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The interface between fl-alumina and carbonaceous materials has been studied from both 
thermodynamic and electrochemical viewpoints. Based on the results, a solid electrolyte poten- 
tiometric cell has been devised and the conditions enabling carbon activity to be measured have been 
determined. In spite of  the chemical inertness of  the materials involved, the measurements must be 
performed at low temperature (T < 720 K). Carbon activity measurements in the boron-carbon 
system are presented. 

1. Introduction 

Boron carbides are used as neutron absorbents in 
nuclear engineering. At present, the most widely used 
carbide has a chemical composition near B4C. The 
materials are manufactured in the form of sintered 
pellets and stacked in steel containers. One of the main 
problems encountered during their service life is their 
chemical reaction with the metallic containers. One 
way of preventing steel carburization would be to 
substitute a compound with a carbon activity smaller 
than that of the steel containers, which is in the range 
10 --2 to 10 -~ [1], for the two-phase (B4C q-C) 
material. 

The widely accepted phase diagram of the B-C 
system was first proposed by Elliott [t0], A single 
phase domain (referred to as fi) ranges from 9 mol % 
(Br0C) to 20mol % (B4C) (see Fig. 1). At 20mol % C, 
the B4C compound is in equilibrium with a carbon 
rich solid solution (about 99 tool % C) and the B~0C 
compound is in equilibrium with a boron-rich solid 
solution (99.8 to 99.9 tool % B). The solubilities of C 
and B in the two solid solutions are so low that B4C 
and B10C can be considered in equilibrium with 
pure C and B, respectively. Accordingly, the carbon 
activity in B4C and the boron activity in B~0C can be 
assumed to be unity. 

The Gibbs energy of formation of B4C is known 
with accuracy but the data corresponding to other 
compositions have yet to be determined. In order to 
measure the activity of carbon in the compounds of 
the boron-carbon system, various methods can be 
considered, involving solid-gas or all solid state 
equilibria. 

Direct measurements of carbon activity have been 
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carried out by solid-gas equilibrium methods on U-C 
and Fe-C alloys [2, 3]. We found it was impossible to 
use this method in boron carbide compounds at 
1170 K because of the too stow diffusion processes [4]. 
In the temperature range 1770-2470K one of the 
authors [4] has measured the carbon activity in boron 
carbides using Knudsen effusion cells and a mass 
spectrometer. 

Potentiometric cells using CaF 2 as a solid electrolyte 
have been used for thermodynamic investigations of 
thorium, uranium, manganese and chromium car- 
bides [5-7]. The direct measurement of carbon activity 
in Fe-C altoys has been carried out in the 873-1073 K 
range using a FeC, CaC2/CaF2/CaC2, C cell. How- 
ever, due to the water sensitivity of calcium carbide, a 
very careful treatment was required [8]. In the present 
work, we use fl-atumina as a solid electrolyte and 
A14C3, which is less reactive than CaC2, as a carbide 
at each electrode, as has been proposed by Obata et aL 
[9] 

The aim of this paper is to present the measurement 
of carbon activity in boron carbides at temperatures 
lower than 720K, using solid state potentiometric 
cells involving sodium fl-alumina as the solid 
electrolyte. 

2. Experimental details 

2.1. Boron carbide synthesis 

The boron carbide powder, obtained by reduction of 
B203 by magnesium with the addition of carbon, was 
purchased with a B4C composition from Quartz and 
Silice (Du Pont de Nemours). The powder was heated 
to 2070K to eliminate volatile impurities. The B4C 
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Fig. 1. Phase diagram of the boron-carbon system, from Elliott [10]. 

powder was then mixed with boron to obtain the 
desired composition. The mixture was heated to 
2170 K in a graphite crucible coated with boron 
nitride to avoid direct contact with graphite. The 
sintered pellet was ground and the boron and carbon 
compositions were determined by chemical analysis 
[41. 

2.2. Chemicals 

Graphite powder (t5N5) and aluminium carbide were 
purchased from Alpha. Argon U was supplied by Air 
Liquide. 

