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ABSTRACT 

Dense polycrystalline Co Fe2 04 , Co Al0 . 02 Fe1 .
98 

0
4

, and 

Co AlO.l Fe1 . 9 04 were reduced in flowing H2/0.0l% H20 at, tempera

tures between 500 and 800°C. The reactions proceeded in a topochemi-

cal fashion. The rate of advance of the reaction interface was 

determined by direct measurement and by thermogravimetrical analysis. 

An ano~alous decrease in the requction kinetics was observed for 

+eaction rate anomaly, termed a Hedvall effect, could be attributed 

to the appearance of a w~stite-type subscale at these tempera-

tures. The effect of the substitutional Al3+ ions is 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 microstructures of 

the scales was examined extensively. Pronounced grain boundary attack 

was observed at the lower temperatures involving cation grain boundary 

transport, and leading to the formation of a distributed reaction 

interface. At the higher temperatures, the reaction interface was 

better defined. The pore structure of the scales was examined after 
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polishing and sputter etching. While changes in the pore morphology 

were observed, they were not correlated with the anomalous reaction 

rate .effects·. 
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I. Introduction 

Many problems associated with the production of energy 

from unconventional sources stern 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 temperatures is an example of an important chem-

ical 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 substan-

tially different manner from the reverse reaction, the oxidation of 

metals, so that direct correlation between oxidation and reduction 

behavior in the presence of alloying elements does not exist. An 

important difference is that the molar volume of the reduction pro-

duct is smaller rather than larger than that of the parent materiaL 

The reduction product layer is porous and does not generally pro-

vide an effective barrier against further reaction. Reduction re-

actions can therefore proceed quite rapidly, compared to oxidation 

reactions, so that non-equilibrium effects at interfaces may be 

significant. In general the analysis of a reduction reaction is 

quite complicated and modeling is often done in terms of reaction 

. . d f th . ·. . (1) res1stances compr1se o ree ma1n categor1es: 1. The mass 

transfer resistance to flow of gas from the bulk gas stream. 

2. The gas transport resistance to gas phase diffusion through 

the porous product layer •. 3. The interface reaction resistance. 
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In that way the simplest ·reduction 1 in which a·· porous, invariant 

metal layer forms in a perfectly topochemical fashion on an unre.:... 

duced matrix,. can be des.cribed in a parameterized form in which a 
t-

number of temperature dependant coefficien-ts appear that may be, 

' formally associated with the three $UCcessive individual reaction 

steps that were considered.* It should be understood, however, 

that these 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 by means of a single kinetic. 

parameter in these models, may actually involve surface reactions 
.} 

of a wide variety such as absorption, desorption, associations and 

dissociations on the surface, and so on, as well as solid state dif-

fusion near or in the surface in geometries that are steady during 

the course of the l 
experiments. Additional information concerning 

applicability of such simplified models must therefore come from 

detailed microstructural examinations of the reaction product scale 

and the interface region between the product layer and the 

*This treatment parallels that for the derivation of the "complete 

_ oxidation law " discussed by Valensi (2 ) ,- if partial pressu,res 

rather than chemical potentials are used and if the meaning of 

the diffusion coefficient through product layers is broadened 

, -

to include gas transport through pores. 
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unreduced bulk. In multi-cation oxides such as cobalt ferrites or 

cobalt ferrites containing aluminum ions in solid solution, addi-

tional complications may arise such as those brought about by seg-

regation effects near the interface, by preferential reactions along 

grain boundaries, by retention of unreduced material in the product 

scale, or by sintering effects in the product scale during the 

course of the reduction. 

Anomalies in reaction rates during the course of the re-

duction have been observed in a number of iron oxides reduced by 

{3· 6) 
hydrogen. .' For example, Turkdogen and Vinters{ 3) noted an 

unusual temperature effect on the time to reach a certain percen-

tage of reduction an powdered hematite samples. Around 570°C the 

observed reduction rate dropped so that at 700°C it was 

actually slower than that at 500°C. The magnitude of the effect, 

however, was sample size dependent. It has been suggested that 

this anomaly may be attributed, at least in part, to changes of 

pore characteristics and hence effective gas phase diffusivity in 

the scale as a function of temperature; to the extent of internal 

reduction and the amount of trapped wusti te ; and to the absence of 

wiistite below 560°C {although the observed decrease in reduction 

rate may occur significantly above the wiistite stability tempera-

ture). ~ lowering of reduction rates caused by sintering of the 

product scale has also been considered in the highly parameterized 

{7) 
modeling work of Szekely and Evans. Such apparent anomalies 
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in kinetic processes might be referred to as Hedvall effects after. 

