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Influence of Measurement Conditions in Gas Permeability and Application of This Test Method
to Refractory Evaluation

Hideo Asakura, Naoki Baba, Tomoyuki Maeda and Akira Yamaguchi
Okayama Ceramics Research Foundation

1406-18 Nishikatakami, Bizen-shi, Okayama 705-0021, Japan

Abstract : We have been carrying out investigation for some problems concerning gas permeability and application
of their clarification technologies to refractories by a new gas permeability measuring apparatus. 1) It is thought that
the gas stream in refractories flows not as a laminar flow but as a calm turbulent flow, and gas density is thought to
influence the permeability measurements under high pressure conditions. 2) Two types of samples were taken from
the MgO-C brick. One type was taken from the side to which pressure was applied during manufacturing and other
type was taken from the side perpendicular to the direction to which pressure was applied. There was a clear
diffcrence in the permeability which was caused by orientation of the graphite between the two types of samples used.
3) Permeability of refractories was found to increase with pore diameter. However, pores generated by the heating
and dehydrating of castable are small with diameters of 10nm - 100nm.
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Structure of test piece holder.
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Table 1 Test samples used in this report

F-C |[M-Spi| C [MgO [ Al,O; brick MgO-C brick Castable
brick | brick | brick | brick | A B A B A B C D
LOI — — — | = — — |8.30 | 12.8 | 1.11|1.56|1.70 | 1.28
Chemical Si0, |466| — — 230 [183[0.13|1.01 | 4.28 [30.1|0.28|4.89]0.85
CO:;‘;CS%OH ALO, 465|702 — | - |76.3]99.54.10 | 5.42 [64.7| 96.2]91.2] 89.2
Imass% CaO — — - | - — — — — | 1.11[1.32]0091]1.39
MgO | — | 288 — [958 — — | 847|774 — | — | — [6.91
T.C — — [99.9] — — — |94 145 — | — | = | =

F-C brick:Fireclay brick, M-Spi brick:Magnesia-Spinel brick, C brick:Carbon brick, MgO brick:
Magnesia brick, Al,O; brick:High alumina brick, MgO-C brick:Magnesia-carbon brick
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Table 2 Measurement schemes of repeatability

Precision of continuous measurements

Variation for different days

Placing of test piece in holder

Measurement start

Measurement finish

Statistic Icalculation

\
(4 statistic results in this method)

Measurement at
Repetition 3 pressures (e.g.10 kPa,
3 times 20 kPa and 30 kPa)
Calculation of permeability
Repetition (average) by computer
4 days

Placing of test piece in holder
Measurement start
Measurement at

3 pressures (e.9.10 kPa,
20 kPa and 30 kPa)

Repetition
6 days

Calculation of permeability
(average) by computer

Measurement finish

Statistic calculation

D iF 423 (mm/m- kPa/Pa: min/s* m%/cm®)
c=1/60x10"°% I\ 5.
n D WEHTADKE (Pa-s)
h: BB oES (mm)
d . B ofE (mm)
py : K&EE (kPa)
py @ A AR ZER DA (kPa)
qy : A AR (em® min ")
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Table 3  Test results for assessing of continuous

measurements
’?'82?_31‘)\ Spinel | Castable A
Data collection days.”d 4
Average of permeability.~x10™"° m?| 311.7 | 173.3 0.905
Average of o of 4 d./x107"° m? 0.9 0.3 0.017
Average of RSD of 4 d./% 0.3 0.2 1.8

o and RSD represent standard diviation and relative standard
diviation respectively.
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Table 4 Test results of variation for different days

AlLOz A .
(A1-1) Spinel | Castable A
Data collection days.”d 6
Average of permeability
%1071 m? 3104 1741 0.957
o/ *x10" m? 4.2 15 0.078
RSD.”% 14 0.8 8.1
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Fig. 2 Relation between measurement pressure and permeability for test samples.
Right scale of vertical axis shows permeance index (ml-min~").
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Table 5 Physical property value of test samples concerning pores
including permeability values

Test sample Burned brick Castable B
Test item Al,O3 B | Carbon | 110°C/24h | 1500°C/2h
Permeability/x10"°m? 265 244 0.1 26
Permeance index/ml-min”' 334 307 0.1 33
Apparent Porosity/% 16.8 18.7 14.0 18.1
(4VIA)um 59 0.037 0.041 1.7

(4V/a) represents average pore diameter.

Permeability figures in table are test sample values at 10 kPa.
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Fig.3 Pore size distribution results of test samples.

634

oM EHEREN G, —J), BENANE, F¥AS TN
BEZEETICIEN, REERILETLTNE VL IZE 2, FHR

LEIZE ARG, ZOTE M@ A T300m! min ™!
E0dml-min T 'E VI IEFICKRE CENFR NS, £ T,
BENANE F v 27 T VBESGORILOFBUE L L
T2o 59, HURNADTI, HS?ﬁ*%%@ﬁﬂ%fﬁd’wnm
LUF OMAIEIL & 2 10um Pl LD KGILIZ 2 58T BT
FHELTEY, ZOMMEILIE, HA4DLHIZELILEDMR
BOLELTHEEL TS, —JF, Fx A% T VB
DTTT 7 A ND5IE, HEK/AEW?20nm, ©300nmB
S 2umY 720 I — 2 BEETHLOD, BEshA
VDL BREGTIDVBOLNR . Thbb, Biih

ANINE, F v A5 TIVBEERERGD &) b EHEILEINE
WKHMD ST, P10umb oK E 2 GILAEET S L
Mo, INHRFIDBHT ADFENZHBEREEEH TN
HliiwaNnbd, B, TORMBNADPTOLEOHAR
L&, BORBHIED SN LWL DTHY, BENADD
ZEHEA0~100kPall B 5 iAZEIIAT S 2 OMb Y 235

HEITHEE SN S,
K2 4, KIEMZEC VSN TS —DEHIO
— X TH L FUTE (DI s e, u BT

MR LE T B,
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Fig.5 Relation between measurement pressure and
permeability of gun-nozzle.
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Table 6 Test results for reproducibility within the same
and different alumina brick A

Permeance Forming pressure |Direction perpendicular
direction direction to forming pressure
Kind of test within | Different | within Different
pieces brick bricks brick bricks
AoP/ x 10™°m? 269.3 283.1

0 /x107"°m? 28.4 16.8 23.7 36.0
RSD/% 10.5 6.2 8.4 12.7

AoP : Average of permeability

within brick : difference between 3 values from one brick
Different bricks : differnce between 5 brick
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Fig.9  Microstructure of MgO-C brick B.
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Densification Effect of Al1,SiC, Added to Alumina Carbon Refractories
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1. Introduction

It is important to select additives to refractories that are well
adapted to the operation conditions of steel making because the
properties of carbon-containing refractories vary with metal
antioxidants and nonoxides such as carbides. Recently, Al-Si-C
system complex carbides have been investigated as new
refractories additives' ~'”. There are various complex carbides of
the Al-Si-C system, for instance; AlLSiC,, AlSi,Cs, AlSi,C;,
ALSi;Cq and AlgSiC;. Among them, AlSIC, is a promising
additive to carbon-containing refractories because it is stable
over a wide temperature range, has a high melting point (see Fig.
1'") and has superior slaking resistance".

This paper presents the results of an investigation on the
effects of Al,SiC, addition on the densification of an alumina-
carbon refractory (hereafter called Al,Os-C refractory). The
results are discussed relative to SiC that is a commonly used
additive to AL,O,-C refractories.

2. Experiments

A mixture of aluminum powder (—63 Lm), silicon powder
(—45 um) and carbon black (—60 nm) having the mineral
composition equal to theoretical Al,SiC, was milled in a dry ball
mill for 10 hours, placed in a carbon crucible and heated in an
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Fig. 1 Phase diagram for pseudobinary Al,C,*SiC system.

argon atmosphere at 1700C to form ALSIC, powder. The
product was milled again in a dry ball mill for 10 hours (o a fine
Al,SiC, powder with size smaller than 20 um. The fine powder
was sintered by the spark plasma sintering to form sintered
aggregates. The aggregates were ground to grains 0.3~0.8 mm
in diameter which was used as an additive to the Al,O;-C
refractory for this investigation.

