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1 Introduction

The sliding nozzle (SN) plate refractories are
installed inside the SN devise and used to control the flow
rate of molten steel. Former Kurosaki refractories Co.,Ltd.
began research and development of the SN plate refractories
together with the SN equipment in cooperation with
Yawata Iron & steel corporation. (currently Nippon Steel
corporation). After obtaining the right to manufacture and
sell the SN devices and refractories in 1969, the
development and improvement of materials have been
independently promoted since the 1970s. The former
Harima Ceramic Co., Ltd., which was merged in 2000,
had produced the SN plates at the Ako Factory, but the
manufacturing bases were consolidated in the Yahata
Factory. In 2004, an alliance was formed with the former
Toshiba Ceramics Co.,Ltd. (currently CoorsTek KK)
regarding casting refractories related business, and the SN
plate manufacturing base, SN Refratecture Tokai Co.,
Ltd., was newly added to the Chukyo area.

All three companies are mainly ALO3-ZrO,-C
type materials that are fired at high temperature and
impregnated with pitch. And the development of the SN
plate materials has been promoted by improving both
thermal shock resistance and surface abrasion resistance.
In particular, after the merger with the former Harima
Ceramics Co.,Ltd., the manufacturing process was
reviewed and the new materials were developed to improve
the quality and productivity of high-temperature fired SN
plates. There was an introduction of non-oxidizing firing"
as a new technology.

A new material, WRX,

manufactured in the conventional firing process has been

that could not be

developed*? by controlling the firing atmosphere instead
of the conventional reduction firing in which coke is filled
the sheath of SiC, etc., and molded body is embedded and
fired.

On the other hand, after alliance with former
Toshiba Ceramics Co.,Ltd. (currently CoorsTek KK),
combining the high corrosion resistance light firing pitch
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impregnation technology*” developed and possessed by
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Kurosaki refractories Co.,Ltd. with the closest packing

technology® and  statics based material
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design
technology®'” possessed by former Toshiba Ceramics
Co.,Ltd., a new HYPER plate material was developed''?
in SN Refratecture Tokai Co., Ltd., which has no pitch
impregnation with high durability equivalent to that of
high-temperature fired pitcch impregnated materials.
Currently, the HYPER plate is used by many customers as
the main products of the company. In addition, as the
main wear pattern of the SN plate, the mechanism of the
“surface abrasion ” of the sliding surface, has been clarified
gradually'® and some potential methods to reproduce
the surface abrasion in off-site facility have been
devised'®™. In this article, the topics on the technical
developments including the SN plate materials and
evaluation method, in the Krosaki Harima Group, mainly
after being merged and formed alliance in the three

companies are described.

2 Development of SN plate material
2°1 Development of WRX products

In the former Kurosaki Refractoires Co.,Ltd., high
temperature firing pitch impregnated AlL:O;-ZrO,-C
system products MRX?” and SRX*" have been developed
and manufactured as main products for the SN plates. The
material systems use phenolic resin as a binder, and are
weighed at a specified blending ratio. Then after kneading
and molding, the molded green body is filled with coke
powder in a sheath, fired at high temperature in a reducing
atmosphere, and impregnated with coal tar pitch to remove
volatile components. Both products MRX and SRX adopt
alumina zirconia (AZ)**?? or zirconia mullite (ZM)?** raw
materials for the purpose of improving the thermal shock
resistivity. In addition, carbon raw material and metallic Si
are added to improve the strength and oxidation
resistance®?® by forming whisker - like [3-SiC. They are
also characterized by high oxidation abrasion resistance by
using a lot of ultrafine alumina®” as raw material. The SRX
is product optimizing a balance between FeO resistance
and thermal shock resistance by adjusting the ZrO»
content?’. Materials properties and quality of products
have been improved mainly through optimizing the
composition of aggregate raw materials, and the additives
such as antioxidant and sintering aids, and adjusting the
particle size distribution hitherto. However, the [3-SiC,
giving strength and oxidation resistance to the material,
disappears by exposing to molten steel for a long time, and
the material deteriorated, causing damage in the sliding
surface. It was recognized that there was a limit in

improving the durability for these material systems.

