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Figure 11.
Campaign summary report.
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Patrick Seitz, Yong Tang and Gerald Nitzl

Refractory Tubes with Innovative
Liner Technology for Flow Control
and Clean Steel Applications

Ladle shrouds (LS) and submerged entry nozzles (SEN)
are flow control products used in continuous casting
which transfer the liquid steel from the ladle to the
tundish and further to the mould. Due to the strongly
different and quickly changing temperature conditions
before and during steel casting, highly thermal shock
resistant refractory materials are required which
simultaneously save steel process energy. A new
technology embeds a special liner into the refractory
body inner surface to reduce the heat transfer through
the LS/SEN wall. To better understand the function of
this insulation layer a mathematical model was applied.
Temperature measurements carried out in the steel
plant were compared with the simulation results. The
research results indicate potential heat loss reduction
and performance improvements in the steelmaking
process.

I
Introduction

Flow control products such as ladle shrouds and submerged
entry nozzles are used in the steel continuous casting
process to transfer the molten steel from the ladle to the
tundish and then into the mould, protecting the molten steel
stream from reoxidation. Most flow control products are
isostatically pressed (ISO) from carbon-bonded refractories,
which need to resist high temperatures, corrosive attack of
steel and slags, and high temperature gradients during the
application.

Figure 1a illustrates the flow control products used in the
steel continuous casting process, where the steel is
transferred from the ladle to the mould. Figure 1b shows
an example of a LS and SEN equipped with a liner material
inside the product bore.

Figure 1.

(a) Isostatically pressed products for flow control applications and

(b) ladle shroud and submerged entry nozzle showing the liner material inside.
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For better thermal shock resistance the carbon content of
flow control products is rather high, at 20-30 wt.%, which
also results in a high thermal conductivity of these products.
Consequently, some measures have been used to minimize
the heat losses through the refractory walls. RHI Magnesita
has developed special liner materials that are applied inside
the product bore with improved insulating properties for LS
and SEN to achieve this goal.

The development of this new liner technology includes two

steps and the following advantages [1]:

New manufacturing process

o To produce well-defined liner thicknesses.

« To be able to manufacture non-parallel sections in nozzles
(i.e., port section).

» Scalable process required for small and large geometries.

« More consistent wall thickness of liner compared to
conventional decarburized layer.

Materials with customized properties [5-10]
o Carbon-free

« Anti-clogging

o Erosion-resistant

» Heat insulating

Figure 2 shows the liners of a LS (left) and SEN (right), (i.e.,
white coating). The LS requires a liner with a length of more
than 1000 mm. The SEN has the liner on the nonparallel
sections in the port area.

In order to study the insulating performance of this
innovative liner, computational fluid dynamics (CFD)
simulations and industrial measurements were
performed.

CFD Simulations

According to the operating conditions, two-dimensional (2D)
simulations were used for LS and SEN [2]. The 2D
simulation for the thermal transfer investigation provides an
accurate model since most heat losses are transferred
through LS and SEN walls in a radial direction.
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The difficulties in obtaining accurate results for this type of
simulation lie with the boundary conditions; namely exact
thermal data of the materials during the casting process. All
the material properties used in the simulation were measured
or calculated under laboratory conditions which may be
different from the real casting conditions.

For example, in practice the decarburized layer of a standard
LS becomes thinner during the casting process, which
influences the thermal insulation properties. The boundary
conditions are also one important factor influencing the
accuracy of modelling. The current simulation assumes ideal
conditions such as the interfaces of the layers are in perfect
contact; no infiltration in the refractory materials; the ladle
shroud and submerged nozzle are fully filled with liquid; no
gas is involved in the steel stream in the tube. Steady state
calculation was used to obtain the thermal situation of the LS
and SEN during the stable casting process.

Simulation of Ladle Shroud

An axisymmetric domain was used for the 2D simulation of
the LS shown in Figure 3. In application, the LS is used
without any preheat while transferring molten steel from the
ladle to the tundish. To achieve high thermal shock resistance,
a decarburized layer is formed inside the LS during the
production process. However, in many cases this
decarburized layer is not stable during the application.

In extreme circumstances, this decarburized layer can be
totally removed by the steel flow. Thus, in this simulation an
extreme case without a decarburized layer was also
considered (No decarburized). A stable decarburized layer
(4 mm thick) and a stable liner (3 mm thick) were the other
two simulation cases. The lower thermal conductivity and
respectively higher insulation property of the liner compared
to the decarburized layer enables a lower thickness.

The simulation uses conjugate heat transfer. Since the flow
in the tube is highly turbulent, a very fine boundary layer
was used to resolve the turbulent behaviour near the wall.
The first row mesh size of the boundary layer was 0.2 mm.

Figure 2.

Cut products showing the liner; see white coating in the bore.

Figure 3.

Ladle shroud geometry and simulation cases,
(a) LS not insulated, (b) decarburized, and (c) liner.
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The mesh quality criteria y+ on the tube wall was less than
the criteria value of 30, which ensured enough accurate heat
transfer simulation between the turbulent flow and the tube
inner surface wall. A standard k-epsilon turbulence model
was applied. Figure 4 shows parts of the grids used in the
domain. The mesh size of the grids was approximately 2 mm.

The boundary conditions for the LS are shown in Figure 5.
The heat transfer coefficient (HTC) between the free air
stream and the refractory wall was based on experience.
The liquid steel temperature at the inlet was 1500 °C and the
mass flow rate was 2 tonnes/min. 2" order upwind was
applied for the numerical discretisation. The absolute
convergence check criteria were 1 x 10 for continuity,
velocity, and turbulence solving. 1 x 10 was used for the
energy convergence check.

Figure 6 shows the temperature profiles of the LS for the
three different cases mentioned above. The results indicate
that with the liner, the temperature of the LS outer wall
surface is more than 100 °C lower compared to the standard
LS with an evenly formed decarburized layer. The liner can
keep the surface temperature more than 400 °C lower than
the standard LS when the decarburized layer is totally
removed. Essentially, the liner technology has more capability
to prevent heat loss through the LS wall than the standard

LS with the traditional decarburized layer method.

Figure 4.
lllustration of mesh used in the simulation.
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Figure 5.
Boundary conditions for LS simulation.
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Figure 6.

Temperature profile of LS. (a) No decarburized layer, only
refractory body, (b) decarburized, and (c) liner.
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I
Heat Losses in the Submerged Entry Nozzle

Another issue that can be observed during continuous
casting is undesirable solidification of steel in the SEN.

As shown in Figure 7, some solidification may occur during
casting. This effect is mostly due to operational causes such
as “cold steel”.

The worst-case scenario would be that the strand freezes
completely during the start of casting. This phenomenon can
also be observed within the sequence caused by badly
stirred steel in the ladle. Such events usually cause high
operational costs when the sequence needs to be aborted.
In such cases, a SEN with liner improves operational safety
by avoiding undesired solidifications of the liquid steel in the
nozzle.

As there are often several different refractory materials used
for the SEN production, the probability of cracking due to

thermal shock can be avoided by using the liner. Furthermore,

an improved and more homogenous insulating layer provides
potential to improve the refractory materials used for the SEN
wall such as the refractory wear resistance in the area of the
mould flux.

Figure 7.

Undesirable steel solidification in SENs. (a) Partial steel
solidification in the bore and (b) total steel solidification
(strand lost).

(b)
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I
Simulation of Submerged Entry Nozzle

The modelling setup for the SEN was similar to the LS.
A 2D symmetric domain including a continuous casting
mould (1560 x 200 mm) was used. The simulation's
boundary conditions are shown in Figure 8.

As opposed to the LS, the outer wall surface of the SEN is
normally coated with insulating fibre to avoid extra heat loss
and protect the slag band material from thermal shock. Two
simulation cases with and without a liner on the SEN inner
surface (up to the end of the slag band) were carried out. Both
cases considered the insulation fibre wrapped on the outer
wall surface. The outer wall insulation was not considered
under the meniscus level of the SEN since the insulating fibre
was washed away during the long sequence casting process.
The domains in the upper part of the SEN in the nonimmersed
area of the two cases are shown in Figure 9.

Figure 8.
SEN simulation boundary conditions.
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Figure 9.

Simulation cases for upper part of the SEN.
Nonimmersed area setup (a) without and (b) with liner.
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The simulation results comparing these two SEN cases are
shown in Figure 10. The liner can reduce the temperature by
about 20 °C on the SEN outer insulation surface. This small
difference is due to the further insulating effect of the fibre
coating on the outer side. When focused on the SEN outer
wall temperature (before the insulation fibre), it is 1411 °C
without liner and 1334 °C with liner. The temperature
difference is about 70 °C. Nevertheless, the innovative liner
technology can also help reduce the heat loss through the
wall of the SEN.

Another interesting result was found in the temperature
distribution near the continuous casting meniscus level.
Figure 11 illustrates the temperature profile in the mould.
The general thermal pattern is similar between these two
cases. The only difference is near the SEN area at the
meniscus level. As the liner can decrease the heat loss
through the SEN wall, the temperature around the SEN area
near the meniscus is lower when compared to the SEN
without liner. This should be considered regarding the
application of liner technology for the SEN. The lower
temperature around the SEN near the meniscus level may
increase the risk of mould flux bridging. One possible
solution to avoid this bridging near the meniscus level is to
apply the liner material only above the meniscus level.

Figure 10.
Temperature profile of the SEN (a) without and (b) with liner.

Industrial Measurements

The LS and SEN products with and without liner were tested
and compared in a steel plant. The measurements of the ladle
shrouds and submerged entry nozzles surface temperature
were carried out on site. The cast steel was stainless steel
with a steel temperature in the ladle of about 1500 °C. The
temperatures were measured differently. For the LS, a device
using infrared technology was used, whereas a thermocouple
was taken for the SEN to avoid the radiation impact of the
fibre insulation during the measurement.

The measured positions were the middle area of the LS and
the upper area of the SEN. Figure 12 demonstrates the
temperature measurement on site for the LS (infrared
technology) and SEN (thermocouple used).

Figure 11.

The temperature distribution in the mould (a) without and
(b) with liner material.
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Figure 13 illustrates the LS surface temperature comparison
between a standard LS without liner and a LS with liner
under similar casting conditions. Also, the brightness of the
LS outer surface was compared. The LS with liner was
glimmering significantly less during casting and the
brightness distribution was more homogenous compared to
the standard LS, resulting in a more homogenous
temperature distribution within the LS. When the ftrial
prototypes were investigated after casting, no damage of
the liner could be identified. Furthermore, the different
temperature curves illustrated in Figure 13b show a
significant difference in temperature increase indicating the
LS with the liner is less exposed to risk of thermal shock
due to the lower gradient of the curve. Furthermore, a
temperature difference in the range of 200 °C was
measured after the first minutes of casting.