Table 1 shows the compositions of three kinds of test
samples: namely, Sample No. 1 contains neither SiC nor Al,SiC,,
Sample No. 2 contains SiC and Sample No.3 contains ALSiC,.

Each sample shown in Table 1 was pressed at 127 MPa
pressure to form green shapes which were heated at 200 for 6
hours to consolidate the specimens. The specimens were then
buried in carbon powder and heated in an electric furnace in an
air atmosphere at prescribed temperatures and times.

The mass, apparent porosity, crushing strength, pore diameter
distribution (by mercury porosimetry) and crystal phase (by
X-Ray Powder Diffraction) were measured after heating.

3. Results and Discussion

Figure 2 shows the relative change in mass with heating
temperature. The standard mass value was the mass of each
specimen heated at 200C for 6 hours. The weight loss of the
specimens heated to 800C was caused by carbonization of the
phenol resin binder. The changes in mass when the heating
temperatures were higher than 800C were caused by certain
reactions in each specimen. The decrease in mass of the
specimen made from the Sample No.3 (hereafter called
Specimen No. 3, and so forth) containing Al,SiC, was smaller at
8007 than that of the other specimens, and the mass increased

substantially from this point as the heating temperature

Table 1 Composition of Al,0,-C samples/mass%

No. 1 2 3
Fused alumina -1 mm 85 75 75
Flake graphite ~ — 150 um 15 15 15
0.8=0.3 mm - 5 -
SiC
—45 1m - 5 -
. 0.8-0.3 mm = = 5
AlSiIC,
=20 um - - 5
Phenol resin (novolak type) | ex.4 ex. 4 ex. 4
Hexamethylenetetramine ex.04 | ex.04 ) ex. 0.4 J
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Fig. 2 Relative change in mass of Al,0,-C samples with
heating temperature.

increased. On the other hand, the loss of mass of Specimen No.2
containing SiC was nearly equal to that of the Specimen No. |
with neither SiC nor ALSiC, when the heating temperatures was
1500°C, although the mass of Specimen No. 2 increased slightly
between 1200 and 1400°C. These facts suggest that a reaction
concerning Al,SiC, starts from a temperature lower than 1000C
and continues to 15007 ; namely, a reaction happening over the
wider temperature range brings a larger mass increase than a
reaction concerning SiC happening only in the narrow range of
1200C ~1400C.

Figure 3 shows the apparent porosity of specimens heated in
carbon powder. The increase in porosity of the specimens heated
at 800C was caused by the carbonization of the phenol resin.
The apparent porosity of Specimen No. 1 without Al,SiC, or SiC
increased as the heating temperature increased, that of Specimen
No. 3 with AlSiC, decreased linearly and that of Specimen No.
2 with SiC decreased between 800C and 1200C, increased
from 1400C and reached the same value as that of Specimen
Ne. | when heated at 1500°C. These changes in the apparent
porosity coincide well with the mass changes shown in Figure 2.
Therefore, it can be said that the decrease in porosity is brought
about by a certain reaction accompanying the increase in mass.
Namely, Al,SiC, brings about the densification of the Al,05-C
refractory structure by a reaction accompanying the increase in
the mass as shown in Fig. 2. It is clear that the temperature range
where the effect of AL,SiC, is valid is wider than that of the SiC
effect. The fact that the porosity of Specimen No. 3 is less than
that of the other specimens by as much as 5% proves that
AILSIiC, has a large densification effect at 1500C. It is a
promising result to improve an Al,O,-C refractory erosion
resistance, wear resistance and oxidation resistance because
these performances become better as the porosity decreases. It is
hopeful that the addition of Al,SiC, makes the erosion resistance,
wear resistance and oxidation resistance stronger because of all
the above mentioned resistances become better as the apparent
porosity becomes less.

Figure 4 shows the crushing strength of the specimens

heated in carbon powder. The crushing strength decreased at
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Fig. 3 Change in apparent porosity of Al,0,-C samples with
heating temperature.
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Fig. 4 Change in crushing strength of Al,0,-C samples
with heating temperature.

8007 because of the carbonization of phenol resin. The crushing
strength of Specimens No. 2 and No. 3 increased at temperatures
higher than 800C because of a certain reaction. The crushing
strength of Specimen No. 2 increased slightly from 800C to
1200 and decreased a little from 1400C to 1500C. On the
other hand, that of Specimen No. 3 increased extremely as the
heating temperature rises. Especially, the value at 1500C was
about two times that of the other specimens. These transitions of
crushing strength are coincident to those of the mass (Fig. 2) and
the porosity (Fig. 3). It is hopeful that the addition of AlLSiC,
makes the wear resistance of Al,05-C refractory stronger,
because the wear resistance becomes higher as the mechanical
strength becomes higher.

Figure 5 shows the change in the mean pore diameter with
the heating temperature. The mean pore diameter of Specimen
No. 3 containing Al,SiC, decreased significantly from 1200C to
1500C. Although the mean pore diameter of Specimen No. 2
containing SiC was slightly reduced when the heating
temperature was 1200C and higher, the pore size reduction
effect of Al,SiC, was larger. It is hopeful that the addition of
AlSIC, increases both the resistance of the pores against the

penetration of molten steel and the resistance against the
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Fig. 5 Change in average pore diameter of Al,0,-C samples
with heating temperature.

oxidation of carbon in the AL,O;-C refractory because both the
penetration of molten steel and the oxidation of carbon decrease
as the pore size becomes smaller.

Figure 6 shows the X-Ray Powder Diffraction (hereafter
called the XRD) analyses of Specimens No.2 and No. 3 heated
in carbon powder. The facts that the amount of ALSIC, in
Specimen No. 3 decreased as the heating temperature rises and
the SiC peak appeared at 1200C and above clarifies that an
AlSiC, reaction progresses as the heating temperature rises. On
the other hand, the fact that the amount of SiC in Specimen No.
2 decreased as the heating temperature rises to 1400C and then
suddenly increased at 1500C shows that a SiC reaction nearly
stops at 1400TC.

AlSiC, added to Al,O5-C refractory brought effects such as
densification, an increase in strength and the reduction in pore
size by means of a reaction accompanied with an increase in
weight as shown in Figs. 2~5. On the other hand, SiC brought
effects like the ones brought by ALSiC, in the range between
1200 ~ 1400, but it was not effective at 1500TC. These
phenomena are discussed thermodynamically as follows.

The gas filling the pores is an important factor in considering
reactions of a carbonized material in a carbon-containing
refractory. The surface of a carbon-containing refractory is

exposed to the atmosphere in the operation of almost all furnaces
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and vessels for steel making. In this case, the inside of a carbon-
containing refractory is filled with CO and N, at a temperature
higher than 1000C, and the main reaction of carbonized
materials is a reaction with CO.

The partial pressure of CO in a carbon-containing refractory
is Pco=10.355 X 10° Pa, when O, in the atmosphere is changed to
CO by Equation (1) and the total pressure is held at 1.013 X 10°
Pa (1 atm).

2C+0,=2C0 (1)

The condition of the specimen heated in carbon powder is
analogous to the above mentioned one, namely, it can be
considered that the environment of both the exterior and interior
of the specimen has a partial pressure of 0.355 X 10° Pa CO
when carbon coexists.

The changes in mineral phases shown in Figure 6 (No. 3)
can be expressed with Equation (2) forming Al,O; and C as well
as SiC.

ALSIC, (s) +6CO (g) = 2Al1,0; (s) + SiC (s) +9C (5) (2)

The reaction forming SiO, and C from SiC and CO happens
after Al,SiC, changed to Al,O; and SiC and disappeared, as the
result, the following reaction progresses.

3A1L0, (s) + 2SiC (s) +4CO (g) = AleSi,0p; () +6C (s)  (3)

Both the Equations (2) and (3) express that CO (g) taken in
an AL O,-C refractory deposits as C (s) making a mass increase,
a porosity decrease, a more dense structure and higher

mechanical strength.

