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Dense, polycrystalline CoFe204, CoAI0.o2Fex.g804, and CoAl0.1Fel.904 were reduced 
in flowing H2/0.01% H20 at temperatures between 500 and 800 ~ C. The reactions 
proceeded in a topochemical fashion. The rate of advance of the reaction interface was 
determined by direct measurement and by thermogravimetric analysis. An anomalous 
decrease in the reduction kinetics was observed for CoF%O4 around 650 ~ C and for 
CoAI0.02Fe~.gaO 4 at 750 ~ C. This reaction rate anomaly could be attributed to the 
appearance of a wustite-type subscale. The effect of the substitutional AI 3 + ions was to 
decrease the interfacial reaction rates. In the lower temperature range, the reaction was 
dominated by the interface reaction. With increasing temperatures, the importance of 
the gas transport resistance through the porous metal product scale increased. The 
microstructure of the scales was examined extensively. Pronounced grain-boundary 
attack was observed at lower temperatures leading to the formation of a distributed 
reaction interface. At higher temperatures, the reaction interface was better defined. 
The pore structure of the scales was examined after polishing and sputter etching. While 
changes in the pore morphology were observed, they were not correlated with the 
anomalous reaction rate effects. 

1. Introduction 
Many problems associated with the production of 
energy from unconventional sources stem from the 
limitations on materials performance. Chemical 
stability is one important materials property which 
ultimately limits the usefulness of ceramic alloys. 
For oxide ceramics, rapid removal of oxygen from 
the lattice in a reducing environment at high tem- 
peratures is an example of an important chemical 
materials limitation. Ideally the resistance of 
oxides to gaseous reduction might be improved by 
the addition of an appropriate alloying element, 
as is common in the protection of metals against 
oxidation. However, the reduction of oxides 
proceeds in a substantially different manner from 
the reverse reaction, the oxidation of metals, so 
that direct correlation between oxidation and 
reduction behaviour in the presence of alloying 
elements does not exist. An important aspect is 
that the molar volume of the reduction product 
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is significantly smaller than that of the parent 
material. The reduction product layer is porous 
and does not provide an effective barrier against 
further reaction. Reduction reactions can, there- 
fore, proceed quite rapidly, compared to oxidation 
reactions, so that non-equilibrium effects at inter- 
faces may be important. The detailed analysis of 
a reduction reaction can be quite complicated but 
modelling can often be done considering only 
three reaction resistances [1 ] : (1) the mass transfer 
resistance to flow of gas from the bulk gas stream; 
(2) the gas transport resistance to gas-phase diffu- 
sion through the porous product layer; (3) the 
interface reaction resistance. In that way the 
simplest, ideally topochemical reduction, can be 
described with fairly simple, lumped parameter 
models. In these treatments a number of 
temperature-dependant coefficients appear that 
may be formally associated with the three succesive 
individual reaction steps that were considered, it 
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should be understood, however, that the reaction 
kinetic parameters cannot always be interpreted 
in terms of single, elementary processes. For 
example, gas diffusion in the porous metal layer 
may be a combination of molecular diffusion, 
Knudsen diffusion, and gas transport through the 
metal itself. The interface reaction, also described 
with a single kinetic parameter, actually involves 
gas absorption, desorption, associations and dis- 
sociations on the surface, and so on, as well as 
solid state diffusion near or in the moving reaction 
interface. In multi-cation oxides additional compli- 
cations may arise, e.g. segregation near the inter- 
face, preferential reactions along grain boundaries, 
retention of unreduced material in the product 
scale, or sintering effects in the product scale 
during the course of the reduction. Kinetic 
measurements should, therefore, be supplementary 
to a microcharacterization of the reaction-product 
scale and of the interface region between the 
product layer and the unreduced bulk to further 
elucidate the meaning of the lumped parameters 
of the models. 

