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.ABSTRACT

The kinetics of reduction of cobalt ferrite by hydrogen as a function of

£

reduction temperature and pressure have been measured by thermogravimetric

analysis. A minimum in the rate as a function of temperature has been

- observed and its cause attributed to the formation of a cobalt wiistite

subscale at higher reduction temperatures. A mathematical model, based
on one derived by Spitzer, Manning, and Philbrook (1), has been used to

interpret the resu'its_iri terms of the rate constants for the individual

-steps in the reaction.

Optical microscopy has been used to characterize the morphology of the

. ‘ o i :
reduction product and, additionally, partially reduced single crystals of
cobalt ferrite have been examined by transmission electron microscopy to

characterize the microstructure of the reaction interface.

A fine network of pores in the reducéd-scalé was shown to alldw_the
reducing and_p#oduct gases to reach the immediate Vicinity of‘the chemical
reactién. Thé scéle of the porosity.ana conSéquently the_effectivélgaseous
diffusion coeﬁficiént in the scale were both shown to bevfundtisns ;f the
reduction ﬁemperature'aﬁd pressure.: fhe.chemical reaction rate constant
was shown:to follow Léngmuir-Hinshelwood Kinetics ;nd:a modél waé‘developed

to explain such kinetics by incorpdréting a solid-state diffusion Step.

Such a step was considered necessary to explain‘the development ‘of the

observed microstructures.
An incubation time for the deveiopment of a continuous'cobalt-wﬁstite
subscale at higher reduction temperatures was attributed to the different

growth kinetics for the spinel-metal and spinel—wﬁstite interfaces.



Introduction

- Rey?and De Jonghe, ip their study of thg effect of aluminum doping
on the reduction»kinetic; of.cobait_ferrite, noticed,that‘for_bbth
'dopéd”and uﬁdbpéd material, the réactiph rate decreased with increaéing
.jié<thi0n.temperatqre over a certain temperature fange (2). .They repéf-
 ted.that the témpéréture'cofresponding to thé minimum rate was deﬁendent '

on the level of alumihum dobing and éttributed the aﬁomaly to the appear-
gﬁce of'a_wﬂéfite—type'sﬁbscale at.hithréduqtioﬁ tembefatufés.

A similar effeét‘has‘beeh hpticed for thé reduction of iron éxiées,
1Turkdogen and Vintérs'noticed thét_the redﬁction rate of hematite Qent
through a miﬁimum_at‘arpund 5709C, which is the“mipimum'tempefafure at
‘which WGstite‘is'thermédynamically stable (3). ‘Quets,'Wadsworth;'and
_Lewié noticed the same éfféct”fof the reduction of magnetite and reported
a mﬁch.lower activatibn.eﬁefgy for féduction‘above the wﬁséite stabili;y:
.temﬁeraturé‘than below it (4). A reaction rate minimum has also been N
reportéd for the reduction of cobait_oxide.' Lilius_obsérved thatIWhen
cobélt oxide was reduced at low temﬁeratufes, theICObalt scale.offered
little resistance to gaseous diffusion, whereas ‘at highef.cemperaturés,
the cobalt scale waélless porous (5);'\Inﬂchis.éase, the reactién rate
‘decrease was‘étt;ibuted to the changeé in the:scale-mbrﬁhoiogy_at different
reductibn'temperatureé; | | | | |

Mathematical modeIS"describing the kinetics of reduction reactions

have been widely used to differentiate between the possible rate controlliﬁg '

1steps'which_affect reduction rates. The model develbped-by Spitzer,
- Manning, and Phillbrook allowed for the possibiliﬁy of three different
phehomena to,contributé to the resistance to reéction§ hamely, the mass

transfer.résiStance of .the reacting gases between the.bulkvgas-stream and
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the_specimén sﬁrfacé, the diffusion through thé porous
reduced'metél'scale and fﬁe'chemiCal reéction itself:-.

(l)l Althopgh:theif modei was;de?eloﬁe& fd'describe
tﬁe’reducfion of spheres of oxide, a.similar approach can be uséd to
deveiépvequations applicable to more than one specimen geométfy. More
recently, ﬁqre sophisticated models have bgen developed which are
applicable to different specipen geometries, Szekeley, Evans, and
Sohn ﬁave developed a model which eqpates_reduétion ﬁarameters in a

dimensionless form which can be applied to the reduction of.spheres,

: cylinders, and slabs of both_po?ous and non-porous solids (6).

However, as noted by Turkdogén and Vinters, no single rate
equapibﬁ écéﬂrately describes observed ﬁehavior over the whoie range.of
reaction conditions encountered and for a full understanding of the
reduction of any one oxide, furthér characterization‘Of the individual
stepé of the reaction sequence is essential (3). For the example of
cobaltbferrite reduction, further examination of the chemical feduction
step is most likely to lead to an ﬁnéerstanding of tﬁe reaction rate
-anomaly, since it appears to be associated with the developmentbof a
Wﬁstite.sub9cale. From tﬁe kinetic data and by using.tﬁe rate equafions,
it is possible to calculate the apparent chemical.reactibn.rate constants
.for the reaction for various tempefatures and pressures, This information_
éllows predictions_to be made'with regard‘to.tﬁe possible rgte controlliqg.
sub-steps of the chemicalkréaction step itself, For,ekémple, 6ne.of \
the simblest descfiptions.éf a chemical reaétion.step, is thatvthe_
reéctioﬁ is firsf_brder’aﬁd reyersible. ‘In such a case; the reaction
raté constant is a function of température but not of reactant'préssure,

and the rate is described by an eduation.of the form:



J(O) = kl’cH -k;icH 0 - (1)
2 T :

_ Spch éimpievkinetic behavior is hof alwayslobserved, however. The
_Chemicai reaction step for the_reduction'df several oxides has been
feported to follow Langmuifinnshelﬁood'kinétics; McKewan reported that
the rate of redﬁétion éf magﬁetife below 5709C wés{pfoportionél to
_hydrpgen pressure up to" one étmdsphere, but apbrbéched a ﬁékimum rate:
.a; higher.pfessures‘(7);"Laﬁgmuir—Hiﬂshél&oo&_kinéficé can be described
”by,an expression of the férm»

Ly

J(Q) = i;g;zﬁ | (2):
o 2

for the caée.of reducfion'by purébhydfogén (7). Léngmuif-HinéheiWodd
kinetics have Been attributéd to reaction rates liﬁited by adsorption .
ana desorption (6; 7) énd to\reéction rates 1imited by sdlid—Sﬁéfé
diffuéioﬁal'prbéesses (4). _in the latter case, Quets, WadéWortﬁ, and
Lewis éxplained the kinetics of reduction of magnétite,at‘téﬁperatufés‘
:above 570°C iﬁ_fermé_of control by cation diffusionbacross a protective
Wﬁstife éuBScéle.'

The microstructﬁral changes which occur in fhe vicinity of thé-
reactioﬁ intefface ailbcoﬁtribute”to the ﬁéasqred value of the chemical
reaction rate éonstént.‘ Swann and Tighe (8)‘aﬁd'Porter'aﬁd-Swanq (9)
studied'the,microstructural changes'asSOCiatéd with the re&ﬁctibn of
hematité tOvmagﬁetife and ShOWEd th?t‘solidvstate éati§n-diffuéion was
necessary in the interfacé;fegion. ‘Thisvshort—fange diffuéion would.

~ then be an intégral part of the chemical reacfibn‘step.' While this

)
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development of scale microstructure is part of the chemical reaction,

the microstructure itself determines the resistance to gaseous diffusion

across the scale. The rate equation can be used to calculate effective

“diffusion coéfficiehts,.and these values can then be related to the

scale micrqstructurés.