Figure 7 shows the stability domains of condensed phases in
the AI-Si-O-C system obtained by calculating from the
thermodynamic data the temperature conditions necessary for
both Equations (2) and (3) to progress to the right side'”'”. The
y-axis is the dimensionless partial pressure normalized by
dividing an actual measurement value by 1X 10’ Pa being the
standard pressure of the SI Unit (hereafter called PO). The curves
in Fig. 7 show the boundaries of stable condensed phases.
Figure 7 indicates that {Al,O,+SiC+C} and {AlSi,Op+
AlL,O;+C} are more stable than {AlSiC,+C} under the

Fig. 6 Change in mineral phases of Al,0,-C samples with heating temperature.
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Fig. 7 Stability domains of condensed phases in the Al-Si-
O-C system.

condition of P, =0.355X 10° Pa (log (P./P%) = —0.450) in the
temperature range lower than 1890 . Namely, it means that
Equation (2) progresses to the right hand side. The heating
temperatures of the specimens in carbon powder in this
investigation were in the range that Equation (2), being a
densification reaction, progresses to the right hand side. This
consideration agrees with the experimental results mentioned
above. Therefore, it can be expected that Al,SiC, added to an
ALLO;-C brick used in high temperature conditions between
1300C ~1800T, such as a steel making furnace or vessel,
reacts in accordance with Equation (2) to densify an Al,0,-C
brick.

Figure 8 shows the stability domains of condensed phases in
the Si-O-C system for the SiC reaction expressed by Equation (4)
from the thermodynamic data'®.

SiC (s) +2CO (g) = SiO, (s) + 3C (s) 4)

Figure 8 states that {SiO, + C} is more stable than {SiC} in
the temperature range below 14307 under the condition of P,
=0.355 % 10’ Pa (log (P.,/P%) = —0.450), namely, the reaction of
Equation (4) progresses to the right side. However, {SiO,+ C} is
less stable than {SiC} in the temperature range higher than
1430, namely, the reaction of Equation (4) progresses (o the

4
3 -
2t SiO(s,l) + C(s)
s 1
% 0
Q'(i -1
w —2
__O _3 L
SiC(s) + C(s)
_4 -
_5 -
-6 1 L 1 L 1
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Temperature /°C

Fig. 8 Stability domains of condensed phases in the Si-O-C
system.
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left side. This transition temperature, or the phenomenon, agrees
well with the XRD analysis shown in Fig. 6 (No.2). It is
considered that the decrease in the effect of SiC in the high
temperature range shown in Figs. 2~5 was caused by the
reversal mentioned above.

This reversion phenomenon is a serious problem for the
actual performance of SiC-added Al,O;-C refractories. For
instance, in the case of a steel making process operated between
1300C ~1800C Equation (4) progresses to the right side and
densification happens in the inner part where the temperature is
lower than 14307C. As the wear progresses and the inner part
reaches a temperature higher than 1430C Equation (4)
progresses to the left and the densification effect of SiC will be
lost and the structure will be weakened. Considering that it is
important from the view point of wear resistance to make the
structure near the hot face strong, the behavior of SiC mentioned
above is not favorable for a refractory operated at temperatures
higher than 14307. On the other hand, Al,SiC, demonstrates a
densification effect up to 18907 . Therefore, the hot face part of
an Al,0;-C refractory with AlSiC, added keeps a sound
structure at temperatures between 1500C ~1800T and Al,SiC,
will contribute to the reduction of the wear rate.

4. Conclusion

The effect of AlSIiC, addition on the densification of an
Al,05-C refractory was compared with that of SiC. The results
were as follows:

(1) The increase in the mass of an Al,SiC,-containing
ALO;-C refractory when heated in carbon powder was
caused by the deposition of carbon generated by the
reaction between ALSiC, and CO in the refractory. The
deposition of C densified the structure, increased in the
strength and reduced the pore diameter.

(2) It was observed that the reaction between SiC and CO in
SiC-addedAl,O,-C refractory brought the same effects as
those of ALSIC,. However, the effective temperature
range was 1200C ~1400C and the effects were scarcely
observed at 1500TC.

(3) The above mentioned results agree well with the relation
between the temperature and the stability domains of
condensed phases predicted by the thermodynamic data.
ALSIC, exhibits a densification ability up to 1890C but
SiC does so up to only 1430C. Therefore, it is assumed
that the effect with SiC disappears at temperatures higher
than 1430C.

It can be expected that the erosion resistance, wear
resistance, oxidation resistance and molten steel penetration
resistance of an Al,O;-C refractory is improved by adding
AlSiC, by making the of Al,0,-C refractory structure dense.
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High-temperature Reaction of Al,SiC, Coexisting with Carbon

Yasuhiro HOSHIYAMA, Akira YAMAGUCHI and Junji OMMYOJI

Abstract

Al,SiC,-C specimens heated in carbon powder were studied in order to clarify the high temperature reaction mechanism of Al,SiC,
added to carbon-containing refractories. ALSiC, reacted with CO gas to form mainly o-Al,O; and SiC above 1000C. This reaction
proceeded at lower temperature as the particle size of Al,SiC, addition was decreased. Al,C; did not form at any particle size and
heating temperature. A reaction layer about 15 pim thick was formed at the surface of AlSiC, particles heated at 15007 for 5 hours.
This indicated that the reaction occurred from the surface toward the inside of AlSiC, particles. The thickness of the reaction layer
was constant at all AL, SiC, particle sizes subjected to the same heating conditions. As a result, the reaction was accelerated as Al,SiC,
particle size decreased because smaller particles had larger surface area. The reaction layer was composed of SiC and carbon. It was
estimated that aluminum vaporized from Al,SiC, and dispersed to the surrounding texture, and then ALO; and carbon were condensed
in the pore and consequently densification of the texture occurred.

Key words: Carbon-containing refractories, Al,SiC,, Reaction mechanism, Reaction layer, Evaporation-condensation

1. Introduction

Characteristics of carbon-containing refractories show
extreme variability with different additive substances such as
metals and carbides that are introduced to prevent oxidation of
carbon and increase the strength. Therefore it is very important
to select the most suitable nonoxide system additives according
to the service conditions. Recently, various complex-carbides
belonging to the Al-Si-C system have been actively studied and
are slarting to garner attention as new materials for nonoxide

system additives” ™

. These include compounds with various
chemical compositions such as ALSiC,, Al,Si,Cs;, ALSLC,,
AlSi;Cy and ALSIC; in the Al-Si-C system. However, among
them ALSiC, is evaluated to be the most promising raw material
for refractories because it has many excellent characteristics. It
is stable in a wide range of service temperatures, has a
comparatively high melting point of 2080C”, has superior
hydration resistance and the oxidized coating layer has superior
heat-resistance because the mineral composition of the
oxidization product is mullite and corundum'®”™'?. According to
past researches by the authors, in the case of adding ALSIC, to
MgO-C system refractories or to Al,0;-C system refractories, it
has been proved that the apparent porosity at elevated
temperature is reduced to a large degree and the densification
effect is larger than with the addition of either aluminum metal

o L. 13), 14
or silicon carbide™ "

. This paper introduces the results of
investigations that were carried out on the reaction behavior of
ALSIC, during the heating process and the changes in mineral
compositions. Specimens of AlSiC,-C system material were
prepared by combining ALSIC, and graphite as the first step to
clarify the reaction mechanism of Al,SiC, in carbon-containing

refractories at elevated temperatures.

2. Experimental Procedure

2.1 Preparing ALSiC,

Powdered Al,SiC, was produced by the following procedure:
a mixture of metal aluminum powder (99%, minus 63 pm),
metal silicon powder (98 %, minus 45 [um) and carbon black (60
nm) was mixed at the theoretical composition and blended for 10
hours in a high purity alumina dry ball mill. The blended mixture
was sintered at 1700C for 3 hours in a graphite crucible under
Argon gas atmosphere. The sintered material was once again
crushed in the dry ball mill for 10 hours into a pulverized powder
less than 20 pm (mean diameter about 8 um) that was used as
the raw material for the specimens. In a second preparation
method the blended powdered material was sintered by Spark
Plasma Sintering (SPS) to get a dense body that was a
polycrystalline substance with 3 to 15 um or so crystal diameter.
This product was then crushed and screened with standard sieve
size control to obtain two kinds of Al,SiC, particles with medium
particle size (0.3 to 0.8 mm in diameter) and fine grain size
(45 pm to 0.3 mm in diameter) to provide granular raw material
for specimens. In addition, and the crystal phases of both the
pulverized powder and particles was identified as single-phase of
AlLSiC, by powder X-ray diffraction.

