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Freeze lining is a solidified layer of slag formed on the inner side of a water-
cooled pyrometallurgical reactor, which protects the reactor walls from ther-
mal, physical, and chemical attacks. Because of the freeze lining’s high ther-
mal resistance, the reactor heat losses strongly depend on the freeze lining
thickness. In a batch process such as slag fuming, the conditions change with
time, affecting the freeze lining thickness. Determining the freeze lining
thickness is challenging as it cannot be measured directly. In this study, a
conceptual framework based on the morphology and microstructure of freeze
lining and the rheology of the slag is discussed and experimentally evaluated
to determine the freeze lining thickness. It was found that the bath/freeze
lining interface lies just below critical viscosity temperature. The growth of
the freeze lining is primarily controlled by the mechanical and thermal
degradation of the crystals forming at the interface. The bath/freeze lining
interface temperature for the measured slag lies in the range of 1035–1070�C.

INTRODUCTION

Refractories are heat-resistant materials that are
physically and chemically stable at high tempera-
tures. Therefore, they are used to protect furnace
walls against thermal, physical, and chemical
attacks. Depending on the operating environment,
different refractory materials are used. However,
refractories are not entirely immune, as slags are
highly corrosive towards refractories, quickly
decreasing their lifespan. Moreover, replacing
refractories can be costly, labor intensive, and
time-consuming.1 Therefore, in some cases, a liq-
uid-cooled metal wall reactor is used. Due to the
cooling, some slag in the reactor solidifies onto the
reactor wall, and the solidified layer of slag is called
a freeze lining. Because of the slag’s low thermal
conductivity, the freeze lining takes over the role of
a refractory and protects the reactor from thermal,
physical, and chemical attacks.

One of the processes that use a liquid-cooled reactor is
a slag fuming furnace, where volatile metals such as Zn
and Pb are recovered through a reductive treatment. In
2017, Metallo commissioned a batch-type fuming fur-
nace to treat the zinc-rich slags from secondary copper
smelter slags. Figure 1 shows a schematic of a wall
section of Metallo’s submerged plasma slag fuming
furnace. The reactor wall has several layers starting
from the freeze lining on the molten slag bath side,
followed by a steel wall and the cooling water jackets.
The reactor heat losses can be calculated by Eq. 1. Since
the slag fuming process is endothermic, the degree of
reactor heat losses determines the fuming rate and the
energy efficiency of the process.

Assuming a constant bath and the bath/freeze
lining interface temperature, heat losses are influ-
enced by the convective heat transfer coefficient and
the freeze lining thickness (Eq. 1). The freeze lining
thickness is defined as the distance between the cold
side (attached to the reactor wall) and the hot side
(in contact with the slag bath; the bath/freeze lining
interface) of the freeze lining.

The heat flux will be low when the freeze lining
thickness is high and when the heat transfer
coefficient is low, and vice versa. However, in the
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slag fuming process, the conditions, such as bath
temperature, composition, and agitation, change
with time as the Zn is fumed, affecting the heat
losses. Therefore, having accurate values for the
convective heat transfer coefficient and freeze lining
thickness is indispensable for understanding and
ultimately minimizing heat losses to achieve a
faster Zn fuming rate.

_q ¼ hslag!FLðTb � TiÞ ¼
kf

xf
ðTi � TwÞ ð1Þ

_q—heat flux through the wall, hslag!FL—convective
heat transfer coefficient between the slag bath and
the freeze lining, kf—thermal conductivity of the
freeze lining, xf—freeze lining thickness, Tb—bath
temperature, Ti—bath/freeze lining interface tem-
perature, and Tw—furnace wall temperature.

To calculate the freeze lining thickness, it is
essential to know the bath/freeze lining interface
temperature (Eq. 1). Extensive research has been
carried out to determine the freeze lining thickness
and its relationship to reactor heat losses. Pistorius
et al.2 and Zietsman et al.3,4 developed a 1-D heat
transfer model of the Ilmenite process, followed by
Wei et al.5 for the Hall–Hérault process and Kellogg
et al.6 for a slag fuming process, to estimate the
freeze lining thickness by assuming the bath liq-
uidus temperature as the bath/freeze lining inter-
face temperature. However, this assumption led to
an overestimation of the freeze lining thickness, as
the models’ prediction of the presence of a freeze
lining at extreme operating conditions was inaccu-
rate. Solheim et al.7,8 realized that the bath tem-
perature and the concentration are not uniform, and
that the heat transfer in the reactor is mainly
controlled by the convective mass transfer in the
bath. Therefore, they included convective and

diffusive mass transfer in the model, and assumed
the local bath liquidus temperature (i.e., the bath/
freeze lining interface’s liquidus temperature close
to the freeze lining) to be the bath/freeze lining
interface temperature. However, this approach is
inherently flawed as it makes Eq. 1 invalid for
process temperatures below liquidus.

