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SYRCPSIS

AL AR Tk oy

The probless encountersd in attemrting to determine the rate
controlling step in the reduciion of magretite znd sinters to
iron are revealed Ly a survey of the periinent literat

On the basis of previous work supplemented by the investigaetions

reported in this thesis the probable seguence of reie coentrolling

Exhaustive metallographic and mathematical studies have bzen

carried out on the hydrogen reduction of magnetite and lean magnetite

sinter samples reduced in thermal balances.

. . - =A0 - Q, .
The evistence of rate minimz at 650 C 2nd 900 C in the reduction
of magnetite has been shown by metallographic technriques.

control hns been shown by mathemstical studies.

Similarly the extent of chemical and trenspori control in sinter

reduction has bheen shown metallogravhically snd mathematically.
The effect of thermzl treatment in oxidising and inert slmospheres

has been showne. The improvement in reaction rates es a result of

particular thermal treatments has been displayed.
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CHAPTERI

1.1. REDUCTION OF IRON OXIDES

1.,1.1, Egquilibrium
Four.possible phases may exist (24) during the reduction of
hematite to iron., (Figure 1.)
(1) hematite (two forms o{~Feg03 and maghemite &' ~Feg03)
(ii) magnetite (Fez0,4)
(iii) wustite (Fe,0)
(iv) iron (Fe)

The wustite phase is a solid solution which is unstable below
570°C, At this temperature wustite undergoes a cutectoid decompo-
sition to &X - iron and magnetite, Above 570°C. hematite should
follow a four phase sequence of reduction to metallic iron:

Feg0g —» Feg0y —> Fexp —~—2> Fe

1.1.2, Crystal Structure

(%
1,1.2.1, Hematite: may exist in two forms with different lattices

(i) & -Fey05 - is a rhombohedral coruncdum type
o
(a = 5,42 R, x = 55 14), The oxygen ions are arranged in a
close-packed hexagonal lattice with two thirds of the octa-=

3+ jons. The oxide has 2 small

hedral interstices occupied by Fe
oxygen deficit due to oxygen vacancies,
(ii) 5 -Feo03 has a structure similar to thaf of magnetite, viz:
a cubic spinel (a = 8.323) there is an average of 213 re>"
ions per unit cell, It can be cbtained by low temperature
oxidation of magnetite,
1,1.2.2, Mgﬁpetite has a cubic spinel lattice (a = 8.382) with a close
packed cubic lattice of'Oz- ions with Fe2+ and Fe3+ ions at

4
the interstices, 8 Fes+ and 8 Fez ions are in tetrahedral

positions, There is a slight reduction in lattice parameter
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as oxygen content increases indicating the presence’of
cation vacancies, The magnetite lattice is similar to
the w;stife lattice,

1.1.2,3, Wustite has 2 cubic lattice of the sodium chloridé type., It
is a close packed oxygen lattice with iron ions at the
octahedral interstices; The deviation {rom stoichiometry
of the wustite is due to the 5% to 11% of iron ion vacancies,
Electrical neutrality is maintained by FeB+ ions,

1.1,3. Theories of Reduction

1,1.3.1, The reduction of iron oxides is a complex héterogeneous
process involving three major and distinct stages,
(i) tranSport'of reactants to the oxide,
(ii) chemical reaction 2t the interface,
(iii) transport of products away from the oxide. .
\ith sinters the situdtion is further complicated by the
introduction of a matrix. through which transﬁort of reac-
tants and produéts to and from the oxides must occur,
The several stages of reduction have been illustrated diagramma-

tically by using modified versions of the Hauffe diagram (26,29)

106, 10
( s 107) (Figure 3) and by a

(Figure 2), the Heubler diagram
spherical model (Figure 4),
The possible reduction steps can be swmmarised as follows:
() transport of reactant and product gases across a stagnant
boundary layer,
(ii) transport of reactant and product gases across a matrix,
(iii) prcduct shell penetration of reductant and product gases,

_(iv) chemical reaction at the iron - iron oxide interface,

(v) diffusion of iron ions  through the wustite layer,
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-(vi) reaction between iron ions and magnetite at the wustite =~

magnetite interface.

(vii) diffusion of FeS*t

ions through the magnetite layer,

(viii) reaction between Fe°+ and hematite at the magnetite hema-

tite interface,

(ix) diffusion of 02“ ions through the hematite core,

Any one of the above steps could be rate controlling for the

reduction of iron oxide, It is therefore, useful at this stage

to briefly discuss the mechanisms involved:

Step (i) The effective boundary layer is a function of the bulk gas

flow rate and can be determined from Fick's laws of diffusion,

It can be seen that:

§e= Cs =~ C¢ (1) Cq
=

( or )r=o0 Cg

de

or

from Fick's law for sireamline flow

J = =D Bc; +/ﬁ1;,;C (2 Jx
.Lar)xr.o

and J = D ( Cg = Cg) (® Se
e

gas composition at surfoce
bulk gas composition

concentration gradient

is the flux of
diffusing substance,

is effective boundary
layer,

Thus the flux of material across the boundary layer is

inversely proportional to the boundary layer depth, As the

gas flow rate is increased so Se becomes small and the effective

resistance to gas diffusion becomes small,

Step (ii) There is 1ittle information regarding the transport of gases

across a matrix, although it has been

(68, 87)

shown that the

more crystalline the matrix the more easily gases may pass

through it.
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) Im geheral, gasecous diffusion across a porous iron layer in-
voives both reactant and product gases,
Porosity may be induced in the iron layer, by physical

cracking due to pressure build up of product gas inside the product

(28)

b mwvorwn L2 232970 - ~ ATa~n W “ ~rl N ~
dely Ta “ J e Sl BN s tasis e e ~— (5

8]

phase volume change or by the diffusion of vacancies to form pores,

Step (iv) FeXO + H2——-> H20 + xFe’

This reaction has been shown o be slower than the magnetite
to wustite stage and has been termed the rate controlling

(77 - 81) holds strongly fto this point of view

step. McKewan
and with the support of other workers has shown the rate of
reaction to be proportional to the surface area of the rece~
ding reaction interface and lhe partial pressure of the re-

(43, 129, 105) have shown that a

ducing gas., Other workers
%
linearly contracting interface is not exclusive to surface

reaction control mechanisms,

Step (v) involves the diffusion of iron ions across a wustite layer,

The ease of iron ion diffusion is a result of the 5% to 11%
of iron ion vacancies in the wustite lattice, The value of
the self dififusion coefficient of imon ions in wustite is of
~9 -8 2 o)
the order 2,7 % 10 and 8,2 x 10 cm /sec, between 700 °C
and 500°Cc with an activation energy for the process of 124

4
K.J./mol (29K cal/mol ('9). Diffusion ceefficients of

6, 2 3
this order have been indicated by other workers (75, 26, 28, 30)

similarly activation energies of the same order, The variation
in the diffusion ceefficient with temperature was attributed

(74, 25, 28, 20, 118, 139)

to vacancies. Some workers con-

sider that iron ion diftfusion in wustite is rate controlling,



Step (vi)

Step (vii)

Step (Viii)

Step (ix)

-5 -

28, 82
Sandwiches of iron and magnetite have been used c 8, )

sh;wing that the growth of wustite is a parabolic function
of tiﬁe indicating diffusion control, The rate constant can
be increazsed by the introduction of impurity cations

(74, 82, 67, 25). Khalafalla‘c67) considered that this was
due to the increase in lattice strain caused by the cation,

S 2 3+ 2
ed+ + Fe * Fe —» 4Fe + - 3e

=

This reduction of magnetite to wustite is crystallographically
reversible and has not been considered rate - controlling,

Involves the diffusion of ions through the magnetite layer.

(49)

Himmel et. al have shown that this is the inward diffusion

of iron ions,

4Fe203 + Fe —> 3Fe304

occurs at the magnetite - hematite interface, A crystz}lo-

occurs, Edstrom

graphic phase change from X -Fe ,O_ to Fe 0,

2 3
27) : toms
shows that such a change causes lattice strain and

imperfections giving an enhanced reduction rate,
Is the diffusion of oxygen ions through the hematite lattice
to the hematite - magnetite interface. There exist a small
. . . i (25)
number of oxygen ion vacancies, Davies et, al, have
, o

shown that the interface is continued by O diffusion through

- . . (137) . s
the hematite lattice, Kingery has given the activation
energy for ion motion in hematite to be 126 -~ 167 K,J,/mol

. s (49)
(30 ~40K, cal/mol ), Hinmel et, al, have shown that
the encergy required for self diffusion of iron ions in hem-
atite is 470 K,J./mol (110 K, cal/mol ) with a diffusion
-13 ~9

ecefficient of 1.0 x 10 to 4.0 x 10 mm2/sec. from

050°C to 1250°C.



1.1.3.2, Kinetics

Thé progress of reduction may also be considered from the -
kinetic theéries deQeloped for homogenous gas reactions, The
driving force for such a reaction is considered as the difference
between the free energies of the initial and finali states,

The absolute reaction rate theory devcloped by Eyring considers
that a rate process is characterised by an initial state which
pésses, by continuous change, to a final state, There is a high

. energy surface which acts as @ barrier between the initial and
final states, The critical state at the minimum energy position
on the energy barrier is the activated complex,
The reaction rate constant for the formation of the activated

complex is:

-

ke = 05 T 6 . e (4)

A more usual form of the equation is that suggested by

Arrhenius,
' - E/RT
k = Aoe (5)

r

where A is the frequency factor and E is the activation cnergy or
temperature coefficient for the reaction, The value of E can indicate
the controlling mechanism for reduction, A low value is commen-

surate with gascous diffusion control, a high value with solid
state-~diffusion control and.an intermediate»vaiue with chemical
feaction control,

(81)

McKewan has used this method of analysis in order to study

the mechanism of reduction, He considered that the reaction could

be described by

A=

G + § = (G - 8)

>» products (6)

and that the rate equation was
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. (RTY L n
d g*oduct) cec ¢ k = c o % 5 ) o LAE /RT (7
dk g s 'r g s (5

The énergy path for the traasition between one set of initial
and final states is shown in figure 5. The first energy barrier
resulting from the activated state for gaseous adsorption on the
reaétion site, The highest énergy level is the activated state

(99, 100) .

for the reduction reaction itself., Quets et, al,
considered the formation of an activated complex and represented

the reduction of iron oxide by

‘ e
i . v
'oalde + H2 = [ >Fe + 120 n (s)
where ! oxide represents the oxide surface and || an activated
1

complex, the concentration of which limits the rate of reaction,
The possible mechanisms of reduction have been outlined in
this section, They will be more fully considered in section 1.3,

&
1.2, Tactors Affecting Reduction:

1.2.1, Temperature
The reduction of iron oxide by hydrogen is the net result
: . . o .
of two or more gas-solid reactions, Above 570 C.,, the reduction

sequence may be represented as follows:

» [PUSI., % e
3 Fezos + H2 e 2Fe804 + HZO (9)
. [7)% (.. ¥ » !
2 Fe 0, + 2, == 6Fe + 21,0 (10)
6 Fe O + 8l, == 6Fec + 6H, 0O (1)
p:s & 2

on summation:
T —— O 37 o
Fe203 + 3d2 == Z2ZFe + JJZO (12)
The ecuation may be represented by the general form:
A+ B = C + D (13)
It is generally known that increasing the temperature at which

a reaction occurs, frequenlly causes a marked increase in the rate

of reduction, Tor a simple reaction the rate may be illustrated
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by Eyrings' absolute rate theory., (See section 1,1.3.2.).
This is simply described by the Arrhenius equation (Equation

5). Meny workers have,fin fact, shown that during both hematite

{19,26,50,51)

9]

, 120)

w

mr ez o cm e me o
o (76, 85, 59, 100, 1iZ, 113, 12

and magnetite
reduction there is a fall off in reaction rate as temperature
increases. This gives rise to the existence of rate maxima and

(77 - 81, 47, 131)

minima. Other workers have reported a sharp

change in activation energy rather than local rate minima, ‘The

.existence of these rate maxima and minima have been said to be duz

(86) (50)

to changes in micro-porosity , sintering and recrystall-

isation,changes in magnitude of the thermodynamic driving force

(23) (50) .
. , reduction of water permeability , the formation of
26
protective product layers (26) and changes in the dimensions of
139
the wustite lattice ( ), (The rate minima phenomena will be

5

discussed in the section on magnetite reduction,)

The reduction of iron oxides is a complex physical and chemical
process, It may be seen that if rate of reduction changes signi-
ficantly with a changg in Cemperature, then it is probable that the
controlling mechanism may change with differing, intermediate degrees
of contribution over thé range of temperatures considered,

~ Porosity

Maximum porosity in a polycrystalline material may be said to
occur when each individual grain is separated from its neighbour,
Thus each grain will have a2 reducing atmosphere over a finite depth
of penetration., In this case a well-defined macro interface will
not occur, Each individual grzin may be reduced in a topochemical
manner, Selective reduction may also occur as a result of unevennaz
in porosity., TFeinman (33) considered the maximum reduction rate to

occur when all the oxide sites were reached by the reductant, As
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porosity increases so the number of sites available for reduction
increaseé. Instead of a sharp interface a volume will undergo
reaction, There is a greater surface for reaction in porous mat-
erials than in dense materials,

If the rcaction occurs topochemically at all points then
McKewan's linearly contracting interface law n can operate,
Gray and Henderson (42) point out that with dense oxides, there are
only thin intermediate layers, Thus for oxygen removal the
interface must recede,

In general it may be said that an increase in initial porosity
reduces impedence to goseous diffusion and increases reduction

G4
rates (80, 59, ). Where there is little or no porosity, then gas

diffusion may become rate controlling (6), Joseph (59 has shown
that the time for 90% reduction is proportional to the reciprocal of
% porosity, Vhere matrix slags are‘present, then the matrix&

porosity can be of major importance, Barner (7 points cut that
porosity is only important when the reaction rate is not controlled
by the gas flow rate,

It is generally known that, in addition to the initial porosity
of an oxide, there is also an induced porosity caused by the process
of reduction.

Wustite formed from hematite is more porous than that formed
from magnetite (27, 34, 99, 129). This is thought to be a result
of the transformation from a hexagonal to a cubic lattice causing
lattice imperfections which act as vacancy sinks causing the formation
ol pores.

Wustite forxmed from magnetite .should have a porosity of 14%

(129) (34)

(Pilling~Bedworth ratio = 0,86) . 1t has been shown that

a 15% lattice misfit can be accommodated before porosity results,
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" Pore size increases with time énd température, and molecular
rather than Knudsen diffusion occurs (129, 27).

Induc;d porosity on reduction is a feature of tﬁe process
and the size, shape and naturc of the pores we a function of the
initial form of the oxide, the temperature of reduction and the
reductant, Where pores do nét form there is, in general, a

falling off in reduction rate,

1.2.3, Reduction Cracking
(59)

considers that cracking induced by reduction can

.

Joseph
greatly‘affect reduction rates., He points out that a high initial
porosity may not be so effective in enhancing reduction rates as
a high susceptibility to reduction cracking., Large external volume
changes occur on reduction (27) especially with gases which have
a high reducing potential, This causes more porosity than sgecific

¥
volune changes would suggest,
Fe203 4 FeO 16% porosity (theoretical)
38% porosity (actual)

At temperatures of less than 600°C a cracked finely porous ircn

product results,

(27, 133, 52) the cracking of the product

It is considered that
could be due to a pressure build up of the product gas inside the
reduced layer eventually causing bursting of the layer, Themelis
and Gauvin (120) point out that where,a'change of structure is
involved, then the product should be irregular in density with
fissures and cracks,

Brill - Edwards and Samuecl (8) consider th&ﬁ recduction cracking
is a result of magnetite growth on reduction causing dilation parallel

to its growth plane, The magnetite extends across a grain boundary

contacting the adjacent grain, The grain boundaries are forced
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apart causing a grain boundary crack, This effect may occur within
the grain. Tenéile stresses operate in the hemztite and compressive
stresses opérate in the magnetite, The rate of magnetite propagation
incréases with temperature reducing the amount of compensatory
contraction such that there will be a decrease in the apparent
density of hematite with température. At less than 700°C circumf~-
erential contraction occurs causing radial cracks, At high temperatures
there is a continual creation of new hematite interfaces causing
enhanced reduction, whereas, at low temperatures the cracks occur
in the magnetite and do not directly affect the reduction rate.
Less severe lattice stresses result on reduction to wustite, some
stress relief being possible due to wustite plasticity.

(6)

The results are consistent with Beeton's work which shows

that hematite disintegration occurs hefore 20% reduction,

Stone and Daniell (114) have shown that susceptibilityJZO
reduction cracking of hematite increased as the prior sintering
temperature was increased above lSOOOC, This was associated with the
hematite-magnetite transition which occurs at 1450°C. Different
cooling rates were thought to alter the cracking tendency., Low
density compacts were found to be reduced wifhout danage, presumably
due to the stresses being more easily accommodated, This was supp-

(115)

orted by contreclled cracking tests which showed that shrinkage

~occurred lsast in the most cracked compacts,

[ 6\
(45, 96) found that slag bonded hematites

Pepper and Daniell
had a lower compressive strength than direct bonded hematities
allowing intercrystalline craéking to occur more easily. This allowed
easy reduction at high temperatures but was insufficient to cvercome

the slag barrier at low temperatures, The maximun expansion was

found to occur in the hematite — magnetite reduction with a minimum
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o
occuring at SOOOC. to 900 C, VWith direct bonded hematites the
expansion occurred over the hematite —2> wustite stage, The
incidence and extent of reduction cracking was found to decrease
with decreasing hydrogen partial pressure,
3 v 9) v * “ P LY >

Brill-Edwards showed that there was an improvemen

strength of compacts with both silicate and ferrite slags. Howvever,

(10)

silicates caused a loss of reducibility, Barrie considered

that strength improvement only occuried with up to 15% slag and
6
agreed with Beeton (6) that the majority of breakdown occurred
during the first 15% to 20% reduction,
. s (92)
The strength of both hematite and magnetite was shown
to be proportional to the reciprocal degree of reduction by carbon
R le)
monoxide at 970 C,
Most of the investigation into reduction cracking has been
‘ 5
carried out on hematites, It indicates that reduction cracking results
from stresses created between the initial oxide and the product phase,
Prior thermal treatments and the addition of a suitable slag have
been showvn to significantly affect the reduction cracking charact-

eristics,

1.2.4, Constitution

The statc of oxidation of a ferruginous material and the
introduction of a matrix to an iron oxide can materially affect

reduction characteristics.

(31)

Edstrom has pointed out the superior reducibility of
hematite compared with magnetite and shows that a small degree of
oxidation can significantly affect the rate of reduction, Oxidised
magnetite was shown to give very similar reduction rates to natural
hematite,

Low temperature oxidation of magnetite results in the formation

(127, 11, 21) (11, 21)

. haghemite . Ball et al

-

of the magnetic K =~ Fe, 0,
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considernthat oxidation of magnetite to ¢X - hematite always takes
place via maghemite and that the first stage of.oxidation is complete
wﬁen a layer of }{ - hematite is formed,
Differences in oxidation behaviour of magnetite have been

(11, 37)

attributed to differences in specific surface area,

Smercek (117)'indicates that thermal decomposition of oxidised

magnetite can occur with the addition of slag forming compounds,

1.2.5, Effect of Impurities

Metal oxide systems which are subject to reductiog reactions have
two types of impurity:
(a) foreign atoms in the metal oxide lattice in
(i) the parent lattice
(ii) substitutional sites
(iii) dinterstitial sites, .
(b) e#cess or deficiency-:of metal or oxygen ions on deviation
from stoichiometry,
Both types of defect can produce the same sort of electronic and
lattice defects,
Léttice defects are vacant lattice sites or interstitial ions
and quasi-free clectrons or positive holes, Their production or elimin-
ation is proportional to the concentration of the appropriaté
impurity,
Wustite is a metal deficit semi-conductor with Schottky holes
and electron holes, Previously it was considered that only the
octahedral sites were occupied with two ferric ions for ecach vacancy_to

th (10D showed the existence of

preserve electrical neutrality. Ro
tetrahedral cations and suggested that since any octahedral site in
the cubic close packed oxygen lattice is scparated from one another by

a tetrazhedral site, This is equivalent to suggesting that if one of

the two octahedral sites is to be vacant then the remaining cation
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prefers to enter a position in the energy saddle between them,
The tetréﬁedral site, because of its smeller size, will be occupied
by a ferric-iono If the unit defects are grouped it is considered
that the encrgy of the defcct is reduced and a structure identical
to that of magnetite is produced, This may be considered as a
sub-nucleu&s of magnetite, Because of the presence of cation
vacancies Wagner considers (132) that the nmetal-oxygen ratio is
alﬁays less than the stoichiometric ratic, The fifst stage of
reduction is the filling of cafion vacancies ana the removal of
higher valence cations, Where there are interstitial cationg and
quasi-free electrons, the first stage of reduction is an increase in
the concentration of cations and vacancies.

(53, 82, 83, 74)

ngeral workers have studied the effect of

impurity cations on reduction, In general it was found that the

kS

addition of soluble trivalent cations increased the reduction rates.
This was suggested to be due to an increasc in the number of vacant

67)

lattice sites in wustite, .Khalafalla and Veston showed that
increasing the number of vacancies increased the reduction rate to a
maximum and then reduced it, The increase in reductioﬁ rate was
found tc be directly proportional to the atomic volume and the
electronic charge of the impurity cation,

(118, 119, 38)

Other workers have investigated the effect of

additions of small amounts of slag-forming constituents, Strangway
- (119) ‘ s .
et, al showed that these have a detrimental effect on hematite
reduction and attributed this to the formation of a protective pro-
duct e.g. fayalite, magnesio-wustite, magnesio-ferrite, FeO.AIZOB,
The rate minimum which occurs during the reduction of magnetite was
shown to be removed by the addition of oxides whose cation radii

were greatly different from the iron ion radius thus distorting the

wustite lattice allowing more easy solid state diffusion, They
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later show (118) that calcium carbonate can improve hematite

reduction by enhancing initial and reduction induced porosity.
Egeubaev et,al, (38) considered that promoters forming spinel type

compounds dissolve in magnetite and improve reducikility,

l1.2.6, Influence of Matrix

In addition to the efféct of state of oxidation of the iron
oxides and the effect of impurities on their reduction, there is
present in all commercial iron bearing materials a matrix, the amount

" and constitution of which has a major affect upon reducibility,

The effect of the matrix on reduction cracking, has been discussed

previously,
Matrices comprise, in general, crystalline silicates, silicate
glasses.containing iron oxides and calcium ferrites, The amounts of

each phase vary with the basicity of the matrix, Other minor

>

constituents are also possible in iron ore agglomerates, including:
monticellife (Ca0, MgO.SiOz), fero-monticellite (Ca.Fe.SiO4)

pyroxene (Ca,Fe)Mg.812067, iron gehlenite (Ca2Fe.3+(A1.Si,) 0,),

vitreous calcium~alumino silicates with dissolved iron (xFeZOS.

- 8104) all

ySiOz,z Alz 03.5 Ca0; x +y + 2z = 12), olivine (CaXFc
of which are considered to be poorly reducible,
The proportion of fayalite present normally increases, in sinter,
. o o (87)
as the amount of coke increases, Between 1150 C, and 1250 C,
the reaction between quartz and wustite begins to form fayalite
and glass, The greater part of the silica is bound up as the ortho-

(135, 102) (54)

silicate, TFayalite and fefro~monticellite have been

shown to be poorly reducible and are not now common constituentsof
modern sinters,
The addition of lime causes the formaticn of ferrites and several
(10, 54, &8, G9)

workers have shown the existence of different ferrites .

The existence of the many different matrix minerals has led
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(102, 88, 69, 10)

several workers to study them in terms of
reducibility,
. (102) . . .
Rueckl showed that, up to 50% reduction, ferrites

reduced following McKewan's advancing interface lzw, He considered
that the controlling step for the reduction is the reaction at the
. e s - ' . e . . (102)
iron-ferrite interface, It was pointed out in.the discussion
that several interfaces were possible and that, unless the inter-

' - o . ; .. (77)
faces were co-incidentel it was unlikely that McKewan's law
would be followed. Rueckl considered that the interfaces advanced
at a constant distance apart, with the iron-wustite interface
preceding the iron-Iferrite interface and that the value for the
interfacial penetration was, in fact, an average value,
(13, 87)

Temperature also plays a part in mineral formation

Ferrites and silicates were said to form between lOSOOC. and 12000C.

*

Between 1250°C. and 135000. the mono~calcium was unstable and de-
composed forming calcium olivines., They concluded that, although

the more basic the matrix, the more ferrites were formed, irreducible
olivines and monticellite were formed simultaneously, An increase in
magnesia content reduced the amount of ferrite and caused the
formation of magnesia olivines, pyroxene and monticellite, They also
showed (88) that the effect of alumina varied with concentration,

7% alumina formed brown-milierite and lowered reducibility whereas
12% alumina increased the proportion of ferrites by increasing the
surface tension of the melt, lowering viscosity thus facilitating

(43, 69, 88, 102)

oxidation. Investigators are substantially in

agreement with respect to the comparative reducibilities of ferrites
and silicates. In general ferrites with a high CeO ¢ Fe203 ratio
were least reducible of the ferrites. A decrease in the amount of

(83, 69)

glassy phase improved reducibility,
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Fitton and Goldring (35) considered that a specific matrix
constitﬁfion could be achieved by heat.treatment. They showed that
the raﬁe of oxidation varies with temperature, At less than 120000
the melt develops more slowly causing rapid oxidation. At above
12500C. the melt develops rapidly, slowing down oxidation, Line
in the matrix reduces the dissociation tempera?ure of hematite,
Alumina reduées the degree of oxidation in silicate melts, Ferrites
can be encouraged to appear in matrices by the use of free lime and
a slow melt formation, The strength of a matrix can be improved by
the interpenetrative nature of the prismatic, crystalline ferrites,
Silicates also affect strength of sinters,

Bonding can be helbed by chemical attack of the matrix (22)
forming an intermediate Jjunction compound and also lime diffusion
could cause similar continuity, The improved reducibility of a re-

(107) >

oxidised sinter has been associated with the diffusion of

calcium ions into the fefuginous grain forming a duplex structure,
. ot . (12) e

Ferrite concentration can be increased by steam injection
in the ignition hood, Short times and fast éooling produce olivines

> . _ (88)
and long times and slow cooling produce pyroxenes .

It is very apparent that the composition of the matrix and its
physical nature has a large influence on the reduction of iron oxide
agglomerates, Compositional and thermal treatments and their control,
therefore, play an important part in the improvement of agglomerate
reducibilities,

Mechanisms of Reduction

Much of the work carried out on the reduction of iron oxides has
been an attempt to elucidate the controlling mechanisms of reduction,

More than one mechanism may be operative diring reduction,
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Three main controlling mechanisms are usually considered:
(i) gaseous diffusion
(ii) chemical reaction

(iii) solid state diffusion

1,3.1, Gaseous Diffusion

Both reactant and product gases diffuse into and out of a part-
ially reduced oxide sample, Diffusion of the species through the
boundary layer and the product layer will occur,

Resistance to gaseous diffusion, by the boundary layer, may be
reduced to a minimum by increasing the flow rate of the reactant gas
to a value above the critical flow rate, Thus gaseous diffusion
across the product layer may be considered separately.

During the reduction of iron oxides by hydrogen, an equal number
of moles of water vapour are formed as moles of hydrogen consuymed,
The counter=diffusion of hydrogen and water vapour can be considered
as equi~-molar, Gaseous diffusion is not expected to bé an activated

reaction and would follow a temperature dependent form of Fick's law:

J = D'.SI.E. (14)
dr
- (X R - 2 )
and N = D.A.5. P (Cg Cy) moles/sec,/cm (15)
RT,. A x

1 6
(108, 92, 64, 44, 4, 111, 66) have considered the

Other workers
equi-molar counter diffusion of gases and have obtained similar
equations such that the rate of transport is a linear function of
s . (111 .

the concentration differences, Schurman et,al, point out that
diffusion increases only slowly with temperature and would thus tend
to become more rate controlling at higher temperatures,

, (130) . , . . R

Warner points out that, by consideration of Fick's law,

solid state diffusion across the wustite layer cannot account for

layer thickness. This indicates that gas molecules are the species
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diffusing through pores within the product phase, Varner (130)

also considered that gaseous diffusion occurs by molecular diffusion,

Hindrance to gaseous diffusion depends on the siZe and nature

(42

of the pores .

(330 4
Va3, 4

)

i)
! 7777 have given low values for the apparent

Investigators
activation energy of 4,0 ~ 17;0 K, J.MNMol (1 - 4 k,cal/mol) which are
of the same order as the heat for diffusion. This would indicate that
gaseous diffusion may be rate controlling,

. . (4) . . c

It is considered that magnetite reduction between 600 C,
and QOOOC. is controlled by the outward diffusion of water molecules,

The most decisive test for gascecous diffusion control is considered
(130) . . .
to be keeping the hydrogen concentration constant and vary the

total pressures., If there is a significant difference between the rates

of reduction at different partial pressures of hydrogen, then it is

5,

*
unlikely that an interfacial reaction would be rate controlling.