In order to analyze the kinetic data, a éimplified version of the
Spitzer, Mannihg; ahvahilbroqk nodel has been developed, which equétes.
the scale growth rate to the kihefic parametérs. The reaction sequence.
consideréd-ﬁas:

l)lexternai mass traﬁsfer;of‘fhe reactant gas to the-specimen surface.

2) Diffusion of thé réaCtant gas.th:ough‘the porous shellvlayef. |

3) The chemical reaction at fhe éhell#core‘interface.

&) Oufward diffusion of the ﬁroduct gas-through the shell layer.

5) External maés transfer_of the product gas. |
In order to dérive the ir equation,'Spitzer,.Manﬁing, and_?hilbrook made
the‘followiﬁgfaSSumptions: | . o | |

1) The'reduction‘was topochemical.

2) The unreduced oxide was fully dense.

3) The réaction‘was first ordef'and reversible.

In the simplified version of the equation the following additional
assumptions are made: | | |

vl)‘ That the bulk gas is pure hydrogen.

2) That the ﬁass'transfer and effective diffusion coefficients

. are_fﬁe same for the reactant and:prOdﬁct'gas. |

'3) That the reaefi&n is irreversible (Ke5>l),

Withvthése éséumptions,'Whenv¢onsi&ering théfredUCtion of’a‘sléb,_the

following fluxfeqﬁationsresult»for éach"step:
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' Equations 3—7_caﬁ:be—arrangéd as follows:
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If equations 9-13 are added EOgether-and:reérrahged; the foildwing rate

eéquation results:

2
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' " Now cb = 2 ' ’

- “u, RT : : S o (15)
and  J(0) = Ec o | (16)

When'Ke >> 1, equations 14-16 reduce to:

g Py | " 1
f: g et [ e——b— 4 L\ (17)
0 m HZ/HZOeff r J- :

Equation 17 can be tested by converting the thermogravimetrically
measured weight loss data. to scale thickness data, using simple geometry
and plotting the reciprocal of the reaction rate against the scale

thickness. The intercept of the reciprocal rate, layer thickness

plot will allow (1 _
"k

m

+.l_) to be obtained and the slope will give
kr | ) . .
§ P, /8, et
;Although the équationvwas derived assuming affirst_order reaction,

the equation remains valid for ndn—fifst ofder reactions if kr ié
cénsidered to be a function of préssure."For example, a system

. : following Langmuir—Hiﬁshelwood kinetics, wﬁen analyzed using equation 17,

_would=indicate a reaction rate constant witﬁ a pressure dependence

of the form: . S , ,
' ' k' ' - (18)
r k" +p. .

k
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Plots of reciprdcal reaction rate versus scale thickness_have also been
used by Olsson and McKewan in their study of the effective diffusion

coefficient of'Hz/HZO_in the_scale'of,feduced iron oxides (10, 11).

Experimental Procedure

Thermbgravimetric Aﬁalyéis

.The ﬁateriél used in the thermogrévimétric anélyéis, T.G.A., éxﬁeriments
waé dense, polycrystalliheAcdbalt ferrite’supplied by Countis Industries.
“and had a grain size 6f"about 20 um.> Specimens. were éut froﬁ bars”of
fhis‘ﬁaterial and had dimeﬁsions lemx1ecmx 0.06 cm.

The thermogravimétfic analysis_appafatus, showhfsCheﬁatically in
Figure 1, consisted of a vertical tube furnace in which the'teductioﬁ
gasrbéésed fromﬂtoé to bottom. Thé specimens_Were suspended directly
from aicahn‘RG microbaiance ip é 1.9 cm hang-down tﬁbe and thé weight
-ofvtheFSPépimen-Qas recorded coﬁtinuOuély. Thevpressure ofvthe flowing
hydrogén cOuldvbe held cénstant to Within 0.5 torr bétwéen 30.torf-and.
400 torr. The femperature in the immediate Viqiﬁity of the specimen WAS'
measured with a ﬁonitqring thetmocouple.

Specimens were heated to the reduction temperature in aboﬁf 0}2 torr
of nitrogen. during which time, no réduétion took piace. Once a steady
temperature was reachéd, the flow of.hydrOgeh ﬁas Starfed and. the |
‘reduction timed from this point. Depending on the_reduCtion pressure,
it took 30 to 60 éecondsvfor the pressure to fully stabilize at the
deéired value, and there was a conéeqﬁent léss'of data during.this tiﬁe.
After complete reduction,vspecimeﬁs werexcooled in flowing hydrogeﬁ. It
was found tﬁaﬁ a flow rate‘of-hydrégen of'ZS ml-STP sf];-wasvsufficient
under all conditions u$ed to preVént:bulk hydrogen StarVatiOn. 

The thermOgravimetrictéxperiments generated the instantaneous



weight of the specimens as a function of time. Since the specimens were
shown to reduce in a topochemical fashion, without measurable shrinkage,
the weight loss kinetics. determined by T.G.A. were converted to product

layer growth kinetics. The relationship betwgeﬁ the measured weight

"loss and the caléulated layer thickness is given in Appendix 1.

Crystal Growth

Singlé crystals of cobalt ferrite, from which the speéimens for
transmiSsionvelectron microscopy were.preﬁared? were éroWn from‘a-borax-
flux. The procedure adopted was basedvon the method of Galt, Matfhias,
and Remeika (12).

Preliminary experiments established that a good yiéld of cobalt.

ferrite single crystals could be obtained when 2.86 g cobalt carbonate;

3.84 g ferric oxide; 10.24 g borax and 0.17 g boric acid were used as
starting materials. The mixture, placed in a platinum crucible with a
tightly fitting, but not completely sealed, 1id was held at 1330°C for

2'hours and cooled to 8000C at a controlled rate of 2°¢ pef hour. The

resulting crystals were leached from the flux using hot, dilute nitric

acid. The crystals were faceted on'{lll}‘planes and the larger ones

had dimensions of a few millimeters across.

. Transmission Electron Microscopy

Specimens for electron microscopy were prepared in the following

manner. The as-grown single crystals were cut into slices

- and mechanically ground until they were 50 um thick. -At this stage,

the erystals were partially reduced for very short times at low

- hydrogen pressures in thevthermogravimetrié analysis apparatus and
" the reduction was stopped by dropping the specimen out of the hot zone

 with the hydrogen still flowing. The partially reduced specimens were
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then ionbmilled parallel to the feaétion interface until the Wedge—

shdped electron transparent regions intersected the reaction interface.

Light Micfdscoﬁy'

| _.Speciméﬁs for light micrdscopy were preparedbusing étaﬁdafd-';
metallogfaphic techniques‘énd‘ﬁere étched in dilute hydrochloric S : e
vaéid.to”teveal the presence of ény_wﬁstité—type phase. |

Results -

1) Thermograyimetric Analysis Experiments
Figuré 2 shows the.kinetics.of tbe metal prdduct’layer grow;h

eriﬂg:reductidn at iOd torr at four selécted teﬁﬁefétures: SQOOC,
600°C, 700°C, and 800°C. Since the specimens were initially all 0.6 mm
thick, the reductibn was complete for a»shell'layer thickness of.0;3 mm.
| Figure 2 clearly demonstrates the anoﬁaldps_kiﬁetics as 'a function of
“ temperature. Between SOOOC:and_6OO°C'th¢.rate inqreaéed as tﬁe'feddctioﬁ
’tempefature increésed;. When reduced at 7000C, there was an:inifial répid'
rate, whiéﬁ was highé?'than the rate at 600°C, but‘after-a certain
1ayer.tﬁickness had built up, the rate dropped and the reactionvpfpceeded'
more slpwly; For reduction at éOOOC,,the initial rapid tate was not
observed aﬁdvalthoughughe rate was faster than during the iater_stages

of reduction at 700dC,,the rate was stiii'élower than Whenbreduéed at
500°c.