2.2 Manufacturing AlLSiC,-C System Specimens

A1,SiC,-C system specimens were manufactured by
combining different particle sizes of Al,SiC, with flaky graphite
powder (99%, minus 150 nm). The flaky graphite is generally
used as a raw material for carbon-containing refractories and
therefore it was also adopted for this study. The blended
compositions of the ALSiC,-C system specimens are shown in
Table 1. The granularity of ALSIiC, in the specimens was three
kinds: medium particle (0.3 to 0.8 mm in diameter), fine grain

(45 pm to 0.3 mm in diameter) and fine powder (minus 20 (m in

Okayama Ceramics Research Foundation
1406-18, Nishikatakami, Bizen-shi, Okayama 705-0021, Japan
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Table 1 Composition of Al,SiC,-C samples (mass%)

No. | 2 3
Flake graphite — 150 pm 70 70 70
0.3-0.8 mm 30 - -
Al,SiC, 45 um = 0.3 mm - 30 -
=20 pum - = 30
Phenol resin (Novolac) ex.5 ex.5 ex.5
Hexamethylenetetramine ex.0.5 | ex.0.5 | ex.0.5

diameter) indicated as No.1, No.2 and No.3 respectively. AL,SiC,
and flaky graphite with added phenolic resin as a binder were
kneaded and the mixture was formed in a mold under a pressure
of 98 MPa. After forming it was heat-treated at 200C for 6

hours to prepare the specimen for testing.

2.3 Heating and Measuring

The ALSIC,-C system specimens were heated in graphite
powder as illustrated in Fig. 1, to reproduce the atmosphere of
the field furnace service conditions of carbon-containing
refractories. The heating conditions were heating at a rate of
10°C /min, holding at the prescribed temperature for 3 hours and
then allowed to cool. After heating, changes in mineral phases in
the specimens were investigated by powder X-ray diffractometry.
Also, specimens were cut and polished and examined by SEM
and EPMA to observe changes due to reaction in the vicinity of
Al,SiC, particles.

3. Results

The phenolic resin binder is pyrolytically decomposed and
changed into the carbide as the heating temperature increases
and consequently the weight of the specimen initially decreases.
However, the pyrolysis reaction is essentially complete at about
800T 'Y, Therefore it is possible to conclude that the weight
decrease occurring above this temperature reflects the effects of
reactions in the interior of the specimens. Accordingly in this
paper the weight of the specimen after heating at 800C was
used as a benchmark for the experiment. Figure 2 shows the
percent weight increase for heating above 800T . As seen in Fig.
2, the weight increased at temperatures higher than 1000 to

Air atmosphere

Al,O; cgver /
Electric
furnace
o)
o
Al,0,
o | 1" crucible
o

Al,SiC,-C sample Graphite powder

Fig. 1 Outline of heating test.
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Fig. 2 Mass change of Al,SiC,-C samples with heating.

1200C in all the specimens and therefore it was possible to
conclude that the reactions accompanying the weight increase
were making steady progress within the specimens. Also,
because the weight increase was significantly larger as the size
of the Al,SiC, particles decreased in the order of No.l (imedium
particle), No.2 (fine grain) and No.3 (fine powder), it was
possible to understand that the smaller the ALSIC, particle
diameter the faster the reaction.

A graphic representation of the mineral phase changes of
each specimen is shown in Figs. 3 to 5 for specimens No.l to 3
respectively. In order to emphasize the changes in the reaction of
ALSIC,, the peaks for graphite were omitted in the graphs. In
No.1 specimen (see Figure 3) with medium particle size ALSiC,
0.3 to 0.8 mm in diameter, there was little or no weight increase
observed up to 1400 and the formation of a little o Al,O5 and
SiC were finally observed at 1500T .

On the other hand, in No.2 specimen (see Figure 4) with
fine grain ALSIC, 45 um to 0.3 mm in diameter, the formation of
0. ALL,O; and SiC began at 1200C or so, and with an elevation of
temperature to 1400C and 15007, the quantities of 0. ALLO; and
SiC increased accompanied with a decrease in ALSiIC,. In
addition, the formation of a slight amount of ALON (Al,O3N;)
was also observed.

In No.3 specimen (see Figure 5) with fine Al,SiC, powder

minus 20 pm in diameter, it was observed that the formation of
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Fig. 3 Mineral phase change of No.1 Al,SiC,-C sample after
heating.

109



—MMEAEARLE S I v 7 ARMIRERE AR - HilikREREE (2008-2014)

High-temperature Reaction of Al,SiC, Coexisting with Carbon

=< 100

9 I

2 80 r

> L

Y

© 60 [ —@— ALSIC,

£ L —0— AlLO,

§ 40  —A— SiC

£ - —o— AION

2 20

)

_(g -

Q

X 0 ——
600 800 1000 1200 1400 1600

Temperature /°C
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Fig. 5 Mineral phase change of No.3 Al,SiC,-C sample after
heating.

¢ ALO; and SiC began as early as 1000 and the quantities
significantly increased with increasing heating temperature.
Accompanying the increase in formation quantities of 0. Al,O,
and SiC, the volume of AlSiC, drastically decreased so that
nearly all the AlSiC, was gone at 1500C. In this case the
formation of a slight amount of ALON (Al,O;N;) was also
observed.

It is possible o understand from these phenomena that
ALSIC, heated in carbon reacts due to reductive sintering and
mainly forms o AL,O; and SiC. And it is possible to understand
that the reaction rate depends on the granularity of ALSiC,, and
as the particle size becomes smaller the reaction begins at a
lower temperature. In addition, no formation of Al,C, was
observed in any particle size at any temperature.

Figures 6 and 7 are optical microscopic images of cut
specimens illustrating the microstructure of specimens No.1 and
No.2 after reductive sintering. The cross-section of the sintered
test pieces were prepared for observation by vacuum
impregnation with epoxy resin and polishing to a mirror finish.
In these figures the light areas are ALSIC, particles and the
grayish areas with elongated texture are flaky graphite. In both
specimens No.]1 and No.2 phase-changes in the Al,SiC, particles
were scarcely observed at 1000 and 1200T . However, at 1400T
a thin dark layer believed to be a reaction layer appeared on the
surface of the Al,SiC, particles. At 15007 the thickness of the

110

Al,SiC,

a3 50
w AT

1000°C-3h

*
50um

1400°C-3h

Fig. 6 Microstructure of No.1 AlSiC,-C sample after
heating.

1200°C-3h

M

1500°C-3h

Fig. 7 Microstructure of No.2 AlSiC,-C sample after
heating.

reaction layer increased rapidly and the reaction layers could be
clearly identified. In the internal part of the AlSiC, particles
there was no phase-change at any of the sintering temperatures
and the body maintained a dense texture. These phenomena
establish that the phase-change reaction progresses from the
surface of particles toward the interior. The thickness of the
reaction layer at 1500C was about 10 to 20 um and was
relatively uniform regardless of the location. In addition there
was no difference in layer thickness between specimens No.l
and No.2. Therefore it is possible to conclude that the difference
in the quantity of reaction with particle size illustrated in Figs. 2
to 5 is wholly attributable to the difference of the surface area of
the particles, namely the difference of the reaction area. It
became clarified, judging from the above-mentioned results, that
the reaction of Al,SiC, with carbon material progressed from the
surface toward the interior of the AL,SiC,, particle promoting the
formation of a reaction layer with an even thickness.

Next, observation and measurement of the elemental analysis
were carried with an electron microscope on the same position
of the polished section of specimen No.2 after heating at 1500TC .
The results are shown in Fig. 8. The SEM secondary electron

image shows surface texture in the observation area. The Al SiC,
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SEM image

(secondary-electron image)

Fig. 8 EPMA images of No.2 Al,SiC,-C sample after heating at 1500°C.

particles appear grayish and it is possible to understand that the
cut sections of the particles are flat. On the other hand, the
reaction layers on the exterior surface of the particles, shown
here in section as a thin line around the particle, appear bright
and therefore it is possible to presume that these areas are
slightly irregular, namely the reaction layers consist of fine
particles. Looking at the distribution of the elements, it is
apparent that less Aluminum exists in the reaction layer than
within the Al,SiC, particles and the concentration of Silicon is
higher. Also, it appears that the carbon concentration is higher in
the reaction layer than within Al,SiC, particle.

