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1. Introduction

As the demands with respect to the product quality
increase it becomes necessary to improve the steel
cleanness and the resulting material properties 2. The
tundish is final process step in the steelmaking process
before casting, where the steel cleanliness may be
influenced. In the tundish, alloys can be added, the
superheat may be controlled, and the steel melt can be
thermally homogenized Bl It is also the last process
step before casting where non-metallic inclusions can
be removed from the steel phase to the slag phase .
The steel cleanness can also be improved by prevention
of reoxidation of the steel melt .,

It is known that an inefficient separation of non-
metallic inclusions from the steel to the slag results in
an entrapment of inclusions and a poor slab quality ©.
If the separation is inefficient, the non-metallic
inclusions can accumulate and cause clogging of the
submerged entry nozzle (SEN) during teeming. This,
in turn, disturbs the casting process ™. Specifically, the
composition of these accumulations has been found to
be connected with the composition of the non-metallic
inclusions in the molten steel in the tundish ®©,

In the steel-slag-inclusion system in the tundish, the
interfacial phenomena control the separation of non-
metallic inclusions from the steel to the slag “. This
phenomenon is influenced by the dynamic motion of
an inclusion across the interface, the slag viscosity
and the wettability . The inclusions separations from
the steel to the slag is a complex process due to
irregularities in density, turbulent fluctuations,
reactions and the corresponding element transfer
between the steel and the tundish powder/refractory
lining o1, When the inclusion reaches the slag/metal
interface it can: i) pass and be separated to the slag
immediately; ii) remain at the interface and
agglomerate with other inclusions that can be washed
back into the steel bath; and iii) oscillate underneath
the interface and can then follow the steel flow back
into the steel resulting in product defects “. Also,
when an inclusion passes the interface and is
separated to the slag a steel film can be formed
around the inclusion, when the inclusions are about
150-180 um in diameter 12,

Sometimes the inclusions are trapped at a steel/slag
interface for some time before they are separated to
the slag, due to the instability and turbulence
fluctuations at the interface %", In addition, small
inclusions can agglomerate to form bigger inclusions
due to the turbulent steel flow and become easier to
separate . However, the agglomeration of non-
metallic inclusions has been found to be improved
when the inclusions are in the slag compared to when
they are present at the steel/slag interface 3. In order
to get the most favourable separation of inclusions to
the slag, it is important with an overall positive
wettability (at the molten steel/slag/inclusion interface)
as well as a low slag viscosity but still high enough to
withstand a slag entrainment into the steel 12,
However, it is known that the slag pick-up of AloO3
inclusions in the tundish changes the composition in
the slag, which can alter the slag viscosity 4. The
slag in the tundish can also be contaminated by the
carryover calcium-aluminate slag from the ladle U9l
The tundish slag layer can also be engulfed by the
molten steel in the tundish and thus form new
inclusions "%, More specifically, even at low and
horizontal velocities slag particles can be torn off from
the slag layer and be dispersed into the molten steel
01, Also, the fluid flow pattern of the tundish has
shown that a recirculation of the molten steel is
responsible for most of the entrainment of the steel
into the slag as well as the vice versa dispersion 9, |t
has also been reported that the fluid flow will drive
away a considerable amount of smaller inclusions
inwards and downwards into the tundish, which will
prevent a separation of those inclusions from the steel
to the slag !'®.

The molten steel can get reoxidized by an oxygen
pick-up from the atmosphere as well as by the tundish
slag or tundish refractories, which can affect the steel
cleanness in the final product @7, The tundish
refractory material is a MgO-based refractory that
consists of Olivine which is a solid solution of fayalite
(Fe2Si04) and forsterite (MgeSiOs) U7, The MgO-
based refractory has been proven to be a stable
material, due to its reduced content of easily reducible
oxides ', However, olivine can react with aluminium-
deoxidized steels according to the following reactions
(1) - (6) v
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2Fe + 20 + S102 = Fe2Si04 (1)
AG% = 1379.93 [kJ/mole] (298.15 K) i® (2)

Mg>SiO4 + S102 = 2MgSi03 (3)
AG% =3301.44 [kJ/mole] (298.15 K) 1'¥ (4)

MgO + Al2O3 = MgAl>04 (5)
AG% =-2188.96 [kJ/mole] (298.15 K) I'¥ (6)

As the steel penetrate into the refractory lining, spinel
particles are formed at the steel/refractory interface,
which originate from aluminium from the molten steel
1, At the same time, particles can detach from the
refractory and end up in the steel phase near the
steel/refractory interface ", These particles
commonly contain silicate-based phases and MgO
crystals . Due to a large difference in the oxygen
potential between the refractory material and the
molten steel high oxygen potentials exist, which results
in a formation of an oxidised steel layer at the steel/
refractory interface . Air which is trapped in pores
and easily reducible oxides present in the refractory
material are sources of oxygen . The silicate-based
phase can then dissolve all the oxides in the oxidised
steel layer at the steel/refractory interface ™. Thus,
liquid complex slags such as Al203, CaO, FeO, MgO
and SiO2 can be formed .

Both the tundish refractory lining and the slag can be
potential sources or modifiers of the non-metallic
inclusion content in the steel @9, Therefore, it is
important to understand the possible reactions that
can take place between the tundish refractory lining
and the steel as well as between the steel and slag, in
order to produce clean steels ¥, Due to the
differences between the physical and mathematical
models and the full scale system, it is difficult to
accurately model the separation of inclusions from the
steel to the slag .

The current study of the inclusion behaviour in the
tundish is experimental and it has been carried out in
the industry. More specifically, samples of the steel/
slag interface have been collected at two parallel
positions as well as at different times in order to study
the behaviour of different non-metallic inclusions in the
tundish. The focus has been on the steel/slag
interface and the steel/refractory interface and to

study how reactions have influenced the size and
composition of these inclusions.

2. Experimental

2.1. Sampling of the Slag/Steel Interface

Industrial plant trials were performed at SSAB Special
Steels, which is an integrated ore-based plant in
Oxelosund, Sweden. The company produces a wide
range of structural high-strength steels, with varying
applications for lightweight solutions as well as for
heavy and demanding applications. The steel route at
SSAB is the following: a blast furnace to produce iron,
a torpedo to remove sulfur from the iron, a converter
to remove carbon and to convert the iron into steel,
ladle refining to alloy the steel as well as to control the
amounts of hydrogen, sulfur and oxygen, and finally
slab casting.

During the industrial trials, a structural steel (0.165%
C, 0.055% Al, 1.25% Mn, 0.22% Si, 0.6% Mo, 0.2
% Cr, wt-%) was studied. The ladle treatment took
place in a 190 ton ladle, where aluminum was used
for deoxidation and calcium was used for a
modification of inclusions. After the ladle treatment,
the ladle was transported to the casting machine and
the casting was done via a tundish with a capacity of
30 tonnes. The steel was used to cast slabs with the
dimension of 220x1680 mm. The compositions of the
tundish lining material, the cover powder and the bulk
powder are presented in Table 1.