(78, 80) has been shown to

Up to 1 atmosphere the reaction rate
be proportional to the hydrogen partial pressure and at high pressures
the reduction rate reached a maximum, McKewen explained this in terms
of a reaction mechanism involving an equilibrium adsorption step with
the reaction interface sparsely occupied by hydrogen at low pressures
and fully saturated at high pressures, and evaluated the entropy and
enthalpy of adsorpticn as - 5,3e,u, and -14 K,J./mol (3,3K.cal,/mol.).
The entropy value is much too low to account for the change between
a gas phase and a highly adsorbed layexr. The enthalpy value is too
low for the heat of adsorption and is in fact of the same order as the
heat diffusion. DMNcKewan explains the values as being consistent with
van der Waals type of adsorption which is highly unlikely at

(L

o
temperatures above 500 C,
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The apparent activation energy was shown (120) to be:
63%X,J,/mol (15 K,cal) at less than 5OOOC. and 17 K.J./mol (4K,cal/mol)
ahove SOOOC. This indicated a change from predominantly chemical
reaction control to predominantly gaseous diffusion control,

Hansen et, al, 44 consider that if gaseous diffusion is
controlling the reaction siteé must be close together and close to

"the exterior edge of the interface where the reductant is available,
Thus the interface will be narrow and well defined, As other steps
become significant the interface becomes ill defined and reaction
occurs at scatltered sites.

Equimolar gaseous diffusion has been shown to be a rate-con-
trolling process in reduction systems, Values of the apparent act-
ivation energies end of the diffusion ;oefficient would indicate
whether or not gaseous diffusion is contributing significantl&»to

the reduction process,

1.3.2, Chemical Reaction:

The chemical theory developed for homogenous gas reactions has
supplied the principles used in analysing the chemical reaction at the
phase boundary. The driving force for the overall reaction is the
difference in free energics between the initial and final states,

The absélute reaction rate theory was developed uy Eyring and
states that a2 rate process is characterised by an initial state which
passes continually to a final state, There is an energy barrier bet-
ween the initial and final states, The lowest cnergy path over the
barrier is the probable path for the react;on. The critical state
at the maximum energy pgsition on this path is termed the activated
complex,

(77 - 81)

McKewan uscd the absolute reaction rate theory to

. . ' . . P .
interpret his results. Hec expressed the rate of a reaction taking
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place on a surface as:

) s/
Ro =. Ko ('n'iCi*)*‘ K " . (16)
;. ~AHYRT LS [R
K =KkTe . . €. (17)
- &
T = I ’ :
[ 1% [‘{2—1 (18)
4 5
o ' -bH/.. AS/
therefore R_ = K_ , KT, [1{2-} e T e R (19)
h

Ko - includes no, of active sites, surface roughness
adsorption term, (temp, dependant) conversion factors,
[TT ici ] product of concentrations
, LR .
X ~ specific reaction rate
K = 1, transmission cocificient
(o) . . . .
A plot of 1n Ro v 1/T K yielded a straight linc with a break
o .
at 570 C, Values Ro were obtained:
R

o)

R
o

1

~64.0/RT :
7,321 [ 1] e O/RT (g1, wnits)  s70%.  (20)°

9,12T [sze "62.0/RT (5.1, units) 570°%C. (21)
A mechanism was suggested involving the chemisorption of hydrogen
on active sites at the oxide-metal interface which is consistent with
the apparent activation energies and the first order rete dependence
on [Hé] « An alternative would be the collision of hydrogen molc—
cules with an active oxide surface, The forward reaction was the

recaction oI hydrogen with an active site, S to fonn activated complex,

4
H2 + S ;:.2.5 [1{2 H SJ (22)
and similarly on desorption » - reacted,
. -Gk
+ 8 — f 8 3
HO + 8 | 1,0 rj (23)

Reaction on a2 sparsely occupled suriace was said to occur with
site poisoning by water vapour due to an oxidising reaction,
In general:

G+5=(G-8) ~——>product ’ (24)
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McKewan considered that as the reduction rate was proportional
to the hydrogen partial pressure then interfacial reaction was
controlling, Varner (130) points out that this is alsc possible with
a mixed control reaction and that a 6% error in the aata would make
separation impossible, He also showed that if the interfacial process
is based on the calculéted interfacial gas composition then the
activation éntﬁalpy would 53 63 K.J,/mwol (15 K.,cal/mol) and entropy
28 - 33 e,u, which is characteristic of a simple chemical reaction
with a solid surface site, This opposes lcKewan's values which
indicate the unsound theory of Van der Waal's adsorption. Varner
points out that if the interfacial gas composition was the same as
the bulk éas phase composition as required by interfacial reaction
control, the reduétion rates would be 100 times faster. In addition
the enthalpy and entropy values are insensiti&e to reaction rafes
which indicate that agreements in value do not mean agreement in
mechanism,

Quets et,al, (99, 100) also used the absolute reaction rate
theory and considered the mechanism to involve the formation of
vacancies followed by steadj state vacancy diffusion and iron ion
diffusion., Support for an ion vacancy mechanism was given by the
existence of wustite below 57000. where the wustite formed a
protective layer the rcaction was said to be controlled by the con-
centration of hydrogen in the gas phese and the cation concentration
in the wustite which is in turn controlled by the equilibrium between
magnetite and wustite at the magnetite - wvustite interface,

Auto catalysis may be operative especially during the early

(120)

stages of reduction . A rete minimum which has been shown to

occur at 11% reduction (stoichiometrically no hematite left) and
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low temperatures may be due to the wustite or iron molecules
reacting immediately with hematite to form magnetite, so that wustite
or iron cannot appear until all the hematite is reacted* At high
temperatures, however, all the oxides have been shown to co~exist.
An induction period had been reported which may be due to the
initiation of the reaction at active sites from which it spreads
out until all the surface is covered. Reduction then continues
inwards. Autocatalysis may thus be only observed if the induction
period can be recorded, i,e. at low temperatures.
The linearly advancing interface was first noted by Stalhane
and Malmberg and developed by McKev/an. They also pointed out that
an autocatalytic reaction operating beyond the induction period
should give rise to a linear rate law.
In general the theories involve either the interaction between
the reducing gas and an active site at the interface or the chainlike
reaction between reactant and product.
1.3.3, Sollei State Piffusion
Several workers have considered the solid state diffusion of
ions in the reduction process.
Roth (101) suggested there were two diffusing entities in wustite:
(i) a single electron hole, responsible for electrical
transport, with a high mobility, and
(ii) the ferric ion in a tetrahedral position between
octahedral vacancies and responsible for mass transport,
Ivioran (82) suggested from this a diffusion sequence
(i) the tetrahedral ferric ion passes into the octahedral

vacancy in the direction dictated by the concentration

gradient.
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(ii) the electron defiéit passes to the ferrous ion ad~
joining the vacancy on the 'downstream! side i.e, in
the direction indicated by the electrical potential
gradient,

(iii) the ferric ion now moves to one of the tetrahedral
sites adjoining it in the direction set by the con~
centration gradient,

Wagner(132) considered that in the first stages of reduction there
is an increase in the metalloxygen ratio which is due to the £illing
of cation vacancies and decreasing the number of cations in the higher
valence states. After an induction period the oxide phase will become
supersaturated with respect to the metal, Sincethe reductant acts
at the surface VWagner suggests that surface supersaturation will be
greater than in the bulk oxide phase and nucleii will form at{the

5
surface, In the vicinity of the nuclei:’ supersaturation will sharply
decrease and cation and electron diffusion to the metal-oxide
interface wiil occur, Eventually anions may migrate and no further
nucleii will occur, Vagner disregarded the possibility of anion |
migration and of breakdown in growth of the primary nucleit,

(26, 27, 31)

The following stages are considered to occur during

reduction (siniler to Vagner):
(i) breakdown of oxygen lattice and formation of iron phase
at the wustite-iron phase boundary (or wustite-iron~-gas
boundary of iron phase porous or cracked,)
(ii} diffusion of iron across the vwustite layer to magnetite
(iii) migration of iron into the magnetite at the magnetite
wustite phase boundary during the formation of the wustite

phase and without any considerable change in the oxygen

lattice.
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(iv) diffusion across a dense magnetite layer
(v) phase boundary reaction hematite —p magnetite, accom-~
p;nied by transformation of the oxygen lattice from hex~
agonal to cubic close packed,
High rate constants have been obtained (a1 indicating high
ionic mobilities in the wustite lattice, The activation energy was
shown to be 140 K,J./mol (33K,cal/mol,). Gellner and Richardson (41)
also proposed the diffusion of excess iron atom through vacant sites
in the wustite and considered that the process would have an activiation
energy of the order 210 K.J./mol. (50K.cal/mol.)
A schematic diagram for the oxidation process was proposed by
Hauffe and modified by EdstromA(zs) for carbon monoxide reduction.
A further modification for hydrogen reduction has been made and the
diagram shown in figure 2, .
Due to the crystal structure diiference between hematite and
magnetite, control by transport processes, in this case, is vunlikely
to be significant, The effect of impurity cations on reduction of (&%)
magnetite has been studied and it is proposed that the reduction
followed steps similar to those shown earlier (132, 27, 26, 31).
Diffusion through wustite was said to be 83 sipnificant between
GOOOC. and SOOOC. Above QOOOC. the reaction at the hydrogen-wvustite
interface was thought to be controliing,
Annealing of oxides, before rcduction, enhanced reduction rates
(48) due to an equilibration of surface defects caused by adsorbed
oxygen diffusing into the oxide, This would operate on the positive
holes to a greater extent than on the slower moving vacant cation sites,
This was further sﬁown by chromic ion doping which reduced positive

hole concentration and increased vacant cation sites thus enhancing

32 .
reduction. Fensham (32) showed that increasing numbers of positive
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holes increased the reduction rates for nickel oxide, The

increasing numbers of positive holes suggested th;t acceptor holeé

for pocitive holes were adsorption centres in thé pre-nucleation stages
of reduction, Hauffe's work shows that vacant laitice sites become
more importaﬁy‘in the later stages.

The chemical diffusion éoefficiehts hetween QOOOC, and 110000.
fop the reduction of vustite were up to forty times ?hét for the
diffusign of iron in wﬁstite 74). The rate of vacancy diffusion
decrcased with increased vacancy concentration, and upon doping
with a trivalent ion, This contrasts with work by Birchenall et, al,

(25, 49) who showed that the self diffusion of iron in wustite

(36)

increased with increased vacancy concentration, Engell shows,

N

using Birchenall's results, that vacancy diffusion at SOOOC. decreased
with increased i vacancy concentration, Analysis of the kinetics
%
showed that the diffusion process and not the phase boundary reaction
was rate controlling, The activation energics for vacancy diffusion
were found to be:
100 ~ 160 K.J./mol, which compares with
(45)

120 K,J./mol, given for self~diffusion of iron in wustite .

Landler and Komarek (75) found a similar reliance of the chemical
cdiffusion coefficient on vacancy concentration. The activation cnergy
for self diffusion of iron in wustite was found to be 150 K.J./mol,

(36 X,cal/mol,) Kinetically the reduction of wustite was found to
follow a combined surface plus solid state diffusion reaction,

There is no doubt that irgn ions oxr cation vacancies diiffuse
through an oxide layer, probably under the driving force of a concen=-
tration gradient of vacant lattice sites,

The mechanism of solid state diffusion can be fully or partly
rate~controlling depending on the reduction conditions, Usually where Yhele. i3

a protective layer of product either of vustite or iron, then solid-
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state diffusion becomes sipgnificant,

1.4 Laws of Reduction

The heterogeneous reduction of iron oxides may be considered
to involve three basic processes:
(i) diffusion of reactaht and product gases through a boundary
1ayer. ’
. (ii) diffusion of reactant and product gés and ions through
the particle,
(iii)  the chemical reaction at the interface,

1.4,1, Diffusion through the gaseous boundary layer,

If diffusion through the boundary layer is the slow step involved
in the reaction, then it is reasonable to assume that the chemical
reaction should replenish the product gas molecules at the surface of

the particle as fast as diffusion can remove then, i
%

By increasing the flow rate, the influence of the boundary

(26, 78, 105, 120, 125) have

layer can be mininised., Many workers
shown that the rate of reduction depends on the gas flow rate up to
a critical vélue. Above this value no appreciable influencé on
reduction is observed, It has been assumed that above this value
the mass transfer coefficient is sufficiently large so as to ensure
that boundary layer diffusion is not controlling, The use of the

ber
Ranz equation, according to Warner (1¢O)’ shows that from

0.5. (sc) 0,33

Nu = 2.0 + 0,6 (Re) (25)

the range of Reynolds numbers employed to establish the ‘critical!
gas flow is unlikely to affect the gas film mass transfer coefii-
cient, The establishment of critical gas velocity is said to ensure
only that the system is not suffering from reducing gas starvation

(42, 130)

€

Incrcasing the Reynolds number from 1 to 2, i,e. doubling the
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gas velocity would increase the mass transfer Coefficient by only
(43, 105)

(o
/0

. (61)
Kostelov and Rostovtsev show that for a Reynolds number
of 1 the resistance of the boundary layer can contribute 12% to 15%

of the total resistance and 5% to 6% &t a Reynolds number oi 20,

The gas flow rate has an effect on the reduction rate up to a
critical flow rate, It has been considered that the critical flow
ra%e is due to the removal of boundary layer resistance, However,
other workers consider that flow rate does not greatly influence the
mass transfer coefficient and consider that the critical flow rate
prevents reducing gas starvation, Flow rates in excess of the
‘critical® flow rate have been used in the present work, It may be
considered that the resistance effect of the boundary layer is small

if the flow rate is above the ‘critical' flow rate and any effect
%

would be incorporated in the product layer resistance,

1.4.2, Solid State Diffusion through Solids

Wthen material transport is the rate controlling process it is
necessary to add another term to the time and space co-ordinates,
This term is the diffusion coeificient of the migrating species,

On considefing a reaction between two solid materials with a
planar surface, the reactants have to diffuse across a product layer
as the reaction proceeds, If the process is uni-~directional . the

rate of growth of the product layer is:

dt
on integration
5 ,
y = 2k.D.t + ¢ 27

for y =0 when t =0

5 .
y =2kD,t = kit (28)
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Equation‘(28) is the well known parabolig law, Jander (58) applied
the parabolic law developed for planar. interface reactions to solid
state diffusion in powdered compacts. He made several geometric
assumptions,
(i) a coherent product layer is formed
(ii) bulk diffusibn is uﬁi~direcfiona1
(iii) procuct volume : reactant volume ratio is unity and also
(iv) the diffusion coefficient of the species transformed is

not a function of time, He then applied a sphericity factor to the

parabolic rate law such that:

y=ro.[1'(l-x)1/3] (20)
and combined equations (28) and (29) to give:
2k Dt = [‘l-(l-x) 1/3]2 . (30)
‘ro '
' 5

Equation (30) is the Jander equation relating the fraction of
reaction completed to time, for spherical particles,

(62, 63, 121, 1306)

Other workers have modified the Jander

equation after considering the validity of his assumptions, Ginstling

and Brounshtein (39) considered that Janders (58)

basic assumption

of a parabolic rate law was invalid, They indicate that the parabolic
law assumed the reaction surface area remains constant, This is not
true for spherical particles where the area of the reacting surface
decrecases with time, They discarded the parabolic law in favour

(3

of Barrer's equation for steady state heat transfer through a
spherical shell, They considered that the rate of change of
unreacted volumevas analagous to the flux of heat diffusing through

a spherical shell such that:

2k Dt = 1.-2x~(1-x) 2/3 (31)
» 2 3
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Several modifications of equation (31) can be made, Carter

(17, 126)

et.,al, took into account differences in volume between

the product layer and the consumed reactant, This is difficult to
apply owing to the lack of high temperature density data,

The volume correction is only significant where the product

volume . reactant volume ratié is greater than 2. (40)

26 - 30
Edstrom ( ) considered that, qualitatively, a solid state

diffusion mechanism was operative in the reduction of iron oxides,

(31, 82, 83)

Other workers also support this view,

Gaseous Diffusion through Solids

Resistance to mass transfer across the boundary layer can be
reduced by the provision of a rapid ges flow rate around the sample,
This ensures that there is no build-up of product gas at the sample
surface, Above this critical velocity reduction can be controlled
by gaseous diffusion, Bogdandy and Janke (@ show from actintion
energy values of 13k,J/mol (3.2 k.cal/mol) that gaseous diffusion
was controlling since the value compared closely with calculated values
for the heat of diffusion (2).

The rate of evolution of water vapour from the pellet should equal

the velocity at which the reaction frontprogresses,

The respective rates can be equated (4) to give
= ( -
AR, = 3€D  n([HO] [E,0]) (32)
a6 2 1/3
1-e)dx° [a-r) -1]

In equation (32) the labyrinth factor respresents the amount of
of hinderance to diffusion through pores, and increases with reduction.
Factors such as density, porosgty, size and shape affect the labyrinth
factor,

(4, 64, 65)

Until 1962 only a few workers had eliminated the

effect of boundary layer diffusion before considering gaseous diffusion
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through ﬁhe porous sample, Work carried out on fixed beds is limited
by the introduction of boundary layer diffusion due to variation in
flow rates around particles through the bed, However, Tenenbaum and

(122)

Joseph in 1939 indicated that reduction was affected by gaseous
. . {125) . . .
diffusion, Udy and Lorig on reduction of single pieces of
magnetite considered that the continuous growth of the metallic layexr
could inhibit gaseous diffusion,
125, 130 44)
Several workers ( ! 44 have derived equations or terms
of mixed equations to describe the effect of gaseous diffusion which

is similar to that which may be derived from Fick's Law such that:

N = D. Apm (Pg = Pg)
R.T. "]_(r =) +§, '] (33)

(130)

Similarly VWarner used a term in his mixed control equation

when studying the effect of pressurc on hematite reduction which was

5
of the same form,
D
rate = ' AB (p - P ) ' (34)
———e H
R Ax &M oM

e}

Olsson and McKewan ( z)also considered diffusion across the
boundary layer, diffusion through the porous sample, and diffusion
between the inner sample surface and the wustite granuies, The first

and third steps are combined in a mass transfer coefficient kc:

Jd = Cqg = Cg _ (35)

(84)

- Manning and Philbrook showed that if shell diffusion
resistance overshadows both boundary layer diffusion and chemical

reaction the diffusion model has a curvilinear time dependence:

3 2/3

. — - ~r — -~ I's - -

% = 1 3(3.{..1.) + 2(:‘1-) =1~-3( Rx) + 2(1 - Ry)

¢ *5 *o (36)
1.4.4, Chemically Controlled Reaction Reate

(70)

According to Laidler / when a discontinuous product phase
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occurs the rate determining step may be the chemical process
occurring at the phase boundary, In such cases the rate is determined
by the surf;ce area available for reaction, These processes are
termed tophochemical,
Contracting volume, kinetic models can be used to describe the

phase boundary control of reduction:

- dvt = kS (37)
dt
a-x=" = Yl (38)
V“) 4/3 T I‘S
o
de Vi
therefore: dx = 3k (1-x) 2/8 (40>
dt r
o
for Xx=0vwvhen t =0

/3

kt =1 - (1 - x) 1 (41)

%

For phase boundary reaction control a significant feature is the

linear rate of advance of the reacting interface, Many workers

(77 - 81, 99, 100, 131, 47, 123) have used the phase boundary model

developed above and have considered that linearly advancing interface

indicates chemical reaction control. McKewan (77 = 81 included a

(45)

particle size term in the equation, Hansen et.al, has used

the concept of a linearly advancing interface to develop a reducib~

(5)

ility index. Bicknese and Clark found that the law was not
particle size dependent as did McKewan, All the workers note a
deviation from linearity in the final stages of reduction,

Approximate linear growth is also consistent with a mixed control

mechanism (129). Also in a reaction controlled by heat and mass

. . (43>
transfer, the interface can appear to move at a constant rate R

71
Some authors (71, o4, 125)

oxides is a first order reaction:

have assumed that the reduction of iron



A —>B +C ‘ (42)
- de = ke (43)
dat
therefore: Inc = =kt (44)
~k(e-€)
and c = C0 e (45)

thus the concentration of reactant decreases exponentially with time,

(106)

Smith has also used this law, The law is however, of the same

form as that developed by Themelis and Gauvin (120) for control by
unsteady state diffusion, Thus if the data follows an exponential law
it does not necessarily indicate a first order reaction, A first
drder reaction is, in fact, valid only for homogenous reactions where
all parts of the system are reacting by the same amount at the same
time, It can, however, approximate to a reduction situation.

In general there are three mathematical models to descri?e the
limits for mechanisms of reduction, Themelis and Gaﬁvin (120 have
summarised previous work and proposed the most suitable models for

diffusion controlled reaction:

from Fick's laws

. 5 ~
> = v, [ P + @ (& >J (46)
de 02 (r) Cor)
The solution of this equatioh for fractional reduction is:
R Lo Vo A
e TRT TR Z-.l.ze p (47)
QD\/) D n={ n
Neglecting all values for the series, of n > 1
R 1 6 Kt )
= L e .
x =5 " (48)
M o
a LY
therefore 1n (1 - R_) = constant ~ [ 4D, 7 Lt (49)
a2
P

This is wvalid for all reduction systems controlled by any
diffusion phenomena through the bedy of the sphere., The time required

for different sizes of spheres to obtain the same degree of reduction
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should be proportional to the square of the diameters,

Several workers have ﬁsed more than one law in an attempt to
elucidate the controlling mechanism, Smith (106, 107) used four
possible laws: the first order rcaction law, the parabolic diffusion
law, the linearly contracting interface law and the zero order law,
By examination it was found that the best fit was afforded by the

. . . (120) .
exponential law, Themelis and -Gauvin show that this law
approximates to a diffusion law, Second best fits could be made by
the parabolic diffusion law and then the surface reaction law, No
single law fitted the data exactly,

84 72

Manning and FPhilbrook (84) and Levenspiel (72) also suggest that

more than one law may apply.
. (72) . .
Levenspiel indicated that the different laws, and thus control

mechanisms, were casily separable, Spitzer et.al, (105)

(129)

this was not easily carried out, VWarner showed that a greater

considered that
5

than 6% error in the data precluded the possibility of distinguishing
between a suriace reaction law and a mixed control law,

Combined Reduction Laws

It can be seen from previous consideration of single step reduction
models, that in all models considered, there is either a deviation
from agreement with the law considered or there is a theoretical
consideration why such a law, on its own, is not sufficieptly rigorous
to fully describe the reduction reacticn,

It can pe considered that the contribution or resistance to
reduction of each mechanism may not be insignificent,

(120, 123)

Themelis and Gauvin combincd chemical reaction with

diffusion laws:

-(D‘rrz/roz % k)/% _ (50)

l - R)C = Cle
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2, 2

such that when k > D=7 /r0 then the chemical reaction is predom-
2, 2

inant and when kK &K D 1T /ro then diffusion control is predominant,

(18) showed that the McKewan (773 relationship

Cox and Ross
operated only within a limited temperature range and that a parabolic
relationship was otherwise valid,

(73)

Lu considered that both chemical reaction and diffusion
resistances to reduction were significant and developed a two-step
model,

A modified form is:

2

t = »r - + + - N
r cg o (ro ri) 1 (ro 2ri 3r°1i ) (51)
(o £y G Dett

(108)
i

A composite model has been derived in an attempt to simulate

the blast furnace,

, (120) . , .

Warner also considered that the reduction react;onayas a
function of gaseous diffusion and chemical reaction control,., He
developed his two step model by considering the reduction of a hematite
sphere, the rate of mass transfer across the boundary and each of the
product layers being equal to the rate of reaction at the interface,

(109) . ] . .
Seth and Ross also derived a two-step model by considering
chemical reaction and diffusion terms, The equation was similar to
. (73) (110) . i
that derived by Lu . Seth and Ross successfully applied
their equation to their data and the data of other workers,
. (105) . e

Spitzer et,al. considered that none of the individual
transport and reaction resistances can be neglected in the development
of a physically significant model, A three-step model was developed
which included a boundary layer resistance which is constant for
constant gas flow and product shell and chemical reaction resistances,

(105)

Spitzer further showed thathis combined equation could be used

successfully and a linearly advancing interface be observed,
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Other workers have also used multi-step models in order to
explain redpction mechanisms,

1l.4,.6. Conclusions

It can be seen that there are, in general, three limiting laws
for reduction, These are firstly surface boundary layer diffusion
which, some workers éonsider} should not be ignored, However, it-is
apparent that above a ‘'critical'! gas flow rate its effect on reduction
rate is negligible, It is also constant with constant flow rates,
Secondly bulk diffusion for which equations for both iron ion diffusion
and counter diffusion of product and reactant gases have been developed,
Molecular diffusion or Knudsen diffusion has been supported by
several workers, The parabolic diffusion law has been used to follow
ionic diffusion which many workers consider plays é part,

The diffusion equation as developed by Themelis and Gauv}n can
be used to describe both gaseous and ionic diffusion,

Thirdly surface reaction control has been proposed by many workers,
notably McKewan,

It is now accepted that a single limiting case cannot adeguately
describe the reduction of jiron oxides, Because of this both two-and-
three-step models have been proposed, In two-step models the
resistance due to diffusion across a boundery layer is usually omitted, -
This is justified by the operation of the tests above a ‘criticalf
gas flow rate such that the flow rate no longer affects reduction
rate, The critical flow rate at least ensures that reductant gas
starvation does not cccur and that the boundary layer resistance is
constant and can be incorporated into product layer resistance becoming

less significant as the product layer increases, Yarner (130) and Hills

(43) both consider that mass transfer across the boundary layer is

significant at all times,
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In three-step models all limiting cases are included although
the bulk diffusion term is usually specific for gaseous diffusion,
In the present work four limiting case§ are considered initially

two are later omitted and a two~step model is considered adequate,

1.5 REDUCTION OF LIAGNETITE:
1,6,1, General

Iron oxide reduction is a complex process,

Above 57OOC. the reduction of magnetite involves the steps magnetite
— wustite —> iron,
L - (120) : A i
Previous work indicates that solid reactions propogate in
such a way that the reaction interface remains nearly parallel to the
crystal face from which it originates., The crystallographic revers=
ibility of magnetite = wustite and wustite = iron has been shown

by Bujnor ct.,al, When oxide and product axes are parallel thqp a

smooth product will result,

1125
Reduction of magnetite by hydrogen has been shown ( ’ to commence

at 325°C. and a metallised shell advanced from the outside to the
centre with time. The increased resistance to outward diffusion oi
water vapour by the product layer was considered to be due to the
increased product layer thicknesé. The reduction in‘interfacial
surface area was thought to a contributing factor,

They also showed (112) that the thermodynamic potential for
reduction increased with temperature for both magnetite and wustite
reduction, The initial reduction rates also increased regularly
indicating the imbortance of the thermodynamic driving force, 4Product
pressure increased behind the iron film and these pressures were shovn
to be capable of disrupting the iron film formed, allowing reduction

(27)

to continue, Edstrom- also considered the iron film to act as

a semi-p2rmeable membrane and gas pressure build up to burst the £ilm,
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(52) .
Huebler showved that the pressure build up due to hydrogen
reduction was insufficient to cause bursting, Bursting was only
possible with carbon monoxide reduction,
The faster rate of reduction of hematite compared with magnetite
was due to the earlier and more extensive pore'formation in the

reaction product (27);

The reduction rate has been shown (79, 80, 99, 100)

to follow
McKewan's relationship.

As a result of this the reaction was thought to be controlled
at the iron~iron oxide interface,

The reduction mechanism is thought to involve the adsorption
of hydrogen on the surface prior to reduction, Quets et,al, also
considered the control to be at the oxide surface by the formation
of oxygen anion vacancies accompanied with vacancy diffusion End iron
ion diffusion,

The protective nature of the wustite formed on the reduction of

(99, 100)

‘ o
magnetite above 570 C, has also been pointed cut The

(31 to follow a

solid state reduction of magnetite has been shown
parabolic relationship with time iIndicating control by mass transport
across a dense wustite layer,
(29) . . . .
Edstrom considered the mechanism of reduction to follow the
stages:
(i) brezak down of oxygen lattice and formation of iron,
(ii) diffusion of iron across wustite to magnetite
(iii) migration of iron into magnetite,
. . " . s (83)
The influence of addition of foreign cations has been used
to propose a similar reduction mechanism, Their results indicated

that some interface reaction control was also evident. Interface

. . o O . .
reaction control became predominant above 200 C, The contribution
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of diffusion control was most apparent where there was a large amount
of retained wustite and a diffuse interface,

Broadbegt (15) and Goth (138) have shown that the porosity increases
with degree of reduction, Broadbent associated an increase in temperature
.coefficient with a decrease in pore formation. Pores were said to be
formed by the condensation of'vacancies at the iron-iron oxide
interface, They become isolated as the interface advances, The rate
controlling mechanisms were shown to be mixed, varying from complete
diffusion control at lower temperatures to probably chemical control
at higher temperatures,

Goth also considered that a mixed control mechanism operated with
the rate of diffusion controlling in the initial stages of reduction
with surface reaction control becoming significant in later stages.

