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Chemical colouration of sodium beta-aluminas 
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A variety of experiments was performed on Na ~-alumina single crystals and Na ~"-alumina 
polycrystals of different microstructures, to clarify the nature of chemical colouration 
produced by contact with sodium. It was found that the colouration is due to a reduction 
of the electrolyte by sodium, introducing oxygen vacancies compensated by electrons. 
Colouration and bleaching kinetics have been determined. It was found that in polycrystals 
colouration proceeds along the grain boundaries. Water has no effect. The role of the 
colouration in electrolyte degradation is discussed. 

1. Introduction 
When sodium/3- or/3"-alumina solid electrolytes are 
in prolonged contact with molten sodium metal 
they discolour noticeably. The grey discolouration 
can be attributed to the chemical action of the 
molten sodium since the electrolyte darkens even 
if there is no current being passsd. The colouration 
develops as a layer from the sodium-electrolyte 
interface. Since slow degradation of the electrolyte 
can occur in Na/Na~Sx cells as a result of pro- 
longed charge transfer [1], it is necessary to 
clarify the nature of the chemical darkening to 
determine its possible function. In this paper we 
describe a series of experiments on Na/3-alumina 
single crystals and on Na/3"-alumina polycrystals 
of differing microstructures, and we elucidate the 
nature of chemical colouration. 

2. Experimental details 
Sodium/3-alumina single crystals* were packed in 
dried, coarse Na/3-alumina powdert and annealed 
in air at 1500~ for two hours. This treatment 
healed most of the basal cleavage cracks that 
tend to develop in such large single single crystals, 
and eliminated absorbed and adsorbed water. Poly- 
crystalline Na /3"alumina:~ with three different 

microstructures, A, B, C, was also used, The three 
different microstmctures are shown in Fig. 1 ; the 
relevant data are listed in Table I. 

The samples were dried for two hours at 
800 ~ C in air, and immediately immersed in molten 
sodium for up to 16 days. Temperatures were 
controlled to within -- 1 ~ C, between 250 and 
450 ~ C. These experiments were performed in a 
glove box, under argon containing less than 5 ppm 
oxygen. Some oxidation of sodium appeared to be 
unavoidable, and the molten metal should there- 
fore be considered to be saturated with oxygen. At 
350~ thiszputs the oxygen fugacity at about 
10-s s atm ~n the molten sodium. 

After immersion the samples were sectioned. 
A discolouration was present in all samples. For 
one section of each specimen the discolouration 
could be strongly enhanced by silver exchange 
of the sodium in molten AgNO3, at 300 ~ C, for 
20 min [2]. The colouration profiles of the poly- 
crystalline specimens were then traced with a 
microdensitometer from micrographs of the 
silver-stained colouration layers. The profiles 
obtained were all normalized with respect to the 
photographic density at the Na/electrolyte inter- 
face. The rate of propagation of the colouration 

*Manufactured by Union Carbide, Linde Division, San Diego, California, USA. 
"~Alcoa X-B2 powder, Alcoa Company, Pittsburgh, Pennsylvania, USA. 
~ Specially prepared by Ceramatec, Inc., Salt Lake City, Utah, USA. Nominal composition: 9.1 wt% Na20, 0.75 wt% Li, 
balance A120 a . 

0022--2461/82/030885--08503.46/0 �9 1982 Chapman and Hall Ltd. 885 



Figure I Microstructures of Na ~3"-electrolytes A, B and C. 

was determined from the distances, x, in the 
profiles, where erf [x/2 (Dr) 1/2 ] = 0.5. For simple 
diffusion control this criterion woulct give D = 
x2/O.92t [3] provided the densitometer trace 
corresponded quantitatively to the concentration 
profde. It was not possible to verify the exact 
relationship between optical density and concen- 
tration of the colouration defect; however, a 
qualitative correspondence should exist, thus per- 
rnitting fairly reliable determination of colouration 
'defect diffusion rates. 