Table 1. Chemical composition of the materials used in
tundish during casting, wt-%

Component MgO CaO ALO; | SiO, C Fe;03
S 60.0- 23.0- [2.0- |5.0-

Tundish lining 65.0 <2.0 [<20 580 30 70

Tundish cover 9 3 1 2 7 |

powder*

Bulkcover 135 |55 |13 |5 0.05

powder

*Rest of content is loss on ignition

To verify the interaction between slag and molten steel
the Momentary Interfacial Solidification Sampling
(MISS) sampler 219 was used. The MISS-sampler is
made up of 12 mm thick steel plates, which are
welded together as a mould (120X 100 mm) with an
80X 8 mm column. In Figure 1a, the collected sample
is presented and it is also marked where the analyzed
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sample was cut out. Furthermore, the MISS-sampler
was insulated with super wool so that the sample
would not be heated and the inside of the sample was
etched to achieve good wetting conditions. The MISS-
samples were collected from the slag/steel interface in
the surface region in the tundish. By using the MISS-
sampler, a sample plate representing the steel/slag
interface was obtained ", which later could be
studied by using an Field Emission Gun Scanning
Electron Microscope (FEG-SEM) , (Zeiss Merlin
equipped with Oxford Instruments INCA Feature for
Windows 7) combined with an Energy Dispersive
Spectrometer (EDS) , X-MAX 50 mm?.

40 mm

(@

Sampling
Ladle positions Stopper
M1 IJI rod
M2 |
r )
Tundish
SEN

Mold Z %

(b

Figure 1. The experimental sampling in the tundish:
(a) the MISS sample after removal from the
sampler with markings of where the analyzed
sample was cut out; (b) the MISS samples
were collected in the tundish in position 1
and then in position 2.

For each heat, 6 MISS-samplers were used and then
reused in the next trial. Totally, three heats were
performed. During teeming of the first casting
sequence, the samples were collected from the
tundish in the beginning of teeming (samples MA1
and MA2) , after teeming of approximately half the
ladle (samples MB1 and MB2) and at the end of
teeming before changing to the next ladle (samples
MC1 and MC2) . The MISS-sampler was lowered into
the tundish and held in the bath for 5 seconds. Two
parallel sampling positions were chosen, which easily
could be accessed in the tundish, to compare

interactions in depth in the tundish. Sampling position
1 was chosen close to the wall (~110-150 mm from
the tundish wall) to study if particles from the
refractory lining could be found. Sampling position 2
was chosen far away from the refractory wall near the
center to study mainly the interactions between the
tundish powder and the steel.

The two sampling positions from the melt in the tundish
can be seen in Figure 1b. Besides the sampling
in the tundish, one steel sample (lollipop, 12 mm
thickness) per heat was also taken from the liquid
steel in the ladle at the Vacuum Degassing Station
(VDS) before the casting. Also, one sample was
collected from the slab. The analyzed slab sample was
collected from one quarter depth from the surface, in
the slab plate. In order for the sample to represent the
inner quality for steady state, the slab plate was
collected after casting of half of the total ladle weight.

2.2. Analysis of Samples from the Tundish

From the MISS-samples, one sample was cut out from
the top of the middle part (zone 1 in Figure 1a). All
samples were cut into 20X 30 mm pieces, pressed into
bakelite, ground, polished, and washed by hand. The
non-metallic inclusions composition, morphology and
Equivalent Circle Diameter (ECD) were determined
using a FEG-SEM by using the INCA Feature software
in combination with EDS. The INCA Feature study was
set to detect inclusions with an ECD value lager than
5.7 um. Thereafter, each inclusion was manually
studied to eliminate errors, i.e. pores or dust. In
addition, the samples from the VDS and from the slab
were also analysed using INCA Feature in combination
with EDS. Finally, the steel composition of all samples
was analysed with optical emission spectrometry (OES).

The obtained data from the INCA Feature studies were
divided into two groups of non-metallic inclusions; DM
inclusions (ECD 5.7-11.2 ym) and DL inclusions
(ECD =211.3 um) .

3. Results & Discussion

In previous research using the MISS-sampler a slightly
convex slag surface was obtained at the top part of
the samples ', In this study, a 2-layer concept with a
reactive slag and an insulating layer was used at the
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steel plant. The insulating layer is not supposed to
melt, but the second layer should melt and form a
liquid slag. However, the slag layer formed by the
reactive slag was difficult to observe in the MISS
samples. Therefore, the focus of the microscopy
studies was directed towards studying the inclusions
closest to the slag/steel interface in the MISS samples.

The data from the INCA Feature study was normalised
with respect to the oxides Al2O3, CaO and MgO,
based on the chemical composition of the analysed
inclusions. More specifically, the data was normalised
due to that the amount of these elements was
significantly higher compared to the amounts of the
other elements. The ternary phase diagram of the
system AlO3-Ca0-MgO is presented in Figure 2 9,
The data was plotted for each heat and for each
sampling time as follows: (a) - after VDS; (b) - in the
beginning of casting; (c) - in the middle of the

2-MA1-DM &
-MA1-DL /
-MA2-DM £
A2-DL 20 )
ave
Y ‘g;
-
60

22

Figure 3. The chemical composition of the inclusions
collected during heat 2. The ternary phase
diagrams show inclusions from: (a) ladle; (b)
the first MISS-A sample from the tundish; (c)
the second MISS-B sample from the tundish;
(d) the last MISS-C sample from the tundish;
(e) the slab after casting.

A: Al,O; ALO;
C: CaO 0y 100
M: MgO

=
2
0 T
]
N
100 WA A ,"'No
0 0 40 ] w 100
€20 Mass % MgO __ MgO

Figure 2. The ternary phase diagram of the Al2O3-
Ca0-MgO system 29,

casting; (d) - at the end of the casting; (e) - slab. In
Figures 3-4, the ternary phase diagrams show the
normalized compositions of the inclusions for heats 2
and 3. The results in heat 3 are similar to the result in
heat 1. Therefore, these results are presented for one
heat. It can be seen that the inclusions shown in the
ternary phase diagrams include inclusions that

20

CaO 20 40 60 80 MgO CaO 20 40 60 80 MgO

20

MgO CaO 20 40 60 80 MgO

20

MgO

Figure 4. The chemical composition of the inclusions
collected during heat 3. The ternary phase
diagrams show inclusions from: (a) ladle; (b)
the first MISS-A sample from the tundish; (c)
the second MISS-B sample from the tundish;
(d) the last MISS-C sample from the tundish;
(e) the slab after casting.
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originate from three groups, namely the slag (1) , Table 2. Chemical composition of the slag, wt-%
deoxidation products (Il) , and refractory (llI)

Inclusions originating from the slag are found in the Component MgO |CaO | ALO; [SiO; |FeO Zﬁgi%oz/

liquid region, where the casting temperatures were Ladleslag-H1 | 9.8 | 58.4 | 24.7 | 4.7 | 0.008 12.4
between 1522-1541°C. Aluminium that reacts with Oz Ladleslag-H2 | 9.0 | 582 | 249 | 5.4 | 0.006 10.8
will form Al203 inclusions. The non-metallic inclusions Ladleslag-H3 | 89 | 59.5 | 24.1 | 5.1 | 0.005 11.7

originating from the deoxidation products have a high

Al,Os content of around 60-100 wt-%. The third Table 3. Chemical composition of the steel melt in

