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Analytical model for the swelling of
sintered iron oxide pellets during the
haematite—-magnetite transformation
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An analytical model for the swelling of sintered iron oxide pellets was developed, based on
the variation of the elastic properties arising from the crystallographic and morphological
changes that occur during a reduction reaction. The model is restricted to the haematite—
magnetite transformation since this phase change was found to represent the largest overall
volume increase of the reduction process. It is proposed that this swelling is the result of
forces causing sequentiai fissurization of the bonds between the grains undergoing chemical
and structural changes. The relative compressive strengths of the haematite and magnetite
particles, the porosity and the pellet morphology are major parameters of the model. Equations
of swelling for topochemical and non-topochemical types of reduction are developed inde-
pendently. The relative contribution of each type of reduction mechanism was found to
depend on the effect of the additive agent in the pellet. The model was successfully tested by
comparison with experimental swelling results for certain SiO,, Al,0;, CaO and MgO addit-

ions.

1. Introduction

The swelling of iron oxide pellets during reduction has
been extensively reported in the literature from both
theoretical and industrial viewpoints. Most authors
agree on the fact that the expansion of the pellets
which results during the initial stages of reduction is
primarily due to the transformation of hexagonal hae-
matite to cubic magnetite. In order to be able to
understand the overall swelling phenomena during
reduction, it is essential to consider the volume
changes for each transformation. Experiments carried
out under controlled-atmosphere conditions have
clearly shown that when the contribution to swelling
during each phase transformation (Fe,O; - Fe,0, —
FeO — Fe) was measured [1], the haematite to mag-
netite transformation represents the largest volume
increase (80 to 90% of the maximum swelling value).

The objective of this study is to be able to predict
the pellet volume changes from the reducibility results,
based on an analysis of the stresses and strains
generated during the transformation.

A number of studies have proposed that swelling
was due to the distortion of the crystal lattice during
reduction. Bleifuss [2], for example, contends that the
diffusion of oxygen along the different lattice planes
leads to an increase in interplanar distance of 5.7%
going from 0.229nm for 4(0001) for haematite to
0.242 nm for d(1 10) for magnetite. He considers that
the expansion occurs in the directions of the 111
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plane of magnetite and along the 000 1 plane of hae-
matite, and that contractions occur in directions par-
allel to these planes. He concludes that a swelling of
16.5% can be calculated theoretically by this method.
Ottow [3], on the other hand, finds that a swelling of
only 11% can be calculated from the anisotropic
transformation of haematite crystals.

Gorbachev and co-workers [4—8] were among the
first to use the elasticity theory to explain the mechan-
ism of fissurization of pellets during reduction. They
also used this approach to predict the volume changes
of iron-ore sinter during the various heating and cool-
ing cycles and their variation with respect to chemical
composition [9—14]. Shigaki et al. [15] have also used
this model to analyse the structural changes of sinter
during reduction.

In this study, the elasticity concept has been used to
develop an analytical model to predict the kinetics of
swelling of a pellet consisting of sintered haematite
particles. Experimentally determined reducibility and
swelling curves relating the reducibility—swelling data
were then compared with the results predicted by the
model. Using this approach an attempt is made to
quantify parameters such as chemical composition,
porosity, reducing temperature and the nature of the
reducing agent, all of which affect swelling charac-
teristics. More specifically, the model is applied only
to the haematite—magnetite transformation, which
represents the largest volume change.
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2. Swelling of a solid pellet during
topochemical reduction

Consider a solid pellet of haematite of initial radius
Ry, undergoing topochemical reduction as shown in
Fig. 1a. During the transformation the magnetite—
haematite interface moves radially inwards and the
pellet expands from R, to R,. The reaction zone
occurs in a very finite layer R,— R, and the lattice
changes from hexagonal haematite to cubic magnetite
are assumed to result in stresses applied at the radius
R;, the outermost surface of the non-transformed hae-
matite. In spite of its different crystalline structure, the
shell of magnetite of thickness R,,~R, can be con-
sidered to be equivalent to the geometry of a hollow
sphere.