Anomalies in reaction rates during the course 
of the reduction have been observed in a number 
of iron oxides reduced by hydrogen [2 -5 ] .  For 
example, Turkdogan and Vinters [2] reported an 
unusual temperature effect in the reduction of 
powdered hematite samples. Above 570~ the 
observed reduction rate dropped markedly. The 
effect appeared to be more pronounced for 
smaller samples. For iron oxides, the rate ano- 
malies have been attributed to a variety of causes: 
product scale sintering, internal reduction and 
retained wiistite, and formation of a wiistite 
subscale above 570~ (although the observed 
decrease in reduction rate may occur significantly 
above the wiistite stability temperature). Similar 
reaction rate anomalies have also been observed 
in systems other than iron oxides. Lilius [7], for 
example, reported this phenomenon in the reduc- 
tion of CoO, and attributed it to scale sintering. 
This appeared to be the only reasonable expla- 
nation for this material, since there is no possible 
intermediate oxide phase between CoO and cobalt 
metal. The lowering of reduction rates caused by 
sintering of the product scale has been included 
the modelling work of Szekely and Evans [6]. If 
scale sintering is indeed responsible for the rate 
anomaly, a microstructural characterization should 
reveal a definite correlation. 

It is well known that the addition of dopants 
to an oxide can significantly alter its physical and 
chemical properties. Two broad classes of  dopants 
may be considered: interactive and non-interactive 
dopants. Non-interactive dopants remain as a 
separate, inert phase throughout the chemical 
reaction. The mechanisms by which such inclusions 
may affect the reactivity of solids were classified 
by Dehnon [8]. These mechanisms include 
alteration of the diffusion paths of  the reactant 
and product gasses, nucleation catalysis, and rate 
changes in adsorption or des0rption of gases at 
the reaction interface [10-13] .  Interactive dopants 
react chemically with either the parent or the 
product phase to form solid solutions or single- 
phase chemical compounds. The solid solution 
additive may alter the properties of the material 
by affecting the point-defect structure or by 
causing lattice strains and thereby creating sites for 
easy nucleation of the reduced phase [13]. The 
thermodynamic stability of the additive itself could 
alter the reducibility of the host material. As an 
example, the addition of cobalt oxide to wtistite 
is expected to increase the reducibility of the host 
material, since it will increase the alloy equilibrium 
oxygen parital pressure at a given temperature, as 
was shown in the phase diagram [15]. Usually, 
when catalytic effects are not important, alloying 
of an oxide with one having a smaller heat of 
formation increases the reduction reactivity while 
adding an oxide with a larger heat of formation de- 
creases the reduction reactivity [14, 16]. 

In the present work the reduction of cobalt 
ferrite and of cobalt ferrite with aluminium in 
solid solution was studied. The purpose was to 
investigate the reduction behaviour of  multi-cation 
oxides and the effects of a hard-to-reduce inter- 
active dopant on the reduction behaviour. To 
clarify the reduction kinetics and the role of the 
scale in the reaction rate anomaly, the micro- 
structures of the reduction products were charac- 
terized. 

2. Experimental procedures 
Dense, polycrystalline specimens of cobalt ferrite 
and alumina-doped cobalt ferdtes* of three 
different compositions were used: 99.4% dense 
CoFe204, 99.5% dense CoAlo.ozFel9804, and 
98.8% dense CoAlo.lFel.904. These three materials 
were labelled undoped, lightly doped, and 
heavily doped cobalt ferrites in this paper. The 
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rate of product layer growth was determined from 
optical and thermogravimetric measurements. 
Cube-shaped samples with edge lengths of about 
0.5 cm were reacted in flowing hydrogen containing 
0.01% water at a total pressure of l atm 
(1013mbar). This gas mixture fixes the oxygen 
chemical potential of the reducing gas. Reaction 
temperatures were between 500 and 800 ~ C, and 
reaction times were between 5 min and 1 h. It was 
found that gas velocities at the specimen greater 
than 1 cmsec -1 were sufficient to ensure that no 
hydrogen starvation occurred over the entire range 
of temperatures. The reactions were interrupted by 
withdrawing the specimen rapidly from the hot 
zone of the furnace. Kinetic data were obtained 
from experiments where the reaction had pro- 
ceeded in a topochemical fashion. The reaction 
interface could be defined adequately by the use 
of an optical microscope at x 20 magnification. 
The layer growth measurements reported in this 
paper represent the average of three to six different 
reductions for each data point. Fracturing or 
spalling of the specimens during reduction pre- 
vented the collection of layer growth data for 
reactions carried out below 500 ~ C for the undoped 
or lightly doped material, and below 800~ for 
the heavily doped material. 