. . . heat 1, wt-%
group of inclusions has a high MgO content and ea Wiz

originates from the tundish refractory lining material. Component | Al Ca S M Mo
VDS 0.058 | 0.0009 | 0.214 1.254 0.607
In Table 2, the calculated ladle slag composition MAIL 0054 | 00008 | 0220 | 1256 | 0.608
used during the vacuum treatment for each heat is MA2 0.054 | 0.0008 | 0.218 1.249 0.606
presented. The slag composition is close to the liquid MBI 0.055 | 0.0009 | 0.219 1.255 0.611
zone as are shown in the ternary phase diagram MB2 0.058 | 0.0010 | 0222 1.260 0.606
. . . o MC1 0.057 | 0.0010 | 0.218 1.254 0.610
(Figure 2) . The inclusions originating from the slag
MC2 0.057 | 0.0008 | 0.218 1.249 0.607

are in the liquid region in the ternary diagram and

(o)
have low MgO contents, namely <10 wt-%. In the Table 4. Chemical composition of the steel melt in

samples from the slab, these types of inclusions are heat 2, wt-%

the most dominating types in all heats. Specifically,

these inclusions are found in DM and DL sizes of the Component | Al Ca Si Mn Mo

inclusions in all heats. However, these inclusions are vbs 0052 | 0.0006 | 0.209 1268 0.604
MAL1 0.046 0.001 0.208 1.270 0.600

most common for heats 1 and 3. For heat 2 the CaO MA2 0045 | 0.0006 | 0205 | 1262 | 0603

content is generally <40 wt-% compared to the other MBI 0.044 | 0.0005 | 0.204 1.261 0.600

heats 1 and 3, where the CaO content is around MB2 0.046 | 0.0005 | 0.201 1.251 | 0.600

40-60 wt-%. The differences can be seen in Tables xg; 0'0_50 0'0(_)08 0'2_07 1'2_61 0'5_%

3-5. In heat 2, the steel composition has half the Ca

_o
content (0.0005 wt-%) compared to the other two Table 5. Chemical composition of the steel melt in

heats for samples collected at time B. This correlates heat 3, wt-%

well to the overall tendency that a low CaO content in

the inclusions (see Figure 3) corresponds to a low Ca Component | Al Ca Si Mn Mo

content in the molten steel (see Table 4) . At the VDS 0.060 | 0.0014 | 0.226 1.224 0.621
, MALI 0.047 | 0.0008 | 0213 1218 0.619

same time, the lower Ca content means that less CaO MA2 0.046 100008 | 0213 1220 0617

could react with the solid Al2O3 inclusions to form MBI 0.049 | 0.001 0.213 1.228 0.620

liquid inclusions . Also, previous heat can leave slag MB2 0.048 | 0.0009 | 0.212 1.216 0.612

remains on the ladle walls ?, In the present MCI 0.050 | 0.0009 | 0213 1.219 0.615

MC2 0.064 | 0.0013 | 0224 1.234 0.604

experiments, the ladles had previously been used 68,

6 and 18 times for heat 1, 2 and 3, respectively. In Table 6. Amount of inclusion in the slab

heats 1 and 3 the amounts of inclusions originating

from the slag were 71% and 73% of the total amount Heat | 1,DM | I,DL | 2,DM | 2,DL | 3,DM | 3,DL

. ) \ . Group

inclusions, respectively (Table 6) . The corresponding 1 73% 50% 36% | S7% 81% 40%

amount of inclusions from heat 2 of inclusions ﬁ“"‘p 0% 0% 38% | 29% 3% 0%

e H [o)

originating from the slag was 39%. Thus, these results ]Clilroup - . ™ ™ % 0%

indicate that when the ladles are reused at least 18 Grou

. N . v T% 0% 6% 0% 11% 60%

times this will increase the risk of carryover of slag

_ _ , o n 15 2 47 7 37 5

remains from previous castings . NA | 3.9E-02 | 5.2E-03 | 1.2E-01 | 1.86-02 | 8.0E-02 | 1.1E-02
ﬁn wy | 3V 387 400 400 466 466

The inclusions that are solid and contain a high Al2O3 *Inclusions with >60 wi% CaO
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content around 60-100 wt-% are deoxidation
products, as seen in Figure 5. It is of most importance
that these harmful inclusions are separated to the
tundish slag ®. If these inclusions are not removed,
they may cause clogging of the submerged entry
nozzle. Here, the calcium treatment in the ladle is
important, since a reaction between CaO and AlxO3
will form calcium aluminate inclusions. These
inclusions are liquid at steelmaking temperatures.
Therefore, they have a smaller tendency to form
clusters as well as a smaller tendency to cause
clogging of the submerged entry nozzle . From the
steel composition for all heats in Tables 3-5 it can be
seen that the amounts of Ca and Al in the steel melt
are generally lower in heat 2 compared to in heats 1
and 3. However, the origin of the inclusions cannot be
determined precisely since inclusions also can react
with the molten steel ©", The steel grade in all heats
was killed with aluminium as well as calcium treated.
Inclusions with a composition similar to those elements
can be formed by the slag ©?". Therefore, this will result
in an increased amount of deoxidation products

SEM — Mag: 15.00 K X

(0]

Figure 5. Inclusion from MISS sample at time A in
position 1, heat 3.

(Al203) and slag (calcium aluminate) inclusions as
seen in the ternary phase diagrams in Figures 3-4. In
heat 2 the origin of the inclusions was both slag and
deoxidation products. This differed from the other
heats, where almost no inclusions originated from
the deoxidation products, see Table 6. It has been
indicated that a higher basicity of the slag in the
casting mold will increase the absorption of AloO3
inclusions ®, The calculated slag composition in the
ladle during the VDS treatment shows that the slag in
heat 2 had the lowest basicity (as %Ca0/%SiO> ratio,
10.8) , as seen in Table 2. Heat 1 had the highest
basicity (as %Ca0/%SiOz ratio, 12.4) and no non-
metallic inclusions originating from deoxidation
products were observed in this heat (Table 6) .

From Tables 1-2 it can be seen that the MgO content
is the second highest in the bulk cover powder (35
wt-%) and the highest in the tundish lining refractory
(60-65 wt-%) . The Mg content in the molten steel is
low. Thus, inclusions with contents higher than the
bulk cover powder originate from the refractory lining
material. In Figure 6, an inclusion originating from the
refractory is shown. The inclusion is irregular and
contains a high amount of MgO. As can be seen, a
layer of calcium aluminate has started to be formed
around the MgO particle ¥, Liquid inclusions will more
easily agglomerate to semi-liquid inclusions than to
liquid inclusions 3, For these reasons it could be

SEM — Mag: 15.00 K X

Mg Al

Figure 6. Inclusion from MISS sample at time B in
position 1, heat 3.
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assumed that inclusions with an MgO amount =35
wt-% will originate from the refractory lining material.
In the slab after casting, DM inclusions with an MgO
content =35 wt-% were also found in all the heats.
Moreover, DL inclusions were found in the slabs, but
in general with MgO contents =35 wt-%. The DL
inclusions’ compositions are closer to the slag
composition and deoxidation products compositions. It
is also known that the MgAl204 spinel inclusion will
decrease the Mg content during the casting process
221 This in combination with that calcium aluminate
react with the MgO inclusion could explain why the
overall inclusion compositions decrease from the VDS
treatment, through the MISS samples in the tundish,
and to the slab, as seen in Figures 3-4.

