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1 Introduction

In this article, we looked back on testing and
analytical technologies over the past several decades and
tried to give an overview of their transitions and
chronological trends. However, the decades are not a short
period compared to our work experience, and it is not easy
to extract and organize useful information one by one. In
recent years, various data mining methods such as artificial
intelligence (AI) and data science have become a boom,
but such a method is also suitable for organizing the
features from a lot of data like this time. Thus, we tried to
treat using the method of text mining using the title of
articles appeared in “Taikabutsu (Journal of the Technical
Association of Refractories, Japan)”. Fig.1 is a bubble chart
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Fig. 1

Cross tabulation map obtained by text mining of article titles appeared in the

"Taikabutsu" journal in the duration from 1950 to 2020.
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that shows the relationship between the year obtained by
processing and the number of hits for each keyword, and it
can be easily recognized which technology became a focus
of attention in each half decade. Size of bubble is
proportional to the word count, and the color indicates the
degree of linear correlation between the keyword and the
year, but here we focus attention on the bubble size.

Around 1950 to 1960, “refractoriness”, “porosity”,
“quality”, “specific gravity”, and “specific heat” were
abundantly. This is considered to be the result of an
intensive attention on the infusiblity at high temperatures
and the denseness, which are the most basic requirements
for refractories. At around 1965, the “load bearing
softening” count increased. Thus, the study of improvement
in measurement accuracy and the examination of
standardization of test methods were thrust mainly by the
JSPS (Japan Society for the Promotion of Science), and
many reports on the subject were published.

From 1985 to 2020, the “corrosion resistance”
count is high, and in almost the same period, the “thermal
shock” and “spalling resistance” counts related to cracking
due to thermal shock are high. Since 1995, the number of
“analysis (analytical method)” has increased, but the
contents of the “analysis” were mostly post-use analysis or
numerical analysis. It seemed that the attention shifted
from the basic characteristics of refractories at the period
from 1950 to 1960 to the evaluation of damage and
deterioration during use. In the following, we will discuss
and explain the technologies that attracted us particularly
among aforementioned various studies.

2 Testingand analytical technologies on the execution
of unshaped refractories

Unshaped refractories product requires many steps
of the execution for construction before actually using.
Since a sound completion of execution may not be expected
if any of small problem occurred in the steps, it is very
important to secure the degree of perfection in each step at
a predetermined level. As the indicator determing the
degree, there are the flowability of castable refractories, pot
life / curing time, drying property, slaking resistance,
extrusion properties of mud materials, pumpability and
adhesiveness of spray materials, and the hot fluidity of
baking repair materials. Here, we will discuss on the
drying process and the dispersibility of particles in the
slurry, which have been significantly improved in recent
years.
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2°1 Drying process

If the rate of temperature rise is high when the
castable refractories is dried, the internal water vapor
pressure inside of the castables increases resulting in the
explosive spalling. The superiority or inferiority of the
explosion resistance among the materials to be used can be
judged with a certain degree of accuracy based on both air
permeability and the explosion occurrence temperature in
the explosion test of the material. However, if the moisture
state and the water vapor pressure inside the castables are
able to defect, more detailed design can be realized. In the
1980s, a method was developed in which the internal water
vapor pressure was transmitted to the outside and measured
with a pressure sensor. By using this method, it was possible
to measure directly the internal vapor pressure that could
not be known so far’. As a result, various studies on
internal vapor pressure can be conducted. It was clarified
the effect of the heating pattern on the internal vapor
pressure and that at the time of explosion. Further,
combined with numerical analysis considering water vapor
diffusion, water evaporation / condensation, and liquid
water movement, a heating pattern was proposed that can
shorten the drying time while keeping the internal vapor
pressure as low as possible.