Therefore, we investigated to improve the resistance
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to molten steel and molten steel oxidation by incorporating
AIN in the matrix together with the f3-SiC. However, the
conventional reduction firing technology was not able to
obtain the target properties and product, because of
reducing yield due to deterioration of ZrO: component in
firing process and limitation in the amount of AIN
formation in the atmospheric condition adopted. Then we
investigated the firing conditions including the atmosphere,
and finally succeeded to develop a new non-oxidizing
firing technology to produce the material containing the
AIN. Firing in a non-oxidation atmosphere furnace was
the

atmosphere strictly. It gave advantages not only in reducin
P y- 1t g g y g

performed with controlling temperature  and
both firing time greatly with increased heat efficiency and
the working load at the removal of the fired products from
the furnace in decreasing unevenness in product quality,
compared to the conventional firing process of embedding
a body to be fired in coke powder. As compared to the
3-SiC, the AIN incorporated into the matrix of the WRX
has higher stability at high temperature conditions with
corrosion resistance even after being oxidized. And one of
the features of the WRX is high temperature strength
superior to both MRX and SRX system materials due to
the addition of the AIN into the matrix. For this reason,
the elastic modulus of the WRX tend to be high, so
appropriate ZrO: system raw materials are selected and

applied due to improve the thermal shock resistance”¥.

Figure 1 shows the relationships between hot
strength and cold strength for both WRX materials and
MRX / SRX materials. Table 1 shows the properties of
Z1O; system raw materials. The Al,O3-ZrOz system raw
materials AZ(D has small ZrO, content compared to

0 0 2'0 4'0 50 AZ®), but has low apparent porosity. And the ZrO; -
mullite raw material ZM@ has almost same chemical
Modulus of rupture / MPa composition to ZM(®) but has low apparent porosity and
Fig.1 Comparison of the modulus of rupture dense structure. Fig. 2 and 3 show the microstructure and
between [3-SiC bond materials (MRX,SRX) thermal expansion property of these raw materials,
and AIN bond materials (WRX). respectively. The raw materials AZ(@ has fine grains
Table 1 Composiotion and properties of ZrO, system raw materials
Raw materal AZD AZ® ZMD ZM®
Bulk density / g-cm™ 4.24 4.20 3.70 3.60
Apparent porosity / % 1.6 7.9 1.7 3.1
Chemical composition / mass % |Al,O; 75 60 45 45
ZrO, 25 40 38 37
SiO, - - 16 18
Mineral phase / % m-ZrO, 90 100 95 100
c-ZrO, 10 - 5 -
corundum O @ - -
mullite - - O O
m-ZrO, X ZrO, content / % 22 38 36 37
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Fig. 2

Microstructure of ZrO: system raw materials
shown in Table 1.

112 WRX A EE MRX, SRX AME LD #
R & W R ORR T R T, T2, FLIZIEDN
=T REREOR R R T, TIVIFINVIA=TH
FEAZ DIiZ AZ QL CONVa=T7EFEID
28, AN RILERDPMR R LR R 7o 72,
DNVA=ZTAIA N ZM O ZM @k [LEEL T, 13T
[ CALA T 54, RBNF RILEIME B 2
M E D, B2 122N O 0FE RO I 7 ufilfkz,
SIIFBIRESEEZ R, TIVIFINVa=TEk
AZ DiZ AZ QL LB LTI T 2 5 L OEMEDS
INEL, BV amTEa T sy AR Ok i
SRR SN BB A BT 5, BRI
iR (m-ZrOz2) VIV aA=TEEENLRVAZ OO
HHAZ DL LEND, U a=ToOMEERIRE
RAEZALDS AZ @QL N /NS, #0 R BE %=
FCH, NADHIRO LI, T3
NDERPHRONT VS, T2, ZM O ZM @&
LT, MBI OEoYva=7k 72wl
ZeRR S L 70 R MR A FE . F72, 1ZIZFICAL
FHTHAIN ZMOIZ ZM QLI Nva=7DH
BRREIPEY RFE ALV NSV, DT EN DKL
BB IR X A NADPHEEO LB IHI SN A2 T
<, FEBAEOBILLIHI SN B4R A ST
W,