A force balance on a hollow sphere with different
external and internal pressures is then used to repre-
sent the incremental radial displacement of this shell.
A number of assumptions are made in order to be able
to formulate the analytical treatment:

1. The non-reacted core is much more rigid than the
outer shell of magnetite.

2. An effective Young’s modulus for porous
materials with effective Poisson’s ratios is proposed
for both haematite and magnetite.

3. The thickness of the diffusion layer (reaction
zone) is negligible with respect to the thickness of the
transformed outer shell (Fig. 1b).

4. The forces applied on the shell surface can be
represented by a uniform pressure P; at r = R,, and
the pressure at r = R, is considered negligible.

The resulting radial displacement u, measured at the
surface of the pellet can then be expressed by using
Equation A12 of the Appendix to give

3(1 +v) RyuR;
Wy o = 20 FD Rk po

2By Ry — R
where v is Poisson’s ratio and E, is the effective
Young’s modulus of the porous Fe;O, shell. The
subscript T refers to the topochemical nature of the
reduction.

This expression is valid only in the elastic range
where the equivalent stress remains below the value
above which rupture or fissurization can occur. For
the case of iron oxide pellets, fissurization often occurs
during reduction, and consequently the elastic com-
ponent becomes very limited. In order to accomodate
the fissurization phenomenon, Gorbachev and Shavrin
[4] and Alekseyev et al. [7] had proposed that, for a

Figure 1 Schematic representation of (a) phase regions
of a topochemical reduction by a thin reaction zone
and (b) pressure components acting on the transformed
layer.

Fe,03

specific degree of reduction, the overall expansion can
be represented by the sum of n individual displace-
ment steps before fissurization occurs:

— @

where p, is the overall displacement for a specific
degree of reduction, (14, is the radial displacement of
cach step before rupture and » is the number of dis-
placement steps.

In order to relate the value of P, to the position of
the reaction interface we can assume that the stresses
created during reduction are proportional to the inter-
facial surface, so that

Ri
P o= K 3
0

where K, is a proportionally constant directly related
to the nucleation and growth of the magnetite phase.
This constant depends on the reduction temperature,
the gas composition, the surface energy of the haema-
tite grains and finally also on the coherence of the
haematite—magnetite interface [16-21].

For the case of a topochemical reduction, the pos-
ition of the interface can be determined by the overall
reduced fraction X;:

RN
5= (7) @

This relation is valid if the thickness of the reaction
zone is considered to be negligible. Replacing R, and
P, by their respective expressions, the equation for the
incremental radial displacement of the reaction inter-
face for X; > 0 is given by

3+ v Ryl - X7
2Ew  (Ry/Ry) — (1 — X))

(w)r = K (5)
The corresponding instantaneous swelling for each
step is then
[(w)r + R — R,

() = 2 ©)

and the overall swelling G, is represented by the
summation of all the incremental steps, so that

M=

G, =

(&)t )

i=1

The overall swelling, however, can also be expressed
as a function of the radial displacement of the reaction
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Figure 2 Swelling as a function of the reduced
fraction for a topochemical reduction (K, variable,
n = 100).
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where V4 is the initial volume of the pellet and Vy, is the
volume corresponding to a reduced fraction X;. The
value of R can then also be respresented by

Ry = Ro(l + GX,-,I)]/3 (9)
By substituting into Equation 8 we obtain
GX,- = (1 + GXi_l) K,

[3(1 + v (A - X)F
2By Xi + Gy

+ 1}3 — 1 (10)

For constant temperature and a reducing gas com-
position, we can therefore write

a-x” T
= — Y 4+ 1| =1 (1
Gy, = (1 +Gy) [Kz S an
where
3(1 4+ v)
= —_— 12
K = K5 (12)

Equation 12 assumes that the values v and E, for the

The swelling curves as a function of the degree of
reduction, calculated by Equation 11, are shown in
Figs 2 and 3 for different values of n and K,. These
figures show that the curves all decrease monotoni-
cally for increasing values of # and K,. Fig. 4 shows
that swelling varies linearly with the product #K,, and
thus these two parameters can be considered to be
interdependent.