Figure 13.

(a) Brightness difference between a standard LS (left) and a
LS with liner. (b) Surface temperature of LS during casting
with and without liner.
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Both simulated and measured results show that the liner can
reduce the temperature of the LS surface, indicating a
decrease of heat loss through the wall. However, the LS
surface temperature predicted by the simulation was
10—20% lower when compared to the measured value.

With the SEN, Figure 14 shows the surface temperature
measured by the thermocouple in contact with the fibre
insulation of the SEN during casting. The irregular pattern of
the curves was caused by the connection and disconnection
of the thermocouple due to fluctuation of the tundish and
consequently the SEN.

Nevertheless, the results indicate that the liner can decrease
the SEN outer surface temperature by around 100 °C
although the decrease is smaller compared to the LS case.
This conclusion also corresponds to the simulation results.
The simulated results are also about 10-20% lower than the
measured temperature data. Thermal conductivity and
boundary conditions could be the reasons for this deviation.

Results/Conclusion

Newly developed liners for ladle shrouds and submerged
entry nozzles used in continuous casting offer a wide range
of technical, commercial, and economic benefits.

The field trial results showed that the liner was stable during
casting and that the temperature distribution on the outer
product surface was homogenous compared to the standard
product. In addition, the liner did not show any damage after
the casting process. Both simulations and measured results
demonstrate that the liner can reduce the heat transfer
through the LS and SEN walls.

Figure 14.

Surface temperature of SEN during casting with and without
liner.
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Based on production data of 2019 more than 10000 pieces

have been produced (ladle shrouds, tundish, and sub entry Acknowledgement

nozzles) using the inner liner technology for six customers The authors are grateful to the steel plant SIJ Acroni d.o.0.,
worldwide. A further five customers have been acquired for Jesenice, Slovenia, for the support in the plant on this
trials in 2020. project.

By using the liner technology, operational safety is improved
by reducing the risk of strand losses due to undesired
freezing of the strand. Furthermore, the inner liner
technology can also be used for cold-start refractory tubes
such as submerged entry shrouds. In addition, new
developments of refractory materials to extend the refractory
lifetime in critical areas are possible due to reduced heat
flow and lowered risk of thermal shock at the start of casting.

From the energy saving perspective in the steel plant the
potential for ladle and tundish shrouding with the innovative
liner technology is theoretically in the order of 1-2 °C. The
cost of energy is in the range of 0.03-0.10 €/t for 1 °C [3, 4].
This results in potential savings between 60—-200 k€/million
tonnes of steel cast.

Connecting material development and industrial application
with novel simulation methods leads to a better
understanding and will help to develop new refractory
solutions for the continuous casting of steel.
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Bernd Trummer, Christian Manhart and Wolfgang Fellner

Vibrational Determination of Gas Purging
Regime and Efficiency in a Water Model
and Validation by a High-Speed Camera

Gas purging is an important tool in modern secondary
metallurgy. Inert gases are introduced into the steel melt
through purging plugs. Although significant process
know-how has been accumulated over the years, only
little is known about the effect of different purging plug
designs on the purging behaviour. Vibration detection
may offer a method of studying this influence allowing
characterization of the purging behaviour of different
plug designs on a quantitative basis. In this paper, the
results of such a vibration investigation of a slot plug
and a porous plug installed in a water model are
presented. Clear differences between these two plug
designs regarding the purging behaviour were detected
and quantified.

I
Introduction

Inert gas purging is a prerequisite for state-of-the-art
secondary metallurgy in steelmaking and has to support
several process steps in ladle metallurgy with diverging
process requirements [1]. Water model investigations have
shown that slot and segment plugs have the best
performance under high flow rates whereas porous plugs
are very efficient for soft bubbling. Hybrid plugs are suitable
for high as well as low flow rates [2].

All this knowledge has been gained in water model
investigations, in industrial practice by visual examination,
and via high-speed camera photos, as so far no alternative
methods have been available to determine or even quantify
the gas purging regime and efficiency reliably. Current
industrial technology is using the gas flow rate as a control
factor, which works very well for process control in
established processes in steel mills. However, apart from
obvious weaknesses like hidden leaks in the gas supply,
there is also a general problem with this approach. The
gas flow rate is not directly linked to the decisive physical
phenomena of bubble size, bubble shape, number of
bubbles, and frequency of bubble generation. Hence, no
quantitative description of the actual purging process is
possible. Consequently, no quantitative comparison of
different purging plug designs is possible, hindering the
controlling, recording, and evaluation of existing purging
applications as well as the development of new and
improved purging plug designs.

In recent years, the use of vibrational analysis in gas
purging has been increasingly investigated [3]. It was
shown that vibration signals were suitable for quantifying
the purging in a gas stirred vessel even though some of
the relationships were still unclear [4,5].

Corresponding patents [6] of companies working in this
area suggest that industrial applications have also been
considered for this vibration technology or have already
been established [7] on a commercial basis. In all of these
investigations, vibrational measurements were carried out
by accelerometers mounted to the vessel walls determining
vessel wall vibrations (e.g., ladle or water model) caused by
the highly turbulent movement of the melt inside the vessel.
So far, no investigations have been carried out to study
vibrational patterns generated by the detachment of gas
bubbles from the plug surface and the subsequent falling
back of the melt onto the plug surface. Known for a long
time to study back-attack effects [8], this method also
seems to be very promising for a quantitative
characterization of gas purging efficiency, especially for
low gas flow rates. In such a setup, the accelerometer is
not mounted to the vessel wall but to the connecting pipe
of the purging plug.

This study presents the results of investigations on the
vibrational patterns generated by slot and porous plugs in
a water model at different flow rates and compares and
validates vibrational patterns with visual examinations and
high-speed camera photos.

The Plug Vibration Detection Method

A new method for purging plug vibration detection and
analysis has been developed based on vibrations
generated by the bubble formation at the purging plug
surface [9]. A schematic drawing showing the experimental
setup of this method is given in Figure 1.

Figure 1.

Schematic drawing of a steel vessel with purging plug and
vibration sensor.

Vibration sensor



For this method, a vibration sensor is mounted to the
connecting pipe of a purging plug, detecting mechanical
waves running from the plug surface through the plug to the
sensor. These mechanical waves are generated by the
impact of the melt on the plug surface after the gas bubbles

have detached from the plug surface and the melt falls back.

For the vibration signal the normalized amplitude over the
time is recorded in a vibration spectra, an example is given
in Figure 2.

The acceleration x/¢] is computed with the discrete Fourier
transformation X/f] in a frequency spectrum [10].

N-1

_ant
X[f]= x[tle’ ™ t=012,..,(N—-1)

t=0
From the frequency spectra X[f] the bubble index
component BI, is calculated. This is done by summing over

the frequency amplitudes X[f] within a predefined frequency
range [a, b].

b
BI, = Z X[fln=12,..
f=an

Figure 2.

Example of a vibration spectrum. The normalized acceleration
x[t] in dependency of the time ¢ is shown.
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For a bubble distribution analysis procedure, the range of
the frequency spectra X[f] is divided into a number of sub-
ranges from low frequency values to high values. The
frequency definitions are based on the plug type. In Table |
an example of three frequency ranges of the bubble index
BI,, calculation is shown. The sum of all three bubble
indices for high, medium, and low frequency range is
always 100%.

Table I.
Example of bubble index BI, frequency ranges.

Bubble index BI,

Frequency Range f,, f;

BI, 0 1000
BI, 1000 2000
BI; 2000 3000

The computed bubble index BI, can be correlated with the
gas flow through the purging plug and is used to
characterize different types of purging plugs.

The basic idea behind this method is the following: When
small bubbles are generated, a very high number of
bubbles is necessary to consume the supplied gas volume.
Small bubbles form faster and detach from the plug surface
giving way to new bubbles. This process creates impacts
at the plug surface with a very high frequency. In contrast,

10 large bubbles consume the provided gas volume rather

0.8 fast and only a small number of large bubbles evolve.

06 These large bubbles form relatively slowly and detach from
é 04 Ll L | . II . the plug surface and vibrations with a relatively low
g 1 frequency are generated. At a given flow rate, the higher
§ 02 the cumulative amplitudes within the selected frequency
% 0.0+ range, the more impacts at the plug surface occur. This
2 02 i H— ” means a higher number of detaching bubbles from the plug
g 04 L] surface. Hence, the amplitude of these frequency spectra
= 06 ! | can be correlated to the number of bubbles which formed.

08 Vibrations within the highest/medium/lowest frequency

' band represent the content of small/medium/large bubbles
1.0 as demonstrated in Figure 3.
0.0 0.1 0.2 0.3 04 05
Time [s]
Figure 3:

(a) Formation, growth, detachment of the bubble, and subsequent impact on plug surface and (b) influence of bubble size on

number of impacts.
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Table II.

Geometric and physical characteristics of the slot and porous plugs examined in the water model investigation.

Slot plug
Slot number 24
Slot dimensions [mm] 16x0.25
Porous part [mm]
Open porosity [vol.%] 12
Bulk density [g/cm?] 31
Raw material basis Al,O,

I
Experimental Procedure

A slot plug with 24 slots (slot dimensions: 16 mm long and
250 ym wide) and two round porous plugs of different sizes
(one with a cross section of 120 mm and the second with

a cross section of 210 mm) were installed in a water model.
Details of the plug characteristics are given in Table II.

The 1000-litre capacity water modelling tank was 1000 mm
high. The plugs were fed with compressed air at ambient
temperature by an INTERSTOP Inert Gas Purging System
provided by RHI Magnesita. This system allows a

precise adjustment and constant mass flow in the range of
0-1000 I/min. A digital high-speed camera was used to take
images of the bubble plume during the water model
experiments.

A vibration sensor (PCB Piezotronics 352C33, frequency
range 0.5 to 10 kHz) was mounted to the connecting pipe
of the plugs and vibration signals were recorded and
processed by a conventional personal computer.

Water Modelling Results
Slot plug

A typical graph of a slot plug showing the variation of the
bubble index versus the flow rate is given in Figure 4.

The blue line depicts the bubble index BI for low
frequencies, which is typical for large bubbles. The BI for
high frequencies, typical for small bubbles is given in green
and the BI for the medium frequency range representing
midsized bubbles is shown in red. Slot plugs generate
vibrations predominantly in the low frequency range as
shown by the blue line. At low flow rates almost all of the
vibrations detected are in the low frequency range.

