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Introduction .

regions in the metal-carbon-oxygen systems of vanadium, columbium

Reliable thermodynamic data for the carbides and o'xides:of_ - S

molybdenum and tungsten have recently become available. Using thesé - e

-data and earlier data for the analogous chromium compounds, the stable s
- phases in the Group VI metal-carbon-oxygen systems at specific temper- - -

. atures and pressures can be determined.

To provide a complete picture of the thermodyhamically stable | -

and tantalum, Worrell and Chipman1 have described and constructed

. Pourbaix—.Ellinghaﬁ diagrarrf‘s in which the two co-ordinates are oxygen"'b. e
; l, potential (-R'I‘lnPoz) and temperature. In a Pourbaix;Ellingham diagr"arr'xji :-.i-mv

.for a three-component system, the phase rule requires that at equilib—
-rium two condensed phases define an area, three condensed phases |

determine a line, and four condensed phases specify a point,

To obtain a well-defined area at high oxygen potentials and tem- -

peratures, the initial» carbon to oxygen mole ratio is specified to be more
than sufficient to reduce the oxide but not enough to convert all the metal_" S
to carbide. Thus,. the lowest regibns in the subsequent Pourbaix~Ellingham o

diagrams represent areas in which the metal and its carbide are the stable o

condensed phases,




Cr-C-0 Systerh .

A. Thermodynamic De Data To 81mp11fy the subsequent calcu-'-

lations, all thermodynamic data are presented in the form of lmear

"Symbols and Terminology of the’IvUPAC, the term Gibbs energy of

Gibbs-energy-of-formation equatlons which are reasonably accurate . . .

In accord with the decision of the Commission on Physico-Chemical . .

formation is adopted to represent the free energy of formation at

constant temperature and pressure.

over the entire temperature ranges of the diagrams. - -~

compilation.of Coughlin. 2 The Gibbs-energy-of-formation equations."__j,: S

The thermodynamic data for the compounds occurring in the - .

- Cr-C-O system are summarized in Table I. The orily chromium oxide .

- sufficiently stable to exist in the_'Cr-C-O system is Cr203. Thermo'—_':j---;fzf‘_'_

~

dynamic data for this oxide and for CO and CO2 were taken from the’

~ for the chromium carbide phases are those of Richardscgn3 who has

'critica.lly evaluated the original'work of Kelley and co-workers. 4

_ Several volatile chrormum oxides have been reported ® but their .

| . 1nf1uence is neg11g1b1e in Cr-C -O system




B. Phase Relationships, ‘The condensed phases of the Cr-C-0

| _system in equilibriutn with vapor at one avtmosphvere'prevs.sune are shown__v‘_i.
B -in Fignre 1. No ternary oxycarhide p.hases\ are shown becaus'e.the
existence of such compounds isunldtownto the author. The tempere.tgre- g
at which any two condensed phases tgecome unstablev.is indicated along
the tvto-phase eqq.ilibrium' lines in the diagram. In this ternary system, |
the equilibrium vapor at the indicated reaction temperatures is entirely
CO. 1t should be noted that Cr2l3C 6 and Cr eutectically melt in the |
_ _. vicinity of 1500° C;6 thus, the two upper equilibriutn lines in Figure 1 - S
are dotted, since the ‘indicat’ed temp‘eratures have he‘encalculated hypo- =,
thetically usmg the data for sohd Cr C |

23°6°
C. Pourbaix-Ellingham Dlagram In the Cr-C-O system ~

; CrZOB and C are the stable condénsed phases at low temper‘atures and_,‘ S
). As the tempera’ture _ o
O2 , '

or oxygen potential increases, a phase regmn appears in which Cr C

high oxygen pressures (low values of ~-RTInP
and Cr,O, are the stable condensed phases. “The three condensed phase_'-b"-:' e
‘_ (Cr203-C -CréCZ) equilibrium line is defined by the reaction

'3ACI,'203 _+‘4C '--‘ 2Cr302 _+.9/2 O2 S

v _'_l-RTlnPO ‘.,:1_-".'172,ooo‘-_'42_.. 5T Ty e

2

Equat:.on 1 represents the top hne shown in Flgure 2 whlch 1s the

. Pourbalx Elhngham dlagram for the Cr-C-O system. By a 51m11ar o L

- method, the_other equ‘i].ibrium lines in Flgure 2 _wer_e determined..‘_
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- The vert1ca1 line represents the separatlon of 11qu1d and solid Cr23C6, ‘

‘.

the equ111br1um lines above this temperature are dotted because they

are estimated.