‘Further data, from experiﬁénts conducted.Below_the temperature of n.

fhe rate anémaly,.afe shown as the inverse rate versus the product

layer thickness in'Figuré-3.'.It can be seen that when‘the datg’aie
piotted in fhis way, they yield étraight lines:af reduction temperatures
of 660°C andﬁbeloﬁ, For reduction at 68000, a very significant
‘dgyiation from 1inearity ié obServe&.‘ This temperéture corresﬁondé to

the onset of. the rate anomaly,
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" The straight lines can be analyzed in terms of equation 17. In '

the derivation of equation 17, it was assumed that theé exhaust gas

remained eséentiélly pure hydrogen. A calculation.of the HZ/HZO'ratio

of the exhaust gas for the fastest reduction rate encountered is given

in Appendix 2, and the value was sufficiently high for the assumption

- to be considered valid. A calculation using established fluid

mechanics expressions of the external mass transfer coefficients for
reduction in 100 torr of hydrogen at SOOOC, 600°C,'700°C, and 800°C is
given in Appendix 3, and the values compared with the experimentally
observed feaétion rates.

For reduction at 500°C,_the extrapblated feciprqcal rate for zero
layer thickness was 20709 (cm sél)—l, which could be Substitﬁted'into

1 -1

eqdation 17 to yield a value for (krf_ of 2.1 cm S—l.

v . + km_ L
The calculated value for km-wasrl79vcm Svl; from which it can be
estéblishedAﬁhat ké = 50 k aﬁd_sovcan_be neglected. Similafly L
can be neglected,at 600°C énd at 700°C and SOOQC, the overall reaction’
rate is slower thah at 600°C. vConsequent1y, the combined reaction .
Lok _1)—1, obtained from equation 17, is,“in faét, simply
thevchemicél rate constant kr’ 1 |

vThe effective binary diffusion coefficients of H%HZOthréugh‘the

scale of the reaction product can be obtained from the slopes of the

- straight lines.using equation 17. Values-fpr kr and DHZ/HZOeff’

for reduction‘ex;eriments conducted at 100 torr, are listed in;Table 1.
The feduction kinetics at 600°C as a fuhction of the bulk hydrogen
pteSsu;e are plotted in Figure 4.  Figure 4a shows the extent of
‘reaction as a function of time and Figure 4b ﬁhe reciprocal reaction
rate as a function of the extent of reaction. Note that the slopes

decrease with increasing hydrogen pressures. Agaih values for kr and



‘were obtained and are presented in Table 2.

Dﬂz/ﬁéoéff’ | P | | |
' The two stages apparent_in the rgduc;ion‘of specimens reducéd at

c Femperatuféé éléée to fhe-rate miniﬁﬁm tempetatufe inlldQ torr of |
hyafogEh aré cleérly shown in Figﬁre 5. At.660°C, the réactioﬁ
: mechanism;appeared to 5e;the‘éamé.as:thaf oﬁerating at lower temperaturesg
When the‘reduction tempefature was increased to 6800,'ini£ia11y a
rapid‘fate wéé obéerﬁgd; Bqt after é‘éertéin.l;yep_thickness-haav
Aefeloped the réte dropped té_approﬁimateiy ohé:fifth'of its initiél i
value. At-?dOOC, this switchover ocpurred1after avthinner 1ayér had
formed and the5ratérdurihg:£he éepond stage had a ﬁinimdmhﬁalué. :At
7209C, the initiai rafe_iastéd for é still shorter time wbile the
.rate in.thé second.stage'simiiarvﬁo thaﬁ Qbserﬁed af %QOOC1 Wﬂen
reduced at 740°C,‘thé'rapidliniﬁiélvrate‘was only'jUSt'apparent and
'the.seCOndary rate_was npwbhighef.than>tﬁat observea ét.7209C. _Fdr.
reducﬁibn'témpe¥aturé§fhiéher'than 74OOC, the,initia1 fabid_rate'was
nét_observed'afvail.. | |

Tbe effquHOf reduction,preésuré Qh the:switcﬁovef’point for
reducti§n a£'70O9C is .shown in Figure 6. Bofh‘phe ihitiélvénq |
secondary ratés.seémed_té have a.similar dependeﬁce.on.the hydrogen.
‘pressure. |

The switchover‘to a slower rate was éxpéctéd td‘bgfduevtobtﬁe
formation -of a'proteétiye.»cobaJterétitévsub—ééale,'aﬁd s0 the
miéréétructural devel6pmént-of the_reduéed scalegﬁag Stqaied'as a

function of temperature.

o]
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2. Microstructural Observations

The structure of.the reaction interface of a single ctystal of
cobalt ferrite partially reduced at 500°C in 30 torr hydrogén for 100s
is shown in Figure 7. The micfograph élearly shows the defect free,
unreacted cobalt ferrite core. Tﬁe-reduced metal scale is polycrystalline
and pOrouS and the pores extend right ;p‘to the reaction interface
whererthe gas solid reaction occurs. Béck from thevreactibn interfaCe,
the pores in the metal product léyer have dynamically coarseﬁed.

.Figure 8 shows the structuré of .the interface of é spécimen reduced

at 600°C. . Figure 8a - shows that the nature of the porosity is

- different at 600°C compared with 500°C. . The'regulér,nethrk of pores

observed at SOOOC_is‘no lbngef in evidence,.althdugh the metal remains
porous and polycrystalline. Figure 8b is a selected aréa diffractibn
paftern from a region overlapping the reaétion interface.. Superimposed
on the matrix spinel spot pattern is a fing pat;ernlfrom the poly-
crystalline metal scale, Tﬁere Was‘no'eVldence of cobaltﬂiﬁstite
formation at 600°C. Figure 8C'iS‘a (111) lattice image pf an interfacial
region iméged_at lower magnlfication in Figure 8a. Two interesting
features.are.the'dark-regiOQS in the 1attiée iﬁage, wﬁich presumably

are precipitates and the apparently'strained région of spinel at‘the
interface.

The dark regions must still ﬁaveva structure closely related to
the spinel structure since the (lll).lattice_fringeé are c0n§inupus
across them. Prééumably, these are regions where the catidn content
ié higher than in the matrix spinel phase. |

Figuré 9 shows the feacflon interface in a SPecimen_reduced ét

650°C. Again the porosity is coarser than that which developed at



- 14-

: 6009C_andvthe mechanical strains-iﬁ the unreduced sbinel are:fevealed
.by fhé‘nature of the bend confouté. Fine prééipitates ahead of tﬁe
main reaction interfabe’indiéatebthat‘éétionvinjectibn'into the spinel
has égcuredw 'ﬁ6Wevéf,rﬁhére is no eVidence of é<continuous wﬁsfite4
type SﬁbSCale. | |