The number of incremental steps, n, represents the
frequency of fissurization of ecach reduced layer, so
that the larger the value of n, the larger will be the
fissurization resistance. An increase in K, repre-
sents an increase in the stresses generated during the
haematite—magnetite phase transformation as repre-
sented by K; of Equation 12, or by a decrease in the
value of Ey;. As a result it can be said that a variation
of K, directly affects the fissurization frequency, which
consequently affects the maximum swelling.

3. Swelling during non-topochemical
reduction

For this type of reduction (denoted by the subscript

NT) the transformation reaction is assumed to take

Swelling (%)

Figure 3 Swelling as a function of the reduced
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1.0 fraction for a topochemical reduction (n variable,
K, = 0.0003).
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Figure 4 Maximum swelling as a function of #K, for topochemical

reduction; G,, = 588.23nK;,.

place uniformly throughout the pellet. As a first
approximation the instantaneous swelling is propor-
tional to the reduced fraction:

(g)nr ¢ (1 — X)) (13)

The instantaneous radial deformation is then repre-
sented by the generalized form

(ot = KRy(1 — Xi)m (14)

where K; is a proportionality constant characteristic
of the non-topochemical reduction.

If the pellet strength is directly related to an effective
Young’s modulus E* we can also write

This assumes that the effective overall Young’s
modulus E* for the pellet consists of the respective
contributions of the values for a haematite and mag-
netite according to the degree of reduction [4, 22] so
that

W = 2| e |
Ey | (Eu/Ev) — X[(Ew/Ev) — 1]
VNT

N §4§2l§(A f)l) {17)

where
K, = Kj/Ey (18)

and

A = Ey/Ey (19)

The overall swelling can thus be given by a develop-
ment analogous to the topochemical type reduction,
so that

Gy, = 1+ Gy )

(1 _ X;)IB 3

Equations 18 and 19 assume that E,, remains con-
stant throughout the reduction and that its value cor-
responds to the pellet strength when it is completely
transferred to magnetite.

Swelling curves determined by Equation 20 for dif-
ferent values of n, 4 and K, are shown in Figs 5 to 7.
It is important to note that the swelling rate (dG/dX)
depends on the ratio of the respective strengths of
haematite and magnetite. Also, when 4 = 1, the the
pellet strength remains constant during reduction
(Ey = Ey) and (dG/dX) is negative and varies very
little with respect to X;.

For large values of 4 (say 4 = 5), the pellet resist-
ance is greatly decreased during the transformation.
This implies that (dG/dX) is positive and is very
dependent on the reduced fraction. Experimentally, it
is possible to evaluate A by carrying out compression
tests at different stages of reduction. Studies have been
carried out at reduction temperature for each stage

Figure 5 Swelling as a function of reduced frac-
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Figure 6 Swelling as a function of reduced frac-
tion for a non-topochemical reduction (K, vari-
able, n = 100, 4 = 5).
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[23, 24] as well as measurements at ambient tem-
perature, of pellets reduced in a Rist type reactor,
[25, 26]. The results of Bessiéres and Becker [27] have
also shown that the hardness of a monocrystal of
haematite varies in an analogous manner to its vari-
ation of compressive strength.

Again, the maximum swelling increases as the value
of n increases, as was also observed for the topochemi-
cal reduction. The variation of the maximum swelling
as a function of 4 and K, is shown in Fig. 8. The
parameter Ey/K; can be interpreted as the ratio of
the initial compressive strength with respect to the
stresses generated by the haematite—magnetite trans-
formation. As a result, it becomes clear that the maxi-
mum swelling decreases as Ey/K; increases, or con-
versely, the swelling increases as the pellet strength
decreases during reduction. Fig. 8 also demonstrates
that the pellet must have a high initial compression
strength, and must not decrease rapidly as reduction
occurs, in order to decrease the swelling charac-
teristics. Experimentally, these two conditions can
be controlled by chemical composition and by
the pellet induration programme. Normally, initial
high compression strength is obtained by high-
temperature sintering, whereas the addition of fluxes

gives the pellets both hot strength and post-reduction
strength.

4. Swelling during reduction controlled
by a mixed reaction mechanism

In most cases, pellets are more or less porous and it is

probable that the reduction kinetics and subsequent

swelling are controlled by a mixed reaction mechan-

ism.

