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Abstract

The Gibbs energies of formation D G8 of the three carbides Cr C , Cr C and Cr C existing in the Cr–C system were re-determinedf 3 2 7 3 23 6

by electromotive force (emf) measurements between 930 and 1120 K using the galvanic cells Cr, CrF uCaF uCrF , Cr C , Cr C which2 2 2 m n p q

give at 1100 K: D G8 kCr C l5284.3 kJ /mol, D G8 kCr C l52177 kJ /mol and D G8 kCr C l52407 kJ /mol. The third-law enthalpiesf 3 2 f 7 3 f 23 6

of formation D H8 at 298 K were evaluated to be D H8 kCr C l5272.3 kJ /mol, D H8 kCr C l52144 kJ /mol and D H8 kCr C l52f f 3 2 f 7 3 f 23 6

344 kJ /mol. Previous investigations by other authors diverge from these results up to 650%. Obsolete thermodynamic data of Cr O2 3

used in oxygen combustion calorimetry and in CO equilibrium pressure measurements as well as an oxycarbide formation may be the
reasons. The experimental difficulties of emf measurements using a CaF electrolyte are outlined. Recommended D G8 values of the2 f

chromium carbides are given.  2001 Elsevier Science B.V. All rights reserved.
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1. Introduction Heat capacity results of the chromium carbides were
published only by Kelley et al. [11] in 1944. All sub-

The chromium–carbon system is characterised by three sequent assessments refer to this report, but quote an
intermediate compounds, Cr C , Cr C and Cr C , with incorrect year of publication (1949). The heat capacity of23 6 7 3 3 2

narrow homogeneity ranges. Accurate investigations of the Cr C was measured further by DeSorbo [12] and by3 2

phase boundaries of the system have not yet been carried Oriani and Murphy [13], however, the results were not
out. However, the homogeneity ranges of the carbides taken into account in recent assessments.
were recently determined between 1200 and 14008C by The enthalpy of formation of Cr C was measured by3 2

X-ray microanalysis [1]. Assessments of the phase diagram oxygen bomb calorimetry [14,15]. The quoted values given
of the Cr–C system are reported by Storms [2] and by in Table 1 depend on the selection of the enthalpy of
Massalski [3]. The latter is essentially based on the formation data of the reaction product Cr O which are2 3

experimental work of Rudy [4], which is confirmed in all 21141.0 kJ /mol [16] and 21129.7 kJ /mol at 298 K [17].
details by Knotek et al. [5]. Further references on the phase Recently, assessed data of Cr O at 298 K were reported:2 3

diagram of the Cr–C system are quoted by Schuster and 21139.7 kJ /mol [9] and 21134.7 kJ /mol [10]. The
Yong Du [6]. Chromium melting points are reported at enthalpy of formation of Cr C was determined further by3 2

19078C [7], 19038C [2], 18638C [3] and 18578C [8–10], reaction calorimetry between Cr and C at 1753 K [18]. The
respectively. Cr C melts peritectically at 15208C [2] and result at 298 K is also given in Table 1. The enthalpies of23 6

15778C [3], respectively. Cr C melts peritectically at formation of Cr C and Cr C were measured likewise by7 3 7 3 23 6

17808C [2]; a congruent melting point at 17688C (more oxygen bomb calorimetry [14,15] and by reaction
probable) was quoted by Massalski [3]. Cr C melts calorimetry [18,19]. The results are compiled in Tables 23 2

peritectically at 18958C [2] and 18138C [3], respectively. and 3, respectively.
The Gibbs energies of formation of the chromium

carbides were determined by various gas phase equilibria,qPresented at the Discussion Meeting on Thermodynamics of Alloys,
e.g. isopiestic methods [20], H /CH equilibria [21–23]2 4Stockholm, Sweden, 8–11 May, 2000.
and C/CO equilibria [11,24–26], by Knudsen cell vapour*Tel.: 149-7247-82-2888; fax: 149-7247-82-4567.