Round, 120 mm cross section

Small porous plug Large porous plug

Round, 210 mm cross section

27 27
26 26
MgO MgO

With rising flow rates, medium and high frequency portions
increasingly occur. However, up to 500 I/min over 70% of
all vibrations were detected in the low frequency range.

Investigations carried out in parallel with a high-speed
camera at flow rates of 30 I/min, 250 I/min, and 500 |/min
show that the bubble size and shape at the plug surface
stays more or less the same over the whole flow range and
that there is hardly any influence of the flow rate on the
bubble size (Figure 5). The coloured bars left to the pictures
illustrate the respective portion of low (blue), medium (red),
and high frequencies (green) in the vibration spectrum at
the given flow rate.

Figure 4.

Development of the bubble index BI versus the gas flow rate
for a slot plug.
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Figure 5.

Bubble sizes and shapes of a slot plug at (a) 30 I/min, (b) 250 I/min, and (c) 500 I/min.




Large porous plugs

A typical graph of a large porous plug showing the variation
of the bubble index BI versus the flow rate is given in
Figure 6. Large porous plugs show a very different bubble
index pattern compared to slot plugs. The predominant
vibration frequency range is governed by the applied flow
rate and varies dramatically over the full flow range. At
flow rates up to 200 I/min, about 70-80% of all vibrations
were detected in the high frequency range as shown by
the green line. Above 200 I/min, the high frequency portion
starts to diminish and decreases to almost zero at

500 I/min. The opposite behaviour can be observed for the
low frequency portion. At flow rates up to 200 I/min, at
maximum 15% of all vibrations are in the low frequency
range. Above 200 I/min, the low frequency portion starts

to grow and achieves its maximum at about 350 I/min

with a share of 60%. Above 350 I/min, the low frequency
portion starts to diminish until a share of 45% is reached at
470 |/min; then, a small increase to 50% can be observed
again at 500 I/min. The medium frequency range in the
vibration pattern stays insignificant with a maximum share
of 15% up to a flow rate of 350 I/min. Above 350 I/min, the
medium frequency portion starts to increase with rising flow
rates and achieves a maximum of about 50% at 470 I/min,
staying constant up to 500 I/min.
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Photos taken with a high-speed camera showing the bubble
formation at the plug surface of a large porous plug at

50 I/min, 250 I/min, and 500 I/min are given in Figure 7.

A visual, qualitative comparison confirms a shift to larger
bubble sizes with increasing flow rates. This is in good
agreement with the vibration measurements of the bubble
index, given to the left of each picture.

Small porous plug

A typical graph of a small porous plug showing the variation
of the bubble index BI versus the flow rate is given in
Figure 8. Again, the blue line depicts the BI for low
frequencies, which are typical for larger bubbles, the green
line represents the BI for high frequencies, which are typical
for smaller bubbles, and the BI for the medium frequency
range representing midsized bubbles is given in red. Small
porous plugs generate a bubble index pattern very similar to
large porous plugs. However, characteristic shifts of the
vibration pattern in regard to the flow rates can be observed.
Photos taken by a high-speed camera show a very similar
evolution of bubble size and shape as the large porous plug
demonstrated in Figure 9.

Figure 6.

Development of the bubble index BI versus the gas flow rate
for a large porous plug.

Figure 8.

Development of the bubble index BI versus the gas flow rate
for a small porous plug.
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Figure 7.

Bubble sizes and shapes of a large porous plug at (a) 50 I/min, (b) 250 I/min, and (c) 500 I/min.




54 Bulletin — 2020

Figure 9.

Bubble sizes and shapes of a small porous plug at (a) 2 I/min, (b) 25 I/min, and (c) 70 I/min.

(@)

Summary

The investigations showed that vibrations which are
generated by gas purging at the plug-to-water interface and
detected at the connecting pipe of the purging plug correlate
very well to the gas bubble development at the plug to water
interface. Correlating frequency data with high-speed camera
photos enable the following conclusions for the investigated
plugs in the applied flow range. Slot plugs show only a small
dependency of the bubble size on the applied flow rate. They
generate mostly large bubbles and only minor amounts of
smaller and medium-sized bubbles. Especially at low flow
rates, hardly any small bubbles are present. With increasing
flow rates, minor amounts of medium and large-sized
bubbles start to form. The overall purging characteristics
remain almost constant over the entire flow range. Contrary
to this behaviour, porous plugs show a strong dependency of
the bubble size on the applied flow rate. At low flow rates,
almost all bubbles are small and up to a certain limit
increasing flow rates generate more but not larger bubbles.
Above this limit, at medium flow rates, the number of small
bubbles starts to diminish and the share of large bubbles
grows. At high flow rates, almost all bubbles are large or
medium-sized bubbles. No small bubbles are left.
Investigations on the influence of porous plug size on the
bubble regime have revealed a clear influence.
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Porous plugs with large plug-to-water interfaces remain in
the small-bubble regime longer than porous plugs with small
plug-to-water interfaces.

I
Conclusion

Vibration investigations on purging plugs in a water model
enable a quantitative description and differentiation/
evaluation of plug types and purging characteristics.
Considerable differences between slot plugs and porous
plugs were found. Slot plugs mainly generate a small number
of large bubbles, which makes them not the best choice for
soft purging whereas porous plugs generate a high number
of small bubbles, which makes them ideal for soft purging.
By increasing the size of the porous plug, the number of
small bubbles can be further increased. These findings show
a very good agreement with prior work [2].

The next step is an extension of these vibration
investigations to steel ladles to find out if this vibration
method can also be used under real steel mill conditions.
Another promising application of this vibration method is the
product development of more effective purging plugs as new
plug designs and their characteristics can be evaluated and
compared to standard plug designs.

[1] Stolte, G. Secondary Metallurgy, Fundamentals, Processes, Applications. Stahleisen Communications. 2002.
[2] Trummer, B., Fellner, W., Viertauer, A., Kneis, L. and Hackl, G. A Water Modelling Comparison of Hybrid Plug, Slot Plug and

Porous Plug Designs. RHI Bulletin. 2016, No. 1, 35-38.

[3] Nadif, M., Orue, L., Lachmund, H., Abdullah, H. and Rdssler, R. Online Control of Desulphurisation and Degassing Through Ladle Bubbling Under
Vacuum (ONDECO) Research Fund for Coal and Steel, European Commission, 2012.
[4] Yenus, J., Brooks, G. and Dunn, M. Principal Component Analysis of Vibration Signal in Ladle Metallurgy. Presented at the AlSTech, Pittsburgh,

USA, May 2016, 1245-1253.

[5] Fischer, A., Kriger, K. and Weinberg, M. Bewertung der Behandlung von Stahlschmelzen mithilfe von Schallsensoren, Stahl und Eisen. 2017,

137, 1245-1253.

10] Wong, M.W. Discrete Fourier Analysis, Springer, Basel, 2011.

Authors

Bernd Trummer, RHI Magnesita, Vienna, Austria.
Christian Manhart, RHI Magnesita, Technology Center, Leoben, Austria.
Wolfgang Fellner, RHI Magnesita, Technology Center, Leoben, Austria.

Corresponding author: Bernd Trummer, bernd.trummer@rhimagnesita.com

] POSCO Corporation, Method for Predicting Residual Length of Porous Plug in Ladle. Korean Patent KR2003054638B, 2003.
7] http://www.nuprocorp.com/pdf_file/TruStir_Brochure_0505.pdf; accessed 11.09.2019.

] Hammerer, W., Raidl, G. and Barthel, H. Gasspiilsteine fiir Stahlpfannen. Radex-Rundschau. 1992, 4, 217-226.

] Manhart, C. Gas Purging Plug, Gas Purging System. Pending Patent WO2019/145522A1, 2018

ent
return ¥ &m -



Lifetime prediction with the power of Al
Automated Process Optimization (APO)

APO, our unique and patented automated process optimization, uses artificial intelligence to calculate a
digital twin of your refractories in order to make refractory lifetime predictable. Meaning: Increased safety,
optimized production, and fewer production losses.

Curious to experience APO in more detail?
Then contact us to receive a free online live presentation carried out by our experts!
Visit rhimagnesita.com/apo-wear-lifetime-prediction-with-the-power-of-ai/

Follow us

@(’G RHI MAGNESITA

o



http://www.rhimagnesita.com/apo-wear-lifetime-prediction-with-the-power-of-ai/
https://www.facebook.com/rhimagnesita/
https://www.instagram.com/rhi_magnesita/
https://www.linkedin.com/company/rhi-magnesita/
https://www.youtube.com/c/rhimagnesita

56 Bulletin — 2020 — pp.56—60

Guenter Unterreiter, Daniel R. Kreuzer, Bernd Lorenzoni, Hans U. Marschall, Robert Machhammer

and Gernot Hackl

Compressive Creep Measurements of
Fired Magnesia Bricks at Elevated
Temperatures Including Creep Law
Parameter Identification and Evaluation
by Finite Element Analysis

Creep behavior is very important for the selection of
refractory materials. This paper presents a methodology
to measure the compressive creep behavior of fired
magnesia materials at elevated temperatures. The
measurements were carried out at 1150-1500 °C and
under compression loads from 1-8 MPa. Creep strain
was calculated from the measured total strain data.
The obtained creep deformations of the experimental
investigations were subjected to detailed analysis to
identify the Norton-Bailey creep law parameters. The
modulus of elasticity was determined in advance to
simplify the inverse estimation process for finding the
Norton-Bailey creep parameters. In the next step, an
extended material model including creep was used in
a finite element analysis (FEA) and the creep testing
procedure was reproduced numerically. Within the
investigated temperature and load range, the creep
deformations calculated by FEA demonstrated a good
agreement with the results of the experimental
investigations. The consideration of the creep behaviour
in the design process will lead to an improved
prediction of strains and stresses.

I
Introduction

Material selection is a critical stage during engineering of
structural components in complex furnaces and refractory
linings (Figure 1). Optimized operating conditions, greater
output, and efficiencies push refractories to their physical
limits. Therefore, high-performance refractory products
combined with sophisticated material models are needed to
predict the in-service performance. Although much
information is available on the effect of additives, corrosion
process, and thermomechanical behaviour of refractories [2]
[3], significantly less data exists on the creep response of
refractories at high temperatures.

In material science, creep is defined as the time-dependent
deformation of a material due to the combined influence of
temperature plus an applied load [4]. If a specimen is loaded
with a force at high temperature, a time-dependent strain is
observed as illustrated in Figure 2. After a spontaneous
elastic strain (&), three creep stages occur: The so-called
primary (I), secondary (ll), and tertiary creep range (lll) (see
Figure 2) [5].