Figure 9 shows a close-up picture in the vicinity of the
reaction layer of the No.2 AlLSiC,-C specimen after heating at
1500°C. The reaction layers consist of a lot of fine particles less
than 1 pm in size and show clear signs of a fairly dense texture.
The interface surfaces between the reaction layer and Al,SiC,

particle are not flat but irregular and are in close contact with

Al,SiC,4 grain

Reaction layer

Flake-graphite

Fig. 9 SEM image of No.2 Al,SiC,-C sample after heating at
1500°C.
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each other. Furthermore the reaction layers also appear to be in
tight and firm contact with the flaky graphite. Figure 10 shows
the elementary distribution (EPMA images) at this position. It
was possible to recognize clearly that there was a decrease in
aluminum and an increase in silicon in the reaction layer relative
to ALSiC, particle. Looking at the carbon distribution, it was
possible to understand that carbon exists more in the reaction
layer rather than within Al,SiC, particle and therefore this trend
is the same as that shown in Fig. 8. As shown in Fig. 4, it is
possible to make judgments that a large amount of silicon and
carbon existing in the reaction layer may exist as silicon carbide
(SiC), because the amount of SiC increases as the reaction
progresses.

Looking at the distribution of aluminum more closely, it is
possible to observe that there is a slightly higher concentration
of aluminum at the interface between the reaction layer and
graphite layer and at the same position the oxygen concentration
is also higher than at other locations. Also, there is a region at a
position in the graphite slightly distant from the interface in
which the aluminum concentration is somewhat higher than in
the graphite particles. In order to clarify these distribution
phenomena, EPMA line analysis was carried out on the pertinent
position in the same specimen. The results are shown in Fig. 11.
It was recognized that there was a position with coexisting Al
and O existing on the surface of the reaction layer and also it
was recognized clearly that a position with coexisting Al and O
was present between graphite particles (shown by arrowheads in
the figure). This phenomenon expressly suggests that during
progress of the reaction Al components travelled far ahead of the
reaction layer into the graphite particles to form Al,O;.

It became clear from the above-mentioned results that a
reaction layer with concentrated silicon and carbon formed on
the surface of Al,SIC, particles during sintering within carbon
powder and that the Al component travelled into the graphite

from the surface of the Al,SiC, particles. In the following section
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Fig. 10 EPMA images of No.2 Al,SiC,-C sample after heating at 1500°C.
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Fig. 11 EPMA line analysis of No.2 Al,SiC,-C sample after
heating at 1500°C.

detail discussions are presented on the formation of the reaction

layer and the mechanism of aluminum migration.

4. Discussion

In thinking of the reaction of metal carbide in carbon-
containing refractories, the gas phase filling the pores of the
refractories becomes the most important consideration. As the
field furnaces are generally used in the condition of an open air
system, the surfaces of the refractories are open to air

atmosphere. In this case, in the high temperature range more
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than 1000%C, the interior of the carbon-containing refractories is
infiltrated by CO and N, gas, and therefore the metal carbide is
mainly exposed to reaction with CO gas'™ "7,

In this case the partial pressure of CO gas in the refractories
can be quantified as Poo =1.013 X (2 X 0.21)/(0.79/+2X0.21)=
0.35% 10° Pa on the assumptions that O, gas in the atmosphere
changes into CO gas according to Eq. (1) below, the total
pressure is kept as 1.013 X 10° Pa and the composition of air is
N,=79% and 0,=21% ,

2C (s)+ 0, (g)=2CO (g) (1

The sintering reaction in this research was under the same
conditions as these assumptions, and therefore it is possible to
presume that the environment of the periphery and interior of the
specimen buried into the graphite powder is fairly close to the
CO partial pressure of a substance coexisting with carbon,
namely 0.35 % 10° Pa. In addition, as shown in Figs. 3 to 5 a
small amount of AION was recognized as a product of reaction
with N, gas. However, the amount formed due to such a reaction
was so small that all the reactions with N, gas are omitted in the
following to simplify the discussion.

At first glance, the crystal phase changes shown in Figs. 3 to
5 indicate a decrease in the quantities of Al,SiC, with increasing
sintering temperature and the generation of Al,O; and SiC. The
reaction can be expressed as Eq. (2) with the additional
generation of C (s) at the same time.

ALSIC, (s) +6CO (g) = 2Al1,05 (s) + SiC (s) + 9C (s) (2)

Because this reaction plays the role to entrain CO gas and to
establish the solid phases (oxide and carbon), it is possible to
think that the weight of the system increases according to the
progress of the reaction and this is in good agreement with the
results of Fig. 2.

On the other hand, as shown in Figs. 8, 10 and 11, within
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the reaction layer formed on the surface of AlL,SiC, particles, the
concentration of Al decreased and that of Si and C increased.
Therefore, it is possible to think that the Al component travelled
from the surface of the AlLSiC, particle toward the periphery. As
a consequence it is possible to conclude that the reaction of Eq.
(2) is making progress accompanied with coincidental migration
these elements.

The phenomenon that the Al component travels to a region
away from the ALSiC, particle can be understood by an
evaporation-condensation reaction. In the following, the authors
will consider the phenomenon of Aluminum migration in
conformity to the thermodynamic data. First, by looking for the
relation between temperature and the stable condensed phases
coexisting with carbon in the Al-Si-C system using the JANAF
tables and values from previous literature'”, one is able (o obtain
Fig.12. The ordinate axis expresses the normalized
dimensionless partial pressure obtained by dividing the partial
pressure of CO by the standard state pressure of 0.1 MPa (shown
as P%. In the following discussion the normalized dimensionless
partial pressure will be simply referred to as the partial pressure.
Figure 12 shows the stability domains of condensed phases in
the Al-Si-C-O system as a function of temperature and partial
CO gas pressure. When the actual partial pressure of CO gas is
at 0.035 MPa, the dashed line in Fig. 12 is at log(0.35)= —
0.46., The mixture of AlgSi,O,; (mullite) + Al,O; + C is the most
stable at temperatures less than 1470C (left side from “a”
point). In the case of the range between 1470 to 1890C
(between points “a” and “b") the mixture Al,O5+ SiC+ C is the
most stable. Consequently it is possible to understand the
migration of Al,SiC, phase toward these stable condensed phases
in the present sintering experiments that were in the temperature
range less than 15007 . The whole reaction formula in this case
can be expressed in Eq. (2) and Eq. (3). In the case of sintering
at less than 1470, reaction by Eq. (2) occurs first and is then
succeeded by the reaction of Eq. (3). It follows that only reaction
by Eq. (2) progresses in the range between 1470 and 1890T .

3AL,0; (s) + 2SiC () +4CO (2) = AleSi,0p; (5) +6C (5)  (3)

For example, as shown in Fig. 12, at 1400T as long as the
AlSIC, phase exists, in other words during the reaction of Eg.
(2), the CO gas partial pressure in the vicinity of the Al,SiC,
phase maintains at approximately 10> and therefore the SiC

4
s b AlSO(s) + Al2Os(s) + C(s)
N
& 0t
U -
N
3 Al203(s)
-2
e +SiC(s) + C(s
&
- Al4SICa(s) + C(s)
_6 1 1 1
1200 1400 1600 1800 2000

Temperature /°C

Fig. 12 Stability domains of the condensed phases in the
AlI-Si-C-O system.
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phase coexists stably. Then, in the case of elimination of the
ALSIC, phase, the CO gas partial pressure rises to 10™% and it
follows that only reaction by Eq. (3) progresses. Also, taking
another example, in the case of 1500C, as long as Al,SiC, phase
exists, the CO gas partial pressure in the vicinity of AlSiC,
phase maintains at approximately 10 ** and therefore SiC phase
coexists stably. Then, in the case of elimination of the Al,SiC,
phase, the CO gas partial vapor pressure rises to 10~ (Po/P°
=0.35, P, =0.35 MPa) and it follows that SiC exists as a stable
condensed phase. In addition, as evidenced by Fig. 12, because
Al,C; does not exist as a stable phase, it is possible (o understand
from the thermodynamic data that the formation of Al,C; is
impossible in the reaction process and this is consistent with the
results of Figs. 3to 5.

