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Carbothermic Reduction of Alumina:. A 'J;h¢rmodynamic Analysis 

. . . . . ** . Wayne L~- Worrell · 

Abstract 

•, 

ships in the Al-,C-0 sy_stem have been ·determi:ned. A Pourbaix- · 

Ellingham diagram has been constructed and is used to evaluate the 

equilibrium·· carbothermic-reduction process~· _The analysis indicates 

that liquid aluminum can never be obtained and that appreciable amounts 

of Al2 O(g) are ~resent in t~e ·vapor.: An analysis -~s also made of an . 

/ 

· .. _r,>. ,· , .. 

·.. . alternate reduc~on path in which aJtiminum vapor is produced by the 

• 

· . decomposition of aluminum carbide. ·The A1
4

0 
4
c and Al

2
0c oxycarbide· 

phases are consideredto be metastable_, but their possible influence 

on the equilibrium reduction process is brie:q.y discussed. 

,_·. ,·,.:·. 

·-~ : 
. r 

. ,· ' ~-· ·. ~ 
;r t 
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Intr-oduction 

Many of the proposed substitutes for the electrolytic reduction 

of alumina inc~ude a carbothermic reduction step.· In the 1964 AIME 

Extractive Metallurg)" Division's lecture; Stroup
1

discussed the pa~t-· 

. history and anticipated developments of carbothermic reduction in the 

productio!_l of aluminum . 

. A th~rmodynamic analys~s of the Al-C -0 system is very useful 

in evaluating the potential feasibility of such a process. Such an analysis 
. . . . 

. . . •, > . . . ' ' 2 . . ' .· .· 
wa:s published recently by ~orfopoulos who erroneously concluded that .· . . . . . . . . . 

/ 

. '\ '. ·. ' .-,. 
'<', .;. 

the concentration of Al
2 

O(g) VfaS: negligible at practical reduction temper- ... 

. atures.. It is the ptirpos'e of this paper to re-evaluate the 'equilibrium 

relationships in the Al-C-0 system, using ne~ stability data for Al4C3., 

. .A very concise method of picturing stability regions in a metal

carbon-oxygen system is to construct a Pourbaix-Ellingham diagram . 

.. Such diagrams h~ve been used previously in a thermodynamiQ analysis 

of the metal-car:bon-oxygen systems of .vanadiUJ;l\.COlumbium, and tanta-
. . . . . ' ~' 

3 . '. : .. ·. . . ' . 4 .. ',,' 
lum. and of chromium, molybdenum, and tungsten.. In this paper a ··· · . 

. . similar diagram is.co!lstructed. for the Al-c:..o ·~ystem' a,nd :ls used to·. · . 
. ' . . - ' ' ' ' .. 

. J . 

.. ·evaluate the practicality or-'carbothertnic.'.reduction. 
. ' . . . . . ·' '· . . 

' ... · ~ 
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Thermodynamic i.)ata·. 

.· ., 
' ' 

:1 :· 

·.,•·-,, 

. . ···:··· 
' . .'. ' . 

The~modynamic: .Dat~ ·ror.·the binary c~mpounds· and gases 
. . . . ·. . . ' ' ·: . . ' . ~ . ' . . 

occurring in the .. Ai-C.~O ~ystem are presented in Table I in the form 

. of linear Gibbs-energy-:-of~formation* equations. i These equations are r . . /' 
-'' 

· * In accord with the decisionX>f :the Commission on Physical-Chemical. ... 
. -~ 

3 

. ~· . 

' 
I 
i 

'lt,i 
Symbols and Terminology of the IUPACa the term Gibbs energy of·~~r-·.~: · , · 

1 

. mation is adopted to repre.~ent the 'free e~ergy of formation at constant ... ·. 
''1.1. 

· .. -,'. tempe~ature and. pres.sure. 1 •. r .... 
' \ 

applicable in the specified temperature range's and are used in the 
r. . ,' ~ 

. 't ... 

subsequent calculations.'.· · 
...... _ 

. ·· ... 

The Glbbs-energy-of-formation: equa.'tions for Al
2

0
3

(s)a Al
2
0(g).· . 