AINZEALZZTMN) v Z7ALEINLEDOI VAT
REROMAEHEIZE D WRX A EOA T
#EK 218 T, WRX AMBEIIEROMBEREDD,
L w ) BIHE O IER Py DRI SO B E BN L
7-HEFEATLGE SNBIFEO/\IE SN T35 0 2144t 32 ) #4
& LTHEEIN TS,

1.2

corundum
10 } /
< /> AZD
E 08 } /
%. 0.6 }
T M@
E o4 }
[0]
ey
|_
02 } MD
0.0

500 1000 1500

Fig. 3 'Thermal expansion properties of ZrO: system
raw materials.

diameter of primary corundum crystal with a dense
structure composed of fine ZrO: - corundum eutectic
crystal compared to that of AZ®. Thermal expansion
coefficient of the AZ(@ with less monoclinic zirconia
(m-ZrO: ) content is higher than that of the AZ®),
however the volume change with phase transition of the
m-ZrO; is smaller in the AZD than that of the AZ®.
Thus, even in the repeated heating conditions the AZ®D
was hard to deteriorate the structure with having excellent
abrasion resistance. ZM( has a fine structure compared
to the ZM(@) with fine primary and eutectic ZrO> crystals
with few pores. And the ZM@D and the ZM() have almost
same chemical composition, but the ZM@ has a smaller
volume change due to the phase transition of m-ZrO: than
the ZM(@). From this, as a result, wear of the brick structure
due to repeated heating was suppressed, as well as the wear
of the raw material itself.

Table 2 shows the typical properties of WRX
materials by combination of the AIN introduced matrix
and these ZrO: system raw materials. The WRX materials
are manufactured as our current main product at the
current Yawata SN factory, with reduced wear and damage
due to the thermal shock such as edge peeling and the
contact with the molten steel such as abrasion of the sliding
surface.

2°2 Development of HYPER products

In the former Kurosaki refractories Co.,Ltd., the
excellent corrosion resistance non baking type and light
burnt pitch impregnated type plate materials** containing
large amount of Al powders had been developed and
manufactured. In these material systems, when used for a
high erodible steel type with high oxygen content, the Al

added reacts with oxygen in the molten steel at the working

Krosaki Harima Technical Report No.167 (2019)



Table 2 Composition and properties of WRX and MRX series SN plate materials

] WRX MRX
Material
A B C D
Chemical composition / % Al,O4 82.0 77.3 79.9 771
ZrO, 10.0 12.2 9.3 9.0
SiO, 4.2 3.5 4.0 6.7
F.C. 4.0 5.8 6.1 7.0
Bulk density / g-cm™ 3.36 3.46 3.42 3.34
Apparent prosoity / % 6.5 3.5 3.7 4.5
Modulus of rupture at 1400°C / MPa 23 23 23 19
Modulus of elastisity / GPa 52 63 46 56
Thermal expansion at 1500°C / % 1.00 0.89 0.95 0.98
2-2 HYPER DOR% surface to form a continuous dense Al,Os layer, which
S22 TIZT IV I = A% £ L&tk serves as the protective layer, so it has obtained the
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Fig. 4 Particle size distribution of HYPER plate
(Improved) and closest packing (ideal)
theory curve in comarison with conventional
material.
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suppressing effect of the damage of the sliding surface with
improving the durability’>”. After the alliance, the former
Toshiba Ceramics Co.,Ltd. (currently CoorsTek KK)
worked on the study to optimize both blending and
manufacturing conditions using statistical method”'?, the
non-pitch-impregnated material HYPER materials were
developed''? at SNR Tokai Co., Ltd. which was then
spun off from the Toshiba Ceramics Co.,Ltd..