Under these conditions the same assumptions can
be applied that were considered in the development of
the kinetics of reduction [28, 29]. Assuming that the
overall volume change of a reduction with mixed con-
trol is the sum of the contributions of all the radial
displacement steps from both the topochemical and
non-topochemical components,

(B mix a(u)r + B(udnr

a+p =1
The terms (y;)y and (y;)nr represent the incre-
mental displacements from the topochemical and non-
topochemical contributions, respectively, and the
coefficients « and f are parameters which characterize
the two kinetic regimes. These parameters are related
to the pellet porosity so that their ratio is equivalent to

3y

where
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Figure 7 Swelling as a function of reduced frac-
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Figure 8 Maximum swelling as a function of parameters 4, K, and
K, withn = 100 for 4 = (v) 1, (0) 2, (a) 3 and (O) 5.

the Thiele modulus [30]:

Blo = KiRy D 22)

where K is a parameter which depends on the granu-
lometry and surface characteristics of the pellet, k is
the chemical reaction rate constant and Dy is the
effective diffusion coefficient within the pores. This
coeflicient is a function of the Knudsen diffusion and
molecular diffusion, as related by

1 1 1
= —+ (23)
Deﬂ" Dk Deﬁ,A,B
e
Defr,A,B = DA,B ; (24)

where ¢ is the pellet porosity, 7 is the tortuosity factor
and D, g is the normal molecular diffusion coefficient
of a binary gas (A + B).

It is generally assumed in the literature that D, g
remains constant during the reduction reaction. On
the other hand, it is also necessary that the porosity of
the pellet must also increase during reduction when
swelling occurs [31, 32]. As a first approximation, we
assume that all the swelling is due to an overall change
in porosity and that the volume change of the solid-
phase components from haematite to magnetite is
negligible with respect to the overall swelling, so that

e = & + Gy (25)

where ¢, is the initial porosity; &y, and Gy, are the
porosity and swelling at a degree of reduction corre-
sponding to X;.

Normally, the Knudsen diffusion contribution in
Equation 23 is negligible with respect to D,y 5 5 and we
can substitute the respective contribution to the

displacement equation

Ry(1 — X))
i /mix o K
() <2®MW—U—H
Dypey, . Ry(1 — X))
MR I S Sy
Ry(1 — X))
ol K
<waw~a—m
& + Gy)Ry(1 — X)'P
: (& v,) Rai( ) 26)
A— X4 -1
where
K, = KK, Ry Dy @n
kt

Recalling the expression for Gy, in Equation 8, the
overall swelling can then be represented in an anal-
ogous fashion:

(1~ X)*

GXi = (1 + GXi—l) |:OC( A/l + GXi_l

Ki(e + Gx,-,,) a1 - x)" 1 ’ 1
A — X4 - 1) ) ]‘

(28)

In Equation 27 we also neglect the variation of 7 as
a function of porosity, as well as the variation of the
grain size incorporated in the constant K;. The values
of D, and & depend on the temperature and on the
composition of the reducing atmosphere, but can be
assumed to remain constant for constant reduction
rates. The value of K, which has the same significance
as K,, and the parameters v and E for the magnetite
phase can also be assumed to be constant throughout
the transformation to magnetite. Consequently the
stresses per unit surface area (K;) or per unit volume
(K;) generated by the haematite-magnetite trans-
formation are also assumed to remain constant during
the reduction.

5. Application of the model to
experimental results

The model developed for mixed control was then
applied to the swelling of synthetically prepared pel-
lets. Recrystallized haematite, re-crushed to a granu-
lometry of normal iron-ore concentrate, with addit-
ions of small amounts of CaO, MgO, AlLO, and
Si0,, was formed into spherical pellets and sintered
in a normal induration cycle. These pellets were
then reduced in a stage-wise manner using different
CO-CO, atmospheres in order to determine the swell-
ing associated with each phase transformation from
Fe,O;toiron {1, 33, 34]. The swelling during reduction
was continuously measured using the dilatometric
technique previously developed [1]. The reduction
kinetics were followed in analogous experiments with
identical pellets suspended in a thermobalance.