'·· . . 

AlO(g)~ CO(g)a and C0
2

(g) were' calcuiatedfr_om _the data given in Elliott .· · . 
', . .· . -

.and Gleiser~. · The data for Al(g) ·is tak.'en from the critical evaluation ''' 
' ' 

' ' ' 6 

':. . t 
' . ' . . ~ 

i 

I 
:' :--~ '· J . 

!' . .; .'. . . ~ 

: ; .. : ·. ! 
I 
! 

.. i 
i .·. t 
l . ! 

,, 
•.' 

·; 

1 ,. 
' ! 

l 
' ; 

- .. -. l 
I of H ul tgrena Orr a . Ander son. and Ke Uey ~ .. · .... ' .• ,' '; ·.·' ' i 

,. ' '\ 

newly d:::::::::::o::t:::t~:~hwz:·5~:
1

:::
1

:o::
1

::;ative. ihan •--.-·•; ... · .. -1 
. . . . t 

' ' ' ' . 5 ' 7 .·' '' ' .· '' . ·. •', i 
that tabulated in :Elliott ~d Gleiser.. Mah has obtained -53. 4'± 2. 0 · . 1· 

- ' ' ' ' ' ' ' ' ' ' 8 ' ' ' . ·. ' ' : ' ' ' ' ' ' ' ' '' ' .. ' ~ :' l 

:::~e::; f:::: :dA;:~:tr:::e:::~r~·:: ~: :e:::n:::/:o~:;r:· :, •. · ... ·. ,,· ·~:·•·.1 
l• 

. and Armstrong'scomlnistion prc)duct 'A'asthe .. cS ,- Al
2
o

3
.phase. Using· 

.. ~ 9 ' . ' .. ' ' ·. '.· ', . : . . . . . . .· ' ·.. ' . 
Kleppa's recently m.eas~red 'enthalpy change for the 6 ~.·. Al

2
6

3 
to 

. . . . . • . f . 

. a - Al20 3 tran~fo:rmation, they have. recalculated their da,ta and have. 
' . : . . ·'·'' . 

. . . . . . . . . . .·· . 10 . ·i 
obtained a ;revised value of '-';1:9 .. 7 ± 1 •• 2 · kc~i/mole·. . 

' I 
I 
i 
t,. 

·.· i \ 
: . i 
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11 . • . . . . . . . ·.· 
Furukawa, et al, . . ·.have me astir;~ d. the heat capacity and enthalpy 

of Al
4

C
3 

from 15~· ~o 1173°K a.nd have tabuiated values for the entropy 

~d enthalpy from 0 to 2000°K. Using thisnew .thermal data, ·a value of 

-51. 2 kcal/mole for the. heatofforma:tion at ~9S°K of Al
4
c

3 
is obtained 

. 12 
from the high-temperature equilibrium study ofCampbell . .The aver-

aging of the three values yields -51. 5± 1. 0 kcal/mole for the heat of 

' 
formation at ~98°K o~ Al4C 3. The Gibbs~energy-of-formation equations 

for Al4C
3 

were obtaine~ by combining ·t~s average value with the newly 
. . 11 

tabulated thermal data of Furukawa, et al .. 
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Phase Relationships· . ,; 

. 13. .. .· . . l ~ .· 

In ·1956 Foster, Long and Hunter reported the existence of· 
. . 

two oxycarbi~e~, Al40 4c and Al20C,. in the ~:-:c.:..o ~ystem. Cox 

and Pidgeon
14 

attemp.ted to ~easure t~e thermo.dynamic propertie_~_ 

. of these two te-rnary c.ompound_p,but the validity of their results is 
. I 

very questionable~. In two of their investigated reactions, the attain- ·: 

ment o'f equilibrium is imp?ssible, while in the third, the influence of ,• ~·· .. ' ··'' 
Al

2
0{g) and Al{g) in 'the va,por·phase complicates the interpretation 

. ' 

of their r~sults .. In a previous thermodynamic analysis of the Al-C-0 -'· ·: .. · 
. •'. ; . 2 ' . ·. . . . ' 

system, Morfopoulos .. conclud~s that there are serious inconsistencies:_:.·· 
• j ' • . 