The reaction products were identified by X-ray 
diffraction, or by optical examination of chemically 
etched samples. Wiistite-type phases could be 
identified since they reacted readily with dilute 
hydrochloric acid while the metal phase and the 
spinel did not. The morphology of reduced pro- 
duct layers was chaocterized with optical and 
scanning electron microscopy after sectioning and 
polishing. One serious difficulty in the polishing of 
the specimen was that pull-outs occurred rather 
easlly? This problem was most pronounced in 
specimens that had been reacted below 600 ~ C. 
Examination of the true pore structures in reacted 
specimens required the removal of surface layers 
damaged by the polishing process. Radio frequency 
(r.f.) sputtering was used to mill away material to 
a depth of a few microns, until no further changes 
in scale microstructures were observed. 

Weight loss kinetics were measured by thermo- 
gravimetry with a Cahn R-G electrobalance. A 
19 rnm diameter hangdown tube was used. The 
specimens were reacted in flowing hydrogen with 
0.01% water at temperatures between 500 and 
800 ~ C, at a total pressure of 400 Torr (533 mbar) 
until the rate of  weight loss was less than 1 mg in 

30min. Cube-shaped specimens were also used 
for these thermogravimetrical analyses. The weight- 
loss data can be converted to rates of scale thick- 
ening [18] provided the reaction is topochemical 
and there are no dimensional changes upon reduc- 
tion. These two conditions were found to be 
satisfied. 

3. Experimental results and discussion 
3.1. Identification of reduction product~ 
With X-ray analysis, only one product phase could 
be detected in all cases: an iron cobalt alloy. From 
the X-ray evidence then it would seem that under 
the experimental conditions used, spinel was 
directly transformed into metal and water vapour 
without undergoing an intermediate transfor- 
mation through the wiistite phase. However, 
optical microscopy and chemical etching revealed 
the presence of small amounts o f  a (Co, Fe)O 
phase in reaction zones of some specimens. The 
relative amounts and the distribution of the 
wtistite found varied with reaction temperature 
and specimen composition. In scales of the heavily 
doped specimens optical microscopy revealed the 
presence of a dispersed, non-metallic second phase. 
Transmission electron microscope diffraction 
showed that this second phase was an iron alumi- 
nate spinel. 

Aluminate-containing second-phase particles 
were not detected in the product scales of the 
lightly doped cobalt ferrites, although the presence 
of the aluminium ions, even in small concentration, 
had measurable effects on the reduction kinetics. 
Wtistite, observed at certain temperatures in the 
undoped and lightly doped cobalt ferrites, was 
not found in the heavily doped specimens. The 
details of the phase distributions are discussed 
below. 

3.2. Layer growth kinetics 
Fig. 1 shows a log-log plot of layer thickness versus 
time for undoped samples reacted between 600 
and 800 ~ C. The time dependences appear to be 
sublinear, between t oss and t ~ Such sublinear 
kinetics usually indicate mixed reaction control. 
The use of the apparent activation energy for the 
purpose of determining the relative importance of 
the different reduction mechanisms is of little 
value and will not be considered. It can be found 
from Figs. 1 and 3 that a reaction rate anomaly 
occurs between 650 and 700 ~ C. Lightly doped 
cobalt ferfites also show such an effect but now 
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Figure 1 Log-log plot of layer growth data for undoped 
specimens. Note that the reaction kinetics are slower at 
700~ than at 650 ~ C. Each data point represents the 
simple average of three to six different reduction runs. 
The slopes of the lines through the data points indicate 
approximate time dependences of t e-75 for the 800~ 
reductions and t ~ for the 600 and 700~ reductions. 
This indicates a mixed reaction control. 

around 750 ~ C, as can be found from the rate 
data in Figs. 2 and 3. These reaction rate anomalies 
have been studied in detail by Porter and De 
Jonghe [18] ,  and will be reported soon. 