(6

Beeton showed the temperature coefficient for reduction of

5

magnetite to be 59K.J./mol (14K.cal/mol) which applied both above and
below aAbreak in the reducibility curve at 620°C. This was in agreecment
with McKewan's.results and indicated interface reaction control.

Varner (129) showed that the evidence of a linear reduction rate,
a first order relation between hydrogen partial pressure and rate, and
penetration rate independent of diameter can be exhibited by mixed
control mechanisms as well as being typical of chemical control. He
showed that even a small amount of scatter in the experimental points
can preclude differentiation between chemical and mixed control,

Hills (43) also considers that the linearly contracting interface
of chemically controlled topcchemical reactions are similar to those
for transport controlled topocgemical reactions.

It can be secn that there is conflicting evidence regarding the
controlling mechanism for the reducticn of magnetite by hydrogen,

(27, 52, 31, 29) (112, 125)

Solid state diffusion gaseous diffusion 5
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(79, 80, 99, 100)

surface reaction control and mixed control

(83, 15, 13?’ 129, 43) have all received support.

Reduction Rate Minima

The reduction of magnetite is characterised by the existence of

(76, 85, 99, 100) _

reducticn rate minima which have been reported 1t

lo]
temperatures above 570 C, This phenomena has alsc been reported

2 1
during hematite reduction (112, 113, 50),

The phenonmena has variously been explained hy changes in ore

(50) (112, €0)
n

microporosity ,- by sintering and recrystallisatio s

(23)

by changes in the magnitude of the thermodynamic driving force R

and by the reduction of water vapour permeability in iron (aO)'

(26)

Edstrom explains the rates as due to the formation of a protective
layer of wustite impeding diffusion,

(79, 80, 47, 131)

Several workers have .reported a break in the

temperature coefficient rather than a rate minimum,
- (112) e
Specht and Zappffe found a rate mininum to occur between
o o o . .
700 C, and €00 C. above 40% reduction, Because there was no maximun

or minimum on thelir free energy plots they concluded that it was a

result of sintering or recrystallisation of the product layer,

(34
Co s ) - 140
The rate minimum above 800 C. has been atiributed ) to the
formation of continucus layers of wustite.
. (29) . . s
Edstrom showed metallographically that the rate minimum was

associated with the formation of a dense wustite layer, He also showed

. P o - . P cas
a2 discontinuity at 900 C, which was aitributed to the of“‘b transition

J

at 910°C,

(118, 119) . , o
showed a ratc mininmum to occur ot

Strangvey et.al,
o N o/ . s . . . - .
GCO C, to 700 C, A mixed contirol mechanism was postulated for the

temperature range over which the rate minimum occurred, Metallo graph-

ically no iron shells werc secen and the minimum was associated with
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retainedkwustite.'

X-ray studies showed that the iron:oxygen ratio is at a
minimum in the unreacted grains., This corresponds to the maximum
vacancy concentration which would tend to decrease the ampunt of
iron ion diffusion. They also showed that the lattice spacing in
the unreacted wustite was at équilibrium with iron at the wustite~
. iron interface at all temperatures, This was not the case at the
magnetite-wustite interface where the‘spacing was always larger
than at equilibrium, This would enhance iron ion diffusibn. The
contradiction was not explained, The temperature cocfficient
for the rate minimum temperature range was 164 K,J./mol (41K, cal/mol)
which also indicated iron ion diffusion control,

Later work (139) shoved a tempefature coefficient of 65 X.J,/mol
(16,3 K.cal/mol) for 10% reduction and 41 K,J,/mol (10,3 K,ca%/mol)
for 80% reduction indicating interfacial and gaseous diffusion
control respectively, A plot of the data using Seth and Ross's
combined rate equation yielded a straight line,

X-ray diffraction showed the rate minimum to be associated with
a minimum value for the wustite lattice spacings,

Quets (99) et,al, shov a deviation in their Arrhenius plots at
the X —-5’ transition temperature indicating that reduction was
structure-sensitive, This they claimed did not support the postulated
interface recaction control, Although the adsorption step in chemical
reaction may be structure sensitive,

Broadbent (15) associated.rate ninima at 7CO°C. to 750°C. and
QOOOC. with the formation of dense vustite., Nicrographs, however,
show that a dense shell of iron surrounds the wustite grains at

o (138) s o o,
200 C, Goth also attributed the rate minimum at 900 C., to
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retention of dense wustite, He alsc observed retained wustite surroun-
ded by dense iron shells,

1 .
6) alsc showed an exaggerated degrec of

Bitsianes and Joseph
wustite retention on reducing magnetite by hydrogen, This was
associated with a falling off in reduction rate between 65OOC. and

QOOOC. after 40% reduétion.

It is very apparent, from a search of the literature, that there

is considerable doubt as to the rate controlling mechanisms of magnetite

reduction and to the reasons for the occurrence of rate minima,

1.6 Constitution and Reducibility of Sinter

The addition of impurities to pure iron oxides and the presence

of naturally occurring impurities can materially affect the reduction

rates.
1.,6.1, Constitution: %
. (56) . .. . .
Hancart et,al. indicated the presence of three major phases

in sinter matrices, These were:
(i) silico-ferrite of calcium and alumina (S,F.C.A.)
(ii) iron-calcium alumina-silicate; similar to iron gechlenite

(iii) vitreous gangue,

The S.F.C.A. phase was shown to greatly influence sinter cohesion,

5.F.C.,A, formation was favoured by increasing the formation temperature,

o . . .
Above 1200 C, it decomposes to give magnetite,

(88)

Mazanek and Jasienska showved that the addition of 12% alumina

forms calcium—~alumino~ferrite which is highly reducible, Low percentage

additions of alumina form the irreducible browvn-millerite,
. (55) . ) - .
Harberd and Goldring considered that the constitution and

micro-structure of sinters was dependent on the characteristics of

the ore feed and conditions imposed during the sintering process,
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They showed the primary constituents of a lean magnetite sinfer
similar to t@e one used in the present werk to comprise hematite,
magnetite, wustite calcium ferrites, quartz, lime, melilite (a solid
solution of 2Ca0 MgO.2Si02 and 2 Ca0, A1203, 3102), p ~ dicalcium
silicate (2Ca0. S8iQ ). eslass and ollvnneﬂ (so%1d solution of

solution of 2Ca0l MgO.2SiOz and 2 Ca0, Al p = dicalcium
Ca0.FeO, §i0,, 2FcO. Si0, and 2go0, Sloz)e

2
The magnetite was formed most commonly by recrystallisation from
the melt to form euhedral crystals, The wustite occurred as fernleaf
dendrites hematite formed by oxidation of the magnetite and proceeded
along the octahedral planes in the magnétite. Maghemite was not
observed, The exact composition of'the ferrites was difficult to
determine because of cation replacement by other similar cations,

Post solidification reactions were considered to be relatively

unimportant due to their inhibition by the silicate matrix,

1,6.2, Reducibility

Strangway and Ross (118) added between 7% and 10% of calcium

carbonate to ferric oxide and found that reduction rates by hydrogen,
o o . e s ks

between 600 C., and 1000 C., increased, The improvement was attributed
to an increase in porosity, to mofe easily dissociated wustite and to
the promotion of induced porosity on reduction, The LkcKewan relation=-
ship applied throughout and Seth and Ross's mixedicontrol equation
did not apply, This indicated that the interface reaction was rate-
controlling, However, porosity changes and their effect on instant-
sneous interfacial area were ignored,

The addition of 1% potassium oxide enhanced reduction rate by

. " C e s (38)
greatly distorting the magnetite lattice,

Work has also been carried out on the properties of minerals

which make up a sinter matrix,
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22
Sinter reducibility, A, depends on the mineralogy, Coheur (22)
attempted to quantify this by putting:
= SIC/ 2
A a Fezo3 + ¢ SFCA (52)
Fe

(88)

lMazanek and Jasieneka showed that since the heat of
formation of mono-calcium ferrite was more negative then it should
form more easil& than di-calcium ferrite, The mono-calcium ferrite
dissociated at 108000. in the presence of silica, The di-calcium
ferrite did not dissociate up to 12000C. The greater ease of
dissociation of the mono-~calcium ferrite indicates that it should be

more easily reducible,

An order of precedence for reducibility has been established

(64, 87)

The mono-calcium ferrite was found to reduce moire easily
than the di-calcium ferrite, The relatively high reducibility of

S
ferrites compared with silicates was a noticeable feature.

1 (102) agreed with this and aiso showed the reduction of

Rueck
ferrites to follow McKewan's relationship indicating control at the
iron-ferrite interface,

(20)

The reduction of ferrite passes through several stages N

runer (14) disagreed with Aueckl (102) and showed that the reduction
of ferrites became retarded in the later stages. He pointed out that
mono~calcium diferite and mono-calcium ferrite reduce at the same rate
in the later stages although, the porosity of the product layer in
the mono-calcium di-ferrite was greater, This was a result of the
porosity in the mono-calcium ferrite being concentrated at the
interface béundary thus ‘layiné bare® the reaction surface and enhancing
reduction, Pore size and distribution is, therefore, highly significant,

(10)

Barrie et.,al, indicated that mono-calcium ferrite was more

easily reduced than di-calcium ferrite,
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Pokhvisnev, et,al, (97, 98)

considered that maximum cracking
occurred on sinter reduction when hematite ——> magnetite, The& also
showed thaf reduction of sinters first occurred at the surface and
adjacent to straight through pores. Reduction commenced in the henmatite
regions where there was little unfused gangue or silicate, Idiomor-
phic magnetite crystals surroﬁnded by silicate were reduced last,

The first metallic ircn to appear was in the form of globules both

on the surface and inside the grain, The regions grew and co&lesaed
forming a.continuous white strip enclosing residues of glass or a
dispersed mixture of metallic iron and oxides, Vhere there was little
glaés there was little cracking of the matrix,

Richardson (104) followed the reduction of lean magnetite sinters
by hydrogen between GSOOC. and lOlOOC, Cracking of the grains was
shown to occur during reduction., The cracking tendency incregsed with
increasing temperature, Hickling (57 reduced the same material using

carbon meonoxide, Values of the temperature coefficients were found

to be similar, in each case, for the reduction stage magnetite —

wustite,
ref,
magnetite — wustite E = 63X,J./mol (13K.cal/mol) (15)
E = 90K,J./mol (21,5 " ") (16)
wvustite —> iron 8 = 36K,J./mol ( © " ") (15)
E = 88K,J./mol (22 " ") (16)
o . (57) . X . . , - .
.Hickling showed a linearly advancing interface for all stages

of reduction and all tenperaturecs, The reduction was considered toc

be controlled at the reaction interiface,

1ce
Smith et,al, ( ) reduced lean magnetite sinters by carbon

o
monoxide between 8CO C, and IOOOOC, They found that the reducibility

increased with temperature., The surface reaciion law was found to be

~Q.72 ~0.,80

supported by the variation of rate as d to d (compared with
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v, 1 3 1‘0 > 3 3
McKewan's R o¢ d ) and a low value of the activation energy of
57 - 80K,J./mol (13.5 -~ 20K,cal/mol)., However, diffusion and
exponential relationships also gave a good agreement and the zoning
effect after short times may be indicative of the control exerted by

(106) considered

carbon monoxide diffusion thrqugh the matrix, Smith
that reduction involvéd three simultaneous processes:
(i) adsorption of carbon monoxide and migration through the
matrix by diffusion and/or migration through capilléries
in the matrix,
(ii) reduction of outer ferruginous grains controlled by the
surface reaction law,
(iii) interference with mixed control by micro-cracking,
Jervis (60) reduced lean magnetite sinters with a lime~silica
ratio of 1 ¢+ 1 and a varying wustite -content, Reduction was found
to increase between GOOOC. and QOOOC, A close agreement with the
exponentigl law was found in the early stages of reduction, In the
later stages the phase boundary law was operative, Little metallographic
evidence of topochemical reduction was found,
Thermal and Oxidation Treatment

(69} (67)

and Mazenek and Jasienska have

Kissin and Litvinova
shown that sinter reducibiliiy increases as the amount of glassy

phase decreases,

(98) (128)

Pokhvisnev et,al, and Vegman have confirmed that

e s . . cr s . . o
devitrificaticn improves reducibility, Optimum temperatures of 1050 C

Q
(98) na 1050%. to.1100%. %28 have been shown to give

(98)

naximun devitrification, Other Russian work has been reported

to 1080°C.

which confirms that heat treatment in an oxidising atmosphere between
o o, . . - . .
900 C, and 1100 C, can improve sinter properties, A reduction in

glass vclume occurs which is said to increase porosity. Oxidation
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of magnetite to the more reducible hematite also occurs,

12)

Ferrite enrichment can be induced ( by the addition of steam
R ' ] . (103)
to the ignition hood, Water cooling has also been reported to
improve reducibility.
. . (13) . . ) o
Bojarski et.al, have treated siderite concentrates at 1100 C,
o) . ' o
to 1250 C, in an oxidising atmosphere., Up to 1180 C. mono-calcium
diferrite is formed which then dissociates into hematite and calcium
silicate, The ferrite confers good reducibility but poor strength
on the concentrate. Satisfactory reducibility and strength are

obtained when the silicate forms and acts as a binder.,

Control of firing conditions can control mineralogical composition

(35)

Oxidation of the magnetite grain in sinter transforms it to the

o

more easily reducible hematite, However, Vasyntinsku and Volgai (27
(11) ' . >

and Ball et,al, have shown that maghemite (5’ - Fe203) occurs

as an intermediate phase, The maghemite becomes stable at temperatures
o o (o} o .

between 500 C, to 700 C, and 300 C, to 800 C, for pure and impure

magnetites respectively.

(106, 107) investigated the effect of the state of oxidation

Smith
of lean sinters and confirmed that the more highly oxidised material
was more reducible, This was associated with the presence of highly
oxidised minerals and a higher matrix permeability., Marked improvements,
in reducibility were obiained by high tempergture ( >10200C.) sinter
re~oxidation, Low température re~treatments were shown to be
ineffective.

Although reducibility work carried out on sinters has mainly
taken place on sintér beds in order to decide on its Blast furnace

suitability little serious work has been carried out on determining

the reduction mechznisms involved in the sinter piece, There is little
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agreement between the work that has been carried out.

Oxidation and thermal treatment is well-~established as an
improving treatment but little atiempt has been made to separate
the thermal effect from the oxidaticon effect. Almost no work has
been carried out in the low tpmperature region {(i.e. less'than
devitrification temperatures) in ordef to decide whether such

treatments arc Blso useful,
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CHAPTER 2

EXPERIMENTAL DETAILS

2,1, INTRODUCTION

The purpose of kinetic studies can be to determine the rate of
reduction as a function of:
(i) factors peculiar to‘the solid sample in its initial
state, i,e, chemical composition, micrographic
structure, porasity, shape and size;
(ii) <factors peculiar to the gas, i,e, total pressure P,
and composition on contact with the sample;
(iii) and temperature, Physical changes imposed by thermal
treatment are also possible,
In the present work both magnetite and lean magnetite sinters
have been investigated., In general, factors peculiar to the i?lid
sample and peculiar to thé gas have been kept constant, Mineralogical
changes have been imposed on the sinter by means of oxidation, The
major variable has been that of temperature.

2:.1,1, Magnetite samples

Single pieces of naturally occurring Kiruna magnetite were selected
within a weight range of 1150 j 50 mg, (The standard deviation was

calculated by normal statistical techniques using the arithmetic mean

xand O = | Z (x - §)2.
Al n~1

The total porosity.of the material was < 4% determined by means
of a simple mercury displacement method, (Sectidn 2.9.).

The shape of the samples was similar in all ceses and approximated
" most closely to a sphere of nominal dia, 8 mm,
The composition of the magnetiﬁé was i

Fe re’* $i0, | MO | ALO_| Cad | Mg0 | PO, | CO

6.8 22,1 3,50 | C.28; 1.88 C.45; 0,951 0,70 0,55
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Metallographically the magnetite consisted of dense equi~axed grains
with isoiated blocks of impurity. (Figure 8). Some of the samples
had a block&hmagnetite structure with cracks along the cleavage
planes, (Figure 7). No apparent change in structure was observed
when the magnetite was heated in argon to 1250°C and then furnéce
cooled, Samples of magnetite were reduce& in hydrogen isothermally
at temperatures between 40000 and 110000,

Sinter Samples

Samples of sinter were taken from the Seraphim sinter plant
at the Appleby~Frodingham Vorks (Scunthorpe Group) of the British
Steel Cprporation.

The ~3" 4+ 3" fraction was selected from the éample taken from
the bunker discharge stream, The selected fraction was crushed,
ground to ~200 mesh and reconstituted into pellets by means of a
disc pelletiser using water as a binder, The pellets were si;tered
for four hours at 118000 in a pure argon atmosphere, The pellets
weighed 840 f 40 mg and had nominal diameters of 8mm and a porosity
of 11 © 1.4%,

Prior to sintering the structure was typical of lean Scunthorpe
Group Seraphim sinter, The micrographs (Iigures 8, 9) show euhedral
magnetite grains in a maeinly silicate matrix, with some wustite
dendrites (Figure 8) together with very small amounts of free iron,
Some hematite associated with ferrite laths could be seen where the
sinter was more highly oxidised, (Figure 9),

On sintering the conposite nature of the structure disappeared,
The wustite and ferrites becamé assimilated into the matrix and the

hematite into the magnetite, (Figure 10). The grains were dense

and there was some indication of a slight compositional variation
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across them, (Figure 11), The pores were, in general, fairly evenly

distributed (Figure 12), although in some cases they had become joined.

(Figure 13).

The ex-works composition of the sinter was:

TFe Fez+ Ca0l Sio Al _O_| MgO | MnO S K. O Na 0} C

TOT 2 22 2° | ey oxid
89,7

38,701 11,201} 18,6} 14,7 7.03 2,40{1,07] 1,68}0,56} 0,20} 0,05

2.1.4,

A check analysis was carried out which confirmed the ex-works
analysis,

Oxidised Sinter Pellets

Sinter pellets were fully oxidised at SOOOC, 750°C and 1000°C
in a steam of oxygen and then reduced in hydrogen at SOOOC. The
samples were fully oxidised, The (0/Fe) atomic ratio was increased
from 1.35 to > 1,5. The porosity showed little or no change when
oxidised at 750°C and 1000°C. However, oxidation at 500°¢C resglts
in an actual porosity increase of 4,6 i 1,5%. The pellet surfaces
when oxidised at 50000 became flaky and in some cases shelled off,

Thé oxidation of the magnetite grains, at 750°C and 100000,
to hematite could be clearly seea netallographically, (Figure /659,
Some oxidation of the matrix had also occurred, At 5OOOC although

the pellet weight change indicated full oxidation to hematite there

was little difference in the state of oxidation metallo graphically,

(Figure /66) and ihe samples were magnetiec, It was considered that
the magnetite had oxidised to maghemite (K-Fe203), which forms

. X o ! o, (11
easily at low oxidation temperaturesof the order of 5C0 C,
There is nooptical difference between magnetite and maghemite, The

physical break~-up of the pellet shell could be seen clearly,

Thermally Trecated Sinter

Sinter pellets were heat trecated in argon at temperatures

o) o
between 5C0 C and 1000 C, An optimum temperature for reducibility
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improvement was found to occur at 75000. At this temperature heat
treatments were carried out for different combinations of heating
and cooling rates,

TABLE 1

PCROSITY %

TEMPERATURE oC BEFORE AFTER CEANGE

500 11,3 10.5 ~0.8
650 11,7 10,9 | -0.8
750 10.8 10,9 0,1
850 10.8 9,6 ~1.2
1000 11.9 10.8 -1.1

INITIAL INITIAL
HEATING COOLING
RATE | RATE |

(750°C) (750°C)

SH sC 10.8 10.9 +0,1 ;
FH FC 11.2 10.2 -1,0
SH FC 9.5 9.5 o
TH scC 9.8 9.8 o
SH = .64OC/sec - gslow heating
FC = wgas quenched - fast cooling
sC = .24OC/sec - slo& cooling
FH = plunged into hot zone - fast heating

Slight decreases in porosity were observed after heat treatment
except at 7500C where a very slight increase was recorded, Similarly
no change in, or a slight decrease in, porosity was noted when the
heating and cooling rates were varied at 750°C, Excepting those which
were heated at ;64°C/sec and cooled at .24OC/sec where a very slight
porosity increase was'recorded. There was little variation in pellet

diameters before and after thermal treatment,
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Eguipment

The pripcipal methods of following reduction are:

(i) microscopic examination of a section of the oxide

sample, after cooling, from various stages of.reduction.

(ii) determination of the loss in weight of an oxide sample,

The first method reveals the evolution of the sample structure
and discloses the distribution of residuzal oxygen between the diff-
erent phases, The second method allows precision balances to be used,

In the present work the metallographic and the loss-in-weight
methods were used in conjunction,

The Glass Spring Balance

The reduvction apparatus shown in Figure 14, consisted of a
glass tube (V) in which was suspended a pyrex glass spring (G) of
internal diameter 19mm with 0.4 turns/mm and a filament diameger of
.36mm, Hooks werc formed at the ends of the springs by mecans of a
very fine gas flame (provided by a drawn out glass jet)., The ends
of the spring were held such that, on softening, the hooks were formed
by the end leops falling into the required position under their own
weight. For improved accuracy the springs were annealed under load
for 24 hours at 200°C,

Attached to the end of thce spring was a Ilmm diemeter silica
extension rod (E) and sample holder (8) of nickel gauze, The weight
of the holder was adjusted before the commencement of each test so
that it wasg within 2mm of the indicating thermocouple sheath, The
tests were carried out in a refractory tube (R) heated by the
electrical resistance furnace (F).

The changes in weight of the assembly were determined by measuring
the change in position of the tip of the extension rod (E) by means

of the cathetometer (M) which could be read to ,05mm,



2.2,1.1, Temperature Control

Initicily the furnace constent temperature zone (hot zone)
was restricted to 25mm,. The contirol thermocouple (C) was positioned
on the Jurnace wincings at the hot zone pos 1tvon. Control of tcape
+ 0O

, . L S - - .
erature was carried out to 5°C at 1000 °C by means of a Kent Guardsnan

L tong .l

controller, A six~point recorder Ifrom the measuring P{/Pt -~ 13% Rh
themcaourle () recorded the hot zone tfemperature with similar sccuvracy,

Subsequently a2 new furnace was contour wound using Super=-
¥anthal to give a constant temperature zone of 40mm, The control was
carried out by & =olid state proportional temperature controller
(SIRECT MARK II) manufactured by C,H.S, Instruments Lid,

The teanpervature setting control consists of a fifty-turn slide
wire notenticmeter which was calibrated with the furnace and the
platinum resisfance thermometer so that the reauired sample temperature
could be eagsily selected., The control was better than i O.ZOC at
lCOOOC. The initial heating rate was 37 Cﬁ“ and the initial cooling
rate from to00°’c was /8°c/mm

A continuous balance potentiometier rzcorder was used in cone
Junction with this controller. The recorder was the Electronik. 124
lecorder manaufactured by Honeywell, By means of an off-set zero
acility the sample tomperatvre could be measured with a high degree
OI accuracy.

2.2,1.2, Calibration of the Glass Oprings

The glass tube was removed from the reduction apparstus and clamnped
in a dravght-free laboratory, The gloss cpriang, extension rod and
speciment helder were suspeanded vertically from the hook., The
contraction of the glass spriug was noted, after removal of krown
weights from the gspecimen holder, using a cathetometer to sight

4

onto the tip of the extension rod and meusuring its change of position.
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Details of the calibration of two springs are given in
Figures 1% and 16 which show the load-extension curves to be
linear over the whole weight range used for the reduction tests,

The spring constants were 13,9mg/mm and 21,3mg/mm respectively,

The less sensitive spring could measure a weight loss of better

than Img for the smallest confraction measurable by the cathetometer,
" For a sample weight of 1150mg the reduction of magnetite could be

measured to better than i 0.3%, Full extension of the spring did not

occur until 20 minutes had elapsed after applying the lcoad, This

period was, thercfore; allowed to elapse before commencing measure=

ments,

To confirm that the spring calibration when assembled in the
reduction apparatus, remained the same as when determined in the
prior calibration, the total weight loss calculated from the cal-

5
ibration constants of the spring was compared with the actual totgl
weight loss determined by an accurate analytical balance, A good
agreement was obtained: the measured values being always within 5%
of the actuzl values with a mean agreenment of i 1.,19%,. The method
was considered to be very satisfactoryfor the determination of
reduction rates,

2.2.2., Stanton Massflow Thermogravimetric Balance

The reduction work carried out on the sinter samples was done
by means of the automatic recording balance,; model MF-H5 manufactured
by Stanton Instruments Ltd, (Figures 17, /¢, /g),

2.2.2.1, Weighing Operations

The thermobalance is not a suitable instrument for ordinary
direct weighing operations, The balance records weight change and,
for isothermal measurements, buoyancy effects may be ignored,

The masinum sample weight is limited by the amount of weight
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loss the balance is capable of recording; i,e, 200mgs in this case
although the capacity of the balance is 2 x 104 mg, The weight loss
can be read %o t 0.1 mg, Thus for a sample of m8gnetite 0.7 g in
weight this sensitivity represents a reduction of better than
i 0.05%, The maximum rate of weight change which can easily be
recorded is 100 mg/min,

The weighing instrument is a precision air-damped analytical
balénce. There are no mechanical contacts on either beam and the

weight change is transmitted directly to the recorder by the capacity

followver system,

2,2,2,2, Temperature Control

The furnace tube is a closed-ended 50 mm diameter mullite sheath.
A refractory plug is placed over the sheath to reduce'convective heat
losses,

. S

The maximum temperature possible on the platinum~-rhodium bifilaxn
wound furnace is 135000. The temperature increases at‘QOC/min.
Furnace control is achieved by the use of automatic‘relays actuated>
by a geared synchronous motor driven cam, A smooth linear temperature
rise is achieved.

The recording thermocouples are set in series connection and their
combined millivolt output is recorded, The output from the therm-
ocouples is applied to a2 moving coil millivoltmeter on which the
indicating arm has been replaced by a vane which acts as one plate of
a variable sensing condenser., The other plate is a vane attached to
e Ffollower arm mounted co—éxially with the moving coil vane and is
arranged to move in the same arc, The follower vane is mechanically
coupled to the recorder pen shaft wvhich records in accordance with

the movement of the moving coil meter,



2.

S.

.-57..

The recording thermo-couple is an integrated sheathed thermo-~
couple of P@/Pt -~ 10% Rh, 1t is not possible to calibrate this
thermocouple by placing a potentiometer in parallel with i€,
Calibration was carried out by means of a fine Pt/Pt - 13% Rh thermo-
couple, The recorder operated to better than i 200. Schematic
diagrams of the weighing and femperature recording operations are
shown in Figures 17, 74, /9.

Gas Purification

High purify argon was used to flush the reaction chamber in each
balance during heating and cooling. Hydrogeﬁ was used as the re-
ducing agent, any moisture present being removed by a two-stage drying
system consisting of anhydrous magnesium perchlorate followed by a
3.175 mm Molecular sieve type 54 (aluminium calcium silicate)., The
gas flow rates were regulated by means of Rotameters. (Figunf 20).

The gas was allowed to enter the furnace from the top in the
spring balance in order to minimise buoyancy effects,

Critical Gas Flow Rate

In order to determine the critical gas flow rate samples of
. . . o,
magnetite were reduced in each balance by the same amount at 1100 C
rate which was later confirmed as the temperature for maximum re-
duction rates, No increase in reduction rate was observed at gas flcow
rates in excess of ,08 litres/second of hydrogen, (Figure 2/). A
.17 litre/sec flow of gas was, therefore, considered adeguate for

both the spring balance and the mass flow balance,

Preliminary Tests

A small number of tests were carried out in order to determine
the accuracy of the weight loss metheds of determining reduction rates,
ngnk Tests

Blank runs were carried out on both the spring balance and the

Massflow balance using a Nickel ball to simulate the sample,
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The initial balance positions were noted. A flow of argon
of ,17 litre/sec was admitted into each reaction chamber and the

. o)
temperatures were allowed to reach and stabilize at 1000 C, The
argon was then replaced by hydrogen flowing at .17 litre/sec,

A small amount of turbulence occurred initially, on each balance,
as the gas change over was effected, This lasted for less than 60 scc,
In the case of the spring balance no chenge in the position of

the glass spring was noted at any stage during the blank run,

In the case of the Massflow balance an apparent increase in
weight was noted as the temperature increased, This was due to
buoyancy effects which can be neglected when determining weight changes
at isothermal test temperatures. There was no change in the cold blank
weights as determined before and after the test sequence.

