Comparison of phase compositions and microstructures
observed in postmortem freeze linings from PGM smelters
with models of freeze lining formation

A.M. Nyembwe, R.D. Cromarty, and A.M. Garbers-Craig

University of Pretoria, South Africa

Freeze linings are used to protect furnace sidewalls from attack by molten process
materials. Phase compositions and microstructures of freeze linings depend on the
crystallisation behaviour of the liquid slag and operational conditions such as process
temperature, slag chemistry and heat flux. In this study, freeze lining samples from two
platinum group metal (PGM) smelters, with different heat fluxes, were investigated using
X-ray powder diffraction (XRD) and scanning electron microscopy - energy dispersive X-
ray spectroscopy (SEM-EDS). Phase and microstructural analyses showed that both freeze
linings consisted of layers, each layer having a different microstructure. Major phases in
these layers included enstatite (MgSiOs), forsterite (Mg, Fe)2SiO4) and a glassy slag matrix.
Most spinel phases (chromite (FeCr.Oj), magnesio-ferrite (MgFeO4) and magnetite
(FesO4)) were present in the layers closer to the bath-freeze lining interface. Forsterite was
the primary phase and formed dense layers at the cold face of the freeze lining taken from
the furnace with the low heat flux. The sample from the furnace with the high heat flux
consisted of micro and dendritic crystals of enstatite (secondary phase) embedded in a
glassy phase at the cold face. Slow-cooling layers contained microstructures that varied
from columnar crystals in intermediate layers to massive structures (sealing layer) of both
enstatite and forsterite at the hot face. Spinel crystals were also identified. The phases and
microstructural changes in the industrial freeze linings agreed with FactSage predictions
and microstructural models of freeze lining formation that exist in the open literature.
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INTRODUCTION

South Africa holds approximately 70-80% of the global reserves of platinum group metals (PGMs).
These are associated with base metal sulfides that contain copper, iron and nickel (Jones 2005; Warner
et al., 2007). The PGM bearing concentrates are smelted in submerged arc furnaces under severe
operating conditions of high power densities, high process temperatures and strong bath agitation. Due
to these aggressive furnace conditions, copper cooling was introduced to the sidewalls of the PGM
smelters, this promotes the formation of a slag freeze lining. The freeze lining is formed by a deliberate
extraction of the heat through the furnace sidewall by cooling its outer face. The temperature in the
vicinity of the inner furnace sidewall drops and the process material/slag solidifies onto the cooled
sidewall, forming a protective layer, known as the freeze lining (Jones 2005, Warner et al., 2007;
Duncanson and Toth 2004; Fallah-Mehrjard et al., 2013; Thonstad and Rolseth 1983; Shaw et al., 2012).
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The freeze lining is used to protect the furnace sidewalls against thermal and chemical attack by the
liquid slag (O’Shaughnessy 2018; Jones 2005; Warner ef al., 2007; Duncanson and Toth 2004). The
formation of a stable freeze lining must be guaranteed to prolong the furnace lifetime and mitigate the
premature shutdown of the furnace that implicates additional costs for relining (Jones 2005; Warner et
al., 2007; Duncanson and Toth 2004; Shaw et al., 2012).