Microstructures of freeze lining for a range of
slag/salt systems revealed the existence of a subliq-
uidus boundary layer.9–11 To explain the observed
subliquidus interface temperature, Fallah-Mehr-
jardi et al.11 proposed a mechanism where the slag
continuously solidifies and melts at the bath/freeze
lining interface. However, the solidification rate
directly impacts the mass transfer rate, influencing
the microstructure and the size of the crystals.10

Crivits et al.12 extended Fallah-Mehrjardi
et al.’s11 research by studying the influence of heat
and mass transfer and elementary reaction steps on
the freeze lining, and found that the bath/freeze
lining interface temperature depends on the nucle-
ation and growth rate of the primary phase rather
than on the bath temperature. For bath/freeze
lining interface temperatures below the liquidus
temperature, increased bath agitation resulted in
higher steady-state freeze lining hot face tempera-
tures, and a microstructure with a higher solid
volume fraction at the hot face. In contrast,
increased bath viscosity decreased the steady-state
freeze lining hot face temperature.

In the subliquidus zone, the solid fraction of the
slag increases when the temperature is decreased
from the melting point until it solidifies completely.
Rheological studies on slags have shown that slag
transition from a liquid-like regime (viscosity dom-
inated by liquid phase) to a solid-like regime
(viscosity dominated by solid phase) occurs in the

Fig. 1. Schematic of a reactor wall section of Metallo’s submerged plasma slag fuming furnace.
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subliquidus region. The slag’s viscosity slowly
increases as the temperature decreases, and the
solid fraction increases. It then increases abruptly
at a temperature called the critical viscosity tem-
perature, as the slag acts like a solid rather than a
mushy liquid that can still flow easily.13

We hypothesize that the critical viscosity temper-
ature is the bath/freeze lining interface tempera-
ture. This hypothesis has been experimentally
evaluated to determine the bath/freeze lining inter-
face temperature by connecting the rheology of the
slag with the freeze lining’s microstructure. Viscos-
ity measurements were performed on copper slags
to determine the critical viscosity temperature.
Equilibrium quenching tests were carried out to
find the solid volume fraction at and near the
critical viscosity temperature. To verify the pro-
posed hypothesis of viscosity dependence on the
bath/freeze lining interface temperature, a labora-
tory-scale cold finger technique was used to produce
freeze lining samples. Microstructure and composi-
tion changes across the freeze lining thickness have
been studied to identify the bath/freeze lining
interface and compared with the solid fraction
measured at the critical viscosity temperature. If
the hypothesis holds, the solid fraction measured at
the bath/freeze lining interface will equal the solid
fraction measured at the critical viscosity
temperature.

EXPERIMENTAL

Material

The slag bath composition changes continuously
during the zinc fuming process, affecting the bath/
freeze lining interface. Therefore, three slags were
selected with varying Zn content. Slag A used in
this study is an industrial slag from the secondary
copper smelter at Metallo Belgium. ZnO was added
to Slag A to obtain Slag B and Slag C with ZnO
contents 8 wt% and 11 wt%, respectively, so that
only the ZnO content is varied while the remaining
slag components’ relative content remained con-
stant. The composition of the three slags is shown in
Table I.

Before the experimental study, an equilibrium
test was conducted between the slag and a crucible
for 6 h to choose a crucible material that does not
dissolve in the slag. Alumina crucibles showed no
apparent dissolution in the slag. Upon performing
the chemical analysis described in ‘‘Sample Analysis

and Characterization’’ section, it was found that the
alumina content has increased by an average of 0.4
wt% at the interface. Therefore, alumina crucibles
and spindles were chosen for the study.

Viscosity Measurements

The viscosity measurements were carried out on
slags A and B using an Anton Paar FRS 1800
Rheometer (see supplementary Fig. S1)14 in an
argon atmosphere. No viscosity measurements on
slag C were made due to technical issues with the
rheometer. An alumina spindle and crucible were
used for the measurements. The slags were heated
to 1250�C and equilibrated for 30 min. The spindle
was immersed in the slag and rotated at maximum
speed (143 rpm) for 30 min for homogenization. The
spindle rotation speed was decreased to the desired
value and held until the measured viscosity stabi-
lized. The viscosity measurements were made in a
continuous cooling regime (1�C/min) from 1250�C
and at three spindle speeds (90, 60, and 30 rpm) for
slag A and 90 rpm for slag B until the temperature
at which the spindle reached a set torque limit of
200 mNm.