:,:'<''I 

. . .. ; ·. . . . .. '•14 
i;n Cox and Pidgeon 1 s: results, . . 

'' ·,' 

I ' ' ' ' . . . 13 .· 
This author fe.els that the work of' Foster, .Long and Hunter 

·amply demonstrates the existence of the Al40~C and Al
2
0C phases but ·' 

that it does not prove conclusively that these are ·stable phases. Indeed ·, '· 

it appears that they may be· metastabi.e phases through which Al
2
o

3 
passes · 

' ... : . ~ ', 

·, -... 

on being reduced to A14c3. ·The. transformation of A120 3 to'A14C
3 

can--~ . , , .: ; 
.. · • • .t' ....... ··-

·be pictured as: 

. '. 

. '; .. ~ 
.... ~ . ~~ . 

• 1, • 

where eaC?h carbon repiat;::es two ox:ygens •. ·· It is perhaps significant .. , ... · 

. that none of the "equilibrium" photomicrographs ofFost~r, Lo:rlg and ' 

. . .; .' . 

',•.: '· 

... 

Hunter
13 

showed only two pha:ses; .an additional non-equilibrium phase-~· : ·· .:. ·. 
' · ................ ·. 

·~ • ~~ r. . 

Thus,· the Al 0 C and Al OC · .,:·:_ ·;_.:·. -:< ·~ · 
4 4 . 2 ·. · ... ::· 

was always present in'varied amoim:ts. 
'• .. [ . 

. · . phase.s are consicl~red to be metastable and will not be conside;ed in 
·.i··· . 

. : .... ·~· . ' 
'•·' 

. -- ' ~ . 

. ' 
the_ 'subsequen~ thermodynamic analysis. . . ., : .: .. 

·. ~-·· 
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Pourbaix-Ellingham Diagram :: 

To provide a complete. picture of the thermodynamically stable·.· 

•.· . . 3 4' 
regions in metal-carbon-oxygen ·systems, Worr~ll and Chipman " 

. . 
have described arid constructed Pourbaix-:-Ellingham diagrams in which··· . . . . --

.. · - I 
the two co-ordl.r1:ates are oxygen potential"( -RT ln P

0
.) a!l:d temperatur~.· 

. . 2 
In a ::Pourbaix-Ellingham diagram fora three-component system, the 

.. 
. . . . . . . . ~ . . . . . 

·phase rule requires that at equilibrium two·condensed phases define an · 
I. 

area, three condensedphases determine a line, and·four condensed 

phases specify a point .. ' j"·· 

. . . . . . . ·: .... : ~. ' .. '; . ' '. . .. ' ' ' ·. . . . . . . . ; 
To obtain a well:- defined area at the·.end of the reduction process,· 

. ' ' ' ' . . .. 

. the initial' carbon to oxyge~ mole ratio is specified to be more than ' ·:, 
~; ~ . . . ' : ,. ~ . . : 

sufficient to redu~e the. otide but not e~ough t~ convert allt~e ~etal; to· :.~.?::. :· 
. , . . '; ~ \ n ·: - . • 

·carbide.· ·Thus, the lowest region in the subsequentPourbaix-Ellingham .. 
I . 

·. ;.· 

. diagram represents an area.inwhich alimiinum'and aluminum carbide.·· 

are the stable condensed phases. ' :i ... 

In the Al-C-0 system,. alumina and.carbon are the stable cori.;, · 
. '• I' ',•> ··- '1 .. -•• 

.,. ' J . ~- ' ,: 

densed phases at iow temperatures and oxygen potentials (a low value of·: .'-··:':::.::: ... 
. ' . : . . . . . ' . . . ··. -~, : 

~ . . . 

' ,. ·;:,I,~ 
":- ~~ :. . ~· ~: .... 

-RT1n.P
0 . . 2 

corr'esponds.::to a high ox;Ygen pressure at a constant .. 

