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Evaluation of thermal shock resistance of MgO-C refractories under
mechanical constraints

S, A RRSERR T, AIARSERT, B BT, BRI
Michiharu SHIOHAMA*, Hidetoshi KAMIO**, Ryota HOSOGI***,
Kiyoshi GOTO**** and Katsumi MORIKAWA*****

2 B
RFE A KW TH B MgO-C ADL, HEHZHEDIEHRERNEM ELTILCHWLONT WS,
FIATIE, MgO-C NAAIERB THH Z SN7ZIRETREREZ 2T T0E7, BEILHESNT
W BB BEMEOFHIOZ 1L, HHROIRETITON/2b D TH o7z, Al FEIBRBE L 72 1L
LA RS 572012, T UFIVEGHBIEIC TENM 2 FHA T & 2 D~ TR AT A T 7E 7 5
BRICEZRESEL, MgO-C AN OEE AR 2 E L 72,
TR, FIFLFRBICEBIIN LT T2BEPBS SNz, T2, OTAMITORRE, %
i & B OO HEIZ Lo TRAEL NP REOIEERKZENFE SNIZo ZORHIIIZ Lo TH
SNTAERL, R TOBEBEEE AT L)2THAHTHLEEZLN S,

Abstract

MgO-C bricks, a carbon containing refractory material, has often been applied to the lining for steel
refining furnace like converter. Although the MgO-C bricks have suffered thermal shock with under
constraint by steel shell in the actual furnace operation, the available report for the thermal shock properties
of the bricks so far were those obtained under the unconstrained condition. In order to grasp the behavior
of the bricks more accurately to simulate the actual condition, the testing system was constructed and the
thermal shock tests of the MgO-C bricks were performed under mechanical constraints using the system
with application of the digital image correlation method (DICM). As the results, cracking occurred parallel
direction to the hot face with reproducing the behavior in the actual furnace operation. According to the
analysis performed, the cracking seemed to be induced by the thermal stress arose between the hot face and
cold face. The results obtained by the present investigation were thought to be quite useful to understand
the thermal shock behavior of the bricks under constraints.
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actual condition, the testing system was constructed
and the thermal shock tests of the MgO-C bricks
were performed under mechanical constraints using
the system with application of the digital image
correlation method (DICM).

The amount of graphite and antioxidants
added in the compositional design of MgO-C bricks
are well known factors that affect thermal shock
resistance. We attempted to estimate crack occurrence
factors by measuring the strain generated during
thermal shock tests under restraint in specimens of
these different designs. In addition, the thermal
history of the bricks differs between the early and late
stages of operation in the actual furnace. Therefore,
we attempted to better understand the phenomena in
the actual furnace by conducting tests under different

heat treatment conditions in advance.

2 Test equipment and method
2+1 Equipment for thermal shock evaluation

A schematic figure of the thermal shock test
equipment is shown Fig .1. This equipment consists
of a loading frame, load cell, pressure rod, pressure
plate, and power unit. The sample specimen is placed
between the upper and lower pressure plates in the
center of the testing equipment. The force generated
in the power unit is applied as a vertical load to the
specimen through the pressure rod and pressure
plate. The sample is tested under initial constraint by
its load. An oxy-propane burner is used as the heating

source, and the specimen surface can be heated
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Fig. 1 Schematic figure of thermal shock test equipment.
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rapidly. The hot face temperature is measured by an
infrared radiation thermometer. A digital camera is
placed beside the equipment to take pictures of the

surface side of the specimen.

2°2 Strain measurement using digital image
correlation method

Digital images of the specimen before and
after deformation are taken at regular intervals during
the test. The displacement and strain can be measured
by processing the images before and after deformation
with DICM. Fig. 2 shows measurement principle of
DICM. By cutting out a part of the image before
deformation and using it as a template image for
search, and by pattern matching with a part of the
image after deformation, the displacement of the
search area can be obtained. If this process is carried
out sequentially, multi-point measurement of
displacement is possible.

By taking the ratio of the displacement of two
neighboring points to the initial length, the strain
between each region can be determined and displayed
as a strain distribution diagram. When a crack
appears in a specimen, the distance between the
evaluation points located across the crack increases.
The crack is visualized as a continuous high strain
region in the strain distribution diagram because the

damaged region is continuous.

Search Range

After Deformation

Deformation
Amount
dx =x"—x
dy =y'-y

Fig. 2 Measurement principle of digital image correlation method.
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Table 1 Raw material, and composition and physical properties of the test bricks

Sample code 15A 15B 5A 5B
Raw material Fused magnesia / mass% 85 85 95 95
composition Flake graphite / mass% 15 15 )

Antioxidant Total amount /mass% 1 4 1
Physical properties
After curing Bulk specific gr.avity 3.00 2.93 3.15 3.06
Apparent porosity /% 4.1 4.5 6.2 6.7
Bulk ifi it 2.94 2.89 3.10 3.04
After firing at 1400°C X Speclic gravily
Apparent porosity /% 9.5 11.2 9.5 11.2
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2+3 Test bricks

Table 1 shows the mixing ratio of raw materials
and physical properties of the test bricks. Four types
of bricks were prepared by varying the amount of
graphite and antioxidant, which have a large impact
on thermal shock resistance. Specimens 15B and 5B
use several types of antioxidants, and the total
amount is shown. Test MgO-C bricks with graphite
content of 5% and 15% and antioxidant content of
1% and 4% were prepared.

