crucibles acted as their own heating. 
' element. o The BeO crucibles, which were about 26 rnm high and 18 mm in, 

diarneter».with 2 to 3 mm walls 1 were placed inside a snug fitting Ta. 

crucible which served as a heating element. A series of 0.0254 mm 

thick·molybdenum spirals surrounded :.he crucible and a series of 

molybdenum disks were set on 1.6 mm pins below the cruoiblee This 

arrangement served to decrease heat losses outward and downward. Heat 

los.ses out the top were reduced by a series of tantalum disks having 

regularly increasing cen·ter holes so that an unobstructec'l. cone was . .,. 
available for es.cape of al urnintll11 vapor o The topmqst of these disks 

served as-a collimator to determine the geometry cf the beam collected 
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n thin platinum plates placed 18 t·o 25 mm above the collimator.. The 

coli;ector.plates were. supported by a water-cooled copper holder& 

Aluminum was allowed· to escape from the crucible i.nto the cone formed 

by the collimator through a knife-edged hole in the crucible lido 

·The crucibles and shieldings were supported ins:i.de a zircon 

crucible placed ins.ide e. water-cooled pyrex tube.. Pressures through­

out the runs were always lower than l'x lo=4 rnm and averaged, about 

4~5 x lo-5 mmo ·?ressures were read on both a Phil1ps gauge and an .. 
Ionization gauge whose readings agreed to twenty percent in this 

rangep and whose calibrations were checked several times against a 

McLeod gauge. 

Tempera ~ures ·ins ide the crucibles were read with an 0ptical · .. 

pjrrometer sighted on the effusion hol.e through a 4 o8 mm hole in the 

collector plate.. Two pyrometers,<J one of which had been oalil::·rated by 

the Bureau·of Standardsp were checked against each other& Their rela= 

tive readings did not change during the course of this resear·;.;h., 
' 

T):le effusion holes used were of two sizes~··'about 3 o2 mm diameter~ 

and about 1 .. 6 rnm diameter.. To be certain that the hole.s gave black 

, body .conditions 9 we heated four small molybdenum crucibl.es in, the same 

tubes. used for our effusion exp'eriments o One crucible was open9 the 

other three had lids with hole'-sizes of 3.,2~ 1.,6 0 and loO ID!Jl diameter .. 

The· open crucible gave .lower temperatures than the others f) but the 

temperatures of the .other three crucibles» when corrected for differ= 

ences in lid surface temperatures f) gave identical temperature r'e~nings 

at 14000 1700 and 1950°K., Jolmston and Marshall(6) obser-v-ed a 

temperature 20 degrees lower in a 1 .. 8 mm diameter hole at 1600° than 

·observed in . o6·. and 1 .,2 mm holes o However t~J.e ~ples in their• experi­

ment corresponded to tiny open crucibles fl rather than to small f·ractions 
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Their results and ours~ 

The transmission of the windows was determined.. The corrections 

·•· · amount to 10-12° at the temperatures emplo:red for aluminum vapor 

pressure measurements. The w~ndows were protected f'rom the effusing 

alu8in~Jm by the collector except for the 4.76 ~~hole through the 

collector. They were further protected by an iron plate when tempera-

ture readings were not being made, and they were frequently cleaned. 

The apparent temperatures of the.upper surfaces of the crucible 

lid~ were usually abou~ twenty degrees below that af the holes. Since 

the lid su:rfaces were not black bodiess the actual temperature 

differences should b~ smaller. One BeO lid weighed after consecutive 

runs showed a uniform increase in weight oue to the ccllection of 

aluminum droplets on the under surface. From the increa3e in weight 

·of the· lid we calculate that the ·temperature or the inside lid surface 

was only 4 degrees lower than that of the alu..."!linum melt even though 

the observed temperature of the upper lid surface was 22° lower. 

Temperature reacUngs were made at tvw or thr9e minute intervals 

till equilib~ium was established after which the readings were made 

at five to ten minute intervals for the duration of the run. The 

fluctuations from the mean temperature at equiJ ibrium 'Nere only rarely 

·over five degrees and probably averaged two to three degreeso ';l'he 

temperature of each run was obtained? therefore~ by averaging the 

tempera.tu~es rean~ at.fairly regular intervals$ after equilibrium was 

established and applying ,,"lindow and pyrometer corrections to this 

average value. The pyrometer correction ranged from 0 to 3°e 

End corrections for vaporization during the rise in temperature 

·to the equilibritun value and during cooling after the run were applied. 

These corrections varied from 2 to 12 percent. Uncertainty in the 
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eff'ecti·ve time at the equilibrium temperAture after end .:;or:r·et:tions · 

"" were.made is less than 2 percent for all runs .. 

•.. 

The aluminum employed for o~r experiments was 99o99:;6 pnreo 

.Be~:'1use the A1 soakecl through the. TaC cPuclbles 9 i.t was :cecessar·y tel 

make some of our runs with aluminum which had not been pre,ricusly 

he .ted to drive off volatile impurities p but a spectroscopi<:~ examlna"· 

tion cf snch a collection showed only ol to 1:;6 Mg.9 about .. 01% Fe.~ 

an¢ less tha.r .... 01% of' either Bi t)!' Si, X=r·ay examina:tion showed A1 

~s ~he pri~cipal phase ~ith a very weak second phase 9 probably an oxide, 

which eould not be identified.. Since the amount of Al cc<l.le,::;t!;ld was 

··determined by analysis$ volatilization of impur:i.ti.es should nc:·t 

influence ·Our results., 
(.) 

The analysis was done colorimetrically using the 3?00A band of 

the alumi:rnT -~':""ferron complex_, a method suggested by Dai..,.enport ( 7 ) o The 

analysis d.iff'ered· from that used by Davenport only t.n that we used a 

pH of 4o7 instead of 5~0~ 

The platinum collection plates 9 which were previously heated i::J. 

n1 trlc acid and then flamed:~ were wei.ghed to .. 1 mg before and af'ter 

each r'Ullo Tne aluminum was then di.ssolved from the plates with warm 

1.2 N HCle Several of the plates were reweighed after this treatment 

and found to have the same weight as the cleaned plate befcre the :r>1..m .. 

Samples were diluted to exactly 200 inl and kept at pH l - 2 t:U1 5 ml 
1 

portions could be taken for analyses.. The weight of' alum:i.rn.:ur" in 

these portions was determined from a calibration ::::ur7e made f:r'·r-m 

solutions of known alumintun strength o Tne known solut:i.ons we::'e g1.ven 

:l.denttcal tres.tment to that of the -u.nknown o Readings 'i'lrere ma;Je in 

quartz one centimeter cells in a Beckman Spectrophotometer" us.l ng 

ideri,ti.cally prepared aluminum-free s olution.s as blanks, Slr.~:::e tb.e 
\ 
\ 
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37009 ·band is· dependi:mt on pH!l the pH. was checked for each buffered 

sample solution with";a Beckman· pH meter •. 

The stock solutions required for the analysis:remained stable 
.. 

• over the twq month. period in which they were in use o Fresh blanks were 
' 

made up daily.; however$ ·and l~own solutions were run each time a new 

series of ana11sis was begun t·o check the validity of the calibration 

curve. • The y:tsible spectra of both known and unknown solutions were 

scanned in a c'ar"j( Spectr:ophotomet~r t:.o demonstrate that the absorption 

observed v.ras. i:n each <;ase due to the aluminum-~"ferron complex. The 
.,· 

probable ··error in analysis was five percento 
'· Shields· used in the heatings were degassed several hundred degrees 

above the temperatures at which the effusion runs were madeo The 
' . ·' 

tantalum .~hields above the crucible were· degassed after every second 
\"'1: 

or third eff.usion run at 2300 to 2500uKo Heatings were made immediately 

after mos.t of the effusion run13 wtth _empty crucibles substituted for 

those containing alur.ainumo The collections then obtained were from 

10 to 2o;?( of.'the weight of the collection in the preceeding runs, the 

higher p~rce!ltages appea!'ing when.smaller holes had been used in the 
, :·'; . 

effusion"necessitating longer runs·or higher temperatures to collect 

a given weight of aluminum for analysiso Two blanks were analyzed. 