Equilibrium Quenching Tests

To determine the solid volume fraction of the
slags at and near the critical viscosity temperature,
the equilibrium quenching tests were carried out in
a vertical tube furnace in an argon atmosphere at
1200�C, 1100�C, 1090�C, 1080�C, 1070�C. and 1060
�C. The slag sample was melted at 1250�C in an
alumina crucible for 1 h. The sample temperature
was lowered to the desired temperature, equili-
brated for 1 h, and quenched in the water. The
quenched samples were prepared for microstruc-
tural analysis.

Cold Finger Freeze Lining Tests

The cold finger freeze lining tests were carried out
in a vertical tube furnace (see Fig. 2). The slag was
melted at 1200�C in an alumina crucible in an argon
atmosphere. The cold finger was circulated with
nitrogen gas at 3800 l/h and was submerged in the
molten slag for 1 h, 2 h, or 4 h, followed by
quenching in water. For the tests with the rotating
crucible, a motor was used, located at the bottom of
the furnace. The freeze lining deposits were col-
lected and prepared for microstructural analysis.

Table I. Composition of slags

Wt% FeO SiO2 Al2O3 CaO ZnO PbO Cu2O Cr2O3

Slag A 57.70 30.79 2.63 0.63 5.38 1.03 0.85 0.98
Slag B 56.11 29.94 2.56 0.61 8.00 1.00 0.83 0.95
Slag C 54.28 28.96 2.48 0.59 11.00 0.97 0.80 0.92
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Sample Analysis and Characterization

The quenched samples and the freeze lining
sample deposited on the cold finger were collected
and embedded in an epoxy resin. The samples were
polished with carbide paper and diamond paste, and
a 2-nm platinum coating was applied. The samples
were analyzed for composition and microstructural
changes using a Philips XL30 ESEM FEG equipped
with an energy dispersive x-ray detector (EDAX).
The accelerating voltage and the spot size were set
as 15 kV and 4, respectively. A point analysis was
used to measure the composition of the solid and
liquid phases, whereas an area analysis is used to
obtain an average sample composition (see Fig. 6,
below). ImageJ software was used to digitally
analyze the microstructural images to obtain the
solid fraction data using the image processing
technique described by Fiji.15 To obtain statistically
significant data, at least three microstructural
images were processed per sample. Furthermore,
each image was randomly divided into several
smaller sections to obtain the distribution of solid
fraction data within an image in contrast to the
overall image.

RESULTS AND DISCUSSIONS

Viscosity Measurements

The viscosity of Slag A and slag B were measured
during continuous cooling from 1250�C until the
temperature at which a set torque limit of the
spindle of 200 mNm was reached. The

measurements were conducted at three different
spindle speeds (30, 60, and 90 rpm) for slag A and 90
rpm for slag B. Figure 3 shows the viscosities of
slags A and B with respect to temperature. Slag A
showed shear-thinning behavior, as the viscosity of
the slag decreased with increasing shear rate. This
is typical for copper slags.16 However, the applied
shear rate does not have a significant effect on the
viscosity. The viscosity of slags A and B initially
increased slowly and then, from 1080�C, more
rapidly, indicating a transition from a solid-like
regime to a liquid-like regime. The critical viscosity
temperature was, therefore, equal to 1080�C.

Equilibrium Quenching Tests

The equilibrium quenching tests were performed
on the slag samples A, B, and C at 1200�C, 1100�C,
1090�C, 1080�C, 1070�C, and 1060�C. Figure 4
shows the microstructures of quenched samples of
slag A. The SEM-EDAX analysis of the quenched
samples revealed that FeO and SiO2 combined to
form fayalite crystals, and that FeO, ZnO, Al2O3,
and Cr2O3 combined to form spinel crystals. The
light gray color is the crystalline phase in which the
laminar grains are fayalite crystals, and the spher-
oidal grains are Fe-Al-Zn-Cr-O spinel crystals. The
dark gray color is the slag matrix (glass phase).