In Table 6, the percentages of the inclusion group from
each heat are presented. Specifically, the four detected
groups were the following: slag (I) , deoxidation
products (Il) , refractory (lll) and other (IV) . Group IV
consists of inclusions that contain either a high
amount of CaO (over 90 wt-%) or modified inclusions
from groups | and Il. In heat 1, the steel is cleanest
and the sample contains 17 inclusions. For heats 1
and 3, the highest amounts of inclusions originate
from the slag. In heat 3, three of 5 DL inclusions are
almost pure CaO inclusions. However, this is most
likely due to the calcium treatment and is not a
general tendency for the 42 inclusions. In heat 2, the
slag and deoxidation products were the dominating
origins of the inclusions. Overall, heat 2 contained the
largest amount of inclusions; i.e. 0.135 inclusions/
mm? compared to 0.044 and 0.090 inclusions/mm?
for heats 1 and 3, respectively.

4. Concluding Discussion

One vital factor to reduce clogging of the SEN during
continuous casting is to produce clean steels before
casting. Since the tundish is the last process step
where it is possible to separate non-metallic inclusions
from the steel to the slag, it is important to understand
the mechanisms for this separation in order be able to
produce clean steel. Therefore, sampling with MISS
samplers at the interface of the top layer in the tundish
was carried out for three heats in order to be able to
study the region close to the steel/slag interface.

The steel flow inside the tundish is turbulent; after the
steel hits the impact pad it will deflect in all directions
that will results in recirculation loops directed towards
the submerged entry nozzle 1923, Additionally,
previously published results from mathematical
modelling has suggested that the slag is pulled down
by the down-flow of the steel flow and also that slag
particles are being transported away from the inlet,
along the slag/metal interface !"". In addition, it has
been reported that the upwardly directed steel flow
along the sidewalls can push away the slag and
therefore the concentration of the slag mass can be
low %, In the MISS samples from positions 1 and 2
(Figure 1b) the amount of slag was found to be low.
Also, since inclusions from group Il were found in
samples from both positions the steel flow was
turbulent and interactions between the tundish cover
powder slag, the molten steel and refractory can be
detected in both positions 1 and 2. In addition,
inclusions containing slag were found in almost all the
samples. This can be explained by that the focus of the
sampling was the slag/steel interface, and inclusions
can “remain” in the interface before being separated to
the slag. The elements used in the steelmaking
process are the same elements that originate from the
slag. Also, the steel flow will both drag down slag
particles from the tundish slag layer into the tundish
and fragments from the refractory lining. Therefore,
these samples were expected to contain inclusions
originating from the slag. In addition, the source that
overall dominated the origin of the inclusions was the
slag, as seen in Table 6. Thus, the results of this study
show that the formation of inclusions from the slag is
the dominating source of inclusions during casting.
Moreover, it was found that this inclusion type
increased with an increased ladle age.

5. Conclusion

The focus in this study was the inclusion characteristics
at the steel/slag interface in a tundish during casting.
Thus, the MISS sampler was implemented during one
sequence casting in order to sample steel close to the
steel/slag interface. Thereafter, the size and
composition of the inclusions in the samples were
determined by using SEM in combination with EDS.
The inclusions were found to originate from the slag
() , deoxidation products (ll) , the refractory lining
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material (Ill) , and other sources (IV) . The more
specific conclusions from this study may be

summarized as follows:

- The MISS samples were collected from two positions
in the tundish and there were no general differences
between the two sampling positions with respect to
the amount of inclusions. Overall, inclusions
originating from the slag (I) were the major source in
all heats. Furthermore, in heat 2 inclusions
originating from the deoxidation products (lI) were
also common.

- Particles from the tundish refractory lining ended up
in the molten steel and slab. Inclusions originating
from the refractory material were found in the slab for
all the three heats.

- In the heats where the ladles had previously been
used 68 (heat 1) and 18 (heat 3) times before the
casting, over 70 % of the inclusions originated from
the slag.

Acknowledgement

This work has been performed within the Steel
Industry's Graduate School with financial support from
the PhD School at Dalarna university, the Regional
Development Council of Dalarna, the Regional
Development Council of Gavleborg, the County
Administrative Board of Gavleborg, Jernkontoret - The
Swedish Steel Producers' Association and Sandviken
City. The authors are deeply grateful for this financial
support.

REFERENCE

[1] M. C. Mantovani, L. R. Moraes Jr, R. Leandro da
Silva, E. F. Cabral, E. A. Possente, C. A. Barbosa
and B. P. Ramos, “Interaction between molten
steel and different kinds of MgO based tundish
linings” , lronmaking & Steelmaking, 319-325,
40, 2013.

[2] N. Bannenberg and H. Lachmund:
between tundish lining and steel and their
influence on steel cleanness” , Proceedings
METEC Congress ' 94, 2™ European

“Reactions

Continuous Casting Conference, 6" International
Rolling Conference, Dusseldorf, Germany,
25-31, Vol. 1, June, 1994.

[3] D. Mazumdar and R.I.L. Guthrie: “The Physical
and Mathematical Modelling of Continuous
Casting Tundish Systems” , ISlJ International,
524-547, 39, 1999.

[4] J. Strandh, K. Nakajima, R. Eriksson and P.
Jonsson:  “Solid Inclusion Transfer at a Steel-Slag
Interface with Focus on Tundish Conditions” , ISLJ
International, 1597-1606, 45, 2005.

[5] W. Jun, Z, Miao-yong, Z. Hai-bing and W. Ying:

“Fluid Flow and Interfacial Phenomenon of Slag
and Metal in Continuous Casting Tundish with
Argon Blowing” , Journal of Iron and Steel
Research, International, 26-31, 15, 2008.

[6] P. Palai, P.P. Sahoo, A. Dey, T.K. Roy and V.V.
Mahashabde: “Constitutional Segregation of
AlLO3 in Mold Slag and Its Impact on Steel
Cleanliness During Continuous Casting” ,
Metallurgical and Materials Transactions B,
1185-1189, 448, 2013.

[7] J. K. S. Svensson, A. Memarpour, S. Ekerot, V.
Brabie and P. G. Jonsson: “Studies of new

coating materials to prevent clogging of

(SEN)
continuous casting of Al killed low carbon
steels” , lronmaking & Steelmaking - Processes,
Products and Applications, DOI:
10.1179/1743281215Y.0000000065, ISSN:
0301-9233, 2016.

[8] F. Fuhr, C. Cicutti, G. Walter and G. Torga:

“Relationship Between Nozzle Deposits and

submerged entry nozzle during

Inclusions Composition in the Continuous Casting
of Steels” , Iron and Steelmaker, 53-58, 12,
2003.

[9] K. Nakajima and K. Okamura:
Transfer Behavior Across Molten Steel-Slag

“Inclusion

Interface” , Proceedings Molten Slags & Fluxes
" 92, 4" International Conference on Molten
Slags and Fluxes, 505-510, Sendai, Japan,
June, 1992.
[10] H. Solhed and L. Jonsson:
slag flotation and entrapment in a Ccontinuous-

“An investigation of

casting tundish using fluid-flow simulations,
sampling and physical metallurgy” ,
Scandinavian Journal of Metallurgy, 15-32, 32,
2003.