. - 'r;_•' .. ~--:i· ,'·) 
temperature). As the temperature or oxygeri potential increases, a . '; . ·>.·~::>' 

'phase region appears in which ahunin:a· and aluminum carbide are the. 
. ' . 

stable condensed phases. 
; ... 

"'·r 

The th~ee~condensed-phase .(Al. 0. '~ Al c. ~· c>' e~uilibriu~··. :; '.~ ::'>I· 
. . . . . . . . . 2 ,3 . 1 4 ·3 . . . . .· ·~;·. < 

·:,__ •'I' 

. . ·•r· 

.,• . 
: ;_ ... 

._ .. :-,· · .... . . . line .is defined by the· reaction: 
' ·' 

,;._: ... '; ;· 

• "';~ ·. "' "'t.. ;.. ' < • 

. . 
'• .. 

' .. •' ' '.: ·. '·· ... . . 
' 

· .. ,_.·. 

. f •. • ' . ~ 
,, .. 

·.: ~ 

. .•• <' : . . 

. .. 
., •.: 

' . 



. ~· f •. ~·~ ' •• ' .• 

. ~-

' .. 

• .. -· ::~ ~ 1.':'\..:.::; •. :-•••. :.., •• _ ....... .,~.-

... 

(1) 

-RT lnP O = .· 249, 600 -· 46. 7T 
2 

· (1a) .. 

-RT ln P0. 
. ·. 2 

247, 100 -.· 4.4.'1 T ·(-lb) .. 

.··., 

Equations (la) and (1b) were calculated~ using the data tabulated iri . 

Table I and represent the top lille shown, in ·Figure 1, which is the. ; ' · .. 

. . . 
'1,> 

.. ~-) . . : ~ ~ .... ~- : . ,, . 

. Pourbaix-Ellingham diagram for the Al-C-0 system. 
:, ·' 

·.. The A120
3 

:.. Al4c3 
- Alequilibrium line _is defined by th~,foHe>w<.:.: ;: .: . 

I . ' , . . . ·. . ·'·: ••', ., ' 
. ., '~ 

.' 'i' ........ ing reaction: ' .. ' ;' : ~ .. 
' ., 

·. •. 

~ • ·I. 

. -RT ln PO .. = 266,· BOO - .49. 7-T 
2 

· '. : (2a) . · · · ·_;:·· . · · 
' .. \ .~ ; . : t. ,; > ... 

>, 

-RTlnP
0

. = 
. . 2. 

. . . 

. 268,. 400 - 51. 7T ·.(above 932°K) . ~ :. 
. . ' 

.•. ' .,. 
' '· • • • • • .. •• • • ·-:'. l ! ·. ; ,: ~.!'. 

Equations (2a) and {2b) represent the line which. separates the Al2o3 - .::.··; . . :~- , . 

' .. '~ 

Al4C3 and the Al4C
3 

- Al phase areas i_n Figure. L 

The.verticalline at 932°K represents the equilibrium between .. 

solid and liquid (lluminum •. 
•,\. 

' ' . ' ··-· 

-2 . 10-4 ;_6 -8 . .·. . ' 
Vapor equilibrium lines. for· 1, 10 .. . , . 10 , and 10 atm 

are· shown as dashe.d lines in Figur~ 1. .. The one at~ ·'line would·interse~t!~L 

_the Al
2

0
3 

- Al
4
C

3 
~·c equilibrium l_ine at a temperature· above the . ·· · ~' . 

. . . .· . . . . 13 
observed eutectic melting of Al

2
o

3 
and Al

4
C

3 
... 

. \ .. 

"·· 

· .. .. · 

.··· 

. '·. 

. ~ !: . ~ . ~ .. 

~ ':; 

. -. ~ . 
; :· ': .. · 

t / ••• . .. ... 

.·~ ' ' 

·.: 
--: .· 

• . ·~ . . .J. . ' 

. . ' .· ' ~ ' 
~- .. 

f '·. < ·' .:'. ~ • 

. .. 
' ~ i • - ••• 

. .\ ..,._.· 

. .. ~:. 