2.3. Experimental set-up 

A previously described I1 l] two-compartment cell was 
used (Fig. 2). The/?-alumina (Alcoa) pellet (1) (3 mm 
thick, 25 mm diameter) was machined from a block, 
sintered at 1650~ for 2h after isostatic pressing 
under 2 tonscm -2. The pellet was held between two 
c~-alumina tubes with gold O-rings inserted between 
the tubes and the pellet to ensure gas tightness. The 
lower tube (2) was fixed to the external coaxial alumi- 
na tube (3) in its cold part with a resin (Torr seal, 
Varian). The upper tube (4) slid inside the outer tube 
(3) which enabled us to maintain pressure on the gold 
rings by means of stainless steel springs. Gas tightness 
was found to be very good up to 1000~ C [12]. The cell 
was then put into a resistance furnace. The lower tace 
of the/?-alumina pellet, coated with a platinum paint 
(Degussa 308 A) and in contact with air at 1 atm 
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Fig. 2. Two-compartment cell. (1) /~-alumina pellet; (2), (3), (4) 
e-almnina tubes; (5) Pt-Pt 10% Rh thermocouple; (6), (7) 
fi-alumina crucibles; (8), (9) e-alumina capillaries; (10) platinum 
wire; (I 1) gold O-rings, 

pressure, was used as the air-reference electrode using 
a platinum rare (5) as the current lead. 

In order to maintain a very low oxygen pressure in 
the upper part of the cell, the gas circuit used consisted 
of gas tanks (Ar, CO2 or Ar-H2), an oxygen electro- 
chemical pump and an oxygen zirconia sensor. We 
have demonstrated that with such equipment, the oxy- 
gen pressure can be accurately monitored over the 
range 1-10 -27 atm [13]. 

Two crucibles machined from a fl-alumina block of 
the same composition as the pellet (4 mm in diameter, 
10 mm long) were put in contact with the upper face of 
the pellet (1). Each crucible was filled with the finely 
ground carbide mixtures. The crucibles were main- 
tained in contact with the pellet using alumina 
capillaries (8) and (9). A platinum/platinum (10 %) 
rhodium thermocouple (I0) was used for the sample 
temperature and the carbon activity measurements. 

3. Thermodynamic considerations 

3.1. Constituents and phases 

Potentiometric measurements can be carried out only 
on systems with a degree of freedom of unity. Then, at 
a given temperature, the activities of all the com- 
ponents are fixed. For example, let us consider cell (I): 

Pt, B4C(argon) j/?-alumina [ BxC(argon), Pt 
(I) 

4 ~ < x ~ < 1 0 .  

At the fl-alumina/BxC interface, five independent con- 
stituents have to be considered (carbon, aluminium, 
oxygen, sodium and boron) and four phases are pre- 
sent, namely, a gaseous phase and three solid phases, 
i.e. fi-alumina, e-alumina and boron carbide. Under 
these conditions, the degree of freedom of the system 
is 3. Thus, at given temperature and pressure (which is 
nominally fixed at 1 atm), the system is not completely 
defined. It is necessary to fix the chemical potential of 
one of the components. Choudhury [14] obtained 
stable and reproducible e.m.f, measurements with 
electrodes fixing either the oxygen chemical poten- 
tial (using metal-metal oxide mixtures at both 
electrodes) or the aluminium chemical potential 
(using cells such as All fi-alumina I A1F3, NiF2, Ni or 
All/?-alumina I NaF, NiF2, Ni). 

3.2. Oxygen potential in the cell 

In the experimental set-up, the presence of minute 
quantities of oxygen cannot be avoided. The oxygen 
mole fraction was evaluated to be ~ 10 6. Oxygen 
is able to combine with carbon according to the 
reactions: 

c + � 8 9  = c o  [11 

C + 02 = CO2 [2] 

The corresponding equilibrium constants are: 

K, = p(CO)/p(O2)~I2ac (1) 

K2 = p(CO2)/p(O2)ac (2) 



C A R B O N  A C T I V I T Y  M E A S U R E M E N T  U S I N G  A S O L I D  S T A T E  P O T E N T I O M E T R I C  C E L L  177 

The argon flow rate, being very small and the elec- 
trode materials being in large excess, it can reasonably 
be assumed that. the equilibrium between carbon and 
oxygen is reached at the operating temperature. It is 
therefore possible to compute the partial pressure of 
all the gaseous constituents as functions of the initial 
oxygen content and in the presence of various carbon 
activities, 

Taking 

,; = 2p(Oz) + p(CO) + 2p(CO~) (3) 

the following equations can be derived 

p(O.,) ~'~ = ' { [ ~ 4  + 8;~(~ac + t)1 '~ 

, ,(co) = 

p(CO~) = 

- K,~c}/4(sc~.ac + t )  (4) 

K,,~o{[s.:fag + 8,~slx~a~ + l)1 '~ 

- x i a c } I a ( ~ a c  + l )  (s) 