Subsequent tests were carried out using a magnetite sample in the

5
case of the spring balance and a sinter sample in the case of the
Massflow balance, Agreenents between recorded weights and weights
! . . S ¢ +I’0/
measured by means of an analytical balance were withinX 6 % and £ 5 %
respectively.,
Test Series

Following the preliminary checks for accuracy a series of tesis
were carried out in order to determine the reduction behaviour of
almost pure magnetite and lean magnetite sinter, This was done by

. . o
reducing samgles of magnetite at temperatures between 400 C and

o s . , ) o
1000 C, and by reducing sinter pellets between 700 C and 11C0 C,
The effect of oxidation and thermal treatment of the sinter pellets
was investigated by reduciang samples which had been oxidised at

o} o o s .
500 C, 750 C and 1000 C and samples which had been heat treated in

. RS -0 . - .
argon at temperatures between 500 € and 10CGO C, The effect of varying

. 94 y . . apLe) . . .
heating and cocling rates on sinter pelletsat 750 C was also investigated,
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lletallographic Preparation

The reduced samples obtained from the above tests were examined
metallograpgically.
Mounting
The samples were mounted in a cold setting epoxy-resin using
hardener 950 supplied by CIBA; The samples were vacuum impregnated
by means of a vacuum dessicator connected to a single-stage rotary

pump, vacuum being applied for a maximum of 30 sec, in order to

‘prevent loss of hardener which has a high vapour pressure., The resin

was allowed to harden slowly over 24 hours, The samples were then
sectioned across the diameter by means of a water cooled diamond'
wheel, The sample surface was cleaned and then re~impregnated by the
cold setting resin, When hard the samples werc hand polished under
paraffin on carbide papers until scratch free at 600 mesh, Sgbsequentm
ly prolonged polishing was carried out using automatic polishers and
diamond wheels., The magnefites were found to be more difficult to
polish. The most successful sequences for both magnetite and sinter
were as follows:

240 mesh

Stationary carbide papers

)
)
440 mesh ) using paraffin as a
)
)

600 mesh lubricant,
.
‘ ”__/’/ \\\
MAGNETITE “=~ > SINTER
18 hre. ﬁyudiamond 8 hrs, G//&diamond
4 hrs. %/4diamond 2 hrs, l/A‘diamond
2 hrs, %/<diamond 1 hr, %/M-diamond

Microscopic Examination and Photograpvhy

The samples were cxamined using a Zeiss pnotomicroscope with
normal illumination, Photographs were taken using an automatic ex-

posure meter and a 35 wn {ilm,
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X=ray Diffraction

The various sinter pellets heat trezted under argon at 75000
(for the vafious heating and cooling rates) were ground to a fine
powder and ¥-ray diffraction techniques using z Philip's set were
employed in order to inveslipate any crystallopy anges waich
might have occurred.
. A Co - K;< target was used with an iren filter, The current uscd
was 10 mA with 32 KV. A Stralmanns f£ilm set up in a Debye—Scherrer

camera was used, The negatives obtained were compared with each other,

Electron Probe Micro Analysis

Sclected samples were piepared for electron probe micro-analysis,
A layer of carbon waé vacuum deposited onto the polished surface of
the samples, They were then subjected to the electron beam; the emitted
X-rays being analysed by the SiMZA Electron Probe micro~analyser man-
&

ufactured by AE,I,

Porosity Desterminations

The porosities were measured by comparing fhe apparent density
of the samples with their true densities as measured by the specific
gravity bottle technique,

The apparent densities were measured by the liquid displacement
method, Liercury was used as the liquid and a porosity balance was
constructéd as ghown in Figure 22, The instrument operates on the
principle of a hydrometer, The piano-wire frame was weighted such
that the markevr just touched the surface of the mercury when there was
no sampie in position, With the sample in poéition weights were loaded
on to the pan-until the 1 crcésed upthrust was balanced and the pointer

again touched the mercury svrface,
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The calculation was:

W

1

Sample weight

1
Wz = weight to overcome increased upthrust
Wl = apparenf density
'{‘[""

(True density =~ apparent density). 100 = porosity %
( true density )

The true density of the maganetite was found to be 5.12 kg/1
and of the sinter 3,68 kg/l,

The accuracy of the porosity balance was checked using a steel
ball of known density in place of the oxide sample, A good agreement

was found,

2,10, Naphthalene Sublimation Experiments S
2,10.1, Introduction

In order to determine the value of the mass transfer coefficient
to an oxide sphere in a flowing stream of reducing gas it is necessary
to simulate this transfer in a2 non-reducing situation, i,e,. whereb
effects due to chemical ?eaction and product layer diffusion are
non-existent,

2.10.2, Technique

A material which sublimes at such a rate that its weight loss,
in a reasomnably short time, can be measured accurately, is reguired,

Naphthalene (CIOHS) or camphor may be used for this purpose,

Naphthalene was used in this wornk,

The C, H_ spheres were placed in the two different balances and

1018

the weight losses at diffcrent ges flow rates were determined,
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Sample Preparation

Naphthalene was heated in a glass beaker until just moltemn, i,e,
80 - 82OC. %he ClOH8 was then cast into spheres,

The mould wes made by casting a thermoplastic compound around
8mm dia, ballbearings, splitting the mould and removing the ball
bearings, The ClOHS was cast around fine suspension wire,

Casting several spheres together ensures that the spheres are
cast at the same temperature, This is to avoid changes in crystal
structure from sphere to sphere which can affect sublimation rates,

Similarly casting temperature should be as close to the melting
point of ClOHS as possible. Careful handling of the spheres is -

necessary due to their friable nature,

Temperature lleasurement

The vapour pressure of naphthalene is calculated from

= 5223 x 71,4 450 :
logyy V.P. (Cj M) ~0,05223 x 71,401 + 11,450 mmHg

o}

K
. o o © o0
A change in temperature of 2 C from 25 C to 27 C can change the
vapour pressure of ClOHB from ,087 mm Hg to ,105 mm llg, It is there-~
fore, essential that the temperature be measured accurately,
It should be noted that at temperatures greater than 4000 the
sublimation of ClOHS is so rapid that the sphere may disappear and

a final weight determination is not possible in such a case,
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CHAPTER 3

~

DETERIIINATION OF MASS TRANSFER CHARACTERISTICS

Introduction

The mass transfer coefficient to a spherical compact is given

by an equation of the form:

Sh = A+B Re)® (se) /3 (53)
where sh = &d (54)
Dg

Where equation (53) can be derived by application of the Chilton-Colborn
analogy between heat and mass transfer to the Ranz heat transfer
relationship,

/3

, b '
Nu = 2,0 + 0.60 (Re)® (Pr) (55)

Technique

In order to determine accurately the mass transfer cosfficient
to a sphere positioned in a sfream of gas in a tube it was necessary
to determine those values of A and B in equation (53) which are
specific to the tube-particle geomeiry involved in this work, The
values of A and B cannct be determined directly from the results of
the reduction experiments, It was necessary to model the reduction
system by replacing the oxide sphere with a sphere of a volatile
material which sublimed at a rate such that its loss in weight in
a flowing gas stream, at room température, could be measured

)

accurately over a reasonable time pericd, Naphthalene (ClOH8

which has a high vapour pressure, and sublimes rapidly atl room
temperature, was selected as being suitable for this purpose,

Measurement of mess transfer Cogfficients by the sublimation
of naphthalenc in an air stream was first used by VWinding and

141) . . -
Cheyney (141) in the study of heat transfer to a tube bank, and

. . (142) , i - (143)
has since been used extensively. llost rcecently Campbell
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has used the technique
coefficients in reduc

The weight loss o

4.-
in order to deiermine mass transfer
tion systems,

£ naphthalene can be mecasurad accurately over

a short time period, The Beynolds (Re) and the Schmidi (Sc)

dismensionless numbers
physical dimensions-of

By calculating Re

(eguation 53) are characteristics of the
the system and of the flowing gas stream,

and Sc and by measuring the specific weight

of the naphthalene spheres at different hydrogen flow rates
P \

.then the mass transfer : coefficient of C, H_  from a sphere, in

108

of the balances can be determined.

each
The values of the constanis A, B and n in equation (53), can
then be calculated, These values can be substituted in equation
(53) and a new mass transfer coefficient for the transfer of
hydrogen across a H2 - HZO boundary layer to an oxide sphere can be
. .
calculated for cach of the two balances uscd in this work,
Reynolds Number
Re = V. d, (56)
Z/
H2
where V = flow rate cm.sec &7
AL - &
hmidt b /
Schmidt Numbern )}L‘ varies with
€ . 152)
/ temperature
S¢ = W¥u
2 (Figure 23) (58)
D O
B 10"
Mass Transfer Coefficient
Ke B =t kT oc 5
1ol 2. k. T cm, sec (59)
RV é |
- 0 ~1 “"l ~
where n = __ . w_ = g.sec mol ¢<0);
tx 60 xH,
sl
ClO 8
—_— 2
S = W od (61)
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V.P .. = (V.P, - V,P ) atmos 62)
eff C1os .,LC].OHS
CX1T
Vhere' V.P,, . = antilog| -0.05223X + Y 1 atmos (63)
108 T 760
and V.P. . = P, M. W atwos, (64)
C10™s T
exit q :
t, i'uN. Qm."z. .

Values for: A Tyexdod .
‘ X can now be calculated and substituted into

ClOH8

equation (54),
have not been directly determined but

Values for D

¢ - T

1{2 Clo}“8

have been calculated from considerations of diffusion g¢oefficients

in air and assuming Graham's law,

) I{ 3 3
of C10 8“1n air, H2
n
Since Sh = £{d = A+B (Re) (Sc)l/s
LLd (65)
D
C.H = H
108 2
L
then Q(CIOHS =AD, y .y TB D, 4 (Re)™ (Se) /3
: 10 8 2 Y108 2
d d (66)

A graphical plot of;{b i versus Re (Figures 24, 2%)) will

1078
DC H o-q A/7d from which

therefore, give an intercept value of
108 2

A is determined.
Similarly values of B and n can be determined from the intercept

and slope respectively of a plot of log 10 Sh - A versus log IORG.
oo 173
(Figure 26, 27, 2
From these constants the value of tiie mass transfer coefficient

of hydrogen across a water vapour/H2 boundary layer to an oxide

sphere can be determined for each reduction unit,

P £LE A ey )
Diffusion Coefficient LH2-\%aO

3.1.2,
s
D - ; which is used to uetermineCKHQO - H,; has not been
H 5 H 20 2
determined experimentally at the reaction ter the

aperature used in

-

S . . . .
however, be calculated using various cmpirical

present work, It may,

equations,
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T 1+ 172
D = 0,0043| == el 1.5 s (144, 145)
1,2 \_"Hg MH20 . T after Guilliland (67)
: 1 2
L 1/3 1/3]
s
P X}Xl) + (V)7 |
3
2
‘ \ W
% 1
D, , = 0.00100 | MH, M5,0 . T arter Fuiler' 14617 (g,

s
1 2 :
The values obtained from equations (67, 68) were compared with

two values obtained from the equation:

— o Y ‘-% 7 g
D =3 g 2.k.T, (MH2 +'MH20)) . / ww 2]1D ) (69)

1,2
16
(

9° H20

MH M

Equations (GZL (68) are simple equations based on the assumption
that the gas molecules are rigid spheres., Equation (69) is based on
a rigorous kinetic theory involving the potential energy of&inter-
action between molecules., The force of interaction is the change in
potential energy with respect to the distance between the molecules,
How the forces between molecules vary as a function of the distance
between them is not known exactly, However, a fairly good empirical
pofential cnergy function is the Lennard-Jones potential.ﬂ.D is a
dimensionless function of the temperature and the intermolecular
potential ficld for one molecule of H2 and one of H20. This potential

field is approximated by the Lennard-Jones function, Equation (68)

can be simplified to: .

1

3/2 l: -2 2
D = 0.,001858 T QL.+ M /MM /PO~ n ﬂ.]
L L d . ‘) 0
1,2 . H, 107" H, "HO H, =10 (70)
Vthere the Lennard-Jones parameters are:
d\’ —F = | g + &%
HymH0 -:15 ( i, HZO) (71)
—~ 1 :
and EH. ~H.0 = [(€ ) (& = -
o] H . 2
£ o2 2 ¢ 0,55 ( O,H0! (72)




- 67 °

. (147) i
From k and reading from tables J can be found,
6°,H2-H2"°
In this way it is possible to predict wvalues of Dx2 to within
6% (~1 e parameter is a measure of the deviation from

rigid sphere behaviour.

Values for Dn were calculated for the temperature range used

1

in this work from equations (67), (68), The values were compared with
two values calculated from equation (70). It can be seen from Figure
26 that Fuller’s equation (68) corresponds closely to the two wvalues
from (70), Consequently, Dwaivalues calculated from Fuller’s equation
were used in the mass transfer calculations,
Discussion of Mass Transfer Results

Determination of A

Despite the extreme care employed in preparation (cast at 8OOC
4-
0,5) and handling of the naphthalene spheres. Figures 24- , 25",
exhibit a large scatter of data for the naphthalene sublimation work.
This may have been caused by loss of material due to friability or
to variation in grain structure.

In spite of the scatter of data results reflecting the differences
between the two balances used in this work, were obtained.

From the statistical ’'best 1line5 plots (Figures 26 ,,27 )

the intercepts on the y axis were determined for Re = O,

~ ClO0HS at Re = 0 = dh -C_ H A (73)
a*Q lu o

Diffusion Coefficient DT il
2 “ 10 8

This was determined from the value of the diffusion coefficient

2 -1 (148)
for air in CHOHO (DO - ,0513 cm sec ) and the mean ratio

of the diffusion coefficients of hydrogen ~ organic compounds to
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(148)

air-organic compounds (mean DOH “vx )
. .-_,.‘%- - 3_Q€
o’mr-x
. 5 _
Thus D 4 =0.0513 x 3,92 = 0,201 em” sec  at 0°C,
2 7108

By substituting this value into equation (73) the values of A were
found to be:

A 21,0 for thé Stanton Balance,
and A X 4.0 for the Spring Balance,

3ce2.3. . Determination of B and n

From equation (66) it can be seen that a plot of log..Sh = A
RV

Re would yield a value of 1og10 Sh - A = logloB at
1/3

Sc

ersus log
vers °210

Re =
log 10 e =0
Thus B can be calculated and n is the slope of the line,

_ . %
From the graphs (Figures 26, 277 the values were found to be:

B = 0,1454; n = 0,1656 for the Stanton Balance,
B = .0,2148; n = 00,4091 for the spring Balance,

Thus the equation describing the physical characteristics of the

two balance systems are

7 0.33

0.1
1,0 + 0.14 (Re) (8c) Stanton Balance (74)

Sh

il

41, .33
4,0 + 0,21 (Re)o' (Sc)0 33

1

and §&h spring Balance (75)

From the values of the constant A in equations (70), (71) it can
be seen that the mass transfer coefficient of the spring Balance will
be of the order of four times that of the Stanton balance for the
same gas flow input. This is associated mainly with the smallér
dianmetexr of the spring balanée system which resulfs in a higher Reynolds
number, The simpler gas flow configuration of the.spring balance will

also tend to increase the mass transfer cocfficient, This difference

is clearly exhibited in Figures ‘29, 20 .,
el o s
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3.2.4, Determination of Mass Transfer Coefficients

By evaluating the terms in equations (74), (75), the Sherwood
number and hence the mass transfer coefficient may be determined,

The values of D (calculated from equation (68) and 5}%2

~H¢l
152
the kinematic viscosity (from tables (15 )) are substituted into

equations (56), (58), to determine Re and Sc, It should be noted

that both ‘X and D . vary with temperature, (Figures 23, 28,

it H o7l 20

.The values for Re, Sc and DP - g o &re substituted into the
2 T2

equations below. (Equations (74), (75) rearranged),

o
K -~ = " . a ) a <.
H, =~ HO DH2 - 1,0 (1.0 + 0.1454 (re) O+1656(g y0.33 | Stanton

d
Balance (76)
Ve .
00,4061 .d;> sprin
§<H -HO =D (4 C + 0,2148 (Ro) ” (uc) : &
2 2 H, - HO
2 2
a &
Balance
The values for p¢ were calculated foir each recction
HZ - HZO ~
temperature as shown in Table 2, The change inCXﬁ -7 0 with tem el
2 2
erature ig shown in Figure 31, It will be noticed thattK'H -1 0 is
2 2

much less temperature sensitive in the Stanton Bezlance than in the
spring balance, It will also be seen that at all temperatures the
mass transfer coefficient for the spring balance is significantly
higher than for the Stanton Balance, even though the gas flows
used in the reduction tests in both balances considerable exceeded
the so called critical gas flow rate as determined previously in
this work, (Section2.4,)

3.2.5. Effect of Mass Transfer Cozsfficient on Reaction Rate

The rate of a reaction controlled by mass transport through

boundary layer is given by:

. .2
i o= 4T, tr-h grp J -[p_"{
el b h2-

3 (79)
RT - )

s
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On rearranging:

g = A, R, T ' (79)
)

The expression on the left hand side of egvation (738) is the
"driving force for the reduction reaction and eguals the difference Betuween
the partial pressure of I-I2 in the bulk gas stream ([PHZ] . =
1,0 at) and the partial pressure of H2 at the sample surface [ PHZi]S.
The values of [EHI-] have been calculated from equation
(79) and are given, for iif;erent reducing conditions in Tables 3-6,
In these calculations 1 was used relative to a five minute period
between the third and eighth minute after the commencement of gas
flow rather than from t = O to allow for possible variations in gas
composition during the period immediately following the introduction
of H,. ' : 5

A plot of partial pressure of hydrogen at the sample surface

- 4
( LPH ] ) against the specific reaction rate (i x 10°) shows that
27 s :
as the reaction rate increases, so the value of[:PH J decreases,
' 27 s
(Figure 32).
-
It is particularly noticeable that the value of L?q ] for
27 s
magnetite pieces reduced in the spring balance is much higher than
that for magnetite pieces reduced in the Stanton Balance for the same
specific reaction rate. Clearly, this is because the higher value
for the mass transfer coefficient in the spring balance is resulting
in a reduced resistance to mass transport across the gas film boundary
layer around the sample, This means that a lower apparent driving

Torce for reaction is required in the spring balance than in the

Stanton balance for the same specific reaction rate,
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From examination of a plot of the hydrogen partial pressure
at the‘sample surface versus temperature (Figure 33) it is appérent
that the %aster reacting magnetite pieces have a value of [PH;]F

£ 0

much closer to equilibrium than the untreated sinier pellets, This
is in spite of the large difference in mass transfer coefficients
wvhich would tend to reverse this effect,

Where the sinter pellets were tﬁermally treated or oxidised
fheir specific reaction rates increased sufficiently for the value
of the surface partial pressure of hydrogen to fall below the value
required for the sample to reduce to Fe initially, This effect is
shown in Figure 34, However, as the reaction rate slows down as
reduction proceeds then[PHr] increases to a value above the

27s

equilibrium value and reduction from FeSO4 through FeO to Fe can

proceed,
.

This same effect will occur with small magnetite pieces reduced
in the Stanton balance (Table 3),

CONCLUSIONS

Although, in both the Stanton balance and the spring balance,
the so called *critical gas flow rate' was exceeded at all times there
is still a large difference iﬁ the mass transport behaviour in the
gas phase between the two balance systems,

Clearly it can be seen from Figure 34 that where the specific
reaction rate (initial) of differently tfeated sinter pellets was
substantially increased when reduced isothermally at SOOOC then the
rate at which the reductant gas was consumed became greater than
the rate at which it could be supplied to the sample surface, This

caused the value of[P_

| H‘] at the surface to approach the value,
T2

requiired by the equilibrium, for complete reduction to iron. Thus

reduction to FeQ only could occur; until the resistance of the FeO
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product layer to gaseous diffusion increased, such that, the specific
reaction rate decreased and the value oi?[PHA] was allowed to
27 s
reach the value required for reduction through iron,

It can be concluded that, where the specific reaction rate
increases, the driving force for the reduction reacticn in the Stanton
balance is decreased, The driving force may, in fact, decrease such
that the equilibrium conditions for reduction to iron are not
achieved until the reaction rate slows due to product layer resistance,

Where slowly reducing materials are used in the Stanton balance
then the value of [PH J maintains an approximately constant gistance

2 s
from equilibrium over the range of lemperatures considered,

For more easily reduced meterials, such as the magnetite, the

value of [PH‘] will always approach the equilibrium, if reduced in
2
the Stonton balance, .

Vhen these materials are reduced in the spring balance then

[PH 1 is always above the equilibrium value, Although the distance
27 s

from equilibrium is not so great as for the sinter pellets reduced

in the Stanton balance,

It is apparent from the above discussion, that comparison
between resulis on the different balances must teke into acccunt
differences in mass transfer characteristics shown to occur above,

In addition, very fast reducing materials will, on the Stanton

alance, be affected by the gasecous mass transport through the
boundary layer,

The above eifccts are a direct result of the four-fold
difference in the mass transfer coefficients of the respective
balances, This is in turn due to basic design differences between

the balances, From Figures .29~., and 30 .. it can be seen that the
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'simpler.deSign of the spring balance allows the gas to flow smcothly
around the sample, The narrow tube diameter, compared with that of
the Stanton balance increases the Reynold's number and hence the
mass transfer coefficient, This effectively reduces the resistance
to mass transfer across the'boundary layer. For the same gas flow
rate the wider tube diameter of the Stanton balance causes the
Reynolds number to fall, Hence the mass transfer coefficient is
reduced and the resistance to mass transport across the boundary
layer increases, The flow rate cannot be substantially increased
since the reaction tube is forced clear of its sealing ring when greater
than a slight positive pressure is apglied. In addition the gas
inlet tube is sited, such that the reducing gas has first to rise’
and fill up the reaction tube from the top, gradually forcing out
the purge gas, &

There is no restriction of gas access to the pellet within the
crucible, This is apparent on metallographic examination of the
reduced samples which shows that the reduced layer evenly penetrates
the sample,

For the same gas flow rates the diameter of the Stanton balance
reaction tube would have to be reduced in order to achieve the same

mass transfer coefficient values as the spring balance,
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CHAPTER 4

MATHERMATICAL TREATHMENT

Individual Laws

Some of the reaction rate laws wvhich may be applicable to
various stages of gaseous reduction of iron oxides were summarised
; . (106)
by Smith.

(i) Exponential Law

-1;1 t

(O/Fe). = e (80)

(0/Fe),

(ii) Phase Boundary law

3

1 - (0/Fe). = (kzt) (81)

(C/Fed,

(iii) Parabolic Diffusion Law

1 - (0/Fe)e (82)

(O/FG),L

i
=
W
P2
ol

(iv) LinearLaw

(0/Fe)e = =kt (83)
(O/]?‘e).L ‘

-k_t 3
These laws simplify to ot:/O.L =e 1 : OE/O, = (1 - kzt) ;
0./ ’“' o)
= -k . t = - ; ) i
& OL (1 5 t) and /01 k4t respectively, (Equation
84 ~ 87).
The time and weight loss data from the reduction experiments was

fitted to ecach individual law in turn by the 'least squares' method,

The weight loss data was converted to the oxygen-iron atomic

ratio:
Initially
.. 3+ ' . 2+
(0) = 0 assoc. with Fe" 4 O asoc., with Fe~ , at.wt.Fe (88)
(Fe %{ o/oFeq 4 at,wt,0

3 2+
0 = 0 assoc. with Fe ﬁ.o assoc, with Fe - wt. loss (89)
e % Te %Fe,  x initial
(r )t Y Ictot . ,oreto_t 1

sample wt,



-74—'
The calculations were carried out on an IBiM 1130 computer,
The language used was Fortran 4, A full programme listing can be
seen in Appendix I,
The results of individual computer runs will be discussed in
the appropriate sections,

Combined Laws

From the data plots against the individual law plots {¥igures
118 ~ 126’175 -~ 181) it became obviocus thata single individual law
cannot fully express the reduction situation,

It was, therefore, decided to produce a general law in order
to describe the reduction situation more closely,

The individual laws (equations 84 - §7) given by Smitﬁ (106)
were examined and it was concluded that a combination of equgtions
(81), (82) could best describe the reduction curve., The liqpar
law was not considered, In addition the exponential or first order
law, is normally considered to apply to homogenous situations where

a1l parts of the reactants are taking part in the reaction at the

same time, rather than, as in this instance, a heterogenous situation,

(Mowever, it will be seen later that a valid exponential law can
apply).

The general law developed initially is hown in eguation (892).

3 —

gw =A (1 -kt) +B(1-ky %) (803
where i, and B were considered teo be ‘weighing factors' for the iwo
terms.

A 'least squares fit' of eguation (80) to the data generally
gave a better fit than any of the individual laws,

The terms in equation (90) were considered more closely, The
parabolic law was derived for planar surfaces, In the case of a2

sphere a sphericity factor should be applied. This, however,
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assumes a non-contracting reaction surface, The parabolic law as

(106)

defined by Smith would, therefore, only apply in the early
stages of reduction where area can be regarded as approximately
constant, Many corrections, other than the sphericity factor, have

been made to this law,

(39)

The parabolic law has been shown

(39)

Grinstling and Brounshtein used a modification of Barrer's

equation for steady-state heat transfer through a shell, This

(120)

equation was similar to that reported by Themelis and Gauvin

where: 2 2
~D T @/:v:'0

]_f.-tRx:-_' (6 )e . (91)
(7 2)
Equation (91) was developed from Fick's laws and is, in fact,

an exponential law of the same form as equation (80) stated by

Smith (106).

%
The invalid parabolic term in the general law was, therefore,
replaced by the more general diffusion term derived from Fick's

laws using spherical co-ordinates,

for radial diffusion

2
at (3,2 © dn) )
with u as Cr
2
du = D, du_ (93)
i 2
LD ar
this solves to
2 2(3
<) ~Dn T /r 2
Rx = 1 -6 jg 1, e o (94)
— 2 2
1Y) n
n=1
For @ =0
[y 2
Z e A s T =
2 6 (85)

to be invalid for spheres.
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and
-k O
e —> 1

therefore R =0 at @ <o

-

For small times

- k0
- R_.=1~¢ 96
» e - (96)
this approximates to
~k G —4l @
R_=1-4 (e r1e Y, (97)
X 5 4
=k & “4k 3 ~0k &
or R_=1-236 (e P e (98)
x 49 2 9
For large times
..}:G
R =1-6 e (99)
X. — ‘
2

The magnitude of the additional terms in eguations (27), (98}

. i )
were evaluated for the time scales used in the present work, Newtons

iterative technique was used tc solve the expressions; ke
using equation (97)
~X
and letting e ct =X
4
therefore R =1 ~4 (x+ 1 x) (i00)
X 5 4
and solving the bracket
4
therefore R_ = 1 -4 x +1x (101)
X 5 5
simplifying
4
BB = 5 ~ 4x = X .(102)
X
Values for 3& were substituted into (102) and the guartic solved
iteratively.

Values for D as calculated from equation (86) were compared with
those values from the expansion (97),
The comparisons are shown in detail in Table 7; a summary is

shown below,



time (mins) 10 80 ‘180

!
D x 1O5cm.sec 8.3 0.68] 0,23 from equation (96)

" " " "

7.71 0.60; 0.19 (87)
Because the parabolic law {equation 82) was now considered to be
invalid the parabolic term in the general cguation was replaced by
the exponential law term:
% - aa-NYH sza- k) (103)
0.
i

The form of the first term is in fact, the same form as equation
(80).

However, when one of two terms in a general equation is an expon=
ential term it becomes difficult to programme, The exponential term
was therefore expanded to its series,

S LI PRt ... | (104)

The first term of the expansion was taken and the general equation

O .
became: _t =4 (1 -lkt) +B (1-k )3 (105)
O—-—- 2

i
for ease of programming,
In addition to the computer calculation for the "best fits"
to the reduction data a manual technique was also used,

The data was plotted against each of the exponential and the

surface reaction laws in order to obtain a straight line plot, such

that:
~log. (0p) = k.t " (106)
e = 1
(7))

and a plet of loge (0L) vs t yields a slope of value kl

(0.) ‘

9

Similarly

3 .
1l - ’ O« =k 1 (107>
-6"-' ] 2

3
A plot of 1 - / O¢ versus t yielding a slope of k2

———

i.
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Thgse curves are shown in figures 119-~126; 175-~181, It can
be seen that in almost ali cases the straight line portion is only
par? of a ;urve.

This shows that neither of the two laws is controlling exc;us~
ively the rate of reducfion.