E-mail address: heiko.kleykamp@imf.fzk.de (H. Kleykamp). pressure measurements using the mass loss effect [27,28]
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Table 1
o oGibbs energy of formation D G at temperature T and temperature range of measurements, and third-law evaluation of the enthalpy of formation D H atf T f 298

298 K of Cr C3 2

o o aMethod Temp. range D G T D H Author (year) Ref.f T f 298

(K) (kJ /mol) (K) (kJ /mol)

CO pressure 1160–1370 2126.7 1300 2110.9 Heusler (1926) [24]
CO pressure 1243–1381 299.3 1300 283.5 Kelley (1944) [11]
Knudsen cell 1900–2240 2131.7 2100 2102.8 Fujishiro (1961) [27]
Knudsen cell 1370–1570 277.8 1500 258.4 Vintaikin (1963) [29]
H /CH equil. 1070–1310 281.1 1300 265.3 Alekseev (1964) [22]2 4

CO pressure 1300–1380 2129.6 1300 2113.8 Gleiser (1965) [25]
Knudsen cell 1800–2050 – – (297.9) Bolgar (1966) [28]
EMF (CaF ) 880–1110 266.9 1100 255.0 Kleykamp (1969) [30]2

EMF (CaF ) 880–1100 274.7 1100 262.7 Tanaka (1971) [31]2

EMF (ThO ) 1070–1300 277.3 1100 265.3 Mabuchi (1971) [34]2

CO pressure 1300–1500 292.5 1300 276.5 Kulkarni (1972) [26]
EMF (BaF ) 970–1170 2114.2 1100 2102.2 Coltters (1984) [33]2

EMF (CaF ) 1000–1180 279.1 1100 267.1 Du Sichen (1989) [32]2

H /CH equil. 973–1173 275.9 1100 263.9 Anthonysamy (1996) [23]2 4

EMF (CaF ) 930–1120 284.3 1100 272.3 Kleykamp (2000) –2
bOxygen combustion calorimetry 294.1 Mah (1969) [14]
cOxygen combustion calorimetry 281.1 Dawson (1977) [15]

Reaction calorimetry at 1753 K 254.5 Berkane (1987) [18]
a Third-law evaluations of Cr C with Gibbs energy functions of Barin [9] by the present author.3 2
b

D H8 of Cr C was calculated with Cr O data of Mah [16].f 3 2 2 3
c

D H8 of Cr C was calculated with Cr O data of Jeannin [17].f 3 2 2 3

or radioactive tracers [29], and by the electromotive force with combustion calorimetry; and (iii) with the CO
technique using solid electrolytes, e.g. CaF [30–32], equilibrium method according to the reaction2

BaF –BaC [33] or ThO [34]. Further, thermodynamic2 2 2
CrC 1 Cr O 5 CrC 1 CO, x . y (1)x 2 3 ycalculations were published on the Gibbs energies of

formation [35] and on experimental results of the relative
partial molar enthalpies of carbon [36] in the Cr–C melts. An uncertainty is also given by the unknown solubility
The accuracy of the thermodynamic data of the chromium of oxygen in the chromium carbides [35] and by the
carbides can be influenced by inexact data (i) of the formation of chromium oxycarbides [37]. Lux and Ig-
enthalpy of sublimation of Cr used with the Knudsen cell natowicz reported a cubic phase of the composition
method; (ii) the Gibbs energy of formation of Cr O used Cr O C which would prevent the equilibrium of2 3 0.60 0.13 0.27

Table 2
o oGibbs energy of formation D G at temperature T and temperature range of measurements, and third-law evaluation of the enthalpy of formation D H atf T f 298

298 K of Cr C7 3

o o aMethod Temp. range D G T D H Author (year) Ref.f T f 298

(K) (kJ /mol) (K) (kJ /mol)