2°2 Dispersibility of particles in slurry

The densification of the castable refractories in
recent years rely largely on the effect of the high
performance dispersant. The slurry in the castable materials
composed of fine powder and water is a so-called thick
slurry. Since it is not easy to directly examine the dispersion
state of the fine powder in the thick slurry, the dispersibility
of the fine powder in the castable refractories has been
discussed under the assumption that the tendency in
degree of high and low of the flowability is valid also in the
tendency of the dispersibility. In recent years, methods
that can directly detect the dispersion state of fine powder
in the thick slurry have been studied for application to the
castable refractories”. A method for analyzing the
ultrasonicattenuation spectrum, a method for investigating
the state of confined water on the particle surface by pulsed
NMR (Nuclear magnetic resonance), and a method for
examining the agglomeration state from the transmitted
light when the slurry is irradiated with light are applied to
the powder mixture of the alumina fine powder, silica fine
powder and cement powder. The dispersibility of powders
in combination with powders has been evaluated. Among
them, there is a method to be able to trace back the change
in the dispersion state with time?. Thus it is expected to
clucidate that the change in the dispersion state in the
course of the fluidity lowering after kneading. Fig.2 shows
an example of comparison on the measurement results of
centrifugal sedimentation analysis of cement slurry
containing a dispersant with those by the method of laser
diffraction / scattering. Both results are similar, and it is
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Fig. 2 Comparison of measurement results of particle
size distribution by centrifugal sedimentation
analysis (upper) and laser diffraction /
scattering (bottom) methods for cement slurry
containing dispersant.
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presumed that the cement particles in the slurry are present

in a state close to primary particles.

3 Testing and analytical technology of thermal shock
resistance

Thermal shock resistance is one of the most
important properties for the refractories. The thermal
shock resistance is examined in various ways, here, we
introduce the method using the deformation measurements
with an image processing, which has been used frequently
in recent years, the experimental simulation of the actual
furnace conditions such as mechanical constraints, and a
numerical analysis taking into account the nonlinearity of
the materials behavior.

3°1 Digital image correlation method (DICM)

It has been difficult to measure the displacement of
a high-temperature object with high accuracy due to
thermal deformation of the displacement meter supporting
member. Applying the digital image correlation method
(“DICM”), the problem can be solved*®. Images of a
sample taken before and after deformation are divided into
a number of regions, and the amounts of movement of
each region are calculated by image processing. With this
method, multipoint measurements of about 10,000 can be
casily performed. If the zoom lens is used, the camera can
be installed in the position without little thermal influence,
so that the heat resistance of the measuring instruments
and the thermal deformation of the support parts are less
likely to be required. It is often used to detect crack in the
refractories. In addition, since the original data of the
strain distribution chart is multipoint numerical data, it is
relatively easy to calculate numerically the overall detection
of the degree of cracking of the entire sample. The
regression analysis of the degree of cracking in the thermal
shock test of various castable refractories using various
physical property values as controlling factors has been
conducted, and effective thermal shock resistance
evaluation formulas have been investigated”.
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32 Testing of thermal shock resistance

The thermal shock resistance of the refractories is
generally examined by a method such as air cooling, water
cooling, immersion in molten pig iron, or the like under
the condition that there is no external constraint force.
However, the SN plate brick receives the constraint force
due to the surface pressure of the holding steel frame and
the sliding device, and the lining material for various
furnaces receives also the constraint force from the furnace
shell wall. Refractories used in an actual furnace under
constraint should be tested the thermal shock resistance
under constraint conditions in laboratory test. We have a
sliding test device of the same size as the actual machine
for testing of the SN plate bricks. This tester is used to
investigate the effect of the constraint position of the brick
on the position of cracking caused by the thermal stress®
and to correlate various physical properties such as thermal
expansion coeflicient and elastic modulus with the degree
of cracking”.

For bricks and castables lined the furnaces, cracks
parallel to the heated surface ("parallel cracks") are
problematic. In many thermal shock tests conducted under
unconstrained condition, cracks perpendicular to the
heated surface ("vertical cracks") were mainly contained,
and parallel cracks did not appear abundantly, so the
details of the behavior of their occurrence could not be
well understood. In order to solve this problem, we have
created a thermal shock testing apparatus that can be
operated under constraint. Fig.3 shows the strain
distribution by the DICM obtained in thermal shock tests
performed under both unconstrained and constrained

10)

conditions'?. Focusing on the difference in both conditions,

it can be confirmed that under the unconstrained
condition, the vertical crack is largely opened, whereas
under the constraint condition, the parallel crack is largely
opened. The state of the crack at each stage of heating and
cooling can be grasped in detail, and it is shown that the
parallel crack is initiated at the time of heating and that the

crack growth occurs more seriously as the applied stress is

higher.