¥From consideration of équation (103) it can be seen that a zero
time the exponential term becomes zero and the cubic term becomes one,
| The respective kl and k2 values were, therefore, taken from the
initial straight line portion in the case of the chemical law
(Figures 119-126, 175~181) and the final straight line portion in the
case of the exponential law, (Figures 118-126, 175-181), That the
final part of the exponential law plot is in fact a straight line
is shown by taking the initial (O/Fe) ratio as being the value at

the time the exponential straight line was considered to begin.

i

%

Equation (106) was then re-calculated on this basis and the graphs
for the exponential laws replotied, It can be seen that a series
of straight lines result indicating that exponential law (diffusion)
control is operating over the time congidered, (Figure 127),

The kl and kz values so obtained were substituted inte eguation
(103) and each term evaluated separately, These terms were summad
and the results can be seen in Figures (128, 129, 134, 182-184,

188, 190), It will be nofed that the cubic term in equation (103)
becomes negative at large times. The summation was not carried out

past these times,
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CHAPTER 5

REDUCTION OF HAGNETITES

Introduction

Single pieces of magnetite (with physical characteristics
previously discussed in 2,1.1.,), héve been isothermally reduced ovér
the temperature range 400°C to 1000°C. The samples were heated to
the reaction temperature in a stream of pure argon and then reduced
in hydrogen maintained at a flow rate of ,17 litre/sec for all tests.
The samples were then furnace cooled in a stream of argon., These
reduction tests were carried out using both the Stanton mass floﬁ
thermal balance and the semi-automatic spring balance,

The data from the reduction tests have been examined mathemat-
ically and the reduced sanples have been examined metallographicall&.

A

Effect of Temperature - "

Initially, densé, regular (Fig 6) magnetite pieces (series 1)
were reduced in the spring balance, The weight loss versus time was
recoxrded for cach sample, When the reduction rate became tco slow
to be measured, or when the reduction was complete, the samples were

cooled in the furnace tube in a flow of cold argon,

An initial plot of % reduction versus time R
wvhere % reduction = Wt, of oxygen removed
o - x 100

wt, of oxygen present initially
) 4. A E N 5 0 3> o ! oo
showed that between the temperatures 600 C and 800 C there was not
a progressive increasc in reduction rate as the isothermal reduction
temperature was increased, This ischown in Figure 35, Some variation

. ~

in rate of reduction at constant temperature of the natural magnetite
pieces were experienced but the relsationships plotfed in Fig, 35

show the mean rate temperature rciatiionships.



(o

w

- 85 -
Similarly a plot of the atomic ratio (O/Fe)t against time

showed no progressive change in reaction rate as the reduction

- temperature was increased,

In Series 2, magnetite picces of the same composition but

different microstructure were similarly reduced in the temperature
o o"! ' ? $

range 550 C ~ 800 C, Thesc samples have a ‘block-type’ structure
with cracks occurring slong the cleavage planes (Fig, 7)., Fig,38
reveals that the reaction rates again do net increase progressively
with reduction temperature, although the rates are generally slower
than for the previous series,

A third set of samples of the same structure as the series 2

3 O . AJ 0‘ -

samples were reduced between 400 C and 800 C using the Stanton mass—

flow balance, Thesce samples were of necessity smaller than the

samples reduced in the spring balance because of the massflow balance's

i
x

inability to measure weight losses in cxcess of 20 mg.

The same effect was apparent (Fig, 37) as in the previous two
cases,

In generai it can bé seen that the reduction rates for the sccond
two series of samples are slower than those for the first seriec,

Rate Liaxima and llinima

Further graphical plots of time vs femperature were made for

[

different levels of (O/Fe)t¢ These are shown in Figs, 38-40, 11
can be seen very clearly from these figures that there are distinct
reduction rate maxima ond winima occurring at specific tempzratures.

The results are tabulated overleaf,
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Tests ) Rate Minimum Rate Maximum
Temperature Temperature Comments
1. Spring balance 650°C prominent after
(O/Fe)f'= 0.9
Series 1 (e) prominent after
C
Magnetite - 500 (O/Fe)+ = 0,7
750°C
2, Spring balance 650°C only prominent
after
(O/Fe)ﬁ = 0,9
Serles‘z ’ QOOOC some indication
Magnetite
550°C
750°%C
3, Stanton balance o
Series 2 650 C prominent aftexr
Magnetite (O/Fe)T =0,9
550°C

5.4.

The time taken for each of thé (O/Fe)t ratios to be acﬁ&eved in
the series 2 tests is approximately 4 times that for the series 1
tests, For the series 2 tests the times taken to achieve the same
(O/Fe)t ratio were slightly longer on the spring balance than on
the Stanton balance,

The existence of rate minima and maxima can be explained by the
structures of the reduced samples,

. Metallography of Reduced liagnetite

This section described the detailed metallographic examination
carried out on original and reduced samples, special emphasis being

given to the structures obtained at temperatures associated with rate

" maxima and minima,

5.4.1.

Unreduced liasnetite Samples
D’ Sty »

Two types of magnetite have been reduced, The first (Series 1)

is a polycrystalline dense magnetite comprising non-porous and
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equiaxeq érains (Fig, 6), Thermal treatment in argon to 1OOOOC
and furnace cooling in argon gave no visible change in structuré,
confirming that any differences in micro-structure between the
reduced and original samplez are assgscciated with the reduction stage
and not the heating and cooling stages of the thermal cycles,

The second type of magnetite (Series 2) was also polycrystalline
and dense. However, the individual pieces exhibited heavy cracks

' cracked

along the cleavage planes resulting in a ‘block type
sample (Fig, 7.) Notwithstanding this fact series 2 samples reduced
on the spring balance at the same temperatures as serlies 1 samples
in general reacted more slowly although the rate minima.and maxima

temperatures remained the sanme,

Reduced Magnetite Samples

For case of description the metallography of the reduch
>
magnetite samples will be treated in three sections ¢~
i) equiaxed (series 1) magnetite -~ spring balance
ii) block type (series 2) megnetite -~ spring balaince
1ii) Dblock type (series 2) mapgnetite - Stanton balance

The sections will describe samples reduced isothermally at
0

Q
temperatures between 400 C and 1000 C,

5.4.2.1. Series 1 (spring balance)

65.4,2.1

Samples were reduced isothermally at temperaturcs in the range
O . e . . . . -
GO0 C to 200 C. On examination cf Fig, 38 rcduction rate minima were
" PR o} v ennS aq e 3 . .
seen tc occur at 660 C and €00 C with a reduction raite maximun
. o) _0
cccurring at 700 C -~ 730 C,

. . - ae s -0
1, Reducticn iate ilinimum 650 C

Samples reduced at temperatures around this rate minimm wers

exanined metzllographically.
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Micrographs of samples reduced a2t GOOOC, 6500C, and 700°C can
be seen in.Figs. 41 - 54, 1t can clearly be secen that there is'a
definite changé in the physical structure of the reduced sampleé as
the isothermal reduction temperatures progress through the rate
minimum temperature of 65000.

Magnetite samples reduced at GOOOC form a heavily cracked product
cqntaining fine(pores (Fig, 41), This is shown more clearly in
Fig, 42,

Considerable differences between the structures of the samples
reduced at SOOOC and at the rate minimum temperature became apparent
on metallographic examination, Distinct reduction bands were
visible in the latter samples to the naked eye and Fig.43 shows
a low power micrograph of this effect, The outer reduced layer
(Fig. 43(a)) was seen to be reduced iron with occasional gr%ﬁns of
retained ‘wustite' (Fig. 44). The pore size can be seen to be much
coarser at the sample edge than in the magnetite reduced at GOOOC.
The pore size becoming smaller in areas away from the sample edge
(Fig. 45), and retained wustite was still evident,

The less reflective area (Fig, 43(b)) consisted of a partily
reduced product with extensive coarse porosity and occasional finely
porous fully reduced grains (Fig. 46),

A comparable micrograph of the more reflective central zone
(Fig, 4Bc) shows much less coarse porosity in the partly reduced
product and extremely finely porous, fully reduced iron grains
(Fig, 47).

The existence of fully reduced iron grains in the sample centre
showed that some ges access had taken place, However, the low porosity

partly reduced product would slow down ges access to the centre such
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that a reduction rate mininum could occur.
The variation in microstructure with sample reilectivity
for samples reduced at 65000 is shown in Figs, 48-54. Visuvall
the sanple considered has a noticeable variation in reflectivity.

o~
,.,, \\{ _-Te ective.
,’_”(; ,:/ \\\

BT SD——reflective

- '

poolly ———
reflective

The reflecting outer portion of the sample is shown to be
porous reduced irpn (Fig. 48). The non~reflecting area can be seen
to5 bhe partly reduced (Figs, 49~51), Partly and fully redﬁced grains
are visible with large pores situated at the grain boundaries
(Fig, 49). The large areas of reduced material are porous proeduct
iron (Figs, 50, 51). The partly reduced areas have grain bbundaries
and pores bounded by product iron (Fig, 52), The central refleciive
area conteins less porous iron and a smaller degrec of general
porosity (Fig. 53). The less porous nature of the reduced product
is confirmed by comparison between Figs.‘és, 51 and 54,

Reduction of magnetite samples at 700% gave structures which
cdmbined the features cf those samples reduced at 65000 and 75000
(Figs., 55-57).

A porous, macro-cracked fully reduced product can be seen at
the sample edge (Fig., 553, However a highly reflective central
portion of very soft reduced iron can be scen (Fig, 56), The

sharply dcfined porcus - non-poirous boundary can clearly be seen

-t

>

(

ig, 57).

>

s s =~ 0
5.2.2,1.2, reduction Rate aximum 750 C

. . 0 - G il
The physical structure of magnetite samples reduced at 75C C

is markedly different from those reduced at the rate miniwma temperotures
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as can be seen from the series of micrographs (Figs, 58-61). A
reduced area at the sample centre can be scecen in Fig, 58, Occaéional
unreduced grains can -be seen surrounded by a layer of reduced iron,
The iron‘prbduct is very porous (Figs. 59, 60) with the more finely
porous arcas associatec¢ with grain boundaries and cracks, Samples
which have been nominally 100% recduced show occasional partly
reduced gréins. This can be gseen in Fig, 61, The partly reduced
grain is surrounded by an envelope of non-porous product iron, The
non~-porous product is effectively preventing access of hydrogen tc
the grain thus preventing gaseous reduction taking place,

Magnetite samples which had been partly reduced at 7500C were
also prepared, The topochemical nature of such samples can be seen
(Figs, 62-68).

A sample which had been reduced 56% isshown in Fig. 6221 The
reduced layer at the sample edge can clearly be seen, A partly
reduced area in the reduced layer is shown in Fig, 63, The porous
nature of the reduced grains can be seen as well as the commencement
of reduction of the unreduced grains as shown by the white or lighter
coloured grain edges. The non-porous nature of the original grains
contrasts markedly with the porous nature of the reduced product
(Fig, 63), Coalescence and contouring of pores in the reduced layer
are shown in Fig, 64, in which occasional partly reduced areas can

also be seen, The formation of pore ‘!

fronts' is also seen in
Fig, 65, At the reduced iayer - unreduced centre interface partly
reduced grains predominate as shown in Fig, 66 in which the early
stages of reduction around grain boundaries and internal pores are
clearly visible,

A more heavily reduced sample (75% reduction) is shown in

Figs. 67, 68, Again the 'whorl' formation of pores in the reduced
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outer 1gyer can be seen (Fig, 67). The unreduced grains in the
centre are shown (Fig, 68). A distinctive feature is the reduced
'tongue' of iron which Follows a single macro~craék into the centre

of the sample-,

5.4.2.1.3. Reduction Rate Minimum 900°C

A further distinctive change in the structures of reduced magne-
tite occurs as the isothermal reduction temperature increases from
the rate maximum temperature at 7500C. through tiie temperatures
800°C and 85000 to the rate mininum temperature of QOOOC.

Micrograsphs of reduced samples are shown (Figs, 62-77), Samples
reduced at SOOOC show a variety of structures varying from porous
iron product with contoured pores to non-porous reduced iron lining
partly reduced grains, .Partly reduced areas can exhibit evidence of
slight reduction at both grain boundaries and around pores (Fig. 69),
The fully reduced grains comprise porous iron, The partiy reduced
grains show non~porous iron lining the pores (Fig, 70) and fully
reduced porous iron structures existing at the sample edges (Fig.71).
A partly reduced grain enveloped by non-porous ircn can exist in an
almost fully reduced area (Fig, 72), whilst Fig, 72 shows the coal-~
escence and contouring of pores occurring at the sample edges, The
non~-porous iron layer fully envelops magnetite grains within the
sample preventing further reductioﬁ frem taking place (Fig, 74).

Samples reduced at 850°C exhibit to a lesser degree the charac-
teristics evident in samples reduced at SOOOC, (Fig, 75).

At the rate mininmum tcemperature of QOOOC reduced samples exhibit
to a large extent envelopes of impermeable iron around parily
reduced grains, Portly and fully reduced grainsg ars shown in Fig. 75,
the fully reduced grzains consisting of porous iron product, partly
reduced grains being suvrrounded by a dense iron shell, The conpact

nature of the product iron envelope is shown in Fig, 77,
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As the isothermal reduction temperatures are increased above
- o . . .
the rate minimum temperature of 900 C once again extensive areas of
of porous iron product are evident, contouring of pore fronts also

occurs at sample edges. These phenomena are displayed in Figs 78-80,

5.,4,2.2, Sefies 2 (spring bhalance}
Magnetite samples of a different initial structure (Fig. 7)
were. reduced isothermally in the spring balance at temperatures between
SOOOC and QOOOC. Reduction rate minima and maxima again resulted as
shown in Figure 40. The metallography of the reduced samples is shown
in Figs 81~82,

5.4.2.2.1. Reduction Rate Maximum 550°C

Isothermal reduction over the narrow temperature range 50000 to
600°C shows a rate maximum to occur at 55000.

At SOOOC the iron product appears dense at low magnificatigns
(rig. 81)., The 'block—type' nature of the series 2 samples can clearly
be seen, Reduction can be seen to have taken place along grain bound-
varies within the unreduced area (Fig, 82), The finely porous nature
of the reducedrproduct can only be secen at high magnifications (Fig. 83).

Fig. 84 shows retention of the initial 'block-type' structure in
the sample partly reduced at SSOOC. The product iron appears dense at
low magnification but the finely porous natufe can be seen at a higher
magnification (Fig.-SS)c The pores are larger than in sampleé reduced
at 50000 (Fig. 83). Restricted reduction has again occurred in areas
Vcontaining gangue (Fig, 86) compared with non-gangue area (Fig., 85).
Reduction in advance of the reaction interface can occur (Fig. 87).
This effcct being usually associated with cracks,

5.4.2.2.2, Reduction Rate Hinimum 900°C

The ‘block-type' structure series 2 samples reduced on the spring
balance exhibit a reduction rate minimum at QOOOC in a similar way to

series 1 samples, The characteristic non-porous iron shell can be secn.
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The macro-porous nature of the reduced product ;s shown in
Fig. 88, At the edge of the sample occasional unreduced grains
surrounded by a product iron Jayer can be seen. Co~existing non-porous
unreduced magnetite and porous ircn product can be scen (Fig. 89).
Pores within grains and grain boundaries are iron-lined (rrig. 90,
91). The non-porous nature of the reduced iron product is seen in
Fig, 92, the progression ol reduction from each end of a grain boundary
crack being clearly shown,

5,4.2,.3, "Series 2 (Stanton Balance)

Series 2 ‘block type' magnetite samples were reduced isothermally
between the temperatures 400°C and 800°C on the Stanton balance.

The rate maximum at 55000 and the rate mininum at 65000 are shown
on the time vs temperature plots (Fig, 39).

At 400°C the reduced structure is shown in Fig, 93, The tppochemical
nature of the reduction process at this temperature is shown in Fig.94.
The iron product is seen to be finely porous (Fig, 95),

Samples reduced at the rate maximum temperature SGOOC are shovn in
the micrograpns Fig. ©6~88, The ‘block-type' nature of series 2 samplesz
is clearly scen (Figs., 66, 97), The reduction is of a topochemical
nature with product phase nucleating at cracks (Figs, 96, 87). The
porous nature of the product is shOWn‘in F#ig, 98, The pore size is
finer than that of samples reduced at 4C OC,

o)
5.4.2,3,.1., Reduction Rate hMinimum 856G C

" . rmmCn o \ . . .
The rate minimum at 680 C is again characterised by a unique
microstructure, Notwithstandiug the block-type nature of the unreduced
structure, At the sample edge individual grains are completely reduced

internally and less fully at the boundary (Fig., 89), The iron product

n

=
i

/]

appears to be porous, Thi more clearly shown in Figs., 100, 101,



At the grain peripheries the unreduced areas are characterised
by the non-porous iron lining the pores, (Fig. 102), A curious
feature is the marked variation in degree of reduction on either
side of a common crack (Fig. 103, 104) due possibly to the grains
on either side of the crack having different orientations,

The variation éf porosity within samples reduced at 65000 is
shown in Figs. 105~107. A partly reduced sample is shown in Fig,
105, The central area of the sample which is more reflective to
the naked eye is also shown (Fig, 106), The iron product is more
dense than that in the less reflective area at the sample edge

(rig. 107).
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Porosities

Samples of the equiaxed magnetite as used in series 1 above
were reduced to different degrees by hydrogen in a reaction chamber
exhibiting the same tube/particle geometry -as the Lo
spring balance.(ls’ 138) The isothermal reaction temperatures
covered both the upéer and the lower reduction rate minima
temperatures,

The porosities of the cooled, reduced samples were measured
by means of the mercury balance described in Chapter 2 (Fig. 22).

The change in porosity with degree of reduction at 85000
was shown to increase almost 1inear1y up to 55% reduction then
exhibit a small plateau until 70% reduction when a linear increase
in porosity was continuea (Fig..108). At 900°C the porosity |
platear commenced earlier at 50% reduction and was more propounced
(Fig, 108). This porosity plateau is consistent with the occurr-
ence of non-porous product ircn which is a feature of the reduced
structure at this temperature, The commencement of the pléteau
almost coincides with the (O/Fe)t fatio at which the rate minimum

becomes prominent (Section 5,3, Fig, 38). As the reaction temper-—

ature is increased the plateau dissappears (Fig, 109) and the product

of reduction becomes porous,

The lower rate minimum temperatures could not be pin-pointed

.0 o : .

between 650 C and 750 C due to the large reaction temperature
intervals selected. However, plots of change in porosity with
degree of reduction again showed a porosity plateau, This occurred
between 35% and 75% reduction (Fig, 110), Again the commencement
of the plateau virtually coincides with the (O/Fe)t ratio at which

the rate minimum becomes prominent (Fig, 39) and the plateau is
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is consistent with the existence of a non-porcus reaction produc
An increase in the reaction temperature shows that the porosity

plateau quickly disappears as the temperature leaves the rate

minimum value,

Apparent Activation Energiles
The effect of temperature on the rate of simple reacticns can

be represented accurately by Eyring's Absolute Reaction Rate

theory:~
£ 45 :
k™ = Ek T} AS /R —nH /RT
r b e o €
(h)
or moVe simply by the Arrhenius equation:
k= Ae ~E/RT

The values of the apparent activation energy can give some

guide as to the poscible rate controllllg steps or to critical
S

temperatures at which such steps may change, 7

However the predicted linear plot of log kr against??
cannot be achieved for reactions where local rate maxima or ininima
occur within the temperature range being considered, Since the
reduction reactions is a complex chemicali and physical process
the activation energy more apprropriastely, should be termed the
temperature coefficient or, in order to identify its scurce, tane
tapparent® activation energy as used in this thesis,

The Arrhenius'plots for the hydrogen-reduced Kiruna magnetites
are shown in Figs, 112-117),

The series 1 plots (Figs, 112-115) show abrapt changes in
slope for all stages of reduction, The middie linear portion of

the plot gives a value for the apparent activation energy of

=
<
"~
8]
v
~

6,3 kd/mol. for the reduction stasge 1.3 to (O/Fe)t = 0.8

e
v

~

{Fig., 213). This value is of the order required for gacsous
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diffusion control over the range of temperature and degree of

reductiQn considered, The very definite breaks in linearity

occur at.the same temperatures at which the rate minima occur,
As the degree of reduction increases so the deviations from

the linear portion become more marked (Fig. 113). The values of

the slopes over the central portion of the plot increase slightly

to 15,5 kJ/mol as the degree of reduction increases,

In the high temperature portions of the plots i.e. QOOOC the
values of the apparent activation energy increase to 113 kJ/mol.
This value approaches that of the energy regquired for solid state
diffusion,

The ébruptly changing Arrhenius plot is repeated for the
series 2 samples reduced in both the Stanton and the spring balances
(Figs, 116, 117), the changes in slope being due to changes in
effective surface area and resistance to mass transport thrtugh

impermeable iron layers,

Mathematical Treatment

The possible reaction rate laws applicable to the hydrogen
reduction of mégnetites have been discussed in Chapter 4,

The exponential law and the phase boundary law were considered
separately.

In order to determinc whether either of these laws were rate
controlling the resultis were expressed graphically,

. o ey 39_; ] 9
Typical plots of 1 - 5 vs time (phase boundary law) and of
L

in (g;) vs time (exponential law) are shown in Figs, 118-121,
(0.)
i

The plots shown are for series 1 samples reduced in the spring
o e . . . o) o .
balance at the rate minima temperature 650 C and 200 C, and the
= . , o . ‘e
rate maximum temperature 750 C, In no instance does either law

hold true for the whole of the reduction time., In every case the
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the phase boundary law nolds for the first part of the reaction and
the exponential law for the last part of the reactions although
each law can be said to follow a straight line plof over the same
time interval, e.g. 0~20 mins, Fig, 118, ]

The change in control from ope law to another does not occur at

a specific (O/Fe)t rétio. A considerable interim period can elapse
between the end of predominantly phase koundary reaction control and
the beginning of predominantly exponential diffusion control,

The same effect was clearly apparent for the series 2 samples
reduced in the spring balance, (Figs. 122~124) and in the Stanton
balance (Figs. 125, 126),

In order to coniirm the predominantly exponential law control
during the latter stages of reduction the exponential law was
plotted for the time periods over which the general exponen%;al
plots had given a straight line, A selectiop of such plots are
shovn in Figs, 127(a) - 127(d), it is clear that a good gtraight
line rclationship applies over the time intervals considered,

Because of the overwhelming evidence for mixed control reduction
kinetics a combined reduction rate law was used to describe the
reaction,

A manual fit to 2 mixed control law was attempted, This
combined the expoential diffusion law and the phase boundary reaction

law, The changeover time between predominani control by phase

,

s

boundary reaction and by exponential diiffusion was taken as oo

Thus,
; 3
up to t. (T ) = {(0) . (1 =k t)
¢ (o),  Go 2
£ “H3
3 -}z 1 e
and beyond tc QJQ) = ) . (1 -~ kytc) + 1L -2 }1 (% tc)
(Fe (FeJ. '



"93-_

Where the change over time tc marked an actual change over in
control at that time a fairly good agreement between predicted
end actual (O/Fe)t levels could be achieved (Fig, 128(c)). VWhere
the finish of phase boundary reaction contirol and the start of
exponential control were separated by a large time interval a
good agreement between actuél and predicted values could not he
achieved (Fig. 129a, b, c),

This is a result of the continuously chenging values of the

constants k, and k2 (Fig, 130). Manual general law fits become

1
very difficult at this stage, Coﬁputer techniques were employed
in order to obtain a general law which would fit the data. The
development of the general law is discussed in Chapter 4,

The general law eqguation:

(0/Fe)y, =A (1 -k t) +B (1~ kt)° |
O/Fe): t 2 >

contained weighting factors A and B for the individual terms
describing the exponential diffusion and the phase boundary
reaction contributions respectively, Additionally, the computer
calculated 'best fit' lines for each of four possible controlling
laws, The rate constants calculated from the ‘*best line' fits
for the exponential and phase boundary laws were used in the
general- law eguation,

A data plotter weas used to plot the curves for each'individual

law and for the general law verzus the data,

w

iraphs of plots of data abstractced from reduction tests at
the rate maxima and ninima points for series 1 magnetites {reduced

in the spring balance) ore shown in Figs, 131-134,
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Atnthe rate minimun temperature GEOOC the phase boundary
law gives good agreement up to 50 minutes and the exponential law
good agreecment from 50 minutes (Fig. 131la). The computed general
law follows exactly the measured values throughout reduction
(Fig. 131b)., The computed law gives a slightly better fit than
the manual fit shown previoﬁsly (Fig, 128c),

For the second rate minimum temperature at QOOOC the
agreement between the calculated and the actual degree of reduction
for the individual laws is poor (Fig, 133a). The manual fit is
also pcor (Fig. 134c). A better agreement is obtained from the
cohputed general law (Fig. 133b),

At the rate maximum temperature (75OOC) the indivicdual laws
do not fit the measured values (Fig, 132a) a better fit is again
obtained from a combined general law (Fig, 132b), )

¥

The general law weighting factors A and B vary with tempera-
ture (Fig, 135b). At the rate mirimum temperature SOOOC there is
a marked change in the values of A and B in opposite directions.

At 65000 a slight charnge in A is apparent. At 7500C 2 more maried
change in B occurs,

The data plots for series 2 (spring) magnetites are displayed
in Figs, 136-138, Again it is clear that the uses of weighting
factors A and B sufficiently corrects the values of the individual
items»such that a reasonably good fit to the aata can be obtained,
Additionally the change in valuecs of the weighting factors with
temperature pinpoint the raye maximum position at 7500C (Fig,139b).

The data plots for series 2 (Stanton) magnetites are shown
in Figs, 140, 141, The weighting factors again correct a general

law curve to the values measured experimentally,
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It is manifest from the above observations that no individ=~
ual law can fully describe the reduction process, Nor, indeed,
can it beoassumed that the phase boundary reaction contrcls the
reduction kinetics initially followed by a change over to
exponential diffusion control at a particular (O/Fe)t ratio,
As previously. discussed (Chépter 4) the parabolic diffusion and
the linear laws do not appiy. In fact the contribution of the
individual terms in the general equation varies throughout reduction,
The weighting factors A, B are factors which vary throughout the
reduction period in order to accommodate variations in physical
parameters during reduction, The general law developed can thus
empirically define the reduction process,

In order to dynamically describe the reduction, process,
mathematical techniques beyond the‘scope of this thesis arg&required.

Discussion

Introduction

It is proposed to discuss the results obtained during the curreant
work at the cnd of each chapter, The discussion ﬁill be limited
to the consideration of actual results obtained by the author,

A more general discussion will be given in Chapter 7 where consid-
eration will be given to opinions, theories and results postulated
in the other published work,

Discussion

Distinct reduction rate maxima and minima have been shown
to occur during the hydrogen reduction of naturally occurring
magnetites, The existence of such maxima and nminima is independ-
ent of the unreduced structure of the magnetite, This is siown
by the existence of concurrent maxima and minima between series 1

and 2 magnetites,
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In this thesis the relationship between the reduced structure
of magnetites and tﬁe rate maxima and minima has been studied
in detail,

Rate minima have been shown to occur at the temperaiures
650°C and 900°C for both equiaxed (series 1) and 'block tywe®
(series 2) magnetite pieces, The rate minima have occurred at
the same temperatures for each material whether reduced in the
spring or the Stanton balance, The series 1 samplces reduced on
the spring balance have reacted faster than the series 2 samples.
The series 2 samples reduced on the spring balance reduced slightly
faster than on the Stanton balance, This is not-withstanding the
smaller sample size used of necessity on the Stanton balance.

The reaction rate difference is due to the difference in the nmassg
transfer characteristics discussed previousiy (Chapter 3) the

mass transfer coefficient from the sample to the bulk gas phase
being approximately four times greater for the snring balance than
for the Stanton balance. Thus the reaction rate for samples
reduced in the Stanton balance will have z greater boundazry layer
resistance to the diffusion of reactant and preduct gases,

The rate minimum temperature at 6500C is characterised by
three distinct macro-bands which can be seen in the reduced sample,
The macro-bands result from poroqnty variations across the sanmple,

L
The outer band comprises porcus spongy iron, the pore size being
larger than in those sampies reduced at lower temperatures. The
reduced grains in the inner .band were more finely porous but had

coarse porosity at the grain undaries, The central zone had a

much less porous iron product and 2 much lower degree of coarse

porosity. The fincly porous inner band and the aimosi non-porous
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product\in the core appears to have resﬁlted from the formation of
a stable, dense intermediate product phase of wustite., The denée
vustite would tend to form dense product iron and hence gés diff-
usion would be iﬁhibited and the reduction rate wculd slow down
giving rise to the rate minimum, The variation in porosity across
the sample may be due to loéal temperature differences as a result
of the endothermic reduction reaction., Above 57000 thé intermed-
iate oxide phase, wustite, becomes stable, At the isothermal
reduction temperatures GSOOC, 700°C the dense wustite formed within
the sample is at a temperature less than the bulk gas temperature.
‘This lower temperature causes lower diffusion coefficients, thus
resulting in.a slower rate of reaction with less diffusion and a
less porous product., At temperatures greater than 7OOOC, the local
temperature is sufficiently high to allow increased diffusion

%

coefficients and a high reaction rate with more rapid diffusion
resulting in a porous product, thus the reaction progfesses
unimpeded causing the rate maximum which occurs at 7SOOC,

The reduction rate maximum at 7500C is chéracterised by the
topochemical nature of the reaction front., This is displayed in
samples which are intentionally only partly reduced, The iron is
.porous and the variation in product porosity is not encountered,
However, the non-porous nature of the unreduced core contrasts
markedly with the porous nature of the iron, There cracks allow
gas access then reduction in advance of the interface can occur,
The formation of pore frontg occurs at and around this temperature,
The diagram beiow shows how vacancies are left behind the reaction.

fronits to form pores,

imtial ey N
vacane' 7 N

n. - - e |
Conc

decreasinﬁ o

{(ux of iron ion
latbite vacancies
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As the front progresses then pores are lef{i behind such that
their configuration is relict of the original reaction interface.
It is noticeable that reduction takes place in advance of the
general 'front' where cracks normal to the front allow gases
to penetrate,

As the isotherﬁal reduction temperature increases from 75000
the reaction rate decreases until a second rate minimum occurs at
QOOOC. The metallographic structure of the reduced sampl=s is
completely different from those reduced &t the 65000 minimum, As
the individual grains are reduced the product layver formed is
non-porous, Thus each grain becomes enveloped by a non-porous
iron layer. . Gas access is restricted and reduction stops. Sinter-
ing of the product iron provably cccurs at this temperature
preventing the formation of pores, - 5

As the reduction temperature is increased Beyond QOOOC the
reaction rate increcases very rapidly, The product iren being once
again porous, This is due to the rcaction rate or rate of advance
of the reaction front being faster than the rate at which sintering
can occur,

Determination of porosity changes with degree of reduction,

the rate minimum temp-

o

show definite porosity change plateau a

15, 138
erature. (15, ).