CO pressure 1306–1495 2210.6 1400 2166.8 Kelley (1944) [11]
H /CH equil. 970–1220 2163.1 1100 2130.8 Alekseev (1964) [22]2 4

EMF (CaF ) 920–1080 2134.9 1000 2106.5 Kleykamp (1969) [30]2

EMF (CaF ) 880–1023 2152.6 1000 2124.2 Tanaka (1971) [31]2
bCO pressure 1100–1720 2198.2 1400 2154.4 Kulkarni (1972) [26]

calculated 600–973 2134.2 800 2113.4 Small (1981) [35]
EMF (BaF ) 900–1250 2191.2 1000 2162.8 Coltters (1984) [33]2

EMF (CaF ) 990–1150 2156.1 1000 2127.7 Du Sichen (1989) [32]2

isopiestic 1100–1470 2142 1200 2106 Bhatt (1989) [20]
H /CH equil. 973–1173 2137.7 1100 2105.4 Anthonysamy (1996) [23]2 4

EMF (CaF ) 980–1110 2176.7 1100 2144.4 Kleykamp (2000) –2
cOxygen combustion calorimetry 2181.2 Mah (1969) [14]
bOxygen combustion calorimetry 2149.2 Dawson (1977) [15]

Reaction calorimetry at 1753 K 2105.0 Berkane (1987) [18]
Reaction calorimetry at 1473 K 2141 Meschel (1997) [19]

a Third-law evaluations of Cr C with Gibbs energy functions of Barin [9] by the present author.7 3
b

D G8 and D H8 of Cr C were calculated with Cr O data of Jeannin [17].f f 7 3 2 3
c

D H8 of Cr C was calculated with Cr O data of Mah [16].f 7 3 2 3
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Table 3
o oGibbs energy of formation D G at temperature T and temperature range of measurements, and third-law evaluation of the enthalpy of formation D H atf T f 298

298 K of Cr C23 6

o o aMethod Temp. range D G T D H Author (year) Ref.f T f 298

(K) (kJ /mol) (K) (kJ /mol)
bCO pressure 1503–1721 2468.7 1600 2370.7 Kelley (1944) [11]

H /CH equil. 970–1220 2346.9 1100 2283.4 Alekseev (1961) [21]2 4
cCO pressure 1150–1310 2414.0 1200 2342.9 Kulkarni (1972) [26]

calculated 600–973 2305.2 800 2264.7 Small (1981) [35]
EMF (CaF ) 980–1230 2357.6 1100 2294.1 Du Sichen (1989) [32]2

isopiestic 1100–1470 2339 1200 2268 Bhatt (1989) [20]
H /CH equil. 973–1173 2331.2 1100 2267.7 Anthonysamy (1996) [23]2 4

EMF (CaF ) 1030–1110 2407.4 1100 2343.9 Kleykamp (2000) –2
dOxygen combustion calorimetry 2396.2 Mah (1969) [14]
cOxygen combustion calorimetry 2295.0 Dawson (1977) [15]

Reaction calorimetry at 1753 K 2249.0 Berkane (1987) [18]
a Third-law evaluations of Cr C with Gibbs energy functions of Barin [9] by the present author.23 6
b 6?D G8kCr Cl.f 4
c

D G8 and D H8 of Cr C were calculated with Cr O data of Jeannin [17].f f 23 6 2 3
d

D H8 of Cr C was calculated with Cr O data of Mah [16].f 23 6 2 3

250the binary carbides with Cr O . Consequently, Eq. (1) expected only below the partial pressure p(F ).10 bar2 3 2

would be unsuitable for the D G8 determination. [38]. The Cr–CrF mixture presents the reference elec-f 2

The evaluated thermodynamic data of Cr C , Cr C and trode, two phases co-existing in the Cr–C system in3 2 7 3

