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Evaluation Method of Thermal Shock Resistance of Refractories
under Mechanical Constraint
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1 #®E 1 Introduction
i JA %0 RH &Gl Fl 205 PRE Y F o 52 T T The refractory bricks as typical shaped refractories
B R e ORI B S T 7 e O are usually utilized under constraint condition due to a
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steel shell for covering and supporting them. It is better to

HENZ720, fWH T Tl A& B2 5022 & evaluate the thermal shock resistance of refractories under

NEF L, LA L, BT it 2 21t the mechanical constraint. But the thermal shock

AR B ST T O - B IR B s 1: resistance of shaped refractories is evaluated by the
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methods of unconstraint condition, such as molten pig

N 1 <
filisi s &A%< SNEDZ IR TR iron dipping test and the spalling test by using electric
I ThBh, Bz @%‘EE#I‘QH LIEFEICIER T A E furnaces". These methods cannot detect the occurrence of
PRTEARU, the crack accurately.
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Particularly, the occurrence of the parallel crack to

the hot surface of magnesia-chrome refractories which are

ONADE, FERERR R AR B 121 &%‘E%U\T widely used in the side wall of the RH degasser lower vessel
PATRAE L) A THE, MK OFIHEC leads the separation of the refractories. The separation
P SRR AN T NS EF{T%%%@E@ increases the speed of the wear of the refractories. The

causes of the parallel crack are reported that the influence
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of slag infiltration, stress by the mechanical constraints

BB EHE SN TOBHARI RIS A % 22, and thermal shock 2?. But the mechanism of the causes of
T ARSI A T S T Bl 7 B AR R 5 the parallel crack are not elucidated sufficiently.

BB L TSR A T <7 OALAAS D Therefore, we investigated the thermal shock test of
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the magnesia chromium brick by using a thermal shock

WIREABREAT, RROE, EROMRTZBIEL, test apparatus capable of mechanical constraint, and
W& ORI L 77, observed the appearance of crack initiation and progression

by using the image analysis method. Then, we investigated
the relationship with physical properties and the parallel
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crack.
2-1 HBREE
BB OB Y A L7, HEEOM 2 Materials and experimental procedure

2°+1 Apparatus of the test
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We investigated the thermal shock resistance by
WHEE DT THREPNA L ZEN TS L, T TVD using the test apparatus which was previously reported?®.
MBS ENZIE T a/Ny - fRET AIN—F — D ik E The schematic diagram of the device is shown in Fig. 1.
SNTBY. By TN e S BRI S S LT The test apparatus can apply constraint by applying a load

in the vertical direction of the sample. A propane-oxygen

X2, ZONTHMBINTWEY Y VO % Al

gas burner is installed in the direction of the heated surface

MOERAAT T, BONTEEZ BT of the sample, and the sample can be quickly heated on one
2L TGS ER T O &I BT D DT AT side. A strain distribution at each time during the thermal
. - . shock test can be obtained by photographing the sample

WD LA TE S, . . Y proER e b
with a fixed point camera from the side and image analysis
of the obtained photograph.
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Fig.1 Schematic figure of thermal shock equipment.
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2 -2 Image analysis

In the image analysis, the image of the sample in
the initial state is divided into small areas, and the area is
subjected to pattern matching processing with a partial
area of the image after sample deformation. By this
processing, the position after deformation of the divided
region can be detected. By sequentially performing this
process for each region, it is possible to acquire the
displacement amount of each region. Then, by taking the
ratio between the displacement amount and the initial
length between the two adjacent regions, the strain
between each region can be acquired and displayed as a
strain distribution image. When cracks occur in the
sample, the apparent strain amount abruptly increases and
continuous strain is detected, so it is possible to evaluate
crack initiation time and crack size.

2+ 3 Test materials

Table 1 shows chemical composition and physical
properties of samples subjected to this test. In this
experiment, a rebonded magnesia-chrome brick (labeled as
A) and a direct-bonded magnesia-chrome brick (labeled as
B), generally used in the RH degasser lower vessel, were
tested. The test shape of the bricks that was tested was 57.5
x 65 x 114 mm, and four test pieces were prepared.

Table 1 Chemical composition and properties of
specimens for the test.