The dashed lines in Figure 2 represent values of -RTlnPo

. | 2
for CO equilibrium pressures of 1, 10-2, and 10 6 atmosphere. =~ - .. v

At elevated temperatures the CO pressure is equivalent to the total

' equilibrium vapor pressure because the pressure of CO2 and other o

. f—~volati1e, sp.ecies is negligible.

Mo C-0 System

A. Thermodynamic Data Glbbs energy of -formation equatlons o

Ay

for the compbunds occurring in the Mo-C ~O system are given in ’Ifable, II.
The MoOB(g) equation is based o‘n.the investi‘gation' of Burns and co-

" workers, 7While the MoO3(s) dat'a is from the compilation of King and B
c:o--workers.8 The MoO2 equation was obtaihed frorri the equilibrium": -
study of Gleiser ahd Chipm‘an, 9 ‘Wh.Q discuss and corre.late the earlier“;

~data. A recent study by Rapplois ih good agreement with the results :

2 91 C equatlon is based also on the o
results of Gleiser and Chipman.-9 Although this equatlon apphes only
to the metal-rich side of the Mo oC phase (desxgnated as M02 21C) it T
was also used in calculatlons 1nvolv1ng ca.rbon saturated Mo C The -

M03C2 equation is an estlmate based on the Mozc data and the eutectold
| decompos1t10n of Mo C2 1nto Mo C and C whlch is reported to occur
t 1450°C It should be noted that the phase prev1ously reported as’ | :

MoC is actually Mo C 2




B. Phase Relationships., The solid equilibrium phases of the o

«~ Mo=-C-0 system ai 1 atm pressure are shown in Figure 3. I'I“he t_emper?- S 4

ature ardthe COZICO gas ratio at which any two'phases become _imstableﬁ_"‘

are indicated along the two-phase equilibrium lines. The stability of _ - L

MoO3 and Mo3C 9 is such that they do not exist as equilibrium phases |
at 1 atm pressure in the Mo-C-O system.
It also should be noted that no ternary oxycarbide compounds

., are known to exist. However, Kihlborgls’ 14 has reported several -

binary oxides existing between MoO, and MoO,. These oxides are .

stable only over limited temf‘)‘er‘ature'ranges and not above 800° C. No "__ o

quantitative thermodynamic data are available for these oxides, but
neglecting them does not affect the calculations and conclusions in this
. paper, However, Figure 3 would bé, altered someivhat with the inclusion

~of these intermediate oxide phases.

C. Pourbaix-Ellingham Diagram. Figure 4 in the Pourbaix- - J

:. Ellingham diagram for the Mo-C-O system. The equ_ations in Table II | -:-i_j s

" were used to calculate the solid-phase equilibrium lines. Vapor

: _' equilibrium lines of 1 and 10-2 atm pressure are shown as dashed lines %

in Figure 4, . The temperature at which the 1 atm line crosses _each

solid-phase equilibrium line is indicated in Figure 3.

Another dashed line representing fhe oxygen poténfial in equi-_"_,'

librium with MoO3_(g) av.‘cil_O-6 atm. is shown in Figure 4. The pos‘it'io.n;.‘if .

~ of this line relative to the vapor equi_libriurri' lines demonstrates that | -




the pressure of MoOB(g) is negligible compared to that of CO a'nde‘OZ.

Indeed, one shouldn't expect any significant amvounAt ‘of gaseous oxide

-

under such reducing conditions.