Cr C based on Gibbs energy measurements are compiled equilibrium with the auxiliary electrolyte CrF form the23 6 2

in Tables 1, 2 and 3, respectively. They comprise the working electrode. The arrangement of the cells (the
method and the temperature range of investigation as well cathode is on the right-hand side), the reactions in the left
as the measured Gibbs energies of formation at one and in the right electrode, the total cell reactions and the
intermediate temperature. These data were taken for a Gibbs energies of the respective cell reactions (F is the

]
third-law evaluation of the enthalpies of formation at 298 Faraday constant) are formulated by the following
K using exclusively the Gibbs energy function data f8 schemes:T

compiled by Barin [9].
Cell (I)Though many experimental investigations by

calorimetry, vapour pressure and gas phase equilibration
methods and by galvanic cell measurements were pub- Cr, CrF uCaF uCrF ,Cr C ,C (2)2 2 2 3 2

lished on the thermodynamic properties of the chromium
2 2l.:3Cr 1 6F 5 3CrF 1 6ecarbides no definite decision can be taken on the most 2

2 2probable data of the Gibbs energy of formation and r.:6e 1 3CrF 1 2C 5 Cr C 1 6F (3)2 3 2
]]]]]]]]]]enthalpy of formation. Possible reasons for the large 3Cr 1 2C 5 Cr C3 2

scattering of the emf results of the numerous galvanic cell
measurements were already discussed in the respective D G8 5 6 ?F ? E 5 D G8kCr C l (4)r I f 3 2]contributions, e.g. the use of polycrystalline CaF instead2

of a single-crystal CaF electrolyte, some electronic con-2 Cell (II):
duction in the electrolyte [23,33,34] and ‘high’ oxygen
partial pressures in the galvanic cell system [32]. In order

Cr,CrF uCaF uCrF ,Cr C ,Cr C (5)to eliminate these ideas, the former emf measurements of 2 2 2 7 3 3 2

the author [30] were started again on Cr C and Cr C and3 2 7 3 2l.:5Cr 1 10F 5 5CrF 1 10e 22were complemented by experiments on Cr C .23 6 2 2r.:5CrF 1 3Cr C 1 10e 5 2Cr C 1 10F2 3 2 7 3
]]]]]]]]]]]]] (6)5Cr 1 3Cr C 5 2Cr C3 2 7 3

2. Experimental
D G8 5 2 10 ?F ? Ef II]

2.1. Cell arrangement 5 2 ? D G8kCr C l 2 3 ? D G8kCr C l (7)f 7 3 f 3 2

The Gibbs energies of formation of Cr C , Cr C and3 2 7 3 Cell (III):Cr C were determined by the electromotive force of23 6

second kind galvanic cells using a fluorine ion conducting
single-crystal CaF electrolyte. Electronic contributions are Cr,CrF uCaF uCrF ,Cr C ,Cr C (8)2 2 2 2 23 6 7 3
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2 2l.:9Cr 1 18F 5 9CrF 1 18e kSiO l 1 2(CrF ) 5 (SiF ) 1 2(CrO)2 2 2 4
2 2 (11)r.:18e 1 9CrF 1 2Cr C 5 Cr C 1 18F2 7 3 23 6 2(CrO) 5 2/3kCr O l 1 2/3kCrl2 3]]]]]]]]]]]]] (9)9Cr 1 2Cr C 5 Cr C7 3 23 6 or

D G8 5 2 18 ?F ? E kSiO l 1 2(F ) 5 (SiF ) 1 (O )r III 2 2 4 2]
3/2 (O ) 1 2kCrl 5 kCr O l (12)2 2 35 D G8kCr C l 2 2 ? D G8kCr C l (10)f 23 6 f 7 3

(O ) 1 kCrC l → kCr O l 1 (CO)2 x 2 3

3. Results2.2. Materials

The measurements of emf E on the galvanic cell, Eq.Chromium granules (99.995% purity, Alfa Aesar, I