However, it has to be mentioned that most refractory
structures are not subjected to pure creep under constant
load. In most cases, the global loads, not considering local
stresses for example due to thermal shock, are caused by
restrictions of the refractories’ thermal expansions due to
rigid external structures (e.g., steel shell). In this case, the
creep of the material will result in a decrease in load. Once
the suppressed thermal expansion is compensated by the
creep, there will be no significant load on the material and
the creep process will be stopped before reaching the

Figure 1.

Refractory lining of an electric arc furnace for the nonferrous
and ferroalloys industry.

Figure 2.

Typical shape of a three-region creep curve showing creep
strain (¢,) and strain rate (£c,).

& (1]

PRESﬂJf[
€y
Cylindric — S
Sample [ -
S




tertiary creep stage, which would cause the collapse of the
structure. In some unique cases, for example in a
regenerator superstructure, the weight load of the checker
bricks in combination with elevated temperatures could
cause stresses relevant for creep that will not disappear with
increasing deformation. Hence, special care has to be taken
when selecting materials for such structures in order to
avoid creep-induced failure.

Methodology for Creep Data Identification

The creep testing device for high-temperature compressive
creep application and an efficient methodology to identify the
creep law parameters used in this study were developed by
the Chair of Ceramics (University of Leoben) in a preliminary
scientific work [1].

In order to understand and predict the material behaviour
and the behaviour of refractory superstructures in operating
furnaces, accurate engineering creep data is needed. The
chemical composition of the commercially available brick
used in the research is given in Table I.

Table I.
Average chemical composition of the magnesia brick under
investigation in wt.%.

oo | Ao | Fei0s | a0 | S0
970 0.1 02 1.9 0.6

Refractory creep can be adequately described by the
Norton-Bailey creep law (Equation 1) [1]. According to the
Norton-Bailey strain hardening/softening formulation, the
creep strain rate &c, is a function of temperature (T),
stress (@), and creep strain (&)

écr = K(T)-0™- & (1)

Exponent a is negative in the case of strain hardening
(primary creep) and positive for strain softening (tertiary
creep). Secondary creep occurs if exponent a is equal to
zero. Parameter K is a temperature function and n the
stress exponent [1]. The tertiary creep contribution is of
minor importance for the design, since tertiary creep is
followed by failure of the component and should not be
reached anyway [5]. In this research, the contribution of
tertiary creep was neglected; creep strain is described by
primary and secondary creep strain.

The measurement results in this work include the elastic and
viscoplastic creep deformation. Hence, the creep strain must
be derived from the uniaxial mechanical strain &1, the
applied stress @,and the Young’s modulus E (equation 2).

o
Ecr = €mech — T (2)

The total strain &, is composed of the thermal strain &, the
elastic strain g, and the creep strain g, In the case of
compression, the mechanical strain and stress are negative.
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Hence under compression the absolute value of the creep
strain g, reduces the absolute value of the total strain
(equation 3).

Etot = Etn T Eet T Ecr (3)

The exact procedure to identify the parameters K, n, and a
for the Norton-Bailey creep law are described in [1]. The
main part of the high-temperature compressive creep testing
device, developed by the Chair of Ceramics (University of
Leoben), is an electric furnace which is equipped with
molybdenum disilicide heating elements, push rods, and
corundum extensometers. An inside view of the furnace is
shown in Figure 3.

Two platinum-rhodium thermocouples were used to measure
the temperatures. The first one was near the specimen to
monitor its temperature and the second one was close to the
heating elements to control the furnace temperature. The
load was applied by a spindle and measured by a load cell.
The deformation was measured by two pairs of corundum
extensometers with an initial leg distance of 50 mm; these
pairs were placed in front and at the back side of the
sample. The total strain data measured by each of these two
extensometer pairs were recorded and the average values
were used for further calculations.

Figure 3.

Internal views of the high-temperature compressive creep
testing device. (a) Cold state and (b) during heating.
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For the creep tests, cylindrical samples with a diameter

of 35 mm and a height of 70 mm were used (Figure 4);

a preload of 100 N was applied axially to fix the sample.
The height/diameter ratio of 2 is suitable for deformation
measurements in a zone of the specimen which is not
affected by friction of the cylinder’s front surfaces [1]. The
furnace was heated up to a defined temperature at

10 K/min, followed by a dwell time of 30 minutes to reach
isothermal conditions in the cylinder. Afterwards, the two
extensometer pairs were attached to the specimen’s
surfaces; then a defined load was applied by lifting the lower
crosshead. During measuring, this load was kept constant
for the entire testing period of 5 hours. The measurements
were carried out at 1350 °C, 1425 °C, and 1500 °C. The
recording of the extensometer data started from the
beginning of the loading procedure. As mentioned
previously, the measurement results include the elastic
and creep information. After the experimental test and its
evaluation, a FEA was conducted to verify and validate the
advanced creep material model. For this purpose, a 2D
axisymmetric model was used. The height of the cylinder in
the model was 50 mm, representing the initial leg distance
of the extensometer tips. For meshing the cylinder, 3560
linear quadrilateral elements of type RAX2 were used. The
force data measured by the load cell in the creep testing
device were used as boundary conditions for modelling the
compression.

Results

The two extensometer pairs recorded the deformation
caused by compression. Based on these data, a total strain/
time curve under constant load and temperature was
obtained. It is worth mentioning that the Young’s modulus
and the Poisson ratio were kept constant over the whole
temperature range of 1350—1500 °C in order to simplify the
complex inverse parameter estimation. In a further research
study, a parameter calibration could be used to determine
the Young’s modulus based on the creep data and

parameters found in this study. The creep of the investigated
material was still in the primary stage since the values of a
were negative (Table Il) for all tested temperatures and
loads.

For defined temperatures different compression loads were
used; these led to characteristic total strain/time curves
(Figure 5).

The creep curves were utilized for the determination of the
creep parameters. Therefore, a damped least square
method (Levenberg-Marquardt) (for further details see [1])
was carried out to inversely estimate the corresponding
Norton-Bailey creep law parameters K, nr, and a, which are
listed in Table II.

Table II.
Norton-Bailey creep law parameters of a fired magnesia
brick at different temperatures.

T K n a
°C] [MPa™s1]

1350 9.11 x 10" 4.60 -1.07
1425 5h2:x 10" 1.55 -1.24
1500 8.98 x 101 1.39 -0.75

A comparison of the calculated deformation based on either
Norton-Bailey or a linear elastic approach was performed;
Figure 6 shows the total strain data (1350 °C, 8 MPa). In
both configurations of the simulation the same load of

8 MPa was applied; using the Norton-Bailey material law a
vertical displacement of 420 ym was measured which led
to a total strain of 8.28x10-3. Based on the linear elastic
approach, the same load caused a vertical displacement of
8 um resulting in a total strain of 0.16x102. On the other
hand, using a linear elastic material model, a displacement
due to thermal expansion of 8 ym caused a compressive
stress of 8 MPa.

Figure 4.

(a) Cylindric specimen for compressive creep test and
(b) schematic overview of the 2D axisymmetric FEM model for
the virtual creep test procedure.
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Figure 5.

Comparison of total strain/time curves of a fired magnesia
brick from experiments at 1350 °C, 1425 °C, and 1500 °C and
with varying compressive loads between 1-8 MPa.
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Total strain curves for a defined temperature versus testing
time derived experimentally and through FEA simulation are
shown in Figure 6, Figure 8, and Figure 9. As depicted in
Figure 6, the material showed distinctive creep behaviour
at 1350 °C. The creep parameters which were found for
1350 °C cover the whole load range of 5, 6, and 8 MPa,
resulting in a good agreement of the experimental and the
simulated 8 MPa curve.

The curves generated for 5 and 6 MPa have a similar
progression in the first 2000 s. As shown in Figure 7, even
the 5 MPa curve shows a higher total strain than the 6 MPa
curve. This can be explained by material inhomogeneities
and the creep behaviour of the material at the relatively low
temperature in combination with the precision of the testing
device. Hence, this caused uncertainties for the inverse
estimation procedure of the creep parameters resulting in
aberrations between simulated and experimental curves
seen in Figure 8.

The measured total strain curves for 1425 °C and 1500 °C
(Figure 9 and Figure 10) show a satisfactory agreement over
the whole load range with the simulated curves.

Figure 6.

Comparison of total strain/time curves of a fired magnesia
brick obtained from experiment and numerical simulation using
Norton-Bailey creep law or a linear elastic approach at 1350 °C
and 8 MPa compressive load.
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Figure 7.

Comparison of total strain/time of a fired magnesia brick from
experiments at 1350 °C.
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Figure 8.

Comparison of total strain/time curves of a fired magnesia
brick from experiment and numerical simulation using Norton-
Bailey creep law at 1350 °C and 5, 6, 8 MPa compressive load.
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Figure 9.

Comparison of total strain/time curves of a fired magnesia
brick from experiment and numerical simulation using Norton-
Bailey creep law at 1425 °C and 5, 6, 7 MPa compressive load.
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Figure 10.

Comparison of total strain/time curves of a fired magnesia brick
from experiment and numerical simulation using Norton-Bailey
creep law at 1500 °C and 1.0, 1.5, 2.5 MPa compressive load.
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I
Conclusions

The advanced high-temperature compressive creep testing
device can be used to characterize the creep behaviour of
refractory materials at elevated loads and temperatures.
The obtained creep deformations of the experimental
investigations were subjected to detailed analysis and
mathematical treatment. An iterative inverse method was
used to determine the three parameters for the Norton-
Bailey creep law from the strain data. The experimental and
simulated total strain curves for a defined temperature were
compared and showed very good agreement. In a further
research study, a parameter calibration could be used to
determine the Young’s modulus based on the creep data
and parameters found in this study. Within the investigated
temperature and load range, the creep deformations
calculated by FEA have demonstrated a good agreement
with the results of the experimental investigations. The
implementation of the creep model will lead to a significant
improvement during the design process and refractory
engineering. Furthermore, it will improve the prediction of
thermomechanical stresses and strains as well as predicting
the in-service behaviour of refractory linings.
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Development and Applicability of a
New Corrosion Test to Quantify
Refractory Wear Due to

Gaseous Sulphur Oxides Action

Degradation by sulphur gases is an important lining
wear mechanism in the copper industry. SO,/SO; gases
infiltrate into the pores of the basic refractory bricks,
combine with their raw materials and significantly
modify the bricks’ structure. This study presents a
comparison of the corrosion resistance of different
refractories against sulphur attack using a simple, low-
cost, and quantitative method. The novel test method
provides results that agree with what is commonly
observed during operation and in previous postmortem
studies. This tool is very appropriate for the selection of
refractory grades for the copper industry and prediction
of their performance.