It is interesting to note in Fig. 3 that the 
addition of  small amounts of  aluminium ions in 
solid solution does not uniformally decrease the 
reduction rates. Below 650 ~ C, the A13+-containing 
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Figure 2 Log-log plot of layer growth data for lightly 
doped specimens. Now reaction kinetics are slower at 
800 ~ C than at 750 ~ C. 

0.20 

-g 

F- 
010 

20 minutes 
/ / . r 3  f A .  13 

, / . o j  / X ~  

~ /  D CoFe204 
Z~ Co,'.loo2Fe I 9e04 

t J I ~ I 
600 650 700 750 800 

T e m p e r a t u r e  ( ~  

Figure 3 Comparison of undoped and lightly doped layer 
growth data for specimens reacted under 1 atm hydrogen 
for 20 min. 

ferrite is reduced more slowly. Above 650~ the 
behaviour is more complex. The reaction rate of  
the undoped material decreases, while that of  the 
lightly doped material continues to increase. Thus, 
the lightly doped material actually reacts faster 
than the undoped material between about 675 and 
775 ~ C,in the observed time interval (up to 60 min). 

800~ kinetic data for undoped and heavily 
doped material reduced at 1 atm hydrogen are 
compared in Fig. 4. It is seen that the heavily 
doped cobalt ferrite reacts slower than the undoped 
one. Additional differences between the two 
materials were found in their scale structure. 

3.3. Thermogravimetric analyses 
For the thermogravimetric measurements the 
hydrogen pressure was 400 Torr rather than 1 atm, 
owing to instrument limitations. Again fissuring 
of  the heavily doped material precluded calculating 
reliable layer thicknesses. The heavily doped 
material also showed an apparent reaction rate 
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Figure 4 Comparison of layer growth data for undoped 
and heavily doped specimens reacted in I atm hydrogen 
at 800 ~ C. 
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Figure 5 Layer growth data calculated from 
thermogravimetric data for undoped speci- 
mens. 

maximum; however, this was caused by the 
profuse fissuring of the specimens below tempera- 
tures of 800 ~ C. 

The observed reaction rate maxima in the 
undoped and in the lightly doped specimens agreed 
in temperature with those obtained at the higher 
gas pressures. Apparently the maximum reaction 
rate temperature was not a sensitive function of 
the hydrogen pressure in the gas bulk, although it 
clearly was a sensitive function of specimen com- 
position. Thermogravimetric data converted to 
rates of product layer growth are shown in Figs. 5 
and 6 for undoped and for lightly doped ferrites. 
The general non-linearity of the layer growth 
kinetics indicates that the reaction is not exclu- 
sively controlled by an interface reaction. 

The layer thickness calculated from the weight- 
loss data at fixed reduction times are shown in 

Figs. 7 and 8 as a function of temperature for un- 
doped and for lightly doped specimens. Again, the 
reaction rate anomalies are evident. It is interes- 
ting to note that the anomalies seem more pro- 
nounced if layer thicknesses are compared at 
longer reduction times. This is similar to the 
observations reported by Turkdogan [2] for 
hematite ore. Some differences in reduction 
behaviour can be observed between the specimens 
reduced at 1 atm and those reduced in the thermo- 
balance at 400 Torr. One striking difference is the 
degree to which the reaction rate anomally is 
manifested in the undoped specimen. At 1 atm 
hydrogen the 700 ~ C reduction rate is higher than 
the 600~ rate: at 400 Torr both the 700 and 
750 ~ C rates are lower than the 600 ~ C rate. If  the 
internal interface reactions were of significance in 
controlling the reduction rates, then it would 
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Figure 6 Layer growth data cal- 
culated from thermogravimetfic 
data for lightly doped specimens. 
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appear that the gas/wiistite reaction would be 
more affected by the gas bulk hydrogen pressure 
than the gas/spinel reaction. 