(2) were performed between about 930 and 1120 K; the¨Karlsruhe) and graphite (spectropure, Ringsdorff, Koln)
results are illustrated in Fig. 1. A linear regression analysiswere weighed in two-phase Cr C –Cr C , Cr C –Cr C23 6 7 3 7 3 3 2
of E as a function of temperature T (in K)and Cr C –C compositions, compacted and arc melted I3 2

together under reduced argon pressure by repeated turn- E 5 143.7 1 0.0017 ? T61.7 mV (13)Iover of the buttons. The material was crushed, re-com-
results in the Gibbs energy of formation of Cr C usingpacted and annealed at 10008C for 11 days under argon. 3 2

Eq. (4)The two-phase character was checked by X-ray diffraction.
The CrF auxiliary electrolyte powder (T 58948C, 99.5%2 m D G8kCr C l 5 2 83189 2 0.967 ? T J /mol (14)f 3 2¨purity, Schuchardt, Munchen) was used for the preparation
of the Cr–CrF reference electrode and the Cr C – which is presented in Fig. 2. A third-law evaluation of the2 23 6

Cr C –CrF , Cr C –Cr C –CrF and Cr C –C–CrF enthalpy of formation of Cr C at 298 K in Table 1 was7 3 2 7 3 3 2 2 3 2 2 3 2
working electrodes by pressing of pellets from the crushed made by use of the Gibbs energy functions of Cr, C and
carbides. The material was annealed in evacuated quartz Cr C at 1100 K compiled by Barin [9] which yields3 2
ampoules at 8008C for 11 days. The phases were again

o(15)D H kCr C l 5 2 72.3 kJ /molf 298 3 2checked by X-ray diffraction. Single-crystal CaF disks2

(Steeg and Reuter, Gießen) with 10 mm diameter and
The measurements of emf E on the galvanic cell, Eq.about 3 mm thickness operated as the electrolyte of the II

(5) were carried out between about 980 and 1110 K; thegalvanic cells.
results are illustrated in Fig. 1. A linear regression analysis
of E as a function of temperature T (in K)II

2.3. Cell operation E 5 37.1 1 0.0611 ? T62.2 mV (16)II

results in the Gibbs energy of formation of Cr C usingThe cells were operated under flowing argon (5 N) with 7 3

Eq. (7)about one bubble per second. The gas was additionally
purified by zirconium sponges heated at 6008C to remove

D G8kCr C l 5 2 142666 2 30.92 ? T J /mol (17)f 7 3oxygen, nitrogen and water vapour residues. The emf was
measured with an electrometer (Keithley) instead of a which is presented in Fig. 3. A third-law evaluation of the
high-impedance voltmeter applied previously. enthalpy of formation of Cr C at 298 K was made by use7 3

The dynamic equilibrium of the cells was influenced by of the Gibbs energy functions of Cr, C and Cr C at 11007 3
external polarisation of the electrodes. Equilibrium was K compiled by Barin [9] which yields
again attained after 6 h at 6608C for galvanic cell (2), at

o
D H kCr C l 5 2 144.4 kJ /mol (18)f 298 7 37108C for cell (5) and at 7608C for cell (8), which are by

definition the minimum operation temperatures. Polarisa-
The measurements of emf E on the galvanic cell, Eq.IIItion tests are indications of the reversibility of the cells.

(8) were taken between about 1030 and 1110 K; the resultsDetails are reported in [39]. The upper temperature limits
are illustrated in Fig. 1. A linear regression analysis of EIIIof the cell operation are caused by distinct and detrimental
as a function of temperature T (in K)gas phase reactions and re-condensation of the products.

As a consequence, the emf is reduced and tends occasion- E 5 2.75 1 0.02578 ? T60.4 mV (19)III
ally to zero emf. An opacity of the quartz apparatus was

results in the Gibbs energy of formation of Cr C usingobserved above 8408C in these experiments and Cr O 23 62 3
Eq. (10)could be detected in the electrodes by X-ray diffraction.