3°3 Finite element analysis (material nonlinearity,

mesoscale analysis, crack analysis)

The stress-strain curve of the refractories is non-
linear even at room temperature, with exhibiting a
complicated deformation behavior. At high temperatures,
the non-linear behavior becomes more pronounced. It is
not easy to estimate correctly the effect of each property on
stress and deformation in actual use of the refractories.
This makes material development difficult. The application
of nonlinear finite element analysis is being studied as a
method for predicting the deformation and stress of
refractories exhibiting complex characteristics by treating
the amount of deformation quantitatively. Alumina-
magnesia castables have been studied enthusiastically from
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Fig. 3 Strain distributions obtained in thermal shock resistance tests conducted under unconstrained (upper)
and constrained (bottom) conditions'?.
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Fig.5 Crack strain and stress distributions obtained
by mesoscopic scale FEM analysis with
correspondence to macroscale stress-strain
curves obtained by compression tests'®.

burner was analyzed using the brittle material model, and
the calculated crack strain distribution is compared with
the crack of the sample after the test'. The difference
between the crack position and the crack degree for the
three types of materials is relatively well reproduced.
Fracture occurs in the material not only in macro-
scale shown in the above example but also in micro-scale,
and the micro-scale cracking influences to the mechanical
behavior in macro-scale. Fig.5 is an example of the
numerical analysis”™ using a finite element model that
reflects microstructure composing by aggregates and voids
based on X-ray CT (computer tomography) images. When
compressive stress exceeding the limit of elasticity is
applied to the material, fine cracks occurred around the
aggregates and voids on the microscopic scale, and the
slope of the stress-strain curve becomes small on the
macroscopic scale, and the apparent softening behavior

appear.

4 Testing and analytical technologies on the corrosion
of refractories

Refractories are susceptible to erosion due to
chemical reactions because they are used at temperatures
higher than several hundreds of degrees Celsius. In
particular, since refractories for iron and steelmaking
process are used in the condition of the higher reactivity
with molten slag and metal, the life of them is apt to be
limited by the chemical erosion. Oxides, as the main

components of the refractories, are easy to wet and dissolve
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to the slag. In the case of non-carbon refractories, corrosion
proceeds with slag penetration due to capillary action since
the carbon is hard to wet against the slag. Furthermore,
oxidation of the carbon raw material in the air atmosphere,
reduction by reaction with metal and internal reaction of
the refractories, etc. are factors accelerating the erosion,
These phenomena occur in the actual operations under the
flow of molten steel and slag, and are also accompanied by
both changes in the components of the melts and the
temperature. In addition, the influence of the thermal
stress described above is also added. So, since the corrosion
occurs in highly complicated manner, it is difficult to
specify what is the main factor of corrosion. Since it is
important to establish test method for corrosion resistance
in accordance with the actual operations, we have
developed various testing and anlytical technologies on the
corrosion of refractories. The following reviews the testing
methods and analytical technologies of the refractories
developed in our company.

4°1 Reaction with oxide melts at high temperatures

Reaction with oxide melts at high temperatures are
the most major corrosion factor of refractories, and reaction
tests with slag have been conducted from the past by rotary
erosion method by lining or immersing sample in the
molten slag bath with a high-frequency induction heating
system. As example of the methodology, we have studied
such as slag components and temperature conditions in
rotary erosion tests and tests using a high frequency
induction furnace'®”. Other than them, we have
developed the oxygen cleaning test to simulate the erosion
caused by the iron oxide (FeO) and the sulag injection test
to simulate the erosion wear caused by molten slag'®".

In addition, a reaction test between a sintered body
assuming spinels in the castables and the slag was
performed as one of the basic studies. As a result, it was
found that the alumin-rich spinel contained in the alumin-
magnesia system was hard to spread by wetting compared
to the stoichiometric spinel. This occurred by the high
viscosity of the molten slag with increased ALO; and
decreased Fe components, and agree that alumina-
magnesia systems have high corrosion resistance in the

actual use??.

We have introduced the typical CALPHAD
(CALculation of PHAse Diagram) software FactSage ™2V
that can calculate the equilibrium state using a
thermodynamic database since 2001 and used for research
and development works to date.