One showed 9o9% ~f the aluminum collected in an equivalent time in 

the effusion·run immediately preceeding., the other 6o?'fo., The vapor 

press\lres calculated were accordinglyall reduced by 8% to correct for 
. -· . 

collection of alun11num from random sources., 
' 

B., Data and,Thermodynamic Calculations 

Table ,I lists the essential data and outlines the calculation 

of vapor pre~su:res from our. rlat;a for a1Uj'n.inumo The percentage of the 

total beam leaving a point source which strikes a concentrically 
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placed collimating hole i~ proportional to the square of the sine of 

the angle a. whose tangent is the radius of the collimating hole divided 

by the perpenci~cular distance f.r-.om -~the point -source to the plane of 

the collimator. The third line of our table lists-effective sin2a.., 

that j,s sin2a. co.rrect~d for the loss of aluminum through the 4.8 mm 

hole in the center of the platinum collection plate·.. The weights 

listed in ·column 6 are those obtained from our colorimetric analysis. 

These_.:\veights collecte_d, when divided by the .effective sin2a. give the 
.• -

.total~~weight loss to be expected through a hole of the given area. 
\ i 

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

'the effusion equation . 

z (MT) l/2 
p ·!':: 

44 .38' a .t 
( 2) 

where· p · ·:i,s the pressure in atmospheres of the species of molecular 

·. · weight ·M and z is the number of moles effusing out of the crucible in 

t seconds through a hole .of are~ a cm2 ~ The hole should be knife 
.• . 

edged _if th:e equati-on. is to be exact. The final column of corrected 

vaporpressures was·obtai~ed from the preceedihg column by applying 

an eightpercent corl'ection for aluminum collected from random sources 

a.s noted above. · 
< 

Table II outlines the calculation_ of AH298 f'rom our experimental 

·results and calorimetric and spectroscopic data from other sources. 

The AFo - AHogs 
~ functions wereobtained from combining the low 

T' 
temperature calorimetric results o~_Jii~uqu~ and Meads (S), recent tables 

• of the high temperature heat content and entropy for solid and liquid 

alumtnutil compiled by Kelley(g):> and the tables of heat contents and 

entropies for the g~seous elements compiled by Brewer(lO).. The final 

0 column of' this table lists the values obtained for D.H298 of sublimation· 
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Container Hole Area (em?) 

TaC .0842 

TaC .0842 

TaC .0194 

·TaC .0194 

BeO .0814 

BeO .0814 

BeO .0814 

BeO .0228 

BeO .0228 

BeO .0228 

....... 

~ 

Table II· 

Calculations of AH298 ror Sublimation ~f Aluminum. 
• -

AFO-AH298 T°K Corrected Pressures -Log P 4F 0 

~ 
T. T T 

1383 -6 3.43 X 10 5.465 25.00 -30.53 55.53~ 

1391 2.89 X 10-6 5.539 25 .. 34 ~30.52 55.86 

1427. 1.82 X 10•5 4. 740 21.69 -30.44 52.13 

1460 3.63 x lo-5 4.452 20.37 -30.36 50.73 

1410 2.85 X 10~6 . _5. 545 25.37 ~30.48 55.85 

1412 2.91 x 1o-6 5.536 25.33 -30.47 55.80 

1419 3.- 33\,x lo-6 5.478 25.06 -30.46 55.52 

1420 5.71 x 10-6 5.243 23 .. 99 -30 .. 45 54.44 

1451 5.25 X 10-6 5.280 24.16 -.'30.38 54.54 

1468 8.69 x 1o-6 5.061 23.15 ·30.34 53.49 

Average 

.. ""'!!" 

AH298 

76.80 

77 0 70 

74;39 

. 74.07 

78.75 

78.79 

78. 7.8 

77.30 

79.13 

78.52 

77.42 ± 1.41 
kcals. 

c:: 
0 

fl~ 
; ~ 

Vl ft '-" . 
1\) 
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{in Ko cal o) by combining these data with our experimental vapor . 

pressure determinations. All of our runs are included in the table. 

0 ~~a average value for AH
298 

for the ef~1sions from TaC crucibles 

,. is 7·5 .,59; from BeO" 78 e36 o The. Lili:~g~ values e>btained· from BeO crucibles 

appear to be independent of hole sizeg the values from TaC app~ar to 
' . 

d._epend on the hole size., The absolute magnitudes of our temperature 

determinations are probably good to ·.t 8 degrees 0 but the relative 
' 

values of the temperatures determined in different- runs should be 

cons is ten+;- to ± 4 degrees, which is equivalent to .14 K. cal. deviation 

iri the heats of sublimation., A ten percent error in the weight of 

sample collected, area of effusion hole usedl' or time of run would 

produce a .3 K., cal. error in the heat of sublimationo We would expect 
-

21.greement of our AH~98 values to within .,8 Ko cal o It seems possible 
' that lower values for the heat of sublimation and higher vapor pres-

sures were obtained from the TaC crucibles because of aluminum soaking 

through fine cracks in the TaC lids and vaporiz~ng 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 ~he effusion hole itself~ could strike the collector plate., 

This s·ource of error could not be compensated for by the blanks we 

ran since it was, of course, necessary to replac~the effusion vessel 

and lid by a clean vessel and lid 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 lin.s o Since the larger 

effusion holes left less lid surface in this critical area .in the 

;r_fusion cone, lower vapor pressures· would be found with the larger 

holes., The validity of this interpretation is uncertain$ however 9 

so it seems best to give equal weight to all determinationso 
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Since agreement of the ~~98 values was obtained when the area 

of the holes.in _BeO crucibles varied by approximately a factor of four 9 

are :::an conclude that· the a:ccommodation coefficient for .aluminum ·within 

the· cr.uei.ble is at least as large as the ratio of hole· size to int-ernal 

surface .area of· the crucibles !.r ·about 2 X lo-3 ,. and our results are 

independent of the accommodation coefficiento From comparing the 

weight loss ·of a crucible to the weight of aluminum collected on a 

platinum ph1te abcve ·the crucible we calculate an accommodation 

coeffic-ient for aluminuril on the plate of 1.29!) within experimental, 

err·or of ,uhi tyo. 

A'1reraging our ·ten determinations and finding the mean deviation 

we obtain ;77 .,42 ± l o4l IL cal. for the heat of sublimation of alumirium 

at 298ol6vKo Determinations by Baur and Brunner(ll) using spinell 

containers.!) 'give a value of 74.97 Ko cal. Farkas' (12 ) single d·eter .... 

mination· at "1476~_Ko by effusion through a 4.2 mm hole from porcelain 

gi·ves 77.,83.; It is difficult to estimate the pr;pbable error.for either 

investigationo · · 
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'I'h~. vapor p.ressure ·for aluminum ·o.xide was· determined by the same 

experimental meth·ods. as those u~ed for aluminum. Considerably higher 

· tempera·tures. had to be employeq, __ of course~ in order to collect 

annlyzable amounts of aluminum from the oxide effusions. The tempera­

tures used ranged from 2309 to ·2605uK. 