(K~ac) ' /z{ [ I r :~a~ + 82(/;~ac + 1)1 ';= 

- -  K~ac}14(K2a c + l) (6) 

The oxygen partial pressure can be written as a func- 
tion of the ratio: 

p(O:) ~/~ = K~p(CO~)/K2p(CO) (7) 

which has simplified expressions in the following limit- 
ing cases: 

when the major species is CO:, then 

p(O9 -~ �89 (8) 

and when the major species is CO, then 

p(O~) '~ ~- t/K~ac (9) 

The variations of tog p(O2) as a function of the 
reciprocal of the temperature are pIotted in Fig. 3 for 
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Fig. 3. Log (pC2) with the reciprocal of temperature in tIIe presence 
ofcarbon, for various oxygen mole fraction )~: 10 -6, 10 4, 10-2, 0.2. 

various oxygen mole fractions and for unit carbon 
activity. 

From this diagram, it can be concluded that, in the 
temperature range investigated, oxygen is mostly con- 
verted into carbon monoxide: the oxygen partial 
pressure is always smaller than 10~~ and 
therefore p(CO) -~ 2. Note that the carbon monoxide 
partial pressure is independent of the carbon activity 
value and is therefore the same throughout the inner 
compartment of the cell. On the other hand, the 
oxygen partial pressure is determined by the carbon 
activity in the material to be studied. 

3.3. The rote of  AI4C3 

The above analysis demonstrates that it is necessa~g to 
fix the aluminium chemical potential. According to 
Obata et aL [9], this can be done by- mixing At4C3 
powder with both electrodes: the degree of freedom is 
lowered to t as the number of phases is increased while 
the number of constituents remains constant. 

This point was verified experimentally. Note that 
the e.m.f: of the cell: 

Pt, C~,~l~i~, At4C3 (argon) I h-alumina I C~phi~, 

Al4C3(argon), Pt [tI] 

is equal to zero whatever the temperature (straight line 
(d) in Fig. 4). On the contrary, this is not the case for 
the cell: 

Pt, g 4 c  , A14C3(argon) l fi-atuminal Cg,~phi~, 

Al4C3(argon), Pt [tII] 

(Fig. 4 line (e)): in the latter electrochemical chain, the 
chemical potential of boron was not fixed. As shown 
in Fig. 4 (lines (a), (b) and (c)), e.m.fo results carried 
out on cells of type [I] give erroneous results corre- 
sponding to positive values of the partial free enthalpy 
of carbon. This demonstrates the necessity of adding 
AI4C ~ to the electrode materials in order to get 
reproducible results: this compound does not form 
spontaneously at the interface between carbonaceous 
materials and t-alumina. 
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Fig. 4. E.m.f, against temperature for various cells with carbon or 
carbides as electrode materials. 
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Moreover, A14C 3 is an ionically conducting 
material; its conductivity is of the order of 
10-6~-1cm -1 at 650K [9]. Thus, the addition of 
A14C 3 to boron carbides has the additional advantage 
of decreasing the resistivity of the electrode material. 
This property becomes very important as the boron 
content increases and the temperature is lowered. 
Thus, the carbon activity measurements were per- 
formed using such cells as: 

P t ,  B 4 C  + A14C3(argon) l/?-alumina[ B,.C 

+ AI4C 3(argOn), Pt [IV] 

In every case, an initial period of 2 to 15 days was 
necessary to obtain a stable e.m.f, to within less than 
1 inV. After a change of the cell temperature, a stable 
e.m.f, was obtained after 1 to 7 days. 

3.4. Electrode reaction study 

The use of fl-alumina in solid electrolyte oxygen 
sensors has been suggested by various authors [14, 15] 
but, to our knowledge, the oxygen electrode reaction 
has never been investigated in detail. In fact, the cells 
have been used only at very low oxygen pressures, 
corresponding to metal-metal oxide equilibria. 

In our experimental set-up (Fig. 2), the platinized 
outer surface of the/?-alumina pellet, in contact with 
air, was used as the reference electrode of the cell. A 
platinum point electrode was put in contact with the 
upper surface of the pellet in the inner cell compart- 
ment. This cell was tested in the range 10 J-105 Pa at 
temperatures between 400 and 900 K. 

At low oxygen pressure, corresponding to an 
oxygen mole fraction in argon lower than 10 -3 or to 
metal-metal oxide systems such as Cu-Cu20, a rather 
short response time was observed, even at tempera- 
tures lower than 500 K. At high oxygen pressure, large 
response times and scattered e.m.f, measurements 
were obtained. This behaviour is very different from 
what is observed with classical zirconia based oxygen 
sensors but can be satisfactorily explained by the elec- 
trode reaction scheme proposed by GROS et al. [16] 
for/?-alumina. 