The low temperature rate nminimum plateau occurs between

~

25% and 75% reductions, The start of the plateau coinciding with

the (O/Fe)t ratio at which the rate minimum becowmes proainent,
The plateau is also consistent with the existence of a non-porcus
reaction product, The same phenomenon is evident at the rate

e O
ninimum temperature of S00 C,
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A\§tudy ofbthe metallography of the'reduced samples can
give, to some extent, the mechanism by which the reaction occurs,

Series 1 and 2 magnetite can be appr@ximated to dense oxide
spheres for mathematical purpcses, For a chemical controlled
reaction the shrinking core would retain the same geometry as
the original sample, For tfansport control the geometric shape
would become smoothed out or rounded since diffusion occurs more
rapidly at corners,

As the temperature increases transport control would reduce
on a macro-scale but may still be detected on a micro-scale in
the same manner,

At reduction temperatures below the GSOOC rate minimum the
reduction can be seen to be topochemical but not geometric (series
2) indicating predominantly mass transport control, The figely
porous nature of the procduct indicating that mass transport within
the pores as well as boundary layer mass transport is likely to be
rate controlling., As the reduction temperature increases the pore
size increases and the resistence to mass transport within the pores
and across the boundary layer is reduced and the reaction rate
increases., IFurther support for mass transport control is given by
the very good agreement between the exponential diffusion law plot
at 550°C and the actual data,

At the low temperature rate minimum series 1 samples have
been shown to exhibit topochemical reduction indicating again the
possibility of mass transporﬁ control, In the case of series 1
samples reduced at 65OOC the change in metallographic structure
across the sample suggests that both mass transport and solid state
diffusion can play a part in the reaction, Hanual plots of the

reaction rate laws indicate the possibility of initiazl chemical
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reaction control followed by mass transport control as the dense
wustite p?ase is formed, VWhen the time interval between interface
and transport control is small it became possible to manually fit
a two~stage reaction control model to adequately predict the
reaction rate, However, where the time interval is large this is

not possible and computer *best fit'

techniques are necessary
using empirical constants in order to fit the data, This was
carried out by the use of ‘weighting factors',

The rate controlling process at the 6500C minimum is considered
to be predoﬁinantly interface reaction in the early stages tﬁrough
a mixed control stage to a predominantly mass transport control
in the latter stages of redéction.

As the reduction temperature is increased to 750°C the metall-
agraphy of the reduced series 1 samples displays a wholly Eppochemical
but not geometric reduction, This indicates overall mass transport
control, Support is given to this by the exponential law plot
which holds for a large part of the reduction time, However,
interfacial reaction control is shown to he possib}e in the early
stages of‘reduction. |

Apparent activation energy calculations yield a value of
6.4 ki/mol which is of the same order of energy required for
gaseous diffusion,

It is probable that the predominant controlling mechanism
is gascous diffusion within the pores which becomes more difficult
as diffusion paths increase in length and tortuosity thus slowing
down reduction in the later stages,

As the reduction temperature increases from 75000 the reaction
rate slows until a rate minimum is ceaused at QOOOC, The

metallography shows that macro-topochemical reduction is now replaced
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by micrp~topochemical reduction, This indicates that initially
the interfacial reaction is controlling to be superseded by iron
' ion diffusion contrel through the sintered iron shell, This
'-theory'is supported by the individual law plcots showing predom-
inantly interface reaction control in the early stages followed
by mixed control followed b& predominantliy mass transport control.
It can safely be concluded that magnetite reduction by
hydrogen is not a simple reaction involving one rate controlling
step. It has been established beyond doubt that chemical reaction,
and mass transfer play a part to varying degrees not only at
different isothermal reduction temperatures but also within the
reduction path at the same temperature. The only satisfactory
way to describe reduction is by a mixed control mathematical
model adequately supported by metallography, .
The existence of two rate minima is displayed without question,
the cause of the rate minima being explained satisfactorily by

variations in metallographic structure,
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CHAPTER 6

REDUCTIiON OF A.F, SINTER PELLETS

Introduction

A batch of lean sinter produced from o home ore mix was
crushed, reconstituted into pelléts and the pellets re-sintered to
a constant porosity. The péllets were heated to the reaction’
temperatufé in a pure argon stream and then reduced in é stream of
hydrogen maintained at a flow rate of ,17 litres/sec for all tests,
The samples were then furnace cooled in a stream of argon.,

Reduction tests were carried out using the Stanton Massflow
thermal balance,

Additionally pellets were preheated thermally in both oxidising
and inert atmospheres before reduction, The data from the reduction
tests were examined mathematically and the reduced samples examined

’ %
metallographically,

Effect of Neduction Temperature and Thermal and Oxidation
Treatmentis, on Reaction Rates,

Effect of temperciure

Sintered pellets were reconstituted from crushed sinter; and
reduced isothermalliy by hydrogen at temperatures in the range
PN o o r . . .
700 C - 1100 C, The weight loss versus time was automatically
recorded by the Stanton haslonce, VWhen the reaction rate became too
slow to be measured, or afler 180 mins, the samples were cooled in
the recaction chamber in a flow of cold argon,

A plot of (O/Fe)t versus time shows thai reaction rates increased
with increase in temperature (Fig. 142). It is clear that the
. , . . ) A0 0
increase in reacticn rate is very larpge between 800 C and 900 C

. o, . R P e as

compared with any other 100 C interval., This effect indicates a

. . o
change in the controlling step between SOOOC and ¢00 C,
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Effect of Oxidation

In order to determine the effect of oxidation on reduction rates,
Sinter pellets were fully oxidised to an O/TFe ratio of >1.5 at
o o 0 .
5C0 C, 756 C and 1000 C and reduced at the slow reaction rate
e}
temperature 800 C, A plot of (O/Fe)t vs time shows conclusively
that oxidation of sinters enhances reaction rates for low reduction

temperatures to a marked degree, (Fig, 143)

Effect of Thermal Trcatment

The oxidation cycle is accompanied by thermal treatment, To
separate the thermal effect from the chemical effect, sinter pellets
were heated to various temperatures in argon, soaked at temperature
for 1 hour and allowed to cool, The samples werce then reduced at
SOOOC. A plot of (O/Fe)t vs time (Fig,l144) for samples heated and
cooled at the same rate shows that.as the thermal treatment $emper—
ature increases so the reaction rate increases, Particularly
noticeable is the reaction rate maximum which occurs for a heat
treatment tcmpergture of 75000. This effect was reproduced on
several occasions,

Further investigations of the effect of heating and cooling
rates (Fig,. 145) showed that this effect was only apparent for the
combination of slow heating and slow cooling,

It can be seen that raising the reaction temperature from
800°c to QOOOC, full oxidation, or thermal treztment at 7500C can
markedly increase reduction rates,

It is noticeable that the pronounced rate minima established
for magnetite reduction are not present. This may be a function of
the matrix surrounding the magnetite grains,

For example mass tronsfer through the matrix may be the

predoninant rate controlling stew, Such a mechanism would tend to
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give increasing reaction rates with increasing temperature.
Mechanisms operating within the ferruginous grain which cause the
existence 'of rate minima in relatively pure magnetites may not
have such a strong influcnce where 2 matrix is present,

The increase in reaction rate as a result of thermal treatment

o s : .
at 750 C may also be caused by a physical change in the matrix,

6.3, . Metallography of Reduced Sinters

The physical structure of the sinter pellet before anc after
reduction and after pre~treatment has been extensively studied,

6.3.1. Unreduced'Sinter Pellets

On microscopic examination the sinter peilet before re~sintering
was seen to consist of cuboid magnetite grains surrounded by a
matrix, The matrix contained wustite denrites, ferrite laths, some
hematite and occasional grains of free iron (Fig. 8, 9). :

.On sintering the matrix homogenised, the hematite, wustite and
ferrites were absorbed and the general porosity decreased, (Fig.lO0,
12, 146) The matrix appavently became two phase (Fig, 147). Some
bridging of the magnetite cuboids (Fig. 146) and some evidence of

conpositional veriation within the cuboids was apparent (Fig,11l).

6.3.2. Reduced Sinter Pellets

For ease of description the metallography of the reduced pellets

will be dealt with in three sections, i) Untreated Sinter Pelliets

ii) Oxicised Sinter Pellets iii) Thermally Treatsd Sinter Pellets,

6,3.2.1, Untreated Sinter Pellets

Samples reduced at 7OOOC display topochemical reduction
(Fig., 148), No.reactioﬁ could be secn to have occurred in advance
of the interface, At 2 higher magnification using oil immersion
techniques the reduced grains con be scen %o be porous and relict

of the original magnetitc cuboids (Fig.3i48). Examination of grains
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at the interface shows paftly reduced grains, Some grains have
reduced from the edge (Fig, 150) and some from within the grain
(Fig. 151) along specific_ﬁlanes.

The topochemical nature of reduction is continued at SOOOC
(Fig, 152), The reduced graing can be seen to be more fineiy
porous than those at 7OOOC and again relict of the original cuboids,
(Fig, 153) 1In general the gréins were reduced from the edge adja-
cent tc the sample surface (Fig, 154), An anomalous situation
occurred on one sample where reduction of grains in the centre of
the sample occurred (Fig, 156),

As the reaction temperature increased to 84000 reduction occurs
in advance of the main interface (Figs., 157, 158, 159), This effect
is enhanced as the temperature increases to 870°¢c (Fig, 160, 161),
Samples reduced at QOOOC, IOOOOC and 11000C were found té be
reduced throughout, The grains were porous bhut the porosity
appeared fine as the temperature increased (IFig, 162, 163, 164),

The change in reduciion from topochemical to gencral suggests a
change in the rate contfolling step from mass transfer within the
matrix to chemical reaction control,

6.3.2,2. O:idised Sinter Pellets

Pellets oxidised at 75000 and lOOOOC exhibited typical hcmatite
lgths occupying the original cuboid structure (Fig. 165a).- Fron
the colour of the matrix it could be seen that some matrix oxidation
had also occurred, The samples on reduction showed porous iron
grains throughout (Fig, 165b),

Those pellets oxidised at SOOOC did not display any hematite
laths (Fig., 166) the samples had, however, increased in weight to
a fully oxidised condition, It is considered that maghemite was

formed which is mctallographically indistinguishable from magnetite,
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The reduced iron product was seen to be porous (Fig. 157).

6.3.2.3, Thermally Treated Sinter Pellets

Although many of these samples in the unreduced state were examined,

-no observable differences were noted between them and the criginal

sintered untrezted pellet. No change in porosity hiad occurred and
no cracks or fissures had developed in the matrix., The samples
were to all intents and purposes unaffected by the treatment. There
was also no detectable difference between the sample thermally
treated by slow heating and slow cooling at 75000 and any other
thermally treated sample,

Porosities

Porosity determinations were carried out on all pellets before
and after treatment and reduction (Fig, 168),

Where untreated pellets were reduced the increase in porosity

) 4

was found to be almost directly proportional to thes degree of
reduction, In no case was there any measurable change in the semple
dimensions, Thus the porosity was a direct result ofvthe reduction
reaction removing ions as gas, thus causing residual vacancies wﬁich
coalesced to form pores within thé ferruginous grain,

The dependence of porosity change on dqgree oif reduction persis-
ted for oxidised and thermally treated samples,

Little or no changes in porosity were found after thermal
treatment and only small changes resulted from oxidation treatment,

Apparent Activation Energies

In order to determine the values of the apparent activation
energies the logarithnic rates were piotted against the reciprocal
of the isothermal reaction temperatures. (Figs., 169-174)

The energy velueg are given belovw,
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Reduction Temperature Apparent Activation Suggested
interval range C Energy KJ/mol Ilechanism
(O/Pe%t, (approx)
1,34 -~ 1,10 800 - 800 250 diffusion of ferric
>5CC i3 ions in magnctite
1,10 - 0,80 800 -~ e00 260 diffusion of ferric
: ‘ions in magnetite
> 900 1C0 diffusion of ferric
ions in wustite
0,80 -~ 0,25 800 - 200 280 diffusion of ferric
CoL . ions in magnetite
7900 66 Chemical reaction.
20 mins < 800 43 gaseous diffusion
8C0 - 900 220 diffusion of fewric
ions in magnetite
> e00 53 Chenical reaction
40 mins < 800 43 gaseous diffusion
800 -~ 900 220 diffusion of ferric
ions in magnetite
>9800 28 gascbus diffusion
100 mins < 800 50 gaseous diffusion
800 ~ 200 120 diffusion of ferric
ions in magnetite
> 900 8 gascous difiusion

For the interinediate temperature

e}
range 00 - 900 C for

reduction and time intervals the value of the apparent

both constant

activation

energy is consistent with the value of energy required for the

diffusion of fefric ions in magnetite,

(220-280 kJ/mol)

o
For the low temperature range <800 C the constant

lations give energy values commenswate with the enefgy

required for gaseous diffusion (40-50 LkJ/mol).

time calcu~-

levels

. o . . .
For the high temperature range > 900 C the value varies and it

ig difficult to assign consistently a possible reaction mechaonism,

Pesitively the points at which the apparent activation energy

plots change slope coincide with the tasperatures at wh

changes in reaction mechanism occur,

ich probabie
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Mathematical Trecatment

The possible reaction rate laws applicable to the hydrogen
reduction feaction have been discussed in Chapter 4,

The exponential law and the phase boundary law were considered
separately., In order to determine - -whether either of these laws were
rate controlling the cdata wére plotted against each of them,

The untreated sinters were considered first., The oxidised and
thermally treated sinters were considered scparately and the results.
compared with the untreated samples reducec at BOOOC.

Untreated Sinter Pellets

Typical plots of 1 - (0/Fe) vs, time and of 1In (0/Fe)_
(0/Fe) (O/Fe){

vs time i.e. the phase boundary reaction and the exponential
diffusion laws respectively are shown in Figs, 175-181, The resulis
are summarised in the table overleaf, >

For reduction at 70000 a straight line relationship applies for
the phase boundary law up to 74 mins, which corresponds to an‘
(O/Fe)t ratio of 1,3, After this point the exponential law plot
gives a straight line,

As the isothermal reaction temperature is increased to 8OOOC the
phase boundary law is controlling for up to 10 minutes ((O/Fe)t =
1,28), The exponential law takes over after 30 minutes.

( (0/Fe), = 1.24).

On further increasing the temperature to 84000 the phase
boundary rcacticn law again applies up to 10 mins, ( (O/Fe)t = 1,258),
The exponential law appears to have two stirazight line regions from
10 mins, to €0 mins, ( (O/Fc)t = 1,25 to 1.02) and from 90 mins to
180 mins, t (O/Fe)t = 1,02 to 0.75);

On further increasing the temperature to 87OOC the phase boundary

control now persists for 90 mins ( (O/Fe)t = 0,54) the cxponential
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law taking over at 140 mins, ( (O/Fe)t = 0,19),

A£“QOOOC it becomes difficult to draw valid siraight lines
fhrough tﬂe plots,

For IOOOOC the phase boundary law controlled for 60 mins,
(O/Fe)t = 0,11) and the expcnential law plot was assuned to control
throughout,

At 110000 the phase boundary law controlled almost throughout,

Eﬁamination of the individual law plots showed that for the slow
reaction rates predominantly chemical reaction control extended for
only a very small change’in O/Fe ratics, and was quickly overtaken
by predominantly mass transport control, For the fast reaction
rates (IOOOOC, 110000) the chemical coatrol extended mucﬁ further
with mass transport control becoming predominant in the final stages,

For the intermediate temperature ranges several changes in slope

occurred and mixed control predominated, :
°c (0/Fe) range for (0/Fe) range for
predoninantly predominantly mass
chemical reaction transfer control
700 1,34-1.31 1,30-1,27
8C0 1.,34-1,28 1,22-1,10
840 1.34-1,28 1.25-1.02? 1.02-0.,75
870 1.34-0.61 1,34-0,61, 0.46-0,19, 0,19-0.10
900 1.34-1.16 0.08-0.07
1000 1.32-0.28 0.07-0
1100 1,34-0.11 0.55-0

It is apparent that as the reaction temperature increases so
the balance between chemical reaction contrel and diffusion control
also changes, The possible irate controlling factors at low temper-

ature may initially be chemical reacticn a2t the surface of the



pellet followed by mass transport{ control due to resistance to

-

gas diffusion through the matrix, As the reaction temperature ’
increases.so the diffusion fhrough the matrix becomes easier and

the rate of reacticn at the phase boundary becomes controlling,

As the degree of reduction increases so the diffusion path within
the ferruginous grain also increases and resistance to mass transfer
becomes once more rate controlling for the final stages or reduction,

Thus, both chemical reaction and mass transport processes
will be controlling to a greater or lesser degree during the iso-
thermal reduction of lean magnetite sinters,

If the individual laws are applied over the reduction intervals
indicated by the individual law plots then a composite calculated
curve very close to the actual data can be derived. (Fig. 182, 183},

An extension of this technique to the fitting of a manual general

: 5
law is difficult (Fig. 184) especially where there is a large
time interval between almost exclusively phasc-boundary reaction
control and almost exclusively mass transfer control,

A more satisfactory method can be carried out by computer
techniques where weighting factors are applied to the individual
terms, In this case the cealculated line is very close to the actual

data, (Figs. 185, 186)

Oxidised sintexr Pellets

Typicel sinter pellets oxidised fully at 75000 were taken, The
predominantly chemiecal rcaction control extended from (O/Fe)i =
1,55 to (O/Fe)t = 0,21 and the exponential law predominating in
the later stioges from (O Fe)t = 0,12 to (O/Fe)t = 0,11 (Fig. 187).
Thus the resistance of the matrix to diffusion in oxidised matexials
must be mucn less than ocvherwise, This may be due to changes in
the crystalline nature of the matrix, Fiual mass transfer control

will be as a result of diffusion paths becoming comparatively long.




6.6.3.

- 111..
The removal of transport control is even more marked when the known
increased reaction rates as a result of oxidation are takea into
account, .

The change in rcaction control as a result of oxidation will
have caused the very nmarked increase in reduction rates between
samples oxidised and then réducted at SOOOC and samples untreated
and reduced at SOOOC.
| It is noticeable that phase boundary reaction control persists
until (O/Fe)t = 0,31 for oxidised samples compared with (O/Fe)t =
1,28 for non-oxidised samples,

Computerised individual law plots (Fig. 189) for oxidiscd
sinters did not give good agreement with the data compared with the
non-oxidised sinters reduced at 80000, The generai law plot geve
better agreement (Fig. 190) but became unstable after 80 miys, aae

-
to the long linear portion from 80 mins to 180 mins,

The dramatic increase in rcaction rates as a result of oxidationv
treatment is due to a2 change in reaction control from mass transport
resistance to chemical reaction resistance except in the latter

stages of reduction,

Thermally treated sinter pellets

Sinter pellets were thermally treated in an inert atmosphere.

. : . . o o o o,
The isothermal trecatment temperatureswere 500 C, 650 C, 750 C, 850 C

o \ . ©
and 1000 C. The treated sanples were reduced by hydrogen at 500 C,
. g =~Cn

The optimum treatment temperature was found to be 750 C, At
this temperature the rate of reduction was at a maximum (Fig, 144),

Variations in heating and cooling rates at this temperature
showed that this improvement in reaction rates over unireated pellets
only occurred at slcw heating and cooling rates,

1 4

Individual law plots showed that for slow heating and cooling.
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at 75000 thé chemical reaction law controlled from (O/Fe)i = 1,35
to (O/F?a)t = 1,2 compared with 1,35 to 1,28 for untreated sinters,
The chemical reaction rate constent increased almost three-fold
and the exponentizl rate constani ten foild (Fig, 151).

he very large i

3

cates an improvement in diffusion rates as a result of the thermal
treatment.,

A general law plot as calculated by the computer was found to
give a good fit to the data indicating the necessity of mixed control
reaction laws to describe the course of reduction (Fig, 193).

The restriction of the improvement in reaction rates to slow
heating and slow cooling regimes indicates that some physical change
is occurring within the matrix, X-ray diffraction studies indicate
that tﬁis is not due to stress relieving effects which would in any

‘ g
case tend to reduce reaction rates., It is possible that sub~-micros-
copic cracks are forming during the heating and cooling cycle which
are undetectable by normal metallographic techniques,

Discussion

Isothernmal reduction of untreated, recomnstituted sinter pellets
indicated a progressive increase in reaction rate with increase in
temperaturec, Slow feaction rates were experienced at 7OOOC anc
80000 and fast reaction rates at 1OOOOC and IIOOOC. For the
intermediate temperaturcs intermzdiate reaction rates were found,
The change in rate of reaction over a particular temperature range
SOOOC - SOOOC indicated a change in reacticn control mechanisn,
Examinotion of the reduced structures, the cpparent activation
energy piots and the individual reaction rate laws supported the
existence of a change in reduction made as the isothermal reaction

temperature was increased,
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For the lew reaction temperatures 70000, 800°¢ wholly

topochemical reduction occurred, Partly reduced ferruginous

graiﬁs co&ld be seen at the interface and some reduction had
occurred within the grains along specific planes. The grains had
reduced from the edge nearest to the sample surface, The iron
product was finely porous aﬁd relict of the coriginal emboids,
Although topochemical veduction is consistent with both chemical
énd mass transport control examination of partly reduced grains
lead to the conclusion that mass transport was the controlling
mechanism, The activation energy values also supported this belief,

Examination of the individual reaction rate laws showed that,
for the low temperatures; chemical reaction control was limited to
the very early stages of reduction (O/Fe = 1,34 - 1,28), It is
probable therefore that initially the rate is controlled by chemical

£
reaction at the sample surface, Once the surface layer has reacted
then mass transport control becomes predominant. From the values of
apparent activation enérgies this may possibly be gaseous diffusion,
Examination of the microstructures indicate that gaseous diffusion
through the matrix is controlling,

Therefore it can be concluded that for the low temperature
reduction of lean magnetite sinter pellets the rate of reduction is
initially controlled by the rate of reaction at the sample surface,
Once the surface has reacted then mass transport through the matrix
becomes rate controlling,

As the temperature increases through the intermediate range
84000, 87000 reduction was séen to occur in advance of the main
interface, This efiect was more pronounced at 87000 thus indicating
an increase in the rate of mass transport and the growing influence

of the chemical reaction rate.

P
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Apparent activation energy calculations give values of the
order'requ?red for the diffusion of fenic'ions in magnetite,

«xaminatibn cf the individual reaction rate laws showed that
chemical reaction rate control predominated over the range
(O/Fe)t = 1,34 -~ 1,28 and 1,34 - 0.61 respectively, Changes in the
slope of fhe exponential law straightrlines indicated the possibility
oi changing diffusion modes controlling the transport mechanism,

Llearly as the reduction temperature increases diffusion
through the matrix will increase and the rate of chemical reaction
will become more significant in the early stages. In the later stages
ferric ion diffusion may become controlling,

For the high reaction temperatures 900°c, 1000°c, 1100°C
topochemical reduction disappears, This indicates that mass t{ransport

is no longer the controlling mechanism,

A

.

For the temperature range QOOOC - llOOOC the values of the
apparent activation energies vary and it becomes difficult to use
such Values to determine the possible controlling mechanism,

Analysis cof the individual rate laws show that the influence of
chemical control extends from (O/Fe) = 1.34 - 1,16 at QOOOC, 1,34 -
0.28 at 1000°C and 1,34 - 0,11 at 110000 with mass transport
bredcminating only in the final steges. The probability is that
at higher reaction temperatures matrix diffusion rates increase
and the chenical reaction becomes rate controlling, Except in the
final stages where diffusion paths are long and mass transport contrirol
predominates,

Clearly the reduction of sinter pellets even in the present
idecalised conditions is charactcriscd by complex reduction

mechanisms, Chemical rcaction and mass transfer both play a part

to a greater or lesser degree,
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Because of the low reaction at BOOOC it was considered that
cxidati;n of sinter pellets prior to reduction may enhance the
reaction r;te. Oxidation at varying temperatures gave typically
higher oxide structures except at 5ODOC when maghemite (5’~F3203)
was formed,

Metallographically the reduced microstructures changed from the
topochemical reaction of the untreated pellets to general reduction
ih the oxidised pellets, indicating a change in the reduction
mechanism from predominantly mass trsnsport to predominantly
chenical control,

Study of the reaction rate laws showed that the extent of chemical
control was, typically, from (O/Fe)t = 1,55 - 0,31 with diffusion

control becoming predominant in the final stages., Tae improvement in

diffusion is doubtless due to the change in structure of the

IA

b 3
ferruginous grains and the change in structure of the matrix, Matrix

oxidation has clearly occprred since the gain in weight on oxidation
is greater than the stochiometric weight gain of Fe304"9Fe203,
possibly by oxidation of MnOﬁ*MnZOS.

The change from diffusion to chemical control is even more marked
when the knowvn increased reaction rates as a result of oxidation are
taken into account.

It was considered that themmal treatment of sinters may have an
cffect separately from that encountered on oxidation, It has been
shown that isothermal heat treatment in an inert atmosphere can result
in increases in reaction rates, The cptimum treatment temperature
was found to be 75OOC.' A stﬁdy of various heating end cooling rates
for this temperature revealed that only slow heating and .cooling
cycles could successfully induce the required increase in reaction
rate, The necessary combination of slow heating and slow heating

and slow cooling may mean that- time above a2 critical temperature
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is important, Such a critical temperature may be the ‘'triple
point® where 4FeO;iFe304+Fe.

