or pellets containing silica. The strength of pellets or
sinters, on the other hand, is likely to improve as a result of
fayalite formation. This is because fayalite, as shown here,
has a tendency to cover the surfaces of particles whereby it
establishes crystalline bonds between nearby grains.

CONCLUDING REMARKS

It has been shown here that fayalite forms in the reduction
of Carol Lake material by CO+CO, mixtures {in the
magnetite stability range) as a side reaction between the
product magnetite and impurity silica. The reaction
becomes important at temperatures of 1000°C and above.

During reduction at 1100°C fayalite has been found to
form preferentially on the surfaces of magnetite particles.
Theorelical considerations indicate that this mode of
growth may be a result of oxygen removal from magnetite
surfaces which is required to take place simultaneousiy
with the formation of fayalite.

The formation of fayalite as a covering layer on
magnetite surfaces results in the sites of silica particles in
the original pellet being left vacant. This is confirmed by an
increase in porosity from 0-29 to (042 at 1100°C and by the
appearance of very large pores.

Theoretical considerations and information from pre-
vious work indicate that fayalite is an undesirable
constituent since it is detrimental to reducibility. The effect
of fayalite formation can be minimized by keeping
magnetite formation temperatures below 1000°C and
preventing  prolonged exposure ol magnetite to  the
reducing gas atmosphere. Temperatures of [100°C and
above should be avoided because of the formation of liquid
phases.
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Mechanical
properties of
formcoke

T. E. Fasler, R. C. Bradt, and P, L. Walker, Jr

The mechanical properties of two formcokes
being considered for use as alternative blast-
furnace fuels were determined as a function of
bulk density. The elastic moduli, fracture
toughness, and fracture surface energies were
measured with methods conventionally used for
other brittle materials. Each of these properties
was observed to increase with increasing bulk
density, {5/580
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INTRODUCTION

Formcoke has been given serious consideration as an
alternative fuel for usec in blast furnaces and other
metallurgical applications. The prospect of decreasing
availability and increasing expense of good coking coals
has especially promoted this interest. Unlike conventional
metallurgical cokes which are prepared from a relatively
narrow range of bituminous coking coals, formcoke may
be prepared from wore widely available non-coking
coals.! ? Several different processing methods may be used
to obtain the desired size and shape pieces of formcoke.
Some include separating the precursor coal into its volatile
and non-volatile components, or pitch and char,
respectively. The pitch and char are then further processed,
recombined, and moulded into brigueties. The formeoke
is then carbonized to obtain the final product. These
processes arc discussed further below.

Table1 Analyses of coal and chars”

Historically, the formeoke concept originated several
decades ago. Early altempts at maintaining briguetting
operations were generally unsuccessful because of
processing and economic problems. Contemporary
formcoke plants have evolved to the point where three
general types ol processing are recognized. These include
(i} direct briquetting of crushed raw coal followed by
carbonization; (i) high-temperature carbonization of the
coal, followed by crushing, mixing with pitch, briquetting,
and carbonization; and (iii) low-temperature separation of
tar and char, char calcining, recombination of char and tar,
briquetting, and carbonization. The third processing
method was used in this study.>* Although relatively few
blast-furnace trials have been completed using form-
coke, most documented results have yielded promising
indications,

The requirements and characteristics of coke that are
necessary to blast-furnace operation must be taken into
consideration in formcoke production.® Size and shape are
important in determining cokefore contacts and the
amount of void space in the blast furnace, which is
necessary 10 aflow the flow of gases and liquids through the
burden. The strength and reactivity of the coke are critical
parameters. In particelar, the mechanical properties of
formecoke are a major concern because of the load-bearing
requirements in the blast furnace. In this paper some of the
mechanical properties of two shightly different formeokes
are discussed. It is shown that conventional mechanical-
properties tests for brittle materials can be successiully
applied to formcoke.