J. A. Hedvall who first noted that phase·transformations affect the 

rates at which certain chemical reactions proceeded. (g) Hedvall 

t 

effects in other systems than iron oxides have also been observed. 

For example, Lilius (g) noted a Hed~all effect in the reduction . 

kinetics of Coo •. He attributed this to changes in the microstruc- ~ 

ture of the reduction product scale, i.e. sintering. This appeared 

to be the only reasonable explanation for this material, since there 

is no possible intermediate oxide phase between coo and cobalt 
': 

metal. 

· It is we·11 ·known that the addi ton of dopants . to an oxide. 

can significantly-alter its physical.and chemical properties. Two 

broad classes of dopants may be considered: ~teractive ones and 

non-interactive ones. Additives which remain as a separate, inert 

phase throughout.the chemical reaction are called non-interactive 

dopants. Classification of the mechanisims by which such inclusions 

may affect the reactivity of solids has been made by Delmon. ~lO) 

These mechanisms include: altering the diffusion paths of the 

reactant and product gases, nucleation catalysis, and rate changes 

in.adsorption·or desorption of gases at the reaction interface. 

The effects of a heterophase metal on the kinetics of the reduc-

. (11-14) 
tion of oxides have been studied by a number of workers, 

often with the purpose of investigating catalysis. An interactive 

dopant reacts chemically with either the parent or the product 
• !"""' 
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phase to form solid solutions or single phase chemical compounds. 

The solid solution additive may alter the properties of the mate-

rial by affecting the point defect structure or by causing lattice 

strains ~d thereby creating sites for easy nucleation of the re-

(15) 
duced phase. The thermodynamic stability of the additive can 

itself alter the reducibility of the host material. As an example, 

the addition of cob~lt to wustite will increase the reducibility of 

~h~ host ~aterial, that is, it will increase the equilibrium oxy-

,gen. partial pressure at a given temperature, as is evident from 
~ f ~ It ,1. , • , ~ 

