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Abstract o o
Uslng -ne\lv ‘the‘r'rno'dyn.atn:mic date. for Al C stab:.hty relatlon— '
ships in the Al- C O system have been determlned A Pourbalx- ' ‘
Ellmgham dlagram has been constructed and is used to eyaluate ther '

_ equlllbrlum carbothermlc reductlon process The analysis indicates

that liquid aluminum can never be obtamed a.nd that appremable amounts o

of Al O(g) are present in the vapor An a.nalysns 1s also made of an

“alternate reductlon path in whlch alurnlnum vapor is produced by the o -
decomposition of aluminum carbtde. ) The _Al O C and Al oC oxycarbl de L
" phases are considered,to vbe rnetastatble, but thelr possible mfluence .

on the equilibrium r_eduction process is brief_ly discussed.
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Introduction

Ma.ny of the propos.ed substitutes for the ele.ctrolyt'ic reduction:

of alumina include a carbothermlo reductlon step.. In the 1964 AIME

Extractive Metallurgy D1v181on's lecture, S’croup dxscussed the past L

.. history and ant1c1pated developments of carbothermlc reduction in the

carbon-oxygen system 1s to _construct a'vP,ourbaix-‘Ellingham diagram. l. |
o Such diagrams have been used previously in a thermodynamic analysis o

" of the metal- carbon oxygen systems of .vanadlum,oo]umblum and tanta-"

3
' lum and of chromlum molybdenum and tungsten 4 In this paper a

production of aluminum.

A thermodynamic~analysis of the Al-C-O systern is very useful

_ 1n evaluatlng the potentlal fea51b111ty of such a process Such an' analysis _ o

| .was pubhshed recently by Morfopoulos2 who erroneously concluded that s
the concentratlon of Al O(g) was, neghglble at pract1ca1 reductlon temper-.i
aturesv._ ‘ Itis the purpos'e of thls paper to re—evaluate the equlllbrq.um -

relationships in the Al-C-O system, using new stability data for Al 4C3.

| A very ooncise method of picturing‘stabili‘ty regions in a metal~

81m11ar dlagram is constructed for the Al C O system and is used to S

' ,;v_fevaluate the practlcallty of’ carbothermlc reductlon -

')'c
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temperature and pressure G

kcal/ mole and ng and Armstrong report 43 0+ 0 7 keal/: mole for |

L and Armstrong s combustlon product was the 6 A1203 phase | Usmg

o 5
: Kleppa’s recently measured enthalpy change for the 6 = A1203 to

' obtamed a revlsed value of 49 7 :t 1 2 kcal/mole 10

TR SOOI SIpII L TR UADUAL S S S B S SO r e

_ Thermodynamic Data. - )

Therrnodynamic': 'Data 't‘or';the bi'nary compounds' and gasesv =

occurrmg in the A1 C O system are presented in Table I in the form S

“of lmear GlbbS energy-of formatlon equatlons These equatlons are .: LR

In accord with the. decmlon‘of the Commlssmn on Physmal Chemlcalr_;;: Ll
& 'Symbols and Termmology of the IUPAC ‘the term GlbbS energy of- lor-—'\;“: S

] matlon is adopted to represent the free energy of formatlon at constant‘;f\‘.':*;'-

.\\ .
3.

" applicable in the speciflied temperature _rang'e_s'and are used in the T g
subsequent calculations T

The GlbbS energy of formatlon equatlons for Al (s) Al O(g)

| AlO(g) CO(g), and CO (g) were calculated from the data ngen in Elllott

.and Glelser's . The data for Al(g) 1s taken from the cmtlcal evaluatlon ~‘:-”";‘ R

.of Hultgren, Orr Anderson and Kelley6

The thermodynam1c data for Al C Wer’é‘calculated using a i
newly determmed heat of formatlon whlch 1s 15 6 kcal more negatlve than

~ that tabulated 1n Elhott and Glelser5 Mah has obtamed -53, 4 i 2 O L

" the heat of formatlon of Al C However a large percentage of ng

. ’,

A1203 transforma‘tion they have recalculated thelr data and have

e R




FuflikaWa, ot al, 11 'v.hav.e'measﬁ'r;advﬂ"ch'e heat .capaaity and en."chalpy
of Al C from 15° to 1173°I£ and haVé *tabulatad _values fc.>r'Athe entropy
- and enthalpy from 0 to 2000°K Usmg this new thermal data ‘a value of . :
i | -51,2 kcal/mole for the heatof formatlon at 298°K of £&14C3 is obtamed L
from the high—_tempef'ature‘eq_ui_librium_'study of Campb'elllz.. The vaver.; K '
aging of thel thfee'values yields -515:}: 1.0 kcal/m,ole for the heat of l

formation at 29 8°Klof Al C 3° The Gibbs-.energy-of~formation equations

for Al C were obtamed by combmlng this average value w1th the newly
11

”