The design of the lining - sidewall cooling system influences the phase compositions and
microstructures of the freeze linings (Campforts et al., 2009a, 2009b; Thonstad and Rolseth 1983; Fallah-
Mebhrjard et al., 2013). For instance, a lining - sidewall cooling system with high heat flux through the
sidewall is likely to form a freeze lining consisting of a slag matrix and microcrystals on the cooled
furnace walls (Thonstad and Rolseth 1983). The phase composition and microstructure of a freeze lining
is strongly dependent on its thermal history and contains information on the temperature gradients,
solidification rates and growth/nucleation rates in the freeze lining (Campforts et al., 2009b; Fallah-
Mehrjard et al., 2013; Thonstad and Rolseth 1983; Crivits et al., 2018). The phase composition of the
freeze lining varies between the bath composition at high solidification rate/temperature gradient and
the primary phase at low solidification rate/temperature gradient, according to thermodynamic
principles (Campforts et al., 2009a, 2009b; Fallah-Mehrjard et al., 2013; Thonstad and Rolseth 1983;
Crivits et al., 2018). In general, the freeze lining consists of both slow- and fast-cooled microstructures,
confirming both slow and fast cooling conditions during slag solidification. The glassy phase and
microcrystals (equiaxial and dendritic) are evidence of a high cooling rate and slow growth while layers
of columnar and massive crystals (sealing layer) are related to low cooling rates and high growth
(Thonstad and Rolseth 1983). The formation of massive crystals or sealing layers is required for the
protection of furnace sidewalls from slag attack. The sealing layer consists of the dominant crystalline
phase, which may be the primary phase or other phases depending on local operating conditions
(Campforts et al., 2009b; Fallah-Mehrjard et al., 2013; Thonstad and Rolseth 1983; Crivits et al., 2018). For
a long process campaign, the freeze lining is in a dynamic equilibrium with the liquid bath, resulting in
consecutive periods of melting and solidification of the freeze lining. This explains the presence of
multiple zones/layers in the freeze linings (Fallah-Mehrjard ef al., 2013). Each layer contains different
phase compositions and microstructures depending on the distance between the layer and the cooled
furnace sidewall. In the current study, post-mortem analyses were done to gain an understanding of
freeze lining formation. Industrial samples of freeze linings from two PGM primary smelting furnaces
with different heat fluxes were examined. Phase compositions and microstructures were compared with
those predicted by FactSage computations as well as models of freeze lining formation available in the
literature.

Microstructural modelling in freeze linings

Campforts et al.,, (2009a) extensively investigated freeze lining growth which occurs in succession. As
the freeze lining grows, there is a reduction in the cooling/solidification rates from the cooled wall to
the liquid bath. This causes the formation of several layers with distinctive microstructures in the freeze
lining as shown in Figure 1. The layer which forms first on the cooled wall, at a high cooling rate, consists
of a glassy phase. Adjacent to this layer, equiaxial crystals crystallise in the liquid layer. The next layer
of the deposit consists of interlocking crystals in the liquid layer. As the cooling rate decreases, crystals
will continue to grow and form a sealing layer. Another type of interlocking phase crystallises out from
the entrained slag-bath layer at the bath-deposit interface.
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Fiqure 1. Schematic representation of the growth of freeze lining layers on the cooled wall Campforts et al.,
(2009a).
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Freeze lining evolution and microstructural changes in the freeze lining, with a particular emphasis on
the effect of solidification kinetics (nucleation and growth), were also investigated by Fallah-Mehrjard
et al., (2013) and Crivits et al., (2018). A dynamic steady state was proposed by Critits ef al., according to
visual observation of the freeze lining growth at low temperature (40°C) (Figure 2). The studied system
consisted of two crystalline phases, the primary (1) and secondary ([1) phases. This investigation
reported that the primary phase with high nucleation and growth rate crystallises first and develops
into a stable sealing layer (Figure 2a). For slow nucleation and growth of the primary phase, the
secondary phase precipitates first and starts forming a sealing layer (Figure 2b). The primary crystals
can manage to reach the bath-deposit interface and form a sealing layer (Figure 2b (1)). If the secondary
phase forms a sealing layer, an increase in the bath temperature may dissolve the layer, exposing the
primary crystals to the liquid bath. A subsequent decrease in the bath temperature may trigger the
primary phase to grow and form a stable sealing layer (Figure 2b (2)).

Cooled wall
Cooled wall

W)
Cooled wall

Primary phase Primary phase keeps Primary phase
precipitates first growing while secondary forms sealing
phase precipitates layer

(1)

v
Cooled wall
Cooled wall

=g B starts forming sealing layer a manages to reach the
b - at interface but a has already interface before B completely
%’ nucleated forms a complete sealing layer
3
B B
Slow nucleation of @ = = PR <=§ a (=;“
primary phase . 2 3 2 2 T z
8 I o <l o S
S S e ol - S
B B
B forms sealing layer The remaining Increasing bath Stabilization of the process
at interface through liquid in the freeze temperature dissolves makes the a sealing layer
mass transfer from lining crystallizes the B sealing layer, grow, creating a thicker
the bulk bath into a exposing a to the bath  freeze lining

Fiqure 2. Schematic representation of microstructural changes in freeze lining (Crivits et al., 2018).