. (11) 
.1the toha9e d~agram. In general, doping with an oxide with ,a 
. l U.l "'-" .. > .I , I • 

~~~~~lEt'i. N:e~;t ~f ,formation than the undoped oxide would result in 

t~!} 1i;l'\<f:t;ec;tse4 ~eduction rate, while adding an oxide with a larger 

,.q~'it. of. for,ma.tion would result in a decreased reduction rate. (lS; 17
) 

ll:lt•t..- '(. ! : ·I 

In the present work the reduction of cobalt ferrite and 

1116:f'~~bait ferrite with aluminum added in solid solution was studied. 

""''''1 ., •.• ~I .•• 
The purpose was to investigate the reduction behavior of multi-

:TI• ,! ' I' I 

catibn oxides and the effects of a hard-to-reduce interactive 
•• • • t 

dopant'on the reduction behavior. Since the reduction kinetic 

I ·I : , ' ' • ' 
studies alone do not give sufficient information about the process, 

v:;"' 
efforts were made to ·determine the microstructural characteristics 

... I. • • . 

'of'the reduction products as well. 

~ 1 ,ijl t f .. ' I 

.~~-. Experimental Procedures 

The experiments were done on dense polycrystalline spec-

imens of cobalt ferrite and alumina doped cobalt ferrites from 
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Countiss Industries. • Three different compositions were used: 

99.4% dense Co Fe
2
o

4
, 99.5% dense Co Al

0
_
02 

Fe
1

_98 04 , and 

98.9% dense Co AlO.l Fe
1

_
9 

o
4

• These three materials have been 

labeled undoped, lightly doped, and heavily doped cobalt ferrites 

in this paper. Layer growth measurements, micromorphological 

characterization of the reduction product layers, and weight loss 

kinetics by means of thermogravimetry were carried out. Cubed 

shaped samples with edge lengths of about .Scm were reacted in 

flowing hydrogen containing .01% of water at a total pressure of 

1 atmosphere· (1013 mbar), at. fixed temperatures between 500 to 

800°C, for. different lengths of time between 5 minutes and 1 houL. 

It was found tha.t gas flow rates at the specimen greater than 

1 em per se.cond were sufficient to insure that no hydrogen starva~ 

tion 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 those .reduc7 

tions where the reaction proceeded in a topochemical fashion. In 

some cases the retention in the product scale of materi·al that was 

not fully reduced made the choice of the reaction interface not 

obvious. However, normally a reaction interface .could be defined 

adequately by the use of a low powered optical microscope at the 

magnification of about 20x. In some cases fissuring of the speci

mens during reduction caused difficulties in determining the 

appropriate reaction interface. This was especially the case in 

the heavily doped cobalt ferrites for which no lower temperature data 
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could be collected. The layer growth measurements reported in this 

paper represent the average of 3 to 6 different reductions for each 

data point. Fracturing or spalling of the specimens during the re

duction runs prevented the collection of layer growth data for 

reactions carried out below 500°C for the undoped or lightly doped 

material, and below 800°C for the heavily doped material. 

Identification of the reaction product was made by means 

of x-ray diffraction or by means 0~ chemical etching. The wustite 

type phases could be identified since they reacted readily with 

dilute hydrochloric acid; the metal phase and the spinel do not 

react readily with hydrochloric acid. The morphological charac

terization of reduced product layers was made by means of optical 

microscopy and scanning electronmicroscopy. Reacted, specimens 

wer~ sectioned, mechanically polished and examined in the optical 

microscope. One serious difficulty in the polishing of the speci

men was that pullouts occurred rather easily. This problem was 

most pronounced in specimens reacted below 600°C. Examination of 

the true pore structures in reacted specimens required that surface 

layers damaged by the process of polishing be removed. RF sputter

ing was used t~ mill away material to a depth of a few microns, 

until further sputter-etching produced no changes on the observed 

scale microstructures. The sputter-etched specimens could then be 

examined in the scanning electronmicroscope. 



"•' '· .':. 

10, 

Weight loss k~netics were measured by means of thermo-

gravimetrical analysis .using Cahn R-G· electrobalance with a 19rnm 

diameter hangdown ·tube, in flowing hydrogen with . 01% water at temper-' 

atures between 500 and 800°C and at a total pressure of 400 torr 

(533 mbar). Reactions were carried until the rate of weight loss 

was less than l·mg in 30 minutes. Cube shaped specimens were also 

used for these thermogravimetrical analyses in order to facilitate 

comparison of the results with the direct layer growth measure-

ments. The weight loss data were converted to rates of scale 

thickening or to fractional reduced layer thicknesses. 'These 

quantities can.be calculated assuming that the reaction is 