· A survey. of. available thermodynamic data indicated that the best 

cqntainer.s for liquid Al 2 o3 would .probably be molybdenum, tungsten, 

-and· rh~nium, with molybdenum the ·poorest of the three because of its 

.:h-igher vapor pressure. Me. terials actually tested as conta.iners for 
~ \ t ~ 

ai:uminum oxide were tantalum, molybdenum, tungs-ten,. zirconium .carbide, 

tantalu.m carbide 1 and TaSix. 

·As predicted by available thermodynamic data, the carbides reacted 

markedly with·A12o5 at temperatures several hundred degrees below the 

Alz03 m·elting ·point.: Alumina reacted strongly with ZrC at 2150°K. 

After five miriutes at this temperature, X-ray analysis revealed Zro
2 

in the· crucible with lesser amounts of unreacted ZrC and Al~o 3 • 

Completely plugging the 1/4" diameter hole through a radiation shield 

above "the, crucibl.e was a sublimate consisting of metallic droplets 

and:.'grey powder. ·:X-ray analysis of this- sublimate revealed Al, Al2o 3 

and a weaker third phase not identified. The reaction probably was 

3Al2o3 +.2ZrC =·3Al 20(g) + 2CO{g) + 2Zro2 ., with the ·Al2o dispropor-
. . 

tionatiri.g; upon condensation.; Tantahun carbide reacted similarly. The 

tantalum carbide is first reduced.to Ta2c and.then to tantalum. Whei1 

all the carbon has· volatilized as co~ the tantalum metal begins to 

react with the Al 2o3 to produce an unknown solid phase, probably 

lower tantalum. oxide or a mixed tantahun and aluminum oxide. 

e. ~·-
··~ 
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Al 2o3 heated in TaSix gave the same unknown solid phase found 
. . 

when tantalum metal was heated with Al 2o3 '! 

Al 2o3 heated in molybdenum or tungsten for several hours from 

.100 to 300 negrees above its melting point .shows· less than ol% bJ 

weight of either metal .. Accordingly these meta1s were used for all 

our effusion runs .. Our earlier work was done in molybdenum because 

,. molybdenum crucibles and lids are eas:i.er to fabricate than tungsten .. 

Spectroscopic results indicated.? howeverp that the samples collected 

from·effusion runs in molybdenum contained weights of molybdenum 

comparable to that of ~1 2 ~ 3 o It would have been experimentally 

difficult to establish.whether the alumina collected was effused 

independent of the :nolybdenu..rn or as the result;_of reaction which pro­

duced volatile suboxides of both aluminum and molybdenum. Accordingly.\) 

we changed to tungsten for our later studies. Effusion from tungsten 

appears -to be definitely established as independent of reaction_with 

the container, so that a check of our results with'a different con-

tainer material is unnecessary. 

As with the aluminum effusion studies~ pressures wer·e maintai.ned 

lower than lo-4 mm throughout each effusion ranr averaging about 

5 x lo-5 mm. Effusion lids were made by stretching ever a tungsten 

plate a .025 mrn thick tungsten sheet through which a 1 .. 6 to 3.2 mrn 

diameter hole had been drilled. A concentric 6e4 m.m hole was drilled 

through the plate. The region of the o025 m~ sheet i~mediately 

around the hole \'lhich was not backed by: the tungsten plate gave 

apparent temperature readings as much as 200 degrees belmrJ the temper­

ature of the insif!.e of the crucible.. A noticeable amount of alurnina 

would condense on the inside surface of the sheet in this region during 

the course of the higher temperature runs. The porti0n of the sheet 
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ba,:;k~d· by the tungsten plate remained perfectly clean.· The low 
. _,::.t . . ~. . . J :. _!.. :· : i 

·<-,.,.>":\ne:ratur'e area was too small to influence our measured vap,or pres-
···:. 

'·."· 
·.· .. · ,/ .. 

,• • • I .' ~ . .·. '.· 

Wi!'Jdow· · ~or'rections amounted to 25 to 30 degrees. The windows 

W61"6 p'r·c·te6tteid as in. the aluminum runs. The effective temperature of 
., ·' . . ; . :, . ·. 

<:'a.:·h rem was obtained as before. Uncertainty in measuring the time 
:;, ~ . ' : 

cf· the· rur..s was less· than two percent. Uncertainty in temperature 
. . ' 

on an absolute basis .r but tmcertainty in 

~-::.n.gsten shi;ld:!.ng was used at. the sides an~ below the crucible 
., : 

"to !"e;1uce neat loss!' and tantalum shielding and collimation was again 

'GBed abo;re tr~e · cruci.ble. To reduce contamination of the collection 

piate.-s by s·oos:tances vaporizing off ·the· tantal·um shields!! these 
: .. •' 

shi.elds were ·degassed at 2500 to 2600uK and two or three runs were 
... . ,·,. 

made at progressively lowered temper·atures w:ith a blank run after 
.! 

: ..... . 
't;\f! i:;h· effusion run~ The t:hiei'ds were "then deg~ssed and a similar 

: ... . :; ... ~·· . : \ ' •. . . •. . 

s&;:·:ies repeated o Tne blanks averaged ten to twel 'te percent of the 

. '• 

appfted .;{or .. them since weight losses from the empty tungsten crucibles 
• l-

a.·~ 'w'·ell 'as ··f'rom 'the· shields appea.r' to account for m~'st of the blanks o 

' -
An.alysis 'of the collection p-lates for aluminum was complicated 

b,y the i.ri'~oi~biiity of· t'he aluminum· oxide collected and by the pre-
\ ~ ' ' ' 

sence of unknown amounts of tungsten on the plates. ?pectroscopic 
·'• 

a.naiysi.'s by direct 'sparkin.g of·. the plat~s. showed 1=10% by weight of 
·. '• . . . . 

both_ tungsten and aluminum. This meant that on a molar basis the 

T;af:'iG cf aluininum to tungsten might be anything between .7 and lQO. 

The most sa tisfaetory way to dissolve the sar.1ples from the 

platinUm was to 'ruse the collect.or plates in potassium pyrosulfate 
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for from thirty to sixty m:inu,tes in plat~num dishes. .The f'llsion 

product was then dissolved. in conpentrateq HCl and evaporated to . . . . ' . 

drynes~. Water was then added a.nd the dishes heated to redissolve 

the samples. Most of any tungsten _present precipitated as wo3 in 

the .. resulting hot dilute acid solution. "The samples were next diluted 
.· 

to 200 ml and 5 ml samples were submitted to colorimetric analysis 

for aluminum. 

Samples with known weights of aluminum and tungsten were run 

through this scheme of analysis to.obtain a new calibration curve. 

It appeared that all but about .5 mg of tungsten was precipitated 

during digestion with dilute acid. A known aluminum solution ;·en-=· 

taining excess tungsten gave a point falling on the calibration curve 

prepared using lesser amounts of tungsten. Dissolved platinum either 

did not interfere with the a~alysis or was sufficiently constant that 

its effect cancelled out. Each known and unknown solution was scanned 

across its visible spectrum by a Cary.Recording Spectrophotometer. 

The spectra were identical in form. Readings of I 0 /I were again made 

with a B.eckman Spectrophotometer.· The aluminum found av~raged 45% 

by weight of t~e saniple collected. Therefore the maximum possible 

molal ratio of tungsten collected to aluminum collected was 1/5. The 

true ratio must be even smaller since oxygen must represent a good 

portion of the remaining weight of collection. Unfortunately~ sub-
. . 

limates often give very poor X-ray pictures and no phases were· 

identified from the collector plates. The collections were definite~ 

ly not Al or w, and they did not appear to contain O.p f3 ~- or ·y-Al2039 

wo2 p or wo3 • .. . 