Experimental

Materials and Methods

The industrial samples of freeze lining received from two PGM smelters are shown in Figure 3. Samples
A and B are respectively from a furnace with a low heat flux and a furnace with a high heat flux through
the sidewall. Post-mortem analyses were carried out to understand the phase and microstructural
changes in the industrial freeze linings. Each sample was cut perpendicularly to the hot face to have a
representative profile of the whole freeze lining (Figure 4). The freeze lining sample was further sliced
into different segments that represent relative positions from the cold face/cooled furnace sidewall.
Sample B (thickness of ~110 mm) was thick and cut into five segments while sample A (thickness of ~60
mm) was only sectioned into three segments.

Each segment was then divided into two: one part for X-Ray diffraction (XRD) analysis and one part for
scanning electron microscope-energy-dispersive X-ray spectrometer (SEM-EDS) analysis. The sample
prepared for quantitative XRD was pulverised to less than 10 pm. X'Pert Highscore Plus software was
used for crystalline phase identification. For microstructural analysis, samples were analysed using a
Jeol JSM-IT300 scanning electron microscope. Samples were first cold-set in epoxy resin for 24 hours
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and then polished to a 1 um finish. Backscattered electron (BSE) imaging was carried out on carbon-
coated polished samples.
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Figure 3. Freeze linings from a smelter with a low heat flux (A) and a smelter with a high heat flux (B).
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Fiqure 4. Segmented freeze lining.

Thermodynamic modelling

The phase evolution in the freeze lining was predicted by simulating the slag solidification using
FactSage 7.3 software. The commonly used thermodynamic equilibrium and Scheil-Gulliver models
were used to predict phase compositions. The Scheil-Gulliver model is recommended to study the
mineralogy of the cooled slag at high cooling rates, which are encountered in freeze lining formation
(Bale et al., 2016; Durinck et al., 2007). This model is expected to better predict equilibrium phases,
assuming an infinitely fast diffusion of slag components in the liquid phase, no diffusion in the solid
phase, and local equilibrium at the solid-liquid slag interface. The average slag composition in both
PGM smelters is given in Table 1.

Table I. Average chemical composition of the slag

Components SiOs MgO FeO ALO; CaO Cr05 Na,O

Mass % 52.16 24.79 10.72 5.27 3.92 0.72 0.40

78



Results

Visual observation

Both industrial freeze linings consist of layers of different colours and degrees of crystallinity, parallel
to the sidewall (Figures 3A and B). These layers reflect the consecutive periods of melting and freezing
during long periods of continuous operation. Macroscopic pores are visible on the hot face layer of both
samples.

Phase compositions of freeze linings

The phase compositions of both freeze linings, as determined by XRD analysis, are given in Tables II
and III. The identified phases are augite ((Ca,Na)(Mg Fe)Si2O¢), enstatite (MgSiOs), forsterite
((Mg,Fe):SiOs), plagioclase ((Ca,Na)(Si,Al)sOs) and magnetite/spinel (FesO,), with insignificant
amounts of sulfides (Feo oS and CusFeS,). No clear trend of how proportions of phases change across the
freeze lining could be observed. Freeze lining A consists of high concentrations of forsterite (36.62 %)
and enstatite (33.95 %) and differs significantly from the bath composition, which is enriched in enstatite
(64.16%) and deficient in forsterite (3.03%). Freeze lining B however, has a similar phase composition to
the slag bath. The identified plagioclase phase is a solid solution between anorthite (CaAl:Si>Os) and
albite (NaAlSizOs). The presence of spinel is significant in slow-cooling layers, closer to the liquid bath.
Forsterite is abundant in fast-cooling layers, which are on the cold side of sample A, while the pyroxene
phase (augite and enstatite) is dominant throughout sample B.

Table I1. XRD analysis of slag and freeze lining A (mass%)

Segmented freeze lining from hot to

. Freeze the cold face

Mineral phases Slag lining Segment | Segment Segment
Al A2 A3
Augite
(Ca,Na)(Mg, Fe)SiOx 27.44 22.42 27.59 24.61 9.92
i}‘;ts‘"itge 64.16 33.95 35.06 499 2283
3

Forsterite
(Mg, Fe)SiO; 3.03 36.52 21.17 19.75 63.74
Plagioclase
(Ca.Na)(Si, AT):Os 3.81 1.74 0.39 4.02 1.67
hﬁ:ggeme/ spinel 1.56 5.37 15.79 1.72 1.84