EXPERIMENTAL PROCEDURE

MATERIALS

The raw coal used in preparation of the formcokes for this
study was Iilinois no. 6 from the Sesser mine, Proximate
and ultimate analyses are given in Table {. The analyses
indicate that the coal rank is high-volatile C bituminous.
Several steps were involved in the mitial processing.® The
dried coal was crushed to 100%, less than 3-2 mm in size.
These particulates were then pre-oxidized at 180°C to
remove any caking characteristics they may have retained.
The next step was heat treatment at 300°C, during which
two different chirs were produced by treatment in either
an atr-N, or O,-steam environment. It is during this stage
that the volatile (tar) component is removed from the non-
volatile {char) component of the coal. The chars were then
calcined at 815°C in environments similar to those used in
the carbonizer. Calcination causes shrinkage of the char
particulates as they are further carbonized. Prosimate and
ultimate analyses of the chars are given in Table 1. The tar
was also processed by introducing air at 100°C to produce
a pitch having the chemical analysis given in Table 2. The
final stages of preparation resulted in two different char-

*Initia]l processing completed at Inland Steel Co., East Chicago,
End.

Proximate analysis {dry
basis), wi-%

Ultimate analysis, wt-%t

H M Ci S 0 Ash
ar db  ar db ar db  ar db  ar db  ar db

Volatite Moisture C

mattar  Fixed C Ash  $ ar  db @ db
Ilincis no. 6 coal 35-9 58-2 58 o7 61 ... 730 770
Ajr-N, char 34 857 109 t 67 ... 730 847
0,~steam char 35 268 97 1t 18 ... 842 858

48 51 08 10 04 04 Q7 07 91 96 59 62
11 12 11 12 ... ... 086 07 32 34 83 BY
11 1t 165 16 ... ... 06 06 2 28 79 80

*Analyses performed at fnland Steel Pilot Plant, East Chicago, Ind.
t ar ag received; db dry basis,
tNot measured.
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Table 2 Chemical analysis of pitch, wt-%"*

c 0 H N Ash

804 -8 68 15 16

*Analysis performed at Inland Stee! Pilot Plant, East Chicago, Ind.

pitch systems. The two chars were then mixed with pitch al
room temperature in a ratio of 40 parts by weight of pitch
per hundred parts total* The mixture was heated to 85°C
and moulded into rectangular bars [27x 25 x [3mm in
size. Rectangular bars were moulded specifically for this
study to facilitate the mechanical-properties measurements.
although fermeoke is conventionally mouided in the form
of pillow-shaped briqueties. The bars were subsequently
carbonized at 870°C to obiain the final product. Those
bars prepared with the air—N, calcined char are referred to
as the air-N, formcoke while the second type are referred
to as the O,-steam formeoke.

PROPERTIES

Before characterizing various physical properties and
mechanical properties of the formeoke specimens, because
of their highly hygroscopic nature they were dried al
120°C. Some of the physical properties of the two
formeokes are given in Table 3.

Several mechanical properties were determined. The tests
selected for this study are those conventionally used for
brittle materials., Although tumble tests are usualy used w
characterize the mechanical breakdown of coke, it is
difficult to quantify the test results. The tests described
below yield results which can be described in terms of
accepted international units; they were found 1o be
satisfactory in characterizing the brittle formeoke materials.

The Young's elastic modulus E, the clastic shear
medultus G, and Poisson’s ratio v were measured using the
dynamic mechanical resonance technigque which relates the
resonant frequency of the specimen to the elastic moduli.*7
Fracture toughness K, was determined by fracturing
straight-notched beams in three-point bend, generally
known as the notched-beam test.® Two different fracture
surface energies were measured.™ " The fracture initintion
surface energy, or yupy 18 the amount of energy which must
be stored in the specimen in order to initiate fracture; this
measurement was also made via the notched-beam test.
The quasi-static fracture propagation surface cnergy, or
Twor Wits determined via the work-of-fracture technique, in
which a chevron-notched beam is fractured slowly in a
stable fashion. The total amount of energy to propagate a
crack completely through the specimen is taken as pwor
Diagrams of the yyyr and Pwor test geometries are shown
in Fig. 1. All of the mechanical-properties measurements
were carried out al room temperature. Since a range of
bulk densitics was observed for each of the two formcokes,
with some of the O,~steam formecoke specimens falling at
stiphtly lower densities than the air-N, formcoke, the
mechanical properties of each were related to their bulk
densities, Bulk densities were caleulated from the specimen
mass and dimensions.

RESULTS AND DISCUSSION

ELASTIC MODUL!