W-C-O System

A. Thermodynamic Data, Thermodynamic data for the compouhds ;o

occurring in the W-Cv—O system are giveri 1n Table III. Aekermann and
Rauh15 have studied recently t}r_e W-0O system at high temperatures,

and the equation for W309(g) is.;:,from their results. Data for the soli\d |
exides were obtained from the equilii)rium' study of St. Pierre and i
co-workers16 and are in gqod a;greement with the caiorimetric investi-

gation of King and co-workers." 8

The GlbbS energy-—of-formatlon equatlons for WC and W C are

those previously calculated by Worrell, 17 The WC equation was. obtamed

by combining Mah's hea’t—of—forman;ion'value18 with the results of the

equilibrium study of Gleiser and Chipman, 19 The W2C equation is based

on Mah's heat-of-formation valee18 and an estimated entropy. of forma- R

20

tion The W C and wC data predlct 132 7°C for the eutectoid decom— -

position of W C into W and WC “which is in good agreement with the
21 ..

‘reported value of 1300°C..

B. Phase Relationships The sohd equlllbrlum phases of the

wW-C- O system at 1l atm pressure are shown in Flgure 5, in which the

reaction equ111br1um temperatures and CO / CO gas ratios are 1nd1cated

0 )

- above 1300°C" and thus is not shown. . -~ =

along the two-phase equl_hbr;um hnes. The W2C carbide is stable only_,..-'j-' i



It also should be noted that the equations presented in Table III predict -
g . ‘ [+] .
" - that W02. 79 decomposes mto~ W02. 90 and WOz below 620°C and that

WO2 90 decomposes into WO3'and WO2 below 580°C.

- A fifth oxide of composition WSQ has been reported,zzbut its

2 s

occurrence is probably the result of minor traces of a third element‘.v -

Kihlborgzswas unable to prepare the analogous CrSO and Mo3O phases,’ '

4,25

which had been previously reported by Schéinberg.2 However, the

- ~—egxistence of W,O would alter only slightly the thermodynamic anélysis

3
. of the W-C-O system.

e -

No ternary oxycarbide compounds are known to exist in the
W-C-O system.

C. Pourbaix-Ellingham Diagram. The thermodynamid data

‘ in Table III were used to determine the solid-phase equilibriumﬂ'line.s
shown in Figure 6, which is the Pourbaix -Ellingham diagram for the
W-C-0O system. Vapor elquilibriund lines for 1 and 10"2 atﬁ. pressure

are super-imposed on Figure 6. \The temper'ature at which the 1 atm |

line crosses a solid-phase line is iﬁdicated in Figufe 5. Another
dashed line repre_sentirig the oxygen potential in 'equilibrium\with

Wsog(g) at 10-6 atm. is shown also in Figure 6. The W-C-O system‘

is thus similar to the Mo,?C -O system in :that tﬁe equilibrium vapc}r is -

“w : comﬁosed entirvely‘of CQ_ ahd:COz, and;thje. amount Qf gas;evoﬁs oxide isb-t |

negligible.
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Applications of the Pourbaix-Ellingham Diagrams

is the temperature at which that CO pressure line crosses the

Besides presenﬁng an over=-all picture of the therquynemieally »
stable regions in the M-C-0O te rnary system Figures 2, 4, and 6 are

useful in estimating the minimum temperature necessary to obtam a._

metal (saturated with carbon and oxygen) or a given carbide by carbo-

thermic reduction at a specified pressure. The minimum temperature

necessary to obtain chromium under a particular reduction pressure .

Cr,,C.~Cr_O,-Cr line in Figure 2. These minimum temperatures '

2376 273

for specified reduction pressures are tabulated in Table IV,
In the Mo-C-O and W-C-0 systems, the equilibrium vapor
consists of verying amounts of CO and CO2 ; and one has to calculate

first the equilibrium vapor composition for a specified total pressuref

The minimum temperatures necessary to obtain molybdenum and tungsten . .

for specified reduction pressures have been calculated and are presented-

in Table IV, In the Mo-C-O system, the vapor in equilibrium \;vith

MOZC, MoO2 and Mo_,variee from 170 percent CO at 1 atm. total pressure “

: -6 ‘ v ~
to 77 percent CO at 10 ~ atm. In the W-C-O system, the vapor in

. equilibrium with WC, WOé and W varies from 62 percent CO atl atm .

