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Formation of calcium chromate hydroxylapatite 
on the surface of a calcium-doped lanthanum 
chromite sintered body 
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Fundamental Technology Research Laboratory, Tokyo Gas Co., Ltd, Shibaura, Minato-ku, 
Tokyo, 105 Japan 

Sintered bodies of highly sinterable calcium-doped lanthanum chromites with chromium defi- 
ciency have been found to deteriorate and form calcium chromate hydroxyl apatite on their 
surfaces when exposed to high-temperature water-containing atmospheres. Microstructure 
analysis, composition measurement, and phase identification were performed on the surface of 
the samples after annealing in various conditions. The mechanism of the surface deterioration 
is thus deduced: traces of liquid phase which are formed in the sintering process migrate to 
the external surface and then react with water vapour to yield an apatite-type compound. 
Electrical conductivity has also been measured. The poorly conductive nature of the surface 
will cause some problems when the subject materials are used as high-temperature electronic 
conductors. 

1. In troduct ion  
Acceptor-doped lanthanum chromites have been at- 
tracting much attention because of their high electrical 
conductivity and chemical stability both in reducing 
and oxidizing atmospheres at high temperatures. Be- 
cause of these excellent properties, these materials are 
widely accepted as candidates for interconnectors or 
separators of solid oxide fuel cells (SOFC). Recently, 
Sakai et al. [1] reported that calcium-doped lan- 
thanum chromites (LCC) with chromium deficiency or 
calcium excess could be sintered to nearly full density 
at moderate temperatures in air. They also proposed 
that sintering proceeds via a liquid-phase sintering 
mechanism [2]. As yet, however, no long-term chem- 
ical stability of LCC in a practical fuel cell operating 
condition has been verified. In order to check the 
applicability of LCC, we have fabricated and tested 
short cell stacks with a planar configuration incorpor- 
ating bipolar separator plates made of sintered LCC 
I-3]. In a post-test analysis, a slight discolouration and 
change in surface morphology were observed. This 
paper describes the surface deterioration of sintered 
LCC in high-temperature water-containing atmo- 
spheres. 

2. Experimental procedure 
2.1. Sample preparation 
Powders of reagent grade La203, CaCO 3 and Cr203 
(Soekawa Chemicals) were mixed with a sufficient 
amount of ethanol and were ball-milled for 24 h. The 
resulting homogeneous powder mixture was dried and 
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calcined at 1000-1200 ~ in air for 12 h. This calcin- 
ation procedure was repeated until the reaction pro- 
duct was confirmed by the powder X-ray diffraction 
analysis to be of a single-phase perovskite structure. 

The raw materials thus obtained were uniaxially 
pressed into pellets of 22 mm diameter and 2-3 mm 
thick, and sintered at 1450-1600 ~ air for 3 h. The 
density of the sintered body exceeded 95% of the 
theoretical value with the exception of sample 305, 
whose excessive calcium content was very small. The 
sintered samples were then mirror-polished so that 
any change in surface morphology could be easily 
recognized after exposure to various atmospheres. 
Some portions of the starting powder mixture and the 
pulverized sintered body were fused with sodium per- 
oxide and then dissolved in nitric acid. Their composi- 
tions were analysed by the ICP spectroscopy. It was 
confirmed that the metallic ratio of the starting pow- 
der mixture remained unchanged after sintering. 
Table I shows the nominal compositions of the sam- 
ples thus determined. 

2.2. Annealing 
The sample pellets were wrapped with a platinum net 
and suspended by a PtRh 13 thermocouple in a quartz 
reactor tube that was placed in the centre of an electric 
furnace. Air and 4% H2-N z gas, humidified at 69 ~ 
were passed through the reactor tube to control the 
surrounding atmosphere. The corresponding com- 
positions of the oxidizing and reducing gases were 
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TABLE I Nominal sample composition determined by the ICP 
spectroscopy 

Metallic Sample number 
element 

350 330 320 310 305 220 210 

La 0.70 0 .70  0 ,70  0 .70  0.70 0.80 0.80 
Ca 0.35 0 .33  0 .32  0 .31 0 .305 0 . 2 2  0,21 
Cr 1.00 1 .00  1 .00 1 .00 1.00 1.00 1.00 

air /H20 = 70/30 and N2/Hz/H20 = 67.2/2.8/30, re- 
spectively. The reason for the humidification is that 
the presence of water vapour seemed to accelerate the 
surface deterioration. The annealing temperatures 
were 500, 700, 850 and 1000~ The samples were 
heated to the annealing temperature, kept for a de- 
sired holding time, and then furnace-cooled to room 
temperature. The holding time was 12, 24, 48 and 
120 h. 

2.3. Analys is  
The microstructure of the surface after annealing was 
examined by an optical microscope (OM) and a scan- 
ning electron microscope (SEM; JEOL JSM-5400). 
The metallic composition of the surface was deter- 
mined by the energy-dispersive X-ray analyser (EDX; 
JEOL JED-2001). The surface phase was identified by 
the small-angle X-ray diffractometry using CoK= radi- 
ation with an injection angle of 0.3 ~ (Phillips PW 
1710). 