At 500~ the reaction kinetics shown in Figs. 
5 and 6 are nearly linear. Linear growth kinetics 
for spherical or cubic specimens, calculated per 
unit area of reaction interface, usually indicate 
interface reaction control at the internal gas/solid 
interface. However, it is possible for the shell layer 
and gas film resistance terms to be mutually com- 
pensating so that apparently linear kinetics can 
result even when these two resistance terms are 
significant compared to the interface resistance 
term, as several workers have demonstrated, see, 
for example, [ 1 ]. If the external gas film resistance 
is much greater than the shell layer resistance, or 
vice versa, and if the larger of the two is com- 
parable to the interfaces resistance, then the layer 

Figure 7 Reaction rate anomaly in the re- 
duction of undoped cobalt ferrite speci- 
mens reacted in 400 Tort hydrogen. Note 
that the anomaly is more pronounced for 
longer reduction times. 

growth kinetics are non4inear for spherical or 
cubic specimens. Near-linear growth kinetics thus 
leaves two possibilities: predominantly interface 
control, or predominantly external gas film pro- 
duct layer resistance compensation with negligible 
interface resistance. 

For the case of specimens of flat plate geometry, 
linear growth kinetics occur 6nly when the shell 
layer resistance is negligible compared to the other 
two resistances. Thin plates of dndoped cobalt 
ferrite have been reduced at 500~ in 400 Torr 
hydrogen by Porter and De Jonghe [18]. These 
workers observed nearly linear layer growth 
kinetics over a large portion of the reaction in 
substantial agreement with the 500 ~  pre- 
sented in Fig. 5. From the near-linearity of the 
layer growth kinetics of specimens of both flat 
plate and cubic geometries it can be deduced that 
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Figure 8 Reaction rate anomaly in reduc- 
tion of lightly doped cobalt ferrite speci- 
mens reacted in 400 Torr hydrogen. The 
layer thicknesses were calculated from the 
thermogravimetric data. 



interface reactions are mainly controlling the 
reduction at 500 ~ C. The slower kinetics for the 
doped specimens indicate that the interface reaction 
resistance increases with increasing amounts of 
A13§ in solid solution in the spinel. The increasing 
non-linearity of the kinetics at higher tempera- 
tures are then consistent with the gas transport 
resistance through the reaction product layer 
becoming increasingly important. 

3.4. P roduc t  layer m o r p h o l o g y  
The specimen dimensions before and after reduc- 
tion showed that the specimen sizes did not change 
measurably during the reduction. Thus, very little 
densification of the metal product scale occurred 
even at reaction temperatures as high as 800 ~ C. 
The reduction product scales were therefore 48% 
to 50% porous. It was observed that the pore 
structure coarsened as a function of time (except 
for the heavily doped ferrites). It is not immediately 
clear as to why this pore coarsening is not accom- 
panied by densification, unless surface diffusion 
is the dominant metal transport mode or the initial 
scale density is too low to permit rapid densi- 
fication. 

In the following, we discuss in succession the 

microstructure and pore structure of the scales of 
undoped, lightly doped and heavily doped ferdtes. 

3.4.1. Undoped ferrites: CoFe204 
At 500 and 600~ significant grain-boundary 
attack was observed in the undoped ferrite. Etching 
with hydrochloric acid showed that the cores of 
partially attacked grains were unreduced spinel. 
This mode of interface advance became more 
pronounced with lower reaction temperatures. 
This is illustrated in Fig. 9. When the individual 
grains have been reduced completely, loosely 
connected relics of the original spinel grains con- 
stitute the metal product layer. This is an example 
of a distributed reaction interface structure. The 
interface instability must arise from rapid grain- 
boundary reaction and slow bulk reaction. This 
indicates that below 600~ rapid grain-boundary 
diffusion of cations may play a significant role in 
the pronounced grain-boundary attack. If the grain- 
boundary cation transport rate is much higher 
than that of the bulk, then the excess iron ions 
ahead of the advancing interface can be removed, 
making the grain boundaries more reducible. The 
extent to which the interface is distributed thus 
depends on the grain bulk/grain-boundary cation 
transport rates. It is interesting to note that the 
overall reaction kinetics at this temperature 
(500 ~ C) are quite linear, in spite of the com- 
plexity of the structure of the distributed reaction 
interface: as long as this distributed reaction inter- 

Figure 9 Microstructure near interface of undoped speci- 
mens reacted at 500 ~ C in 1 atm hydrogen. (a) Reduction 
along grain boundaries. (b) and (c) show the interface 
region further removed from the reaction interface, 
changing from predominant grain-boundary attack to 
complete reduction. The porosity inside the grain relics 
in (c) is not resolved. 
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Figure 10 Optical micrograph of the interface region of an undoped specimen reacted at 700 ~ C. 

face has a steady state structure a single interface 
rate parameter can be used in the analysis. 