The simulation was performed in which only the
liquid phase generated by the reaction between the
alumina-magnesia system castable and the slag penetrates
into the pores. As a result, most of the FeO component in
the slag incorporated into the spinel solid solution, and
most of the CaO is trapped as CaO * 6AL,O0s. And the

CaO/SiO; ratio gradually decreases as it penetrates into
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Fig.6 Phase and Chemical Composition Predicted by
thermodynamic simulation of slag penetration
using CALPHAD software (FactSage™)??.
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the interior (Fig.6). Also, the penetration depth became
the smallest when the MgO content of the castable was
5-10 mass%, and the results were consistent with those

obtained in the laboratory and the actual use?**.

4°2 Reaction with the molten metal or gas at high

temperatures

As the effect of the reaction with the molten metal
on the corrosion resistance of the refractories, the erosion
due to FeO in a high oxygen potential environment,
occurring when refining in a converter or casting high
oxygen steel, and the embrittlement due to reduction of
the oxides which have relatively low oxygen affinity like
SiOs in a low oxygen potential environment contacting
with molten pig iron or Al-killed steel are considered.
Embrittlement by the reduction can also occur due to
internal reactions of the refractories when the temperature
rises together with components that lower the oxygen
partial pressure, such as C, Al and Si, in the refractories as
represented by following magnesia-carbon reaction (1) in
the MgO-C refractories:

MgO(s)+C(s)=Mg(g)+CO(g) 1
For testing of reactivity under a low oxygen

potential environment simulating actual operation,

reactions under the various oxygen concentration

200rpm

:5‘}. Insulating

Ar /] layer
_‘ }» High frequency
o induction furnace
U %(ZrOZ-C)
E e Ry
BEY AR O Molten

O steel

55555

S
23

§3348

{548

§338
¥

I
Specimen
(20 x 20 X 25mm)

Fig.7 Schematic diagram of stirring test equipment for
evaluating corrosion resistance and alumina
clogging resistance.
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conditions were examined to understand factors affecting
on the microstructural embrittlement in the actual
operations such as high-alumina bricks used in the blast

furnace with molten pig iron*?

, magnesia-chrome brick
for secondary refining with AlI*) and SN plates contacting
both molten pig iron and steel, coke breeze, and under
vacuum condition®®.

We have developed the stirring test method that
can test the corrosion resistance of four types of materials
simultaneously under the molten steel flow using only a
small sample of 20 mm x 20 mm (Fig.7)**¥. And this
method enables simple and highly accurate testing of the
corrosion of MgO-C bricks by molten steel with high
oxygen concentration and the corrosion of inner materials
of ladle shroud or submerged entry nozzle (SEN) by

various steel types?".

4°3 Reaction at the slag/metal interface

It is known that the Marangoni effect causes local
corrosion at the slag/metal interface of the oxide-carbon
composite refractories, as in the cases of the metal line part
in trough of the blast furnace?-> and the powder line part
in the SEN®®%). Regarding on the ZrO,-C (zirconia-
graphite) refractories (ZG) applied to the powder line part,
the effect of the oxygen concentration in molten steel on
We
conducted in addition the comparable experiment using

the corrosion resistance has been reported®®*.

both molten metal of pig iron and steel, and found that the
corrosion resistance of ZG was reversed by the carbon
content of the ZG against both types of molten metal®,
indicating the influence of the carbon concentration in the
molten metal. Furthermore, to investigate the correlation
with the theory oflocal corrosion, we calculated the change
in wettability at the slag/metal interface, and it was found
that the higher carbon concentration in the molten metal
lowers the wettability of graphite against metal, and the
refractory material is eroded by slag longer*”. In addition,
the corrosion simulation was performed using this

the

relationship between the carbon content of the ZG and the

relationship. In the one-dimensional simulation,

corrosion resistance did not reverse even if the carbon
concentration in the molten metal increased, namely, the
experimental facts were not able to explain by the
simulation. However, the two-dimensional simulation by
cellular automaton method (Fig.8 and Fig.9) could
reproduce the reversal phenomena®. From these numerical
calculations, the accuracy of testing on the corrosion
resistance has been improved and the understanding of the
corrosion phenomenon of refractories at the slag/metal

interface has been advanced.
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simulation by cellular automaton method*?.
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Step f Zn

Cell Distribution

Fig.9

Illustration of the corrosion simulation step
by step*®.