Next, the authors will discuss the equilibrium partial pressure
of the various gasses in the Al-Si-C-O system in order to
investigate the migration of the Al component under reduction
sintering at 1500C . Because the thermodynamic data are listed
in 100 K intervals in the JANAF tables, the authors will discuss
this using the values at 1800 K (1527T ) which are the nearest to
1500C. Figure 13 illustrates the changes in the equilibrium
partial vapor pressure (Pi) of various gasses in Al-Si-C-O system
at 1800 K obtained from the JANAF tables and values from
previous literature'. As shown in the figure there are various
kinds of gas phases and among them the gas phases containing
Al, Al (g) and Al,O (g) show the highest partial pressure in the
region of log (Peo/P) <0, The following discussion considers
reactions with particular attention to these two gasses. The
equilibrium partial pressures of various gasses are strongly
dependent on the CO partial pressure and consequently the
partial pressures of Al (g) and ALO (g) rise up to the level of
1077 at the highest point. Therefore it is possible to say that
both are at a level to make significant contribution to evaporation
even in heating for only a few hours. Figure 13 also shows the

0 1800K
ALSIC(s) + C(s) | N20a9* | ALOy(s) +
2 L SiC(s)+C(s)| Al;Si,0,44(s)+C(s)
Al(g)
4 F Sio(g
ALO(
L si(g)
g 8 b Aly(g) Si,C(g)
= Al(g)
812 [~ sicg \
Sia(g)
-14 AlC(g
16 | Al,02A(g)
18 /Kﬂﬁ
20 ' E—

6 5 4 3 -2 A1 0 1 2 3
log (Pco/P°) /-

Fig. 13 Equilibrium partial pressures of the gases in the Al-
Si-C-0 system.
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stable condensed phases with different CO partial pressurcs and
consequently it is possible to understand that when CO partial
pressure is at 107, ALSiC,(s) can coexist stably together with
AlL,O4(s) and SiC(s). Therefore during reaction by Eq. (2) the CO

4 in the

partial pressure is maintained approximately at 107>
vicinity of the Al,SiC, phase. It follows under this condition that
the partial pressure of Al (g) and ALO (g) rise up to 107" and
vaporization of Al components occurs from the AlSiC, phase.
The reaction formulas at that time are represented as Equations
(4) and (5). Silicon carbide and carbon are left behind in the
traces of aluminum vaporization. Both Al (g) and ALO (g
diffuse throughout the periphery of the Al,SiC, phase, but on the
other hand the region distant from the Al,SiC, is a location with
just as high partial pressure of CO gas. On the occasion when Al
(g) and AL,O (g) migrate to a place where the CO partial pressure
is higher than 107>, it is clear from Fig. 13 that the equilibrium
partial pressures of these gases fall and it follows as the result
that they condense as Al,O; and carbon according to Equations
(6) and (7). This vaporization-condensation reaction is thought
to occur continually in the vicinity of ALSIC, particles and
therefore it is possible to presume that AlSiC, particles
gradually are converted to SiC and carbon. In addition, the
combined entire reaction formula of Equations (4) and (6) or (5)
and (7) becomes Equation (2). '

ALSIC, (s) = 4Al (g) + SiC (s) + 3C (s) (4)
ALSIC, (s) +2CO (g) =2A1,0 (g) + SiC (s) + 5C (s) (5)
2A1 () +3CO (g) = ALO; (s) +3C (s) (6)
ALO (g)+2CO (g) = ALO; (s) + 2C (s) @)

Summarizing the above discussion, the reaction in the
vicinity of the surface of Al,SiC, particles within carbon powder
at 1500C can be modeled as illustrated in Fig. 14. Aluminum-
containing gaseous phases like Al (g) and ALLO (g) are generated
because the CO partial pressure is low, less than 10 ™%, on the
surface of Al,SiCy particles. The generated gaseous phases are
dispersed toward the periphery texture by diffusion and they
condense as Al,O; (s) and C (s) because of in the decrease in the
equilibrium partial pressure when migrating up to the location of
higher CO partial vapor pressure. On the other hand, on the
surface of AlSiC, particles the layer consisting of SiC (s) and C
(s) is formed as the residual after evaporating aluminum. As the

Al203+C
Graphite

co(g)

Graphite

Reaction layer

AlsSiC. particle

Fig. 14 Reaction model of Al,SiC, grain in the carbon.
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result it is possible to conclude that by continuous progress in
the evaporation condensation reaction of the Al-component, the
reaction layer on the surface of AlSiIC, particles gradually
increases in thickness and void portions of the periphery graphite
texture are gradually filled up with Al,O; and C.

It is possible to postulate that in the case of heating carbon-
containing refractories containing added AlSiC, particles, the
void portions are filled up with AL,O; and C due to evaporation
condensation of Al-component, and therefore the phenomenon
produces improvements such as higher density texture, and
lower apparent porosity that result in increased mechanical
strength and decreased pore diameter™ ', Also, as mentioned
previously, it is possible to think that because Al,SiC, particles
do not generate Al,C; in the reaction process, there is no need for
apprehensions regarding texture breakdown from the slaking of
ALC,. It is possible to conclude judging from these various
advantages that AlSIC, is a very beneficial material as
reinforcement for texture that is able to fill up the voids in

carbon-containing refractories with alumina and carbon.

5. Conclusions

To clarify the reaction mechanism of AlSiC, particles in
carbon-containing refractories at elevated temperature, Al,SiC,-C
system specimens were prepared that combined different size
ALSIC, particles with graphite. The specimens were sintered at
various temperatures and analyzed. As the result, the following
knowledge was obtained:

(1) Al,SiC, particles in graphite start to react at temperatures

higher than 1000C and form mainly c:ALO; and SiC.
The degree of reaction varies according to the particle
size: the smaller the AlSiC, particle size the lower the
temperature al which the reaction starts and the greater
the degree of reaction at every temperature. The
formation of Al,C; was not observed at any particle sizes
and heating temperature,

(2) On the occasion when Al,SiC,-C system specimens were
sintered at 1500C for 3 hours, a reaction layer 10 to
20 pm thick was formed on the surface of the ALSiC,
particles and the interior of the particles remained as a
dense texture: It is possible to conclude that the reaction
progresses from the surface to the interior of the particles.

(3) For a given heating condition the thickness of the reaction
layer formed on the surface of Al,SiC, particles remained
constant regardless of the ALSIC, particle size. It is
possible to conclude therefore that the reason why the
reaction apparently progresses faster in smaller particles
is because of the larger reaction surface area.

(4) The reaction layer mainly consists of SiC and C. The Al-
component evaporates and diffuses as Al (g) and ALO (g),
and these gasses migrate into voids in the periphery
texture, react with'CO gas within the voids and condense

as Al,O; and C resulting in densification of the texture.
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Methods of Thermal Conductivity Measurements for Refractories
and Some Problems Accompanying Their Methods

Hideo ASAKURA, Akira YAMAGUCHI and Kunio HAYASHI

1. Introduction

The thermal conductivity of refractories gives rise to
temperature gradients within furnace walls and affects furnace
bodies in various ways. And it also plays a very important role
from an environmental point of view as a characteristic in
thermal loss from the furnace walls. Therefore, measurement of
thermal conductivity has been carried out by various methods".
With regard to thermal insulating firebricks, the standard JIS R
2616 (heat flux method) was established in 1954 and JIS R 2618
(hot wire method) in 1979. However, nothing further was done
until 2007 with the establishment of a JIS standard for the
measurement of thermal conductivity for all classes of
refractories”. The authors were requested by TARIJ (The
Technical Association of Refractories, Japan) to comment on the
contents of JIS R 2251 1 to 3 established in 2007 in accordance
with the spirit of the title of this paper presented at the
Symposium on Environment and Refractories sponsored by
TARJ. In this paper the authors intend to introduce the content of
the newly established JIS from the viewpoint of measuring
technologies for thermal conductivity, to describe the points
considered in the measuring technique and further to report some
problems requiring some new thought. In addition the authors
intend to introduce some new information on the application of
the laser flash method to measure thermal conductivity of
refractories that is a classic yet new problem from the viewpoint
of the measuring technique.