The calculation of the constants «, K, and K from
Equation 28 were based on the experimental results of
the swelling against reduction data by taking fixed
values of n and 4. With these constants and the
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Figure 9 Swelling as a function of reduced fraction calculated from
model and compared to experimental results for pellet composition
99.5% Fe, 05 + 0.5% Ca0O, (n = 1005, 4 = (—) 1, (~-) 2, (~—-)
3, (~--) 4, (=---) 5; (- ) experimental data.

reduction against time curve, one can calculate the
corresponding swelling against time curve and com-
pare with the experimental results.

The computer calculation used in this simulation is
based on a non-linear regression analysis. The first
stage necessitated the determination of the values of n
and A to fit to the experimental values of the swelling
curve. The value of 4 can be estimated from the
compression strength of the pellets at different reduc-
tion levels, and is found to be generally between 2 and
5. On the other hand the parameter » is difficult to
determine experimentally. Using the data of Bleifuss
[2], Gorbachev and Shavrin [6] have attempted to
determine the degree of reduction when fissurization
of the grains of haematite occurred. They simply
assumed that the elastic properties of haematite and
magnetite for a single crystal of volume 1 mm’ are the
same (Ey; = Ey = 2 x 10%) and then calculated that
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Figure 10 Swelling as a function of reduced fraction calculated from
model compared to experimental results for pellet composition
99.5% Fe,0, + 0.5% CaO (4 = 3);n = (—) 25,(-—) 50, (-—-)
100, (---) 200; (- - ) experimental data.
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Figure 11 Swelling as a function of reduced fraction calculated from
model and compared to experimental results for pellet composition
98.0% Fe,0; + 2.0% ALO;(4 = 3);n = (—)25,(--) 50, (-—-)
100, (—--—) 200; (- - -) experimental data.

a 5% reduction will result in a critical stress of
g, = 10kgmm™2 which causes fissurization. This
implies that the value of » must be at least 20 in order
to describe the swelling phenomena according to the
proposed model. The pellet strength, however, does
vary as reduction proceeds and according to this
analysis will certainly affect the frequency of fissuriz-
ation. Since the pellets are formed of recrystallized
grains of oxide with additions of a binding agent one
must also consider the strength of the bonds between
these grains.

Figs 9 to 11 show the influence of the variation of
A and r on the ability to fit the calculated values to the
experimental results. Two different compositions with
different swelling maxima are used for comparison.
For the case of the pellet containing 0.50% CaO, we
can observe that the model best fits the swelling curve
for A = 3 and for n = 100. The results also showed
that these same values of 4 and » can represent the

Swelling (%o)
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Figure 12 Comparison of (——) model for swelling against reduced
fraction with (- - -) experimental results for pellets of variable com-
position using n = 100 and 4 = 3; T = 1223K.
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Figure 13 Comparison of (——) model for swelling against relative
reduction time with (- - -) experimental results for pellets of variable
composition using n = 100 and 4 = 3; T = 1223K.

experimental swelling curves for pellets with a 2%
Al O, addition equally well (Fig. 11).

The variation of the values of o, K, and K as a
function of 4 and » are summarized in Table I. The
calculated and experimental swelling values are given
for complete reduction of all haematite to magnetite
(Gy_,). It should be noted that 4 and » are interdepen-
dent and are functions of the chemical composition of
the pellets as well as the reducing conditions. It is thus
necessary to be able to evaluate 4 and # for each type
of pellet in order to get the most precise values of «, K,
and K, to best describe the swelling curves.

Values of n = 100 and 4 = 3 were used for dif-
ferent composition as shown in Table II. Figs 12 and
13 show that the model is able to predict the swelling
kinetics of the pellets for cases when the maximum
swelling does not exceed 30%. When swelling rises
above this value, major cracks of a different form are

TABLE 1

generally the cause of swelling which cannot be
described by the model, as was observed with pellets
containing additions of SiO, and MgO. The effect of
the different additives on the intergranular strength is
difficult to quantify.