The colouration of  the single crystals appeared 
to occur in a more discrete layer and their colour- 
ation propagation rate could be measured directly 
from the layer thickness after staining one part 
of each specimen. The other part of these single- 
crystal specimen sections was reheated in air at 
temperatures between 200 and 600 ~ C. This led 
to a bleaching that proceeded from the surface, 
again as a discrete layer. The thickness of the 
bleached layer could be measured optically after 
silver staining. 
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T A B L E I Mierostructural data for the three microstructures, A, B and C 

Parameter A B C 

Average grain size ~m) 1.1 5A 5.2 
Large-grain (> 10#m) volume-fraction < 0.01 0.59 0.83 
Average large-grain size (/~m) 2.4 15 20 
Average largest-grain dimension (nm) - 38 54 
Small-grain volume-fraction - 1 0.41 0.17 
Average small-grain size ~m) 1.1 2.8 1.1 

To verify the effect of the adsorbed surface 
water on the bleaching rate, some single-crystal 
samples were partly bleached after exposure to 
air at 20~ and 50% humidity for 10h, cooled, 
re-exposed to the moist air and bleached again. 
Other crystals were partly exchanged in 9M 
H2SO4, to replace some Na § with H30 +. 

To investigate the role of oxygen in the bleach- 
hag phenomenon, coloured samples were heated 
in an evacuated quartz ampoule. The ampoule also 
contained a vanadium foil. The vanadium was 
heated separately to about 700~ to remove 
oxygen. This provided an atmosphere where the 
oxygen partial pressure was below about 10 -.38 
arm. 

Single crystals were also coated with a sealing 
glass* such that a small section of  a cleaved 00.1 
surface was left exposed (Fig. 6a). This sealed 
crystal was immersed in sodium at 350~ for 
about 48 h. After this immersion, the crystal was 
sectioned and stained by silver exchange and the 
colouration pattern examined. The staining pattern 
would give information on possible colouration 
anisotropies or colouration defect diffusion 
paths. 

Polycrystals of Na /3"-alumina and of silver- 
exchanged /3"-alumina were partly masked and 
irradiated for 1 rain with an intense ultra-violet 
(u.v.) beam. The cut-off wavelength corresponded 
to a photon energy of about 10eV. These speci- 
mens were then examined for discolouration. This 
experiment could give an indication of the role of 
free electrons and holes in the colouration process. 
Ionic conductivities of polycrystalline specimens 
before colouration, after colouration and after 
bleaching were measured with an a.c. dispersive 
method. The details of this method have been 
described elsewhere [4]. 

3. Results and discussion 
Detailed transmission electron microscope obser- 
vations of chemically discoloured Na 13"-alumina 

failed to reveal any features that could be attributed 
to the discolouration. This strongly suggested that 
the chemical colouration involved the formation 
of point defects rather than second phases. During 
colouration, the single crystals also maintained 
their integrity, again indicating that second-phase 
formation was not occurring; for example, sodium 
metal precipitation would be difficult to accommo- 
date in the /3 or/3" lattice without causing con- 
siderable strain, leading to fracture. The results 
of the experiments have therefore been inter- 
preted in terms of point defects. 

From the time scale involved in the formation 
of the colouration zones [5], the published evi- 
dence of Na + diffusion through the spinel blocks 
[4], the expected diffusivity of the aluminium 
ions and the approximate electron transport rates 
[6], it was concluded that the chemical coloura- 
tion could involve only transport of electrons or 
holes, of sodium, or of oxygen either by oxygen 
vacancies or by hydronium ions. 

3.1. Single-crystal expe r imen t s  
The chemical colouration of the single crystals 
appeared to proceed approximately isotropically. 

l C 

Figure2 Isotropic colouration of Na #-alumina single 
crystal, immersed for 6 days at 350 ~ C. The uneven 
colouration along the basal plane direction is due to 
sodium filling of cleavage cracks that had not healed in 
the 1500 ~ C anneal. 