At 650~C the product scale morphology 
changed. Extensive grain-boundary attack was no 

longer observed, while pore coarsening occurred 
to some extent in the scale. At 700~ (Fig. 10) 
gain-boundary attack was absent and the interface 
was clearly defined. Scale pore coarsening was 

Figure 11 Optical micrograph of a slow instability in an undoped spechlaen reacted at 700 ~ C. M: metal alloy;W: witstite; 
S: unreduced spinel The wiistite has been revealed by a brief etching in dilute hydrochloric acid. 
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~gure 12 Retained wiistite in the metal scale at a loca- 
lized slow interfacial instability in an undoped specimen 
reacted at 750 ~ C. 

quite evident. Optical microscopy did not detect 
a wiistite phase at the interface between the metal 
scale and the unreduced oxide, except in places - 
as shown in Fig. 11 - where the reaction rate had 
slowed down locally. Above 700 ~ C, the interface 
stability was generally good, although occasionally 
highly localized slow instabilities were observed. 
One example of such an instability in a specimen 
reacted at 750 ~ C is shown in Fig. 12. We notehere 
that oxide, identified as wiistite by etching, has 
been retained in the scale. Again, when the reaction 

rate had been locally slowed the grain-boundary 
attack was more pronounced. Curiously, many of 
the wiistite grains that were retained in this scale 
show metal formation within the grains, in some 
cases separating the grain-boundary layer from the 
internal metal phase by a layer of oxide. This 
geometry probably results from the way indivi- 
dual grain-boundary scale instabilities are inter- 
sected in these polished cross-sections. Addition- 
ally, isolated, non-porous metal particles appeared 
ahead of the advancing reaction interface. Such 
internal reduction must involve an oxygen ion 
flux from the metal particle to the porous metal/ 
oxide interface. 

An example of a scale morphology resulting 
from reduction of undoped cobalt ferrite at 
800~ is shown in Fig. 13. The pore structure in 
the scale is seen to evolve from being quite fine 
near the reaction interface, where the pore dia- 
meters are on the order of 0.1/am, to a coarse 
pore structure near the specimen surface. The 
interface itself, while not planar, is well defined. 
Etching and optical microscopy again did not 
clearly reveal the presence of wiistite in the 
developing layer or in the interface region. We 
suspect, however, that a thin, unresolved layer of 
wtistite may have been present. 

The pore structures of the scale could best be 
observed on samples that had been r.f. sputter- 
etched after mechnical polishing. Scanning electron 
micrographs of mid-scale regions of the sputter- 
etched samples are shown in Fig. 14. The most 
significant morphological changes in the scales 
occurred between 600 and 650 ~ C. Up to 650~ 
the scale had a dual pore structure. Pores had 
formed along the original ferrite grain boundaries 

Figure 13 Scanning electron mierograph of the interface between the metal, M, and the unreaeted spinel, S, of an 
undoped specimen reacted at 800 ~ C in 1 atm hydrogen. 
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Figure 14 Pore network morphologies in the metal scales of undoped specimens at the temperature indicated. The 
major morpholical changes are not correlated with the reaction rate anomaly. 

leaving very freely porous metal grains that were 
relics of the original spinel grains. The pore struc- 
ture became coarser and more uniform as the tem- 
perature was increased above 650 ~ C. Recall, how- 
ever, that the total porosity was changed little 
since the specimens did not undergo significant 
dimensional changes. 