As indicated in Table 3. the bulk density for the O,-steam
formeoke specimens ranged from 070 to 094 Mgm ™%,
while that for the air-N, formcoke varied from 0-78 to
099 Mz m™* The clastic moduli were measured for
specimens taken over the entire range of densitics. The

*Final processing completed at Airco Speer Carbon and Graphite,
Niagara Falls, NY.
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Table 3 Physical properties and characteristics of

formcokes
0O,-steam Air-N,

Property”® formcoke formcoke
Bulk density, Mg m-?* .

fRange 0-70-0-94 0-78-0-93

Average 083 0-88
X-ray density, Mg m~? 2-07 2:07
Surface area, m* g’

(CO,, 298 K) 475 485
Poresity 0-497 0-482

{open to H,0}

*All praperties reportad on @ mineral-matter-containing (mmc) basis,

Young's elastic modulus data arc shown in Fig 2. It is
clear that there is a marked trend for E to increase wilh
increasing bulk density. The values range from ~6 to
29GN M~ as the density increases from 070 to
099 Mg m ™ These values compare favourably with those
of ~2 to 5 GN m~? reported by Bilimoria for low-density
{0-65-0-80 Mg m ™) formecoke specimens.'! The values are
relatively fow compared to the value of 44 GNm™?
reported by Cost et al. for an isotropic polycrystalline
graphite containing about 4%, poresity.® This increase in
Young's clastic modulus is related to the greater stiffness
afforded by the higher solids content {lower porosity) of the
denser specimens. This effect has been observed by many
investigators; however, the exact relationship between
elastic moduius and density or porosity has not been
clearty defined. Several relationships have been proposed,
but some fit well over only limited runges of porosity, or
violate the expected limiting values al zero or 100%
porosity.

Mrozowski'? found that a linear relation between
Young's elastic modulus and porosity was the best it for a
low-porosity (< 0%} graphite. A quadratic relation was
proposed to describe  the clastic  modulus—porosity
relationship by Spinner eral'* for materials  with
porosities as high as 30%. In addition to these linear and
quadratic relations, several investigators have employed an
exponential  expression;'>!37'7  however, such an
expression is frequently found to yield an increasing
amount of error at higher porosities. It appears that one

P
W |
_g/ /
(a) D i A
I L |
P
b
(b}
e d
W
.
H
i

a notched-beam test; b work-of-fracture test
1 Specimen configurations
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solution may be to specify the range of porosities for which
a given expression is known to be valid and to state the
estimated amount of error to be expected.

In an effort to find a relation which best describes the
duta presented in Fig. 2, each of the expressions described
above was implemented, None yielded a coeflicient of
determination (R*} higher than 74%; a value of 1007
indicates that all data 1 the expression exactly. The
amount of scatter in the data can only be partially
attributed to the relatively poor {it of these models, since it
is clear that parameters other than the bulk density must
play a significant role in determining the clustic modulus,
These include porosity, microcrack density, local char and
binder distributions, ash content, and uniformity of
carbonization from sample to sample. However, these
parameters are either very highly correlated and would
yield Hmited new information, or would require desiruction
of the specimen for their measurement, such that a
prediction of Young's elastic modulus was not possible. 1t
is therefore very diflicult 1o improve upon these models
stmply by incorporating additional purameters.

Rather than retaining one of the three expressions
presented above, u fourth type of relation was considered.
it has the form:

E=Efpipo® . . . . . . . . . . . .. h

where E, corresponds to the elastic modulus of a pore-free

specimen, gy, is the density of graphite (2268 Mg m ™9, and
I and p arc the clastic modulus and density of a given
formcoke specimen, The exponent N can be determined
mathematically. The logarithmic transformation of this
expression to linear form yields:

InE=InEy+Nlalp/py) . . . . . . . . . (2

A lincar regression of In £ on In{p/p,) gives an expression
whose slope is the exponemt N and whose y-intercept is
In E,. For the O,-steam lormcoke, this expression is;

InE=127+332nlp/pe)y . - . . . . . . D

This line is shown in Fig. 2 with the corresponding data.
Similarly, for the air-N, formecoke the expression s

MEs[244+2790n(p/py) - . . . - . . . . {4

This line is also shown in Fig. 2. All of the stope and
intercept vafues, and coeflicients of determination, are
given in Table 4 for comparison. The t-ratios {parameter/
standard deviation) and R* values indicate that the power-
funciion model in equation {1} is the best ft for the
formceoke data. Using the method described by Bowker
and Lieberman,'® the slopes and intercepts in equations {3}
and (4) were tested to determine if the data for the two
formcokes arce statistically different. The test indicates that
within 95%, confidence two separate lines should be given
as in Fig 2, rather than only one line for the combined
data.