The hyper plate had been developed in the concept
of environment-friendly products with improving the
performance. In addition to optimizing the production
processes including the firing conditions, as the material
design, the pore size was controlled by adopting the particle
size distribution approximated close-packing theoretical
formula ¥, and as the result, the weakness due to the
oxidation embrittlement was decreased compared to that
in the conventional materials (First generation HYPER).
Fig.s 4 and 5 show the particle size and pore size

distributions of the raw materials respectively. On the
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Fig.5 Grain size distribution of HYPER plate
(Improved) and closest packing theory curve
comarison with conventional material.



TREFEOMMRITBL 72k R E 359 2
ECHRILELBIML, HERME L B L TR LIZ X
HIEEH LA CE T A Z E A IR (58 T HYPER)
U, 413 HYPER 7' L — h > IR ks B 5347 %
B 5 IZIEF UK AALES R~ d, — /T, O
BRIE Y FEBTLHIERRER~ N v 7 A%
FHLTCWA 2 EPLMEERD L, IAEEMEICS S
HPSEETH o7z, 2T, MEtFENRFE Vv
AT TRERVT, &8 Al BXURRY — RO
mExf#ELL, X62EBD Vv M) v I A%k
95 L CKRIBREEROMLIR L ZERL, £<{D
FEIF TR RER T LR (BB TR
HYPER) %, 7, 512, A2 EBICHRINL7-E
i B E O RILZR A G35 2 & T, AR,
REH TRE 2 ALOs (RFERZIEKL, 22>, BE
JiE % 2\ 7215 O ER LA 0 18 B 7 A b & i i R
ALZIHI L7z, T A & 21 B 2 e A 2 724
BB e ns sk Y,

other hand, these materials have a problem lowering the
thermal shock resistance with high elastic modulus due to
a rigid matrix designed without impregnating the pitch.
Therefore, using a statistical method of the Six Sigma to
optimize the additive amount of metallic Al and special
carbon, and to design the matrix with low unevenness, the
elastic modulus of the material was lowered significantly,
resulting the high performances in many actual operations
(second generation HYPER)'. In addition, by controlling
the porosity of the material with enhanced corrosion
resistance by the addition of a large amount of Al, a dense
ALOs protective layer is formed on the working surface
during actual operation, and also, by suppressing both
increases in the elastic modulus and the densification of
the internal structure due to the thermal history, the
material with improved both thermal shock and corrosion

resistances could be developed'?.

Figure 6 shows the air permeability before and
after firing at 1500 °C under a reducing atmosphere of the
developed material C which contains a large amount of Al

and as the comparison with the conventional material A,
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Fig. 6 Change in air permeability of SN plate materials A, B and C before and

after heating at 1500°C for 3h in mantle heating with coke particles.

I Material A

(l

L

Fig.7 Microstructure of SN plate materials, A,B and C after heating at
1500°C for 3h in mantle heating with coke particles.
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Table 3 Composition and properties of HYPER plate materials

