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Abstract

The design of refractory materials for continuous casting has been explored to suppress metal adhesion
on the inner bore of the tundish pipe while maintaining erosion resistance. Conventional carbon-based
refractories reduce adhesion by promoting carburization through carbon dissolution; however, they suffer
from severe erosion and fail to provide long-term effectiveness. To address this issue, a method was
investigated to combine reduced wettability and structural integrity by dispersing AlOs into a Graphite-
SiC-based refractory matrix. Test specimens with Al,Os additions ranging from 10 to 60 mass% were
evaluated for erosion resistance using molten steel stirring tests and for metal adhesion behavior through
repeated immersion tests. The erosion resistance was improved with increasing ALLO; content, with a
significant effect observed at additions above 20 mass%. Conversely, suppression of metal adhesion was
most effective at 20 mass% addition, while excessive additions tended to reduce the effect. This phenomenon
is presumed to result from the synergistic effect of decreased wettability due to Al O3 and moderate
dissolution, promoting localized low-melting phases. Furthermore, actual casting trials using a specimen
with 20 mass% AL O; addition demonstrated a relatively good balance between erosion resistance and metal
adhesion suppression. These findings suggest that a Graphite-SiC-based refractory containing 20 mass%
ALO:s is optimal for achieving both erosion resistance and metal adhesion control. However, operational
factors such as preheating conditions and process variability must be managed to minimize performance

fluctuations.
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1 Introduction

In continuous casting of steel, it is common
practice to use refractory-made tundish pipes (large-
diameter, short cylindrical nozzles) or ladle shrouds
(small-diameter, elongated cylindrical nozzles) for
transferring molten steel from the ladle to the
tundish. Typically, these refractories are composed of
alumina-silica-carbon materials and are designed to
ensure erosion resistance and spalling resistance.
When a tundish pipe is used, short-circuit flow
within the tundish is less likely to occur, allowing
large inclusions in the molten steel to float up more
easily, thereby producing slabs with fewer inclusion-
related defects. However, during casting, metal
adhesion and buildup can occur on the inner bore of
the tundish pipe, and their suppression is essential for
stable operation”.

To address this issue, previous approaches have
attempted to incorporate a certain amount of carbon
into the refractory lining of the inner bore. When
high-temperature splashes contact the interface,
carbon dissolves into the molten steel, locally lowering
the melting point —a phenomenon known as
“carburization” which helps suppress adhesion.
Nevertheless, this carburization accelerates erosion of
the refractory itself, making it extremely difficult to
achieve both adhesion suppression and erosion
resistance. In fact, early carbon-based linings
exhibited severe erosion and failed to provide long-
term adhesion control.

In this study, attention was focused on adding
alumina (Al,O3) to carbon-based refractories. Al,O;
inherently exhibits low wettability to molten steel
and remains chemically stable at high temperatures.
By dispersing Al:Os particles within the carbon
matrix, we hypothesize that wettability can be
reduced to suppress adhesion, while the residual
ALO:s skeleton after carbon dissolution maintains
structural integrity and mitigates erosion. This paper
aims to systematically evaluate metal adhesion
behavior and erosion resistance using test specimens
with varying ALO; contents, and to determine the
optimal material design that balances metal adhesion
suppression and erosion resistance.
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2. Experimental methods
2.1 Test materials

To suppress metal adhesion, the inner lining
refractory forming the inner bore of the tundish pipe
was designed based on a concept similar to carbon
blocks used for blast furnace hearths, which mainly
consist of free carbon. As a reference material, the
ALOs-Graphite
abbreviated as AG) was selected for the main body of

commonly  used (hereafter
the tundish pipe, while the inner lining material was
based on a Graphite-SiC composition designated as
A00. To improve erosion resistance, Al,O3 was added
as a refractory aggregate in amounts ranging from 10
to 60 mass%, producing materials A10 through A60.
Table 1 lists the chemical compositions and
representative properties after sintering at 1000 “C.
The base material AOO exhibited relatively low
strength and high porosity, whereas increasing AL, O3
content resulted in higher strength and lower porosity.
This trend is attributed to the fine ALO; particles
acting as a filler within the matrix, thereby
contributing to strength development. These test
materials were used to evaluate erosion resistance and
metal adhesion behavior.