According lo the expressions described by equations {3}
and (4), the value of the y-intercept is equal to In £, The
vatues of K, calculated from the two regression cquations
are 330 and 240 GN m ™2, respectively. The average of the
theoretical upper and lower limits on the elastic modulus of
polycrystalline graphite was calculated according to the
method described by Hil'® This value is known as
Ervn und is equal to 275 GN m ™% The two values of E,
determined for the formceokes are in good agreement with
this theoretical value.

The data for the elustic shear modulus G are given in
Fig. 3. These values are also presented as a function of the
bulk density, and exhibit an imcreasing trend as was
observed for Young's clastic modulus. The values range
from ~3 to I0GN m™2 On fitting the data to the four
different expressions discussed above, it was found that the
power-function model again yielded the best fit. In the case
of the elastic shear modulus, it has the form

G=Gyplpe® . . . . . . . .. ... 8

The lincarized form with the appropriate regression

Table 4 Comparison of mathematicai models for Young's elastic modulus v, bulk

density relationships

t-ratio
Madel Slope Intercept R? Slope fntercept
Linear (£ versus p)
0.-steam 44 031 —248568 69 169 112
Air—N, BB 240 —31935 66 99 65
Combined 50236 ~ 29210 57 106 158
Quadratic (£ versus g7)
0O,-steam 266362 —-B747 38 1-68 58
Air—N, 32297 ~7544 68 1041 31
Combined 30062 - 830 58 167 5-9
Exponential {In £ versus p)
0O,~steam 4.03 5-99 14 18-9 331
Ajr-N, 3 6-93 &7 9-9 24-8
Combined 4-01 606 63 17-3 307
Power [In £ versus In{p/p;)]
O,-steam 332 12:68 74 19-3 744
Air-N, 2-79 12-40 G9 9-9 45-0
Combined 336 12-78 63 17-5 679

Ironmaking and Steelmaking 1985 Vol. 12 Ne.3



13.3

@
3
|

w
~
\

+AIR =N,
*0,-STEAM

2.4 i I ]
0.720 0790 0.865 0.950

BULK DENSITY, Mg m™

3 Elastic shear modulus as function of buik density

ELASTIC SHEAR MOBULUS, GN m'2
)
uq
E

t.040

parameters for the O,-steam formeoke is:

In G = 12-30+388In{p/py) I ()
and that for the air-N, formcoke is:
InG=11-89+340n{p/pe) . . - - . . . . {B

As in the analysis of Young's elastic modulus, it was of
interest to determine whether the data for the two form-
cokes could be combined or not. The same test method was
again used to test for similarity of the two slopes and
y-intercepts.'®  The test indicated that within 95%,
confidence either regression line was satisfactory to
describe the data for both formcokes, and that the {wo data
sets were statistically similar. As a result, both data sets
were combined to obtain the single regression equation:

InG = 12-32+ 3-89 {p/p,) O 11

which can be used to describe both sets of data. The
logarithmic nature of the expression accounts for the fact
that the regression parameters in equation (8) falt outside
those of equations (6) and (7). I appears that the greater
amount of scatter in the Youngs modulus data, as
compared with the shear-modulus data, results in the
requirement of two separate regression lines for that
parameter. There are no well defined microstructural
differences in the two formcokes which can be assigned to
this phenomenon,

Caleulation of G, from the y-intercept of equation (8}
yields a value of 220 GN m™?, somewhat higher than the
Gypn value of LIOGNm™2 The 95Y%; confidence limits
about the intercept extend to OGN m™? at the lower
limit, indicating thai the difference between the two values
is not very large.