At 1200�C, the slag is nearly molten with a few
spinel crystals (see Fig. 4a). As the temperature
decreased, the crystal fraction in the samples
increased (see Fig. 4a–g). The fayalite crystal size
grew longitudinally, and the crystals appeared to be

Fig. 2. Cold finger freeze lining test setup: (a) vertical tube furnace, (b) cold finger.
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randomly oriented with respect to each other,
whereas the spinel crystal size remained the same.
However, from 1080�C, the fayalite crystals grew
further, and the longitudinal shape of the crystals
allowed themselves to orient parallel to each other,
while the distance between the fayalite crystals
decreased (see Fig. 4d–g). The liquid slag between
the crystals solidified and connected to the neigh-
boring crystals to form a solid network. The abrupt
viscosity increase observed during the viscosity
measurements is essentially due to the formation
of a solid network.

According to the studies on the non-Newtonian
behavior of solid-bearing slags, when the slag is
subjected to a sufficient shear rate, the hydrody-
namics of the liquid slag contributes to the shear-
thinning behavior by orienting the crystals in the
flow direction.17 Since the fayalite crystals, due to
their elongated shape, readily oriented themselves
parallel to each other as they grew larger without
being subjected to an external shear rate, slag A did
not show a significant shear thinning behavior
during the viscosity measurements (see Fig. 3a).

The SEM images of the quenched samples were
analyzed in ImageJ software to quantify the solid
fraction. Figure 5 shows the crystal fractions of
slags A, B, and C at different temperatures. The
solid fraction in all the slag samples increased as
the temperature decreased. However, at 1080�C, a
large standard deviation in the solid fraction was
observed. The microstructure images of slag A at
1080�C show that some regions were solidified and
formed a solid network, and some regions were still
liquid with fayalite and spinel crystals floating far
from each other (see Fig. 4d and e). However, below
this temperature (see Fig. 4f and g), all the crystals
agglomerated and formed a solid network, suggest-
ing that, at 1080�C, slags A and B transitioned from
a liquid dominant regime to a solid dominant
regime. This is in good agreement with the slag
viscosity measurement results in Fig. 4, where the
viscosity of slags increases rapidly with further
cooling from 1080�C. The solid volume fractions of
the slags A, B, and C at the critical viscosity
temperature were found to be 39.69 ± 8.44%,
41 ± 4.31%, and 41 ± 1.8%, respectively.

The viscosity of the slag below liquidus primarily
depends on the cooling rate and the shape, size, and
interactions between the crystals, which is a func-
tion of slag composition.18 During solidification, a
small part of the Zn in the samples was distributed
between the spinel phase, which did not grow as the
temperature decreased, while the rest remained in
the slag (glass) phase. Since Zn-containing crystals
did not contribute to the agglomeration process, the
Zn content of the slag showed no effect on the
critical viscosity temperature. Therefore, it is evi-
dent that the critical viscosity temperature does not
change with the Zn content in the measured slag
system.

Cold Finger Freeze Lining Tests

Freeze lining tests were conducted to determine
the influence of the immersion time and the spindle
rotation speed on the freeze lining thickness. The
average thickness of the freeze lining samples of
slag A formed when the cold finger was immersed
for 1, 2, and 4 h, respectively, was 12.5 ± 0.7 mm,
suggesting that they reached an equilibrium thick-
ness in less than an hour (see supplementary
Fig. S2a). However, the average thickness of the
freeze lining samples of slag A formed when the cold
finger was immersed for 1 h, and, when the crucible
was rotated at 30, 60, and 90 rpm, decreased from
8.9 mm to 5.1 mm with increasing crucible rotation
speeds from 30 rpm to 90 rpm (see supplementary
Fig. S2b). Further cold finger freeze lining tests
were conducted on slags B and C to study the
influence of varying Zn content in the slag on the
freeze lining thickness and the bath/freeze lining
interface temperature.

The freeze lining samples were cut across the
thickness to perform SEM imaging (see supplemen-
tary Fig. S3). Figure 6a shows the microstructures
of the freeze lining samples of slag A tested at
90 rpm with 1 h equilibration at 1200�C. The light
gray colored laminar grains are fayalite crystals,
and the dark gray color is the liquid slag (glass
phase). The crystals on the freeze lining samples
vary in size from the cold side (attached to the cold
finger) to the hot side (close to the slag bath). The
cold side of the sample has very fine crystals, as the

Fig. 3. The viscosity of (a) slag A and (b) slag B with respect to temperature at different spindle speeds.
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slag solidified immediately with a large undercool-
ing degree when the cold finger was immersed in
the slag bath. The crystals gradually became larger
towards the hot side. However, finer crystals were
observed close to the hot face only when the crucible
was rotated at 60 rpm and 90 rpm.