5 Testing and analytical technology for functional
refractories

In the steelmaking process from refining to
continuous casting, various functions with special
refractories are used. They are tundish (TD) nozzle, porous
plug, sliding nozzle (SN) plate, and the submerged entry
nozzle (SEN). For testing these refractories, in addition to
the characteristics described in the above, testing and
analytical technology for the specific functions are also

important, and various methods have been developed.

5°1 Flow analysis for molten steel teeming refractories
In the continuous casting process, the TD nozzle,
the SN plate, and the SEN are used for the parts to cast the
molten steel from the TD into the continuous casting
mold. The shape of the refractories used in the continuous
casting systems has an important role to control the molten
steel flow in the casting mold. Poor control of the molten
steel flow can lead to serious troubles such as low cleanliness
of the cast slab with contaminations of air bubble,
inclusion, and mold powder, resulting in the breakout of
the operation due to uneven solidified shell formation. To
avoid the serious situation arising, we have introduced the
water model experimental apparatus since 1980s and used
it together with numerical calculation with the finite
volume solver to visualize the flow inside the nozzle and
mold. We have contributed to a high-quality and high-
productivity steelmaking process with providing high
quality teeming system refractories developed by using
these experimental and analytical tools. Now, we would
like to introduce the examples of applications for the
nozzles designed based on the "minimizing energy loss
theory"3:49,
In general, from the law of conservation of energy
(Bernoulli's law) along the streamline of an ideal fluid in
the radius R of the cylindrical nozzle, the energy loss is
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Fig.10 Flow velocity distribution of the molten steel
poured into the mould through the SEN
located upper center part of the images for
(a) conventional type nozzle and (b) newly
designed one?.
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minimized under following equation (2) using the head H:

Rx H* (2)

A curve representing the shape of the nozzle bore
profile where the energy loss is minimized is expressed by a
mathematical at the first in the world with quartic
function. More generally, considering the kinetic energy of
components other than the main flow at the outlet side
and the sum of viscous losses not taken into account by
Bernoulli's law, equation (2) is expressed as follows:

R H™ (3)

We have designed the shape of the tundish nozzle
and the SEN using this theory, and verification was
performed by the computational fluid dynamics (CFD)
and the water model experiment.

First, fluid analysis was performed using the finite
volume solver Fluent®, and the degree n of the curve was
optimized. As a result, we found that n=4 (quartic curve)
provides the most uniform velocity distribution for both
TD nozzle and SEN. Fig.10 shows the outlet flow velocity
distribution at the center section of the mold obtained by
fluid analysis on the newly designed SEN based on this
theory and the conventionally designed SEN using
FLUENT. From Fig.10 (a), it can be seen that the flow
velocity at the lower part of the outlet port is high, and the
outlet flow collides with the side walls almost linearly in
conventional type SEN. In addition, a flow from the
meniscus to the outlet port due to the negative pressure
generated upper side of the outlet port is also observed. On
the contrary, in Fig.10 (b), the outlet flow is uniform and
lower velocity, and the collision flow velocity on the side
walls is also reduced. Further, it was found that the
turbulent energy of the nozzle inner was also reduced, and
so it is expected to reduce alumina adhesion on the nozzle.
Next, we performed a water model experiment and
visualized the flow velocity distribution by particle image

Flow velacity / mest

o 025 0.5

Fig.11 Particle image velocimetry (PIV) expressing
water flow from the SEN located upper
center part in the water model experiments
as calculated average measured data during
1 min measuring term for (a) conventional
type nozzle and (b) newly designed one*?.
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velocimetry (PIV). As a result, almost the same flow state
was observed compared with the result of CFD (Fig.11).
As a result of field test of the nozzle using this design, the
suppression of the alumina adhesion on the nozzle has
been confirmed.