. h . . (18) topoc e~cal · . This is a good assumption so long as the 

reaction 'interface is not widely distributed. 

III. Experimental Results and Discussion 

A. Identification of Reduction Products. 

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 vapor 

without undergoing an intermediate transformation through the t 

wi.istite phase. However, optical microscopy combined with chem-

ical etching revealed the presence of small amounts of a cobalt-

.. . 
wust~te phase in reaction zones of some specimens. The relative 

amounts and distribution of the wrrstite found in reacted speci-
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mens varied with reaction temperature and specimen composition. 

~n the scales of the heavily doped specimens optical microscopy 

revealed the presence of a dispersed second phase that was not reduced by 

the hydrogen. Transmission electronmicroscope diffraction showed that 

this second phase in the heavily doped specimen scales was iron 

aluminate spinel. 

No aluminate containing second phase particles could 

be detected in the product scales of the lightly doped cobalt 

ferri tes although the presence of the aluminum ions, even in small 

concentration, had measurable effects on the reduction kinetics. 

More detailed electronmicroscopy has to be carried out, however, 

to be certain that no aluminate particles had indeed formed in 

the scales of these oxides. Wustite, while observed at certain 

temperatures in the undoped and lightly doped cobalt ferrites, 

was not found in the heavily doped specimens. The details of the 

ph.;tse distributions will be discussed later in the section on 

product morphology. 

B. Layer Growth Kinetics 

Figure 1 shows a log-log plot of layer thickness versus 

ti~e for undoped samples reacted between 600 and 800°C. The slopes 

of the straight lines drawn through the data points show time 

dependences that are sublinear, between tO.?S and t 0 •65 • Such 

sublinear kinetics usually indicate mixed reaction control. The 
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use of the apparent activation energy for the purpose of determin-

ing the relative importance of the- different reduction mechanisms -

is of little value and will not be considered. Rather, orie has to 

assume or have evidence for a certain model for the reduction 

process before a detailed analysis of the reduction kinetics can 

be done. The support of a particular reduction model should come 

from a microstructural observation of the reduction produ?t layer 

as is discussed in a later section. It can be found from Fig. 1 

that a reaction rate anomaly, or a Hedvall effect, occurs between 

650°C and 7oooc for this undoped cobalt ferrite. Lightly doped 

cobalt ferrites also show a Heflvall effect but now around 750°C, 

as can be found from the rate data in Figure 2. 

The product layer thicknesses after 20 minutes of reduct-
. ,.f,"! 

ion are compared for undoped and lightly doped ferrites as a 

function of temperature in Figure 3; the reaction rate anomalies .. 
are evident. These reaction rate anomalies have been studied in 

detail by Porter and De Jonghe (19), and will be reported soon. 

It is in~eresting to note in Figure 3 that the addition of small 

amounts of aluminum ions in solid solution does not always 'decrease 

the reduction rates. 
0 -

At lower temperatures, that is below 650 C, 

the alumina containing ferrite is reduced more slowly. However 

above 650°C the behavior is more complex. The reaction rate of 

the Ondoped material decreases while that of the lightly doped 

material continues to increase.so that'betwee~ about 675°C and 

775°C the lightly doped material actually rea~ts faster th~n the .. 
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undoped material. 

For reductions carried out at a total pressure of 1 

atmosphere only 800°C data were obtained for heavily doped speci

mens.. This was due to the extensive fracturing and fissuring of 

the specimens below 800°C as was discussed earlier. In Figure 4 

800°C kinetic data for undoped and heavily doped material are com

pared. It is seen that the heavily doped cobalt ferrite is 

reduced at a slower rate than the undoped one. Additional 

differences between the two materials can be found in the scale 

structure as will be discussed later. 

C. Thermogravimetrical Analyses 

In the thermogravimetrical measurements the total 

pressure was 400 torr (533 mbar) rather than 1 atmosphere. Again 

fissuring of the heavily doped material precluded the calculation 

of the reliable layer thickness. The heavily doped material also 

showed an apparent Hedvall effect; however, this was caused 

by the profuse fissuring of the specimens below temperatures of 

800°C rather than by a reaction rate.anomaly. 

The observed Hedvall effect in the undoped and in the 

lightly doped specimens agreed in temperature with those obtained 

at higher gas pressures. Apparently the Hedvall temperature, 