3 Thermal shock test conditions and results
3+1 Thermal shock test conditions

The specimen shape and stacking manner are
shown in Fig. 3. The specimens were cut out of bricks
molded using uniaxial pressing with the z direction
into 110 x 40 x 100 mm pieces. MgO-C brick walls
have joints in actual use. Therefore, for this evaluation,
the 110 x 40 mm surface was used as the hot face and
the 110 x 100 mm surface was used as the observation
surface, and two specimens were stacked with a joint
without using mortar. The temperature was measured
by a radiation thermometer, and the gas flow rate was
adjusted using a program controller to keep the hot
face at a predetermined temperature. An example of
the temperature transition during the test is shown in
Fig. 4. The temperature was raised to 1600°C at a rate
of 200°C. min™, held for 10 minutes, and then cooled
for 10 minutes. Then the heating and cooling were
repeated three times. For the first heating, the initial
load was set at 5 MPa, and for the second and third
heating, the load at the start of heating was adjusted
to 10 MPa.

In this study, we experimented with two types
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Fig. 3 Schematic figure of sample for thermal shock test.
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Fig. 4 An example of the temperature transition during the test.
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of pretreated samples. The first was tested on bricks
after curing at 250°C, assuming the initial start-up of
the furnace. The second test was conducted on bricks
after firing at 1400°C, assuming that the bricks had
received sufficient heat due to actual operation.

32 Thermal shock test results

Figure 5 shows strain distribution during
initial heating (871s) and after the third heating
cycles (4489s). In the test of after curing bricks, gas
derived from phenol resin was generated and soot
adhered to the observation surface. The strains could
not be calculated because the image processing could
not be performed in the area where soot adhered.
Subsequently, as the temperature of the bricks
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increased, the soot was oxidized, and image analysis
became possible except in some areas where the paint
had peeled off. The test of 15A was interrupted in the
second heat due to misfire of the oxy-propane burner.
In the strain distribution diagram, there were no
continuous high strain regions in any bricks. In other
words, there's no crack.

Next, the test results using the samples fired at
1400°C are explained. The 15A brick destroyed in the
load direction during the second heat-up of about
2300 seconds. It is thought to have been fractured by
compression. From the strain distribution, a
continuous high strain region occurred only in 5B
brick. As for the experimental fact that cracking
occurs in the case of low graphite content and a large

amount of antioxidant, there is no difference in the

Pretreat |

After curing at 250°C

After firing at 1400°C

Situation

15A

Cooling

Keeping at 1600°C Cooling

15B
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Fig. 5 Strain distribution during initial heating and after three heating cycles.

Krosaki Harima Technical Report No.170 (2022)

- 118 -



WRIZ 1400CE TTHERL L 721> TV K % Bl B2
AR O R EHI TS, £ 15A 1347 2300
o2 e —NHOFA BT E T IS ILADH I
P70 HEMICLAR7ZEEZON S, RIZ
A E, 5B @&@ﬁxtt%()‘ﬁ“&%ﬁiﬁ}mi’"
L7z RESOBRALBIEM S ROy 6, AR
DFETDHE V) FERFEFITH LT, ek

ITHONTEHBR TRl L7235 & L LT
TR DFFHNAEIT RV SERZD 5B LAH D
P 2 B L7225 NADPHNFIZBWTH O
A AN — T B MBI AR TR SN
PO LT B BB TH L Z L ZMERAL
720 B, KEBRIZBWTIRGAF TOREBEDT-
DRI TR B FEO N 5%, T DIE

AT KA 3mm FETH Y, BHEFEAIITE
ERIZL T nWEEZBND,

4 BRELEZROHETE

BROFELERNEFE VT HEDPHBREOFEER
W35, AR 5 PATICSEE T S8R AT
LT 3 2D A B %o

IR 1 SR C OB IR |20 2T S B 22
EdHZEIZEoTHEL, TDBRDEBHTIHIZ
B HZ & THETBIE TRAEDEL B, Y

W3 2 vl e S HRE OB IEEIC LT,
IR DIE N DIAE—, b, ZOENEIZELST
FEET BN TR EL B, ?