5°2 Alumina adhesion on the inner bore of SEN

The alumina adhesion on the innner bore of the
SEN is a troublesome phenomenon that lowers the stability
of operation and is one of the main life-determining factors
of the SEN. We have found that the alumina adhesion can
be assessed simply and accurately by the molten steel
stirring test method (Fig.7)*” described previously. We
prepared MgO-C, ALLOs-C, Al,O3-SiO:-C materials with
the carbon content unified to 29 vol%, and the alumina
adhesion amount was assessed by the molten steel stirring
test method under static and stirring conditions. As a
result, in comparison among these materials, the amount
of alumina adhesion was smaller in the order of MgO-C,
ALO;-C and AL,Os-SiO»-C. Since it is generally known
that non-silica materials are hard to adhere the alumina
due mainly to less formation of gaseous phase when
contacting to the molten steel. Therefore, this is a method
that can easily reproduce the results obtained in the actual
operation. Furthermore, the application of the MgO-C
material to the nozzles is effective countermeasure for the
alumina adhesion, since the less amount of alumina

adhered on the material compared to the AL O3-C material.

5°3 Metal penetration into the porous plug

Porous plug is a type of refractories that is installed
on the bottom of steel ladle or the like to blow gas into
molten steel, and has a porous structure with the function
of blowing the gas. So, when the gas blowing is stopped,
the molten metal penetrates into the pores in the plug due
to the static pressure. If the molten steel penetrates, the gas
blowing function is impaired, so that the testing of the
resistance to penetration of the molten steel is important
for improving the performance of the porous plug.
Through joint research program with the Kyushu Institute
of Technology, we have conducted in-situ observation
experiments of the molten metal penetration phenomena
using X-ray radiographic images, and clarified the process
of the metal penetration for the first time®. In recent
years, we applied X-ray computed tomography (CT) to
porous materials for the first time, and succeeded in
visualizing the three-dimensional structure of pores in the
refractories (Fig.12)*. In addition, using the obtained
three-dimensional pore structure, a simulation of molten
steel penetration into the pores by computational fluid
dynamics (CFD) became possible. In addition, X-ray CT
imaging of the after the molten metal penetration made it
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Fig.12 Three-dimensional representation of the pore
of the porous brick for gas purging plug
measured by X-ray CT*?.

B0, RILESADIENE—FANADNIIL, A%
VEHEBRTIZEIESICAYUDERL, KILES
DN R—F AN AHIIIE—IRELTEY, it
REH TR E—E S BEIDIES N, 2ok
AN, A NVEEBE RO LR D 3 &k
TCHI R IR SE R TH D Z e 0b. WAL, 2
NHOHIR P SEEN 7% 3 WL 2L, 0%
BFEFRERL, SORIEMALER—FATS7D
F3s % #D TV 5,

6 &

Rl BRI O FEAM AT HA 2OV
FL7zo TR OMERSEMER KD SN 5 FEEIE S Ik
\ZPELHT20, B TIEZ N OB TR 4 22 7l
FEAT R 2 B FE L C & 720 RRAGHART IX B2 OB 38 7 1
ZOUDORLEETAREELRFM TH D720, 54D,
EROBHREFIHTE, POEREAT -V TEH
WHREZFHEF oL, EBROMHIIORID
FEMT ORI, LYRWIHFAY L T»
<o

il

SEXM

D Fridfe, #HESEETR - iAKW, 49 [4] 215225
(1997).

2) AP ARRAERE, HEOLE, LR W
EFA R E— WK OE, 163 57-62
(2015).

3) RHE— : iKY, 67 [5] 260-268 (2015).

- 123 -

possible to distinguish the pores penetrated metal from
those without the penetrating metal. From these results, it
can be seen that in porous materials with a broad pore size
distribution, metal penetrate sparsely in the metal
penetration test, and these with a narrow pore size
distribution penetrate uniformly. This result has also
confirmed by the analysis using the CFD*”. Thus, it is
clear that a three-dimensional analysis of the structure of
refractory material is effective for understanding the metal
penetration phenomenon. Based on those findings, we are
now aming to develop to the higher quality porous plug by
exploring an ideal three-dimensional structure and method
to realize it.

6 Conclusions

In the present article, we reviewed testing and
analytical technologies on the refractories. Since the
operating conditions and required characteristics of the
refractories vary widely, we have developed various testing
and analytical technologies to satisfy these requirements.
Technologies for testing refractories are important since
they determine the development objective themselves in
the future. Therefore, we will continue to develop the
higher quality refractories through devising the testing
and analytical methods that can be reproduced the
phenomena of the actual use on the laboratory scale with
resulting in that will lead to clarification the better
understanding of the phenomena occurring in the actual

use of the refractories.
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