Most of the analyses were made us irig half of a ·collector· plate 

because samples were·needed for other tests and because whole plates 
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were more difficult to handle in the fusionso Analyses made on 

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

pE,;/Cent o .-·:The analysis wa·s consider.a.bly less accurate than that for 

the alumfnum effusions because of the foreign ions present and the 
, . 
. ··' 

necessity of fusing the samples. 

Bo Data and Thermodynamic C~lculations. 

The d~t·a and calculations employed in determining vapor pres­

sures for Al2o3 are summarized in Table III. The vapor pressures 

listed in-the final column of the table are the vapor pressures for 

AlO calculated on the assumption that Al2o3 liquid vaporizes by the 

react~on Al 2o3 (1):::::: 2AlO(g) + O(g). The reasons for this assumption 

, ~ will be discussed later. That the accommodation coefficient inside 

our crucibles was at least as, large' as. the ratio of our J;l.ole areas to 

intericr area of the crucible is demonstrated by the agreement in 
'. 

positi'on of the li.nes formed by the plotting vapor pressures deter-

mined·~with holes varieQ. by a factor of four in a.reao That the 
.• . 

accommodatiqn c~efficient on the collector plate was e·ssentially 

unity, despite the, fact that this plate was itself heated to at least 

800°K is demonstrated by the fact that the total weight of sample 

-collected on the plate was about 1.1 times the weight expected from 

weight loss :by the ·crucible o 

Treatment of the vapor pressure data by use of a sigma plot and 

by use of (6F-~298 )/T tables gives heats agreeing within 10 kcals~ 

·or 2%D which is well within experimental uncertaintyo Table IV gives 
' t.he r'esults of the m298 calculations using (6F=AH298 )/T values. The 

necessary entropy and high temperature heat content data were obtained 
' . ~, . 

fr·cm Kelley( 9 ) for A1 2o3 $ from th~_~a tional Bureau of Standards 

Te.bles(l 3} for 0 gas and from Ward and Hussey(l4l.·ror AlO gas. In 

I . 
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Table III 

" 
Experimental Vapor Pressures for A1

2
o

3 

Wto AlUl!linum 
Hole Area ( cm2) Effective sin2 TOX Time in Minutes Collected (mg) 

.0791 .c631 2309 137 .o lo33 

.0791 .0575 2,325 154o0 1.6L~ 

.. 0791 .0576 2370 l29o5 2o2l 

.0791 .0631 2393 118.0 2.22 

.0791 .0567 . 2.399 63.0 1 .. )) 

.0791 .c631 2459 71.0 2 .. 96 

.0791 .0575 2478 50.5 2.96 

.0198 .0564 2487 84o5 lo88 

.0198 .. 0564 2545 62 ... 5 3 .. 05 

o0l98 oc6}1 2565 6)o5 lo60 

oCJl98 c0631 2605 b)oO )o23 

(~~) (42.97 T)
1

/ 2 
p iill ..... -=--=...... "" . - == 
A10 44·38 acm~ o tsec. 

·See equation 2 

/ 

P ., '\[f6 p ( )2 ' ) e· J 0 . , 'f"T1f"' • AlO and K = pAlO tP 0 "" 0.,30..J PAlO 

Vapor Pressure 
(as AlO) 

(atm.) 

8. 70 X 10-6 

1.03 x 10-5 

lo66 X J.C,r-5 

1o68 X 10-5 

=5 2oJ5 X 10 
.. 

3o78 X 10~5 

5o8l x 10=5 

9.10 X 1CJ5 
. cl 

2 .. 00 X 10 '+ 

lo29 X J.Q=4 

lc9l x 10.,1~ 

~ 
~c 
t"fl\) 
e l'V 

v• a 
\..n 
!\) 

/? 
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Table IV .:,. 

' 

Calculat:ionsof 6H298 fo~· A12o
3

{s9 1) = 2A10(gf·} o'{g) 

T°K I#!· 
T 

E:-=~~ . ~~-9i 
T ·T 

2309 71.81 =12fl-o9 196.7 

2325 . 70.,81 ~124o7 195.5. 

2370 ' 6'7 ;95 ~124o3 192o2 

2393 67 e-90 =124ol 192o0 

2399 66.4l ~124 .. 1 190o5 

2459 63.07 -12Jo 1 . 186o8 

24,78 60.50 -123 .. 5 184o0 

. 2487 57 .. 82 .. 
-123o4 1<!1.2 

2%5 .· 53.11. . ~J23o0 · . 176.1 

2?65 55o74 =122o-9 ·><178.6 

2605 53o38 =122.8 176.2 
A-veo 

Al
2
o3(s) ~ 2AlO(g) ~ O(g)~ 6H298 _~ 4569 000 calories 

A12o
3

(1) ~ 2AlO(g) ~ O(g) 9 ~T = 4439 000 + 27.6 T log T = 212 T calorie~ 

''·>;. 

C!H2·98 ·. 

4.54 

4!:,!1:. .,. ~ .. ~ 

456 

459 

457 
\ 

459 

456 

451 

448 

4.58 

ill 
456 kcals. 

§ 
~' t-11\) 
I W 

\.n I 
\.n 
l\.) 

. 

V" 
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view. of the difficult .. ~xperimental conditions at these high tempera~ 

tures, the heat obtained from the AF values together with ~S or 

(~£"··.6H298)/T values is considered more reliable than the value 
. I 

cbtainedfrom a sigma plot. 

Thus.we obtain for Al 2o3(1) = 2AlO(g) + O(g) 

AF0 = 44 3_9 000 + 12T lnT - 212T 

The uncertainty of AF is about ±4 kilocalories. The Lili2g8 values in 

Ta:ble·rv show an av~rage deviation from the mean of ±:3 kilocalories 

even though they.show some scatter as well as trend. However the 

scatter anci. t~end are within experimental error. 

The only recent experimental determinations of the vapor pres­

sures and heat of vaporization f-or Al 2o3 available with which our 

.results can be compared are thos~ of Ruff and Konschak(l5 ) o Ttiese 

authors l' how_ever 9 made their determine. tions from tantalum crucibles.~~. 

which:we have found J:>eact with aluminum strongly to give volatile 
: ' 

reaction products as O.iscussed earlier in this sectiono 
., • 1 ~ 

Their work 
·- ' 

cannot be given any weight in deciding the volatility of pur~ alumi~ 

num oxide. The vapor pressures calculated from the effusion equation 

that,.we have employed are dependent on the molecular weights that ·we 

use. Since our analysis shows only the ·number of moles of al~~inum 

present regardless of the phase state of that alurnim;:.m,o the weight 

we substitute into our equation also ci.epends on the gaseous species 
' . . 

we think the aluminum effused as. The unce'r-ta inty of the equation 

due to these two causes partially cancel 9 so that our calculated 

vapor pressu"I•es 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 cb~~se •. 