I
Introduction

Oxidation of matte sulphides during copper production leads
to the formation of sulphur oxides, which infiltrate into the
pores of the refractory lining and react with the basic oxides
below 1000 °C to form sulphates. This reaction is
accompanied by an expressive theoretical volume increase,
consequent densification of the refractory microstructure,
and weakening of the brick bond [1]. Thus, corrosion by
S0,/SO; gases is an important wear mechanism in the
nonferrous industry and should be considered when defining
refractories for this application. Previous studies on the
corrosion resistance of MgO-containing materials against
sulphur oxides include expensive and complex testing
methods. [2-5]. The current study is based on a novel test
method to assess alkali infiltration [6] and aims to provide
an evaluation of the corrosion resistance of refractories by
S0,/SO; gases in a simple and quantitative manner. A case
study is provided to illustrate the damage caused by sulphur
oxides in refractory linings.

Case Study

After a campaign of 1.5 years, high wear was identified in
the upper shaft of a copper ISASMELT furnace. The brick
used was a direct bonded magnesia-chromite brick type
MCr 50 (ISO 10081-2) shown in Figure 1. The hot face was
significantly altered by slag. The macroscopically unaltered
cold face was analysed by sulphur elemental analysis

(DIN 51085:2015-01) and scanning electron microscopy with
coupled energy dispersive spectroscopy (SEM-EDX). The
sulphur content in the cold face was only 0.6%, but the
microstructure showed severe alteration, with the formation
of calcium sulphate (Figure 2). Many magnesia grains were
rimmed with remains of magnesium sulphate decomposition.

The brick studied in this case was insulated during use and
this may be the cause of the observed decomposition of
the magnesium sulphate and consequent low amounts of
sulphur detected in the cold face. Apparently, magnesium
and calcium sulphates are formed during operation, but the
high temperatures in the upper zone, where post-oxidation
of CO and sulphur-containing gases occurs, is enough to
promote the decomposition of the magnesium sulphate
phases. Calcium sulphate, on the other hand, only
decomposes or melts at temperatures above 1400 °C [7].
Sulphur attack and consequent modification of the brick’s
structure was considered the main wear mechanism in

this study.

Experimental Procedure

Seven commercial refractory bricks were chosen for
comparison and their description is provided in Table I.

An alumina-silica-based refractory was used to manufacture
a box (270 x 200 x 70 mm) in which the test would take
place. The box could only fit eight specimens; therefore, this
evaluation was split into two different tests to assess all
seven compositions in duplicate. The brick AS was used

as a reference in both tests to evaluate the reproducibility
of this method.

Figure 1.

Brick taken from an ISASMELT furnace, showing matte
infiltration and spalling in the hot face.




Table I.
Refractory grades used in the study.
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Used in test #] Sample abbreviation | Description

Direct bonded magnesia-chromite grade based on dead burned magnesia

Magnesia-chromite grade based on fused magnesia-chromite grains

Chromium corundum grade based on fused alumina and about 10% Cr,04
Chromium corundum grade based on fused alumina and about 5% Cr,04
Pure magnesia grade based on dead burned magnesia

Semi-rebonded magnesia-chromite grade based on fused MgO and chromite

with magnesium sulphate solution impregnation (MCr60, 1ISO 10081-2)

1 MKD
and chromite (MCr60, ISO 10081-2)
1 MKF
(MCr60, ISO 10081-2)
1 A10
182 Ab
> PM
2 MSI
2 MSN

Semi-rebonded magnesia-chromite grade based on fused MgQO and chromite,

no impregnation (MCré0, 1ISO 10081-2)

Both tests were performed according to the procedure
described below and Figure 3 illustrates the specimen
configuration after firing.

o The box’s interior was covered with about 260 g of fine
aluminium sulphate (supplied by Bauminas Quimica).

o Four cubes (30 mm x 30 mm x 30 mm) were cut from
each brick.

« Two cubes were sent for bulk density (BD) and apparent
porosity (AP) measurement according to the ABNT NBR
6220 standard using petrol kerosene.

« The other two cubes of each grade were placed inside the
box, on top of an alumina-based refractory plate.

+ The box was closed using a high-alumina mortar to
fix the lid and fired at 900 °C for 12 hours
(heating rate: 100 °C/h).

o After the test, the cubes were sent for BD and AP testing

using petrol kerosene (ABNT NBR 6220 standard).
The same cubes were dried at 120 °C for 6 hours and
afterwards sent for the following tests: Loss on ignition,
X-ray fluorescence (XRF), X-ray diffraction (XRD), and
humidity.

« In addition, the aluminium sulphate was analyzed
before and after the test to determine the extent of
its decomposition.

The resistance against corrosion by sulphur oxides was
measured considering the infiltrated sulphur amount and the
change in the bulk density (BD) and apparent porosity (AP)
calculated in (1) and (2).

Dafter - BDbefare X

B
Change in BD [%] = 100 (1)
BDbefore
APa er_AP efore
Change in AP [%] = —2 beore 3 100 (2)
APbefore

Figure 3.
Specimen configuration from the first test after firing.

Aluminium sulfate

Refractory plate . ——» decomposed into

Al,0; + SO,

Figure 2.

(a) SEM-EDX analysis of hot face (Area “1” in Figure 1) and (b) SEM-EDX analysis of cold face (Area “2” in Figure 1). (1) corroded
magnesia, (2) chromite, (3) magnesia rings formed by the decomposition of magnesium sulphate, (4) calcium sulphate, and (5) pore.
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I
Results and Discussion

Aluminium sulphate was chosen in this study due to its
decomposition temperature and relative stability. This
compound decomposes as described in (3) at about 1100 K
(827 °C) and is one of the least stable sulphates [7]. Sulphur
trioxide is not stable at temperatures above 700 °C and
spontaneously forms sulphur dioxide and oxygen [8].

Alx(SO4)3 (s) = Al,O3 (s) + 3 SO; (9) 3)

Magnesium sulphate decomposition occurs spontaneously
in the absence of any reducing agent at 1080 °C [8].

Table II.

Physical and chemical test results of each brick sample tested.

Therefore, at the test temperature (900 °C), the formation of
this compound is thermodynamically favoured, as opposed to
its decomposition (4).

MgO (s) + SO; (g) = MgSOQy (s) (4)

Figures 4 and 5 present the specimens after the tests and
the results obtained in each test are shown in Table Il. It was
generally observed that the bulk density increased (positive
values for the calculated change) and the apparent porosity
decreased (negative values for the calculated change), which
suggests that the pores of the refractory samples were
partially occupied by an additional substance after the tests.

First Test Second Test
_ MKD MKF A10 A5 A5 PM MsI MSN
Physical test results
Change in BD [%] B 18 0.6 04 05 18 0.3 23
Change in AP [%] -30.4 -26.2 -3.7 -1.9 25 -58.4 59 254
Chemical test results
Humidity [%] 0.6 0.3 0.1 0.1 0.0 05 0.8 0.3
LOI [%] 0.6 04 0.1 0.0 0.0 0.5 0.7 0.3
SiO, [%] 1.2 1.1 i3 6.7 6.9 0.3 0.8 14
TiO, [%] 0.2 0.1 0.03 1.8 1.8 0.0 0.1 0.1
Al,O5 [%] 6.1 54 91.2 884 88.0 0.1 45 58
Cr,05 [%] 13.9 17.6 44 22 23 0.1 9.5 1.6
Fe;03 [%] 7.2 8.0 0.06 06 0.6 05 6.8 8.5
MgO [%] 68.5 654 0.0 0.0 0.0 96.0 74.4 69.6
SO; [%] 23 14 0.03 0.02 0.02 2 3 20
Figure 4.

Specimens after the first test.

Figure 5.
Specimens after the second test.




Despite the very small sample size used in this study, the
considerable change in physical properties before and after
the test for some samples was considered relevant due to
the low experimental error in BD and AP. However, due to
the nonhomogeneous structure of refractory materials, the
use of a larger sample size would bring more confidence to
these results. Variations of up to 1% in BD and 5% in AP
were considered intrinsic to the testing method and were not
attributed to the present corrosion test.

After the tests, the chromium corundum specimens (A5 and
A10) remained intact, with almost no change in properties,
mainly due to the low reactivity of alumina in the presence
of sulphur oxides at the test temperature. Composition A5

Bulletin — 2020 65

showed similar results in both tests, which indicates the
reproducibility of this method. The bricks containing sintered
MgO (MKD and PM) showed the largest change in bulk
density and porosity and the highest SO3 content, which
indicates the lowest corrosion resistance due to high raw
material reactivity.

The X-ray diffraction profiles in Figures 6 and 7 confirm the
presence of MgSO, and MgS0,4.6H,0 inside the pores in all
basic brick specimens according to (4). Magnesium sulphate
is highly hygroscopic and is most likely to hydrate at room
temperature [8]. The amount of water that it attracts and,
consequently, the type of hydrate that will be formed
depends on the ambient relative humidity.

Figure 6.

Comparison of X-ray diffraction profiles of the samples used in test 1. MS: Magnesium sulphate; SH: Magnesium sulphate hydrate.
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Figure 7.

Comparison of X-ray diffraction profiles of the samples used in test 2. MS: Magnesium sulphate; SH: Magnesium sulphate hydrate.
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The microstructure of the samples MKD and MKF was
evaluated after the test and the microscopic images of
polished sections are presented below in Figures 8a and 9a.
The typical (nonaltered) microstructure of each brick is
presented beside it for comparison in Figures 8b and 9b.
The microstructure of MKD after the test (Figure 8a) had
large black spots and what seemed like a lack of fines up
to 7 mm from the surface. This aspect is similar to the
findings in previous postmortem studies involving sulphate
corrosion, such as the microstructure image in Figure 2b.
The black spots were probably due to the formation of
magnesium sulphate hydrate, which does not adhere to the
resin used for sample preparation. MKF showed slightly
higher resistance to sulphur attack compared to MKD
because it was made of fused magnesia grains and had a
lower amount of free MgO (Figure 9a). The microstructure
was also affected, however only up to 3 mm from the
specimen’s surface.

In the second test, PM showed by far the highest decrease
in apparent porosity, although the SO; content was similar to
the magnesia-chromite specimens. The composition MS was
tested with (MSI) and without (MSN) previous impregnation
with magnesium sulphate solution to evaluate the effect of
this production step on its corrosion resistance. The amount
of SOz in MSI (Table II) cannot be used to evaluate
corrosion because of the presence of sulphate prior to the
corrosion test.