Metallographic examination of the reduced samples showed
some reduction in advance of the interface indicating an increase
in fhe extent of chemical control,

This was borne out by a study of the reaction rates laws
the chemical control extending from (O/Fe)t = 1,35-1.28 %o
(O/Fe)t = 1,35~1,20, The chemical reaction rate constant was
found to have increased threefold and the diffusion rate constant
tenfold,

No metallographic, crystallographic or chemical change could
be detected in the thermally treated samples, There wes undoubtedly
an increase in recction rates, The restriction to the slow heating
and cooling cycles indicating the probability that some phygical
change had taken place,

In addition to the improvement of reaction rates of untreated
sinters as the reaction temperature increases there was found to be
a criticalrtcmperature range SOOOC - QOOOC above which the rate
increased markedly,

Further the low temperature oxidation of sinters to either
maghemite or hematite can greatly cnhance reaction rates,

Significantly the low temperature (i.e.<(devitrification
temperature) thermal treatment of sinters can be used to cnhance
reaction rates provided the correct heat ftreatment of sinters
'can be used to enhance rcaction rates provided thre corrcct heat

treatment cycle can be selected,
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CHAPTER 7

Genceral Discussion

In this thesis the hydrogen reduction of naturally occurring
magnetite and lean magnetite sinters has been studied closely,

The progress of reduction of single pieces of magnetite and
of single sinter pellets with time has been monitored by automatic
and semi-automatic measurement of weight loss,

The effect of isothermal reduction temperature on reaction
rates has been closely studied., Exhaustive metallographic studies
have been supported by mathematical techniques in order to deduce
the controlling meéhanisms. An empirical general law using computer
techniques and combining chemical and diffusion terms has been
developed, The effect of thermal and oxidation treatment of sinter
and their effect on reaction rates have been studied,

: &

Additionally a study of the mass transfer characteristics oi
of the thermogravimeiric balances has been made using ambient
modelling techniques, This last item is adequately discussed in
Cﬁapter 4,

Previously there has beenbconsiderable doubt as to the rate
controlling mechanism of magnetite reduction and the reasons for
the occurrence of rate minima,

In this thesis two distinct rate ﬁinima have been displayed
at GSOOC and QOOOC when magnetite is reduced iscthermally by
hydrogen within the temperature range 40000 - lOOOGC. The ninima
occurred at the same temperatures nct withstanding the difference
in physical structuvres between the series 1 and 2 samples and the
use of different balances, spring and Stanton, with different mass

transfer characteristics,
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Generally oniy one rate minimum is reported and that over a

temperature range, VWhere a sccond minmum is indicated it is normally

as a discontinuity in reaction rate. Such minima have been

(15, 1i8)
. o o *
reported to occcur witihin the temperature range 6CO C - €00 C

An exhaustive metallographic study of the reduced structures
has been carried out,
s + penl ; - .
For the samples reduced at 650 C the rate minimum is shown
to be associated with the formation of three distinct macro-bands
which result from porosity variations across the sample, The
finely porous inner band and the non-porous product in the caore
is considered to inhibit mass transport and thus slow down reaction
rates., The finely porous inner band and non-porcus corc are
thought to result from the formation of a stable, dense intermediate
product phase of wustite. The wustite leyer itself was not visible
. *
due to extended degree of reduction and the mcderate cooling rates
of the samples, Hydrogen reduction of series 1 magnetites for
intermediate degrees of reduction did give evidence of dense
(15, 138)
vustite formation, !
Variation in reaction rate during reduction is considered to
be responsible for the porosity variation across the samples, The
formation of dense wustite resulting in a2 dense iron product thus
. ) . - . - (29)
slowing down reaction has been supported previously.
Apparent activation energy plots show definite breaks in the
- . . o o,
slope which occur at the rate minima temperatures 650 C and 900 C
thus indicating a structure sensitive control mechanism,

Further support for mass transpert contrecl is given by the

topochemical reduction of series 1 samples at the low temnerature

(15) - 2.9 3 1
. ty ccross the samples indi-

rate mininum . The change in porosi

cates the possibility of changes in the controlling mechanism,
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Accordingly reaction rate laws were plotied against time, This
revealed the possibility of initial predominantly chemical reaction
control a; the surface followed by mass transport control in the
later stages with mixed reaction control in the intervening stages.
A computed general law using weighting factors gave good agreement

(118, 119)

with the actual data, Strangway et, al, also postulated

a mixed control mechanism, Temperature -coefficients of 65 KJ/mol
139)

for 10% reduction and 41KJ/mol also indicate interfacial and

gaseous diffusion control respectively, The existence of the high

(29) fhis has

temperature rate minimum has been shown by Edstrom
been confirmed in this work.

The metgllography of the samples reduced at QOGOC is quite
different from those reduced at lower temperatures, HMacro-topochemical
reduction is replaced by micro~toppchemical reduction indi%?ting
initial interface reaction control superseded by diffusion control,
Dense iron shells are seen to surround the individual grains, 1t
is thought that at this temperature sintering of the iron layer
takes place., Analysis of individual rate law plots confirms that
chemical reaction control predominates initlially followed by a
period of mixed control with diffusion control predominating in
the final stages,

Apparent activation energy plots show a definite slope change
at QOOOC. 'The value of the apparent activation erergy above 900%c
is 113 KJ/mol which approaches the value required for the diffusion
of ferrocus ions in wustite,

It is clear that again o mixed control mechanism operates for
the reduction rate minimum at QQOCC, initially the rate is controlled
by the reactieon at the interface, As the reaction product forms

it sinters ancd becomes dense thus preventing gas access to the

o
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oxide, . Iron ion diffusion through the product'layer then
becomes rate controlling,
For the temperatures between the two rate minimé 2 rate naxinun
boccurs at 7500C. lietallographically the réduction is topochemical
but not geometric indicating diffusion control and the product
is cxracked and poroﬁs. The apparent activation energy measured
over this temperature range was found to bLe 6 KJ/mol which is of
the order required for gaseous diffusion, Analysis of the individual
rate laws show; Lhat mass transport control holds for most of the
reduction time, However, interface reaction control is shown to be
possible in the early stages,
It is evident that controlling mechenism is the diffusion of
the binary gas mixture H2~H20 within the pores of the product layer,
The pores being formed from vacancies left hehind as the rcgction
front advances, The reduction rate slows down in tiae later stages
as the diffusion paths increase in length and tortuosity.
It is noticeakle that the porosity increases continuzlly with
reduction at 75000 compared with the porosity plateaus which are
evident at the low and high temperature rate minima, (15’ 133)
Over the temperature ranges considered the overall reaction
rate has depended in part on the themo-gravimetric bzlance used
for the reduction. Thig is due to the mass transfer ccefficient
across the boundary layer being four times greater for the spring

<

balance than for the Stanton baliance,
Several theories on the mechanism of the hydrogen reduction of
magnetite have been postulated and are discussed in Section 1.5.
There is now no doubt from the evidence submitted in this ?hesis

that more than one mechanism controls the rate of reaction for the

hydrogen reduction of magnetite, Additionally the precise position-
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ing of reaction rate minima has been carried out,

In general the hydrogen reduction of magnetites is controlled
initially by chemical reaction and then predominantly by mass
transporé as reduction proceeds, The nature of mass transport
varies depending-on the developing reduced structure of the
sanples,

At GSOOC the mass transport control is probably a combination
of gaseous and ionic diffusion, At 7500C the control becomes wholly
gaseous diffusion within the product pores, At QOOOC the control
again becomes subject to ionic diffusion control,

Previously many workers have suggested that a single rate

. . . (112) .
controlling mechanism is probable, Gaseous and icnic

. . 27) . .
diffusion controls have separately been postulated, A linearly
contracting interface has been wideély considered to support> the
‘s . R . . (79, 82)
probability of rate control at the iron-iton oxide interface,
further support being given to this theory by temperoture cocfficient
considerations which can be clouded by changes in physical

(43, 129)

parameters, It has been pointed out in this thesis and elsewhere
that linearly contracting interfaces arc not exclusive to interface
reaction control and are possible for mass tiansport controlled rezc~
tions.

Support for mixed control mechanisms has been reported, There
is some evidence that low temperature diffusion control may be superseded.

. . . . o, .
by high temperature chrenical reaction control abcve 900 C for

15, 83 . . . .
(s, )- Also variation of control mechanism

with degree of reduction has been postulated.(lag)

magnetite reduction,

It is evident thatf for very fast reduction rates on & commercial

basis tiet diffusion resistance must be minimised, Hydrogen reduction
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of magﬁetites should not take place where rate minima are likely
to occur, Also porous oxide must be used in order to promote ease
of gas access,

All commercial iron bearing materials consist of ferruginous
grains surrounded by a matrix, The amount and compcsition of the
matrix has a significant effect on reducibility,

Matrices comprise, in, general, crystalline silicates, silicate
glasses containing iron oxides and calcium ferrites together with
otheg minor constituents, The amounts of each phase vary with the
basicity of the matrix.

The primary constituents of a commercially available lean
magnetite sinter as used in this work consist of hematite, magnetite,
wustite,.calcium ferrites, lime, mellilite, di-calcium silicate,
glass and olivines, The magnetite being formed by recrysta%;isation
as euhedral crystals, The wustite occuring as fearnleaf dendriies,
Hematite was formed by oxidation of'the magnetite along the
octahedral planes.

The sinter used in this work contained all the above constit~
uipts. On crushing, pelletising and resintering the minor
constituents were absorbed leaving a sinter pellet comprising
magnetite cuboids in a silicate matrix,

The pellets were then reduced isothermally over the range 7OOOC
to llOOoCa Reconstituted sinter pellets were used in order to remove
varigbilities inherent in commercial sinter pieces and to ensure a
constant porosity.

An increase in reaction rate over the range 7OOOC - 11000C.
was found to occur, Between SOOOC and QOOOC. Carcful metalleographic

examination was carried out on the reduced samples,
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At the low reaction tcmperatures 7OOOC, 800°C the reduction
was whoily topochemical, Ferruginous grains at the reduced-unreduced
interface &ere partly reacted from the edge of the grain nearest
‘to the sample surface. The metallographic evidence is consistent
with matrix diffusion control. However a study of the apparent
activation energy plots showed that the energy values for E=42-50KJ/mol
which are on the border fof the energies required for gaseous
diffusion control and for chemical reaction control,

Examination of the individual reaction laws shows that in the
very early stages of reduction that the reaction at the sample surface
is controlling. As reduction procececds then diffusion control predom-
inates. The approximate value of the bulk volume diffusion co-
efficient was found to lie beiween 1,2-1,7 cm.sec'-lxlo.-5 which is
of the order of hydrogen diffusion in silicates,
) S

(0]
It is cvident that the rate controlling mechanism in the 700 C

- 800°C range is the diffusion of H

2~H20 in the silicate matrix,

Interface reaction control operates until the pellet surface is
reduced,

As the reaction rate increased through the critical temperature
range SOOOC - 90000 reduction was found to take place in advance of
the inferface. The interface becomes diffuse and a change to
overall chemical reaction control was indicated, This effect was
more pronounced at 87OOC than at 84000 indicating an increase in
diffusion rate with the increase in taemperature,

Chemical reaction contirol predominates for almost 50% of reduction
at 87OOC. The diffusion law plot indicated changes of slope sugges~—
ting the possibility of different diffusion modes contributing to

the diffusicn control mechanism in the later stages.
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Célcuiation of the apparent activation energies for both
constant time and constant reduction gave valucs between 180-220KJ/mol
and 250-280KJ/mol respectively which is consistent with the
energy required for the diffusion of ferric ions in magnetite,

Clearly as the reduction temperature increases, so the rate
of diffusion increases and fhe interfacial reaction becomes more
significant, In the later stages of reduction iron-ion diffusion
within the ferruginous grains may become controlling,

Further increase in reduction temperature to QOOOC leads to
much increased reaction rate compared with SOOOC and reduction is no
longer topochemical, This indicates predominantly chemical reaction
control,

Apparent activation energy calculations show a gradually reduc-
ing value of E from 53KJ/mol through 28KJ/mol to 8KJ/mol asﬂthe
constant time increases, This indicates a change from chemical
reaction control in the early stages of reduction through to
gaseous diffusion contrcl in the later stages, The constant reduc—~
tion plots indicate that gaseous diffusion controls in the early
stages followed by iron-ion diffusion control to interfece reaction
control in the final stages,

Analysis of the individual rate laws show that chemical reaction
control increases in extenit as the reaction temperature is increased,v

It is evident therefore that chemical reaction control bccomes
predominant as temperatures are increased, Diffusion centrol
operates in the final stageg of reduction.

In all cases the mixed-control mechanism gave better agreement
with the data than either of the individaal laws,

(57, 108)

Previously it has been supposed that chemical reaction

at the interface solely conitrols reaction rates., Some support for
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the possibility of mixed reacticn centrol was given.(IOG) From
the cur;ent work there is no doubt that both chemical and diffusion
control piéy their part during reduction. Gaseous diffusion
controls predominantly ot 70008, 80000 and chemical reaction
control predominantly at QOOGC, 1OOOGC llUOGC. Between 80080 and
SOOOC both chemical and diffusion controls play significant roles,

Edstrom pointed out the superior reducibility of hematite
éompared with magnetite and showed that a small degree of oxidation
can significantly affect the rate of reduction, Heat treatment of
sinters in oxidising atmospheres between QOOOC and IIOOOC has been
shown to improve sinter properties (98) by oxidising the magnetite
to hematite and by devitrification. Improvement as a result cf
(s8, 128)

devitirfication has been pointed out by other workers

(o)
In general the treatment temperatures have varied between 200 C and

i

P 3
125000 thus allowing devitrification to take place,

smity (108» 107)

confirmed that_more highly oxidised lean
magnetite sinters were more reducible but considered that low tem-—
perature treatments were ineffective,

In the present work lean magnetite sinter pellets were fully
oxidised isothermally at 500°C, 750°C and 1000°C. In all cases
significant improvements in reaction rates at SOOOC were obtained
compared with the slow reduction of thé untrated pellets at that
temperature,

lletallographically the sinter pelliets oxidised at 75000 and
IOOOOC showed that the structure had fully oxidised confirming the
weight gain in oxidation, ﬁematite laths had formed in the magnetite
cuboids, Further oxidation within the matrix had also occurred
{98, 106, 107)

thus improving matrix permeabiiity.

(¢}
At 500 C the pellets were found to increase in weight to that
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required for full oxidation, However the samples remained magnetic,
Metall&graphic examination revealed nocptical difference between
the magneéite cuboids after treatment compared with before., It
was concluded that maghcmite the magnetic form of hematite, had been
formed, There is substantial evidence for its low temperéture

formation from magnetite (11, 21, 127). Its formation in sinter

27)

has been confirmed in this work, Maghemite is stéble in impure
,ﬁagnetites between 300°C and SOOOC. However,. hematite has been shown
to form on oxidation,

The reduced microstructures indicated general reduction behaviour
gontrasting markedly with the topochemical behaviour of untreated
pellets reduced at SOOOC, This indicated a change in the controlling
mechanism from predominantly gaseous diffusion control té predomin~-
-antly interface reaction control, .

A study of the reaction rate laws showed that chemical control
extended typically to 80% of reduction, Diffusion control becomes
significant in the final stages. The improvement in diffusion rates
is undoubtedly due to the oxidation of the matrix and the oxidation
‘of the ferruginous grains.

The change from diffusion to chemical ccntroil is even more
pronounced when the known increased reaction rafes as a result of
oxidation are considered,

It has previously been considered that thermal treatment of
sinters in oxidising atmecspheres improves reducibility as a result

of devitrification, (69, 87, 98, 128)

In this thesis it has been
considered that part of the improvement in reducibility as a result

of oxidation may have been the thermal cycle not withstanding the

fact that it is below devitrification temperatures,
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Consequently it has been shown that isothermal heat treatment
in an inert atmosphere over the temperature range SOOOC to
IOOOOC can improve the reaction rate. The optimum improvement
on the reducibility SOOOC reaction was found toc occcur at the
treatment temperature 7SOOCo

A study of various comﬁinations of heating and cooling rates .
for this temperature revealed that only slow heating and slow
cooling cycles could successfully induce the required increase in
reaction rate,

Metallographic examination of the reduced samples showed some
reduction in advance of the interface indicating an increase in the
extent of chemical control compared with untreated samples reduced
at 80090.

This was supported by a study of the reaction rate lan which
indicated that chemical control extended for a greater proporfion
of the reduction, The chemical reaction control rate constant was
found to have increased threefold and the diffusion rate constant by
tenfold.

No metallographic, crystallographic or chemical change could be
detected in the thermally treated samples., There was, however, a
significant increase in reaction rates after heat treatment. The
restriction in improvement to the slow heating and cooling cycles,
indicates the probability that scome annealing eifect had occurred,
It has previously been pointed out (48) that annealing of oxides
enhances reduction rates due to equilibration of surface defects,
by reducing positive hole concentration and increasing vacant cation
sites thus enhancing reduction. Séme similar effect may have

occurred in the matrix in the current case,
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be four times that for the Stanton halavce,
Comparisons between reaction rates determined by Tthe two
balances must take the above differences into account.
Mass transfer control becomes imporiaal rariicularly wvhere

easily reoducible materisls werc reacted in the Stanton balance.

n empirical general reaction two term ecuation rate bl

A ipirical general reaction two i 261 o te combining
an exponential diffusion term and a chemical reaction term has been
developed. Using weighting factors to the individual terms the

equation can adecuately describe the reduction reactione.

Isothermal reduction of naturally occurring magnetite betwsen
\Y / e ! < s e » N .
LO0"C ~ 1,0007C revealed the existence of two rate mexiima at
OF e ~0 a ~0
C ard 750°C and two rate minima at 650°C and 900°C.
Metzllegranhic studies gave evidence that the rate minimz were

the resuli of the formation of dense, impervious macro and micro

product phases respectively. The rate mastima vhere found tc be the

result of the formation of porous, vracked product phasee.

A study of the individual reaction rate laws applied to magnetite
reduction displayed conclusively that neither the exponential Jdiffusion

law nor the interface reaction law apply exclusively over z range of

temperatures or within reduction at a siagle temperature.



In general the phase boundsry law was shown to hold fer ithe

initial stages of the reaction and the exponential iawv for the
finsl stages of reaction. The chauge in control was shown not

- 2
to occur at a specific degree of reduction and considerable time
lapses could be seen Lo occur betwesn the end of precominantly

> +

phase boundary reascilon control zund predominantly exponeutisl

aiffusion control.

A manual mixed control law was found to give good apgreement
where the time lapse between the {irst and finol stages was small.
Vhere this time lapse wae large a computerised mixed control law

cal weighting factors was found to give reasonable

;.;.

using empir

agreemente.

Isothermal reduction of lean maguetite sinters beiween 700 °c .
o . , . . - o -
151007°C did not reveal the existence of any rate minima. However,

there was a large increase in reaction rate between 800°C and 2007C .

Metzllographic examination of the reduced sinters showed a
change from topochemical reduction at the low temperatures to general
reduction ai high temperatures. This indicates a change in control
from mass transport to chemical diffusiocn.. Support for the low
temperature mass iransport control by the appareni activation energy
values. Examination of the individuval rezction rate laws showed
that chiemical reaction confrol was limited to the initial reduction
of the sample surface. The evidence suggests that probably gaseous
diffusion through the matrix predominates.

Ag the temperature increased the increase in extent of chemical
resction control vwas supported by examinotion of the individual reaction

laws. At the hipher temperstures exponentisl diffusion was found to

predominate only in the final stages.
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Oridation of sinter pelleis prior to reduction at 800 C gave

greatly enhanced reaction ratems The oxidstion tewpcrature raonged

0., 0 c e s o
from 5007C -~ 1,0007C with .6— e, O% being formed at 007C. In
C‘ -
all nmna O r'(’u»ﬂlﬂ 3 vy cnc o0ty anid B \
all cases considerable increases in reachion rat culd be seene

indicated a change Irom mass “transport to chenicel rezction control.

Thermal treatment of sinter pelleis belween 500°C -~ 1,000°C

- .

o
also gave increazed reaction rates at 800°C.  The optimum treatment

(g L) + ) . *
temperature was found to be 750 C. A study of various heating and
cooling rates revesled that only slow heating and cocling cycles

could successfully induce the increased reaction rates.

o)

[yig

No change in metzllograpvhic or crystallographic structure could

be detected. It is thought that some undetected Dhysical change must

have cccurred perhaps associated with the triple point 4Fel

Fe, 0, + Fe.

3
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Magnetites should be reducced using carbon monoxide., nixturce
of carben monoxide and hydrogen, simuloted blest furnsce gzs and

hydrocarbons in crder to determine vhether there is any variation

n the occurrence of rate maxima znd minina.

e

o

The e¢ffect of matriz on the existence of such mininmz should

be studied by 2 gradunl iner

(’1

= in the amount of matrix from zero

. -
)

Lo the amount invelved in sinters.

P .'.

Turther investigations are needed specifically at the rate
minins temperatures particularly by reducing szmples to verying
egrees and their subsequent examination. Such studies could

further examine the reasons for the minimz and suggest means by which

-

they may be avoided.

Low tempcrature thermal treatment of sinters, (i.e. sub
de-vitrification temperature) will be fruitful in order to determine.
£

. .

how maximum reducibility may be achieved.

In particular exhaustive physical examination could revezl the

reason for the enhancement in reaction rates deseribed in this thesis.

The reduvcticn of enriched sinters would be of considerable

benefit particularly with the increasing world wide useage of high

foreign ore sinter burdense

A wathemztically designed universal, mixed ccnirol leaxw with
well defined terms should bhe developed in order to determine the

contribution to the reaction of the various nmechanisms.



Ve Fundamental pure erystzl

‘sctors would be

in that varisbles iniroduced by uncentroell

removed, e.g. naturally occurring ganpgus,; physicsl clructure

2

variation, dissolved cationsz.

Se _ Electron microscope studies of reduced samples mey azlso be

useful in determining meies of reduction within crystals.
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HONENCLATURE

LN ARGy

Cnapter 1
L ~ area : Cg = activity
Ao -~ TPrequency factoer ¢ - concentration
c - 'concentration . k' -~ constant, specific rate constant
C1 -~ intergration constant k1 —~ chemicel rate constant
D -~ diffusion coefficient kc ~ mags transfer coefficient
De&r effective diffusion r o~ radius
coefficient
E - activation energy T, ” initisl radius
AE™~ activation energy r. - unreacted radivs
G «~ gas : t -~ time
AH™ - enthalpy of activation x = fraction reacted
J -~ flux A=z~ diffusion path leugth
K' « sgspecific rate constant
Ko - surface factors coustant é; -~ houndary layer, diffusion path leungth
¥ - .molar reaction rate Ci - initial density
Nu -~ Husselt number //u ~ PFrictional coefficient
P -~ total pressure 17 - labyrinth factor
Q -~ amt. water vapour produced on © -~ tine

total reduction

A
Q ~ amt. water vapour produced ab dj- gm moles O, per cn’ of oxide

2
tine t

R «~ fraction of oxygen removed & -~ porosity of vunreduced layer

R -~ general gas constant éir- porosity of reduced layer

Ro ~ reaction rate ’ }C - $ransmission coefficient

Re - Reynolds number .

S -~ soliad Superscripts

Se - Schmidt nuwber 4 - activated complex

[X S‘!t:

entropy of activation

T ~ absolute temperaturc



b Bolzymanns constant
e - effective, eguilibrium
g - Dbulk ges

surface

mn
!

r -~ reaction



Chapter 3

Pty

A&

I

Pr

g

Re

constant

Cross - sectidnal area
constant

diffusion coefficient
molecuvlar wt

total pressufe

Prandtl number

flow rate

gas constant

'Reynolds number

surface area
Sherwood number
Schmidt number
Atomic velune (HZ)
mnolar voluwmne (H2O)
linear velosity
vapour pressure

weight lesg

A

o
i
(o]
3
Q
[ o]
45}
!
&5}
e
«

ct
$.
O
~
ol
3]
]
=
1]
A
)

d =~ perticle diameter

.~ Second ofded cocred@n
- Boltpuann constant

n - counstant

n® - speciiic reaction rate

P = partiel pressure

Subseript
eff- effective

e .
n - nzphthalene

~ mass transfer covefficient
~ kinematic viscosity
enerqy of moleculas interaction

= Jater molecales diskance

!

P o 8 <X g
H

Lennard-Jones potential



Chapter 4

A - weighting factor r - radius (2 . time
B - weighting factor t « tine

D « diffusion coefficient
0 - oxygen

Fe « iron



APPENDIX I

- PROGRAMME LISTING
* I0CcS (Card, 1403 Printer, Flotter, Typewriter)
*® List Source Programme , .
Dimension W(100), X(100), Y(i00), Z(100, 4), V(100), NTITL (75)
10 D012 1 =1, 4
DO 11 J = 1, 100
z(J,I,) = 0.0

11 Continue

12 Continue

AK = 0,0,
BK = 0.0
CK = 0.0
DK = 0,0

Read (2, 13) N, KRTITL
13 rormat (i5, 75 A 1)
IF(N) 130, 130, 14
14 Read (2, 20) A, B, C, NX, NA, NB, NC, ND. .
20 Format (3E 10.6, 5 I 5)
IF (NX * (NX - 101) 30, 130, 130
30 Read (2, 40) (X (1), I =1, NX)
40 Format (7E10.6)
Read (2, 40) (W (I), I
DO &80 I =1, NX
Y (1) = A ~-B *¥W (I)/C

1, NX)

80 Continue
IF (NA) 70, 60, 70

60 CALl PIT 1 (X, Y, Z, A, AK, BX)

70 IF (NB) 90, 80, S0

80 CAll FIT 2 (X, Y, 2, A, BK, NX)

80 1IF (NC) 110, 100, 110

100 Ccall FIT 3 (X, Y, Z, A, CK, NX)

110 IF (ND) 122, 120, 121 .

120 CAll FIT 4 (X, Y, Z, A, DK, NX)

121 Virite (5, 122) N, NTITL

122 Fosmat (*1 Probiem No® 15, 10¥, 735Al1)
CAll FIT 5 (X, ¥, Z, NX, BE, CK, A, AA, BR)
Write (5, 123) NX, AK, B, CX, DK, A4, BB



123

124
125

126

127

128

130

Format ('O Curve fitted to '13°' Points'// Time Wt.loss)
10/Fe) '9X' Law 1 Law 2 Law 3 Law 4 Law 5 '/30X'K =

2% 5F10,5/75X, F10.5/)

Do 125 I = 1, NX _
wirte (5, 124) X(I), W(I), Y(I), (Z (I,3,), J
Format (3F 10,5, 5X, 5F10,5)

Continue

Call DATSW (1,I)

IF (I - 1) 127, 126, 127

Call GIRAF (X, Y, Z, NX, 4, NTITL)
Call DATSH (2, I)

IF (I - 1) 10, 128, 10

Call GIRAF (X, Y, V, NX, 1, NTITL)
Go to 10

Call EXIT

END

1,4), V(I)



LIST SOURCE PROGRAM
Subroutine FIT 1 (X, Y, 2 A, AK, NX)
Dimension X(100), Y(100), Z{1CO, 24)

SA
SB
sC
DO
SA
SB

SC
10

='0.0

= 0.0

= 0,0

101 =1, NX

= 8A + X(I)

= 8B + X(I) * X(I)

= 8C + X(I) * Alog (Y(I))
Céntinue
AK = (ALOG (A) * SA - SC)/SB
DO 20 I =1, NX
z(I, 1) = A/JEXP (AK * X(I))
Continue

Return

Ena



¥

LIST SOURCE PROGHAM

10

40

50

80

Subroutine FIT2 (X, ¥, Z, A, AK, KX)
Dimension X(100), Y(100), (100, 4)

Dimension S(6), T(8), Q(5), R(5), W(5, 100)

PO 20 I =1,.6
8{(I) =0
T(1) =0

DO 10 J = 1, NX

AX = X(J) * * I

8(1) = s(I) + &X

T(I) = T(I) + Y(J) = AX

Continue

Continue

(1) = A * S(1) - T(1)

8(2) = 2,0 * T(2) = 5,0 * A * 8(2)

S(3) = 10,0 * & * 8(3) - T(3)
s8(4) =-10.0 * A * S(4)

8(5) = 5.0 * A * 8(5)

5(6) -A * 8(6)

CALL POLRT (S, T, 5, Q, R,I)
J =0
DO I=1,3

IF (R (1)) 50, 40, 50

J=J+ 1

Q () =q (D

Continue

IF (J -~ 5) 70, 70, 60

Jd =25 )

DO 92 I=1,J

(1) =0.0

DO & K = 1, NX

WV (IK) = A % (1.0 -~ X(X) ® Q(I) * * 3
S(I)=8(I)+ W (3, K) ~Y (K)) * * 2
Continue

Continue



NS =1

AK = Q (1)

IF (J -~ 1) 130, 130, 100
100 SMIN = S(1)

DO 120 I =2, J

IF (S (I) =~ SMIN) 110, 120, 120
110  SMIN = 8(I)

NS =1

A = Q (I)
120 Continue
130 DO 140 K = 1, NX

- 2(K, 2) =W (NS, K)
140 Continue

1

Return
End



%

LIST SOURCE PROGRAM

10

Subroutine FI T 3 (X, Y, Z, A, AK, NX)

Dimension X(100), Y¥(100), Z(1CO, 4)

' SA = 0.0

SB = 0,0

¢ = 0,0

DO 10I =1, NX
XA = SQRT (X (I))
SA

= SA + XA
SB =8B + Y (I) * XA
SC = sC + X (1)
Continue

AK = (A * SA -~ SB) / (A * SC)

DO 20 I =1, NX

Z (I1,3) =A * (1,0 = AK * SQRT (X (I))
Continue

Return

End



*

LIST SOURCE PROGRAM
Subroutine F1T5 (X, Y, XK, NX, BK, CK, A, AA, BB)
Dimension X (100), Y(100), XI(100), XJ(100), XK(100)

10

(1.0 = BK * X (I)) * * 3
(1.0 - CK * SQRT (X (I))

S1 + XI(I) * XJ (I)

Sl = 0.0

S2 =0,0

S3 = 0.0

84 = 0.0

85 = 0,0

DO 10 I =1, KX
XI (I) =

XJ (1) =

S1 =

82 = 82 + XI (I)
S3 =83 + XJ (1)
S4 = 84 + XI (1)
S5 = 85 + XJ (I)
Continue

* XI (1)
¥ XJ (I)
%Y (1)
* Y (I)

D=A# {S2 % 83 ~ S1 * S1)

BA = (84 * 83 - 81 %85) /D
BB = (S5 % 82 - 81 * 84) / D
DO 201 =1, NX
XK (I) = A » (AA * XI (I) + BB * XJ (I))

Continue

Return

End



%  LIST SOURCE PROGRAM
‘Subroutine F1T5 (X, Y, XK, NX, K1, K2, 4, AA, BB,)

Dimension X (100), Y(100); XX(100)

T1=0,0
T 2 =0,0
T 3=0.0
T4 =0,0
T 5 =0.0
T 6 = 0,0
Caespedleke Evaluate the six co-efficients

DO 10 I = 1, NX

TL = T2 + Y (I) * (1 - K1 * X (I))

T2 = T2 + (1 - KL % X (I)) * # 2

T3 = T3 + (1 = KL * X (I)) % (1 - K2 * X(I)) % * 3
+

T4 = T4 + Y(I) * (1 = K2 # X(I)) * % 3
TS = T3
T6 = T6 + (1 - K2 * X(I) * * 6

10 Continue

Cleddedlas Solve for D and E

E = ((T4/T5) - T1/7T2)})/((T6/T5) -~ (T3/72)
D= (TL - E * T3) / T2

BB = E/A

AA = D/A

DO 20 I =1, RX

XK(i) =D *» (1 - K1 * X(I)) + E * (1 - K2 * X(I) *= * 3
20 Continue

Return

End



LIST SOURCE PRCGRAM
‘Subroutine GIRAF (4, B, C, NO, NP NTITL)
Diqension A(100), B(100), C(100, 4) NTITL (75)
IA = A(L)

1A = (IA)/10) * 10
Al = IA

-BI = AI + 10

JA = A(NO)

JA = (JA/10 + 1) % 10
NS + (JA - IA)/10
CALL SCALF (0.2, 4.0, AI, 0,0)
CALL FGRID (1, AI, 0.0, 0.5, 4)
CALL FGRID (O, AI, 0,0, 10.0, NS)
CALL FCHAR (BI, 2.0, 0.15, 0.2, 0.0)
WRITE (7, 2) NTITL

2 TFormat (75A1)

X = Al - 4,0
Y = 0.0
DO 4l =1, 5

CALLFCHAR (X, Y, 0.1, 0,1, 0,0)
WRITE (7, 3) Y
3 Format (F 3,1)

Y=Y+0,5
4, Continue

X =4I 2,0

Y = -,075

DO 61 = 1, NS
CALL FCHAR (X, Y, 0,1, 0.1, 0.0)
I =X 4+ 2,5
WRITE (7, 5) IX
5, Format (I 3)
X=X+ 10

6. Continue

DO 10 I = 1, NO
X = A (T)
Y =B (I)

CALL FPIOT (2, %, ¥)
CALL FPLOT (2, =, ¥)
CALLL POINT (1)}



10

30

gontinue

DO 30.I =1; NP
X = &(1)

Y = c(1, I)

CALL FPLOT (1, X,
CALL FPLOT (2, X,
DO 20 J =1, NO

X = A(J)

Y = c(J, 1)

CALL FPLOT (O, X,
Continue
Continue

X=X+ 40,0

Y =0,0

CALL FPLOT (1, X,

Return

End

¥)

4
4+

~?

