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Abstract

The thermal expansion rate under load was measured with a constant load being applied to the

sample in order to investigate the volume stability and the state of stress caused by the thermal

expansion of refractories under restrained conditions. In this report, we improved the thermal

expansion under load measuring method and presumed the amount of elastic and plastic deformation

at high temperature for various carbon containing bricks. The results of the measurements were

related to the damage behavior of these bricks in actual furnaces.
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1. Introduction

Thermal expansion is one of the important
characteristics of refractories. In addition to the
thermal expansion in free space, the thermal
expansion under load has also been measured
in order to examine the characteristics of
refractories at high temperature”. The thermal
expansion rate under load is useful not only
for designing a brick lining stressed by the
self load of bricks such as checker brick lining
of the regenerator in hot-blast stoves, but also
the evaluation of flexible mechanical behavior
of refractory materials at high temperature.
Conventionally, the thermal expansion rate
under load has been measured under a constant
load from room temperature to target tempera-
ture. The sample expands with the increase in
temperature and deforms by a given load at
the same time. In this deformation, both of the
elastic and plastic deformations are included.
Therefore, the thermal expansion rate under
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load can be expressed by the following expres-
sion.

Thermal expansion rate under load (T,o) =
Thermal expansion rate (T) — {X(Amount of
plastic deformation at each temperature and
each load up to temperature T) + o/ Elastic
modulus (T)}

In other words, the thermal expansion rate
under load is thought to be equal to the value
which is the amount of all deformations under
load subtracted from the thermal expansion
rate without load.

With the conventional thermal expansion
under load measuring method, the plastic and
elastic deformations could not be distinguished
from each other. However, it is necessary to dis-
tinguish these deformations in order to consider
the joint damage of a brick lining. For example,
if deformation of bricks is composed of only
plastic deformation at a particular temperature,
the joint opening would start at the same time
of the decrease in temperature. On the other
hand, if elastic deformation is also included in
the brick deformation, the joint would not begin
to open with the decrease in temperature, and
would not start to occur until the elastic defor-
mation ceased ?. Therefore, we have attempted
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by expansion joint
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Brick has stress by the restraint
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Fig. 1 Image of brick expansion condition in actual furnace.
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Table 1 Load condition of each experiment A and B

Room temp.-999°C | 1000-1494C |  1495-1500°C
Experiment A 0.1MPa
Experiment B 0.1MPa | 1004)MPa | 0.1MPa
* Al,0s~SiC-C samples are measured at 0.4MPa.

Table 2 Composition of MgO-C samples
Sample MC1 MC2 MC3
Chemical Composition MgO 8b
/ mass% C 15
Binder Phenol resin Special binder A | Special binder B
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to separate the elastic and plastic deforma-
tions in the thermal expansion under load by
improving the measuring method. This paper
describes the evaluation results for various car-
bon containing bricks (MgO-C. Al,0;-SiC-C,
Al:O;-MgO-C) by the new method of thermal
expansion measurement under load.

2. Experimental Procedure

The experimental apparatus was improved
to enable increasing and decreasing the load
during measurment. The test was carried out
under an N. atmosphere, and the temperature
was raised at 5C/min from room temperature
to 1500C.

Fig. 1is an image of what brick expansion con-
ditions are thought to be like in actual furnaces.
Bricks are thought to be able to expand without
creating large stress during low temperatures
due to the expansion absorption by the joint.
However, the bricks create large stress above
a certain temperature, because the thermal
expansion of bricks exceeds the expansion
absorption and the bricks are restrained. And
this stress becomes larger with temperature
increase.

In the improved experiment of thermal
expansion under load, the load was changed
some times during the experiment. The test
sample was loaded with the stress value of
0.1MPa to represent a not restrained condition
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Fig. b Elastic and plastic deformation of MgO-C
samples.
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at low temperature in an actual furnace and a
stress value of 1.0MPa to represent a restrained
condition at high temperature. Table 1 shows the
experimental conditions. In these load chang-
ing experiments, the boundary temperature
between the low and the high temperature was
assumed to be 1000C though that value var-
ies in actual furnaces. Moreover, the load was
decreased from 1.0MPa to 0.1MPa at 1495C (in
the case of Al,O;-SiC-C, the load was decreased
from 0.4MPa to 0.1MPa.), in order to measure
the elastic deformation.