The physical test results suggest that MSI showed higher
resistance to sulphate attack compared to the same grade
not impregnated (MSN). The reason might be the initial very
low apparent porosity (9.7%) and the fact that the sulphate
present in its pores acted as a barrier for the reaction
between MgO and the sulphur oxide gases. If during
operation the temperature rises above 1080 °C and then
lowers again, the magnesium sulphate is most likely
decomposed, and the impregnation may have no effect on
the refractory’s sulphur oxide corrosion resistance.

The aluminium sulphate powder in the box was analysed
after the first test and the results showed a decrease in the
SO; amount from 41% (as received) to 2.9% and the solid
compound that was left had about 95% Al,Os. This indicates
that the reaction according to (3) occurred in the direction
of aluminium sulphate decomposition and the amount of
S0O,/SO; produced was enough to react with the refractory
components and compare the level of alteration of each
recipe after the test.

Although the filling-up of pores by magnesium sulphate does
not prove refractory degradation, it indicates the reactivity of
each composition when in contact with sulphur oxide gases.
Further tests using a larger sample size will be performed in
the future to fully validate the proposed technique.

Figure 8.

MKD microstructure: (a) surface after the first test and
(b) original.

(b)

Figure 9.

MKF microstructure: (a) surface after the first test and
(b) original.
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Results/Conclusion

A novel test was developed to evaluate refractory resistance
against corrosion by sulphur oxides in a simple and
quantitative manner. The two refractory grades based on
sintered magnesia showed the lowest resistance against
corrosion by sulphur oxides. The grades containing fused
magnesia or fused magnesia chromite showed slightly higher
resistance. The previous impregnation with magnesium
sulphate solution provided improved results when comparing
the same brick with and without impregnation. Chromium
corundum grades had negligible change in properties after
the test, which indicates high corrosion resistance. The
alteration observed in the microstructure of the basic brick
specimens after the test was similar to images obtained in
previous postmortem studies. Thus, the corrosion resistance
against sulphur oxides test developed in this study had
meaningful results and can be used to compare different
refractory bricks regarding this property.
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Dissolution Behaviour of Various
MgO-Containing Raw Materials in a
Secondary Metallurgy Slag

An investigation regarding the dissolution behaviour of
different MgO-containing raw materials was carried out
in a hot-temperature experiment under static conditions.
A synthetic slag, with the composition of a representative
secondary metallurgical slag, was prepared in an electric
arc furnace from various oxidic raw materials. MgO-
containing raw materials were charged into the liquid
synthetic slag and heated in an argon atmosphere at
1600 °C. After different dwell times, the samples were
quenched with liquid nitrogen. Subsequently, the
samples were cut in a water-free environment and
prepared for detailed mineralogical and chemical
investigations. Based on the results of these analyses,
an assessment of the dissolution behaviour of different
MgO carriers was conducted. In this paper the results of
the dissolution tests are presented in detail for caustic
and fused magnesia and summarized for three other
MgO-containing raw materials that were also evaluated.

I
Introduction

During the steelmaking process, refractory wear depends on
several factors and is well described in various papers [1,2].
One goal is to minimize refractory wear at the slag line and
reduce chemical erosion, especially in vessels where
intensive steel-slag-refractory contacts occur [3—18]. Slag
conditioning with MgO is an established approach to prevent
MgO dissolution from the basic lining material and reduce
the attack by aggressive slags. Various MgO-containing
materials are available for MgO saturation and many
experimental studies have been conducted over the past
decades to clarify the dissolution behaviour and mechanism
of basic MgO-containing fluxes in slags. It is well known that
the reactivity of MgO increases with decreasing crystal and
particle size; however, the effective dissolution of various
MgO carriers is also influenced by other effects (e.g.,
carbonate decomposition and porosity of the aggregates).
This study was performed to further investigate the
dissolution behaviour of various MgO carriers in a
representative secondary metallurgical slag using a novel
experimental set up. The work involved the examination of
compositional changes in the defined slag at the microscopic
level using scanning electron microscopy and energy-
dispersive X-ray (EDX) analysis.

I
Experimental Procedure

The dissolution behaviour of defined MgO-containing raw
materials (Table |) was investigated experimentally in a
metallurgical slag with a composition equivalent to that used
in secondary steelmaking (Table Il) by hot-temperature static
dissolution tests.

The synthetic slag was prepared from oxide mixtures by
fusing a defined stoichiometric ratio in an electric arc furnace
at RHI Magnesita’s Technology Center Leoben (Austria).
After fusion, the slag was analysed by X-ray fluorescence
spectrometry (XRF) to ensure the desired chemical
composition had been achieved. The slag was subsequently
crushed (< 1.6 mm) and placed in a desiccator to prevent
moisture pick up. The melting behaviour of the slag was
calculated with FactSage 7.1 (Figure 1).

In the laboratory trials, ZrO, crucibles were used for the
melting procedure because of their excellent thermal stability
and the low effect of zirconium on the slag chemistry. 20 g of
the crushed slag were placed in a crucible and heated up to
1600 °C in an argon atmosphere using a high-temperature
Gero HTRV 200-250/17 vertical tube furnace (Figure 2), at a
heating rate of 350 °C/hour. A piece of pure iron was added
to the slag during melting in order to buffer the system and
prevent the formation of trivalent iron.

Table I.
Types and chemical compositions of MgO-containing
raw materials.

MgO carrier

Caustic magnesia  96.1 24 0.2 1.6 n.a.
Sintered magnesia 98.1 0.8 0.2 0.9 0.1

Fused magnesia 7.9 1.0 04 0.7 0.04
Raw dolomite 60.0 380 1.1 09 50.0
Raw magnesite 55 08 B33.08 56 27 471

Figure 1.

FactSage 7.1 calculation of the synthetic slag melting
behaviour.
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Table II.
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Chemical compositions of the synthetic slag after fusion. B2 indicates the CaO/SiO; ratio and B3 the CaO/(SiO, + Al,O3).
The theoretical saturation (sat.) was calculated using FactSage 7.1.

Slag MnO CaO Al,05
[wt.%] [wt.%] [wt.%]
Synthetic 205 1) 325

The crushed and sieved MgO carriers, with a grain size of
1-1.6 mm, were charged into the molten slag, via a ceramic
feeding tube, 20 minutes after the desired temperature in the
inner zone of the furnace had been reached to ensure
thermal uniformity throughout the furnace. The tube was
introduced into the heating zone of the furnace and placed a
few centimetres above the crucible.

The dissolution test was carried out for a defined holding
time, ranging from 10-30 minutes. After the desired dwell
time, the crucible with the molten slag was taken out of the
furnace and quenched with liquid nitrogen. Subsequently,
the sample was cut and polished samples were prepared for
microscopic and EDX analysis. The sample cutting and
preparations were performed in a water-free environment.

The MgO saturation limit was calculated using FactSage
7.1, to enable the appropriate amounts of MgO-containing
raw materials to be determined (see Table Il). Since MgO
addition above the saturation limit would have led to the
precipitation of solid MgO, it was decided to limit the MgO
content in the slag to approximately 30 wt.% lower than the
calculated saturation value. Additionally, several tests were
conducted with a higher amount of MgO than the calculated
saturation point to generate an over-saturated slag and
enable observation of the undissolved or partly dissolved
particles for comparison.

Based on the results of the chemical analyses and MgO
concentration in the melt, an assessment of the dissolution
behaviour of the MgO-containing raw material was
conducted. The mineralogical observations, including the
presence of solid MgO particles, provided a further
understanding of the dissolution process.

Figure 2.
Experimental setup.

Feeding tube —T‘<— Argon lance

-—— 7r0, crucible

Iron droplet —— — Slag + MgO

Safety cup

B2 B3 |MgO sat.
theoretical
(FactSage)
[wt.%]
43 1.1 76 08 1

Results and Discussion

The dissolution behaviour of caustic magnesia and fused
magnesia in the synthetic metallurgical slag was compared
and the experimental results of these two MgO raw
materials are presented below in detail.

A scanning electron micrograph (SEM) of the synthetic slag
without any MgO addition is shown in Figure 3, with the
areas analysed by EDX indicated. This reference sample
enabled the differences between the slag chemical
composition before adding the MgO carrier to be compared
to the chemistry after the MgO carrier dissolution.

The slag matrix was relatively homogeneous throughout the
sample (Figure 3a), apart from in the vicinity of the crucible
wall where small CaZrO; dendrites had formed due to a
reaction between the crucible and slag (Figure 3b).

Figure 3.

SEMs of synthetic slag without MgO addition. (a) slag matrix
and (b) slag-crucible interface.
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However, for the detailed analyses of the dissolution
behaviour of the MgO-containing raw materials, the zirconium
content was neglected. A comparison of results showed small
analytical deviations between the XRF and EDX analyses
(Table Ill). The EDX spectra shown represent an average
result of all the measurements made. Regarding the synthetic
slag, industrial raw materials were used for the preparation
and this resulted in an approximately 1 wt.% MgO content in
the original slag, mainly stemming from the calcined lime.

The results of caustic magnesia dissolution in the synthetic
slag are shown in Figure 4. The caustic magnesia was
completely dissolved in the slag after only 10 minutes
holding time and no MgO particles could be identified in
the entire sample in the SEMs. Based on the EDX analysis,
the amount of MgO in the melt was as high as 8.4 wt.%
(Table 1V), which agreed with the target MgO content in the
slag of 7 wt.% (Table V) and the MgO originating from the
synthetic slag.

SiO, Total
327 19. 6
4344 32.5-33.0 3437 20.0-20.7 100

Table III.
Comparison of EDX and XRF analysis results of the synthetic slag without MgO addition.
Analysing method MgO Al,O;
[wt.%] [wit.%)]
EDX 1.0 37.8
XRF 1112 343347
Table IV.

EDX analysis results of the synthetic slag heated with caustic magnesia, showing the average results of obtained spectra.

Holding time 10 minutes.

Spectra Al,O; SiO,
[wt %] [wt.%] [wt %]
Average 1-2 34.9
Figure 4.

SEM of the synthetic slag heated with caustic magnesia.
Holding time 10 minutes.

Spektrum 1

Spektrum 2

Area
[wt %] [wt %] [wt %] [wt %]

282 201 Slag

Table V.

MgO content in the synthetic slag heated with
caustic magnesia (average of all EDX results).
Holding time 10 minutes.