) HYPER plate
Material
V W X Y
Chemical composition / % AlLO, 81.2 82.9 92.0 94.7
ZrO, 6.5 3.2 2.5 -
F.C. 3.5 3.6 3.0 4.7
Bulk density / g-cm'3 3.24 3.28 3.17 3.09
Apparent prosoity / % 8.2 6.0 10.5 10.5
Modulus of rupture / MPa atR.T. 48 56 36 44
at 1400°C 27 35 25 48
Modulus of elastisity / GPa 108 114 70 86
Thermal expansion at 1500°C / % 1.15 1.18 1.14 1.38
6121, FFEMTH D Al 2L mITIRIML7-M 8} same high Al conventional material B. The air permeability
C. WEmrLTHEOMEA L, FLL Al SEE of the material C before heating is high, but after firing,
o O RN ek LB ) i i o N e s the dense layer formed on the working surface reduced it
j,l[]*ﬁﬂ— B % 1500 CVCETBi}lEE‘Z‘Lt w {ﬁ?ﬁﬂﬂ_ significantly. Fig. 7 shows the micgrostructure of the
RS M C ONNEALELRT O A SIS VWS, B internal part of the material after firing. The material C
WU % 20T B ERRBY I CRURE 2 TR LGl & 388 has improved with adequate porosity in the internal part
FLET 5, F72, BTIEFECMBLEEZ O but the conventional material B which contain a large
KO I 7 OMli % 73, 6k Al S8R E B amount of Al has been excessively densified by sintering.
. R I, R ‘The material C has the equivalent corrosion resistance to
(&, BRISBALY Y Y I ATBELL T L7 the material B, with higthalling resistance.
MR CIZNE AR B 2 S fL2 A LT\ b, #E The properties of the developed HYPER material
ClIMk B L B L CHEE DM &z /RL, MifAK are shown in Table 3 (materials V and W : 1* generation
— ) T VEIEBN M EE o T\ D, HYPER, materials X and Y : 2" generation HYPER).
B35 %417- HYPER 7L — F 08 % % 3 175 Conventionally these materials have been limited to small
- . e . size plate such as for tundish, but developed materials used
PR VW = 55 THEFUHYPER, AP XY - 45 LA also medium to large sizes, and are now, main product of
HYPER) o fERINEDOMEARIES 71 v ¥ 2 3, SNR Tokai Co., Ltd.
INETZIRD TV —F OREEIZRE Tz i~k
AT S ARSI SAUTE Y, BIHEOH SNR H 3 Elucidation of the wear mechanism and
HEDOES R &7 > T 5o development of evaluation method
3°1 Mechanism of the surface abrasion and its
3 BEANZXLOBPEFEHE culwatonmeod
o . - R ypical wear that determining the durability of the
31 ERADXH=ZLELDREE SN plate is damage on the slide sfrface called “surface
SN 7' — b Ot % Pt % UK 248 HEIL T abrasion”. The “surface abrasion” is observed in many cases
W LIRS L e ) BIHOEEGTHY, "Hiwi with white colored oxidized decarbonized and weakened
3 LDBE, Lo ) BIROMEA SR, DS structure in sliding surface. From this, it has been thought
DRI L L TR SN D, SO EhD EE that the “surface abrasion” is caused by contact to the
A T A < . . § molten steel with high temperature atmosphere. There
i S A ADTRALD RN TH 2 EZZ BT have been some reports on the “surface abrasion” but the
PERD S WA DATZALZIOWT, V{7 mechanism of it has not been clarified.
DIEGID D B30T LHHMEIZIZ STV o Sakaguchi et al.'¥ investigated a severe large
70 “surface abrasion” in the sliding surface on the SN plate
19 o - wom o n s after processing ultra-low carbon steel, and they reported
sk Li*ﬁ{ﬁm%fﬁf{%)ﬂi ShUERAL AR that fhe oxidigzed layer is formed through Zhe Pdirect
SVWSN 7L —hoOL o) Bzl BLEOT reaction of the carbon in the refractories to the molten steel
BeAS, FH T KW O —R ¥ DN EREH I N5 at the surface accompanied with transferring the CO (g)
Z&, MHRINE O S — R U DERLENT CO (g) & forward inside of the refractories to the surface. In order to
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understand the formation of the weakened layer of the
sliding surface of on ALLO;3-C system SN plate due to the
reaction with the molten steel, Mizobuchi et al.”?
conducted the reaction test between alumina-carbon
system material and three types of steel : ultra-low carbon
Al killed steel, low-carbon Al killed steel, and ultra-low
carbon Si killed steel, by using Tamman furnace. As the
result of the reaction test, they reported that the inside the
contact surface with the molten steel forms weakened layer
in which some ALLOs particles disappear due to reducing
of AL,Os with carbon, and this weakened layer is similar to
structure of “surface abrasion”.