defined here as the maximum reaction rate temperature, is not a 

sensitive function of the hydrogen pressure in the gas bulk, 

although it is clearly a sensit~ve function of specimen composition. 

Thermogravimetrical data converted to rates of layer g.rowth are 
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shown in Figures 5 and 6 for undoped and lightly doped ferrites. 

For these cubical specimens, where the interfacial area at the 

product/matrix interface changes as the reaction·proceeds, inter-

pretation of the kinetics is not straightforward. However,: the 

general non-linearity' of the layer growth kinetics is an' indication 

that the reaction is not exclusively controlled by an interface 

reaction. 

The layer .thickness calculated from the weight loss' 

data fixed· reduction times are shown in Figures 7 and 8 as a ·-funct.;. 

ion of temperature for undoped and lightly doped specimens.· Again, 

thereaction rate anomalies are evident. It is interesting to 

note that the anomalies seem more pronounced if'layer thicknesses 

are compared. at longer reduction times. This could be rationalized . 

if it is speculated that·an intermediate reduction reaction'becomes 

rate controlling after a sub-scale, such as w"usti te, has sufficient- · 

ly developed. Data in support of this speculation wili be given 

later. Some differences in reduction behavior dm be observed 

between the specimens reduced at. 1 atmosphere and those reduced in 

a thermobalance at 400 torr (533 mbar). One striking difference is 

the degree to which the Hedvall effect is manifested in the un-

doped specimen. At 1 ~tmosphere of hydrogen pressure the 700°C 

reduction rate is higher than the 600°C Kinetic rate. At 400 

. 0 0 . 
torr (533 mbar) both the 700 C and 750 C rates are lower than the 

600°C rate. If-the internal gas/solid interface reaction would 

be of significance in the control of the. reduction rates'; then -
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it might be speculated that the gas/wustite reaction would be more 

affected by the gas bulk hydrogen pressure than the gas/spinel 

reaction. 

At:500°C the reaction kinetics shown in Fig.S and 6 
1 

are nearly l~near. Linear growth kinetics for sphere or cube 

shaped 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 f~lm resistance terms to be mutually compensating so that 

apparently linear kinetics can result even when these two resis-

tance terms are significant compared to the interface resistance 

term. (2 ) 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 comparable to the interfaces resistance then the layer 

growth kinetics are non-linear for spherical or cubical specimens. 

Linear growth kinetics thus leaves two possibilities: interface 

control, or ~xternal gas film product layer resistance compensation 

with negligable interface resistance. 

For specimens of a flat plate geometry linear growth 

kinetics occur only when the shell layer resistance is negligible 

compared to the other two resistances. Thin plates of, undoped 

cobalt ferrite have been reduced at S00°C in 400 torr (533 mbar} 

of hydrogen by Porter and De Jonghe. (lg) These workers observed 

linear layer growth kinetics over a large portion of the reaction 

in substantial agreement with the 500°C data presented.in Figure 5. 
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From the linearity of the layer growth kinetics of specimens of 

both flat plate and cubic geometries it can be deduced that inter

face reactions are controlling the reduction at 500°C. The ,. 

slower kinetics for the doped specimens indicate that the inter-

face ·reaction resistance increases .with increasing amounts. of 

Al3+ in solid solution in the spineL 
• 

The kinetic data ~t higher 

temperatures then indicate that the gas transport resistance 

through the react·ion product layer becomes increasingly important 

at increasing temperatures. 

D. Product Layer Morphology 

Measu·rement of specimen dimensions before and after t 

reduction showed that the specimen sizes did not change appreciably 

during the reduction~ Therefore, very little densification of, 

the metal product ·scale occured even at· reaction temperatures, .as 

high as 800°C. The reduction product scales were typically 48% 

to 50% porous. However, 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 riot accompanied by densificat·ion, unless surface 

diffusion is the dominant metal transport mode. 

In the following, we discuss· in succession the micro- . 

structure and pore structure ·of the scales of undoped, lightly 

doped and heavily doped ferrites. 

Undoped Material 

At 500°C and 600°C significant grain boundary attack 

is observed in the undoped ferrite. Etching with hydrochloric 

.::,._ 
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acid showed that the cores of the individually shrinking grains were 

unreduced spinel. The degree to which this mode of interface advance 

took plac~ became more pronounced with lower reaction temperatures. 