MgO added
[wt.%]

MgO slag
[wt.%]

MgO sat. theoretical
[wt.%]

To further evaluate the test results, a sample of synthetic
slag over-saturated with caustic magnesia was also
produced (Figure 5 and Table VI). SEMs showed multiple
undissolved round particles were distributed throughout the
slag, having a high MgO content (Figure 5a). The average
EDX results of multiple undissolved particles (spectrum 1-9)
are provided in Table VI. In addition, the slag matrix was
examined in detail (Figure 5b). The over-saturated slag
structure had obvious differences compared to the slag after
the addition of caustic magnesia below the saturation point,
namely undissolved MgO particles with some FeO pick up.
These results supported the conclusion that the caustic
magnesia was fully dissolved after 10 minutes when 7 wt.%
was added.

It is also noteworthy that in the over-saturated slag, the
maximum average amount of MgO detected by EDX was
17 wt.% (Table VII). This was the result of undissolved
periclase particles being present in the majority of the
sample and the presence of only a few areas where the
periclase was fully dissolved.
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Figure 5.

SEMs of synthetic slag over-saturated with caustic magnesia. (a) undissolved MgO particles and (b) slag matrix.
Holding time 10 minutes.
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Table VI.
EDX analysis results of the synthetic slag heated with caustic magnesia, showing the average results of obtained spectra.
Holding time 10 minutes.

Spectra MgO Al,O; SiO, . CaO MnO FeO . Sum Area
[wt.%] [wt.%] [wt.%] [wt.%] [wt.%] [wt.%] [wt.%]
91 09 32 1.8 75 100 MgQO

Average 1-9 i EL
Average 1-3 16.5 40.5 55 245 2.0 11.0 100 Slag
Table VII. Figure 6.

MgO content in the synthetic slag matrix over-saturated
with caustic magnesia (average of all EDX results).
Holding time 10 minutes.

MgO added MgO siag MgO sat. theoretical
[wt.%] [wt.%] [wt.%]

20 17 11

SEM of synthetic slag heated with fused magnesia.
Holding time 20 minutes.

Spektrum 6

The results of fused magnesia dissolution in the synthetic
slag are shown in Figure 6. Due to the refractory behaviour
of this raw material, the holding time was extended to 20
minutes. During the post-heating evaluation, multiple fused 7 ‘Sp(—jk_!rurn 2
magnesia particles were identified in the sample. The EDX ! )
spectra obtained from a particle indicated a high MgO " Spektrum 3
concentration and a low content of other elements including :
iron. At steelmaking temperatures, iron oxide (Fe?*) reacts
rapidly with MgO, forming a magnesiowuestite solid solution
phase around the particle, which has a lower melting
temperature than the MgO particle and enhances

assimilation into the slag. Spektrum 7

'Spel-:trurn 1

-Spr;_*kt rum 4

W Spektrum 5
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Based on the matrix analysis, the average MgO
concentration in the bulk slag did not exceed 4 wt.%

(Table VIII), which is lower than the desired MgO content

of 7 wt.% (Table IX). Microscopically, it could be clearly seen
that the fused magnesia had not dissolved completely within
the holding time, although it was 10 minutes longer than in
the test with caustic magnesia.

Additional heating tests with sintered magnesia, raw
dolomite, and raw magnesite were performed with the
synthetic slag and the results are summarized in Table X.
In this comparative analysis it was found that caustic
magnesia and raw magnesite dissolved completely in the
synthetic slag within 10 minutes. In contrast, the fused and
sintered MgO-containing materials showed unsatisfactory
dissolution performance even after a holding time of

20 minutes. Furthermore, the MgO concentration in the
slag samples was significantly lower than desired.

Table VIII.

The comparison of raw magnesite and raw dolomite
indicated that other effects also play an important role with
respect to the dissolution behaviour, namely concurrent CaO
dissolution into the slag reduced the MgO solubility from the
raw dolomite. In this study the influence of the MgO-carrier
particle size on the kinetics of dissolution was not
investigated and would be very relevant for the future since
it might be expected that the larger sized aggregates,
typically used for slag conditioning in steel plants, behave
differently as other effects start to become important

(e.g., insulating and infiltration behaviour of the highly
porous material). Using this novel experimental set up the
dissolution of commercially available aggregates can be
examined in a wide range of slag types at a microscopic
level to determine if undissolved MgO can be identified
using EDX, and this would provide more accurate data than
using XRF chemical analysis alone.

EDX analysis results of synthetic slag heated with fused magnesia, showing the average results of obtained spectra.

Holding time 20 minutes.

[wt.%] [wt.%]
Average 1-5 95.9
Average 67 40 92 14.7

Table IX.
MgO content in synthetic slag heated with fused magnesia
(average of all EDX results). Holding time 20 minutes.

MgO added MgO slag MgO sat. theoretical
[wt.%] [wt.%] [wt.%]
Table X.

Si0; Ca0 MnO FeO Sum
[wt.%] [wt.%] [wt.%] [wt.%] [wt.%]
05 13 0.0 0.8

100 Particle

33.3 40 34.8 100 Slag

Results of dissolution tests with synthetic slag and various MgO-containing raw materials. MgO concentrations in the slag

are an average of multiple EDX analyses.

MgO carrier Holding time MgO added

[min]

[wt.%]
Caustic magnesia

Caustic magnesia 20 7
Caustic magnesia 30 7
Caustic magnesia 10 20
Sintered magnesia 20 i
Fused magnesia 20 7
Raw dolomite 10 7
Raw dolomite 20 7
Raw dolomite 30 7
Raw dolomite 10 20

Raw magnesite 10 7

MgO sat. Microscopy results
theoretical
[wt.%]
Dissolved

8 1" Dissolved
g 1 Dissolved
17 " Over-saturated
5] 1 Partly dissolved
4 1" Partly dissolved
4 1 Partly dissolved
4 " Partly dissocived
4 " Partly dissolved
12 " Over-saturated
7 1 Dissolved
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I
Conclusions

This paper describes the dissolution behaviour of different
MgO carriers investigated through static laboratory tests at
1600 °C in a high-temperature vertical tube furnace.
Polished samples of slags heated with various MgO-
containing raw materials were prepared and scanning
electron microscopy as well as EDX analysis was used to
evaluate the samples. Based on the results of the
microscopy and the MgO concentration in the melt, the
dissolution behaviour of different MgO carriers was
assessed. The results of dissolution tests revealed that
compared to the fast dissolution of the caustic MgO sample,
fused MgO demonstrated a rather slow dissolution
behaviour.

The investigation also showed that to evaluate MgO
dissolution approaching the saturation point, the combination
of scanning electron microscopy and EDX provides a
superior evaluation than XRF analysis alone, since it
enables undissolved particles to be identified. However,

it must be noted that the laboratory trials were conducted
under static test conditions and the dynamics of a real
steelmaking process would promote the dissolution
behaviour of MgO carriers.

References

[1]1 Potschke, J. and Routschka, G. Handbook of Refractory Materials. Vulkan Verlag. 2012, ISBN 9783802731624.
[2] Lopez, F., Souza, P., Garzon, M., Souza de, D. and Dettogne, R. Development and application of a slag model for increasing
ladle life at integrated steel mill. RHI Magnesita Bulletin. 2018, No. 1, 48-52.
[3] Pretorius, E. B. and Carlisle, R. C. Foamy slag fundamentals and their practical application to electric furnace steelmaking.
56t EAF Conference. 1998, 275-292.
[4] Pretorius, E. Fundamentals of EAF and ladle slags and ladle refining principles. Baker Refractories.
[5] Reisinger, P., PreRlinger, H., Hiebler, H. and Zednicek, W. MgO Ldoslichkeit in Stahlwerksschlacken. BHM. 1999,144, 5, 196-203.
[6] Reisinger, P. Auswirkungen einer geanderten Schlackenfiihrung auf die Pfannenwirtschaft und die Feuerfestkosten. Doctoral thesis. 1997.
[7]1 Deng, T. Study on the dissolution of lime and dolomite in converter slag. Doctoral thesis. Royal Institute of Technology. 2012, 13-42.
[8] Fruehan, R., Li, Y. and Brabie, L. Dissolution of magnesite and dolomite in simulated EAF slags. ISS Tech Conference. 2003, 799-812.
[9] Dogan, N., Brooks, G. and Rhamdhani, M. Kinetics of flux dissolution in oxygen steelmaking. /SIJ Int., 2009, No. 49, 1474.
[10] Deng, T., Gran, J. and Sichen, D. Dissolution of lime in synthetic SiO,-‘FeO’ CaO-SiO,-'FeQ’ slags. Steel Research Int., 2010, No. 81, 347.
[11] Maruoka, N., Ishikawa, A., Shibata, H. and Kitamura S.-y. Competitive dissolution of MgO from flux and refractory. Proc. of the 12" Unified
International Technical Conference on Refractories. 2011, CD-ROM.
[12] Fuxiang, H., Maruoka, N., Ishikawa, A., Jiang, L. and Kitamura, S.-y. Dissolution rates of solid oxides into molten slags.
Proc. of the 12" Unified International Technical Conference on Refractories. 2013, CD-ROM.
[13] Umakoshi, M., Mori, K. and Kawai, K. Dissolution rate of burnt dolomite in molten CaO-'FeQ’-SiO, slags. Trans. Iron Steel Inst. Jpn.,
1984, No. 24, 532.
[14] Cheremisina, E., Schenk, J., Nocke, L., Paul, A. and Wimmer, G. Influence of magnesium oxide content on kinetics of
lime dissolution in steelmaking slags. ISIJ Int., 2016, No.57, 304-313.
[15] Cheremisina, E., Schenk, J., Viertauer, A., Nilica, R. and Roessler, R. Internal report MgO dissolution project I. 2017, 8-34.
[16] Cheremisina, E., Schenk, J., Viertauer, A., Nilica, R. and Roessler, R. Dissolution rate of various MgO materials in steel and
secondary metallurgy slags. AlSTech conference proceedings. 2018, 1103—1115.
[17] Cheremisina, E. Dissolution kinetics of CaO and MgO in steelmaking slags. Doctoral thesis. Montanuniversitat Leoben. 2016.
[18] Cheremisina, E., Schenk, J., Nocke, L., Paul, A. and Wimmer, G. Kinetics and mechanisms of dolime dissolution in steelmaking slag.
Metall. Mater. Trans. B. 2019, 50. No. 3, 1269-1276.

Authors

Elizaveta Cheremisina, K1-MET, Leoben, Austria.
Johannes Schenk, Montanuniversitat Leoben, Austria.
Andreas Viertauer, RHI Magnesita, Vienna, Austria.