Sample A B
Kind of brick Rebonded Direct-
bonded
o MgO 63 55
/Cn‘l’;rslls’;)s’“"“ €05 24 30
Al203 4 6
Bulk density/x10%kg*m-3 3.42 3.09
Apparent porosity /% 11.1 16.5
Coefficient of thermal 8.6 9.8
expansionx 10 /K

24 Test conditions

The prepared samples were piled up as shown in
Fig. 1 and placed in a test apparatus. The surface of 57.5 x
65 mm was the heating surface and the surface of 57.5 x
114 mm was the observing surface. An example of the
temperature change of the sample under test is shown in
Fig. 2. The temperature rising rate was raised to 1600°C at
200°C/min, held for 10 minutes, and cooled for 10
minutes. During the test, insulating refractories were
installed on the side. The insulating refractory on the
observation side was moved every 60 seconds, and when
photography by the digital camera was completed, it
retcurned to the position before the movement. The
photographing interval by the digital camera of the
appearance picture of the sample under test was 67 seconds.

Initial load was set by the lifting mechanism of the



DO EIZEL72. REMOY Y IPVIBEEDFTY
FNAATN LB ML 67 e L7z,
PRI, FRBREEE O F BRI Lo TR
BALGETT S UEHE A 2 B IE AR ED L 725 L9124
WM ELRMAL, Z0%, AREEzELREIE52
L2k, RE O T I MO &AL
720 CORBETINE - GHOMWMEZNE G2 720 &
BT, MEAFE 0.5MPa % &/ LT 3 [HD
I - S EEREL 720

3 HEER
31 URUKhAPOEBIWBETICH TS
HEEM

B 312U R Y RIAD ORI 5 67 014,
335 ik, 1072 #b1k, 2479 #5#%, 3149 B4
AT E RS, INSO5AAR ORI, X2
WZHRL T\ 5, 3B BEOVDTAGAMHERLS L,
—HETONADDNS, MEAH I PATRBRESFEEL
TWLIEN G hD. SHIZ1072 Bk, 2479 #014%,
3149 B4 L IMBGHNASHE T 12D, INBE 1 SFAT
LBAEPMEAIHERELTWDZEDT D5,

Rebonded brick

2479sec

3149sec

Fig.3 Strain distribution during the test.
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test apparatus so that the stress applied to the specimens
before the start of the test was the specified value.
Thereafter, the vertical displacement of the sample was
mechanically restrained by stopping the elevating
mechanism. In this state, temperature change of heating
and cooling was given. In this experiment, heating and
cooling process was given three times with an initial load

of 0.5 MPa.
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Fig.2 Measurement result example of temperature
change.
3 Results

3+1 Thermal shock resistance under mechanical
constraint of the rebonded brick

Fig. 3 shows strain distribution images after 67
seconds, 335 seconds, 1072 seconds, 2479 seconds, and
3149 seconds from the start of the test of the rebonded
brick. The output timing of these distribution images was
also shown in Fig. 2. Looking at the strain distribution
image after 335 seconds, it was understood that a crack
parallel to the heating surface was generated from the
bottom brick. After 1072 seconds, 2479 seconds, and 3149
seconds, it is understood that the crack parallel to the
heating surface gradually develops as heating and cooling

progresses.

3 +2 Thermal shock resistance under mechanical
constraint of the direct-bonded brick
Fig. 3 also shows the strain distribution image of
the direct bond brick. The output timing of these
distribution images was set to the same time as the
rebonded brick. No crack parallel to the heating surface

was observed at any time.

4 Discussion
4°+1 Analysis conditions

In the thermal shock test, parallel crack to the
heating surface occurred in the rebonded brick experiment,
but parallel crack to the heating surface did not occur in
the direct bond brick. In order to investigate the cause of
this crack, elastic thermal stress analysis was carried out.
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The physical properties of Table 1 were used for thermal
stress analysis. The thermal expansion coeflicient was
measured according to JIS R2207-1. The static modulus of
elasticity was measured by 3 point bending method”. The
measurement result of the static elastic modulus of
elasticity is shown in Fig. 4. The measurement temperature
of the static modulus of elasticity was 200°C, 800°C and
1400°C. Other properties were assumed to be the same for

both bricks.
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Fig.4 Modulus of elasticity.

The modeling range was a sample, upper and lower
holding plates. The holding plate was supposed as a pseudo
rigid body, and the function of contact analysis was used.
Then, the vertical displacement of the holding plate was
fixed. In addition, in this test, when the sample thermally
expands by heating, a vertical displacement occurs due to
a gap amount change generated when the bricks are stacked
and deformation of the frame of the test apparatus. In this
calculation, calculation was performed by setting a gap in
each brick for this amount of displacement. For the
amount of displacement, the amount of displacement
between two points a and b shown in Fig. 1 was measured.