2. Concept of Thermal Conductivity and Major
Test Methods (General Considerations)

With regard to the concept of methods to measure thermal
conductivity, Hayashi's commentary on “Measuring Equipment
for Thermal Diffusivity and Thermal Conductivity”” is thought
to serve as a useful reference and therefore the authors introduce
it to carry a quotation from the literature. Figure 1 shows
temporal changes in temperature distribution within a parallel
flat plate in which surface I of a parallel flat plate with
dimensions of thickness L (m) and cross sectional area A (m”)
was maintained at a beginning temperature 8, (K) and then
exposed to temperature 0, (K). The changes in the surface
temperature and the temperature distribution within the flat plate
are illustrated on a conceptual basis as time (f) advances. As
clarified from the figure, the temperature within the flat plate

moves upward gradually forming a temperature distribution as

shown in the figure due to the heat inflow into the plate. During
the initial stages (1, to 1), all the input heat O, is accumulated
within the plate body and therefore the temperature of surface II
does not change, remaining as it was at 6,. When the elapsed
time reaches ts, the heat passing through the flat plate arrives at
the edge of surface I and the temperature of surface II starts on
an upward path, but at the same tine the rate of heat
accumulation into the body remains the same. The transient state
like this is called an unsteady state.

After enough time passes to arrive at f,, the temperature of
surface I becomes equal to the temperature 6, (K) of the elevated
temperature side, and if the plate is homogeneous and flat, the
temperature gradient at every position within the plate becomes
constant. Consequently the temperature of surface II becomes
constant at 8, (K) and this is called a steady state condition. At
this time the input heat Q;, becomes equal to the output heat Q.

Whereas, the method to measure the thermal conductivity in
the unsteady state is called the transient method, in the steady
state it is called the steady method. In the following the authors
briefly describe the relations between the elapsed time and the
typical test methods of thermal conductivity in accordance with
this concept.

2.1 Transient hot wire method

This method utilizes the phenomena occurring during the
time interval #, to #, of the transient shown in Fig. 1.

This is a method to obtain the thermal conductivity in which
wires set up on surface I of Fig. 1 are electrically heated and the
temperature rise of the specimen during the stage #, to 1, is
measured in unsteady state condition. There are two methods in
this category: one is termed the cross array system that utilizes a
principle where the temperature in the vicinity of the hot wire
increases at a rate proportional to the logarithmic value of time
(log 1), while the other method is termed the parallel array
system which measures the temperature rise at a constant
distance of 15 mm from the specimen. In the former method, the
thermal conductivity is obtained by measuring the temperatures
6, and 6, at the times ¢, and f, The latter method utilizes the
theoretical formula of —E;* =/ + (4ar) ' evaluated from the
ratio of the rise in temperature AB(21)/A8(r) measured at time ¢
and time 2t respectively. This latter method has an advantage to
be able to obtain the thermal conductivity directly regardless of
which unsteady state transient hot wire method is utilized.

Nowadays, both internationally and domestically this latter

evaluation method has become a standardized measurement

Okayama Ceramics Research Foundation (OCRF)
1406-18, Nishikatakami, Bizen-shi, Okayama 705-0021, Japan
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Fig. 1 Temporal changes in temperature distribution within
parallel flat plate.

method.

2.2 Transient indirect method

This method utilizes the period from the beginning stage to
the time just prior to the thermal equilibrium state, that is, from
fytot,-,, in Fig. 1.

The thermal conductivity is obtained by first getting the
thermal diffusivity o(m*-s™") by measuring the thermal diffusion
on the surface [ and the surface II in the unsteady state, (f, to 7, ).
The thermal conductivity A (W* m~'-K ') can then be calculated
from the thermal diffusivity , the specific heat capacity ¢ (J-kg ™'
K™') and the bulk density p (kg-m ) using the following
relational expression where the units of W are (J-s~ b

A=ac p )

There are various heating systems for measurement by the
transient indirect method such as: periodic heating, stepwise
heating, flash heating and constant temperature increase rate. A
laser flash method that come into widespread use recently
measures the thermal diffusivity from the temporal change in the
temperature increase of surface II during the period from 5 to 1, .|
in Fig. 1.

2.3 Steady heat flux method

This method utilizes the completion of thermal equilibrium
after time #, in Fig. 1.

Under the condition of thermal equilibrium the amount of
heat 0 (W) flowing within the flat plate in unit time is
proportional to the cross sectional area A and temperature
gradient (8, —6,)*L ™" as shown in Equation (2) below.

154

6,—-6,
Q“l‘A'T 2
Because the proportionality constant A determining the
volume of the heat flux is the thermal conductivity itself,
Equation (2) can be rewritten as the following:
__ oL
CA6.-0)
The thermal conductivity obtained with the help of this

3)

principle is related to the value at the average temperature (8, —
0,)/2 between the temperature 8, of surface I and 6, of surface II,
in contrast to the unsteady state method that is related to the

value at each measured temperature.

3. Test standards of thermal conductivity

The standardization of test methods for thermal conductivity
for refractories is making progress in every country and region.
Consequently in the International Standards (ISO) and in the
European Standards (EN), which are the regional based
standards intended for 29 European countries, the relevant
provisions have been already specified. Table 1 summarizes a
revised list of test standards for the thermal conductivity of
refractories specified in the engineering specifications of various
countries and regions which was compiled by Hayashi’. It is
possible to understand, judging from this list, that engineering
specifications for the test methods of thermal conductivity for
refractories in the world can be consolidated into three methods:
the cross array wire method (including single wire method), the
parallel hot wire method and the heat flux method.

In addition, standards for fine ceramics are provided in
Table 2 for the thermal conductivity, the thermal diffusivity and
the specific heat capacity. The characteristic measurement
specification to obtain the thermal conductivity of fine ceramics
is by calculation using the relational expression of Equation (1)
after obtaining the thermal diffusivity by the laser flash method.

In the subsequent chapters the authors will consider two hot
wire techniques, the cross array wire-fixing method and the
parallel array method, plus the heat flux method as specified in
JIS R 2251-1 to 3 and the laser flash method that is applied to
fine ceramics. The latter method needs further research in the
field of refractories. All four methods and their problems will be
discussed.

4. Four test methods for thermal conductivities and
their problems

4.1 JIS R 2251-1 Hot wire method (cross array wire-fixing
method)

Figure 2 is a schematic drawing of test equipment for the
hot wire cross array wire-fixing method (hereafter referred to as
cross array method) for refractories. Also, Fig. 3-1 shows the
layout of the hot wire and thermocouples in a storage vessel (in
the case of inverted V type connection pattern) and Fig. 3-2 is a
schematic drawing of a heat resisting specimen storage vessel
for powdered and granular bodies. This method was originally
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Table 1 Engineering specifications of test method for thermal conductivity in various countries and regions