Sanyo Technical Report Vol.25 (2018) No.1



Experimental Study of Non-metallic Inclusions Behaviour in the Tundish during Continuous Casting of Steel

[11] H. Solhed, L. Jonsson and P. Jonsson: “A
theoretical and Experimental Study of
Continuous-Casting Tundishes Focusing on
Steel/Slag Interaction” , Metallurgical and
Materials Transaction B, 173-185, 33B, 2002.

[12] J. Strandh, K. Nakajima, R. Eriksson and P.
Jonsson: “A Mathematical Model to Study
Liquid Inclusions Behavior at the Steel-Slag
Interface” , ISIJ International, 1838-1847, 45,
2005.

[13] J. Wikstrom, K. Nakajima, H. Shibata, A.
Tilliander and P. Jonsson:
agglomeration between Al2O3-CaO inclusions at
metal/gas, metal/slag interfaces and in slag” ,
Ironmaking and Steelmaking, 589-599, 35,
2008.

[14] J. L. Klug, N. C. Heck, D. dos R. Silva and A.
C. F. Vilela: “Mould Slag Alumina pick-up due
to Chemical Reactions at the Metal-Slag

“In situ studies of

Interface in the Continuous Casting Process”
ANAIS Proceedings 65" ABM International
Congress, ISSN 1516-392X, 1365-1372, Rio
de Janeiro, Brazil, July, 2010.

[15] A. Mahmutovic: “Assesment of Slag Infiltration
into Tundish Plaster Based on Wet Slurry Mix" .
17th International Research/Expert Conference

“Trends in the Development of Machinery and
Associated Technology” TMT 2013, Istanbul,
Turkey, 10-11 September 2013.

[16] H. Solhed, L. Jonsson and P. Jonsson:

“Modelling of the Steel/Slag Interface in a
Continuous Casting Tundish” , Steel Research
International, 348-357, 79, 2008.

[17]1S. Buoro, G. Romanelli: “Use of Dry Refractory
Liners in Continuous Caster Tundishes —
Characterization and Quality Aspects” , lron &
Steel Technology, 98-107, 10, 2013.

[18] C. D. Curtis: “Stability of minerals in surface
weathering reactions: A general thermochemical
approach” , Earth Surface Processes and
Landforms, 63-70, 1, 1976.

[19] B. Wahlberg and H. Solhed: “Provtagare for
provtagning i granssnitten stal-slagg och stal-
infodring” , Internal report TMOOO 13K, MEFOS
Lulea Sweden, 2000.

[20] M. Allibert, H. Gaye, J. Geiseler, D. Janke, B. J.
Keene, D. Kirner, M. Kowalski, J. Lehmann, K.
C. Mills, D. Neuschutz, R. Parra, C. Saint-Jours,

P.J. Spencer, M. Susa, M. Tmar and E.
Woermann: SLAG ATLAS, 2 Edition, Verlag
Stahleisen GmbH, Dusseldorf, Germany, ISBN
3-514-00457-9, p. 104, 1995.

[21] F. Fuhr, G. Torga, F. Medina and C. Cicutti:

“Application of slags tracers to investigate
source of non-metallic inclusions” , Ironmaking
and Steelmaking, 463-470, 34, 2007.

[22] N. Dogan, R. J. Longbottom, M. H. Reid, M. W.
Chapman, P. Wilson, L. Moore and B. J.
Monaghan: “Morphology and composition

(MgAl204)
steel” , Ironmaking and Steelmaking, 185-193,
42, 2015.

[23] R. Bolling, H-J. Odenthal and H. Pfeifer:

“Transient Fluid Flow in a Continuous Casting
Tundish during Ladle Change and Stead-state
Casting” , Steel Research International, 71-80,
76, 2005.

changes of spinel inclusions in

Sanyo Technical Report Vol.25 (2018) No.1



I

BRSHERSY VT4V ARICHITDFEBNENOEE T DREHMF

&l

—

BREROREELEICHTDIERIISEIHEITTSY
WOBFELSSURBFEDEZ B L NHEIIDARELD
TWa0, HOHSTIRORTY VT 1Y 1l38ER
DERERIEBTHY, ZOHMDEREICT UEEE R
Li8%. 274y 1DHRTIIEEDRMARBEE
(Superheat) DFEE, /AR EDBEEREEENDTE
BENBRELNERSINDE, ZNEBARIC FEEBNTTED (U
BNEY) ZRTTBENEBRETEDIRIRIETEHD
B, i AROBRILERSIETLRDERELRE
TR ENTEDH,

NEND AT ITENDBRENR TR THD ENEYH
FICBRURAEFN IS TORERTZRBNTLEDOZ &I
mz =&/ ZIVNEICHTE, / ZIVEREAES|I S L, #is
ZEMDBIFICERLOD>TLE DY, ZORICHINT, /X)L
AENBEWOERIL, Y T4 v IRICERET DR
DONEWHER EBEENHD I EMRESINTLNDE,

STV ARATODBR-ZZT-NEDENDIRICH
W, ENZNORERFNNEND RS TBAD 73 BEZRE
ICEETDIENHONTINDY, DEUNEYDHEHIR
RITBE/ AT T RETONTEDDENEP ST DREIE, R
NEICEOTEEAETITDY, SSHIINENDEREN DR
SOTHEANDBREICIT, BEDAERINE ELRZE, 2 L AR
ETUTA Y ANTT— [TRDEDHRD IR E (N DT
ERNEET DO IIBIERE IO ESE A D0,
NEPH ARSI/ AZIVREICERELIEEE, ZDNEDIT
) REZBELESBICZZIEANRURAEND ) REC
BEUBONEMEREL BUOBHHANREEND, &3
i) REEFCIREL, BEBRRABEELISRINERD
RIFEBDH, £ NEDDARESTH150~180 umDi5
Bl 2T TRARYRAENT-NEDOBR W ICITELVERD
TAIWLHEREIND I ELHEINTHEY,ZDRKICK
DATINDNEMRIUT T 2FEEEZONDH Y,

NEWHSBI/ A S ITREICEELZELTEH ARES
PERDEHICL), A THARYRAFENDEICHREIC
WETDIEEHDON, IS NEONEDISERIC
FURE - KBML, BN SOBRENBZEEDE, LA
LD DN EDDRESEEI, NMEDHAER/ R > REIS
BHEIDESKUERATTRIIEET DHNRESND &
WESINTND, NEMDI T ITENDBREERARE
M D2HICIE,R2E CRI/ S /N EYMRE) OB0
ENME RS TEERAHNELRNERTDENZSYT
DHMEDNRBBEEHLNTIND® D, LAMLELS,RXZTH
ANDALOSNTEYDRINUI R Z TR EZE =, 2 NIF R
SODHMEZLIEDRZENHMONTINDM, /ey
TAYIARTORAZ TS BB SDAIL DT LT
WIx—bhRASTDRACELODTCEEERZ TBIY, &

