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1. Introduction

Since sliding nozzle plates for controlling molten
steel flow through ladles and tundishes (hereinafter referred
to as the SN plate) are used under constrained conditions
within the SN sliding mechanism, they are subjected to
mechanical stress, thermal stress with molten steel passing
through the bore, and various external impacts such as
abrasion by sliding, contact pressure and corner pressing
force. With such stresses and forces, damages due to edge
chipping and radial cracks may occur. However, in most
cases, the evaluation of spalling resistance for the SN plates
has been carried out under non-constrained conditions"*?,
which is different from actual usage. Therefore, in this
study, we conducted the test was performed using the
SN sliding tester ¥ which can be reproduced an actual

operation of the sliding mechanism used in the steel works.

2. Test method
2.1. Test sample

Tablel shows the characteristics of the SN plate
materials used in the test. Samples A, B and D are materials
fired at relatively low temperature (<1000T). Sample B
is a basic material. Samples C and E are materials fired
at relatively high temperature (=1000C). We prepared

Table 1 Chemical and physical properties of materials

Material A B C D E
Chemical composition Al,O3 96.0 76.0 96.0 82.5
/ mass% MgO R 955 - - -
ZrO; - - 9.0 - 10.0
SiO, - - 45 - 3.0
F.C. 4.0 45 5.5 4.0 45
Bulk density / g-cm™ 3.19 3.11 3.28 2.90 3.36
Apparent porosity / % 71 5.5 7.3 11.1 5.7
Modulus of rupture / MPa RT 45 45 30 30 35
at 1400°c 50 25 20 35 20
Modulus of elasticity / GPa 80 90 45 80 75
Thermal expansion / % at 1500°c 1.40 210 0.85 1.20 1.05
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Fig.1 Corner pressing force and contact pressure
in the sliding tester.
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Fig.2 Sticking positions of strain gauge in the
test SN plate.
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the sample of actual shapes of the SN plate and evaluated
using the SN sliding tester?.

2.2. Strain measuring test

We set the sample SN plates from the five materials
mentioned above on the SN sliding tester, and measured
the deformation (amount of strain) and state of the plates
under constrained conditions through tightening corner
pressing bolts. Fig.1 shows the constraint forces by corner
pressing. Strain gauges were stuck at 6 points on each
sample, and detected the amount and state of strain, with
5 levels of bolt tightening torque (20, 40, 60, 80 and 100
N« m). Fig.2 shows the positions of the strain gauges
stuck and the directions of the sample evaluated. Where,
the longitudinal (L) and transverse (T) and height (H)

directions are shown in the figure.

2.3. Evaluation of sliding force

We then set the sample SN plates on the SN sliding
tester, and conducted tests with cold (room temperature)
and hot (-1500C) conditions. The plates of the same
material were set on both the upper and lower frames,
and the tests were carried out at two levels of the corner
tightening torque of 40 and 80N m. The contact pressure
was approximately 78 kN as total, and the sliding between
fully closed and fully opened positions was repeated 100
times. For the hot sliding test, the area of the bore of the
sample plates was heated with a combustions gases burner
for 30 min, and repeated the sliding while maintaining the
heated state.

2.4. Evaluation of spalling resistance

The spalling resistance was, also evaluated under
constrained conditions of the samples after the hot sliding
tests, by grinding their slide surfaces and observing the
states of cracks. In particular, the effect of the constrained
conditions with corner tightening torque and the material
characteristics such as thermal expansion and modulus of
elasticity on the cracks has been checked carefully.

3. Results and discussion
3.1. Deformation by mechanical constraint

Fig.3, 4 and 5 show the relationship between the
bolt tightening torque and the deformation of the SN
plates from the results of the strain measuring tests. (U and
@ in the Fig.3 show the strain on the sliding surface side
in the rear side and that on the stroke side, respectively. It
was noticed that in the L direction, compressive strains
have generated on both the back and the sliding surface
side in every materials, except for the sliding surface side
of the sample A. ® and @ in Fig.4 show the strain in
the T and the L directions of the plate bore, respectively,
which indicates that on the bore in the T direction the
tensile and in the L direction the compressive deformation
occurred, respectively for almost every materials. &) and
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Fig.3 Relationship between strain and clamping
torque.
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Fig.4 Relationship between strain and clamping
torque.

® in the Fig.5 show the strain in the H direction on the
width side of the bore (T) and that on the anti-stroke
side of the bore (L), which indicates that on the bore in
the height direction tension strain occurred in any case.
With all the sample plates, it was confirmed the tendency
that the strain got higher when the corner tightening
torque is higher. It is also found that the samples C and
E with lower modulus of elasticity exhibited particularly
large deformation compared to the samples with higher
modulus of elasticity.