The electrical conductivity of the surface layer was 
measured by the standard four-probe method at am- 
bient temperature. The inter-distance between the 
needles was 1 ram. Because the resistivity of the sur- 
face layer seemed fairly high, the current was con- 
trolled so that the voltage difference between the 
voltage probes did not exceed 10 mV. 

3. Results 
3.1. Change in surface morphology 
Fig. 1 shows optical microscopic views of the surface 
of sample 350 before and after annealing. Fig. ta--c 
show the surface of as mirror-polished, after annealing 
in a i r /H20 at 1000 ~ for 48 h, and after annealing in 
N2/H2/H20 at 1000~ for 48 h, respectively. The 
dark irregular spots with a size of a few to 20 lam are 
residual macropores that could not be removed in the 
green formation process. Comparing the surface mor- 
phology of (b) and (c) with that of (a), remarkable 
changes can be observed, suggesting that some kind of 
surface deterioration occurred during the annealing. 
In the case of annealing in the oxidizing atmosphere, 
the original smooth surface (a) is completely lost and a 
newly emerged layer seems to have covered the entire 
area as shown in (b). However, in (c), we see some 
"islands" that have white grains in the centre sur- 
rounded by a belt of very fine blue-green particles (c). 
This occurred when the samples were annealed in the 
reducing atmospheres. 

For more detailed inspection, SEM/EDX analysis 
was performed on the surface indicated in Fig. lb. The 
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Figure I Optical microscopic views of the surface of sample 350: (a) 
as mirror-polished, (b) after annealing in air/H20 at 1000~ for 
48 h, and (c) after annealingin N2/H2/H20 at 1000 ~ for 48 h. 

results are shown in Fig. 2. In the surface view (a), 
some faceted hexagons are found, indicating that 
crystalline phase with hexagonal symmetry appeared 
as a result of the surface deterioration. Fig. 2b presents 
an SEM image of the cross-section and Fig. 2c is the 
corresponding calcium distribution map. We can ob- 
serve a dense surface layer about 4 ~m thick with a 
columnar structure. It is also clearly envisaged that 
this layer is rich in calcium. Between the newly de- 
veloped surface layer and the angular bulk grains are 
seen some devastated grains with an ambiguous 
shape. 

3.2. Identification of deterioration products 
In order to clarify the change in surface phase, small- 
angle X-ray diffraction analysis was conducted on the 



surface shown in Fig. l a and b. Fig. 3 shows the 
diffraction patterns together with the reference pat- 
terns in the JCPDS (Joint Committee in Powder 
Diffraction Standards) library. The surface of the 
sample before annealing is proved to possess a perov- 
skite-type structure with orthorhombic symmetry (a). 
The post-annealing sample, however, gives a com- 
pletely different diffraction pattern (b), which is identi- 
fied as attributable to calcium chromate hydroxyl 
apatite, Cas(CrOr 

3.3. Effect of annealing conditions 
Listed in Table |I are the compositions of the surface 
and of the cross-section determined by the EDX ana- 
lysis, and the identified surface phases for sample 350 
that was treated under various annealing conditions. 
The composition of the cross-section is constant and 
gives the same value as that obtained for the as- 
sintered sample within experimental uncertainty. This 
result suggests that the deterioration proceeds only on 
the surface and that gaseous species (water vapour) in 
the atmosphere is involved in the reaction. From the 
results of the annealing experiments in the oxidizing 
atmospheres, it is clearly seen that the amount of 
apatite-type compound increases with increase in an- 
nealing temperature and holding time. The higher 
calcium concentration and the higher diffraction peak 
intensity obtained for the surface after annealing in the 
oxidizing atmospheres indicate that the reaction kin- 
etics is faster in the oxidizing atmosphere than in the 
reducing atmosphere. 

Figure 2 Scanning electron micrographs and calcium distribution 
map of sample 350 after annealing in air /H20 at 1000 ~ for 48 h: (a) 
surface view, (b) cross-sectional view, and (c) calcium distribution 
map. 

3.4. Surface conductivi ty 
Regarding the apatite-type compound, Cas(CrOr 3 
OH, only a few reports on crystal structure [4, 5].and 
phase relations [6, 7] can be found in the literature. 
The paucity regarding electrical properties has pro- 
mpted us to conduct electrical conductivity measure- 
ments. The resistivities of the samples were determined 
by the equation 

9 = 2 r c S V / l  (1) 

where p, S, V, and I denote resistivity, inter-distance of 
probes, voltage and current, respectively. The results 

TAB L E II Composition, phase present and surface conductivity of LCC sample 350 after annealing in water-containing atmospheres 

Atmosphere Temperature ~.nnealing Surface Fracture surface Phase Surface 
(~ time composition, composition, present a conductivity 

(h) La/Ca/Cr La/Ca/Cr (at RT) 
(10 6 S cm-l) 

Air/H20 1000 12 22.7/31.8/45.5 35.3/13.l/51.6 AP 47 
(70/30) 24 20.7/39.7/39.6 35.4/15.5/49.1 AP - 