12

JTAY Y IARDA T IIIFERMICL O TIIBEANEE
TIRAEN, INUSFHL VN ZEERT DU BERIICIE,
fEERKFBERANDEREDRAZ IR TH2/zELT
LBRZXZINEEMONNENELTHRLTLED
ZENHD, T, T AU ARNDBERREERTHE
KOS BEDAS THRNDEE RS XCZDEDI ST

DBFANDE S AAZHIBHOBRALTZELTL\D
ZENRENTINDIE, 5|2 AMREICK D THEE

DNEDD T T4y D ARBBP TSRS N, 2D &I
FUNEMDOBREDBITOND I EE|ESTNTLIDY,
ST Ay ARADBMIFFEEKICY T A VAT
A HSOBERBICEODTERIEINGED, 20D
RRIIBRERDBEZEICHEERITTROT, F T (Y
AN THEREINDMAYIIMgOR T H W, Fayalite
(Fe2Si04) &EForsterite (MgoSiOs) D EAATH D
Olivine TR SN T \D, TOMgOEDRI NI, (KK
BICMBEENMBEN EADMAME L TCRERLMBMTHD
ZEDRENTLBHUT Olivineld 7L I FILV RIEETIC
&9 (1), (3), (B) ODRIEEELLEFEDI:

2Fe + 20 + SiO2 = Fe2Si04

AG’: = 1379.93 [kJ/mole] (298.15 K) t¥ 2)
Mg>Si0O4 + Si02 = 2MgSiOs3 (3)
AG’ = 3301.44 [kJ/mole] (298.15 K) ['¥ (4)
MgO + ALO3 = MgALO4 (5)
AG’r=-2188.96 [kJ/mole] (298.15K) ' (g)

BEATHANDSA Z 0 JIRBTDEBMPICERY
DVIWVIZOLEDRIBICE D TER/MAMAREICAE
FIVRIFHER ST ND, BIFIC, ZNOORFIImAgh
SRMAA C Rt L A/ AR EICSITDINEMER
BB, ZNODNEYIIEBLTAIBIC ) r— K
RVOMgOEEEEE T DU, MMM &AM TOR
RBRTVPILDEND S AR/M A RE I ITELERD
BhAFERIND I EEREINTH YL MAHICA
HEIDEBRPOEICMAYHICS ENDEMEEBLEYE 2
DBEREHRFEBUEDN, DU — NROBEYIT, N
SBILHBORICESEINDETORILYZEBH T, Z
DFERAILO3¥®Ca0,Fe0,Mg0,Z L TSiOZzE L EM /S
MEF DA ITNERIND I EEKLD,

FUOTA YA B KOS T4 v 1 ATTDH
BHVBRRICEET DNENORE, £/ ITHERE(LDE
HEmBDR, ZnPz EFEDSNHERET DI
I3,/ ARE L LOER/ RSB TOR I BRI
EERIDIENEBRELDY, BRI MEBET) IH
FUOBMERTET) VI ETIVAT— IV AT LEDEN

Sanyo Technical Report Vol.25 (2018) No.1



IC&W BSOS INDN EYREZES ZIEH#ICKIR
TDIEIIRIZHL LN,

T4V ANTONENERICE T DAL AR
MTIIBLSRBITH Y REDRETEAICTRESN
EEDTHD, RETIIERR BN EDDEE 2T TN,
T4V ARICENTHTOMUEBRICHD =DM
DB/ RS VREAOY > TV EHEIRR LUz, S5I2,8
#0/ 250 RECBHE/MAYRE, FE2DOREHIEDSK
DICNENDRESPHEBICEET DN DN TERZY
THEZRMEL .

2. RERF5E

2.1. BR/ZSJREY > TV DIRE

EHICHITDIERAEIIZA Y T —F 0xelosundIZiIE
L. oF—B&HFCHhDSSABICTEMRL I, HTHIIE
ESEERN OBEGIRIET CERASNDREREMETD
IBLAWEEOSHE - BEREZEIEL TLVD, SSABD
HETRIISFNSHBEY, b—E— R AW—ICTEHERR
MU BIPCHRZERT D2 ETHAERE L, RN TEER
BRICCEEZORME KR RE BREHREL , BEIIICX
SINEHETDIERTHD,

AEERIIEERM (0.165% C, 0.055% Al, 1.25%
Mn, 0.22% Si, 0.6% Mo, 0.2 % Cr, wt-%) DOEETO
TRIZENWTEBL Tz, BERBEHROBEE(L190tTH Y,
BREREI & LTI 7L 2O LZBN, F N EMFETIH A
BRELTHIL LD LZERL, BREEZIZIBILHE
ERAEEIIN,BE30tDSY Ty 1ZBNTHEL
Too AT T M FEIF220X1680mmTH D ¥ T4 Y1
DZAZ2T ,BRUOE/NDT— il %Table 112779,

ATV EBMEDHEERLEEZRET 70, HBHREUS
[IMISS (Momentary Interfacial Solidification Sampling
vordl) > 7S5 —% ALz, AMISSH > TS —I312mm
EZDfmICTIERE SN, MBRNICEHEE (120X 100mm) #
REFER T DN ZHABEINTHSY,80XB8mmDEH
WIS NTIVD, Figure 1alliRB L= > 7ILER
LTHY,BREICIETEBIVEL - 2ERTZEEL TUVD,
MISSH > 75— I3 IREBICEHR A BB INENE DI
D—VICKUKIRENTS Y, /-REIFEHB EDOFN S
BEDEHICTYF U IREBERLTCIND, ZOMISSH
To—%HZRNWDIETAM/ A7 REOHAMZFRELY,
AR BHIIFTLFEG-SEM (Zeiss Merlin,Oxford Instruments
INCA Feature for Windows 713 ) &EDS (Energy
Dispersive Spectrometer) Z#lAShHhEERTHIET
FEEIT O

BE—NBE6DOMISSTH Y TS —%ER L, IBRZDR
DOHERICBFERAITSIETAS3E—MIDWTHESR
7o, U7 IVISHERBMEE GEBHMAT,MA2) &

BRSPS VT U D ARICHITDIEEERNEDES IR T DREBEMFT

WEHBHLZFEIHFELF GERMBI,MB2) 2L T
BERT ULRE— FDOFHEABITLTIVDE (MC1,MC2)
IZBNTENZNIREL oo AR OFEUIMISSH > T —
HEYVTAYARISRESEOMRFISDIETITD
feo ZT AV ARICHBITDAEM/ S T/MINYEES
BZFMICAEI AN HRRBUGIZ®RE LIIBAUAN
BERBBFANOSZHMD,BEWNNIFITTDIBMERAR,
—DEDOY T U IIGFRISTAMEDER (BhrS
110-150mmDE) &L, INISTA S 1 Z 2 JICi#2
HLUENENEEOREEZEMNE LIz, ZDEDY VT
OGBS AEL SEEN, PRI ZEY Ty 1D
FRICMMBLTHY, EICHY Ty 1/8305—E A
COMEFEZREI DI EZBNE LT