Y)



TABLE 2

Temperature Mass Transfer Coefficient ofI-H o CMe sec
%% 272
Sphn§ - Balance StaantonBalance
400 22.6 | 6,0
560 28,7 7.7
580 : 32,1 8.6
600 35,6 | 9.5
650 39,1 10.4
700 43,0 11..5
750 46,9 12.5 >
800 50,9 13,6
840 54,1 14,4
850 55.2 14.7
870 56,7 . 15.2
200 59.6 15,8
950 64,2 17,3
1000 68,7 18.4
1050 73,5 19,6
1100 78,2 20.9




TABLE 3

KIRUNA MAGNETITE

°% Balance (PH ) "(PH ) (PH )
2 b 2 s 2

400 Stanton 045 <955
500 Spring .08 .92
500 Stanton .39 .61
500 " .33 .67
550 Spring 10 «S0
560 Stanton «26 W74
GO0 Spring 095 905
650 Stanton 17 .83
650 Spring .09 .91
600 " .21 .79
650 " .13 .86
700 " .23 .77
750 " .15 .85
750 " .20 .80
750 " .19 .81
750 " .18 .82
800 Stanton .39 .61
800 Spring .19 .81
850 " .17 .83
200 " .20 .80
950 " .22 .78
1000 " .40 .60
750 " .14 .86
750 " L1l .89
900 " .18 .82

roseae



TABLE 4

A.F, Sinter Pellets

(o] Balance (PHZ)b - (PHZ)S (PHZ)g
700 Stanton 025 «975
800 " .05 .95
800 b .03 .97
800 " .03 .97
840 " .04 .96
870 " .055 .945
870 " .06 .94
870 " ,055 .945
900 " 075 .925

1000 " .14 .86
1100 " 0215 785
IABLE 5
- "Thermally Treated
A F, Sinter Pellets
800 " .04 .96

" " .05 .95

" " .10 90

" " .12 .88

" " ,08 .92

" " .05 .95

" " Cil .89

" " .05 .95

" " .05 .95

" " .03 .97

" " .04 .96

" ! .c4 .96




TABLE 6

Oxidised Sinter Pellets

Reduced 800°C

in

Stanton balance

Py ) ®; ) |y Oxidation
2 b 2 s 2 s Temperature C
.46 .54 500
.31 .69 750
21 .79 750
«31 .69 750
11 -89 1000
«48 ;52 1000
033 .67 1000
°35 .65 1000




TABLE 7

o

Rx=1=-¢ k = DTr"/r;,
TTZ = 6,868
2 2
For t = 60D sec R? = 1,271 r, = 0.16 cm
t = 4,800 sec Rt = 1,155
t = 10800 sec Rt = 1,038
' R = g$ R, =1.334
B

Table 7 continued on next page,



bie 7 (Continued)

= 600 secs, Rx = 0,954

s

6 = 4800 secs. Rx = 0.866

6 = 10800 secs, Rx = 0,778

D x 600 x 9,868

0.8656 =1 - ¢

. oY = -
om (25) 0,954 = 1 e 0.16

In 0,954 = -0 x 600 x 9,868/0.16
| -1
b = 0,0000832 cm sec

4
om (59) 4,770 = 5 = d4x « x

X4 + 4x - 0,23 =0

4
t £{x) = x 4+ 4% -~ 0,23

1 3
en £ = 4x 4+ 4

ess D = ©,0000832

-kt
dx=e
X = 0,0450
bstituting

L{x) = 0,05 A
d h\ﬁxu = 4,0001375
/

W X

x =~ £(x)/E(x)
x\ = 0,00575

ing x\

wax\v = + 0,00001093

d W\AH\V = 4,0007€07
v x\ = x\ - HAN\V\&\Ax\V

N\\ = ¢.0575 - 0,0000027
-kt -

using N\ inx=e
D = 0,00007714

i

X

=D 4800 x 9,868

D = 0,00000679 cm sec

4

20 =8 -4x - x

4

.sc pe g 43 - Ocmi\ = C

3
() =4x + 4
0,00000679
-kt
e .

%ﬁunv = I.Oo“.'..u
W\AMV = 4,000884

/

(% )=+ 0.0012893
H\Ax\v = 4,01884

4

D = 0,000006033

C.16
ln 0,866 = -D x 4800 x 9,868/0,16

@
H

T A

= 0,1676 - 0,0003207

- - YO0 - SRO
0.788 = 1 - e D x hC(UO:V 0,868
0.18
s In 0,778 = -D x 108C0 x 9,868/0,16

-

»~e D = 0,00000225 cm sec

3.800 = 5 - 4x - x°

0.00000226
-kt

X =€

Je % = 0,2231

e Whuﬁv = Osmu.
H\ANV = 4,04438

%AN\V = 0,00082

H\AH\V = 4,08433

b 4 = 00,2764 ~ 0,0002018

.0
=)
Il

0.000001531

AT et we -

e T
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FOR THE IRON OXYGEN sysTEM

i»i\m v>i\s,,.

AFTER

'AW iVirvoi li

DARKEN AND GURRYf24)

M LJiMm \3f%Mm iVI

(DARKEN L.S, GURRY RW, J.Am. Chem. Soc. G8 798 (1946"))

1600
1539 LIQUID OXIDE
1528 1528 /L1IQ U ID
IOXIDE +
LIQUID OXIDE 1424 £x3°4
8 -Fc 4*LIQUID OXIDE
131
1200
oc - FeO FeO
4- FeO

1000

800

or.
600
560
23-26 %
400
OoC - FC +- Fe30 4
J U—J.
ATOMIC % OXYGEN SO 52 54 56
wt % OXYGEN O 0*2 0*4 22 24 26

1597

28

LIQUID OXiDE

, 4- OXYGEN
J5S83
1457
3006 70
Fe 20 3
53 60
30



SCHEMATIC DIAGRAM OF REDUCTION
MODIFIED BY EDSTROM FROM HAUFFE.,

MODIFIED HERE FOR HYDROGEN REDUCTION,
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SCHEMATIC DIAGRAM FOR REDUCTION
BY SMITH AFTER HUEBLER
MODIFIED HERE FOR HYDROGEN REDUCTION .
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GASEOUS REDUCTION OF AN OXIDE SPHERE
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ENERGY

- ACTIVATION ENERGY DIAGRAM

ACTIVATED STATE

REACTANTS

OF REACTION

REACTION CO-ORDINATE - AFTER McKEWAN

FIG. 5
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Fig* 12 Sintered, unreduced

A*F. Sinter pellet
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STANTON “ MASSFLOW” THERMOBALANCE
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Fig* M Xirana agé&etite Reduced Hg 600°c

Series 1 (spring balance) 63x

Fig* k2 Xiruna Magnetite Heduced Hg 600°C

Series 1 (spring balance) 320x






Kiruoa Magnetite Reduced 630°0
Fig* 1*3 16X
Series 1 (spring balance)

Kiruna Magnetite Reduced 650°C
Fig* hh 200x
Series 1 (spring balance)

Kiruna Magnetite Reduced 650°C
Fig* 1*5 200x
Series 1 (spring balance)
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Kiruna Magnetite Reduced HO 650 C
Fig. * 500x
g .
Series 1 (spring balance)

Kiruna Magnetite Reduced H(O &50°C
Fig. k7 d 500x
Sexi.es 1 (spring balance)

Kiruna Magnetite Reduced Hg 650°C
Fig. ItB 320k
Series 2 (stanton balance)



>
Woio

Q "‘\ Kl {

':g._‘-'&__l\f;___l/‘.ﬁ__flf_




Kiinma Kagneti te Reduced HO 650°C
Fig. kS d 63x
Series 2 (sfcanton balance)

Kiruna Magnetite Reduced HO 650°C
Fig* 50 * 200x
3«riee 2 (otanton balance)

Kiruna Magnetite Reduced H» 650 0
Fig* 51 1000x
Settles 2 (atanton balance)
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Kiruna Magnetite Reduced Eg 650°C
Fig* 52 1000x
Series 2 (stanton balance)

Kiruna Magnetite Reduced 650°C
Fig* 53 200x
Series 2 (stanton balance)

Kiruna Magnetite Reduced Ho &50°C
Fig* 5k 1000k
Series 2 (stantan balance)






Kiruna Magnetite Reduced Hg 700°C
Fig. 55 100x
Series 1 (spring balance)

Kiruna magnetite Reduced IU ?00°C
Fig. 56 tO00x
Series 1 (spring balance)

Kiruna Magnetite Reduced IL 700 O
Fig. 57 512x
Series 1
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Fig*

56

Kiruna Magnet! fee Reduced

Series. 1

Fig.

Kiruna Magnetite Reduced BU 750°C

Series 1

(spring balance)

63x

60

(spring balance)

250x

*

Fig* 59

750°C Kiruna Magnetite
Reduced 750 C

Seriesl
(spring balance)

125%*

Fig. 61

Kiruna Magnetite
Reduced H2 750°C

Series 1
(spring balance)

630%*






Fig* 62 Fig. 63

Krona Magnetite Reduced H2-750 C Klruna Magnetite
Reduced rig 750 G

Series 1 (spring balance) series 1
(spring balance)

162 125x
Fig# 64 Fig. 65
Riruna Magnetite Reduced H_ 75G°G Riruna Magnetite
2 Reduced H2 750 C
Series 1 (spring balance) Series 1

(spring balance)

125x 560%






Kiruna Magnetite Reduced Hg 750°C
Fig* 60 500k
Series 1 (spring balance)

Kiruna Magnetite Reduced 730°C
Fig* 67 lex
Series 1 (spring balance)

Kiruna Magnetite Reduced H,, 750°C
Fig* 68 100R
Series 1 (spring balance)






Fig* 69
Fig* 70
.Fig. 71

Kiruna Magnetite Reduced Bg S00°0

Series 1 (spring balance)

Kiruna Magnetite Reduced Hg SO00°G

Series 1 (spring balance)

Kiruna Mapletlte Reduced Hg 8G0°0

Series 1 (spring balance)

63x

512x

1l60x






Fig. 72 Fig. 73

Kiruna Magnetite Reduced Mg 8G0°C Kiru a Magnetite
Reduced 80CTO
Series 1 (spring balance) Series 1
(spring balance)
l6ox 63k
Fig. 7k Fig. 75
Kiruna Magnetite Reduced IF, BQO°Q Kiruna Magnetite
Reduced 800 C
Series 1 (spring balance) Series 1

(spring balance)

160x 63k
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Fig.

Fig.

76

77

Kiruna Magnet!te Reduced hg 9Q0°C

Series 1 (spring balance)

Klrunat Magnetite Reduced H« 90670
2

Series 1 (spring balance)

250x
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Fig.

Fig*

Fig.

78

60

Kiruna Baonetite Reduced. HO 1000°C
*

Series 1 (spring balance)

Kiruna Magnetite Reduced H, 1000°C
2
Geri- a 1 (spring balance)

Kiruna Magnetite Remaned Hg 1000°C

Series 1 (spring balance)

16x

63X

63X
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Kiruna Magnetite Reduced Hg 500°C
Fig* 81
Series 2 (spring balance)

Kiruna Magnetite Reduced Hg 500°G
Fig* 82 63*
Series 2 (spring balance)

Kiruna Magnetite Reduced Hg 500°c
Pig* 63 512x
Series 2 (spring balance)






Fig* Bk Fig. 85

Kiruna Magnetite Reduced HO 550°C Kiruna Magnetite
Reduced 550 C
Berios 2 (spring balance) Series 2

(spring balance)

63x% 320%

Fig. 86 - Fig. 87
Kirunn leaguetlte Reduced H~ 550°C S i m Magnetite
* Reduced H2 550 C
aeries 2 (spring balance) Series 2

(spring balance)

32s 1b0x






Fig* 88 Kimma Magnetite Reduced Hg 900°c lé6x

Fig. 89 Kirna Magnetite Redueed Ha 900 c 32x

Fig. 90 Kiruna Magnetite Reduced Hg 900°C 100+






Fig.

Fig.

o1

92

Kirona Magnetite Reduced 4 900°C

Series 2 balance)

Kiruna Magnetite Reduced HO 900°c

Series 2 (spring balance)

100X
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Yapnelite Roducsd § (e 100°%¢

Series 2 (stanton b wnfvc;

Bapnetite Redueed I, 406%C

H,,
series 2 (stunton balance)
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Xirons Magnetite Reduced Kg 560@C
Fig* 96 16x
Series 2 (staatoa balance)

Klruna Magnetite He&uced Kg 560°c
Fig* 97 63x
Series 2 (atanton Mance)

Klruna magnetite Reduced Kg 560 0 320x

Fig* 9« Series 2 (etanton balance






Kirum Magnetite Reduced 6S0°C
Fig* 99 16x
Series 2 (etantoa balance)

Kifttfift Magnetite Reduced 65;0 0

Fig* 100 160x
Series 2 (stanton balance)

Klruna Magnetite Reduced &50°C
Fig* 101 10Q0X
Series 2 (stanion balance)
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Kiruna Magnetite Reduced H 650°C

Fig* 102 2 1000s
Series 2 (stanton balance)

Kirana Magnetite Reduced ili7650 C
Fig* 103 2Coac

Series 2 (stanton balance)

Kiruna Magnetite Reduced Hg 650°C
Fig* 10k 1000s
Series 2 (stanton balance)
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Xiruna Magnetite Reduced Hg 650°C

Fig# 105 16z
Serleft 2 (stauton balance)

Kixoina Magnetite Reduced Hg 630®0

Fig. 106 320a;
Series 2 (stanton balance)

Kirona Magnetite Reduced Eg 6bO°C
Fig. 107 320x
Series 2 (stanton balance)
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KIRUNA MAGNETITE  REDUCED H,  650°C
| " SERIES | (SPRING)
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TIME  min

FIG. 118

FIG. (19

FIG.II8 & 119



KIRUNA MAGNETITE REDUCED Hy 750°C

SERIES | (SPRING)

=3[ 0/Fe/ COIFedi

(ORN I o W8
%

o) § | | 1 1 | i | 1 J

(@) I0 20 30 40 50 60 70 80 90 100
TIME min

FIG. 120a
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X
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1 ! 1 I 1 1 1 1 4 X
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FIG.120a & 120 b



[ — 3J(OI Fe) / (O Fe);

In (CO/Fc)t/ (O/Fz)i)

SERIES | "(SPRING)

L4

<
X
X
X
1 ] 1 1 A ! [ ! 1 ! |
5 10 15 20 25 30 35 40 45 50 55

x x
X X .
X X
X
—
| 1 1 | | 1 ]

25 30 35 40 45 50 5s

FIG. 121a

CFIG. 121 b

FIG.121a & 12 b



| - S\I (o/Fe)t/.(O/Fe)i

In [(O/Fe)t/ CO/Fz);..]

L4 =% Y J S Ry < AN G )

o) ] L 1 ] 1 | 1 SIREAN | 1 i I ! 1 I
O IO 20 30 40 50 60 70 80, 90 100 IO 120 130 140 150

O =X TIME min FIG. 1220

.2 1 ! | | i ] 1 1 1 | 1 i 1 | !
- 0O iO 20 30 40 50 60 y.e 80 90 100 10 120 130 140 150

TIME  min FIG.122b
' ' FIG. 122a & 122b
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FIG. 1230

FIG. 123 b
FIG.123a & 123b




l-—i] (OlFe) [/ (O/Fedi

In (CO/Fe)t/ (o/ Fe)i)

03

SERIES 2
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FIG. 124a
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FIG. 1245

FIG. 124a & [24 b



KIRUNA MAGNETITE. REDUCED H» 650°C
| SERIES 2 (STANTON)

-
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=3[ ofF)t 1 (OfF

In ((o/Fe)t/(o/Fe)i]

| | 1 | | | |
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TIME min

1 | 1 1 1 ! 1

80

1
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FIG.[26a
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. FIG. 126b

FIG.1260 & [26 b



SERIES | AND 2 (SPRING) EXPONENTIAL LAW PLOTS

SER!ES 1 (SPRING) 7OO°CV
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FIG. 127a

FIG, |127b

FIG.127a & 127 b




-SERIES | _ AND 2 EXPONENTIAL LAW PLOTS

SERIES | (SPRING) 650°C
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SERIES I (SPRING) PHASE BOUNDARY AND

- EXPONENTIAL LAW PLOTS

000625
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FIG. 128a & 128b



KIRUNA MAGNETITE REDUCED Hz  650°C
SERIES | (SPRING) PHASE BOUNDARY AND
“EXPONENTIAL LAW PLOTS

— CALCULATED  (O/Fe) = (1=K tc)® + C1ic~Ka(t-t))

X  MEASURED (O/Fe)

(O/Fe)t

o ! 1 1 ] 1 1 { 1
O 10 20 30 40 50 60 70 80 90 FIG. 128¢

- TIME min

60 . ) : .. .
. FIG.128¢
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EXPONENTIAL LAW PLOTS

-0-4
0- 0067 -0'005
- 0-8
0-9
0-8
-2-0
ro 0_6
™ o5
04
- 3%6 0-3
- 4-0 0-2
o 20 40 60 80 IOO 120 140 (o) 20 40 60 80 IOO 120 140
CALL t = 50 min CALL t = 50 min
FIG. 129 FIG. 129b
4r
(o]
8
o 6
4
2
(0]

O 10 20 30 40 50 60 70 80 90 IOO 'I0 120 iSO 140
TIME  min FIG. 129¢
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In [[- o/Fer 10IRY)

(o/F)'s

SERIES 2

(STANTON)
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KIRUNA MAGNETITE

REDUCED Ho

650°C

SERIES

I

(SPRING)

INDIVIDUAL LAW PLOTS
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FIG. 13l a

FIG. 131 b
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TN b el W N e b Vi 7~ NS N\

(OfFe)

(O/Fe)

INDIVIDUAL LAW PLOTS

SERIES | (SPRING)

TIME min

4= .
X — EXPONENTIAL LAW
12 P — — PHASE BOUNDARY LAW
—-— PARABOLIC LAW
1o} \\ X DATA
\ K| = 0-037
o8}l X \'\ Ko = O-0I0
K3 = O 106 _
) 0.6 e
0-4}
0-2 |
x ~
o) 1 1 1 ) B | X Y'\~>.<~.._X-
O 10 20 30 40 50 60 70 80 9 FIG. 132a
TIME  min --,‘{;7
;.
-6
1.4
X
-2 —  LAW
X  DATA
I-oF A = —0-0l4
B = 0-800
o X
06 - )
O-4f
o2}
o 1 1 L ¥ X X
0 10 20 30 40 50 60 70 80 90 FIG.132b

FIG. 1320 & 132b




KIRUNA MAGNETITE REDUCED Hp 900°C
SERIES |1 (SPRING) COMPUTED INDIVIDUAL

«

LAW PLOTS

EXPONENTIAL LAW
PHASE BOUNDARY LAW

PARABOLIC LAW

X - DATA
K, = 0-028
:LU\ Ko = 0O'0OlO
) K3 = 0110
o { L | | f ! ! i ]
(0] IO 20 30 40 S0 60 70 80 90
o v FIG. |133a
» . ’ TIME min
— LAW
X DATA
A = —0°497
B = " |-344
% &( y
> 04t B
0.2 - -
o) i . 1 L 1 1 1 i 4l ]
(e} IO 20 30 40 50 60 70 80 90
: FIG.133 b
TIME min I

FIG. 133a & (33b




SERIES | (SPRING) MANUAL PLOT

(OfFe)Y3
o
[00)
I
>
x .
>
>

o7}
O-‘6 1 ! L 1 1 |
O 10 20 30 40 50 60
TIME min FIG. 134a
O B -
— 0.2 - .
k, = 00008
— 04l
o6t
~
(V]
[V
g- o
- 1
\;/_ .ok X
£ ,
—1.2 ! 1 1 1 1 i
O 10 20 30 40 50 60 Fle. | b
_ TIME _min ' FIG. 134 b
3
L ¥
o]
~/
fe} 1 1 ] ] 1 ]
(o] @] 20 30 40 50 60
FIG. 134c¢

TIME min

FIG.134a,(34b, & 134 ¢




FIG. 135

0-207

018

L

016
o4}
o4der

(o]0

o-o8F

o-02f

O-O6}
O-Q4r

[N [

‘/ C
<

[

2,
~
t

600 650 7O 750 €800 830

(=

C

00 920

o4} -0
o2 =7
600 650 700 75C €00 850 900 970 IGO0

°c



20

40

60

— EXPONENTIAL LAW

— GENERAL LAW
— PHASE BOUNDARY LAW

X DATA
X DATA (0
K, =0-017 -0-05
U-6
0-4
02
80 100 120 20
TIME (MINS) TIME (MINS)

7 SERIES 2 (SPRING) KIRUNA MAGNETITE =RED Ho 600°C. INDIVIDUAL LAW

SERIES 2 (SPRING). KIRUNA MAGNETITE =RED H, 6SO°C.

o 40

60

PLOTS

— EXPONENTIAL LAW
=— PHASE BOUNDARY LAW

— GENERAL LAY/

X DATA
*  DATA
K| = 0-0OU 1-0
K2 =0-004
0-8
0-6
0-4

40 60 80

INDIVIDUAL LAW

PLOTS
b

— GENERAL LAW

e

EXPONENTIAL LAW
PHASE BOUNDARY LAW

X DATA
X DATA
K| =0009 Ar-0-330
K2=0003 B = 1-26
80 100 120 140

100 120, 140
TIME (MINS) TIME (MINS)

180



AW 17, Qlalbbed) G L are v xis vy

‘020t
i
cisk () /
. /
,( i/ “?“t"\:l
.0!6 3 . V4
/
’
Ol4 /
/
-Ot2t /-
/.
‘OlOF
Vs
e = = o - =% ®
/
008} /
/ O~ K2
/
006} /
s
-004f . 7
_____ x/
0021
O (e L I3 1. 1 r's 1 L
SO0 550 €600 650 700 750 6800 850 900
°c
2-0F (b) 10
A
-8} . 4-01
P
/
t-6F N /7 -02
7/ N /
s N _
t-4f ! // N J/ 4-03
xi/ N4
L \ Jd-
. 12 \ N 04
| <8 \ N
O \ / by
\ /
O8t \ =06
\ /
*
o6} =07
04 . b "0'8
O-2f d-09
800 550 €600 650 700 750 GO0 850 600

°c

gl
2
¢,
4

-~
Sm.m



SERIES 2 (STANTON) INDIVIDUAL LAW PLOT

er , — EXPONENTIAL LAW

' —— PHASE BOUNDARY LAW
X DATA

K| = 0-003

K2 = 0-00|

]

-~
4
O 06 —
~7
0.4_
o0-2
O 1 i A 1 1 1 | 1 i
O 20 40 60 80 100 120 140 160 180 FIG. 140a
TIME  min -y
5
16
. — GENERAL LAW
14 |- X DATA
¥ A= 0108
-2 B =090l
-0}
~ 08
* X
o
¥ 06k
04 |-
02t )
o | ] ] ! 1 1 ] 1 ]
O 20 40 60 80 I0O (20 140 160 180 FIG. 140 b

TIME min



SERIES 2 (STANTON) INDIVIDUAL LAW PLOT

l-61 ‘ _
14l — EXPONENTIAL LAW _
X —— PHASE BOUNDARY LAW
-2 - X DATA
K| = 0-007
I-OF K2=O-002
O-81
~ N
® .
S~
O o6
o4}
~
~ -
0-2¢
ol | 1 [ | 1 1 v 1 N
(@] 20 40 60 . 80 100 120 140 160 180 FIG.4la
TIME  min - '
{D,
1-6
— GENERAL LAW
X DATA
-4t -
Y- , A = 0-312

B = 1-217

(0/ Fe_)

o I 1 i ! 1 L1 | ]
O 20 40 60 80 100 (20 140 160 180 FIG, 141b
TIME min

FIG.14la & 141 b




oOuuuuuu

o OB

ex D

— 0,00, M @3ON@3IYd S13T13d  H3INIS "2V

ZLe Se @
sgze owd



0,008 8% a30maedd 038 oxo o od SxB™ 33 884 8 Hv

Lm

.um_.®
5] a£2w



BEO 4

B o
Os o3 ol 08 O Os oo ot o3 o
o
(@)
Ho
> lo)
o
Yo
NS
80
O
5
v O
N
/0 J S
o~nq N,
sTples .mr
a HHO
0ot %003 <of —mv3,, Ho"e

02 -pob o8 —mvEx nO=L
wmm Ppob S8 Tmvix nop
- T000 W0 & mi=x 0’8
Oco "PPOB wo & HWH o8
CHyd el n b

e x 00O

0,008 d3IdNd3d a3alvadlL ATIVINGIHL S19779d §4INIS 4V



$ Ce 8
VeEH acd
SN
o8 0% ot S 00 osg o2 ot 0z o
50
o
/X
/x
~
< 0
~
/ M..O
30

- ..H_MH.. X

—

L

1
©0
ft

fi

e
=U.

000 40" 3 vBx mB .3
200D b s vBx wiod O
008 aB.5 H  Bx 5
003 co=28 — MBx 8

<
©



Appleby~FrodIngham Blntar Pellet# Reconstituted
Fig.
Unreduced 63x

Appleby-Frodlngha* Sinter Pellet* Reconstituted
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Fig# 1$2 A*F* Sinter Pellet* Reduced 50G°0 3£x

0 4
Fig. 153 AJP* Slater Pellet* Reduced H2 600 0
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Fig. 155 A.F. fc'inter Pellets Reduced H« 800°c (oil
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Fig. 137 A.F. Sinter Pellet. Reduced Hg 840°C 32*

Fig. 158 A.F. Sinter Pellet. Reduced H, 8i|0° uoQx oil
mid-radius immersion
Fig* 199 A.?. Sinter Pellet Reduced Itp 8k0°c edge 1*0Qx oil
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Pig* t62 A*F. Sinter Pellet* Reduced*-? 90D°C 400x
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rig* 165 (a) A.P. Sinter Pellet. Oxidised 1000°a

Pig. 165 (b) A.P. Sinter Pellet, Oxidised 1000°C 400x
Seduced Kg SOO0OG






Fig. 166 A.F. Slater Pellet. Oxidised 5Q0°C £coox

Fig. 167 A.F. slater Pellet. Oxidised 500°C,, io 0 X
Reduced » 2 800°C
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