3. Experimental Result

3. 1 Deformation characteristics of
MgO-C brick

Figs. 2~4 show the results for the MgO-C
bricks shown in Table 2. The data of experiment
A was corrected to accord with experiment B at
999T, in order to correct for the error margin
in experiments A and B. This correction was
executed for the other experiments as well. The
amount of the elastic deformation and plastic
deformation were presumed to be as follows.
< Elastic deformation>

After the load was decreased at 1495C in
experiment B, the sample is thought to have
expanded corresponding to its elastic deforma-
tion at that temperature. Therefore, the amount
of elastic deformation was presumed to be the
value which was the thermal expansion rate
just before decreasing the load (at 1494C) sub-
tracted from the rate just after decreasing the
load (at 1500C) in experiment B.
<Plastic deformation>

The thermal expansion under load, as
described above, is thought to be equal to
the value which is the total of the cumulative
amount of both plastic deformation and elastic
deformation at a given temperature subtracted
from the thermal expansion rate without load.
So, the amount of plastic deformation was pre-
sumed to be the value which was the expansion
rate at 1500C just after the decrease in load
in experiment B subtracted from the expansion
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Table 3 Composition of Al0;-SiC-C samples

Sample ASC1 ASC2
AlOs 79 bb

Chemical Composition | SiC 7 5

/ mass% C 14 10
SiO. - 30

Binder Phenol resin
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rate at 1500C in experiment A.

Three different types of MgO-C bricks were
tested (Table 2). MC1, an ordinary MgO-C brick
made with phenol resin binder and used for
BOF and steel ladles. MC2, a newly developed
MgO-C brick with a brick micro structure
using a special binder and showing low thermal
expansion under load”. And, MC3, another
newly developed MgO-C brick for steel ladle-
furnaces made with a special organic binder?.
This special binder resulted in the development
of micro pores in the brick matrix after heat-
ing.

Fig. 5 shows the measured amount of elastic
and plastic deformation obtained from mea-
surements. MC2 and MC3 showed about two
times and three times the amount of elastic
deformation compared with MC1 respectively.
Moreover, the total plastic-elastic deformation
values for MC2 and MC3 were larger than that
of MCI.

In actual furnaces, bricks which deform at high
temperatures are expected to reduce the stress
caused by thermal expansion and decrease spall-
ing damage. In addition, joint opening during
temperature decrease is expected to be small
in bricks which have a large amount of elastic
deformation at high temperature. Therefore,
MC2 and MC3 are expected to show little joint
damage caused by the thermal expansion and
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Fig. 6 Thermal expansion curves of ASC1.
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Fig. 8 Elastic and plastic deformation of
Al,0;-SiC-C samples.

joint opening in actual furnaces. The decrease

in joint damage was observed verified and for

both of MC2 and MC3 in actual furnaces®”.

3. 2 Deformation characteristics of
AlL:0;-SiC-C brick

Fig. 6 and Fig. 7 show the measured results
for the two samples of Al:O;-SiC-C bricks
shown in Table 3. ASCI and ASC2 are mainly
used for hot-metal containers, and ASC2 con-
tains a lot of rouseki material. Because the ASC
brick containing a lot of rouseki shows large
deformation, the stress after the load increase
in experiment B was assumed to be 0.4MPa.

ASC1 shows very little elastic deformation
and almost no plastic deformation. On the other
hand, ASC2 showed large elastic and plastic
deformation, and the elastic deformation was
about five times that of ASC1 (Fig. 8).

According to a study? of rouseki raw material,

pyrophyllite starts to decompose into mullite
and amorphous silica at about 1000~1100T,
and also cristobalite and melt start to generate
from the amorphous silica and quarts at about
1400C. It is estimated that these characteristics
of rouseki cause the large deformation at high
temperature to ASC2Z.

Fig. 9 shows the in-furnace appearance of
ASCI and ASC2. ASC1 was observed to have
large joint damage. On the other hand, the joint
damage was greatly suppressed in ASCZ.
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Fig. 9 Appearances of ASC1 and ASC2 in actual furnaces.
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Table 4 Composition of Al,0;-MgO-C samples

Sample AMCT | AMC2
Chemical Al:Os 75

Composition | MgO 10

/ mass% C 15

Binder Phenol resin ‘ Special binder B

From the above results, it was confirmed that
bricks that are able to deform largely and with
large elastic deformation at high temperature
can decrease joint damage in actual furnaces.