The evidence for wgstite becomes more convincing when speciﬁens are
reduced at 7QOQC. Figure 10a éhéwsné region in the spinel cbre‘ciosé
to‘thé spinél—meﬁal interface in é’specimeﬁ_feduéea at 700°C in 30 torr
of hydrogen fof 60s. - The small-dark'fegions observed at 600°C have
developed intpfreéognizable_cbherént preﬁipitates exhibiting cohereﬁcy
strain contrast: _Tﬁe sélected area diffracfioﬁ:pattern”éssociated‘with
these regions close to the‘spinel core is shoWﬁ_in Figure.lob; :The
ﬁattern_haé‘the.éorfect sﬁécings_foi a'SPinel'structufe; but: the
intensities 6f the spots alternate such-that_oﬁly those spots whigh'
would cdrréspdnd to wUstite”ieflectionsfremaiﬁ bfight., Howevér, there-
is no splitting-of the spofs ;s Wouid be expééted if theré were tﬁo'
clearly distinct pﬁéses prééént;

Figure 10c is also a diffraétion pattern from a simiia; area in
another Specimeh reduced at 700°C.. Thisvpat;ern'aiso éxhibits

_alterﬁatiﬁg bright and weak intensifiés in the spinel refléctions,
but, in this.pattern, there are also exfra reflgctions whicﬁ,'in
this case, indicatéd a metalfoxide orientation relationship

with (100) -/ (311)CoFe20 . ?hese reflections would be the.

fee meté.l 4

_ result of double diffraction.v
Duriﬁgvthe later stages of. reduction, partially reduced spécimens
could be examined in cross section by light microscopy. TFigure 11

shows a épecimen_which‘Was réduch for 240s in 100 torr of hydrogen
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at 700°cC. After 240s, the rate of reduction had decreased. Three
distinct layers can now be resolved. Adjacent to the unreduced cobalt
ferrite core is a dark band,’revealea by etching, which indicates a

i e '-. o) . 3 .. . e . .
continuous wustité subscale. To the outside of the wustite subscale

is the porous metal shell layer.
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Discussion -

Reaction Product Micromorphology

The kinetics'of_the.reduction of cobalt ferfite.are influenced by the
microstfucture_pf the déveléping feaétion-products'and Qicé-versa. At
. low. reductionbtrem‘perature's; the observed effedtive gaseous 'difquio'n'
'doefficienfs were strongly temperature dependent. BeLweén 460°C and

SOOOC, D Aincreased by a factor of 40, whereas a factor of about
H2/H20eff o A ‘ )

1.3 would have been éxpected for molecular diffusion and even leéss fbr»
- Knudsen diffusion, for the same scale morphology. 'The_difference can be

attributed to the coarsening of the pore network which occurs at 500°C.

The miCroStrucfure of the metél scale of the spécimen'partially reduced
‘atvSOOOC,'sthn in Fiéure 7, exhibited'a fine pofe strucfuxevclose to the
reaction interface with a much coérger pore.stfucfure devgloping away from.
it. The very high sutfﬁée area ﬁo voiume rafio in the finely.poroug
region_close to the interface produéed aISuffiéiently high ariving-

force for.coarseniné tﬁat the sbale-rapidlyAtranstrmed into thé polyf
crystalline form with coarser:intergranulér pbres. .The‘pore structure
close to the interface bore a strong resemblance to the structure of

the magnetic scale on_partially reduced hematite reported by Porter and
Swann (9), indicating that such scale structures may be typi¢al>of

many gas-solid reactions. The pores allowgd the reducing gas to diffuse
to the immediate vicinity of the chemical reaction. 'However, for the
reaction to proceed, short-range solid state diffuéiOn near ﬁhe interface
of cations to the growing metal scale and of.anions -fd'the

pores is still necessary.
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It is:believed that below SOOOC, the’coarsening process'takes progressively.
1onger, forc1ng the reduc1ng gases to dlffuse along the very flne pores.
i: | of the primary scale structure.' As the reductlon temperature was increased
;; | | above 500°C, D decreased so that at 600 C, its value was half
; v Hz/HZOeff o
5 - ' that observed at SOQOC. This was again attrihuted to the increased COarsen-
E ing of'the scale, but this time causing some of the pores to collapse.
In the specimen reduced at 600°C, shown in_Figure 8, the seoondary, poly-
ctyStalline scale extended-right up to the reaotion interface although in

Figute 9, of the specimen reduced at 650°C; there was still some evidence

] “of the fine pores. Presumably, at these higher temperatures, significant
coarsening occurs almost simultaneously with reaction. However, the

specimens prepared for electron microscopy'We:e reduced very slowly in

low pressures of hydrogen. It is quite possible that specimens reduced
at higher pressures of hydrogen will have ‘an interfacial structure more

closely resembling that observed at 500°C.

The lowest temperature for which there was any evidence for the presence
es ) . . T
of a wustite-type phase was 600°C. 1In Figure 8c, the dark regions in’

the lattice image very close to the reaction interface provided evidence

that the splnel structure was changing, presumably by accepting the
cations rejected by the interface which dld not transfer to the metal

N ) | ’ . : Ll (] . L] ) L3 ]
scale. However, there was no evidence of wustite in the diffraction

n

pattern of the interface, shown in Figure 8b.

| During the early stages of reductlon at 700 C, the splnel phase close
to the lnterface was shown in Flgure 10 to’ have changed its structure

sufficiently to modify the intensities of the reflections in its ‘diffraction
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patterh.-'In addition, clearly diStinguishable'coherent-precipitates were
,imaged in Figufe 10a. These preoipitates,arespre3umably the same as those
observed by De Jonghe and Thomas whlch were shown to be prec1p1tates

. of cobalt—wustlte (14)

iny-during the iater stages of reduction at.700°C, after reduotion'timesv
'.suffioiehtly long'for'tﬁe reactiou'rate to have decreased, was a complete.
layer of»cobaltfwu;tite.obéerved;:as shownvin Figure‘il. .There‘ie, there-
fore, good evidence to correlate the.reaotion rate anomaly with the appear-
ance of the continuous cobalt—wustite iayer; '
The cobalt-ﬁustite appears to develop.in the_followiné manner at 700°C:

1) initialiy; ﬁetal forms direotly onfthe spinel‘surface.

2) At the same time, not all the free cations generated by the

removal of oxygen from the spinei lattice trahsfer to the:growing_

metal phase, soﬁe'diffuse:back into the spihel 1attice.

3) As soon as_the deviation from stoichiOmetry ih the'spinel 3
phaSe:is sufficiently 1arge, diaCrete preoipitates of_coﬁalt-o
'W%stite~deveiopvahead of the adVanoing'interface.

4) At éoﬁe poiht, when the reaction has slowed'down due to increased
gas transport resiétanCe in the SCaie, a continuous oobait-
Guetite_layer can foru,;ﬁhereupon'the rate will.bevcontrolled

by the reduction of_ﬁﬁstite phase;

Effective Gaseous Diffusivity through.the'Metal,SCale"
Equatlon 17 could be used to analyze the klnetlc data below 660 C,where the

reciprocal reactlon rate was found to be llnearly related to. the product

T
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layer thickness, £.. Where there is both a molecular and a Knudsen
component to the effective diffusion coefficient, the effective diffuéioﬁ
coefficient can be found from the relationship:

| -1 -1 -1 y
P, M 0et " Pyess  + Px - | 19

While. this is a simplifibation for binary gaseous diffusion of different
. molecular weight species, it is considered to be an adequate approximétion.

The molecular component can also be written as

. b
PH T
D -1 _ - "2 : -
" "Meff o o :
. D € 20
1,/H,07
' o . ' ' -1 ) o
Where DHZ/Hzo is independent of pressure. PHZ/Héoeff ~ should therefore
- be linearly related to PHb , since the Knudsen diffusion coefficient,
DK ,‘1s:;n§ependent of pressure. Figure 12 is a plqt of DHz/HZOeff—l

versus PHb ‘at 600°C.- It is clear that both Knudsen and molecular
2 .
transport contribute to the observed effective gaseous diffusion coeffi=

cient and theitr relative contributions can be deddced”from Figure 12.