304
Total 100.00 100.00 100.00 100.00 100.00

Phase prediction by FactSage

The solidification path of the PGM-slag and melting temperature of phases are given in Figure 5. Both
the normal thermodynamic equilibrium and Scheil-Gulliver models were performed under industrial
operating conditions with an oxygen partial pressure of 108 atm. The predicted phases are olivine
((Mg,Fe)2SiOy), clinopyroxene (XYZ2Os, where X = Ca, Na, Fe?*; Y = Mg, Fe3*, Fe2*, Al and Z = Si, Al)
and plagioclase (feldspar, CaALSi>Os - NaAlSi3Os). The slag starts solidifying at 1475°C, with olivine
crystallising as the primary phase. At 1373/1377 °C, pyroxene starts precipitating as a secondary phase.
A small amount of spinel crystals forms alongside pyroxene according to the Scheil-Gulliver model.
Plagioclase is the last phase to precipitate at 1161/1200°C. No reaction between the liquid slag and
crystalline phases occurs according to the Scheil-Gulliver model. The thermodynamic equilibrium
model however, indicates that solidification of the slag involves two reactions, between the slag and
olivine that produce clinopyroxene from 1377°C to 1202°C and a mixture of clinopyroxene and feldspar
from 1200°C to 1150°C. Spinel does not exist as a stable phase according to the thermodynamic
equilibrium model.

79



Table 1II. XRD analysis of the slag and freeze lining B

Segmented freeze lining from hot to the cold face

. Freeze

Mineral phases Slag lining Segment | Segment | Segment | Segment | Segment
Bl B2 B3 B4 B5

Augite

(Ca,Na)(Mg,Fe)Si>O¢ 27.44 | 16.11 18.02 24.04 18.84 6.44 241

Enstatite

MgSiO 64.16 | 67.74 60.7 50.18 47.47 77.09 58.81

Forsterite

(Mg, Fe),SiO 3.03 6.06 13.51 8.76 7.52 3.68 6.77

Plagioclase

(Ca,Na)(Si, Al),Os 3.81 5.11 3.45 10.53 16.22 6.06 4.86

Magnetite/spinel 156 | 338 | 432 5.94 7.63 15 -

Fe304

Pyrrhotite - | 059 - - 11 4.07 3.08

FeooS

Bornite

CusFeS, - 1.01 - 0.55 1.22 - 2.38

Total 100.00 | 100.00 | 100.00 100.00 100.00 100.00 100.00

100 100
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Fiqure 5. Slag solidification path according to the thermodynamic equilibrium and the Scheil-Gulliver models.

Microstructures of freeze linings

BSE images of the microstructures of the freeze linings are shown in Figures 6 and 7. Different layered
microstructures can be identified in both samples. Forsterite (phase-1), enstatite (phase-2) and spinel
(phase-4) are the crystalline phases that coexist with the slag matrix phase (phase-3). Enstatite and
forsterite are not easy to distinguish in BSE images, but could be distinguished based on their EDS
analyses (Table IV). Different types of spinels (chromite, magnesio-ferrite and magnetite) are present in
the freeze lining samples.

In sample A, the major constituents at the cold face (layer 1) are forsterite, enstatite, and slag matrix
(Figure 6). Forsterite, as primary phase, seems to grow fast and forms a sealing layer in the fast-cooling
zones (layers 1 and 2). As the cooling rate decreases, a columnar microstructure of enstatite and
forsterite (layer 3) crystallises. The crystals of forsterite and enstatite grew in the direction of heat
transfer. In layer 4, the microstructure is massive and consists of forsterite, enstatite and spinel crystals.
This layer extends to layer 5 (hot face), where more spinel crystals are present. Two types of spinel
crystals could be identified: chromite (FeCr,Oy4) and magnesio-ferrite (MgFe;O,).
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Layer 4 Hot face

Cold face Layer 2

Fiqure 6. Backscattered electron images of sample A (1. Dark grey/light grey forsterite crystals; 2. Dark grey
enstatite crystals; 3. Slag matrix phase; 4. Very light grey spinel crystals).

Freeze lining sample B consists of the phases enstatite, forsterite, spinel and a glass phase (Figure 7).
Equiaxial crystals of enstatite were the first crystalline phase to precipitate in the fast-cooling layer (cold
face). The next layer consists of dendritic crystals of enstatite, which is also a crystalline phase which
formed at high cooling rates. Layer 3 shows more enlarged enstatite crystals that are oriented in the
direction of the heat flux. The growth of enstatite crystals is significant in layer 4 due to the mass transfer
between the crystalline phase and liquid slag. Spinel phase (chromite) is also present in layer 4. Slow-
cooling layers (layer 5 and hot face) consist of massive microstructures of enstatite, forsterite, spinel and
slag matrix. Magnetite (Fe;O,) is also present in the hot face.