. tabulated thermal data of Furukawa et al. "




-two oxycarbldes Al o,C and Al OC, in the Al C- O system Cox ; v : " .”‘E

_of these two ternary compound S, but the vahdlty of thelr results is

© Al O(g) and Al(g) in the vapor phase comphcates the 1nterpretat10n
o of their results. In a prev1ous thermodynamlc a.nalys:.s of the Al- C O
L : systexn, Mortbpoulos2 concludes that there are serious 1ncons1stenc1es'

‘ in Cox and Pldgeon‘s results 14

“be pictured as: . . o o

_where eaeh carbon repiaées two oxy.g.ens;;-‘lt is 'perha‘ps- 'significant

“that none of the ' equlhbrmm photomlcrographs of Foster, Long a.nd

. was always present 1nvvar1ed amounts Thus the Al o,C and Al OC
-' '-,phases are consmlered to be metastable and Wlll not be conS1dered in

. the subsequent therm_odynamlc analysxs,'._"

Phase Relationships.' . f':‘- o o : | oy

'In-1956 Foster, Loné and HunterlsrepOrted the e}dstence of"' '

474

and PldgeonM attempted to measure the thermodynamlc propertles -

$ ‘ "..' | o
very questlonable-. Intwo of the;.r .1nvest1gated reactlons the attain-- <

" ment of equlhbrlum is 1mp0351b1e whlle in the thlrd the mfluence of

This author feels that the work of Foster Long and Hunter13

amply demonstrates the ex1stence of the Al O C and Al oC phases hut -
that it does not 'prove’ concluswely that the se are stabl‘e phases In'deed
it appears that they may be metastable phases through which A120 passes
on being redueed to Al 4C: The transformatlon of Ale3 to"Al C can o

AL0; » ALO,C f,v,Alf&Oz'C.z:'f",Al&C?»v

Hunterl'3 showed only two phases an addluonal non- equ;hbr:.um phase

474



‘,the 1n1t1a1 carbon to oxygen mole ratlo is spe01f1ed to- be more than :

_ Pourbaix-Ellingham Dia'gram' PR
To provide a complete p;‘.c.ture of“ the ther'rnod_ynamically stable = =
regions'in met:’al-carbon-bxygen'syste'rns Worrell and Chipmans’ ¢ L

~ have described and constructed Pourbalx- 111ngham dlagrams in whlch

: .the two co- -ordinates are oxygen potentlals( -RT In POz) ar;d temperature,'l/._j.‘ .
Ina iiPourbaix-Ellingham diagram for'a three—‘cor.nponent systern, the |

: phase rule requires that at eduillibrium‘;tvyo'clondensed phases define an ,:
area, three condensed phases deter_mine_ a .ii'ney, A and'four conde'nsedb :

%phases spec1fy a pomt

To obtam a well defmed area at the end of the reductlon process

: sufflclent to reduce the ox1de but not enough fo convert all the metal to

\,

L

'b carbide. " ThuS, the Iowest'reglon in the subsequent P.ourba;x—-Ellmgham

.diagram :repres_ents'-an area in Which'alurninum'"and aluminum carbide =7 =

are the stable condensed phases S - . o ﬂ S

In the Al- C O system alumina and .carbon are’ the stable con—

densed phases at low temperatures and oxygen potentlals (a low: value of

-RT ln P.02 corresponds toa hlgh oxygen pressure at a constant

témperature)r As the temperature or oxygen potentlal mcreases-v a
Phasevreglon appears in Whlch alurnma and alumlnurn carbide are the_'
stable condensed phases o o - e S :

The three ccmdensed-phase (Al O3 - Al C3 - CS equlhbrmm
line is defmed by the- reactlon- . SN ' S



i L observed eutectlc meltmg of Al O and Al C

Cepen e e N itlri™ E s A SN vt L gtBe e e s em s e, L

2512C3f3c' = VA14C_3 + 3C2(g),‘ o | (1)

RTIn Py =’ 249,600 -'46.7T . (below 932°K) ~ ~(1a)

1

-RT m'pd_ 247,100 -.44,1T f‘ (above 932°K) (b)Y,

- Equations (1a) and (1b) were c.alc'ulatedusing the data tabulated m R :
Table .’I and represent the top line shown in Figure 1, which is the S
. Pourbaix-Ellingham diagram for the Al-C-O system. .. R

. The AL,O, - AL,C, - Al equilibrium line is defined by the follow-
ing reaction: o .7;" S ,_
.,AA‘,lz_Qs Rt 2Al + -2-0 (g) o L

g e

-RTInP_ = "266’,‘ 800 - 49.7T - (below 932°K) - . (2a).