24 5.2/56.3/38.5 34.8/16.9/48.3 AP 3.8 
120 3 . 0 / 6 " 4 . 8 / 3 2 . 2  34.9/15.8/49.4 AP 4.2 

850 12 34.9/16.3/48.8 34.8/15.2//50.0 AP 
24 30.9/2t.5/47.6 34.9/14.1/51.0 AP + P - 
48 23.5/'42.7/33.8 35.7/14.5/49.8 C + P - 

700 48 37.7/15.5/46.8 35.4/15.9/48.7 AP + P - 
N2/H2/H20 1000 48 34.7/17.7/47.6 35.2/16.8/48.0 AP + P - 
(67/3/30) 850 48 35.8/15.3/48.9 36.1/14.3/49.6 P - 

a AP, apatite phase Cas(CrO4)3OH; P, perovskite phase; C, CaCO 3 phase. 
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Figure 3 X-ray diffraction patterns of the surface of sample 350 (a) before and (b) after annealing in high-temperature water-containing 
atmospheres. 

are also shown in Table I(. The surface conductivity of 
the samples after the annealing is in the order of 10- ~ 
and 10 -5 S cm-1, which is five or six orders of magni- 
tude lower than that of the original LCC. Such high 
resistivity in the surface layer will cause significant 
problems when it comes to applications as electronic 
conductors. 

For the cases where no results are given, conductivi- 
ties attributable to doped lanthanum chromites were 
observed. The reason for this may be that the surface 
layer was so thin that the probes penetrated it, or that 
the surface coverage of the  apatite-type compound 
was so sparce that the tip of the probe contacted an 
intact part. 

3.5. Effect of c o m p o s i t i o n  
Fig. 4 shows optical microscopic views of the surface 
of samples 310 and 210 after annealing in the oxidizing 
atmospheres at 1000 ~ for 48 h. As can be seen both 
in (a) and (b), most of the surface has preserved its 
original smoothness although many bar-shaped 
grains are found. This kind of microstructure is con- 
sidered to be that of an initial stage of nuclei formation 
and grain growth. From the fact that the grains of the 
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deterioration product in sample 310 have larger size 
and more well-defined shape than those in sample 210, 
it is deduced that the kinetics of the surface deteri- 
oration is faster for the compositions with heavier 
calcium doping and more calcium excess (i.e. 
chromium deficiency). 

4.  D i s c u s s i o n  

From the experimental results given above, we can 
assume the following deterioration mechanism. The 
LCC with chromium deficiency is supposed to be 
densified through a liquid-phase sintering mechanism 
[2]. In general, it is desirable that the intermediate 
compounds formed in the sintering process diminish 
in the final stage of sintering. In the present system, 
however, traces of liquid phase seem to remain in or 
near the grain boundaries, rapidly diffuse towards the 
external surface, and then react with water vapour to 
yield an apatite-type compound. 

The proposed mechanism offers a possibility for 
eluding practical problems by squeezing the traces of 
liquid phase during a sufficiently long-term annealing 
and by removing the resulting deteriorated layer be- 
fore use. However, samples thus treated continued to 



and (2) have, in reality, been shown in the preceding 
subsection. The significance of (4) has recently been 
reported by Sakai et aI. [8]. 

5. Conclusion 
Sintered bodies of highly sinterable calcium-doped 
lanthanum chromites with calcium excess or 
chromium deficiency have been found to deteriorate 
and form calcium chromate hydroxyl apatite on the 
surface in high-temperature water-containing atmo- 
spheres. The surface deterioration proceeds via a rapid 
diffusion of liquid-phase traces towards the external 
surface followed by reaction with water vapour in the 
surrounding atmosphere. The rate of deterioration 
increases with increase in doping level and calcium 
excess (i.e. chromium deficiency). Reducing these two 
variables is therefore effective for preventing the de- 
terioration. In order to identify specifically the prob- 
lems caused by the surface deterioration, further in- 
vestigation will be required on the apatite-type com- 
pound, Cas(CrO4)3OH. Knowledge remains lacking 
regarding phase relations, electrical properties, and 
chemical compatibility with other SOFC components. 

Figure 4 Optical microscopic views of the surface after annealing in 
a i r /H20 at 1000 C for 48 h: (a) sample 310 and (b) sample 210. 

show the surface deterioration after reannealing. Re- 
peating the squeezing-polishing reannealing process 
always gave the same results, contrary to our expecta- 
tions. Once the apatite-type compound entirely covers 
the surface, its extreme density hinders direct contact 
of the sources and water vapour as shown in Fig. 2b, 
which leads to apparent cessation of the deterioration. 

Based upon these considerations, we have come to 
the conclusion that it is necessary to reduce the 
amount of intermediate compounds within the limits 
of high sinterability. The effective methods for this will 
be (1) to reduce calcium doping, (2) to reduce calcium 
excess or chromium deficiency, (3) to calcine and sinter 
at higher temperatures, and (4) to employ a sophisti- 
cated powdersynthesis process whereby composition 
fluctuation can be eliminated. The effectiveness of (1) 
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