The A1 2o3 vapor pressure.·data will be. di.scu~sed further' in the 

next se.ctioh Where the aluminum 'oxide species are disc.usse.do 
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To properly evaluate the vapor pressure determinations of Al2o 3 
' ' 

. -~ : 

which we~e described in the last section, it is necessary to know the 

stable gaseous species of the aluminum-oxygen system. The possible 

reactions taking piace dut'ing the vaporization of Al2o3 are the 

followip.g: 

,. .·• 
Al2o3 {1) = A12o3 (g) (1) 

'. 
Al 2o3Cl l · = 2Al(g) + 30'(g}. ( 2) 

.. .. \ 

Al2o3 (1) = 2AlO(g} + O(g} . ( 3} 

A1~o 3 C1> = Al202 (g) + O(g) (4:)' 

Al:~o.3(1) ::: Al20(g) + 20(g;) (5) 

Because of the. very low vapor pressur.e ~f Al2o3 even at very high 

.. ~t·~?tnperatures ~ .the conventional methods of determining species such 
. . .~ 

a.s. vapor den~.ity det~rmination~,, electron diffraction measurements, 

~.~c. are not .suJ.table. One possible m~tpod ~ould be the determina.­

ti.on.~of .th~. vol,atility of Al2o3 in gaseous stream1 of .varying 

.Pr-~ssure.s .. of. alU!llinum metal gas •. :+f the Al 2o3 vapot:"izes_ according 

to equat_ion jl), ,the v;ola.ti.lity. c;>f :Al2o3 w:ould qe unaffected by the 

.presence .of Al·. · .If :·the .v_a.porizatio~ proceeds a.ccordii'lg to equation 

(?)., the p:r;es~nce 9f Al would greatl-y· d:iminish the volatility of 

A,l2o.3 • If' .. suboxides are important .as indicated by equations (3) to 

. (5), .the inc.reased reduc .. ing conditions .in the presence of Al metal 

.would incr~ase., the vo:La tili ty _of Al 2o3 •. If . increased volatility is 

observed. .inc'iic,ating suboxides, the. possible sub oxides could be 
. - . ' . 

.. q1sting'llished from the var1at1o:q. _of the volatility of Al2o3 upon 

y9:rying .th~ Al parti.al pr~s~ure. This method was successfully used 

by Brewer and Lofgren(l 6 ) to determine the gaseous species of the 
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copper-chlorine system and would appear. to be promising in· this case o 

Thus if the aluminum gas were passed slowly enough over the Al2o3 

so as to obtain equilib!'ium ·with respect to possible ree.ctio.ns such as 

Al(g) + Al20 3 (s) ::: 3AlO(g) 

.4A~(g;) + Al2o3Csl ::: 3Al20(g) 

. 2Al (g) + 2.!1203 ( s) ::: 3Al202( g) 

( 6) 

( 7) 

(8); 

.. then the weight of Al 2o3 required to saturate a given volume of ·gas 

. would v·ary ~ith r·!{3 if. react7on ( 6) pre~ominates 9 with p·!{
3 

:tf 

reaction (7) predominates 9 and with Pi{3 if reaction (8) pr_edominates. 

Unfortunately a major difficulty to ca.~rying out the proposed 
. . 

experiment is the lack of a suitable container for holding '!?he· a.lumi,= 

num va.p?r and Al2o3 • No satisfactory materials could be found which 

would allow ·the experiment to be carried out in a straightfo~Nard 

manner as was done by Bre'vVer. and Lofgren( i 6) for the copper= chloride 

system. However the following substitute exp-eriment was devised 

which it is believed gives one the desired data •. 

Alumina crucibles of exceptionally high purity were available o. 

'Spectroscopic analysis of these crucibles showed less than ol% Fe.? Si. 9 

and Ca, and less than .01% Mg by we~ighto. Aluminum pieces varying i.n 

• ' weight from .02 to .7 grams were buried in Al2o3 powder afte~ the 

powder and crucibles had been p~eviously degassedo The crucible then 

was heated a.t temperatures from 1466°K to 1853°Ko . After heating at 

a given temperature for a period whose time was recorded!) the cruC;.ible 

and contents were all owed to cooJ a11d the change i~ wei.ght noted o The 

crucible and contents were then reheate~ to approximately t~e same , 

temperature ann the time of heating and weight change again notedo 

· Thi~.process was repeated until the weight change produced by a 
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heating dropped down to the background level for weight change of 

crucible and .. oxide· powder in the .absence of !aluminum metal. This 

tJa:ekground level was ~bout '!:1 rng. ·per ·hour over the temperature range 

investigated. 

Several series. of 'hea.tings in the r.egion of 1600°K showed weight 

losses whose ratio to weight of aluminum present in the crucible was 

approximately'l.30 to 1.35 at the time that the rate of weight loss 

dropped ·.to the .low background rate observed in the absence of -metal. 

Samples of the sublimate produced-by. these hea.tings were collected 

ana submil;ted to X-ray and spectroscopic analysis. The spectroscopic 

analyses showed less than .-1% by Neight of Be and Fep less than .01% 

by Weight of,Cop·Cr 9 Mg 9 .Mn 9 ·N1 1 Si, -Ta.,·andW, and about 1-% by weight 

of Mo (the· shielding material) • X-ray analysis showed aluminum metal 

and .a second v,rea.ker phase which could ·not be ~nalyzed • 

... Since the ·vapor pressure of Al2o
3 

is far. too. low at the tempera­

tures employed· in these experiments ·to explain the weight losses 

' observed in excess of the metal present, since the ratios of·weight 

loss·to aluminum present in the crucible was independent of the weight 

of metal previously:·· effused from·the crucible 9 and since no major 

i.mpu:~;ity could be: detected in the sublimates produced, we conclude 

that the extra·volatility observed.mu.stbe due to reaction of the 

aluminum metal with the oxide to. produce e. volatile gaseous.sub-oxide 

· of aluminum o 

There is other. evidence for formation· of gaseous lower valence 

state aluminum ·-compounds. ·.Several .unipositive aluminum compounds have 

previously been reported·. AlF- was reported in 1'943·( 17 ), later one 
' . < 

~~ticle reported Al 2S e.nd:Al2Se(l~) and another article(lg) reported 

A1Cl 9 AlBr.., and Ali-. :All· these 6ompounds appea-r to be stable only in 
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the ~vapor·· phase.. The production o-r· AlO was .claimed in patent; 
'20) 

liter'a.ture in 1943 by E.,· Zintl, w. Kpings 9 and w .. Bra.uning~ · .. : ·No 

details of their work were· a.v.ail:abl·e to u_so .. 

The· .result::J obtained upon heating aluminum with aluminum oxide 

clearly indicate .the exist-ence ofr an aluminum oxide gaseous .species 

of oxidation number less_ .:than· three .• - .Now we must determine. whether 

this species· is· of any imp·orta.nce ·when Al2o
3 

is- vaporized all)ne:o. 

Equations (1) to ·( 5) given a:bove show the possible vaporizati:on reac=. 

tions for A12o3 ~ We can definitely exclude· reaction (2) by using 

the heat. ·of formation of Al 2o3 Q.etermined by Snyqer and S·elz(Zl) 

togethe.r with .the· entropy data a,nd heat content data_ give~ by 

Kelley(g){). and the. heat of .sublimation of e,luminum g:t,ven here to 
- ~ . 

calculate the. equil_ibrium constant for reaction (2)., The resu;Lts as 

indicated ih F~g<~ ·1 are- much lower than the observed. vap<:~r p~es.s.11re 
• 

of Alz03 and the exper.imental un.certainties in the heat of formation 

of Al2o3 and.the vapor pressure.data are not large- enough to allow 

possible consideration of decomposition to _1;he atoms as .the· pr-ocess 

f. or vaporizat ton of Al2o3 o 

.We .. can .also. exclude reaction (1.) which indiqates th~t. Al2o 3 

vapor1z·es :undecomposed ... If one. ·m-akes e. si-gma plot of. the A12o2 vapor 

pressure da. ta on the assumption of Al2o3 (g) ·as the species .9. one obtains 

an abnormally high entropy of ve.po.~ization of around 67 ~ .u o _compared · 

to the expec-ted value or 25 ... to 30 e.u. _Thus Al 2o3 (g) e.e.n.be e·xcluded 

as a possibl.e species and A12a3. must·, definitely vaporize by decomposi:... 

tion .to an oxide o.f lower oxidat~ion ·n:-qmber ~ It is not -possible· from 

. entropy considerat.ions alone to d;i.stinguish among reactions (31 .to (5) 
. . 

since the e·ntropies per mole. of gaseous. spec:I,E;ls vaporized ar,e too. .. 
l!() 

·close together to be dtstinguished in view ,of the_ uncertainti-es of , 
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estimating the entropies of Al 2o and Al 2026 and the experimental 

W1Ce!'tainty of the vaporization data, although we will be able.to 

"draw conclusions from: the entropy effect in the Al - Al 2o3 system 
.II' ' 

will be noted below. 