The Poisson’s ratio v for each sample was calculated
from its Young’s modulus and shear modulus according to
the expression:

E

vmféml P
The resulis are plotted versus bulk density in Fig. 4. The
line on the plot is drawn through the average observed
value of v = 0-25. There was no statistical correlation of
Poisson’s ratio with bulk density. Examination of the
relationship for Poisson’s ratio given in equation {9)
provides some insight inte why no change was observed.
The relalive changes in E and G control the direction of
change of Poisson’s ratio. When E increases faster as a
function of bulk density than &, the result is an increase in
v with bulk density. On the contrary, if E increases more
slowly than G, a decrease in v will be expected with
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increasing bulk density. In this study, the rates of change of
E and G were very similar, resulting in ne dependence of
Poisson’s ratio on the bulk density. A more detailed
analysis of this functionality of Poisson’s ratio has been
presented by Gesing.2°

FRACTURE TOUGHNESS

The fracture toughness K, results for the formeokes are
plotted as a function of the bulk density in Fig. 5. The data
range from a minimum of 030 to a maximum of
075 MN m ™ ¥, Another study on formcoke’! reported
fracture-toughness values of 0-16-0-36 MN m~*? for bulk
densitics between 065 and 0-81 Mg m™* These data are in
very good agreement as can be seen from Fig. 5. The values
are higher than those of 0-03-005 Mgm™*? reported by
Advami et al?! for bituminous coals, as would be expected
based on the more consistent structure obtained after
carbonization of coal. However, the data are relatively low
compared to the values of 0-5-1-5 MN m ™% which have
been reported for graphite,®®*? This can also be explained
in terms of the relatively low Youngs clastic moduli
observed for the formeokes, & parameter directly related 1o
the fracture toughness according to:

Ki=0QE)" . . . . . . . . . . ...

where y; is the fracture initiation surface energy, which is
discussed below.
As with the eclastic moduli, the fracture toughness also

1.00 l
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6 Fracture initiation surface energy as function of
bulk density

increases with increasing bulk density, Because of the
destructive nature of the notched-beam test, fewer data
points were collected for this parameter. Consequently, the
data for both formeokes were combined and a simple Hinear
regression analysis was completed. No improvement in
the fit of the data was observed with the other three
expressions described above. The Hnear regression line is
included in Fig. 3 and is given by:

Ko=—1064183 . . . . . . . . . . .{1

It may be noted that this expression differs from those for
the clastic moduli not only in that it is a simple linear
expression, but also because the fracture toughness and
density of polyerystatline graphite are not used as
normalizing parameters in this case. Such a treatment is
difficult to apply to the fracture toughness for it may be
possible for specimens of less than theoreticai density 1o
have o higher fracture toughness than that of theoretically
dense graphite, a hypothetical value which in itself is not
known reliably. For certain cases microcracks, porosity,
and foreign inclusions which would lower the density have
been demonstrated to be involved in the dissipation of
energy in the crack tp process zone, such that an
effectively higher stress is required to fracture the
specimen.®* Since the fracture toughness is directly reliuted
to the [racture stress, an apparently higher value is
measured. Tt is because of these potential complications in
the relationship of the fracture toughness to the bulk
density that the simple linear model was retained. The
increasing trend of the fracture toughness with increasing
bulk density indicates that for specimens containing similar
flaw sizes, the denser specimens will be stronger and sustain
a higher applied stress before fracture occurs,

FRACTURE SURFACE ENERGY

Two types of fracture surfuce energy were measured for the
formceoke specimens, the fracture initiation energy yupy and
the fracture propagation energy ywop. 1he first of these is
presented as a plot of the surface cnergy for fracture
initiation ¢ the bulk density in Fig. & The f{racture
initiation energy is calculated from two experimentally
determined parameters, the fracture toughness and the
Young's elastic modulus of the specimen, according to
equation {t0). For this reason, the amount of scutter in the
data is compounded, but & trend for yuy to increase with
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the bulk density is observed. The lowest values, ~5T m™3,
were observed for the O,-steam formcoke. The highest
values observed were about 13 Jm ™2 lor the higher-density
air-N, [formcoke specimens. The observed fracture
initiation energies for the formcokes are relatively low
compared with those for polycrystalline graphites, which
range from 20 to 80Jm™* as reported in the liter-
ature.’®** The weaker bonding and lower deusity of the
formcokes allow for their easier fracture initiation. and
therefore lower fracture initintion energics are measured.
The least-squares regression line for the combined data
of the two formcokes is shown on Fig. 6 and has the form:

gy = — 643+ 18-1p (1)

The increase in 7y with increasing bulk densily can be
simply ecxplained in terms of the fracture surlace arca.
Specimens with a lower bulk density coniain fess mass per
unit volume and correspondingly fewer bonds or a smaller
amount of material through which the crack must travel.
Less energy, therefove, is required to initinte crack
extension for the lower-density specimens.