Table 1 Composition and physical properties of each specimen

Sample AG A00 A10 A20 A40 A60

C (F.C%) 31 80 70 60 40 20

Composition / mass% SiC - 20 20 20 20 20
Al,O4 67 - 10 20 40 60

Bulk density /g-cm'3 2.51 1.70 1.77 1.95 217 2.45
Apparent porosity / % 16.2 21.9 21.7 18.6 18.7 18.8
Modulus of rupture / MPa 8.0 3.0 4.9 8.6 8.5 9.2
Thermal expansion at 1000°C / % 0.36 0.33 0.39 0.38 0.36 0.33

* Free carbon
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2.2 Erosion resistance evaluation (Propeller
erosion test)

Erosion resistance was assessed using the
molten steel stirring test (propeller erosion test)
developed by Koga et al.?, which simulates the flow
environment inside a nozzle bore. Figure 1 illustrates
the schematic of the test. Steel was melted in a high-
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frequency induction furnace (50 kW, 2.3-3.1 kHz)
equipped with a zirconia crucible (inner diameter:
130 mm, depth: 195 mm). Approximately 10 kg of
low-carbon steel (C: 0.11 %) was charged and melted
under an Ar atmosphere (1 NL/min) at 1550-1570 °C.
After melting, the test specimen (20 x 20 x 25 mm)
mounted on a stirring shaft was held above the
molten steel surface for 5 min for preheating, then
immersed and rotated at 200 rpm (peripheral speed:
1.0 m*s™) to impose forced molten steel flow on the
specimen surface. Since the materials tested were
carbon-based and differed from conventional
refractories, the test duration was limited to short
intervals of 5, 10, and 30 min. Post-test erosion was
evaluated by visual inspection.
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Fig. 1 Schematic illustration of erosion test in molten steel.
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2.3 Metal adhesion evaluation (Repeated molten
steel immersion test)

To evaluate metal adhesion behavior on the

inner bore of the tundish pipe, a repeated molten

steel immersion test was conducted. Figure 2 shows
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the schematic of the test. The melting conditions
-induction furnace, crucible, steel grade, and steel
quantity- were identical to those described in Section
2.2. The molten steel was maintained at 1520-1530 °C.
Each specimen was preheated to a specified
temperature (800, 1000, or 1200°C) above the molten
steel surface, then immersed for 10 sec, withdrawn,
and air-cooled. This cycle was repeated up to three
After
morphology of adhered metal were visually examined.

times. testing, the presence, size, and
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Fig. 2 Schematic illustration of metal adhesion test in molten steel.
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2.4 Industrial trial

Promising materials identified in laboratory
tests, AOO and A20, were subjected to actual casting
trials in a steel plant continuous casting machine.
Tundish pipes lined with the selected inner materials
were installed and used under normal operating
conditions. After use, the tundish pipes were
retrieved, cut longitudinally, and examined for metal
adhesion and erosion distribution.
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2.5 Microstructural observation

Post-test specimens were embedded in resin,
sectioned, and polished to prepare cross-sections.
Using optical microscopy, microstructural changes
near the molten steel interface were observed,
focusing on graphite dissolution, residual ALO;
particles, and formation of low-melting phases.

3. Results and discussion
3.1 Evaluation of corrosion resistance

The erosion state of each test material after the
molten steel stirring test was observed to assess
erosion resistance. Figure 3 shows cross-sectional
photographs of samples after the test, and Table 2
summarizes the erosion conditions based on these
observations. The results indicated that erosion
resistance strongly depended on the ALLO; addition
level. Materials AOO and A10 exhibited severe erosion
over a wide area within 10 min of testing. In contrast,
A20 showed significantly reduced erosion within
10 min, limited to a depth of approximately 2-5 mm
from the surface. However, under the 30 min
condition, A20 also experienced extensive erosion.
Materials with higher AL, O3 contents, A40 and A6O,
remained almost intact even after 30 min,
demonstrating excellent corrosion resistance.