*IN-3 package sealant, Owens-Illinois Electronic Materials Center, Toledo, Ohio, USA. 
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Figure 3 Anisotropie bleaching of chemically 
coloured crystal, heated for 15 h at 300~ 
in air. 

This is illustrated in Fig. 2 for a crystal immersed 
for about 6 days at 350 ~ C. The uneven pen- 
etration along the basal planes is due to the 
presence of partial cleavage cracks that could not 
be healed in the 1500 ~ C anneal prior to immersion. 
This phenomenon also showed that Na/3-aluminas 
are readily wetted by molten sodium; when such 
crystals were removed from the sodium bath a 
mirror could be observed where the metal had 
penetrated into the partial cracks. 

When coloured crystals were heated in air, the 
bleaching surprisingly occured only in the direction 
of the conduction planes, as shown in Fig. 3 for 
a chemically coloured crystal heated in air, at 
300~ for about 15h. The bleaching proceeded 
as a well-defined layer at this temperature. Chemi- 
cally coloured single crystals heated for 24h at 
400~ in the evacuated quartz ampoule (Po~ = 
10 -as atm) did not show any signs of  bleaching, as 
is evident from Fig. 4. 

These results compellingly establish that the 
colouration involves removal of oxygen from the 
Na /3-aluminas, while bleaching in air involves a 

reoxidation. The colouration appears as a broad 
optical absorption indicating that electrons are 
involved as wel L Additionally, it was found by 
Weber [7] that chemical colouration at high 
temperatures appears to lead to a measurable 
increase in electronic conductivity. It is there- 
fore concluded that the colouration of Na /3- 
aluminas by molten sodium metal is a reduction 
of the electrolyte in which the oxygen vacancies 
that are produced are charge compensated by 
electrons. The detailed nature of the defect 
causing the light absorption is not known at 
present. Possibly, a local sodium-ion redistribu- 
tion may be associated with it which, together 
with the oxygen vacancy and a weakly bound 
electron, would give the rather broad optical 
absorption. 

The remarkable asymmetry in the colouration/ 
bleaching reaction needs to be explained. It is 
believed that the answer may be in differences in 
the dependence on the oxygen fugacity if the Vo ' 
(oxygen vacancy) diffusion rate in the spinel block 
compared to the conduction planes of the crys- 

Figure 4 Comparison of bleaching of chemically coloured crystals heated for 48 h at 400 ~ C (a) in air, Co) in low Po2. 
No bleaching occurs at low PO 2" 
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Figure 5 Bleaching and colouration rates o f  single crystals 
at 350 ~ C. The bleaching proceeds more slowly than the 
colouration. 

tals. The Vo diffusion rate in the spinel blocks 
would have to depend much more strongly on the 
oxygen partial pressure than in the conduction 
planes: in oxidizing conditions the Vo concen- 
tration in the spinel block would have to be so low 
that Vo transport would be strongly suppressed, 
while the more open structure of the conduction 
planes would not be so strongly affected. The fact 
that colouration is observed to proceed in a layer- 
like fashion supports this type of explanation. 
Indeed, a strong dependence on oxygen partial 
pressure of the Vo diffusion rate would lead to a 
fairly abrupt change in concentration profile. The 
explanation for the asymmetry in the colouration] 
bleaching reaction requires that bleaching occurs 
more slowly than colouration. This was indeed the 
case, as follows from a comparison of colouration 
and bleaching rates, shown in Fig. 5. To demon- 
strate that V o injection could occur through the 
spinel blocks, a single crystal was partly covered 
with sealing glass, as described in Section 2, and as 

shown in Fig. 6a. Contact of  the molten sodium 
was such that no reduction along conduction planes 
could occur. The darkening pattern after immer- 
sion, Fig. 6b, clearly indicates that the colouration 
proceeded through the spinel blocks. 