Cold face Layer 2 Layer 3 Layer 4 Layer 5 Hot face

Fiqure 7. Backscattered electron images of sample B (1. Dark grey forsterite crystal; 2. Dark grey enstatite
crystals; 3. Slag matrix phase; 4. Very light grey spinel crystals).

The microstructures of the liquid matrix in both industrial freeze linings were also investigated using
BSE images and SEM-EDS analysis (Figure 8, Table IV). Under high-magnification (Figure 8b), the liquid
matrix consists of two finely divided crystalline phases, augite (phase-5) and plagioclase (phase-6).
Augite ((Ca, Fe, Mg, Na)2(Si, Al).Os) and plagioclase (Ca, Mg, Fe, Na)(Si, Al)4Os are randomly dispersed
in the liquid phase.

Fiqure 8. Backscattered electron images of the liquid matrix from which augite and plagioclase precipitated (2.
Dark grey enstatite crystals; 5. Long thin/dendrite grey augite crystals in a liquid matrix; 6. Veinlets/very fine
grey plagioclase crystals in a liquid matrix).
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Table IV. Compositions and stoichiometries of the phases identified in the freeze linings

Enstatite* Forsterite* Plagioclase* Augite* Spinel
SiO; 57.42 (1.11) 40.42 (1.70) 50.66 (1.85) 57.58 (4.20) 0.00
AlLO 0.23 (0.37) 0.23 (0.52) 7.87 (7.72) 21.97 (4.73) 6.07 (2.64)
;eO 8.44 (2.52) 12.28 (7.29) 9.53 (3.60) 4.89 (3.66) 19.96 (4.99)
MgO 31.90 (2.74) 45.69 (7.05) 13.15 (5.95) 1.47 (1.33) 10.35 (3.67)
CaO 1.24 (1.00) 0.87 (0.83) 17.66 (3.54) 10.85 (2.65) 0.08 (0.17)
Na,O 0.00 0.00 0.15 (0.28) 1.74 (1.25) 0.00
KO 0.00 0.00 0.32 (0.63) 1.22 (0.71) 0.00
TiO: 0.00 0.00 0.35 (0.45) 0.28 (0.36) 0.10 (0.36)
Cr.0 0.78 (0.59) 0.51 (0.52) 0.31 (0.58) 0.00 63.44 (3.34)
fl"otal 100.00 100.00 100.00 100.00 100.00
No. cations per | No. cations per | No. cations per | No. cations per | No. cations per
30 40 80 60 40

Si 1.16 1.04 2.74 1.95

Al 0.50 0.88 0.26

Fe 0.15 0.27 0.44 0.14 0.63

Mg 0.95 1.76 0.08 0.57

Ca 0.02 0.03 1.03 0.38

Na 0.03 0.16

Cr 1.88

* Average of 10 EDS analyses
Discussion

The phase compositions of both freeze lining samples A and B reveal the presence of five phases:
pyroxene (augite and enstatite), forsterite, spinel (chromite, chromite-ferrite and magnetite), plagioclase
and a glassy matrix phase. These phases agree with those predicted by the Scheil-Gulliver model. The
thermodynamic equilibrium model predicts no spinel crystallisation, with only feldspar (plagioclase)
and clinopyroxene as stable phases after complete solidification of the slag. Both models confirm that
forsterite is the primary phase and enstatite is the secondary phase during slag solidification. Any
change in precipitation sequence may be influenced by other kinetic parameters such as
nucleation/growth and solidification rate. SEM analyses of industrial freeze linings showed two types
of microstructural evolution during freeze lining formation. The freeze lining microstructures were
found to depend on the thermal history (slow- and fast-cooling layers) and nucleation/growth rate. In
both samples, large columnar crystals and massive structures of major phases (enstatite and forsterite)
were detected in the slow-cooling layers or high-temperature layers. The growth of the enstatite and
forsterite crystals was substantial. The heat flux seemed not to significantly influence the
microstructures of high-temperature/slow-cooling layers (columnar and massive crystals). In fast-
cooling layers, large crystals of forsterite (primary phase) crystallised first and formed a sealing layer in
sample A. Such microstructures are often expected in low-cooling layers with a high growth rate. In
sample B, the presence of equiaxial and dendritic enstatite crystals in fast-cooling layers of the sample
reflects the typical microstructures that form at a high cooling rate and do not grow faster. The heat flux
influenced the microstructure of the freeze lining in the early stage of slag solidification. The high heat
flux associated with smelter B was able to trigger a high cooling rate on the cooled sidewall and
subsequently the crystallisation of the fine secondary phase (enstatite) at the cold face. The operational
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conditions in smelter A with low heat flux, however, favoured merely slow-cooling and fast-growth
mechanisms throughout the freeze lining.