NS OOHEBHFENIE%Figure 1blZ7RT, Iho
T4V ANODEMRERICMA, FE— MBICTER
(OURYy 7TARK,12mmE) ZiHEDRILIETHDVDS
(Vacuum Degassing Station) B/ X 248 7% (BB
FUEREBLTze &8 E—MNEBRDRZTICHBINTE,
2 TREANMNDI/AREIDEZ A M SEMZ1DFRILUH
RICELTe AT THSDEBMRRFESELTIE HBETE
BERETOREZBDINBERADAERZHF 0 HIAHE
ZIcEEDATTEBAT,

2.2. 50Ty SIEBMULEHABONRGE

MISSICK WUIRER L 7= > TILZR AR EZSDEE
(Figure 1a,%8131) KWUIEBAEDUHE Lz, ABOXE
EF20X30mmE L N—T T4 MIEBORAATZDBICH
EBEELUI. NHEYOMEKRPCHEMMEHE (ECD:
Equivalent Circle Diameter) MEFE&EIFINCA Featuref
FEG-SEMEEDSZMASHE CHERT DI ETITD
INCA FeaturelZ K DFFAEIFECDAS.7umE ) EHKRENDT
EMEXTREL NEVZRERFEBREIDIETIS—
(NWHFZN) EHRR LTz, VDSBS LUV R T THSHKER
LI DWCHLEBRDABEER Lz, F/z, s
D MIFOES (Optical Emission Spectrometry) ZR V=,

INCA Featurell X DRBERERN O, RHAFKICHSITDNTE
MIZDRESIHSZDDIIN—TIIHITONDZEHLS
"y, —A%=ZDMNEY (ECD 5.7-11.2um) ,(H2>—FH%
DL 7% (ECD=11.3 um) EEHL,

3. BRBIUVEE

MISSH > TS5 —%Z R\ EIBEDMFT TS, EMICORK
Z2URASTRABHHMEBIIEON TV, A
RT Y7401 RS TRISOEN & AR L RICHE
DHDBBATIBEQBR LB\ KIFEED2EBEL
BOTWBEEBR Tz, LALEA D, AMISSEHKTIE
CDBRMASIBEBREIDIENEBTH DIz, /DT,

Sanyo Technical Report Vol.25 (2018) No.1



BRSHERSY VT4V ARICHITDFEBNENOEE T DREHMF

BEMIER A IIMISSE KA AR/ X > RAEIRFEICAE L
TeNEYENRE L,

INCA Featurel X DIRBRRIT, NEMHEL A ITERZ
fEAALO3,Ca0,MgO=TRIC/ —V T4 A L= TN,
EEIDDEANZDMDEALIVEEZELLED DD
Thd, Al203-Ca0-Mg0 =xXRikRERZFigure 2(Z7R
e, NEYPRAEBLRITE—NEST T U IIREIC
ST 7Ow bUL7= (@) : VDS, (b) :#5ERa#Es, (o
$5HEHER, (d) (#5817 HE, () : X5 7), Figure 3,Figure
42— 2, E— F3DNEMRBREREZTT, E— M D
BERITE— F3DHEREMUT N HRRITERIEL T,
FUNEMIZOREE (I) 2>, () BB, ()
WAIDIDDIN—TICHETEDZEN DD D, T
JICBELENEY (1) 13,BEEETHD1522-1541
CIZBNWTRIEEHICHRANIE L TD, BRABDT7 IV
IZOALIF0ERIGT DT ETALONENEERT D
Eho RBERMERES LINEY (1) (360-100wt-
%DALOEZEL, 3DEDZIL— () IZDTFENBN
EMIEMgORTH Y, CNIFY T4y 1DZ1 =
VOMICERL TS,

STEICKWUKRDIZERR T Tk ZTable 2I27R9, X
T JHRRIIEIR U e = R BRI AR DR B SR B S (LB
LT3 (Figure 2)o A JIZERELENEYDHERKIE
CORMEBEHERICABEL,Z L TENOSDMJOREITK
<1TOWt-%FRBThHDlze TE—MIHNT,ZZ T
NOIFZDIZTRANENHZS L BEIN, £/
BENEWSDMAEN EDLNEYOE AL SBES 1
o LBLEDS,E—M E=F3TIIINBEISTEER
DONEMHEEZERBNEN THY CaOREIZ40-60wt-%F2
ETho=0IF L, b— F2TISLEBEMCaOEEAEL,
L T40wt-%FKRiEm CTh oz (Table 3-5), E— ~2TII
s REICIRE L 7= > T IR DCaEE H'0.0005wt-%
ThHhY,INIZERFIBICIRER L/t — DR ONED
DRETH DIz DFWE—R2IBITDINEDHDEN
CaORE (Figure 3) I8 DENCaBE (Table 4)
ERKWIELTNDZ EEKBD, THIC,BRHPDCIRE
MMENC &, RENENEERT DRI T HDERAILO3
NEDECAOEDRISELD RN EEBHKRT DT, F/,
BBASH L /-aiE— MDD ST ISEAEE X E L1ED R
EEPNTHY , AMFRTIIE—M1,2,30DEERIIEER L T
l[CZNZn68[al,6[ol, 18elmaiHERIEL TV, E— K
1BEUITRHEBHEINENENDOIEZNZENT1%,
73% %=X T JEANEDH EHTL V- (Table 6) —5T,
E—R2ICENTINICEZTDNEDIEI39% TH D/,
TROBAMBEDOERN O, EBZ18EIM EFERAT D
EICEUBIE— M SDRSTDEBH L DHEEEEN S F
B ENRBI R,

Figure bBICESN/=X DI, BFRIAEDAD60-100wt-%

14

EWDEBWALOIREZE T DN EMIERMEEEMY T H
DEEZOND, INONEMITRE/ XIVDBREES|E
BZITED,IVTAVIIRATINEREINDRET
H30, BRI, I LMEBEREY 2 ETCaOEAROs
EERIGEE, EIEEGICS N TRIFDREDNEDANE
WEIDIEEEEBEEHED, INORIFIREEDNENILY
T2 —FERDOITREMERRESEDEITTELSBE/X
IWEED ) ZAVHEASED T EELDY, Table 3-5(2
RUEHARADERL S, E— F2IZHF2Cads LU
ABEISZDMME— M ,3KUERMEMICENI ENRT
END, LHLEBHASNHEMIIBME RIS T DIZHICN
EYMORFEZERICHET DI EISEHBTIIH D, KX
BOE2TOE—NMNITIZIDAIIXIUBBINTSY,
FrDIVDDLRBEEEINT VD, £/, INODED
EEALENTEMIRZIICEOD>TEERSINEDR, 74
B, INSTILI ZOLICEDBRBIBERIURZID
F1Eld, Figure 383K UFigure 4(CTHRESR S NI-REEER
MTHDALONEMER T TRANEN (DILDTLT
IWIx—b) OBEDERICEN D,

Table BIC/RLTEEDICE— R2ICBEBNWTIINEDDIE
BIEZAZ T ERBERYOBA THY, L TZDMD
E— N TISBRBERMICERLIENEMITEAE TS
nmwh ol INETOMRT,E—ILRRDIZIHE
BEETHDIFIEALONEMDZZ I ANDIRPNAEE S
N3 ENRESINTINDE, ZDRICHINT,Table 21
RUVDSIEBRODSER S JHEEHL S, E— 2D ST
WEREEREBEECTH DI ENDND (%Cal/%Si0s =
10.8) 3L CE—N1,3TIIRSTEBEEIIS L (%Cal/
%Si02 = 12.4) ,.ZhnoDbE— ~TIIRBRERRER D
NEDITHEESINTLVEN (Table 6),