However, we must check to determine if the s8ll'le oxide species 

as 

is of importance when Al203 vaporizes' as when Al and Al 2o3 are heated 

together. To determine this, we must use our data for the volatility 

of Al 2o3 in the presence of Al gas to fix the thermodynamic properties 

of the sub-oxide species invol "~Ted and then we must calculate 1 ts 

contribution under the conditions of vaporizing Alz03 by itselfo 

This can be done by calculating equilibrium constants from the 
-experimental results for the Al - Al2o3 hea tings on the a$sump.tion of 

each of the possible g~seous species. Th.us vie can calculate the 

thermodynamic properties of Al2o, AlO, and then Al2o2 a~suming in 

each case a different main species. From these results, one can 

.calculate constants for reactions (3) to (5} and comp.are these with 

the observed volatility of ·Al2o3 • ·As will be done in detail below,· 

it is quite easy to show that the main sub-oxide species of the 

Al - Al2o3 experiments can not be the main species when Al2o3 is 

h~ated alone o The change in s-tability upon changing the Al partial 

pressure would. be sueh as to prevent explanation of both sets of data 

on the assumption of the same species. 

The next step is to attempt to fix the main species in each 

case •. As pointed out above, it woU:ld b.e possible to fi~ the species 

in the Al- Al2o3 experime~ts'if i~were possible to determine the 

dependence of Al2·o3 volatility upon.the. Al partial pressure. Because. 

of 'refractory limitations, it would. not be possible to determine this 

in a straight-forward manner, but it is believed that Sufficient data 
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i:.'-'-;::; be~.r.o. o'bt:e.i.ned by the me·thod used. t'o obtain an idea of the pre!§~· 

sure dependeneeo 

It •t:b..J c::,E0l''.~ee. that wh011 aluminum· metal wa.s covel""ed with 

~lumim;;m cxicle powder and heated to 1300 = 1600°K., 9 the metal did not· 

wet ths oxide powder and soak up into the por·es o Ins~ead 9 the metal· 

·all rama.ined s.s a.· liquid below the oxide covering and the vapori~ing; · 

alum.-i.nurn passed up t:r..rough the oxide as a gas., By varying the th~ck-

ness· and. par·t'ic.le size of the oxide material 9 one would expect to 

gl"'eA.t~cY redu.::e the ~lumi.~urn p,a.rttal. pressure .at the point of emergence 

i'r-cm the c.x::.ae ::c•vering or the last· point ·of' contaet between the vapor 
.. ·-

f:t::d. the ox.~de" It was iilq;3ed found that the rate of escape cf alumi .. , 

nurn ri1eta.l -vapor could be decreased a. hundred fc:·ld by· several centi= 

me'ter"s of' powder o It was found that BeO and Al.r-JO'A: powders produced. a 
r ... \..J 

sim:ilar, redu0tlon in the rate of escape of Al gas o Froni the o·bserved 

rate .of escape of aluminuinp one could. roughly calculate the a1 uminum 

partial pressure at th:e, top of the oxide coating o Although ·the 
. ~ '1. < 

e).um3.num pr,essu.res were vari.ed over a wide ra.nge 9 the r·a.tio of' oxide 

\raporized. to aluminum vaporized at a particular temperature wa.s 

re1a. tivel y :lnsensi ti ve to the aluminum partial pressure o This was 

taker.. as evidence for the exclusion of AlO(g) as a pc,ssibl6 sp~;Jcies 

under ·these conditions .ll since one would have expected a large pressure 

dependen1Je o In addition£, the entropy obtained ·for reaction (6} 'by 

treaU.x;.g the data. under the assumption of AlO(g) differed beyond 

experimental error from the. t expected for AlO (g) o Some typical data . 
are given in Table v·wnere the ratio of weight: of oxide vaporized to 

vveight of· aluminum vaporized are given along with ,the alum1.num pa.rt:'i.el 

pressures ca..lcula.ted from the observed rates of escape of aluminu.rn 

7apor and the assumpt-ion of' unit accotnmodatic·n coeffic:tent for the 

., >:tpO'i:"'' o It was assumed that the vapo·r was issuing f"rom holes :tn the 
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Table V 

Data for the Reaction 4 Al ( -) + Al2o3 _ ::.: 3 Al20. 
- g (s) 

T°K Total wt. loss- Time T(min.) Wt. lost in Time T Wt o Al (grams) lost as , P A1 c/PA.l Wto A1 present as metal (g) , A1(g) in time T ·_ 2 

1466 1.18 187 .0304 .0208 .285 

1491_ 1.20 196 .0236 -.0154 .325 
1501' 364 I .• 0329 .0216 

1557 1.25 295 .01-17 ·0457 ·436' 

1609 1.35 -242. .2293 .107 .713 

1614' 1~30 • 30· .0377 .0198 .563 
1614-- 30 . .om .0232 
1614-~ 

·- ·' 

30-- -- .0147 :.0-393 
1614' '"' 30 -- .0084 - .0464 

> .-
1619- lo32- . 30. ·0494 -· .0248 .622 
1624 60 oll85 .0598 

1725 1.42 (60) ·3948 .154 ,;,. .970 
-1>'; 

1853 1~65 (420) .• 8851 .168 2.67 

PA1~0 = . 3 (Moles n 2oJ vapori_zed) • (1Q' 
PAl . [Moles Al - 4(moles A1.2 o3 ~ 27 

PAt at surface 
, Atm) -

2.0 • 10-7 

1•39 • 10-7 -
1.06 • lo-7 

_. 2:8. • lo-7 

8.1 • 10-7 
.. ·. -, 

'~1-22 • 1D-j 
1.42 • 10 
2.4 -. 1o-6 
·2·9 -•· 1o-6 

.... 

1.53 • 1o-6 
le84 • 10-6 

4·9 • 1o-6 

>1.66 • l0-5 

-Cl 
Cl 

-~~ 
11-J 

'-" I 

~ 

l 
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t.-t!p su:cfa;:;e; of the oxicie covering which comprised one half of the 

area o~ bhe total su~face. It is obvious that this is a ve~y approx­

.L .... :.:.d!i c&.l.;;i1J,~tlc»:n of the aluminum partiaL~N:essure at the surface-D 
.(o: 

'tr'.lt f'c,rtu:nately in view of the low dependence of the equilibrium 

co:r.uatan't; upor! the" aluminum metal partial pressure' it it not nec~ssary 
j 

In tc kTI.(I;ri)' the 1!lUJI!.inum metal par.tial pressure with great accuracyo 
·~ 

some eases where the alumin~ had completely vaporized during the· 

experiment we ha1re only a lower limit to the PAl and only an upper 

li.m:tt .to the equilibrium constant. 