From these results, it was considered that the
directions of the deformation in the SN plate can be
schematically as shown in Fig.6.

3.2. Sliding properties

Fig.7 (a) shows the average sliding forces calculated
by measuring the contact pressures during sliding in
the cold sliding test. Except for some materials, it was
confirmed the tendency that the sliding force with the
corner tightening torque of 80N*m was larger than that
with the torque of 40N-m and the sliding force became
larger with higher tightening torque. Fig.7 (b) shows the
average sliding force calculated by measuring the contact
pressure during sliding in the hot sliding test. Unlike the
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Fig.5 Relationship between strain and clamping
torque.

Fig.6 Conceptual image of the manner of
deformation occurred in the SN plate.
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Fig.7 Comparison of sliding force of each
material under different clamping torque

(a) cold and (b) hot condition.

results of the cold test, it was not able to confirm the effect
of the tightening torque on the sliding force.

The evaluation results of the sliding forces in the
cold sliding tests indicate that a higher corner tightening
torque generates a larger sliding force. It is considered that
the sliding force increases by the larger friction in sliding
with the deformation of the areas around the bores of
the upper and lower SN plates, where they contact each
other, in thickness direction perpendicular to the sliding
direction. On the other hand, in the hot sliding tests, it
was not able to confirm the effect of the corner tightening
force on the sliding force. In hot conditions, cracks tend
to initiate and propagate on the sliding surface, and it is
assumed that there was an effect of these cracks decreasing
the constraint force in corner direction and changing the
form of the deformation. Meanwhile, under the condition
with the tightening torque of 40N m, the sliding force in
hot condition tends to be larger than that in cold condition.
We consider that sliding force becomes larger because of
the deformation due to oxidation and thermal expansion
of plate slide surface during heating.

3.3. Spalling resistance

Fig.8 and 9 show the photographs of the sample
plates with ground slide surface after the hot sliding tests.
With the tightening torques of both 40 and 80N m, it was
confirmed that the radial cracks were propagating from
the bore to the L, T and H directions. Ranking of the
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Fig.8 Appearance of upper plate samples after the test (clamping torque : 40N - m), showing cracks initiated from the

bore.

Fig.9 Appearance of upper plate samples after the test (clamping torque : 80N - m), showing cracks initiated from the

bore.
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easiness of the cracking was carried out by counting the
length and amount of the cracks. As a result, it was found
that the cracks got larger in the order of B, A, D, E and
C with the tightening torques of both 40 and 80N'm. In
almost all the cases, the cracks with the tightening torque
of 80N m tended to be larger than those with the torque
of 40N m.

Fig.10 shows the correlation between thermal
expansion and the crack size by indexing the samples based
on the evaluation results of spalling test, where the sample
with the smallest cracks C was given the first and the one
with the largest cracks B was given fifth. We confirmed
that as to the spalling resistance under constraint the
materials with lower thermal expansion tended to have
smaller cracks. The evaluation results for cracks for each
material show almost the same tendency as the results with

the plates used in actual operation. From these results, we
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consider that we can evaluate the spalling resistance of the
SN plates through simulating actual casting conditions by
the present test method.

4. Conclusions

As a result of conducting the tests under constraint
condition using SN sliding tester, we have learned the
followings.

1) We measured the strain of the SN plates and
looked into the relationship between corner tightening
torque and the deformation of the SN plates, and found
that the deformation in the following direction occurred:
a) compression in stroke L (longitudinal) direction,
b) tension in T (transverse) direction on the bore, )
compression in stroke L (longitudinal) direction on the
bore, and d) tension in thickness direction on the bore,
and the deformation became larger when the tightening
torque is higher.

2) As a result of evaluating the sliding force, we
confirmed the tendency that the sliding force became
larger with higher tightening torque in cold condition,
which suggested that the deformation of the SN plates
affected their sliding force. In comparison between the
sliding forces in cold and hot conditions, the sliding force
in hot condition tended to be larger than that in cold
condition with the tightening torque of 40N*m, but no
significant difference was confirmed between the two with
the tightening torque of 80N m.

3) In the evaluation of spalling resistance under
constraint condition by hot sliding tests, we managed to
reproduce the cracking in the same manner as in the actual
operation. The rank of the crack sizes for each material also
matched to the one in actual casting mostly. We found
that the cracks for the materials with higher thermal
expansion were larger and they propagated with higher
corner tightening torque for every materials.
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From these results, we consider that the spalling
resistance test under constraint condition using the
SN sliding tester is an effective evaluation method for
reproducing actual casting operation. We also found that
in order to reduce cracks on the SN plates it is effective
to lower the thermal expansion of the plate material and
adopt suitable corner tightening torque.
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