Figure 6b and c shows the solid fraction and the
composition measured across the thickness of the

samples in the regions marked in Fig. 6a. The solid
fraction along the freeze lining thickness increased
slowly from 65% from the cold side to the hot side
and peaked at 73%; however, it decreased rapidly to
55%. The microstructure of the freeze lining in
Fig. 6a shows that the crystal size became finer from
the peak to the hot face. It is logical to assume that
the freeze lining until the peak is stable. It is then

Fig. 4. Microstructures of slag A samples quenched at (a) 1200�C, (b) 1100�C, (c) 1090�C, (d, e) 1080�C, (f) 1070�C, and (g) 1060�C.
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thermally affected, where the interface moves
depending on the process conditions. The FeO
content in the freeze lining has dropped by an
average of 9 wt% and Al2O3 increased by 10 wt%
compared to the slag bath composition. However,
the freeze lining composition remained more or less
constant throughout the thickness. The FeO com-
bined with SiO2 to form Fe2SiO4 crystals, whereas
the ZnO, Al2O3, and CaO remained in the glass
phase. The FeO content in the slag dropped to 31
wt% to form fayalite and spinel crystals, whereas
the Al2O3 and SiO2 content in the glass phase
increased significantly. A similar trend in the
distribution of solid fraction and the composition
across the freeze lining thickness was observed in
the remaining freeze lining samples.

Figure 7a shows the freeze lining thickness at
different crucible rotation speeds as a function of Zn
content in the slags. The thickness of the freeze
lining samples was affected by the crucible rotation
speed. When the crucible was stationary and when
it rotated at 30 rpm, the thickness decreased lin-
early with increasing Zn content from slag A (5.4
wt% Zn) to slag C (11 wt% Zn) by 4.2 mm and 2.6
mm, respectively. However, when the crucible was
rotated at 60 rpm and 90 rpm, the thickness
decreased with increasing Zn content by 2 mm and
2.1 mm, respectively, from slag A (5.4 wt% Zn) to
slag B (8 wt% Zn) and then increased by 2 mm and
1.7 mm, respectively, from slag B (8 wt% Zn) to slag
C (11 wt% Zn). It appears from Fig. S3 and Fig. 7a
that the Zn content is affecting the freeze lining
thickness, contradicting the evidence found in
‘‘Equilibrium Quenching Tests’’ section. It was
evident from the observed microstructures of the
freeze lining samples, and the solid fraction distri-
bution across their thickness, that factors such as
the hydrodynamics of the liquid slag and the
interactions between the crystals and the liquid
slag are playing a role in the freeze lining growth.

When a solid-bearing slag with a shear thinning
behavior is subjected to a sufficient shear rate, the
weak crystals inside the solid network gradually
break up into isolated particles, affecting the mor-
phology.17 From the SEM images of the freeze lining
samples (see supplementary Fig. S3), it is clear that
the crystals’ size at the hot face of the freeze lining
varied with crucible rotation speed. Large crystals
were observed at the hot face when the crucible was

Fig. 5. Solid fraction of the quenched samples with respect to
temperature.

Fig. 6. (a) The SEM image, (b) the solid fraction, and (c) the composition of the freeze lining sample of slag A tested at 90 rpm under 1200�C for 1
h.
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stationary and when it was rotating at 30 rpm,
suggesting that the crystals stayed intact within the
solid network. Furthermore, the temperature close
to the hot face was high enough and the growth time
was long enough for the crystals to grow larger. The
heat transfer rate was low, due to low convective
heat transfer, resulting in a larger freeze lining
thickness. However, at high crucible rotation speeds
(60 rpm and 90 rpm), due to the high shear rate, the
loose crystals forming at the bath/freeze lining
interface were removed into the slag bath, while
bringing the new crystals to the interface. Due to
the dynamic exchange of crystals at the interface,
the crystal size remained small. Additionally, due to
the high crucible rotation speeds, the convective
heat transfer increased, increasing the temperature
at the hot face of the freeze lining. As a result, the
freeze lining thickness decreased, and the bath/
freeze lining interface moved to a new location,
where the bath/freeze lining interface temperature
is equal to or less than the critical viscosity tem-
perature. Therefore, the freeze lining thickness was
smaller with relatively finer crystals at the hot face.