Any electrode reaction occurring at the//-alumina 
surface may involve both sodium and oxygen ions. 
Generally, sodium, which is the most mobile ion in the 
/?-alumina structure, is considered to be the only 
exchanged species at the interlace. This is particularly 
true at tow oxygen pressure, for which sodium is the 
major component in the gas phase. For example, at 
1000 K, with an oxygen pressure around 10-~5 Pa, the 
sodium pressure in equilibrium with fl-alumina ranges 
between 10 -2 to 10 -4 Pa. In these conditions, sodium 
ions can exchange rapidly at the electrode interface. 
However, under high oxygen pressure, sodium 
becomes a minor component and the sodium 
exchange becomes very slow. At relatively high tem- 
peratures, owing to the small anionic conductivity of 
/?-alumina [17, 18] an additional oxygen flux through 
the interface is possible. This results in a non-station- 

ary state corresponding to the observed continuous 
drift of the electrode potential [16]. 

From the above thermodynamic calculations, it was 
concluded that under the experimental conditions 
prevailing in the cell, the oxygen partial pressure was 
always smaller than 10 -30 atm. The sodium partial 
pressure in the gas phase above the electrolyte is 
therefore always much larger than the oxygen partial 
pressure. These conditions are convenient for a 
reversible sodium exchange electrode reaction, enabl- 
ing significant measurements to be performed. 

3.5. Possible electrode reaction mechanism 

All the results presented here are consistent with an 
electrode reaction mechanism involving sodium 
exchange between the electrolyte and the surrounding 
medium, such as, for instance: 

AlgC 3 + 6Na20 (fl-alumina) = 2A1203 

+ 12Na + + 12e- + 3C [3] 

In Fig. 5 the variation of log (Pco), corresponding to 
the formation of Na2CO3 from Na20, NaA102 and 
NaA1H O~7, are plotted as a function of the reciprocal 
temperature together with log (Pco) variations for 
various oxygen mole fractions. Under tne experi- 
mental conditions prevailing in this study, the carbon 
monoxide mole fraction was ~ 10-5: it can be seen 
from Fig. 5 that CO cannot disproportionate into 
carbon and sodium carbonate from reaction with 
/~-alumina. Then, the activity of sodium oxide in 
/~-alumina is a constant and the electrode potential 
corresponding to Reaction [3] is solely determined by 
the value of carbon activity in the electrode material. 
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Fig. 5. Equilibrium carbon monoxide pressure versus the reciprocal 
of temperature for (t) reaction Na2CO 3 + C = Na20 + 2CO, 
(2) reaction N ~ C O  3 + C + AlzO3 = NaAI20 + 2CO, (3) 
reaction NazCO 3 + C + 1IA1203 = 2NaAl~lO17 + 2CO.  
( - - - )  Oxygen mole fraction 2 = 10 -6, 10 -4, 10 -2, 0.2. 
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The carbon monoxide does not take part in the o 
electrode reaction balance. However, it can play a v" 
kinetic role, as an intermediate in the exchange ~ <oo 
between elemental carbon and its fully oxidized form. _~ 
In this respect, the initial period before obtaining % ~2oo 
stable measurements can be interpreted as the time 
needed to reach the carbon-oxygen equilibrium in the -~oo 
gas phase. 

4. E.m.f. measurements 

4.1. Cell e.m.fi 

The e.m.f, of this cell can be easily calculated 
assuming: 

�9 equilibrium established at both electrodes, 
�9 both electrode materials surrounded by the 

same atmosphere, 
�9 the/?-alumina electrolyte is a pure sodium ion 

conductor, 
�9 the activity of Na20 in/?-alumina is the same 

at both electrodes 
The e.m.f., E~v, of the cell (IV) obeys the Nernst 
equation: 

E w = (RT/4F) In [(ac)y/(ac)z] (10) 

where the subscripts y and z refer to the two crucibles 
set on the upper face of the/?-alumina pellet. 