The microstructural models of Crivits ef al., (2018) and Campforts et al., (2009a) can explain the
formation of the freeze linings in smelters A and B as shown in Figures 9 and 10. Only abundant phases,
forsterite (primary phase) and enstatite (secondary phase) were considered for the simulation of the
microstructural changes. The microstructural evolution of freeze lining A was found to occur in two
stages (Figure 9). In the first stage (layers a, b and c), the crystallisation was driven by high
growth/nucleation of forsterite, forming a stable sealing layer of forsterite (layer c). These
microstructures are commonly associated with slow cooling and not fast cooling (Fallah-Mehrjard et al.,
2013; Thonstad and Rolseth 1983; Crivits et al., 2018). The low heat flux in smelter A could not induce
fast cooling in layers closer to the cooled sidewall. In the second stage (layers d and e), forsterite and
enstatite grew together and managed to form a joint sealing layer. Crystallisation in sample A occurred
at a slow-cooling and high growth rate as defined by Fallah-Mehrjard ef al., (2013) and Crivits ef al.,
(2018).
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Fiqure 9. Schematic representation of microstructural changes in sample A
(Following Crivits et al., 2018).

In sample B, fast-cooling and slow-cooling mechanisms determined the freeze lining formation (Figure
10). Fine crystalline phases of enstatite (microcrystals and dendrites/interlocking crystals) formed in
the layers (layers a, b and c) closer to the cooled furnace wall. Enstatite, as a secondary phase crystallised
before the primary phase (forsterite). As the freeze lining continued to develop, a slow-cooling
mechanism with a substantial growth rate started, and large crystals of both enstatite and forsterite
formed a sealing layer (layer e). The microstructural changes in sample B are comparable to the dynamic
steady-state model developed by Campforts et al., (2009a).
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Fiqure 10. Schematic representation of microstructural changes in sample B
(Following Campforts et al., 2009a).

CONCLUSIONS

The phase compositions and microstructures of industrial freeze linings were investigated to determine
the microstructural changes that occur during freeze lining formation in PGM smelters with different
heat fluxes through furnace sidewalls. XRD and SEM-EDS analyses identified enstatite, forsterite,
plagioclase, augite, spinel and a glassy slag matrix, which agree with the phases predicted by the Scheil-
Gulliver model. The thermodynamic equilibrium model predicted no precipitation of spinel crystals,
which is in contradiction to the postmortem results. The phase compositions and microstructures are
highly sensitive to heat flux in the early stage of freeze lining formation. Freeze lining samples from
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both smelters consist of different layered microstructures. In smelter A (with low heat flux) massive
structures of forsterite associated with a slow-cooling rate formed in fast-cooling layers. The extraction
of heat from smelter A was not sufficient to form a fine crystalline phase in the cooled layers. However,
the high heat flux in the sidewall of smelter B prompted the crystallisation of fine enstatite crystals
(equiaxial and dendritic) in fast-cooling layers at the cooled furnace wall. The presence of fine enstatite
crystals at the cold face was driven by a high level of undercooling and cooling rate, as achieved with a
high heat flux. The structural evolution of the freeze lining in PGM smelters agrees with two dynamic
steady-state models that were published by Campforts et al., (2009a) and Crivits et al., (2018). These
models therefore have direct relevance to industrial practices. The formation of the freeze lining is
sequential and determined by the capability of the cooling system in the early stage of slag solidification.
The cooling system design is therefore central to the evolution of phases and microstructures in the fast-
cooling layers on the inner sidewalls. The shorter the distance to the cooled furnace wall, the greater the
effect of the heat flux on the crystallisation of the freeze lining. It was observed that as the freeze lining
grew further away from the cooled furnace sidewall, the effect of heat flux on the microstructural
evolution in different layers became less significant.
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