The binary diffusion coefficient, D
Pu/H,

gas diffusion theory'and values for different temperatures have been

or can be readily established from

calculaﬁed in Appendix_B. -From Figure 12 and equations 19 and 20, taking.
the porosity, €, as‘O.35, assuming zero shrinkage, a Qalue of 23 for the
tortuosity, T, is obtaihed.‘ Due to increasing coarsening with increased
tenmperature, chénges in T are to be eXpectea thgt are rélated to the'pore
morphology. ﬁoweVer, Rey and De Jonghe showéd that significant morphology

changes were not correlated with the reacti'on rate anomoly (2).
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The InteffacevRe;ctiéh
It is clegr fibmjﬁhe Valués of thé’rgaction‘féte constant, krf listed
in Tab;e 2,(that k_ is a fﬁn¢tion qf‘pressﬁre.: Fiéufe 13 is a plot of
kr— againét pressﬁre,_ﬁhich'sﬁdws that;»when anaiyégd ih terms_of
equation 18,:Akr fdiloWed'Langmui?—Hinshelond kinetics. ‘Ih_this'sectioh,
an iﬁterface process is considgréd_which leads.to such kinetics. The

Iinferface.reaction“COnsidered is shown in Figure 14. The gaseous
hydrqgen'mdlecuies.combine with the surface oxygén to form water,-prodgcing 
an excess qf.cétiénsvin fhe surface."The'e#cess‘metal catiohs will have
té'diffuse £o the metalvphase sink. .At the séme time; in order for the
- reaction interfaéé’to advénce,.0xygen ions must be removed from thg metél/
metalvdxiae interface while the cétions'p:odq¢ed there“are dééosited on
'thé'metai'ghase. The oXYgen‘ions have to diffuse to the pore surface
and combinevwith_hydrogen,“The‘interface réaétion brocess is clearly a
Very gomplex one, even if ail sﬁfface reactions including adsorptiQh,
desorption, ahd.electronicjéfocesses are_iﬁ eQuilibrium.- We assume thatv'-
the entire solid—étate‘diffuéion proceés:is'domihated by the excess
cations, (M), generated at the pbre, which'givé>rise to the oxyéen ion and
metal ion fluxes. This;totalvflux is thus. taken tovbg simply propqrtibﬁai
to the eXCess'catiqn concentration [(M)].¢-One_canbthen describe thg
procéésbas»dépiétea ih Figure i4 by the folloWing.reaétién; - |
Hy(g) + ’(QM):W:.l___., H29(9)+ (M)' o . ?l
If'[(OM)]>i§'thé fractioﬁ.Of;active'sprface_sites presenting oxygen-to the
ééé phase and [(M)] is thé ﬁraétiOn of excess catiops)'We can write:

v'-[(OM)T"+ ’f(M)] =1 E - :..‘ e . 22
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_Assuming, as was done for equation 17, that the reverse reaction is

negligible, we car writé:

[(0M)]

b
_ k1 pH2
J(0) = T 23
. -Dss . v
and  J(0) =k, [M)] = B*—= (] - : 24

Where B*is_a‘proportionality constant, DSS is a solid-state diffusion

coefficient and A is the average source to sink distance. Equation 24

implies that solid-state diffusion occurs in a constant geometry throughout

the reaction process and is a statemenf of Fick's law.

From equation 22-24, it follows that:

b .
_ K_RT Py
JO) = P 2
- X_RT RT
3 b
" + pH 25
R By

Using the notation of equation 18; this becomes:

p‘b : .
v H . : .
. k o 2 . . 26
J(o) = v - 5 RT . . !
k + PH '
o R

This expfession does indeed describe LangmuiréHinshéiWOOd kinetics and.

the chemical rate constant, ks is:

RT
_ K3
r k. RT : '
k? + pi ; ’ 27
1 2 ' '

Thé chemicalvrate constant might'also-be Written in Arrhenius form.
if‘pE << )—{3 RT. i.e.,
2 '1> :
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kr = X exp (5 o 28
While this'condition is not.fully‘satisfied a£ 100 torr, one can still
v ébtain'é feasonably linear reiationship between lnkriand'TOl'-as shown in.
Figure 15. A value of lé:k‘cal ﬁole_l is obtained below.660°C, where |
equation 17 is &élid. This value should be close to tﬁe activation energy -
of the chemical‘re§¢tion rate pafameter, kl' Thevactual value of kl as a
‘.function of teﬁperature'can'in prihcipie'be obtained from the values 6f ‘
kr extrapolated to pﬁ =0 bﬁt these experimeﬁts have not been carried
‘ ouf for the full raﬁgz of_temperatures. The pfessure depéndénce of kr at‘
606?C is shown ‘in Eigure 13 from whichvthé Langmuif—Hinshelwoqd pafa-
'bmegefs k' and k"can.be establisﬁéd. At 60006, it wés found that ki = 1327
em torr_secjl'énd_kﬁ = 115 torr. It is‘cléér, however, from the pfevious
‘discuésion and_equation 27 that a siﬁple,'fundamental meanipg cannot |
readiiy.be:assigned to k. and'k"' |

‘The ‘par_ameter k3 =g Dss*)\." plays an important part in the degree to

which the interface reaction appears'non—linear in its pressure dépendance

in the pressure range studied. From equation 25 it follows that if Dss<<:
b Mg o
ok
"2 B'RT | | _
that the Langmuir-Hinshelwood kinetics may be apparent in quite different

r k shoUld appear‘independént of pressure.’ Ohe might thus predict

pressuré'regimés depending on the solid-state diffusion rates. If, for
example, ailbying-eiements are present which depress the diffusion rate
of the relevant ions, then the'interface_réaction rate constant,ﬂkr, will be

less’ pressure dependent..
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it is ihteresting to note that if the intérfade reaction rate had beéﬁ
piéSsure indepéndent and the mass transfer resistance significant,
Langmuir-Hinshelwood Kinetics would again have been»obServea. In such a
situation, ki in Equation 23 would‘ﬁave to‘be replaced by tkl_l + km;l)—l.
Since‘kﬁ is iﬁyersely proportional to pressure, an expression for J(0) of -

the same form as equation 26 would result. However, the very low mass

transfer resistance that was calculated piecludes this possibility.

The Reaction Rate Anomaly and the Incubation Time

The reaction rate anomaly observed between 6OOOC and SOOOC cannot be
correlated with thé~temperature at thch tﬁe cobalt-wustite phase first
becomesrstablé. This lack of cprrespéndénce cannot be attributed to a
large nucleatioh barrier since De Jdnghgvand fhoméé (14) observed that
cobalt—wﬁsﬁite nucleated readily during the reduction of cobalt férrite}l
even at temperatures as low as Soboc;v The data presented here showéd that
vﬁhe reaction rate anomaly is indeed cauSéd by the formation of a coﬁtinuous—
cobalt-wistite subscale which may be absent in- the early part of the
reduction in the reaction rate anomaly temperatufe range. It is argued
that this apparent "incubation périod," in which a contiﬁﬁqus wustite

layer was.found to belabéént in the transﬁission electron<microécope, as
well as the temperature>a£ which the reactioﬁ rate anomaly 6ccurs is of a
kinetic origip.' The rate of grdwth,‘§sw;.of é émali ¢qbalt-w3;£ite
precipitate at the metal/spinel interface,shown échematically'in Figure 16,
is éompared with the rate of advance of thaf inﬁerface, é;‘ If the particle
is consumed by the advancing interface mqre.rapidly than it can grow, then
a coﬁtinuous wistite layer cannot form. itbis éonsidered that while the
cobalt—wﬁétite precipitates may be nucleated'éhead of the advancing spinel/

metal interface, their_gtcwth would only be rapid when in contact with it.
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" Thus, the rate of growth should depend on the chemical potential difference,
Au, between the metal/wustite interface and the spinel/metal interface.
The velocity of the spinel/WHstite interface, V! is therefore expected to
be of the form:
Vew = A exp (- Qw_RT)’ Au. 29