'l1reatme.rJ.t of' the data on the assumption of either reacti.ons (7) 

c-:c ~ 8} t7 a sigma plot treatment gives results which are consistent 

with. estimated entropies in either case. There does not appear to 

be f5.D.y wa.y of' distinguishing between Al2o2 or Al2o from the data since 

tr.:ey ~.re n<:;t accurat~ enough· to detect the difference in pressure 

de·penden~.:e t,equired or the d"iff.erence in entropy. required. It should 

be r·e:::ognized. that the treatment of the data is rather complicatedv 

espocia.lly ~.f' a. very ~ccurate treatm~nt is reqliiredo For 9 depending 

upon the species, one will get more or less separ~tion of Al and the 

gasec.;us oxide species in diffUsing through the holes in the oxide 

coati:ng and escaping from the surface. Also the calculation of the 

!!l..C tual Al and oJdde _partial pressures depends upon the species 

chosen~ Thu.3 if one assumes .A120(g) as the species 9 much mo:r·e of 

the Al must h~ve been used up by reaction with Al2o3 as in~ic~ted 

by reaction {7) than would be the case if one had assumed A.lO or 

A<~ ') 

.J...~\.:'<fjO 
·'-' N 

Thus distinguishing between reactions (7} and (8) is not as 

clear .~;ut i.n this case as distinguishing simply between a 3/4 and a 

3/2 pc>"vder dependence upon the· Al partial pressure o The experiment3.:. 

anc1 t:r..e,oreti.cal uncertainties are too large to allow one to make a 
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choice o .·However P as will he. discussed below D other considerations 

.tencl·.to·.ind-icate that the vaporizing· o:idd~ species is most likely 

Al 2. ·o~ wheri- Al and Al-0 are hea. ted '.together o 
~ 3 . 

·.:.If· one. u.ses. the data obtained upon heating Al e..nd Al 2o3 together 

.tCJ determine the thermodynamic proper~ies of Al2o. or Al2o2 , depending 

upon 'whi.ch one chooses~ one can then, cal.culate the importance of 

. theBe species when one he a t.s Al203-·a1one o If one 'does this, one 

finds ·that these species can not account for the observed volatility 

· cf A! 2o.3 asc noted above o This is shown in Fig o 1 where the calculated 

partial pres sur'e of A1 2 o over !l-1203 is shown based on the thermodyna­

m,ic data-obtained for Al2o, from .the mixture experiments at lower 

:temp~ratuFeso Neither Al 2o nor Al2o2 can be used to explain the 

"~Tolat'i:li'ty: .results of both experimentse If we had only two possible 

ga:sec·us species 9 Al20 and AlO ~ we· would ··nevi have f"i,xed the species 

lri:bcth'types of volatility experiments: ,since we have"shown that 

Al20 ·vtill explain the Al - Al 2o3 experiments while AlO will not and 

we have derr~onstra'lfed that the. main species must be different in the 

t:wo e:xperi.ments o However, with Al 2o2 as a. possible species 9 we would 

have to use the following combinations to explain the data~ 
I. 

AlO.a Al 2o2 and Al0 9 or Al20 and Al202 o However 9 if Al2o2 is assumed 

to be the main species in either casep one must-have to assume extra-

crdinar··ily strong bonding in Al202 because its complexity, and thus 

low entr·opy per atom compared to simpler molecules 9 tends to make it 

·unstable at high temperatures and low pressures o Thus. if Al2o2 is 

1mporta.nt 9 its heat of dissociation to AlO would have to be as high 

as 140 kilocals which seems unreasonable for any normal bondingo The 

f':i'..:r'st combination_, A1 2o and AlO [) is also reasonable since one would 

sxps~t a lov1er oxidation state under the highly reducing conditions 
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existing in the pr·esence. of Al metal than under the mor·e oxidizi.ng 

conditions existing when e;ne has pure Al....,O..._o However·.? until we kn0w 
... v 

u10re about the type of bonding to be expected 2 we can not conclu= 

• sively exclude Al2o2 as a species o Taking for the time being the 

reas0l1able assumption that Al202 is not of importance 9 we can now 

calcu.le.te our results on the basi.s that Al20 gas is the main alumir...un! 
'1 • \ • • 

c,x~.de gaseous· spGc:.r-~s wher Al and Al203 are heated '!:;ogether and that; 

AlO gc:i.S is the r:lai·r-:. alumhnu'T! oxide gaseous specles wher. A:!..2C3 i.s 

heated e.loneo 

In Tabl.e VI!) the data of Table V have besr1 used to calculate the 

equilibrium constant for the reaction 4Al(g) + Al 2o3 (s) ·.:: 3A12 0(g) 

and ~values have been calculated using .6.Cp ~ -:.2 cal/deg., 

The data are not; too accurate» and examinatior. (jf t;bE:. r: values 

shows that within experimental error there is no appreciablr 7s.::::·to.t:J.on 

of~ with tempePatur·e 9 which means that Lili~ :'!.s ver7 srrw.llo In the 

following equation .6.11° has been taken as zeroe 
0 

AF0 = 27o5T ~og T 112T from data gi 1ren in Tc ... b::L e Vl.,. 

Within experimental error there is no change in I' with temperature 

and .6.Hg, is essentially zero o The uncertainty in .6.F :'Ls ±5 lcilc.ca..J.c::':ies o 

The uncertainty in t:ili or' .t.S obtained from thi.s equat:l en is ·±:20 k:U.·~'.-

calories or ±12 eoUo 

2Al(g) + O(g) = AlzO(g} 

AH298 ~ -248 

'fhe uncertainty i.n &' is ±2 kilocals. and in fill 'i? k:i.lccals • . r. 

A::. 2 0 3 ( 1 ) :::: 2Al 0 ( g ) "t' 0 ( g ) 

~o ~ 443,000 + 12 T ln T - 212T 

(9) 

( 3) 
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Table VI 
"' 

Calculation of I=-~+ I for Al2o3(s) + 4Al(g) = 3Ai20(g)' 

T· log T 27a6 log T PAl ofPAl . (P~2ofPA1)3 , PAl K log K 4o575 log K ~E 

2 

1466 3ol661 87 0 38 . o285 o02Jl 2o0 x 10=7 lo15 X l(t) 5oo6l 2)o1'5 llOo) 

14.91 Jo17 35 . 87 o59 o)25 .0343 lo39 x 10=_7 2o47 x 10-S 5o393 24o67 ll2o) 

1501 )o1764 87.67 '· . 
o325 .0343 lo06 ~ 10""7 r:. 

)o24 ;x: leY . 5o5ll 25o21 ll2o9 

1557 Jol92J 88.11 ' ·436' .0829 2 .. 8 X 10=7 2.'96 X lo5 5e471 25.02 : 113ol 

1609 3~2066 88.50 0 713 o362 Sol X 10-7 4o47 X lcP 5.650 25.85 ll4o3 

1614 3o2079 88.54 .563 .178 lo22 X 10-6 lo46 X lo5 5ol64 23.63 ll2o2 

1614 3o2Cf79 88.54 .563 ·.178 lo42 X 10-6 le25 X lo5 5.097 23·32. 111.9 

1614 3.2079 88.54 o56J .178 2.4 X 1(J6 7 •43 X lo4· 4.87], 22o28 110.8 

1614 3o2079 88 .. 54 o563 .178 2o9 X 1()6 6ol4 X 1o4 4.7~8 21.91 · llOo) 

1619 3o2093 88.58 o-622 o241 L53 x 1o=6 lo57 X 105 5ol96 23o77 112 .. ) 

1624 3o21o6 88o61 .622 o241 
·r 

L84 X 10"'0 1.31 X 105 5ol17 23o4l l12o0 

1725 3·2368 89o34 o970 o91J (4o9 X 1Ci'6 ) (lo86 X 105) 5.270 24o1l .ll)o) 