Fig. 5 shows the measurement results of the
displacement amount of the rebonded brick and the direct-
bonded brick.The maximum displacement amount was set
to 1.8mm since the rebonded brick was displaced by about
1.8mm at the maximum.The maximum displacement
amount was set to 1.4mm since the direct-bonded brick
was displaced by about 1.4mm at the maximum. From the
calculated amount of displacement, analysis was performed
by restraining the upper and lower pressure plates with
gaps of 0.36mm for each brick in the rebonded brick test.
Likewise, in the test of the direct-bonded bricks, gaps of
0.28mm for each brick were provided.

The heat load on the heating surface during heating
by heat transfer analysis was calculated as follows. The
temperature was set so that the temperature of the heating
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Fig.6 Results of temperature during the test.
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Fig.7 Results of temperature during the test.
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Fig.5 Transition of displacement during the test.

surface matched the measurement result of the radiation
thermometer. The heat transfer coefficient was set 1160
Wm?K"'. The heat load during cooling was 25°C for the
heating surface and the back surface, and the heat transfer
coefficient was set 11.6 Wm2K"'. The side was assumed to
be insulated both during heating and cooling. The analysis
time was 900 s for the heating time and 600 s for the
cooling time.

4+2 Thermal analysis

Figure 6 and 7 show measurement results by the
radiation thermometer and calculated temperature on the
heating and the reverse surfaces. Measurement and

calculation agreed well for each sample of rebounded (A)

and direct-bonded (b).

4+3 Thermal stress analysis

Figure 8 and 9 show the distribution of the
maximum principal stress after 300 s at the start of heating
of the rebonded (A) and the direct-bonded (B). It is
understood that stress was generated at a position slightly
inward from the heating surface.

Fig.9 Results of calculated

maximum principal maximum principal
stress. (Rebonded) stress. (Direct-bonded)
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Fig.10 Maximum principal stress obtained by the
elastic analysis.

Fig. 10 shows the time course of the maximum
principal stress at the position shown in Fig. 8 and 9. From
the start of heating, the stress became the maximum at
300 s, then the stress decreased gradually exceeding 300 s.

Comparing the analysis results of the maximum
principal stress for the rebonded brick (A) with that of the
direct-bonded brick (B), the stress generated in the A was
about twice as high as that of the direct-bonded brick (B).
The parallel crack to the heating surface occurred in the
sample A must be caused by highest stress generated in A.

4+ 4 Sensitivity Analysis

In order to investigate effective physical properties
to reduce the stress that causes the parallel crack to the
heating surface, the sensitivity analysis was performed for
the rebonded brick.

In this analysis, the thermal expansion coefhicient
and the modulus of elasticity were reduced by 20%,
respectively. Fig. 11 shows the result of the maximum
principal stress at 300 s heating at which the stress was the
highest. Both results of reducing the coefficient of thermal
expansion and the modulus of elasticity were almost
equivalent, which meant same degree of influence.

Furthermore, it was investigated that which
temperature range of the physical properties were influence
on this stress. The analysis was conducted by dividing the
modulus of elasticity into three levels of low- (RT - 200°C),
intermediate- (400 - 800°C) and high- (1000°C- )
temperature regions. It was found that the influence of the
modulus of elasticity in the low temperature region was
large as shown in Fig.12.
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Fig. 13 shows the analysis results of the temperature
at the positions indicated in Fig. 8 and the maximum
principal stress. The temperature after 300 s at which the
stress became the highest was about 300°C. It is understood
that the modulus of elasticity of the temperature at the
position where the stress occurs most affects the stress
reduction.

5 Summary

The thermal shock resistance under mechanical
constraint of the rebonded brick and the direct-bonded
brick were evaluated and compared. The results obtained
could be summarized as bellows.

(1) Cracking occurred parallel direction to the
heating surface for the rebonded bricks, but no cracking
occurred in the direct-bonded bricks.

(2) According to the thermal stress analysis, the
twice higher stress generated in the former bricks.

(3) A sensitivity analysis indicated that, both
thermal expansion coeflicient and elastic modulus have
influenced most on the generation of the stress initiating
parallel crack to the heating surface by almost same level.
The extended analysis on the elastic modulus clarified that
the modulus at low temperature region influenced most on
the maximum stress.
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