Figure 7b shows the critical solid fraction at the
hot face of the freeze lining samples of slags A, B,
and C equilibrated at 1200�C for 1 h at crucible
rotation speeds of 30, 60, and 90 rpm measured
using ImageJ software. The solid fraction at the hot
face of the freeze lining does not follow a trend with
varying Zn content. However, the average solid
fraction of the slags A, B, and C at the hot face of the
freeze lining increased with crucible rotation speed
(see supplementary Fig. S4). It is logical to say that,
at high crucible rotation speeds, newly formed
crystals in the slag bath arrive at the interface
and agglomerate, leading to a finer but densely
packed crystal structure. However, at low crucible
rotation speeds, the growth of the crystals is limited
due to a slow mass transfer rate. Since no fresh slag
nor newly formed crystals are arriving at the
interface from the slag bath, the crystals grow in
size as much as possible in the existing slag at the
interface, leaving the remaining slag between the
crystals. Since the Zn content of the slag does not
influence the critical viscosity temperature, the

solid fraction, and the freeze lining growth in the
studied range, the averaging of solid fractions of the
slags A, B, and C at the hot face of the freeze lining
is justified.

According to the proposed hypothesis, the bath/
freeze lining interface temperature is equal to the
critical viscosity temperature. It was found that the
critical viscosity temperature of the measured slags
is 1080�C, and that it does not change when the Zn
content of the slag is varied, as Zn is not partici-
pating in the network formation. From the equilib-
rium quenching tests, the average solid fraction of
the slags A, B, and C at the critical viscosity
temperature was found to be 41 ± 4.8%. Concur-
rently, from laboratory-scale freeze lining tests, the
average solid fractions at the hot face of the freeze
lining of slags A, B, and C at 0, 30, 60, and 90 rpm
were found to be 58 ± 10.1%, 59 ± 5.5%, 61 ± 4.9%,
and 67 ± 3.9%, respectively. In contrast to the solid
fraction obtained from the equilibrium quenching
tests at critical viscosity temperature (1080�C), the
solid fraction measured at the hot face of the freeze
lining samples were higher, indicating that the hot
face temperature of the freeze lining is lower than
the critical viscosity temperature. By extrapolating
the solid fraction data in Fig. 5, it was found that
the bath/freeze lining interface temperature range
from 1035�C to 1070�C.

The evidence gathered from the freeze lining tests
also showed that Zn does not influence the freeze
lining growth, as it is primarily controlled by the
mechanical and thermal degradation of the crystals
forming at the bath/freeze lining interface. The solid
fractions at the hot face of the freeze lining interface
did not follow a trend for the reasons mentioned
above (see Fig. 7b). However, when the solid
fraction values of slags A, B, and C at the hot face
are averaged, it was found that the solid fraction
increased with shear rate (see supplementary
Fig. S4). The shear rate also affected the morphol-
ogy of the crystals found at the interface, where
finer crystals were observed at high shear rates, and
vice versa. Based on the empirical evidence, it can
be inferred that the slag bath/freeze lining interface
temperature is close to the critical viscosity

Fig. 7. (a) The freeze lining thickness and (b) the solid fractions of the freeze lining samples of slag A (5.4 wt% Zn), slag B (8 wt% Zn) and slag C
(11 wt% Zn) at the hot face equilibrated at 1200�C for 1 h at crucible rotation speeds of 30, 60, and 90 rpm.
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temperature. However, the interface temperature
decreases when the shear rate is increased. In order
to precisely identify the slag bath/freeze lining
interface, the relationship between the shear rate,
mass transfer rate, morphology, and the solid
fraction needs to be further investigated.

CONCLUSION

From viscosity measurements, it was found that
the copper slag’s viscosity increases abruptly at a
critical temperature of 1080�C, where it transitions
from a liquid-like regime to a solid-like regime, and
that the critical viscosity temperature does not
change with Zn content. The microscopic analysis
of the equilibrium quenching test samples showed
the crystals agglomerating at the critical viscosity
temperature, and that the solid fraction at this
temperature was 41 ± 4.8%. Concurrently, the
microscopic analysis of the freeze lining samples
revealed that the solid fraction at the freeze lining
samples’ hot face depends on the hydrodynamics of
the liquid slag and the interactions between the
crystals and the liquid slag at the interface. The
average solid fraction at the hot face of the freeze
lining was 58 ± 10.1%, 59 ± 5.5%, 61 ± 4.9%, and
67 ± 3.9% at 0, 30, 60, and 90 rpm, respectively,
and the bath/freeze lining interface temperature
lies in the range of 1035–1070�C, which is less than
the critical viscosity temperature.
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