This; is illust.rated in Figure 9. When the indivi.<;l~c;tl grains have been 
·,/,,.. 

, < ·c~pletely reduced, loosely connected relics of the original spinel 

c;rra:ins constit.ute the metal product layer. The preferential grain 

boundary attack leads to a significant mechanical weakening of the 

specimens. This is· i'lJl example of a distributed reaction interface 

structure. The interface instability must arise from rapid grain boundary 

reaction and slow bulk reaction. This leads us to believe that at this 

temperature 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 

icms anead of tlle advancing interface can be removed, making the grain 

boundaries more reducible. The extent to which the interface is distributed 

th~s depends on the grain bulk/grain boundary cation transport rates. It 

is· interesting to note that the overall reaction kinetics at this tempera-

ture (500°C) are quite linear, in spite of the complexity of the structure 

of the distributed reaction interface. So long as this distributed reaction 

interface has a steady state structure a single interface rate parameter 

may be used in the analysis. It should be understood then, however, that 

this kinetic parameter has little fundamental significance. 

At 650°c the product sc:ale morphology is changing. Extensive 

grain boundary attack is no longer observed while pore coarsening is 

occuring to some extent in the scale. At 700°c, 
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Figure lO,grain boundary attack is absent and the interface is 

clearlY. defined. Scale pore coarsening is now quite evident. ,,, 

No wustite phase could be dete~ted at the interface between the 

metal scale and the unreduced bulk by optic.al microscopy, except 

in places as shown in Figure 11 where the reducing conditions 

were such that the reaction rate had slowed down locally. Where 

such local slowdown occureci a small but distinct layer of wustite 

developed separating the spinel from the metal scale. Such 

instabilities may be due to a local decrease of scale porosity 

leading to a decreased hydroge~. to water ratio and per consequence 

t-o a slower redu·ction rate. 0 
From 700 C and up the interface 

stability'was generally good, although occasionally highly 

localized slow instabilities in the interface advance were obser'lf~d. 

One example of such an instability in a specimep reacted at 

750°C is shown in Figure 12. We note here that oxide, identified 

,,, 
as wustite 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 w~stite 

grains that were retained in this scale show metal formation in 

their inside, separated from the grain boundary layer by ~ layer 

of oxide. In order for such internal reduction of a wustite grain 

to occur there must be an oxygen cation flux from the interior 

to the outer boundary in contact with the reducing gas. This is 

necessary to accommodate the internal formation of metal without 

accompanying porosity. Another requirement is' that the outer 
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moving boundary of the wustite is actually less reducible than 

the grain core. A proposed explanation of this curious type of 

internal reduction is given with Figure 13. It can be seen that 

if there is a nucleation barrier for the formation of the metal that 
1 

. this barrier would be first exceeded in the middle of the grain 

rather than immediately ahead of the advancing metal-w~stite inter-

face. In a way, the phenomena is somewhat related to that of con-

stitutional supercooling in metallic alloys. 

An example of a scale morphology resulting from reduction 

of undoped cobalt ferrite at 800°C is shown in Figure 14. 

The pore structure in the scale is seen to evolve from being 

quite fine near the reaction interface where the pore diameters are 

on the order of .1 micrometer, 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 reveal 

the presence of wUstite in the developing layer or in the inter-

tace region. The interface regions themselves may, however, 

.. . 
contai~ some wust1te on a very small scale. The presence of such 

small amounts of wustite would have to be detected by transmission 

electrqmicrqscopy. Efforts are currently being made in this 

direction. 

The pore structures of the scale could best be observed 

on samples that had been RF sputter etched after mechanical 

polishing. ·scanning electron micrographs of mid-scale regions 

of the sputter-etched samples are shown in Figure 15. The most 
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significant morphqlogical changes in the scales occured between 600 

and 650°C. Up to 650°C the scale has a clearly dual pore structure. 

Pores have formed along the original ferrite grain boundaries 

leaving very finely porous metal grains that are re·lics of the 

.r 
original ferrite grains. The pore structure becomes coarser and 

more homogeneous as· the temperature is increased. above 650°C. 

Reoall, however, that the total porosity is changed little since 