1853 )o2679 90$19 2o67 l9o03 (>1.66 X 1Q=5) (£1ol4 X lcP) <6o057 < 27 o?l <117 o9 

Avo 112 ca1s. 
per degree 

q 
0 

~~ 
R \J't 

VI Q 
VI 
I\) 

d 



This equation warrants a little more discussiono It is based 

on the data given in Table IV where AH298 = 456 kcalso was calculated 

for the reaction Al 2o3(s) = 2AlO(g) + O(g) o The heat of fusion of 

Al 2o~ is taken as 26 kcalso as given by Kelley( 24 ), the heat capacity 

of Al203(1) is taken as 35 ~al .• /dego/mole, and the heat content data 

given by Kelley(g) are used for Al203( .. s) o The entropy calculated 

for the 2L: state of AlO by ~ard and Hussey< 14) was used to calculate 

the (F-H2g8 )/T values. However 9 there is a strong likelihood that 

the 2:f state is not t.he ground state and that a quartet state is the 

true grow1d state and is not observed because of the selection ruleso 

Additional evidence that this is so is obtained by comparing the 

.spectroscopic data for the.2Z" state of AlO with the thermodynamic data 

given hereo One obtains from equation (3).:·,, 

Al(g} + O(g) = AlO(g) { 10) 

+. 23o3 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 hereo As pointed out by 

Gaydon< 22 ), the great chemical stability of Al 2o3(s} and the readiness 

with which AlO bands are obtairied suggested a fair'ly strong binding 

between Al and 0 which appears to contradict the 21 kilocalories 

valueo There is tne possibility that the.observed predissociation 

which fixes the heat at 21 kilocalories is in erroro However 9 eiren 

so, a line~r Birge-Sponer extrapolation of the vibrational levels of 

the 2z state of AlO would not give a }],eat greater than 87 kilccalorieso 

Thus; it appears very likely that the~ state i~ not the ground stateo 

If this is the case, the entropies and heat contents used for AlO are 
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ir:. err:::~J:' due to ·t:he'.-differing '(ribra. t1onal spE(-eing and moment:f.. of 

.:tr1ertia. to be ."expec'ted'- for> the two states as well as different 

statlst~cal weights for the electronic level. However~ the differ­

ence to. be expected is less than the experimental uncertainty of our 

dat;a., A sigma plot of the Al2o3 _vapor pressure data. assuming AlO(g) 

gi'!Jes an entropy value about 5 e .. u. higher than expected from Ward 

and Husseys s data. on AlO ~L)S) but this difference is well within 

exp-erimental uncertainties; and the free energy equation given for 

react.:l.::-m. (10} J.s based on the entropy of AlO given by Ward and Hussey 

and the vapor pressures given hereo 

Baur and Brunner·( 23 ) have reported the existence of a solid sub·· 
\ . 

:xJd& o:l:" aluminum with a composition AlgPs from melting point deter-

mJrLat;ionsQ However 9 in view of possible reacti.ons with their graphite 

~ontaine:r• 9 their results are somewhat questionable.. To test the 

possibili.ty of existence of a sub-oxide, intimate mixtures of Al and 

Al 2o3 were heated to temperatures ranging up to 2000°K., and in all 

::;;ases.9 X-ra.y examination of the mixture showed no new phases o If a. 

solid-sub-oxide does exist, it either disproportionates at lower 

temper•atures or· it is amorphous.. Our preliminary experiments· on the 

volatility of Al 2o3 in the presence of Al metal appears to indicate 

the for~ation of solid sub-oxide because of the reduction of the 

vola.til1.ty of the aluminum. However 9 further examination showed no 

eviden0e of reaction and only reduction of volatility because of the 

covering by the oxide powder. <3imi.lar reductions were obtained with 

A~~. 2 o3 or BeO powders and are due merely to the decreased pumping 

5pbed of the Al gas through the pores of the powder and the non-

wetting of the powder by the liquid metal. Th.us we have obtained no 

evidence to confirm Ba.ur and Brunner's observationD but we can not 
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s·~t·.:;1ude. the possibility of solid oxide with a rLarrow tempera.:ture 

t'il:i:J.ge of stability nea,r its melting point of 2300°Ko 

,. ·.' ";I 
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,.. ·"'\ ' -~ ;_ ... suinmarz 

In sunnn~ry, ·,;~fisfactory materials have been found for containing 
;0: '• - "': ' ! , ' , _·, , ~ > : •; ,, ;• " < • .:. , ', ' ~' '", • • .: > • I 

0 

• ' 'i .' ~ • 

aluminum·· liquid rind S:lumi"num oitde ·liquid separately. The vapor pres-

sures of alumiri~\md' 'al~iritun: 'ox~i~e 'futve been determined by an 
~' •. ' I ,:.' ' ~ • • ' ·~ . . ' ' .) ... \ ' . ; 

effusion method. By use of the V'apor pressure data for aluminum to-

. " -~~ther ·-~~i th ;£h~ '·~e~t': of' f6·rdia:t~ion··.6f ~runiinum oxide and other thermo-

' ' '. 1 • •' ' · ~-- · ' . ,_ . A • • , ' • • · : ~ ' 

vaporize. by d¢compOs :ttiori''to. the ·atoms. By· entropy considers. tiona, 

one. can exclude· t~e possibility. that ·rt ;·vaporizes undetomposed •. By 

heating a mixt_ur~ of. aimrtiriuni a.ild aluminUm o~ide and 'obs'erving B.fi 
; .-: • ., • ';> • • j·~· ' . :. • . . : - . . - - -

. enhancemen~ ·or the aluminilm oxide volatility 'in the pres·en,ce of· 

aluminum, one can demonstrate the existence of gaseous sub-oxides of 

aluminum •. However,>,t~e· de·t·erminatior;vof: ~~the" hea.t ;of. formation of the 
,, .. 

sub-oxide of aluniinum by determination of the variation of tp..e vola-

. tility of Al2o3 in the presence of al'liminum allows one to demonstrate 

that the ~portant species under, these conditions can not be the main 

species when A12o3 vaporizes by itself. Thus there must be two 

separate sub-oxide species of aluminum. 

Of various possible species, AlO and Al2o appear to be the most 

'J>l;·pbable with A1 2o2 also a possibility. ' From entropy considerations 

and the variation of the Al 2o3 volatility when the Al partial pres­

sure is varied, one can eliminate AlO as the,gaseous species in the 

Al - Al2o3 mixture. The most reasonable explanation of the available 

data is th~t Al2o gas is the main species when Al and Al2o3 are 

, heated together with Al2o3(s) + 4Al(g) = 3Al2o(g) being the main 

reaction, while AlO gas is the main species when Al2o3 vaporizes alone 

as indicated by the reaction Al2o3(s) = 2AlO(g) + O(g). It is not 
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?08sib:e from these data alone to definitely exclude Al20z gas as a 

possible species for either situation, but bond strength cqnsiderations 

:·01:..~.'ier it less probable. 

Assuming that the use of AlzO and AlO species is correct, one 

obtains the following heats of formation: 

Al(g:} + O(g} = AlO(g} 1 AH298 = -138 ki.locals. 

2Al(g) + O(g) = Al 20(g), AH298 ~ ~248 kilocals. 

The AlO heat does not agree with the spectroscopic AH values of 21 

to 87 kilocals. derived for the 21 state of AlO, but it is quite likely 

that the ground state of AlO is a quartet state and thus data derived 

:or· the excited 2E state would not apply to the species studied in a 

,_~hemical system where one would have the gas mostly in the ground 

state .. 

This work was done tinder .the auspices of the Atomic Energy 

Commission. 