Microstructural observations were conducted
for A10 to AGO (excluding AOO, which was completely
eroded). Figures 4 to 6 show the microstructures of
A10, A20, A40, and AGO after the test. In these
images, bright particles represent carbon, while the
surrounding dark matrix contains ALLOs. For Al0,
metallic infiltration was observed at the hot surface,
and carbon particles appeared well-wetted by steel,
indicating progressive dissolution. For A20, slight
metallic penetration was observed, but the structure
remained relatively intact compared to A10. For A40
and AG0, no evidence of wetting was found, and the

microstructure was almost completely preserved.
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Fig. 3 Variation of cross-section view of specimen after erosion test with time; (a) 5, (b) 10, and (c)
30min, respectively.

Table 2 Evaluation of the erosion test results for each specimen

Sample A00 A10 A20 A40 A60
Test time / min
5 X X A O -
10 X X A - O
30 X X X O -

O : Noerosion A : Slight X : Extensive

Completely eroded

(c)

Fig. 4 Evolution of microstructure on the hot surface of sample A10 after erosion test with time;
(@) 5, (b) 10, and (c) 30 min, respectively.
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Fig. 5 Evolution of microstructure on the hot surface of sample A20 after erosion test with time;
(@) 5, (b) 10, and (c) 30 min, respectively.

Fig. 6 Microstructure on the hot surface after erosion test; (a) sample A40 for 30 min and (b)

sample A60 for 10 min, respectively.
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3.2 Evaluation of metal adhesion behavior
Repeated molten steel immersion tests were
performed on all materials except A60 to evaluate
metal adhesion suppression. Figure 7 shows the
appearance of specimens after one-time immersion at
1000 °C preheating, and Fig. 8 shows the appearance
after the
conditions. Table 3 summarizes the metal adhesion

three-time immersions under same
suppression effect. The results indicated that the
reference AG material exhibited severe metal buildup,
confirming that the test effectively simulated actual
metal adhesion phenomena in tundish pipes. The
base material A0O (Graphite-SiC without ALO3)
showed similar adhesion behavior to AG. Increasing
ALOs content reduced adhesion, with A20 showing
the mosteffective suppression. Preheating temperature

had a significant influence at <800 °C, all samples

Krosaki Harima Technical Report No.173 (2026)



ENTREENTZ, UKL, ALOs 2 &FHw
Graphite-SiC 2D NX—A#TH 5 A00 iF AG &3
EFRFEOMESFEENE Rz, $72, ALOs iR
MEYHH—EEmE TR DI > Tt
BT D EDHERIN, KR A20 iR DE
e tefEIHRI R EZ R L7z, 612,
EAY 800 CULTFDEMATIE, Wit 7Ivg
W& A g A L7zolzx L, 1000 T TOF 2L
AT T A20 R A40 THEDPREM TH o722
D, PRI EZREIMOTRELE
#MIEL, 1200 CLLEIZTFEL 25813 wTho
P TINVTOMNEIBIEIN P o7z, T,
T3 T BHHRE A OF N E RSS20
DOHIRFHFTHH LR RLTNDEEZ LN D,

M=|
F B

(a)

(b)

exhibited adhesion, whereas at 1000 °C, A20 and A40
showed only slight adhesion. At>1200°C, no adhesion
was observed for any sample, indicating that sufficient
preheating is essential for activating the inherent low
wettability of the material.

A40

(c)

Fig. 7 Comparison of the appearance of selected specimens; (a) AG, (b) A10, (c) A20, and (d) A40,
respectively, after the metal adhesion test with one-time immersion in molten steel just after

preheating at 1000 °C.
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Fig. 8 Comparison of the appearance of selected specimens; (a) AG, (b) A00, (c) A20, and (d) A40,
respectively, after the metal adhesion test with three-time immersion in molten steel just

after preheating at 1000 C.