For simplicity, the particle size dependence of Vew has been neglected.
This is probably not too drastic a simplification when the particle size
is small and interface reaction rates rather than diffusional rates
' determine v . v__ - is then compared with £ in equation 17. IfVv_ <f a

S SW . swW , 7 T : ‘ sw
c0ntinu6us_subscale-éannot form. . The critical layer thickness gé at which
vooo=4 is then

SW

b
D . ) - . o .
Hz/Hzoegf_ B, Y o -1 |
£C‘=:. — =7 - . (co A Au exp (zz)) -~ —% 30

p

near 800°C, where the reduction rate data indicate that £.=0, the
solid state diffusion rates near the spinel/metal interface are expected

to_dominate.the interface reaction so- that equationA27 simplifieseto:

Thus,‘gc'= 0, cdrreSponding apprpximately'to the minimum in the reaction
rate forashoft teaction timee, will occur at the pressure independent
temperature: . ' Qe

To =-"-'R'1n(k3/c0Au a*%) , . .32
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At a fixed temperature somewhat below Ty according to equation 30,

gc will increase with increaéing pgé _Since alllthe kinetic parameters

are not'known,jonly the q@alitativé béhavior of Ec has beéﬁ sketched'in
figure 17. B&s is appafent‘from.ﬁhis figure, the reduction.rate.ﬁill be
characteristic Qf thé direét spinél/metal reaction until & = gc' At that
point, the reaction rate should beéome charaéteristic éf_the spinel/wastite
netal reaction. ’for a fixedrpi , the maXimumvrateé fof éqmplete re@uction
will Qcéur.When the specimen_sizes are 1ésébthéﬂ twice the critical layer
thickneSs; For examfle,‘from'Fiéure 6vit is clear that aﬁ 200 torr, a

maximum particle size for optimum complete reduction rates will be

approximately 0.2mm.

It is worthwhile tO'emphasize the role of the solid state rate processes
characterized by the rate pérametér'k3.and:Af. If'the solid stéte fragséort
rateé in the spinel—to—wﬁstite transfqrmation is aepressed by a1loying
additioﬁs-to thevspinel, then'z may décrease more rapidly than kj' thereby
shifting To'to'a higher temperafure.' This follows from equation 30.
This.was‘indeed observed by Rey and De Jonghe {2} for A13+'containing

N

cobalt ferrites.
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The Ovetall Reaction

The experiments have demonstrated that in the temperature regime for which
the interfacial reaction mechanism does‘ﬁOt change significéntly, equation

17 holds and can be used to establish the k;netlc parameters kr and DHZ/HZOfo

for those conditions. It is then possible to use thése kineﬁié constanté
to calculate reaction rates for different, more complicated, specimén
geometries and reactor_cqnditions. For exémple,.the general model deyeloped
by Szekeley, Evans, and}Soﬁn can be used fo preaict-the experimental résuits
for reducfion usiﬁg the kihetic_constants obtained by ﬁsing equation 17.
This has been done_fo£ reduction in 100 torf of hydrogen at 600°C in
Appendix 4. Equation l7'dnly breaks down When the‘sPinel—metal‘interface
slows down sufficiently such thét‘a'dense ﬁastite'layer can develop.
However, the experiments still allow a pfédictipn.to'be made concerning

the optimum particle size for maximum reduction rates for the temperature

regime in which wustite can develop.

L T N NI
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Summary

1)

2)

3)

4)

Eeldw 660?C, the reduction of cobalf»ferrite by hydrogen'at reduced
pieséures waseshown to be under the mixed control of the chemical
reaction at*the_scale/cebait_feriite interfeee and of éasebus
diffusion £hrouqh the scale.

The effective gaseous»diffusion‘coefficient for diffusion throuéhAthe

scale was shown tb’have both Knudsen and molecular components and

it was shown to have a maximum value at 500°c. The changes in the
‘diffusion coefficient as a function of the redqcihg conditionslwere
- attributed to changes in the seale micromorphology.
.The.interface‘reaetion.raﬁe constant Qas.shown to follow Langmuir-

'Hinshelwood kinetics. A model incorporating a solid-state diffusion

step ‘was derived to eXplain such a pressure dependance of the rate
constant. The activation energy for:the chemical reaction was shown

to be 18 kcai/mole.

The reaction rate minimum as a function of temperature} which was
"observed at 700°c, was caused by the development of a continuous

" sub-scale of cobalt-wlstite. The incubation period for the deve lop-

menﬁ of the subscale was explained in.terms of tﬁe different velocities
ef the spinel—ﬁetal-interface end the spinel—wﬁstite interface.. a
crifical 1eyer thickness wés defined as the thickness of the metal
scaie at the moment when the sﬁbscaie became continuoué; The

tempereture'and pres§uxe dependence ef-the critieal 1eyer thickness

was discussed.
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Appendix 1_

Relationship Between Measured Weight Loss And Calculated Shell Layer Thickness

This relationship assumes that the reduction is topochemical and that there is
no overall volume change on reduction. » : .
Let volume of slab, V (o) = a.1 a, a, : ' . ' 33

‘where a, a, and a, are the side lengths of the slab 34

i 2
Then, the volume of the core, V(core) = (a1 - 28) (aé = 2&) (a3 - ZS)
where £ is the»shellvlayer thickness.

By subtraction, the volume of the metal shell, V(shell) = V(o) - V(core)

i o - 5 3
= 2&;(aza.3 + a,a, + alaz?‘— 4E (a1+a2 +.§3) + 8¢

173
Since & is Sméil, 8£3.can be neglected. 35
Now WL _ V(Shell) o ' | 36
WL - V(o) : -
max B
WL = WLmax R 2 '
. abe 28 (32a3.+ ala3 + alaz) - 4E (a1 + a, + a3))_
37

This quadratic equation can be solved for the positive value of &.
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Appendix 2 .

Ratio for Maximum Observed Reaction Rate .

Calculation of the Exhaust

P, P
H2/ H20

' Bulk gas flow rate, measured at 760 torr and 20°C

= 25 mi st
= 25 moles s-l
22400

= 1.116 x 107> moles s *

The molar flow rate is independent of temperature and pressure.

The maximum observed shell layer growth rate,‘Eﬁax

The surface area of a typical specimen_2 cm2

' Now, molar density of CoFe,0, 0 =

5.3

T 234.63

2.26

.. atomic concentration of oxygen in Co‘Fe2

moles cm

x 10

04, c

2 moles cm—3

0]

S. Max rate of ccnéumption.of oxygen by reaction

Since

one mole hydrogen‘reaéts with one gram atom

Molar rate of reaction

Py.

.. the exhaust _'ratio
' pH20

14

3

4% 2.26 x 10

0.09 g atom O, cm -

0.09 x 0.0002 x 2 g atom O

3.6 x 10°°

oxygen:

was 0.0002 cm s

1.

3

g atom O

cm

"2

3.6 x 10—5 mcSlesls_l

1.116 x 107>

!