. ··~·· . ·, ~ . 

• .. , 



-J._ ___ _ Along each of the reduced vapor pressure lines two· points, 

A and B. are indicated. Above the A p~int~, 99. 9o/o ~or greater) 

of the vapor is carbon monoxide, while. a·lumi~um gas accounts for· 

99.9% {or gr~~ter), of the vapor b~low the B points~ JI:l,the regi,on -·-·~· .. 

~etween the A and B poi1_1ts, the vapor is a mixture of CO(gt Al(g) 

and Al
2 

O{g). . ·, 
The vapor e-quilibrium lines indicate' that a llquid aluminum 

phase can never be obtained in an equilibrium reduction process. At 

any' specified reduction· pressure;· the temperature at which carbon ·. 
• -' I < ' 

I 
\ 

, '.can reduce Al
2
o

3 
to Al

4
C

3 
_·is higher than that necessary for Al4C

3 
': 

' . 
. , and Al

2
o

3 
to r6rm Al{.t) ... lBecause the vapor presstire of aluminum: 

. ,. 
--~ 

. / .· 

-~ ~- . . -~- .. -· 

·.-':} "\.; ... ~ ... , -" 

. ' 

' in equilibrium w:ith Al
2
o

3
, Al

4
c

3 
and :Al{£) at the temperature necessary·· 

. ! . . . 

for carbide formation is greater than the reduction pressure, the 

' ·.· 

; . . : 

i 
I j 

~ ' .... ~,-

'. 

I 
I 

! 
! 
! 

equilibrium pressure of aluminum never reaches 'the value necessary ' ..... · .. 

. '. 

. \. \ •. 

_.:j, ·. 
to maintain a liquid aluminum p'tlase. For example. if the reduction : ·· ' 

; . 

~4. ~-

pressure is 10' atm, Figure 1 indicates that the minimum temperature: 
. ! ' · ..• · . . . . ·. 4 . . 

for carbide formation is 1565° K. but the 10- atm line crosses the 

i .· ~ . 
! . ~ 

II,., ,.·•, 
',\·. .; 

·1. •. 
. . . 

... I • I ;:, • 

' .. '•. 

\. 

' . ,: .. ~ ' •. \I 

J 

,. .. ,. 
'.;.' •' ... 

.... 

. :. . '~:· ~ ' 

-~' ~~\ 

·-:,,. · .. 

..~. '· . .. : ... ·.• ~ ,.· . 

-. ~ 

'.:; ·,_. 

: .. . :·. 

:I' 
:,, '·· .·: . ' . •' 

~)· .. . ·. ,. 

.. _( 

(·• •' •I 

., ···:" . 

h.;··.·, 

. ' '~~; I ',; ·.,., ,, 
' :... ' •,: ~· ; .. 

·.· . ., .. . 

. '· ,·· 

':·. 
•'t' ;.'' 

~-. . ( . .. ' 

" ·~' J : J I o 

' ' ~:-' '·.· 
.. :· 
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Carbothermic Reduction of Alumina 

rn· the previ~us sec.tion it was 'sh~wn that one would never .obtain 

the liquid aluminum phase in anequilibrium reduction process. However~ 

the equilibrium vapor. ~bove Al
4

C
3 
~~d Al

2
o

3 
could contain a signif~~ant 

amount of Al(g), which·could then be subjected .to·a distillation process. 

9 

' 

l. 

The two pertinent reactions .are: 
•' I:: 

Al20 3 + Al4C 3 
6Ai(g) + 3CO(g} . (3) . . . . . ....... ...-. 

. . 

... 

2 
... ; ' '! 

log(P co><P Al>. = -59, 700/T + 23. 65 
.. ., \ .. 