Table 3 Evaluation of metal adhesion test results for each specimen

Sample | No. of AG A00 A10 A20 A40
Preheat temp. / °C cycle
<800 1 x x - x x
1000 1 x - A O A
1000 3 X X - O A
1200 3 O O o) O O
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O : Non adhesion A : Moderate x : Heavy

3.3 Discussion on Al,O; addition effects

As shown in Figs. 3 to 6 and Table 2, the
erosion resistance of Graphite-SiC-based refractories
in the propeller erosion test, and as shown in Figs. 7, 8
and Table 3 (excluding AGO0), the anti-metal
adherence performance in the repeated molten steel
immersion test, are considered to be explainable from
the perspectives of wettability to molten steel and
skeleton (framework) formation of the refractory
structure. In terms of preventing metal adhesion,
increasing the Al,O; content up to a certain level

Krosaki Harima Technical Report No.173 (2026)



LEEZLND, MIIT, MAREIHNELT
X, ALO; IRMEALH L —EMEFT TR LITEH
HMThHY, A0 THRARKOMEER L. o,
1200 CLLLIZFEL 72354, A60 T RTO
Graphite-SiC R AW CTHF I ST, T4
7% F BHHRHE B O N % 561 S &5 720 O
BENTHLIELRENT,

Al0 & A20 D7 u RFFEHERBRZOBEME D
P A O E K 9 IR LTEBY, EHC
%} LC Grapite (C) 1ZEIEAIICEHETAAY, ALO;
NI ATV R P ELTHERAFT A IRES R ST
5o B9 THEMANZRT ALIO Tid ALOs 2347 <,
TSI B AT )V b 2 HEES THEIZED R 3w
IRBEZZAS, NIRRT A20 TlEmsEZR ATV R~
PR SNTEY, AR R SR EEE 7o
TW5720, X7 O REEE T2 EAER 5.0

MKW - G OAE S (W) 1F, B0
KM%y, THKIEOEMAEZOILTSLE,
LT (1) = (Young-Dupré =) THFESh 5,

W, =y, (I+cosf) (1)

L7273oTC, A& 233212138 0 2 R &
L, WEEE W, 2/ STHZENHRTH S,
F72, BN 5 ALOs OiF U Graphite (C)
ZHARTERP IR AR E) ZETH
H5MTHY, Graphite FA MK ~D Al,Os DU
T K & S BR800 5 il A 2 B K &
w, PELFEEZRDSELZEE T EETLS
EMTEDS

Zhao & Sahajwalla” 1%, Al:Os % 0 ~ 37.5 mass%
OHEFHTEHINL 72 6 D AG R AP OFERIZ x0T
ThimERBRICB VT, 1600 Tx 9 min PR¥F
BOERIRREIZ BT B AN E 21T, EREo
(1) BT EMMOLMFELF W, OMHEE,
ALO; ImMMEOEE L LTHRRL TS, TUTL
&, ALOs RN O & O & LS W.=2.85
N-'m’ 75 ALO; & K RMIE 37.5 mass¥% (2B T
110 Nm' FTETTAIEAVRENT VD, F2

Krosaki Harima Technical Report No.173 (2026)

proved effective, with A20 exhibiting the highest
performance. Furthermore, when preheated above
1200 °C, no adhesion was observed in any of the
Graphite-SiC-based AGO,

indicating that sufficient preheating is a prerequisite

refractories  except
for the inherent wettability characteristics of the
materials to be expressed.

Figure 9(a) and (b) shows the microstructure
near the contact interface with molten steel after the
propeller erosion test for (a) A10 and (b) A20. It was
confirmed that graphite (C) preferentially erodes in
contact with molten steel, while the Al,O3 phase
remains as a skeleton. In A10 (left side of Fig. 9(a)),
the ALLOs content is low, resulting in a fragile skeleton
prone to collapse. In contrast, A20 (right side of
Fig. 9(b)) forms a robust skeleton, maintaining the
overall structure and thereby suppressing macroscopic
erosion.

The work of adhesion (W) at the refractory-
molten steel interface is expressed by the Young-
Dupré equation (1), where y, is the surface tension of
molten steel and 6 is the contact angle between the
molten steel and the refractory?:

W, = y,(1+cos0) (D

Therefore, increasing the contact angle 6 and
thereby reducing the adhesion work W, is effective in
suppressing adhesion. It is well known that ALLOs
exhibits significantly lower wettability to molten steel
(i.e., larger contact angle) compared to graphite (C).
Thus, the addition of ALLOs to graphite-containing
refractories is expected to increase the contact angle
at the refractory—molten steel interface and reduce
the adhesion work.