2 g atom O
‘ - =3

2

-3
cm

5

31/1

3.6 x 10

5

- 3.6 x 10

9
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Appendix 3

- Calculation of the External Mass Transfér Coefficient, km, for reduction

in torr hydrogen at 500°c, 600°c, 700°c, and 800°C.

The mass transfer coefficient is calculated from a knowledge of the Sherwood

number, which, in turn, is a function of the Reynolds number and the Schmidt

number.
. chmidt N = B
The Schmldt_number, NSC oD
'An estimate of DH JH.0 can be made using the Chapman-Enskog equation:
1.8583 x 107> "Ml
5 . 0
-"H./H. 0" = =
272 ~ po? Q
~ H,/H,0" H,/H,0
- Now © o 1/2 (O ] ) .,
_ HZ/HZO _ H, + 320 o
and QH o =5'T)_:__T_—/_I?)— for which values are tabulated (13)
.2/H20 H2/H20 :
5 | t. \ft
H,/H 0 = H, 5,0
X X K_
e e . _pM . _ :
Density of the reducing gas, p = RT and values for the viscosity, U

are tabulated. Values for viscosity are considered to be independent of

gas pressure. The ReyhOIds number, NRe'= E%E‘;

38




V work tube and the ideal gas law. The méasurédvgas flow rate was 24 ml's—

" Also, by definition, Ngy
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The specimen dimension L, was taken as 0.5 cm and the gas velocity in the
tube was éalculated from a knowledge of the measured flow rate of the gas

at ambient temperature and pressure, the cross sectional area of the furnace
1

R S _ - 2 : ‘
and the work tube cross sectional drea was 5 cm . The Sherwood number,

1/2 1/3
Sc¢
'k L
,.D’

N

N = 2+0.6 Np

= from which values for the external mass

transfer coefficient can be calculated. - The calculations are set out in -

Table 3.
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Appendix 4

The reactién qonsténf obtained from the an;lysis can be used to predict.
rates for'othéi'parficle'géometries uéing_the general rate expression
.developed by Szekeley, Evans, énd Sohn (6;. The general expression relating

conversion and time in a dimensionless form, for the reaction

"A+bB=C+d _ . : 39
. * 2 L * :
is: t =g, (X) + o [P (x) +_2'X/Nsh] : . ‘ 40
P p
o b
C
b k (c b -]
. * r' Al X,
Where t = t 41
RO pS.
o ® =1- -0 | ,- 12
P .
P (X) =3-3 (1—X)2/3 - 2X for F = 3 43
b o _
=X + (1~X)In(1-X for F = 2 44
2 o | o L _
. - P ‘ .

F_ is a shape factor and has a value'of 3 for sphefes, 2 for long cylinders

and 1 for slabs.
k R

G o= e Gy 4
S p RAeff e

N km %o ' o o . 47
Sh ‘ 2DAeff'

"The equation for the reduction of cobalt ferrite by hydrogen is:

H + e CoFe Q4 = H2O + Z CoFe2

2 2




»

- 35 -

For the slab. geometry used ih the present experiments, Fp”= 1 and R

.

~is taken as the halfvthickhéss of the slab.
This model can be used.to predict the extent of reaction with time, and

 for the redﬁcﬁion of cobalt ferrite in hydrogen at.GOOOC at 100 torr,

the values of the dimensionless parameters are as follows:

. : *
Calcu;atlop.of NSh?
R =
[o)
k =
m
DAeff =
) *
'Nsh =

0.032 cm -
215 om s” T
-1

0.2 cm2 s

17.2

6.21 cm s_l

=
r
K. > 1
e .
'62 = 0.496
S .
*
Calculation of t _ :
- b ~ =0.25
'ci . ='1.84 x 10°° mole em”>
b .
. ~
o
o, =12.26x 1072 mole cm >
* - - T
t =-3.95 x 10 ~ t
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 Therefore, the general expression simplifies to:

£ = 239% + 126%X° s o 48

Thié'equatioh relating time to the extent of reaction has been compared
with the observed rate of :eactipn‘in Figure 18.- The data are.giveh

_in table 4.
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" Table 1 -

o, o o e | |
Temﬁgéiture %i' | gOi1-¥1 -  kr;1 | 1nkr;‘—1 | fzii ¥1 | ?#ZgHggeff,
’ R7) ems ")~ cms 7) (In(em s 1))  (cm’™s ™) S (em™s )
406 _ 00149 188132 0.201 © -L.604 3308439 0.0114
460 - .00136 57690 0713 -0.338 »606543.  0.0678
480 00133 28601 1.48 o 0.392 - 134171 0.314
500 :00129 20709 2.10 Coo7a2 | ;'98556 0.440
ss0 .00123 11456 3.9 1.384 223034 :' 0.204
600 .00115 7895 6.21 1.826 - 245087 ' 0.199
620 L0012 5829 8.61 2,153 419212 0.119
‘640 00109 6823 7.52 2,017 401862 0.127
650 - .00108 Cse7 89 2.186 | 393984 - 0.131
660 . .00107 4605 11.38 - | 2.432 - 333288 0.156



- 38 -

Table 2

REDUCTION PARAMETERS FOR REDUCTION AT‘6009C

Pressure ’ E;I ',kr | kr‘_l T E%i. D.Hz/HZOeff | DH2/H20Veff—l
(torn) (msH (amsh  (emsh ((em’s™H 7t (en?sh
50 | 12695 7.72 6.129 109309 0.259 4.18.
100 7895 6;21 0.161 245087 0.199 5
125 6594 5.94 0.168 249937 0.157 6.38
200 5999 4.08 0.245 179283 0.137 7.32
250 . 5313 3.5§ 0.271 142257 10.138 7.26




Table 3

 ‘DATA USED IN THE CALCULATION OF THE MASS TRANSFER COEFFICIENT

Parameter v : » Value e : o '
Temperature (°C) © 500 600 700 800
Temperature, T (K) 773 873 973 1073
o 3.51 3,97 b2 4.88

H2/H20 : _

-QHZ/HZO‘ 0912 0.884 . 0.865 - 0.846
‘Pressure; p (atmos) 0.132 0.132 0.132 C 0.132
D;ffu31V1ty, DH /H-O

: 278",

, (em” S 7). 33.1 40.1 49.3 . 58.3

; o L o=1 -1 o -4 =4 =h -4
Viscosity, p(g em s 7). 1.68 x 10 1.82 x 10 1.96 x 10 2.1 x 10

(from tables) ' , o »

o ' -3 -6 -6 . -6 -6
Density, o (gvcm ) 4.16 x 10 ~ 3.68 x 10 3.31 x 10 3 xv10
- (for hydrbgen) o _ - . o
Schmidt Number, N, ' 1.22 1.23 1.2 L2

: : -1 o L
Gas Velocity, V (ems ) 97.9 - 110.6 ‘ 123.2 : 135.9
Specimen Dimension, L (cm) 0.5 - o 0.5 S 0.5 N 0.5
'Reynolds Number, Np -~ '1.21 . - 1..12 1.04 0.97
Sherwood Number, N 2.7 2.68 2.65 2.63
Mass transfer coefficient,

o Cems™) 19 215 o261 307 -

—'68 -
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" Table &4

Comparison of d1mens1on1ess parameter model with: exper1menta1
data for reduction at 600°C in 100 torr hydrogen.