The work of fracture or {racture propagation surface
energy is a measure of the energy required to propagalc
stably a crack through the formcoke. It is presented as
a4 function of the bulk density in Fig. 7. As for all the other
mechanical properties investigated, the work of fracture
also exhibits significant correlation with the bulk density. A
trend for the work of fracture ywor to increase with the
bulk density exists. The values of the crack propagation
energy range from ~6 to 18 Fm™" These energies are
significantly less than the work-of-fracture values of 100-
150 J m ™2 reported in the literature for bulk polycrystalline
graphites.”®*® The high porosity and the less dense
structure of the formeokes apparently result in a much
easier fracture path, and therefore a smaller consumption
of energy during crack propagation than is reported for the
graphites, The least-squares regression line is shown [lor the
combined data of the two formeokes because of the fimited
data avaitable when they are considered separately. It has
the form:

swop = —23T4+419 . . . . . . . . . (13)

The lower values of yygp for the lower bulk densities are,
of course, related to the smaller fracture surfuce area
traversed by the crack as described above.

The closeness or similurity of the energics required for
fracture initiation and fracture propagation is also of
interest. The small difference indicates little resistance to



crack propagation once fracture has been initiated. In
contrast, {racture encrgies reported for polycrystalline
graphite indicate a much larger difference between the
energy lor crack initiation and the energy for crack
propagation and, therefore, greater resistance to crack
growth. The regression purameters obtained for these two
energics reveal that the fraclure propagation encrgy
increases faster with bulk density than the [racture
initiation energy, since the slope of the former equation is
greater. This trend would be of greater consequence at low
densities such as those resulting after partial gasification of
specimens. In such a case, the energy lo initiate fracture
would be less but would be essentially sufficient to result in
fracture propagation entirely through the material.

SUMMARY AND CONCLUSIONS

An extensive statistical analysis of the Young's clastic
modulus data as a function of bulk density resulied in the
selection of a power-function relationship as the one best
describing the data. B has the form E = Eylp/pe)Y. An
analogous cxpression was found to describe the elastic
shear madulus data best. Calculation of the values of £,
and G, from the regression parameters yiclded values very
close to the expected Eyg, average values for theoretically
dense polycrystalline graphite, adding further credibility to
the model. The lack of correlation of Poisson's ratio with
bulk density indicates that rates of change of Young's
elastic modulus and the elastic shear modulus with bulk
density are very similar. The fracture toughness and
fracture surfice energics exhibited increasing treads with
increasing bulk density similar 1o the clastic moduli. The
values for the fraciure initiation and fracture propagation
surface cnergics were very similar. Their  proximity
indicates that little resistance 1o crack propagalion is
offered once fracture has been initiated. [t also suggests
poor thermal shock resistance.

Cverall, the brittle-malterials mechanical-properties tests
used in this study ol formeoke were found 1o be useful in
characterizing the materials. It would be favourable 1o
increase the values of the properties investigated in this
study in order to improve the mechanical integrity of the
formcoke. This would require an increase in bulk density
and a decrease in porosity, which would have certain
fmplications with respect 1o formcoke reactivity. An
acceptable compromise to obtain the desired formeoke
characteristics would therefore have to be selected. The
data reported here would be valuable in making
comparisons with future similar measurements of coke
mechanical properties from the wide variety of possible
fabrication methods.
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Research on
metallurgical slags
at Glasgow and
Its contribution to
refractories
research

R. |, Robertson, P. L. Smith, and J. White

The emergence in Glasgow in the 1930s of a
research school in chemical metallurgy,
concerned largely with slag chemistry, and its
extension into the field of refractories research are
described. Particular interests at that time
included phase relationships governing the
mineralogical constitution and
melting—composition relationships in slags and
refractories and redox equilibrium in slag- and
refractory-forming systems. Ways in which these
approaches, and their extension into the area of
applied thermodynamics, have contributed to
refractories research are indicated with
iliustrations from the fields of both oxide- and
non-oxide refractorigs. 15/589
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and Dr Smith are with GR-Stein Relrascteries Ltd, Shelfieid.
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Ceramics, 15 an Emeritus Professor of the University of Sheffield.