Recently from detailed investigation and
observation results of the sliding surface of the SN plate
used from actual processing of the low oxygen content
steel such as Al killed steel, it has been reported'® that the
weakened layer formed in the oxide components such as
SiOs, Al:Os and ZrO:; of the plate material are reduced by
the carbon and then molten metal and slag components
infiltrate into the layer resulting in the “surface abrasion”.
It has been also reported that a negative pressure generated
at the surface of the plate by unfilled space of the molten
steel during casting enhances the oxidation-reduction
reaction between the oxides and carbon and become a
factor of the “surface abrasion”"1?.

As method of testing and reproducing the
decarbonized and weakened layer on the sliding surface in
the laboratory, the reaction tests with molten steel'®!® and
molten pig iron by using the high-frequency induction
furnace, and heating tests under a reduced pressure
conditions'”, have been proposed with considering the
formation mechanism of the weakened layer. Thus, the
mechanism of the “surface abrasion” which has been one
of the long — standing issues on the SN plate, is being
elucidated. With the development of the new evaluation
method, it is expected that the durability of the SN plate

will be improved in the future.

3°2 Evaluation method of thermal shock resistance
by using SN sliding device

In general, fixing by hardware in device, the SN
plate is used in constraining the corner parts with applying
a pressure at the sliding surface. During casting, passing
molten steel through the inner bore, thermal stress arises
in the plate in addition to friction stress by sliding. This
causes the wear such as radial cracks, edge defect, and
warping originated by the thermal stress. In addition, due
to the deformation such as warping of the plate give rise to
insertion of the metal between the plate surfaces.
Conventionally, thermal shock resistance of the SN plate

has been examined under unstrained conditions, it was
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found that there is necessity to examine under constrained
conditions to reproduce these wears in the laboratory test.
Therefore, the actual SN sliding device was modified for
the test device, and the thermal shock test actual was
conducted of the SN plate in the device by heating the
inner bore?”, and deformation such as warping was
9 As a

result, it was clarified that radical cracks caused by thermal

detected by strain gauges attached to the plate?

stress are greatly affected by the coefficient of thermal
expansion as the plate material properties and corner
clamping force. And it was also clarified that the
deformation of the SN plate is greatly affected by the
elastic modulus of the plate material and the thickness of
the plate. Examination using the device makes it possible
to reproduce the wear due to the thermal stress under same
restraint conditions as actual operation, and it is expected

that improvements in materials will continue in the future.

4 Future development and prospects

The wear mechanism of the SN plate such as
“surface abrasion” which has not been clarified until now,
gradually becomes clear, and the evaluation method is also
considered in consideration of the wear mechanism. In
addition, it has become possible to evaluate wear or
deformation due to thermal stress under restrained
conditions by using the test device modified from the
actual SN sliding machine. In recent years, in addition to
the finite element method (FEM) that has been used
effectively as an analysis technology for refractories, fluid
analysis such as FLUENT'®"3132) and three-dimensional

microstructure analysis by X-ray*?,

FactSage , etc.””"” are
being applied to the refractories technology. In the future,
in addition to these technologies, the combination of new
analysis technology and simulation technology, will
elucidate more detailed wear mechanisms and will develop
the evaluation method which highly correlate with the
actual wear, and it is expected that the wide range of
technical developments including structure design and SN
plate shape design will proceed. In addition, it is expected
that the improvement of the durability of SN plate will
progress dramatically by material design or shape design
applying these technologies. On the other hand, as the
social situation safety consideration and environmental
regulation including the manufacturing process and the
chemical substances used as raw materials are expected to
become further strict the future. From this, it is expected
that the efforts developing materials with high performance
represented by the HYPER plate as well as for caring for
the environment will increase.
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