The series of results for the samples of different
compositions and reduced under different conditions
was used to evaluate the topochemical (represented by
K;) and the non-topochemical (respresented by Kj)
contributions to the swelling. This analysis is then
applied to the swelling curves as a function of reduc-
tion (Fig. 14). It can be observed that for all cases, the
K, /K, ratio as a function of (dG/dX),_, is a simple
decreasing value. This implies that the initial swelling
rate decreases logarithmically as a function of the
ratio of the non-topochemical to topochemical contri-
butions. This observation can also be seen in Figs 2
and 3 for the topochemical reduction, and in Figs 5, 6
and 7 for the non-topochemical reduction.

Recently, Hayes and Grieveson [35] investigated the
effect of temperature and chemical potential on the
morphology of the magnetite produced from solid
crystals of haematite. They found that the rate of the
haematite—magnetite transformation is controlled by
the rate of formation of magnetite nuclei. A low rate
leads to higher swelling values according to the rela-
tion G,,, = K(1/Ng) where K is a constant including
chemical potential, surface energy change and acti-
vation energy, and Ny is the number of magnetite
nuclei formed. Conversely, a large number of nuclei
therefore resuits in lower swelling values.

In this study the degree of swelling was related to
the internal structure in terms of the /o ratio. When
f/o approaches zero (large values of «) the reaction
is mainly topochemical, producing higher values
of swelling, whereas when f/a is large, the non-
topochemical contribution is predominant, resulting
in lower swelling. The topochemical reduction mode
allows fewer Fe,O, nuclei to form, since the reaction
surface is restricted to a spherical shell as compared to

A n 98 Fe,0,-2A1,0,

(porosity = 0.2642, G,_,(exp.) = 23.94%)

99.5 Fe,0,-0.5CaO
(porosity = 0.2312, G,_,(exp.) = 11.995%)

ax 102 K, x 10 K x 10 Gy_; (model)(%) ax 100 K, x 104 K, x 107 Gy_,(model)(%)
3 25 8.907 68.060 17.260 24.61 10.550 13.580 11.660 11.56
50 9.016 7.101 9.832 23.72 7.865 1.871 8.290 11.74
100 6.708 2.907 6.757 23.94 5.354 0.8842 6.157 11.80
150 3.379 2.847 9.037 23.30 4.194 0.5707 5.274 11.81
200 2.675 2.169 8.621 22.81 3.491 0.4201 4.771 11.80
1 100 4.755 2.999 5.045 23.71 2.703 0.6504 6.254 11.53
2 100 5.949 2.985 6.007 23.83 4.320 0.8629 5.951 11.80
4 100 7.321 2.815 7.340 22.69 1.666 3.231 23.660 11.62
5 100 7.923 2.736 7.844 22.10 2.066 2.831 21.890 11.42
TABLE II
Sample composition Porosity a x 102 K, x 10* K, x 10° Gy (exp.)(%) Gy_, (model)(%)
95 Fe,0,—-58i0, 0.2647 5.612 12.430 7.419 28.23 28.68
98 Fe,0,-2A1,0, 0.2642 6.708 2.907 6.757 23.94 23.94
95 Fe,0,5A1,0, 0.276 4832 2.601 7.324 16.48 16.74
99.5 Fe,0,-0.5Ca0O 0.2312 5.354 0.8842 6.157 11.95 11.80
90 Fe,0,~-10MgO 0.3012 3.427 1.855 3.701 5.64 5.56
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Figure 14 Initial swelling rate as a function of the
ratio of the non-topochemical to topochemical con-
tributions for n = 100, 4 = 3.
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the non-topochemical mode where the nuclei can form
~on all the particle surfaces within the pellet volume.

The effects of reaction gas composition on the total
swelling were previously shown in a series of experi-
ments using pure hydrogen gas and 40% CO-60% N,
gas mixtures for the reduction of haematite pellets
with sodium and potassium additions [36]. Using pure
hydrogen, the reduction proceeds at a rate 3 to 5 time
faster than with the 40% CO-60% N, mixtures, init-
ial rates being even more rapid. Again, this indicates
that the high nucleation rate generated with pure
hydrogen results in a lower swelling than reduction
with 40% CO-60% N,. Fig. 14 shows that a direct
correlation exists between the initial rates of swelling
and the ratio of non-topochemical to topochemical
contributions. The value of f/« is larger for hydrogen
reduction mainly because of the higher value of the
effective diffusivity of the H,—~H,O gas mixture.