. I 

. '\ 
; · ~ : '9Al20(g) ~- 6CO(g) 

. ' .• · • ·. ~ t .• 

~ . ,' 
. : ~ 

- . -57, 5 oo I T + 2 5. 15. · 

. . 
... :, ' ·~ 

. The equilibrium vapor com,position can be determined by combming · 

equations (3). and (4) \vith the restriction that the total reduction pressure 

must equal P CO + PAl 0 + P AI" Calculated equilibrium vapor compo- . ,, · 
. 2 ' ' .. . ;~. 

sitions are tabulated in Table II for the minimum temperature necessary· . : ' 

to form Al
4
C

3 
ata specified reduction pressure. It would be a very 

. . . . . . 

difficult if not impossible task to distill pure aluminum from vapor · 

having these tabulated compositions~ 

. . ~ . . . . : .. ' 
~~; 

I ! • ' ~ 1 • ~, 
t ·:' 

:. '·"'·· t ~. / ~-' ·. ~. 
. . . ' ~- . 

•'· '!•,"'. 

·, ·'.·. ,·,,: 

· .. · .. l 
. . . 

An alternate re~uction path to that indicated above could be. 
• •• : + :, 

enacted by initially charging a carbon to oxygen mole ratio more than. 
. . 

enough to convert all the metal to· carbide. • The alumina would be r · · 
. . . . . . ' ' . . . ' . . 

.. ,· ·.·. ! 
·.! ; ~. i 

... . ' . ~ 

. ' 
f,l • ' ·',: . •• ·, .~ ·.~ • f 

'. ·l 
( ~! • l .. :"' .. "'· ... r 

. • ~. ! ';,· t .. : ·' • ' ,. , •.• 

completely reduced to Al
4
C

3 
before the c~rbon phase disappeared, . ; .(.~\~ ., · ·. f 

··' 

and thephasearea below the Al
2

0 3 .:. A14C 3 - C equilib~ium line would,.:_.-.;:;:,:,·:·<·~ .~J 
. . • . . . . · ... '·' :., , .. ,,:_ !· 

. -~'' . . . i 
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be Al4~3 and C instead of Al4Co
3 

and Al20 3 as sho~n in Fig~re 1. On 

further heating~ the aluminum yapor arising from ~he.:decomposition of 

Al
4

C
3 

might be easily condensed because CO(g) and Al
2

b(g) would riot be; 

present in the vapor. 0 The vapor pressure of aluminum in equilibrium . 

. with Ai
4
c

3 
and C can be calculated from the following decomposition / 

reaction: 

4Al(g) + 3C (5) 

log PAl = . -;19, 350/T +. 7_~ 16 .r 

10. 

. . . I . . . . 

The temperature -at whicli:othe aluminum pressure is equal to a specified 0 •

1 
,, :: : 

i . ' .( . . 

:reduction pressure is tabulated'in Table Ill. .. 'Using both the Kriudsen · :>· . ;::·~ . . · : 
~ .. • ' • ' • : .' I • > ' • • , '• ' I' 

•' ' 

;: ; :.::·~-~ '(0'.' 
~ ' . ~- :. (. i ' 

. ,· . · .. •· 15 '· 
and torsion e~fusiori methods, ·Meschi and·Searcy . have studied. 

\ . " 

reaction (5) between 1500 and .1800°!(. The aluminum pr~ssure calcu-' 

lated from their measurements is also shown in Table Ill for each 
·.,! : · .. 

tabulated temper~ture. .-·~' 

J. 

Meschi' and Searcy's pressures are lower than the c;_lculated 

equilibrium ones by a fac.tor of thre.e. ·This discrepancy is most likely:·_·:·.·.·-~. 
. . ' .·.,f .. 

related to an.outer carbon layer forming as Al4C3 d~compoo~es. 
The 

for·mation of this layer could lower the observed pressures since 

aluminum would have todiffuse through this carbon layer to reach the 
', .•. 

'1 T. 

vapor phase. Meschi and Searcy observe_d such a carbon layer of 
. ·: , . . . :.. ... 

several millimeters. in thickness ·at the top of_every sample. This .. · · .·· · · 
' .... ·t .. · . 

. car"~?on layer would most likely· cause difficulty in ·r·eaching a particular . · 0
• o, · .. 