Roland Nilica, RHI Magnesita, Technology Center, Leoben, Austria. co“\en‘

to
Roman Réssler, voestalpine Stahl, Linz, Austria. Retu® s
Corresponding author: Elizaveta Cheremisina, Elizaveta.cheremisina@k1-met.com

73



74 Bulletin — 2020 — pp.74—76

Bernd Lorenzoni

Bulk Density Determination of
Granular Refractory Materials

I
Introduction

Bulk density is an important parameter of granular raw
materials that are used to produce refractory products.
This article is focused on the measuring methods used

to determine the bulk density of these materials.

The advantages and disadvantages of typically used
standard methods are discussed, and a new measurement
technique with the potential to overcome the drawbacks of
the established methods is introduced.

Definition of Granular Material Bulk Density

For the production of refractory products, it is important to
use raw materials with an accurately determined bulk
density to achieve the desired physical properties. For
example, the thermal conductivity of a product can be
influenced by choosing raw materials with different bulk
densities. Generally, bulk density (p;) is defined as the ratio
of the mass of a dry porous material (m) to its bulk volume
(Vp), often expressed in grams per cubic centimetre or
kilograms per cubic metre [1]:

—_m 1

Pp v, (1)

Therefore, independent of the chosen measuring method,
the mass of the dried grains and their bulk volume must be
determined. The bulk volume is defined as the sum of the
volumes of the solid material, the open pores, and the
closed pores in a porous body [1]. The importance of this
definition will be become apparent later in the article.

Standardized Methods to Measure Grain Bulk Density

In general, the material for the measurements should have a
grain size between 2 mm and 6.7 mm, with minor deviations
depending on the specific method. Any dust or loose
particles adhering to the grains must be removed by
washing or, with materials sensitive to water, by air blowing.
In addition, the material needs to be completely dried before
starting the test. The sample weight ranges from 50-200 g.
While all the methods have in common that the first
measuring step is to weigh the dried sample, either to the
nearest 0.1 g or 0.01 g, subsequent determination of the
volume is performed in quite different ways. The most
important technical details to understand the principles of
the different measurement methods described in established
standards are explained in the following sections.

DIN EN 993-17

The DIN EN 993-17 standard recommends a test sample
mass of 100 g for homogeneous materials and the test
sample is weighed to the nearest 0.1 g on an analytical
balance [2]. To determine the bulk volume of the test
sample, a vacuum pycnometer is used. The sample is
transferred into the pycnometer, which is then filled with
mercury (Hg) while a vacuum is applied. When performed
according to the description in the standard, this results
in an average pressure on the grains of about 26.5 kPa.
The bulk volume of the test sample can be calculated by
equation 2:

Vb _ mg+my,—mr (2)

p

Where mg is the mass of the pycnometer filled with mercury,
mp is the mass of the test sample, my is the mass of the
pycnometer filled with mercury and the test sample, and p is
the density of mercury at the measurement temperature. If
the room temperature varies by more than 2°C during the
measurements, this must also be taken into consideration.

As with all the following standards, having determined the
V,, the bulk density can be calculated using a formula
equivalent to the defined equation 1.

DIN EN 993-18

For measurements according to DIN 993-18 at least
triplicate samples should be tested, each with a
recommended mass of approximately 200 g (this can be
reduced to approximately 100 g for homogeneous samples)
[3]. These samples are weighed to the nearest 0.01 g on an
analytical balance. The first step for the bulk volume
measurement is sample impregnation; therefore, the
samples are placed in crucibles in an air-tight vessel. The
vessel is then evacuated until a pressure of not more than
2.5 kPa has been reached. This vacuum must be maintained
for at least 15 minutes before water is progressively
introduced into the vessel so that after approximately

3 minutes the grains are covered by about 20 mm.

The reduced pressure is then maintained for 30 minutes.
Subsequently, the vessel is opened and the grains are
transferred into a crucible suspended by a thin thread from
the balance load pan suspension point and weighed while
completely immersed in water. The test sample is then
placed on a wet cotton towel, blotted until the wet sheen on
the grains has been removed, and then reweighed.



The procedure described in this standard can be simplified
by taring the balance at certain points. The bulk volume of
the grains is given by equation 3:
Mmag—m;
Vy, =—— 3
b p (3)

Where m, is the apparent mass of the immersed sample, m;
is the mass of the impregnated sample, and p is the true
density of water at the test temperature.

ISO 8840

Two methods are described in ISO 8840 [4]. One is similar
to the mercury method in DIN EN 993-17 and the second

is called the arrested water absorption method where the
weighed test sample is placed in a beaker and then covered
with water for at least 2 minutes. A 100 ml burette is also
filled with water to a level between the 20-25 ml marks.

A cotton towel is saturated with water and then wrung out by
hand. The test sample is transferred to the towel and blotted
with the towel until the wet sheen on the grains has
disappeared. The grains are then poured into the burette
and the final level is used to determine the bulk volume

of the grains.

ABNT NBR 8592

The ABNT NBR 8592 standard also describes two methods
to measure grain bulk density for a grain size defined

as between 2—4 mm [5]. For the first method, the sample
weight should be approximately 50 g and the impregnation
step is performed by boiling the grains in water for

5 minutes, or if the material is sensitive to water, kerosene
is used. After cooling the sample down to room temperature,
the grains are placed on a wet towel and the excess liquid is
removed by blotting the sample. Then the sample is
transferred into a burette filled with water, or kerosene, and
the amount of displaced liquid corresponds to the bulk
volume of the sample. For the second method, a 60-90 g
sample is recommended. After measuring the dry weight,
the grains are also boiled for 5 minutes to impregnate them
and after cooling, the excess liquid is removed by blotting.
However, the subsequent steps of the procedure are very
similar to the those described in DIN EN 993-18 [3].

ASTM C357

The main difference between ASTM C357 and the
aforementioned arrested water absorption method is that the
grains are impregnated by boiling them for 1 hour while
completely covered with water [6]. In addition, the burette is
smaller (i.e., 50 ml) and a Le Chatelier Specific Gravity
Bottle can also be used.
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Reasons for Differing Results

There are several factors that can affect the outcome of
grain bulk density measurements. For example, the room
temperature should not change too much or be out of
certain ranges during the measuring process, otherwise it
must be considered in the calculation. Furthermore, the
grain size distribution influences the outcome of the
measurements because when grains are fractured, formerly
closed pores can be opened that then fill with liquid during
the impregnation process. Generally, the different methods
to impregnate the grains can lead to differing results.

Beginning in 2018, many of the aforementioned methods
were tested at the RHI Magnesita’s Technology Center
Leoben (Austria). During this evaluation it became apparent
that the most influencing factor, regarding the repeatability
and reproducibility, was the measuring step for the grain
volume, not only for different methods, but also when
different operators were using the same method. Most of the
methods include a process step where excess water is
removed from the surface of the grains by blotting; however,
there is no precise way to define how wet the towel should
be for this step. Additionally, the decision when the wet
sheen of the grains is removed is subjective and differs from
operator to operator. If liquid is left on the surface, a higher
volume is measured and so the grain bulk density appears
lower. If the liquid on the surface is removed well, more
liquid can be sucked out of the open pores, thereby the
volume seems to be smaller and so a higher grain bulk
density is calculated.

In addition to these practical problems there is also a
theoretical consideration. According to ISO 5017 [1], the bulk
volume is defined as the sum of the volumes of the solid
material, the open pores, and the closed pores in a porous
body, but the roughness of the surface limits the accuracy of
this definition and, as a result, that of the bulk density.
Furthermore, the concept of bulk density becomes less
precise when the sample volume diminishes below certain
limits or when its texture (i.e., size of the pores and grains)
is too coarse [1]. The consequence of this definition problem
is simple but has a severe impact, namely that an absolute
value for bulk density does not exist and the results gained
using different methods are always relative. However, it is
also important to mention that within one method these
relative values are nevertheless useful as long as the
measurement uncertainty is not too large.
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Advantage and Disadvantage of the Hg Method

The main advantage of the mercury method is that it does
not include a subjective step, like the other methods
described in this article, because the grain volume is
determined by the amount of mercury displaced by the
grains at a defined pressure. This is probably the prime
reason for the good repeatability and reproducibility of this
method. While it doesn’t automatically mean that this
method provides the “true value”, as surface structure and
pores also affect the outcome of the measurements, it is
reasonable to say that as long as the mercury pressure is
always kept at the same level, the influences can be
considered “constant”. However, the overwhelming
disadvantage of this method is the mercury itself, since it is
a critical substance regarding health and safety and in the
near future its use might be prohibited in an increasing
number of countries.

The Centrifuge Method

During investigation of the different methods in Leoben,

it became obvious that all the evaluated standard methods

had significant drawbacks. On the one hand, the operator

influence on the outcome was not negligible, and on the

other hand, a critical substance had to be used. Therefore,

a development project was started to find a better way to

measure the bulk density of granular materials. Based on

the experiences with the other methods, eight main targets

for a new method were defined:

» Repeatability and reproducibility within the range of the
Hg method.

» Minimize operator influence on the result.

» Easy operation and robust setup.

o Comparable results to those gained with other methods.

 Affordable equipment.

» Time required for measurement within a reasonable range.

« Fulfil general requirements for standardization.

» Customer acceptance.

The starting point for the new development was the
method described in DIN EN 993-18. Additionally, at
RHI Magnesita’s Drogheda plant (Ireland), a promising
way to remove the excess surface water from grains had
been developed and implemented, namely the use of a
centrifuge instead of a wet towel.

References

Based on the Drogheda device, an improved centrifuge was
designed and constructed in Leoben (Figure 1) and the
advantages became immediately evident. Tests with different
refractory raw materials showed that the repeatability for all
tested materials was at the same level as the mercury
method. Furthermore, as the spinning parameters (i.e., time
and speed) are kept constant and controlled electronically,
the operator influence during the “drying step” is almost
completely excluded. This also makes performing the test
easier for the operator. In addition, the time required for

the measurement is less than the time required for the

DIN EN 993-18 standard procedure.

Outlook

To date, the centrifuge method is looking very promising.
Several devices have already been built and sent to different
plants within the RHI Magnesita Group and external partners
for further testing. Investigations regarding the optimal
spinning parameters that should ultimately be used are still
ongoing and for this reason no actual measurement results
have been included in this article. The implementation
process for including this novel centrifuge method in

DIN EN 993-18 has already been initiated.

Figure 1.
Prototype centrifuge built at the Technology Center Leoben.
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In order to make steel production safe and economical while maintaining the highest quality standards, we
provide our customers with a modular scope of supply, focusing on the core business of systems technology.

For ladle gate systems, INTERSTOP offers solutions in the ladle preparation area and on the CCM floor that

allow for manual and robotic operation. The full package contains the latest slide gate technology, fully
equipped with casting cylinder and media coupling, all being operated by customized robotic systems.
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