‘pressure to 50 percent CO at 10-'6 atm,-

‘The minimum tem-pere.tures necessary to form the WC and MOZC'

e

carbide and the CO, /CO vetiuillibri_um_r.'atios at reduction Apres-svures of 1. e

and 102 atni. are tabulated in Table V.




In Figures 4 and 6, the 1 and 1072 atm vapor equilibrium lines
are shown to illﬁstrate the carbothermick >x"-eduction paths at these pres-
surés. Along these lines, .the composition of the equilibrium irapor-
changes from 100 percent CO2 at very low temperatures to 30—»40
percent CO2 at the metal-carb_ide boundary.u ‘ .

It should be emphasized that the aboxfe analyses of the carbother-
mic reductionbpaths are dependent on equilibrium conditions being
maintained. Howeirer, kinet'icA:. factors may Se encountered which will

inhibit the approach to equilibrium states, particularly at low temper-

atures.
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TABLE I.

-}2_

Thermodyhémié Da.t'z.a\'for the Stable .Comp‘oundsl

| Occurring in the Cr-C-O System.

Compound Standard Free Energy of Formation, cal/mole
CO (g) -26,760 - 21.0 T

co, (g -94,260 - 0.3 T

Cr, 0, (s) -271;300:+:61,8: T,

CrZSCG (s) - ~98,300-9.2 T

Cr,C, (s) i -41,700 - 6.2 T

Cr,C, (s) 20,200 -.2.8 T
TABLE II. Thermbdynamic Data for the Stable Compounds
Occurring in the Mo-C-0O System.
Compound . Standard Free Energy of Formaﬁon, cal/mole
MoO3 (g) -85,050 + 13.9 T
MoO, (s) -176;000 + 58.0 T -
Mo0, (s) 137,900 + 40.2 T
Mo, ,,C(s) ] m}_*.-lg,oooj-l.s T e
- Mo,C,ls) . -14,600-3.0T .-




(%

TABLE III. | Thermochiyﬁamié Daff'a for the Stable Compounés' |

" Oceurring in the W-C~O System.

Cbmpound  Standard Free Energy of Formation, ca.l/m-ole:‘
W,0g (g) -474,100 + 110.3 T
-\No3(s) | | -197,540 +58.0 T
‘VVOZ.QO(S) . ~189,950 + 54.7 T |
WO, .,(s) | o -176,500 + 49.0 T
WO, (s) g -131,700 + 36.8 T
WC (s) © . -9,600+1.CT
W,C(s) | .~ -6,400-1.0T B

TABLE'IV. ‘Minimum Temperatures Necessary to Obtain o

Chromium, Molybdenum, and Tungsten by

Carbothermic Reduction.. )
Reduction Pressure, atm ' ' Temperature, °C
o | | cr Mo ™ | w
1 - T - _ 1070 900
1072 . 1360 . - 85 . 685
1074 o o o 1110 655 540
0% o ol ces o sss 430
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TABLE V. Minimum Terﬁperé‘cﬁres Necessary to form

WC and Mo

2

C by Carbothermic Reduction.

‘Reduction Pressure, atm wC Mo, C
(X ° .
Te@p. C PC02/PCO Temp.°C PC02/PCO i
I 535 8.52 630 1.94
1072 380 | 18.0 465 2. 23

PO ST S




. Condensed 'Equilibrium Phases of the Cr=C-0 System ' -

. jat 1 atm vapor pressure. (The temperature (° C)
- " at which any two phases become unstable is

".indicated along the two-phase line) ) o S
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s o Figure 3. Solid equilibrium Phases of the Mo-C-0 System at 1 atm =
“ . - vapor pressure, (The temperature (°C) and the CO /CO
‘ _ ' gas ratio (R) at which any two phases become
N L . unstable are indicated along the two-phase line.)"
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