the specimens do not· undergo significant dimensional changes.·. 

·Lightly doped ferrites co Ai · Fel. 
98

o
4 • Q.02 

The microstructures observed in the lightly doped speci-

. . . 0 
mens reduced at 500 and 600 C were much the same of those of the 

undoped specimens reduced at the same temperatures. At 650°C the 

interface looked quite stable and the scale consisted-of metal 

up to the spinel boundary. Very little coarsening of the metal 

was obserVed. At. 700°C the reaction interface was somewhat 

irregular and showed retained wlistH:e near the interface. The 

microstructure was quite similar.to that of undoped specimens 

reduced at 650°C. The morphology of the scale of the lightly 

doped specimens reduced at'7so
0 c resembled closely that of the 

slow instability of undoped specimens reduced at 750°C: The·curious 

features of internally reduced wusti te particles shown in Fig.: 9 were 

aqain ·observed. ··~ 

Lightly doped specimens reduced at 800°C exhibited'good 

i~terface stability, while some unreduced wustite was retained 

close to the interface. The pore structure of the metal layer 
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tended to retain the relics of the oxide grains even after con-

siderable coarsening. This time a band of wustite approximately 

2 ·micrometeiis thick could be observed at the interface. In these 

lightly doped specimeps the appearance of the wustite layer coinci-

des clearly with the Heovall effect. At a temperature where a 

continuous layer of wustite was formed the reaction kinetics were 

drastically slowed. 

The pore st:ructure as revealed by RF sputter etching 

in lightly doped mate~ial is $hown in Figure 16. The most signifi-

0 
cant changes in the pore morphology occured well below 700 C 

which rules out the possibility of attributing the Hedvall 

effect to changes in the pore morphology. 

In this material, significant grain boundary reduction 

was evident at all temperatures studied, although it was much less 

pronounced at B00°C than at lower temperatures. The 600°C micro-

structure of the distributed reaction interface is partly show in 

Figure 17. 0 0 0 The mid-scale pore structures at 600 C, 700 C, and 800 C 

as revealed by RF sputter etching are shown in Figure 18. It is 

clear that no significant coarsening had occured. The product 

metal grains remained as finely porous relics of the original 

spinel gra~ns. We attribute the lack of coarsening to the presence 

of the finely dispersed unreduced aluminate phase. 
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IV. Conclusions 

1. At 500°C hydrogen reduction of cobalt ferrite proceeds 

• 
by grain boundary ;attack resulting in a distributed reaction inter-

face. · The gas transport resistances become increasingly more sign if-

icant with increasing temperature. 0 
At and above 600 C con~rol of 

the· reduction process is increasingly shared by the interface 

reaction resistance and the gas transport resistances. 

2. The reduction kinetics.exhibit an anomaly -here 

called a Hedvall effect. For the lightly doped material the Hedvall 

effect could be clearly associated with the appearance of a contin~ 

uous wustite type sUbscale. For. the undoped material the Hedvall 

effect was again thought to be associated with the formation of 

- wustite at the metal spinel interface although it was not dire.ctly. 

observed by optical microscopy. In the heavily doped material no 

real Hedvall effect was observed in the temperature range studied. 

3. Substitution of aluminum ions for iron ions in cobalt 

ferrite significantly alters the reduction kinetics. An important 

effect is that ·the inter~ace reaction rates are lowered and that 

·coarsening of the metal product layer is inhibited by the presence 

of finely dispersed unreduced aluminates. 
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FIGURE Cl:\P'I'IONS 

~·· I 

Fig. 1. Log - Log plot of layer growth data for undoped specimens. Note 

that the reaction kinetics are slower a:t 700°C'than at 65o0 c. Each 

data point repres-ents the simple average of 3 to 6 different reduction 

runs. The slopes o.f the lines through· the data points indicate 

approximate time dependences of t
0

· 
75 

for the '800°C 

d 
. 0.67 . 0 .·. 

re uctJ.ons and t for the 600 and 700 C reductions. This indicates 

a mixed reaction control. XBL 791-8165 (top) 

.. 
Fig. 2. Log - Log plot of layer growth data for lightly doped 'spec-imens. · 

Fig. 3. 

o · ·. o :XSL 791~8165 
Now reaction kinetics are slowe.r at 800 C than at 750 C. (Bottom) . 

Comparison of undoped and lightly doped 

reacted under on~ atmosph~re ( 1013 ~bar) 

layer growth data for specimens 
. . ·XBL 

of hydroge;,. for' 20 rninutes. 791-8163 

Fig. 4. Comparison. of layer g~owth data for undoped and heavily doped specimens 

reacted in one atmosphere .(1013 ~bar) o.f hydrogen at 800°C, Da~-~ 
..... 

at lower temperatures could not be obtained for· the heavily doped -
XBL 