Model. S B Experiment
X t t . £ X
) ®  (em)

0 ' 0 _v' 60 . 0.00504 _.0.16
0.1 25. s 0.00756 10.24
0.2 53 120 - | 10.01104 0.35

0.3 83 180 0.01623 0.51

0.4 116 2600 0.02093 0.65
0.5 | 151 300 . 0.02528 0.79
0.6 189 360 002897 0.91
0.7 229 420 0.03200 . 1.00
0;8 272
0.9 o317

1.0 B 365
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LIST OF SYMBOLS

Sidellengths of specimen

Constant 1n ‘Langmuir-Hinshelwood rate
equatlon

Component of a general chemical reaction

Constant as defined by equation 29

Constant in. general chemical reaction
equation

Constant in Langmulr-Hlnshelwood rate
equation

Component in a general chemical reaction -

Proportionality constant in equation 24
Concentration of component i
Concentration of component i in bulk
‘gas stream :

Concentration of component i at reactlon
interface

Concentratlon of - component i at spec1men
surface : »

Concentration of oxygen in oxide

Component in a general chemical reaction

Units

cm

cm s,

cm mole”kc"al-1

emS g mole

g atom 0, cm
g mole cm

g mole cm
g mole cm
g mole cm

g atom O, cm

Constant in general chemical reaction equation

Component in a general chemical reaction

Binary diffusion coefficient-

'Pressure independent dlffu51on coefflclent

defined by equation 20

Effective blnary dlffu51on_coéfficient

Knudsen diffusion coefficient

Effective molecular diffusion coefficient

2
cm s

2 -
cm torr s

S
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__Symbol ~ 4 - o L Units :
e : : e o ' 2 -1
D _ - Solid-state diffusion coefficient cm s
Fp Shape factor . *
ng , Conversion function :
-,J(Hz) ' Flux of hydrogen ' _ g mole cm s'-l -
J(HZO) v _ Flux of water vapor _ . g mole cm_2 s'_l ’
- ‘ j ' -2 -1
J(o) Flux of oxygen" L ‘ g atom O2 cm 5
kg , Forward chemical reaction rate = cm sfl
constant ' ' : : i
|
_ _ N - A
k ' ’ Reverse-  chemical reaction rate . -1 i
-1 . : cm s 4
constant - v i
: L - ‘ . - -1 :
k3 : Rate constant for solid-state g atom 02cm 2 s |
_ diffusion as defined in equation 24. ‘
T . : o o ) X -1
-k Langmuir Hinshelwood rate constant -cm torr s
k" Langmuir Hinshelwood rate constant torr ’
km . External mass transfer coefficient cm s
X by L ; s -1
kg _ ' _ Pre exponent as defined by equatlon om s 1
: : 28 : ,
kr' . Chemical rate constant for overall cm s'l

chemical reaction

Ke ' Equilibrium constant
L Specimen- dimension . cm
M, . o Molecular weight of species i : ' - o i
N ' o Reynolds number o
Re y n’. L
. ' A
Ng, Schmidt number g
NSh Sherwoqd number -
N * - Modified Sherwood nﬁmber ﬁ




VvV (core)
v (o).

Vv (shell)

m

i/k

WMo Yy gy

Jry e
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Pressure of component i in bulk gas stream .
Pressure of component i

Conversion furniction

Activation energy for the chemical rate con-
stant : '

Activation énérgy for spinel~wﬁstite interface

advance
Gas cénstant
Half thickness of slab
Tiﬁe" |
biménéionless time
Tempefatdre‘

Pressure'independént temperature defined by
equation 32 -

: ) .o R : i
‘Rate of sPinel—wﬁstite'interface growth

Bﬁlk gasbvelocity

Volume of unreduced férrite core
Initial Voldme'of specimen

Volume of metal Shell-layer
Instaptaneoué’weiéht ioss

Weight lOSS'after'totéi‘redQCtion
Fracﬁional extent of reaqfionb

Porosity

Lenﬁardeones'parame#ei'for component it
Me£51 sca1e:£hickness

Critical layer thickness

" Metal scale growth rate

Initial rate of scale growth

atmos. or torr

-torr

k cal mole

cm

mg

mng

©em

cm

cm

cm .

k cal mole
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* Source to sink distance for solid state - .

diffusion
Viscosity
Chemical potehtial difference
Density
Molar density of solid

Lennard-Jones parameter for component i

‘Reaction modulus

Tortuoéity

Lennard-Jones collision integral

cm

-1 -1
gcm s

k cal mole

a3
g cm

-3
moles cm

3
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Figure  Captions

Figure 1 ‘Schematic diagram of the thermogravimetric analysis

-t

- apparafus. 'XBL.794-9305"
‘Figure 2 Réductiéﬁ kinetics of cobalt ferriﬁé slébs‘in 1od torr
hydiogen éhowing the,aano16us reaction rate minimum.
XBL 791 7743. |

Figure 3 s keductibn kinetics at 100 torr for specimens.reduced between 500°¢C
and 6800C. Plotted as the reciprocal interface advancevrate‘
against the extent of reaction. XBL 792 8370 '

Figure 4 Reduction kinetics at 600°C for specimens reduced at different
pressures between 50 torr and 2SQ torr. a) Plotted as the
extent of reaction against time. Db) plotted as the reciprocal

rate of reaction against the extent of reaction. . a)  XBL 794-9427
o "~ b) XBL 794-9428

Figuré 5 ‘Reduction kinetics  at 160 torr”fofvspecimens¢reduced between
660°C and 740°C. XBL 794-9429 R
Figure 6 Reduction kinetics ét.7000¢_f§r»specimens redﬁcéd between
50 torrvand éOO‘torr. XBL 794—9426'; | |
Figure 7. ‘ TEM image of the reaction interfaée.reQion‘a partially reducgd
siﬁgle crystal of cébalt ferritevredQCed.at 500°C in 30 £Or:‘
hydrogen for 100s. | XBB 794-5196 |
.Figure 8..> The interfaéialbregioh of a specimeh.redUCed ét GOQOC in 30 torr
hydrogen for 100s. a) Briéht field image of interface.
b) Selected area diffracﬁion pattern éﬁ a region including the -
) inférface. ci laﬁtice iﬁagé of the cobalt ferfite adjaceht to
the interface, XBB 796;7766
AFigure 9 Reaction intérféce‘of a specimen réduced at 65000 in.3o torr

hydrogen for 60s. XBB 794-5195
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a) Coherent precipitates in spinel region close to the
interface after reduction at 700°C in 30 torr hydrogen for 60s.

b) Selected area diffraction pattern showing alternating

_intensities. c) Seleeted area diffraction pattern'showing_the

appearance of new reflections. XBB 796—7768v

Light micrograph of ; partially reduced polycrystalline slab
after etching to ;eyeq1 a_d§rk bepd OE’Qﬁstiﬁe at the ?eacticn
interface. Tﬁe'specimen Wasvreaﬁced>at 700°¢C in 100 torr
hydorgen for 240s. XBB 796-7767

The effectivel Hz/ﬁzo diffusion coefficient asA_a fﬁnction

of bulk hydrogen pressure. XBL 796-10121

The reciprocal reaction rate constant as a funetion‘ of

pressure showing that the rate follows Langmuir-Hinshelwood

 kinetics. XBL 796-10122

Schematic diagram of the interface reaction. XBL 796-10416"
Arrhenius plot for the'chemical_feactioe rete constant. The
activation energy was 18.1 kcal molefl. XBL 796-10123 R
ISChematic diagram of the development of a cobaltédastite

precipitate. XBL 797-10735

Qualitative behavior of Ec as a function of temperature.

XBL 798-11035 -

" A comparison of the dimensionless parameter rate equation

with the experimental data for reduction at 600°C in 100 torr

hydrogen. XBL 796-10124
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Figure 8 XBB 796-7766



Figure 9 XBB 794-5195



Figure 10 XBB 796-7768
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