) -

-RT In p(') = ';_"268, 400 - 51,7T - (above 932°K) ~ . (2b) .. .. x

Equatlons (2a) and (2b) represent the 11ne whlch separates the Al?‘O3 ‘

‘Al C and the A14C3 Al phase areas m Flgure 1~

‘The vert1ca1 11ne at 932°K represents the equlhbrmm between

k4

s011d and 11qu1d alummum. C
e T "2 074 1476 -8

Vapor equilibrium 11nes.for 1, 10 10 ,,;10 , and 10 _ atm«_.

'~ aré’shown as dashed'iine's”in Fi‘g‘ure. 1. The one atm hne would mtersect

the Al‘O - Al C C equ1hbr1um hne at a temperature above the

3
4




at.

Along each of the reduced vapor pressure lines two points,

A and B are mdlcated Above the A pomts 99 9% (or greater)

of the vapor is carbon monox1de whlle alummum gas accounts for'-”’

]

99. 9% (or greater) of the vapor below the B pomts ' In the reglon SR ) / S

- v

- between the A and B pomts the vapor is a mixture of CO(g) Al(c) . '

and Al O(g)

The vapor equlllbrlum 11nes mdlcate that a hquld alummum S

. pha'se can never be obtained in an equilibrium redu'ction process At

any spec1f1ed reducnon pressure; the temperature at Wthh carbon _:

l
\

can reduce A1203 to Al C 1s hlgher than that necessary for Al C3

and A1203 to form Al(ﬂ) ‘Because the vapor pressure of alummum

"in equ111br1um w1th Al O Al C and Al(lz) at the temperature necessary ,

i ol e e o b+ it

273 3

for carbide formation is greater than the reduction pressure, the

equilibrium pressire of aluminum never reaches the value necessary.

- to maintain a liquid 'alum"inum phase. ‘ For example, if the 'reduction :
. - .

. -4 ' '
pressure is 10f atm," Flgure 1 1nd1cates that the mlmmum temperature

¢

for carbide formatlon is 1565°K but the 10 -4 atm 1ine crosses ‘the

. ‘A1203 - A14C - Al(ﬁ) hne at 1515°C »



Carbothermic Reduction of Alumina - .

In the f:fevibus section it was 'Shqwn 'that one wcu_ld never ‘ob‘cain_‘ |

the liquid aluminum phaée in an"equilibrium reduction process. - However, L
the equilibrium vapor above Al C and Al O3 could contaln a s1gn1flcant -
amount of Al(g), which could then be, Subjected toa distillation process. o ‘
The two pertinent reactions are: - . - o ‘ T
. . . '- - ) i . , L :-;‘ .;‘ {
AL,0, + ALC, 6Al(g) + 3C.O‘_(g) , ‘, (3)
log(PCO)(PAl .= _.f59, 700/T + 23.65

1

< B5AL O, + 2A1 c,

273 4C3 : .§,9A12Q(g) f» 600@,

1og(PCO)(

AlO

)'g" = ‘.--57,500’/? 495,15 o d

" The equilibrium vapor composition can be determined by combining | :
equations (3). and (4) %avith the restriction that the total reduction pressuxf.ei SRR
must equal PCO + PAI o o+ PAl'{ .Calcu'lated equmhbrlum vapor compoe -

51t10ns are tabulated in Table I for the mlmmum temperature necessary

e

to form Al C at a spec1f1ed reductlon pressure, It would be a very ’ 'A o

difficult if not impossible task to distill pure alummum from vapor SRRV R

.'having these tabulated compositions‘;

_ An alternate reduc’ticn path to. that indica'ted 'above couldbe ¢

. A LT

enacted by 1n1t1a11y chargmg a carbon to oxygen mole rat:.o more ‘chan i’_
. enough to convert all the metal to-carb1de The alumina would be oty

| completely reduced to Al C before the carbon phase dlsappeared

“and th'e. phase area below .the .A120_3 - Al 4C3‘- C equiliszium_ line would

Lt e . B
it s e it = i e e



with AL C_ and C can be calculated from the following decomp051t10n

. " The temperature at wmch the alummum pressure is equal to a Spec:l.fled

o : reductlon pressure is tabulated in Table III Usmg both the Knudsen

~ and torsmn effusmn methods Me sch1 and Searcy 5have studled

‘several millimeters in thickness at the top of every sample. This ey

: carloon layer would most likelycause difficulty in'reaching a particular S

io

be Al,C, and C instead of AL,C, and Al- 0, as shown in Fidure 1. On
further heatmg, the alummum vapor ar1s1ng from the decomposm.on of
A14C' might be easﬂy condensed because CO(g) and Al O(d) would not be

present in the vapor. Thevapor pressure of aluminum in ethbrmm<

473 .