Zhao and Sahajwalla® conducted wettability
tests on six types of AG refractories with ALO;
contents ranging from 0 to 37.5 mass%, measuring
the contact angle in the steady state after holding at
1600 °C for 9 min. They presented the values of
contact angle 6 and adhesion work W/ as functions
of Al,Oj; content based on Equation (1). According to
their results, W, decreased from 2.85 N'm" (no
Al,O3) to 1.10 N*m™ at the maximum Al,O3 content
of 37.5 mass%. By applying interpolation to their
data, the estimated adhesion work values for the
Graphite-SiC-based refractories used in this study
-A10 (ALOs /C = 12.5), A20 (ALO;/C = 25), A40
(ALOs /C = 50), and A60 (ALOs /C = 75)- were
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approximately 2.73 to 2.83 N*m™ for A10, 1.56 to
1.82 Nem™ for A20, and 0.81 to 1.10 N°m™ for A40
and A60. This suggests that the adhesion work for
A20 is about two-thirds of that for the non-Al,Os-
added case, and for A40 and above, it drops to about
one-third. However, the fact that A20 showed the
best anti-adherence performance in the repeated
molten steel immersion test cannot be fully explained
by the interpolated adhesion work values alone. It is
possible that the SiC-containing matrix also
contributed to the result. Based on the findings of
Al O3 addition to Graphite-SiC-based refractories, it
is considered that A20 achieves a synergistic effect of
reduced wettability due to ALLOs and structural
integrity through skeleton formation, resulting in
both excellent corrosion resistance and anti-adherence
properties. Conversely, in highly erosion-resistant
refractories such as A40 and AGO, the suppression of
metal adhesion due to low-melting-point iron droplets
may be diminished, suggesting that A20, which
allows for "moderate erosion," provides the optimal
balance.

(b)

Fig. 9 Comparison of microstructure on the hot surface after erosion test for samples (a) A10

and (b) A20.
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3.4 Industrial trial

Industrial trials compared AG with A0O and
A20 as inner lining materials in tundish pipes. Figure
10 adhesion amounts. AG
exhibited severe adhesion, A00 reduced
adhesion by about 30 %, though it suffered pitting
erosion. A20 showed relatively suppressed erosion but

shows normalized

while

similar metal adhesion to AO00, deviating from
laboratory results. This discrepancy is attributed to
operational variations such as preheating temperature.
Nevertheless, A20 demonstrated a favorable balance
between erosion resistance and metal adhesion
suppression under practical conditions.

120

100
100

80

60

40

Metal adhesion index / -

20

74

AG

(conventional)

A00
(after 9 heats)

A20
(after 10 heats)

Fig. 10 Metal adhesion index on the inner bore of tundish pipe made of AG, A00 and A20 after

actual casting operations.
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4. Conclusions

To achieve both suppression of metal adhesion
on the inner bore of tundish pipes and erosion
resistance, a material design based on a Graphite-SiC
system with dispersed ALOs in the matrix was
investigated. The effects of ALO; addition on
adhesion and corrosion resistance were evaluated,
and the following findings were obtained:

1. Erosion resistance in the molten steel stirring
test consistently improved with increasing
AlLLOs content, and excessive erosion was
effectively suppressed at additions of 20 mass%
or more.

In the repeated molten steel immersion test,
metal adhesion began to decrease with ALOs
addition and showed the best suppression
effect at 20 mass%. This effect stabilized at
preheating temperatures above 1000 °C.

After selective dissolution of graphite into
molten steel, ALLOs particles remained as a
strong skeleton in the matrix, providing
structural integrity and reducing wettability.
To achieve a balance between erosion resistance
and metal adhesion suppression, 10 mass%
Al,O; was insufficient, while 20 mass% was
necessary.

Industrial trials showed that both Al,Os-free
and 20 mass% Al;Os-added materials tended
to reduce metal adhesion. However, the ALLOs-
free material exhibited poor corrosion
resistance, whereas the 20 mass% material
demonstrated a relatively good balance
between erosion resistance and metal adhesion
suppression.

To ensure stable performance in actual casting
trials, it is essential to control preheating
temperature, heat loss, and atmosphere,
minimizing variations in preheating conditions
and operational fluctuations.
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