The following reactions are possible between the quartz
D G8kCr C l 5 2 290108 2 106.65 ? T J /mol (20)f 23 6container and the CrF auxiliary electrolyte; ksolidl, (gase-2

ous): which is presented in Fig. 4. A third-law evaluation of the
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Fig. 1. Electromotive force E of the galvanic cells, I, II and III, as a function of temperature.

Fig. 2. Gibbs energy of formation D G8 of Cr C as a function of temperature.f 3 2
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Fig. 3. Gibbs energy of formation D G8 of Cr C as a function of temperature.f 7 3

oenthalpy of formation of Cr C at 298 K was made by use D H kCr C l 5 2 343.9 kJ /mol (21)23 6 f 298 23 6

of the Gibbs energy functions of Cr, C and Cr C at 110023 6
¯ ¯K compiled by Barin [9] which yields The relative partial molar Gibbs energies DG and DGCr C

Fig. 4. Gibbs energy of formation D G8 of Cr C as a function of temperature.f 23 6
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¯ ¯Fig. 5. Relative partial molar Gibbs energies DG and DG at 1100 K in the chromium–carbon system.Cr C

of the Cr–C system at 1100 K are illustrated in Fig. 5. wide spread of the results are speculative. The enthalpy of
¯Numerical results are DG 5267900 J /mol in the Cr– formation from CO equilibrium measurements and oxygenC

¯ ¯ combustion calorimetry follows from the difference of twoCr C two-phase field, DG 526000 J /mol and DG 523 6 Cr C

large quantities. Furthermore, different and partly obsolete244900 J /mol in the Cr C –Cr C two-phase field,23 6 7 3
¯ ¯ Gibbs energies of formation of Cr O were used for theDG 5220100 J /mol and DG 5211900 J /mol in the 2 3Cr C

¯ evaluation of the enthalpies of formation of the chromiumCr C –Cr C two-phase field and DG 5228100 J /mol7 3 3 2 Cr

carbides. Finally, the problems of the solubility of oxygenin the Cr C –C two-phase field.3 2

and a possible oxycarbide formation are still open.
The scattered results gained by emf measurements using

fluorine ion conducting electrolytes are based on a quite
4. Discussion different level. In the first instance, the composition of that

auxiliary electrolyte fluoride phase should be known which
The literature survey demonstrates a wide spread of the is in thermodynamic equilibrium with the metallic phases

enthalpies of formation of the three chromium carbides. AB of which the Gibbs energies of formation and then

The 1s-standard deviation of 18 individual results of thermodynamic activities, respectively, are determined by
Cr C is about 25% compared to the average value. The emf measurements. Therefore, the knowledge of the phase3 2

CO equilibrium pressure measurements give largely too diagrams of the respective ternary A–B–F systems is
negative enthalpies of formation compared to the average necessary. Oxygen contaminations have to be avoided in
value. This behaviour could be influenced by the formation the galvanic cells before and during the emf measurements.
of chromium oxycarbides which control the thermody- This problem has been already discussed earlier [39]. The
namic activities of the components and, consequently, the first condition can be fulfilled by use of very pure
CO partial pressure. The emf measurements give in general substances for electrolyte, electrodes, electric leads,
too positive enthalpies of formation. The calorimetry container and protection gas. The second condition is more
yields an unspecific scatter. These trends are also observed difficult to meet because the constituent parts of the
for the enthalpies of formation of Cr C and Cr C . The galvanic cells inclusive the containers can react via the7 3 23 6

standard deviation of 15 individual results of Cr C is solid and the gas phase at high temperatures. There is7 3

about 19%, that of 11 individual results of Cr C is about positive proof that the vapour species of the auxiliary23 6

16%; both are less than that for Cr C . The reasons for the electrolyte CrF react with the SiO container by forma-3 2 2 2
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