" reaction: =
ALC, = 4ANg+3C o ()
log P, = -,719,350/,T +'7,’16; S

Al

;,f 3\:,__.: L

i

reaction (5) between 1500 and.1800°n’.. The alummum pressure calcu-" i

lated from their measurernents is also shown in Table III for each

~ tabulated temperature, _ NN | AR 1

Meschi and Searcy's preSSures are lower than the calculated . -

edquilibrium ones by a fac'tor'of three. " This dlscrepancy is most hkely

' ‘related to an outer carbon layer formmg as Al C3 decomposes. Thev "

formation of this 1ayer could lower the observed pressures since

aluminum would have to_,diffuse’ through this carbon layer to reach the |

vapor phase, ‘Meschi and Searcy observed such a carbon layer of . .

W

~ reduction préessure et the equilibrium temperature, However, one may

~ be able to attain a given reduction pressure by increasing the temperatdre

of the system above that tabulsted in Table IIT,



S For example the presence of either or both of the oxycarbldes could.

]

[ U

Tl

‘.

It should be emphasméd that thevprevmus thermodynamlé
analysis of the carbothermlc reductlon of alumlnum is vahd only when B
equilibriumlconditions_ a':re maL:'Lntained{ ) Although ’_chis :may nof vocc'ur; ; .
in the Al1-C-O system,thzs ‘alnal'y'sis: at ‘least‘i.ridic_ates' the gene;jal “  " , :
directiofi of the reduc'ti;n feactioﬁs and:. some .iooésiblé ’difficulties m e

their »applications. Indeed the observatlons of the Al 4:O 4C and Al OC

13 ;
phases 1nd1cate that the reductlon of alumma to Al 4C 3 may be
,'extremely sluggish. ’ Thése 'pha‘ses probably caQSe the actual réductidn
. Sy R
process to deviate con51derab1y from the calculated equ111b1 ium one.
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13

; R TableI
;_

Thermodynamlc Data for the Condensed Bmary Phases N

and Gases OCCurrmg in the Al-C- O System

Reaction . . | Gibbs Energy of vv’_I‘emperature'_'_ R
' .| Formstion-(cal,) - | :+ Range °K . .| .

2Al(s) + —2— Qz(g) = AL,0,(s) -400, 200 + 75.0T | . 298_-_932

ZAI(IZ) ; §-‘o’(g)" = ALO, (s) | -402,600 +.77.6T | 932- 2000

¥
K

A 2A1(¢) + -0 (g) Al O(g) - 485500 5 14, 5T ""'"-;10_00_.-2.009; g

. . E

AL - +—o (g) :—f'Al_O(g_)E .+ 4,500 14,07 |}1000-2000

.Am:; = Allg) "] 472,500 - 27,0T .| 10002000 |

4Al(s) + 3'C(.sv;) "“*A14C3(s) ;

51, 500+ 10.0T - | " 298-932 "

4A1(0) + 3C(s) '_="A1‘ C ~(4;o‘,)!"" .-:63,800 +23.0T | - 932-2000 . i

~

Cls) + %_Oz(g) ..___ CO(g) o j 26, 760 21.0'1‘ 298-2000‘ .

e

(C(s) +O,(g). * = Co (g) 194,260 - 03T » | . 288-2000 .

| - o . S ‘: . "'.b(‘ o . . ' >




Composfuon of the Equlllbrlum Vapor Above Al O and Al C

at the Inch( ated Pressure and Tempera’cure

Table II

14

3

Reduction Pressure (atm)

“I‘emperaturé (°K)

%C 04

s

%Alzo %A1

10

“10 .

-2

a4

1840

1565 .

1365 0 .

72
84
85

8.6.

23 | 5.

10 8

&3

&

Calculated and Observed Alummum Pressures 1n Ethbrmm

Table III

W

w1th Alummum Carblde a.nd Carbon

N

'Reduction Pressure (atm)|

Calculated Temperature (°K)

(Equauon 5)

ro

Obse‘rvéd Prés'sures'_(a‘_c;ﬁ)‘ e

(Reference 15)

o 17850

2110

L aato
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