The addition of certain other elements, even in
small quantities, also changes the morphology during
the normal pellet induration cycle and can alter the
grain structure due to the formation of a liquid phase.
The surface area of the grain as well as the total
reaction surface within the pellet is reduced, and thus
fewer magnetite nuclei are generated. This again leads
to a more topochemical type of reaction with larger
swelling values, with fewer but larger fissures, as com-
pared to the non-topochemical case.

The limits of application of this model are directly
related to the ability of the pellet to retain its spherical
shape during the microfissurization process which is
the basis of swelling. This implies that the swelling
should be in the normal rather than in the catastophic
range (less than 30% volume increase) and that the
pellet undergoes only solid—solid phase transfor-
mations. It cannot accomodate large fissures which
cause an uneven distribution of the forces acting on
the non-reduced phase. In certain cases small amounts
of sodium, potassium and calcium oxides can react to
form a liquid phase during the reduction period and
thus change the morphology even more drastically. In
this case the pellets undergo plastic rather than elastic
deformation. This type of catastrophic swelling can-
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not be quantified by the model, but does predict
higher values since the ratio Ey/Ey = A becomes
very large because of the greatly reduced value of the
compressive strength (E,;) of the reduced phase.

Experiments still need to be carried out in order to
evaluate the compressive strengths £, and E, for each
type of pellet, as well as for the determination of other
constants in order to be able to use the model in other
specific cases.

6. Conclusion

An analytic model based on the theory of elasticity
was applied to the kinetics of reduction of spherical
iron oxide pellets with small additions of CaO, MgO,
AlLO, and SiO, during the haematite—magnetite
transformation. The stresses resulting from the crys-
tallographic change were related to the overall defor-
mation of the pellet resulting in normal swelling of the
pellet.

The model has also shown that the contributions to
the swelling behaviour are influenced by parameters
such as the reducing conditions, the oxygen potential,
the chemical composition of the reducing gas and the
morphology of the pellet.

Appendix: Static equilibrium equations

for an isotropic hollow sphere
Consider a hollow sphere of external radius R, with a
uniform pressure P, applied at its external surface, and
a uniform pressure P, applied at a radius R,. The
analytic solution for this configuration is given in
detail by Landau and Lifshitz [37].

Neglecting gravitational effects and assuming iso-
tropic properties, the general force balance can be
written as

20 = WVV-p) = 0 (Al
where v is the Poisson coeflicient; here
- 0 O+ 6 .
v - (27, 97,09
<5xl + 5y] + 5Zh)
and p is the displacement vector (it = ji; + fi,; + i)



Integration of Equation Al gives

Vi = a (A2)

where 4 is a constant.
In spherical coordinates, the divergence of the vec-
tor u can be written as

1d@?
Vo = 5 (dr”) - a (A3)
Integrating, 5
a
po=3r + p (Ad)

where b is also a constant. The radial strain ¢, is given
by
I, a 2b

& = =~ = - —

r r 3P

(AS5)

and, for an isotropic material, the tangential com-
ponents g, and ¢, are equal so that

b
89—8¢=&= + =

r

(A6)

W&
~

The radial and tangential stresses are then found by
using Hooke’s law:

E

g, = m[(l — V)b‘, + 2V8¢]
E a 2E b
S d-—m3 d19r (A7)
and P
0y = m [(1 — V)8¢ + V(8¢ + 8,)]
E a E b
S a-wm3taryr (A8)

where F is Young’s modulus. The constants a and b
can be found by using the boundary conditions:

r = R, o, = —P
r = Ry, o, = —Pb
so that
3
4 3P1ﬁ§ : :;Q?Rz (1 ;2v) (A9)
and
p RIR}(P, — P) (1 + v) (A10)

R, — R} 2E

Substituting into Equation A4, the radial displace-
ment becomes

N = (1 — 2v) <PlR§ - PzRg)

E R + R}
1+ (R%R%(P1 =N
= 1
2w " R-&r )7 @

so that at the surface of the sphere, when r = R, and
PZ = 07
3(1 +v) RER

1, = P Al2
2 R-RBP
Py=0
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