EARLY SLAG RESEARCH AT GLASGOW
Although the phase dingrams of a number of oxide and
oxide—sulphide combinations occurring in inclusions in
steel had been studied carlier at Glasgow under Professor
Andrew, it was in the 1930s, under Professor Hay, that a
programme of rescarch on slag-forming oxide systems took
shape. {n the present paper research in the refractories field
is described which cun be considered to have stemmed from
this carlier Glasgow work on metallurgical slags.

Al that time, the concept of the slag as a medium having
interfaces with three other media, the hquid metal, the
furnace atmosphere, and the refractory lining of the
furnace, and tending continuously towards three different
equilibrium states across these interfaces, had already
emerged, It was also recognized that 1o perform their
refining  function, slags should be reasonably fluid
(implying restrictions both en intrinsic viscosity and on the
quuntity of solid phases that could be carried in
suspension) and that their chemistry should be such that
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the oxidized ‘metalloids’ entering the slag from the metal
should be stabilized in the oxidized state to enable refining
to proceed.

In its imitial stages, the Glasgow programme was
concerned primarily with the study of phase equilibrium in
simple binary and ternary systems, which, it was hoped,
would enable the temperature and composition limits of
the liquid phase in actual slags 1o be defined. The method
used to determine the temperatures of phase changes was
the metaflurgist’s technique of heating and cooling curves,
which was not particularly well suited to the study of oxide
systems cven though considerabie ingenuity was expended
in increasing its accuracy and sensitivity. In addition, a
thermobalance capable of operating to ever 1700°C at
controlled oxygen pressure was constructed to study the
gas phuse determined redox (Fe?™-Fe®*) equilibrium in
oxide melts, which was considered to be an tmportant
variable determining oxygen transfer to the metal by aectual
slags.

No direct studies of slag-metal or refractory-metal
cquifibria were attempted at that time, however, although
both aspects were to receive attention from later workers at
Glasgow, including of course Professor Bell. Instead the
growing interest in  refractories, particularly  basic
refractories,  which  were  then undergoing  rapid
development, led to an increasing interest in refraciory
applications of the work.

SOLID-PHASE COMPATIBILITIES IN BASIC
SLAGS ANMD REFRACTORIES

The classical demonstration of the value of phase-diagram
research in the refractories field is stifl that provided by the
development of the superduty silica brick in the early
1940s." This development was based on the earlier
findings® that. in the systems CaO-5i0,, MgO-5i0,. and
FeO-5i0., compositions rich in 8i0, form two immiscible
liguids on melting, whereas in the system Al,O;-5i0; no
Hiquid immiscibility ocecurs. Hence the preseuce of quile
small amounts of ALQ; {as little as 0-8%) in silica
refractories increases the solubility of the Si0, in the liquid
phuase formed at high temperatures gquite dramatically,
lowering their temperature of subsidence under load and
decreasing their resistance 1o slags containing CaO or FeQ.

The attainment of a similar understanding of the relation
between composition and performance of basic refractories
has proved more difficult to achieve because of the number
of significant components involved.

In Glaspow the first step towards a solution of this
problem was taken when the device was adopted of
constructing tables to show the assemblages (combinations)
of mutually compatible phases which would oecur within
the composition range of inferest in basic slags.* These
assemblages were arrived at by a process which involved
writing down, for each phase, all the other phases capable
of coexisting with it as indicated by known binary, ternary,
ete., phase diagrams, arranging these in groups having the
selected phase in common and then eliminating those
phases which, although they could exist singly with the
selected phase, were shown by known phuse diagrams to be
mutually incompatible with eacl other.

The first scheme of phase assemblages proposed for
phosphate-containing basic slags contained a sysiematic
error due to an error in a published phase diagram but this
was later corrected.® Subsequently, a modified version
of the corrected scheme was constructed to cover the
phase assemblages containing periclase in the system
CaO-MgO-FeO-Fe,0,-AL0,-Cr,05-5i0,. to which
phosphate-free basic refractorics could be considered to
belong.®~8

Table | presents an wpdated version of this scheme.
Points to note are that the silicates cocxisting with
periclase {magnestowiistite} are those which coexist with it