The B4C composition is actually a ( B 4 C - - t - C )  
mixture close to the phase boundary, corresponding 
to a unit carbon activity in the reference electrode of 
the cell. Under these conditions, the carbon activity in 
the B~C samples, ac[B~C], can be deduced from the 
e.m.f., E~v, of the cell by using the equation: 

Ew = ( R T / 4 F )  In ac[BxC]. (11) 

4.2. Evaluation of AG~!(At4C3). 

To check the correct operation of the set-up, the 
standard Gibbs energy of formation of A14C3, 
AGg(A14C~), was measured using the cell: 

Pt, A1 + Al4C3(argon) I fl-aluminarA14C3 

+ Cg~aphite(argon), Pt [V] 

The e.m.f, of the cell, Ev, is proportional to AGO, 
according to: 

Lv = AG~ (12) 

The measured variation of AG~(At4C3) as a function 
of temperature is given in Fig. 6. The results obtained 
agree well with measurements carried out by Obata [9] 
and with the data of the Janaf tables [19]. 

The plots of the variations with temperature of the 
electrode potentials of the (At + A14C3) and 
(Cgraphite + AlgC,0 mixtures with respect to the air 
reference electrode are given in Fig. 7. A change of the 
slope of the straight lines was observed for both 
systems at around 720 K. At higher temperatures, the 
scattering of the results was much larger. Irregularities 
of the e.m.f, at high temperatures has been attributed 
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Fig. 6~ Gibbs free energy of formation of A14C ~ against temperature 
(---~-) fi'om JANAF [19] (***) after OBATA et aL [9]; (eee)  our 
results. 

to reaction between/?-alumina and electrode materials 
[9]. We suggest that this phenomenon can be attributed 
to the occurence of an electrode reaction mechanism 
involving the onset of a side oxygen exchange as 
described above, 

From these preliminary experiments, it was con- 
cluded that the measurements should be conducted at 
temperatures as low as possible. The lower limit 
(T < 350 K) was imposed by a large increase of the 
impedance of the system. 

4.3. Determination of carbon activity in boron 
carbides 

Figure 8 shows the e.m.f, variation with temperature 
tbr various boron carbides, BxC, with x from x = 4 
to x = 8. The reference system was a (B4C + C) 

mixture. Straight lines were obtained with rather good 
correlation coefficients ranging between 0.95 and 0.99. 
The carbon activity can be deduced directly from 
Equation 2. Small variations of carbon activity with 
temperature were observed. The variation of carbon 
activity with composition at 670 K is given in Fig. 9. 
In the fl-domain, a monotonic decrease of carbon 
activity was observed as the boron content increased. 
The carbon activity can be extrapolated to 7 x 10 6. 
On the other hand, the boron activity in B~C can be 
estimated from the Gibbs energy of formation of BaC 

[191: 

AG~(B4C) = 4RTln aB + R T l n  a c (13) 

80~ I . . . . . .  

4001 - o @ | q 

200 

o 

6 0 0  7 0 0  8 0 0  

T (K)  

Fig. 7. E.m.f. against temperature of the (A1 -/- A14C3) mixture 
(curve 2) and (Cg~,phi~. + A14C3) mixture (curve t) using an air 
reference electrode. 
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Fig. 8. E.m.f. and partial Gibbs free enthalpy of carbon against 
temperature for various boron carbides, B~C (4 ~< x ~< 8). 

At 670 K, small variations of  the boron activity in the 
/~-domain were observed i.e. from 1 (x = t0) to 
6 x 10 -2 (x = 4) (see Fig. 9). 

The chemical staNlity of the BxC + A14C3 mixture 
sets another limit. Due to the excessively low carbon 
activity compared to that of A14C3, it was not possible 
to obtain stable e.m.f, with samples richer in boron 
than BsC. 

5. Conclusion 

In this study, it was demonstrated that carbon activity 
measurements in boron carbides can be carried out at 
low temperatures using/~-alumina as the solid elec- 
trolyte, provided the following experimental con- 
ditions are fulfilled: 
(i) the oxygen pressure around the samples is very low 
so that oxygen is quantitatively converted to carbon 
monoxide in the presence of carbon. 
(ii) the temperature is kept lower than 720 K in order 
to avoid side reactions due to oxygen mobility in 
fi-alumina. Considering the large impedance of the cell 
at low temperature, the available temperature range is 
rather narrow, i.e. 600 K < T < 720 K. 
(iii) the aluminium activity is fixed at both electrodes 
by adding A14C3 to the electrode materials, 
(iv) the reference electrode must be a (B4C + C) two- 
phase mixture. 

The carbon activity in the single-phase domain 
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Fig. 9. Carbon and boron activity variations with composition at 
673 K. 

ranges from 1 to about 10 6 The increase of boron 
content in boron carbide corresponds to a noticeable 
reduction of the carbon activity and therefore of the 
carburizing activity of the metallic containers; 
simultaneously a small variation of the boron activity 
was observed. 
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