3.4.2. Lightly doped ferrites: 
CoA I o.o2 Fe l.98 0 4 

The microstructures observed in the lightly doped 
specimens reduced at 500 and 600 ~ C were much 
the same as those of the undoped specimens re- 
duced at the same temperatures. At 650~ the 
interface was quite stable and the scale consisted 
of metal up to the reaction interface. Very little 
coarsening of the metal was observed. At 700~ 
the reaction interface was somewhat irregular and 
showed retained wiistite near the interface. The 
microstructure was similar to that of undoped 
specimens reduced at 650 ~ C. The morphology 
of the scale of the lightly doped specimens reduced 
at 750 ~ C closely resembled that of the slow insta- 
bility of undoped specimens reduced at 750 ~ C. 

Lightly doped specimens reduced at 800~ 
exhibited good interface stability, while some un- 
reduced wfistite was retained close to the interface. 
The pore structure of the metal layer tended to 
reflect the grain structure of the oxide, even after 

2250 

considerable coarsening. This time a subscale of 
wiistite, approximately 2/~m thick, could be 
observed at the interface. In these lightly doped 
specimens the appearance of the wiistite layer 
coincided clearly with the onset of the reaction 
rate anomaly. At a temperature where a continuous 
layer of wiistite was formed the reaction kinetics 
were drastically slowed. 

The pore structure, revealed by r.f. sputter 
etching, of lightly doped material is shown in Fig. 
15. The most significant changes in the pore 
morphology occurred well below 700 ~ C, which 
rules out the possibility of attributing the reaction 
rate anomaly effect to changes in the pore mor- 
phology. 

3.4.3. Heavily doped ferrites: 
CoAIo. 1Fe 1.904 

Significant grain-boundary attack was evident at 
all temperatures studied in heavily doped speci- 
mens, although it was much less pronounced at 
800~ than at lower temperatures. The 600~ 
microstructure of the distributed reaction inter- 
face is partly shown in Fig. 16. The mid-scale pore  
structures at 600, 700 and 800~ are shown in 
Fig. 17. It is clear that no significant coarsening 
had occurred. The product metal grains remained 
as finely porous relics of the orignal spinel grains. 
We attribute the lack of coarsening to the presence 



Figure 15 Pore network morphologies in the metal scales of lightly doped specimens at the temperature indicated. The 
specimens were sputter-etched to reveal the pore structure. No significant microstructural changes of the scale could 
be correlated with the reaction rate anomaly. 

o f  the fmety dispersed, unreduced aluminate phase. 
This dispersed phase can effectively suppress the 
grain-boundary movement  necessary for coarsening. 

4. Conclusions 
(1) At  500 ~ C hydrogen reduction o f  cobal t  ferrite 
was mainly interface reaction controlled. At  the 
same time, preferential  grain-boundary at tack 
occurred, leadin~ to a distributed reaction inter- 
face. Above 600~ control  of  the reduction 

process was increasingly shared by the interface 

reaction resistance and the gas transport  resistances. 
(2) The reduction kinetics exhibit  art anomaly. 

For  the lightly doped material  the anomalous 

decrease in the reaction rate around 750~ was 
clearly associated with the appearance o f  a conti- 
nuous wiistite-type subscale. Fo r  the undoped 
material  the effect at 650 ~ C was again thought to  
be associated with the formation o f  wastite at the 
metal/spinel  interface, although a thin layer o f  

Figure 16 Distributed reaction interface of heavily doped specimen reacted at 600 ~ C. The width of the total reaction 
interface is on the order of 100#m (a) is towards the outside of the reaction zone while (b) is towards the inner region 
of the reaction zone. The individual grains now behave as particles for which the shrinking core model [6] could be 
applied again. 

2251 



Figure 17 Pore morphology in metal scales of heavily 
doped specimens at 600, 700 and 800 ~ C. The sintering 
of the metal scale has been completely inhibited by the 
presence of finely dispersed unreduced iron aluminate 
particles. 

(Co, Fe)O was not clearly detected by optical 

microscopy. 
(3) The main micromorphological changes in 

the porous product layer were not  associated with 

reduction rate anomaly. 
(4) Substi tution of aluminium ions for iron ions 

in cobalt ferrite significantly altered the reduction 
kinetics. Important  effects were the lowering of 
the interface reaction rates and the inhibition of 
coarsening of  the metal product layer by the finely 
dispersed unreduced aluminates. The presence of 

A13+ shifted the appearance of the anomalous 

reaction rate decrease to a higher temperature. 
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