Some further elucidation of the nature of  the 
colouration defect followed from the u.v. 
irradiation of Na and Ag /3"-aluminas. The u.v. 
photons produced darkening in the Ag/3"-aluminas, 
as is evident in Fig. 7. The photon energies ranged 
up to 10eV so that electron-hole pairs could be 
created directly. The darkening produced by u.v. 
irradiation should then be analogous to the photo- 
graphic imprinting effect where silver ions capture 
the electrons to form small metallic silver clusters 
leaving an electron hole. Photodarkening could not 
be produced in the Na /3"- or /3-alumina. This 
indicated that the sodium ions do not readily 
trap electrons, further corroborating the fact that 
colouration cannot be attributed simply to a 
sodium ion-electron pair. 

The rate of  propagation of the colouration in 
the single crystals was determined at 300~ and 
350 ~ C. The results are shown in Fig. 8. Only a 
limited set of data could be collected due to the 
limited supply of large crystals. From the time 
dependence of the coloured-layer thickness, the 
scaling constant, K, could be found from K = 
x2/2t, where x is the layer thickness after time 
t. This gave at 300 and 350~ K3oo = 1.1 • 
t0 -1~ cm 2 sec -1 and K3so = 3.4 • 10 -I~ cm 2 
sec  -1, respectively. The activation energy calculated 
from these two values for the colouration defect 
propagation rate is about 16 kcalmo1-1 . This 
is approximately half of the activation energy for 
electron transport determined for Na /3-alumina 
[6]. The value of the activation energy thus 
indicates that the V o diffusion is rate-controlling. 

SEALING 
GLASS [c] 

! EXPOSED SURFACE 

xXX\X\\ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \N 
/ / ,  

Na BETA-ALUMINA 
SINGLE CRYSTAL ALUMINA WAFER 

le) 

Figure 6 (a) Sketch o f  single crystal coated with sealing glass; (b) colouration pat tern after exposure to molten sodium 
at 350 ~ C for 34h.  
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Figure 7 Ag #"-alumina masked in centre and exposed to 
u.v. light. The u.v. light produced a photochemical dark- 
ening in the exposed electrolyte. 

3.2. Effect of adsorbed water or HsO + 
substitution 

No effects on appearance or kinetics were detected 
for either the colouration or the bleaching for those 
crystals that had experienced repeated water 
absorption and bleaching, or that contained some 
substituted HsO +. This indicates that the colour- 
ation cannot be attributed to effects of  water. 

3.3. Alternating current dispersive 
measu rements 

No significant differences could be detected in the 
a.c. conductivity behaviour o f  untreated, coloured 
or bleached polycrystals up to 200 ~ C. Above 
200~ measurements could not be made as 
bleaching could not be avoided, since our con- 
ductivity measurements were carried out in air. 

3.4. Polycrystal experiments 
Some normalized plots of  the colouration prof'fles 
of  electrolytes with microstructures A and B (Fig. 
1) are shown in Fig. 9a and b. The colouration 
profiles for electrolyte C could not be determined 
accurately, since they were too diffuse. Initially, 
the profiles appeared to follow a simple error 
function solution, but at long immersion times 
they tended towards a step function. This may 
again be seen as an indication of  a concentration- 
dependent defect diffusivity. 

3 0 0  I I I [ I I ] I t 

x~tm) o 5 5 0  ~ 

A 3 0 0 ~  

2 0 0  
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Figure 8 Chemical colouration kinetics at 300 and 350 ~ C 
for Na #-alumina single crystals. 

The results of  the chemical colouration exper- 
iments at 350 ~ C on the polycrystalline electrolytes 
are shown in Fig. 10. The rate of  colouration 
propagation is substantially faster in the electrolyte 
with small grain size. This establishes that the 
grain boundaries act as rapid transport paths for 
the colouration-producing defects. The data 

�9 permit an evaluation of  the approximate bulk 
and grain-boundary transport rates by using the 
Hart analysis [8].  This analysis can be applied 
if the mean penetration distance is much larger 
than the grain size, a condition which was satisfied 
here. The effective diffusion coefficient, D eft , can 
then be related to the lattice diffusion coefficient, 
Dr,, and to the grain-boundary diffusion coefficient, 
DB: 

D eft = Dr, + B 6DB/s ,  (1) 

where B is a geometric parameter approximately 
equal to 1, 6 is the grain-boundary thickness, 
which is of  the order of  1 nm, and s is the average 
grain size. The data are summerized in Table II 
and lead to the following results at 350 ~ C. 