Table 1,Table 275, &t &EMgOBRE DB (IIE 5 >~
FTAVATAZIMAPTHY (60-65wt-%) AL
TINIWDHAN=INDET—THDZENDHD (35wt-%),
BIROMgBE IR EDD /D T/NILD H/N—/ND
F—XNEEVWMIOBREEB T DN EMIIMAMERT
HdEHRTE D, Figure 6ICTTAYERNIEY DRHEHE
RETRT . NEVORIRIZZEDMDNEN & LERETMDY
H'),ZLTEIWMIOEBEAE LTS, ZLTCEANRT
HWERTEDEDIS,EHINEMDORBETIEIAILDLT IV
IA—MEDERIBEOTND I ENDNBIY, IhFE
TOMFKY BENEDIRENEYE LX) LE-FH
BNEPEDANBRELBNESHhhTI\DE, DFUZ
ONEYPELETOREZEICKL D> T,MgOREE %=35wt-
%A EECTAMERDONEMHER S NI EHRIN
%, 2CDE—FT,MgORBREE3BWt-% U EZ LN EY
IIDMAEME L TERESNE—AT, A 7HhICRES
NEDLAEMDMgOEEITH L T35wt-% U T TH Y, Z
NoDMEMKRITRZ 7S LU < IIBREERMERICIEN D

Sanyo Technical Report Vol.25 (2018) No.1



foo MgALOsZ EXINTENHFOMIREIIHERICET
THENWDETMRERDE X, DIV DTLTI I 32—
MEMEMGONAEMEDBMARICHRIDIEE X
LENDZEND, INSOERNVAATRICHITDVDSAE-
FOFAYA -ATTETONEDTHIMIBEEDETIC
BE5LIEHREIND,

nEYE (1) =7, () BEERERY, (1) M4, (V)
FOMODII—TIHFEL, FNZnOREEIEEZE— NE
|ZTable BICRUTz0 ZDMIIL—T (IV) (CDFESIN=N
EMIDONTIIECaOZENEY Q0wt-%MU L) Z2A
T\, FPEBEBRTIIE—MAREBZENS NE
MOBRHEES1TETH DIz Flo,E—M1EE—R3IZ
HBLTNEDIIZAZTRERADEDHIFEAETH DI,
E—r3ICBENTIIDINEMALDIEE SN2 ZEN SIS
ZIFFHCaORR DN EM TH Y, NI AL D LARIBITHE
AT D He— NTRESNZ242@DON T DEE
ERTEDTIIENEEZEZAON, E—F2TRERAZIH
FUOBRBERDHINEDDIFEAEEHDHTHY FAEL
E— FRLNENORESEENSN D/ (E—H1:0.044
f&/mmz,&— ~2:0.1358/mmz, = — £ 3:0.0901&/mm?) ,

4. BEEILD

ERBEEICHITORE/ XIVBAEEBILETDHD—D
DENEFRITER2EDSWVHZERTEIETHD, ¥
VTAYDARNENERTTRNENBETE DRI TN
EATHD LD EERERREERRTDICITET
ACXATONENREANZILZEBRIDIENERLE
5%, ZOIEHAMETIIEHIE— MOERETOLERE
WHRELMISSH Y TS—Z2BNTY VT« v o 1RAR
/25 REOEMZ RN LUATEEIT O/,

YT 4y ANTOBRRBARIIIERTHY BN S
FOTAY D ANDFENRDA 2 INT by RICERLU
BABABIRALARANAENZEZ D, KUY
TAY :/llj\jl?tifgfﬂlllu@j@ﬁﬁﬁﬁﬂ)l/ ThmEn,—
BIERE/ XIbANE[mh D 5 BREROEES
Ial—23 Vﬁﬁiﬁli,iﬁﬁmﬂ)—ltf‘%iﬁt:ﬁé??15773‘
BERNICEZTAZIN, SDICZORTITNFITER/ R0
RENIAD CORMRARN DR AERINED I LN
HEInTWaM, e,y T4y ARMESETODE
WMOLERERCKIWVRZINMBLEHEN,ZZTENRET
DENVDEREMESNTL\DN,
> J&ELUTERELRGA (Figure 1b) TIERZJEIT
DRLLRZBITION, =T (MAMER) (CH5ES
NBNEMHEIEBDO DDA LIREUSFIO®E T > TILh
SEHENZEN S BARREIIELRIRRETHY, 5 >
TA Y ANN=IND T — [ER/MAOEERIGIEES
SOMBGFRICENTEROONLIEERD, 2D L

[5.16,23]
o

KHAFZTMISSH >

15

BRSPS VT U D ARICHITDIEEERNEDES IR T DREBEMFT

DO NEMIIBRESNT AWM/ A IBIC "EE LT
WeEIBRTED, RTREICBWVTAHWWONTINWD/KD
IZZAZIICEAT DR EBKRTHY, - ARREITS
VTFAVARTIICRBALLR T INF,Z L THAY
DOREDERZTANERLEET, DT, KRAF TR
BUEY Y TIICIER S TRERDNENEEATINDEE
ZZD ENTED, SOOI KMTER/RDTable 6ISRLT
DI BHERBHFPICFEELTLDONENDIFEALT
Z?ﬁi.—c‘%U ZFLTZDIA TDONEDISEBDME
BEHEESICBMT DI ENDN D,

5. #&

AARISERBERS T 1Y 1RNTOD, B/ ST
REICSITA2NEDICEB L TiThnlc, ABREELT
MISSH > 7S —%RB LB/ A JREOY L%
REE REDEICSOWTRESNENENDRESE L
UM ASEM/EDSICEWUHFE LTze NEWMOMERKIE (1)
2Z7, () BREERY, () WMA®,ZLT (V) Z0
fthiEe R _’\*Eénto LAT AMRDERELEHD,

-MISSH TS —IC&WUS T4 Y IDZDDRKED
BERH S aﬁﬂéhﬁybrzb‘ NEYPDEICDNTERIIR
HonEh oz, EE—rNEBLUT,ATIWNEDDE
[EDRBETHDZENREIN, E—R2IZBNTIE, RS
TEREANEDICNZTII—TNIDES NDHREBERY
BEONEMLEE SN,

CAEN, RS TREBICY Ty D ATAPICERY S
NEVHRESNBFICZSTHTIEIZETDE—NTY Y
T AV ATWNDERDNEDHRO SN,

- ERAEEANG8E (E— K1) ,18E (E—h3) #i#8x
ERBZRWN S BERARAICEETDINEDD
T0%LAEISZ S TRERDNED T H DI,

HEE

The PhD School at Dalarna university,the Regional
Development Council of Dalarna,the Regional
Development Council of Gavleborg,the County
Administrative Board of Gavleborg,Jernkontoret - The
Swedish Steel Producers' Association,Sandviken City
NPoDOMAEEEMICHEERT D,

SE Xk

R.EEEE

Sanyo Technical Report Vol.25 (2018) No.1