IR 3 A & TR D O A D 7
HEDFEI LR L BRI EL B, Y

39 QLIGH 2 DBRROFEAFEROEA, 7l
RIS EEMBERNAD ORI E 22570,
HORITLNADPEMEIC 25139 TH DA, 5B
ENAD R B FEAE DR T TR, D
7200 A 2 I EER TIE R WEE RSN 5, KIZ
Wi 1 & 3DEEEERTLOIL, yHIaOD
FThHETILRL 72, O TAEORHHMELZI 6 12
~3o aZb h @ 8 EHTO ) BN AE X ab,
c-d OF¥¥ %, WHMANL, efgh DFIE VT H
me L7,

T

- 119 -

order of spalling resistance compared to the case of
evaluation by other conventional test method. The
cross section of brick 5B after the test was observed.
The cracks in the bricks were found to be located at a

the

distribution. It was confirmed that the crack was a

position almost coincident with strain
through crack parallel to the hot face. Since the test
was conducted in air, decarburization layer was
observed especially on the heated side, but its
thickness was about 3 mm at maximum and it did
not affect the crack occurring. We attempted to
estimate the cause of crack occurrence in these
specimens of different design by measuring the strain
generated during thermal shock resistance tests under
restraint. In addition, the thermal history of the
bricks differs between the early and late stages of
operation in the actual furnace. Therefore, we
attempted to better understand the phenomena in
actual furnace by conducting tests under different

heat treatment conditions in advance.

4 Estimation of crack occurring factors

The crack occurring factors were estimated
from the crack occurring status and the amount of
each strain. There are three hypotheses for the factor
of cracks that occur parallel to the heating surface.

Hypothesis 1: Since the heated side shrinks
due to plastic deformation and further shrinks during
cooling, stress is generated at the boundary between
the heated side and the back side where shrinkage is
small, resulting in cracks.”

Hypothesis 2: Due to the difference in
expansion between the heating side and the back
side, the pressure on the contact surface between the
bricks becomes uneven. The stress generated by this
pressure difference causes cracks to occur.?

Hypothesis 3: The cracks are caused by the
stress generated by the fan-shaped deformation of the
bricks due to the temperature difference between the
heated and back sides.”

If hypothesis 2 is the cause of crack occurring,
the origination of crack should also be contact area
because the tensile stress originates from the brick
contact area, but in case of 5B, the brick contact area
is not the origin of the cracks. The cracks occur inside
the brick. Therefore, Hypothesis 2 is not considered
to be the main factor. In order to evaluate the
influence of hypothesis 1 and 3, the strain in the
y-direction was compared. The position of the strain
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Fig. 7 Transition of heating surface side strain during the test under constrain.
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measurement is shown in Fig. 6. Among the eight
measurement points from a to h, the average of a-b,
c-d was taken as the strain amount on the heated
side, and the average of e-f, g-h was taken as the strain
amount on the back side.

Figure 7 shows the transition of heating side
strain during the test under constrain. 15A is
considered to have a smaller strain due to the
progressive compressive destruction. If hypothesis 1
was the main factor, the strain on the heated side of
5B, which the crack occurred, should be smaller, but
there was no difference from 15B. This means that
hypothesis 1, which is caused by plastic deformation
on the heated side, is not the main factor in the

occurrence of parallel cracks. In order to verify
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hypothesis 3, the strain on the back side is shown in
Fig. 8. The strain of 15A is small, which is the same
as the result of the heating side, but among the other
three bricks, the strain of 15B with high graphite
content tends to be the largest and that of 5A and 5B
with low graphite content tends to be small. Fig. 9
shows the temperature of the cold face. Materials
with higher graphite content have higher thermal
conductivity and therefore higher temperature on the
back side. Therefore, it is considered that the strain
increased with the amount of graphite. The strain
difference in the y-direction between the heated side
and the back side is shown in Fig. 10. As a result, the
maximum strain difference was the highest in 5B.
The timing of the crack occurred coincided with the
timing of the rapid increase in the strain difference.
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Difference in strain ( y-direction) /-

Therefore, Hypothesis 3 is the most likely factor of
the parallel crack formation that occurred in 5B by
the thermal shock test on the sample after firing at
1400°C.

Next, we discuss the reasons why no cracks
occurred in any bricks after curring at 250°C. Fig. 11
and Fig. 12 show the strains in the y-direction on the
heating side and the back side, respectively. Only in
5B, in which cracks occurred after firing, the results
after firing and curing were compared. Both the
heating side and the back side will have less strain
after curing. This is thought to be due to the shrinkage
of the bricks caused by the polycondensation of the
phenolic resin in bricks after curring. Fig. 13 shows
difference of the strain from the heating said and
back side in y-direction. Since the difference between
the strain in the heating side and back side is much

Yo,
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Fig. 10 Difference in strain between heating side and back side.
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Fig. 12 Transition of back side strain during the test under constrain.
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Fig. 13 Difference in strain between heating side and back side.
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lower after curring, it is considered that the stress was

not high enough to cause parallel cracks.

5 Conclusion

In order to grasp the behavior of the bricks
more accurately to simulate the actual operation, the
testing system was constructed and the thermal shock
tests of the MgO-C brick were performed under
mechanical constraints using the system with
application of the digital image correlation method
(DICM). As the results, cracking occurred parallel
direction to the heating surface with reproducing the
behavior in the actual furnace operation. DICM
revealed that the crack was formed by thermal stress
due to the strain difference between the heated side

and the back side. By applying this method, the
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prediction accuracy of spalling in actual operation is
greatly improved.
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