For Na f-alumina:  

Dr, ~< 1 x 10-1~ -1 

D B = 9.8 x 10-Tcm2sec -1 

(B = 1; 6 = 10-Tcm); 

For Na ~-alumina: 

TABLE II  Colouration kinetics at 350~ 

Material D eft (cm 2 sec -1 ) Average grain size (#m) 

#'-polycrystal, A 9.8 X 10 -l~ 1.1 
f-polycrystal, B 3.0 X 10 -1~ 5.4 
Single crystal # 4.5 X 10 -1~ -- 
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Figure 9 Normalized colouration profiles determined from micrographs of stained polycrystalline specimens. (a) Elec- 
trolyte with microstructure A; (b) electrolyte with microstructure B. 

D B = 4.5 x l0-1~ -1. 

The ratio of the grain-boundary to the bulk 
diffusion rates, D B / D L ,  for the fl" polycrystals 
examined here is about 104. This is a lower limit, 
since only an upper limit to DL could be deter- 
mined. Clearly, grain-boundary diffusion dominates 
the kinetics of chemical colouration in poly- 
crystalline fl" electrolytes. It should thus be 
expected that the partial electronic conductivity 
associated with chemical colouration develops 
first along grain boundaries. The presence of a 
gradient in the electronic/ionic transport number 
ratio can lead to internal deposition of sodium, 
i.e., the Mode I I  degradation discussed in detail in 
[1, 9]. This should cause grain boundaries to be 
active sites for initiation of Mode II degradation 
[ 1 ], possibly leading to Mode I initiation. 

A rough estimate of the time needed for com- 
plete homogenization of an electrolyte, with a 
2 mm wall thickness in contact with sodium at 
350 ~ C, would be about 0.5 years. It should be 
emphasized, however, that the sulphur-electrode 

/ I I 
..v(p-m) [ DARKENING RATE [ 

I C/Co o o.~ I 
4oo,- -t 

/ NOMINAL GRAIN SIZE, ,~m ~  

2 0 0 ~  

0 5 lO t5 20  
J F  (h vz)  

Figure lO Colouration kinetics of Na fl"-alumina poly- 
crystals of microstructure A and B, at 350 ~ C. 

side of the electrolyte in a Na/Na2 Sx battery is 
not the same oxygen chemical potential as the 
sodium side. The oxygen fugacity in the sulphur 
electrode is not known, but it is likely to be 
higher than in the sodium electrolyte. A gradient 
in the electronic/ionic transport number ratio 
should therefore persist indefinitely through a Na 
fl- or fl"-alumina solid electrolyte in an Na/Na2S x 
cell. Charge transfer through such an inhom- 
ogeneity could lead to Mode II degradation, as 
discussed in [1]. 

4. Summary and conclusions 
(a) Chemical colouration of Na fl-alumina electro- 
lyres is due to reduction of the electrolytes by the 
sodium metal. 

(b) The colouration is due to V o injection com- 
pensated by electrons. 

(c) The colouration proceeds mainly through 
the spinel blocks in single crystals. Bleaching, or 
reoxidation, proceeds through the conduction 
planes. 

(d) Water has no effect on the colouration or 
bleaching reaction. 

(e) In polycrystals, colouration proceeds pref- 
erentially along grain boundaries. 

(f) The chemical colouration introduces gradi- 
ents in the electron/ion transport number ratio 
that can lead to a Mode II degradation in electro- 
lytes used in Na/Na2S x cells. 
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