. . . . . '. ·,· • . 't . " . 

reduction pressure_ a.t the equilibriunt temperature. However, one may 
·'t: .... 

be able to attain a giveJi reduction pressure by increasing tho temperature. :0

• 

. ' . 

of thQ t:~ystem above thz•t tabulo.tG d 5.r. 'J'Rblc HI. 
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It. should be emphasized that the- previous thermodynamic 

analysis of the carbothermic redtic~ion'of 'aluminum ·is valid only when 

equilibrium !COnditions are maintained .. -AHhough this may not occur . . 

in the Al-C-0 system/ this analysisat_least.indicates the gene~al 
-., 

direction of the reduction reactions and some .possible difficulties in 

their applications .. Indeed the observa~ons of the Al
4

0 
4
c and Al20~ 

phases
13

.indicate that the reduc_tioriof alumina to A1
4
c

3 
may be 

:\' 

/ 

extremely sluggish. 
" These pha·ses probahly cause the actual reduction··>·· 

' . . ' ' ~--: . : ' .. 
I. ·'·· ' 

process to deviate·consid~rably from the calc'ulated equilibrium one. --, 
. \ ;· 

11 

'. 

' . 

. •,:-- ·For example,- the presence. of_either· or both of the ox)rcarbides could ~,_,._ ... ,.,.,_., .. ,., ... , ........ . 

:- · _ .. reduce the amount or,_AI~O(g) in the ~apor fro~ that tabui;ted iD. Table: h~-
-: . . .r~' • ~ l ' .,.t- ,· 
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',['abl~ I 

Thermod;Ynamic· bata for. th~ Condensed Binary ·Phase_s· · : 

. -and ~ase s. Oc~urring in the. Al-C-0 System . 
r· .. . . . . 

.. 
,. • .. 

I 
I 
I 

Reaction 

·,. 

·· .. 

. 3 . . . . . 
.2Al(s} + 2 o2

(g) ~ Al
2
0

3
(s) 

3 '. . 
2Al(£) .t 2 0

2
(g)o= A120~(s) 

1 . . . : ' ; 
2Al(£) + 2 0

2
(g)'o= A1

2
0(g)\ . 

.··, . 

Gibbs En,ergy of 
. Form r,.tion · (cal.' } 

. ~400~ 200 + 75. OT .. I 
. ! 

-402~ 600 +.S7. 6T 

I .... . Al{i) -~- .: Al(g) .. . '_: . .... +. 72,· 5·oo ~. 27.~ OT ·. 

I 1. . . 

. , . 4Al(s) + 3C(s) ·. :·~ Al
4
C

3
(s) ·•. 

4Al(£) + 3C(~) 

1 . . 
C(s) + ~2(g} . ~.CO(g) 

. I 
.. .. .. ,• ... 

51, 500.+ io. OT · 
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. " . 26~ 76·0~..:. 2l.OT .· · 
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Table II 

Composition oftb~ Equilibrium Vapor Above Al
2
o

3 
and Al4C

3 
at the Indicated Pressure and Temperature 

. ! . . 

Reduction Pressure (atm) Temperature (° K) I o/oCO %Al20 %AI··· 
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.. 10- 4 
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10- 6 ... 

.. 
. -8 
10 . •, 

; ..... 
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'·· •• 1 
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Table III : 

I 
72 I 23 5 

I 

84 I 10 6 I 
I 

I 85 '5 l'o 
.. 

86' 2 12 .. 

" 

•'. '.:· 
., ~ .. 

'· 

1.·· . .. 
,' ~ . ' 

Calculated and Observed Aluminu~ Pressures 'in ~qt:tilibrium. 
I . ' ""' '• • ' --~ . ..._ ' . ·--····-"';--··.:._ ______ ...,.._; __ ,_~_: ........... ;~'1 ~--

w1th Aluminum Carbide and Carbon 
.. ~. 

14 

'• .,..._:· ~. ' ... 

. ~ .. ' . 

. ·.l·, 
• ~ 'io ... '·" .. ·· 

·Reduction Pressure (atm.) Calculated Temperature (° K) Observed Pressures (atm) r·. 
· · · · (Equation 5) · (Reference.15) 
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This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com
mission, nor any person acting on behalf of the Commission: 

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

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

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