material due to spalling of the specimens during the reaction. 795-9729 

Fig. 5. Layer growth kinetics calculated from thermogravimetricai data 

for undoped specimens. XBL 794-9307, 
.. 

Fig. 6. Layer growth data calculated from the:imogravimetrical data for lightly 

doped specimens. XBL 794.:.9295 

Fig. 7. Hedvall effect in the reduction of undoped cobalt ferrite' specimens 

. -. 
reacted in 400 torr (533 mbar) of hydrogen. Note that the reaction 

rat~ an~maly . is more. prbnounc:ed for longer reduction ti~es. XBL 791-8161 

Fig. 8. Hedvall effect in reduction of lightly doped cobalt ferrit ~ specimens 

reacted in 400 torr (533. mbar) of hydrogen. The layer thickne-sses were 

calculated from the thermogravimetrical d~ta. XBL-791-8162 
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Fig. 9. Near interface microstructure of undoped specimens reacted at 500.0 c 

in one atmosphere (1013 mbar) of hydrogen. (A} Reducticm along grain 

boundaries. (B) and (Cl show the interface region further removed 

~rom the reaction interface, changing from predominant grain 

boundary attack to complete reduction. The porosity inside the 

grain relics in (CJ is not resolved. XBB 7~5-6g6o 

Fi9. 10. Optical micrograph of the interface region of aB undoped specimen 

reacted at 0 
700 c' XBB 794-4998 

Fi9. 11. Optical micrograph of a slow instability in an undpped specimen 

reacted at 700°C M: metal alloy; W: .. . 
WUSt1te~ S: unreduced 

spinel. The wustite has been revealed by a brief etching in dilute 

hydrochloric acid. XBB 794~4997 

Fig. 12. Retained w~tite in the metal scale at a slow localized interfacial 

instability in an unQ.oped specimen reacted at 750°C. Note the 

internal mode of reduction in which the metal is separated by 

•• 
a wustite layer from the grain boundary metal layer. XBB 795-6961 

Fig. 13. In these graphs we attempt to illustrate the reason for the 

internal reduct~on morphology observed in Fig. 12. At time t 
0 

a (Co, Fe)O grain of tmiform composition has an actual oxygen 

chemical potential that is uniform throughout. The metal/ oxide 

equilibrium chemical potential is also uniform and has to be lower 

than the actual one. When reduction begins at time t 1 from the 

grain boundary, at X = o, iron ions will be injected into the oxide 

since cob~lt is the more reducible ion. This compositional change 

will cause the equilibrium chemical potential for the metaVoxide 

equilibrium to decrease where the iron content has increased. 

At the same time, the actual chemical potential will continue to decrease 
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Figure Captions 

,.,.. 

from the grain boundary due to continued reduction. The nucleation 
. . 

barrier to metal formation'is also indicated, and is assumed to be 
. : ~ ' ' . 

approximately a constant value with•' reference to the equilibrium 

metal/oxide chemical potentiai. In this process, a cob~lt rich metal 

product is forming at X = 0. Eventually the actual chemical_potential 

inside the grain will drop below the equilibrium one so that metal 

can be formed. However, the existence of a nucleation barrier 

prevents the immediate formation of the metal phase and in fact, 

as shown at t
2

, the nucleation barrier to metal formation is 

exceeded first in the center of the grain rather than immediately 

adjacent to the metal layer growing from the grai'n boundary. This 

phenomena is somewhat related to constitutionai supercooling. We 

believe that this argument,_lies at the basis of the unusual internal 

reduction mode. XBL 79.4-:929:3 

Fig. 14. Scanning electron micrograph of the interface between the metal, 

M, and the unre.acted' spinel, S, of an undoped specimen reacted at 

800°C in one atmosphere (1013 mbar) of hydrogen. XBB 79:4~4~5 

Fig. 15. Pore network morphologies in the metal scales of undoped specimens 

at_the temperature indicated. The major morphological changes 

are not correlated with the reaction rate anomaly. XBB 79:4~5001 

Fig. 16. Pore network morphologies in the metal scales of lightly doped 

specimens that the temperature indicated. The specimens were 

sputter etched to reveal the pore structure. No significant 

micr9structural changes of the scale could be correlated with the 

reaction rate anomaly. XBB 794-5000 

Fig. 17. Distributed reaction interface of heavily doped spe~imen reacted 

at 600°C. The width of the total reaction interface is on the order 

of 100 micrometers. Figure A is.towards the outside of the reaction 

zone while Figure B is towards the inner region of the reaction 

zone. The individual grains now behave as particles for which the 

shrinking core model could be applied again. XBB 794-5002 



Figure Captions 27. 

Fig. 18. Pore morphology in metal scales of heavily doped specimens at 
. 0 

600, 700, and BOO c. The sintering of the metal scale has been 

completely inhibited by the presence of finely dispersed unreduced 

iron aluminate particles. XBB 794-4999 
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