3. 3 Deformation characteristics of
A1,0,-MgO-C brick

Fig. 10 and Fig. 11 show the measured results
for the two samples of Al:O;-MgO-C bricks
shown in Table 4. AMCI was made using phenol
resin binder. AMC2 was made using a special
organic system binder (the same binder as MC3).
AMC2 showed about twice the amount of elas-
tic deformation of AMCI (Fig. 12) and also had
large plastic deformation. It was suggested that
the special organic binder was also effective for
decreasing the joint damage of ALO;-MgO-C
bricks as well as MgO-C bricks.

4, Consideration

From the results of above experiments, it
is thought that the binder greatly contributes
to the deformation characteristic of carbon
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Fig. 13 Elastic and plastic deformation of MgO-C
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Table 6 Load condition of experiment C

Room temp.-1489°C

1490-1494°C 1495-1500°C

Experiment C 0.1MPa

1.0MPa 0.1MPa

4. EZ

CZETOMBRLY, MR THLREEAN
ADSDLEFAFENZINA V=R ELEN LT
WAL EWRIEEIND, R UL 5 =% w7
MgO-CILA DY E ALO;-MgO-CILA DD E I &=
W L 7246 B % Fig. 13128 N V=127 =
J = ViR 2 w723 UETlE, MgO-C & ALOs-
MgO-CNADIEERENITIZFE L TH Y, Bk
B L MUETROE &G L RAEETH L, —T, §F
WHEBNA V5 — % 723 E T, wihott
B 72/ = VEIROBE L) b RELE &R
TH%, MgO-CILADNZHE L ALOs-MgO-CIL A
PIIEWEETEPRKELHEZRLTBY, MED
EWIZ Lo THEFFED R > T D 2 LH%
5o

CDEHIZ, KREGTHNADVOERIE TOEI
FVEINA =R EOMAE DRI L) B
HEEZONLD, WHEHERE (WHEO»2o TV
BHILEB X OHER) OEWIC X o TH LR
HEWPELLWERENEZObNL, Bz, Eik
POERE CRERMEI L) il 556 &,
ERO DT EERO A K E BITES»H 5
ATIRERHEEIGESKELL EEbRS, 22
T, ALOsMgO-CILADIZDOWTIS00C D
lm s T & B89 % 41 (Table 6 925kC) T
HWEEITV, BoN-BRELEFRABOLA L
L7z WER R % Fig 14, 1512587, &8,
PP RS EBRA, B & FAR A E BRI 2 O
REREOELE L, BEHAEREICOWTIL, WEZ
N9 2ERT (1489C) DR O mHE % i L
7% (1500C) DIgRFEAE LTIV E L7,

HIE DGR, AMCL-2& b IZFEERA, BTHEOIL

containing bricks. Fig. 13 compares the amount
of deformation of MgO-C bricks with that of
AlLO;-MgO-C bricks made with the same
binder. In the case of phenol resin binder, the
amount of the deformation and the ratio of
elastic deformation to plastic deformation of
AlO;-MgO-C brick were almost the same as
MgO-C brick. In the case of the special organic
binder, the ratio of plastic deformation to elastic
deformation of Al,O;-MgO-C brick was differ-
ent from that of MgO-C brick. This indicates
that the deformation characteristic of these
bricks depends on not only the type of binder
but also the constituent materials.

Thus, it is expected that the deformation
characteristic of carbon containing bricks will
vary at high temperatures according to the
combination of binder and raw materials. On
the other hand, the deformation characteristics
are thought to vary according to the loading
conditions. For example, it is thought that there
is a difference in the deformation characteristics
between the case of large stress being loaded for
a short time at high temperature and that large
stress being loaded for a long time from room
temperature to high temperature. Therefore,
the deformation characteristics were measured
under the conditions of the load being increased
and decreased in a short period around 1500C
in order to compare with experiments A
and B (experiment C in Table 6). Fig. 14 and
Fig. 15 show the results of experiment C for
the Al,O;-MgO-C bricks. The amount of elastic
deformation was assumed to be the difference
between the measured expansion values before
and after (at 1494C and 1500C respectively)
decreasing the load, which is similar to the
case of experiments A and B. The amount of
the plastic deformation was assumed to be the
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value which was the amount of expansion after
the load was decreased at 1500C subtracted
from the amount of expansion just before the
load was increased at 1489C.

Both the elastic and plastic deformation in
experiment C became small compared with the
values in experiments A and B. The amount
of the deformation of AMCZ in experiment C,
especially, decreased to 1/10 that of experi-
ments A and B (Fig. 16). This suggests that
there is a difference in the brick microstruc-
ture at high temperature between the case
of large stress being loaded from low to high
temperature and the case of large stress being
loaded only at high temperature. In this way,
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