Nations or

Region Japan International EU U.S.A. Gemany Australia
Standard JISR 2251-1 | JISR 22512 [ JISR2251-3 1SO 8894-1 1SO §894-1 ENY93-14 ASTMC201 | ASTMC1113 DIN 51046 AS1774.14
il 2007 1987 2007 2007 1993 1999 1979 1966
Shaped  refractories, | Shaped  refractorics, | Refractories, it | Shaped rcfractories, | Shaped refiactorics, | Shaped ~refractories, | Shaped i i i clorics, rw. i Shaped  refractories,
monolithic, raw | monolithic, raw [ may use for | monolithic, raw | monolithic, raw | monolithic, rav/ | refractories, refraciory castable, ‘materials, refractory monolithic, raw
malcrials,  powe materials, powdered | electrical materials, powdered | materials, powdered | materials, pow monolithic, raw | materials runming  mix, [ powdered and | materials, materials, powdered
and granular bodies, and granular  bodies, | conductive bodies, however | and granular bodies, | and granular bodics, | materials, powdered and | grnularbodics | however  fiber | and granular bodies,
Application fiber, bowever however | material clectrically however electrically | however electrically | powdered  and granular bodies, materials are | however clectrically
P clectrically conductive e[ecmmlly conductive conductive  material jve material | conductive material | granular  bodies, fiber excluded. conductive  material
e maierial are excluded. | marerial are excluded. and  fiber are | areexcluded. are excluded. however are excluded.
excluded. electrically
conductive
material ane
excluded.
Hot wir thod Hotwi hod Heat flux | Hot wire method Hot wire method Hot wire method Hotwiremethod | Steady method | Hot wirc | Hotwire method | Steady method Hot wire method
principle method
Measurement | Cross connection Paralicl amay method Cross connection Paralicl aray method | Cross connoction Single Wire | Platcprocess | Single  wire | G Plate pr Paralicl array method
wvpe (wiring) V connection method m
Kind of hot 87%P-13%RhNV/Cr | 87%Pt-13%Rh Ni/Cr PURh Base metal | PVRh Base metal [ PURhBasemetal wire | PvRh Base metal Pt PvRh K PvRh  Base metal
wire wire wire wire wire
“Thermocouple Thermocouple Sheathed T upl “Tuming current of | Thermocouple | Converting  the I Tt Th
Jemperanure thermocouple 100mA” on changes in
et wire, and electric
::mu men converting  the resistance
! changes in electric
nesistance
Maximum 1250 1250 750 1250 1250 1250 1250 1500 1600 Superior  surface | 1600
mcasured |empemmm0
femperature. 155¢
/C
Measuring 10 25 10-60 15 25 135 15 - 15 2 30 25
range
IWmK)~!'
Measuring The time region | 65s-20min 2-10min 65-2500s 5-15min 5-15min — 15min 2-10min 2-10min
e ascertained  linearity
during 010t
Kind of hot Ror SNiCr Ror SNVCr PURh Base metal | PvRh ™ Basc  metal | PvRh Base metalwire | PURh Base metal P PURN K PyRh Base metal
wine wire wire wire wire
Kind of PURR PVRh K PURh Base metal | PVRh Basc mctal | PYRhBase mewl wire | PVRh Basc metal P PURh PURh  Base metal
thermocouple | K. K wire wine wire wire
Constant current, | Constant current, Constant power Constant power It is recommended | AC m constant Constant Constant voltage Constant power
Electric supply | constant voltage, | constant voltage, DC or AC in constant | power of | kHz current
source constant power constant power power, in particular
ACis better
Reference Netsubussei, 6,89 (1992) ;?‘t,oll\:bg |9‘:78)‘u‘
Remarks : IS0 8894-1 was modified the tGitle into Part 1 : Hot wirc methods (cross-artay and resistance thermometer) and amended on May 15 in 2010, on the other hand in European standard (EN) there is parallel method

a5 993-15, which acts as a benchmark for IS0 8894-2 2007. In ASTM, on the basis of C 201, cach is specified : C 182 (for heat resistant bnck) C 202 (for fireclay brick), C 417 (for unburnt monolithic refractories) and

C 767 (for carbon block)

Table 2 Standards of thermal conductivity in fine ceramics field

Standard No. Established Standard
HSR 1611 1977 Test methods of thermal diffusivity, specific heat capacity, and thermal conductivity for fine ceramics by
laser flash method
Method for measurement of fine ceramics thermoelectric materials
JIS R 1650-3 2002 e . . : -
Part 3 : Thermal diffusivity, specific heat capacity, and thermal conductivity
Determination of thermal diffusivity of continuous fiber-reinforced ceramic matrix composites by the laser
JIS R 1667 2005 ¢ y comp y
flash method
JISR 1672 2006 Determination of specilic heat of fiber-reinforced ceramic composite by differential scanning calorimetry
1SO 18755 2005 Fine ceramic (advanced ceramics, advanced technical ceramics) — determination of thermal ditfusivity of
) monolithic ceramics by laser flash method
Switch Ammeter
Stabilized
o o = m power source —o°
VO“"fge measuring for hot wire —° AC100V
terminal .
o o— heating (1)
Thermocouple L“ )
for furnace | EJ
temperature Thermo-
control H couple \ o
B
Hot wire
/l Specimen
ot |l
Heating furnace [ Measuring apparatus for T—°
Hot wue temperature. AC100V
use( )
Cold
junction(®)
Note(') It may use either direct or alternate constant current, constant voltage or constant power source, but confines to one without

fluctuation more than 2% during measurement.

@)

0.01°C and personal computer.

@

compensation circuit, this in no nessesary to use the cold junction.

It consists of digtal multi-meter possessing of response speed more than 0.5s and resolving power more tha 0.05u4 V or

In caseonf utilizing digirtal multi-meter equipped with temperature indication function complete with internal temperature

Fig. 2 An example of measuring apparatus for thermal conductivity by cross array method.
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Hot
junction
Hot
wire Lead wire for
/ _ power supply
A ™~ Lead wirc for

0/ voltage
measurement
Thermotouple

Fig. 3-1 Layout of hot wire and thermocouples in a storage
vessel (in case of inverted V type connection pattern).

Lid

v/
1

L_—Hot /
I junction

T
T
[
1
1

Vessel without bottom

Hot
/ /£
J J

Thermocouple

Vessel with bottom

Fig. 3-2 Schematic drawing of specimen storage heat
resisting vessel for powdered and granular bodies.

proposed from DIN, but as seen in Table 1, it is in wide use

nowadays in all the countries of the world as an ISO, EN and AS

standard. In the domestic area, Hayashi et al. brought forward
development and improvement in this method early on and it is
in widespread use.

Measurement operations are as below:

1) The specimen assembly is placed in an electric resistance
furnace capable of stable temperature control in the manner
shown in Figs.3-1 and 3-2, where Fig.3-2 is for the
measurement of the thermal conductivity of a packed powder
body with a given bulk density.

2) Keeping the desired ambient temperature within the electric
furnace in the measurement range from room temperature to
1250C, observe that the ambient lemperature variation is less
than 0.05C during 5 min. (A personal computer measuring
system is widely used to detect temperature and temperature
changes automatically)

3) When the temperature becomes stable, a constant electrical
current is passed through the hot wire and the temperature rise
is measured at a given time interval. (For instance, one second
intervals). Table 3 shows the adequate supply power and the
maximum measuring time against the thermal conductivity.

4) The relations of temperature and measuring time are
expressed as a plot of temperature (0) versus log # as shown in
Fig. 4 measurement example by the OCRF and a continuing
straight line domain of 8 - log ¢ line is scarched. A sequence

156

Table 3 Adequate supply power and maximum
measuring time for thermal conductivity

Thermal conductivity/ Maximum Adequate supply
Wem KT measuring time/s | power/W-m™'
2 600 50
4 300 100
6 200 120
8 160 125
10 120 150
43
41
39
:f 37
2
~ 35 -
<
5
= 33
5 — A e
2 A=0.76 W-m™ -K
g 31
=
29
27
25 e e A
1 10 100 1000

Elapsed time / s
Fig.4 An example of 0 - logt line (measured by OCC).

of procedures may be searched using a computer.

5) From the straight line domain of the 8 - log ¢ line, temperature
rise 6, at time ¢, and 6, at time f, are obtained using the
measured values and it is possible to obtain the thermal
conductivity A from the following equation.

N In—,i
Ay= TR X g 4)
4r 0, — 0,
Where:
Ag : thermal conductivity at the measurement temperature 0
R : the value of electric resistance of hot wire (Q-m ')
[ :the value of current run through the hot wire (A)

6) The data of the measured example by OCRF shown in Fig. 4
were gathered at 2 second intervals. The slope of the 8 - log ¢
line increased rapidly at the initial stage and after 8 seconds
the slope became stable. For example, the relational
expression of the 6 - log t line between 12 seconds and
120 seconds may be expressed by the equation 6 =30.353 +
2.194 X1In (1) and it is possible to calculate 8,,=35.8 K and
6,5 =40.9 K. Substituting 120/12 into 1, and ¢, of Equation (4),
In (1,°1,”")=1In 10=2.303 is obtained. And also, substituting
the electrical current value of 2.31 A and electric resistance
value 3.94 Q-m " into Equation (4) the following values are

obtained:

Aage = (2.31)2+3.94/4.314 X 2.303/(40.9 — 35.8)
=076 W-m "K'
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As clearly shown above, the measurement of the thermal
conductivity can be carried out easily. However, on the other side
there is a serious point that requires careful attention. Figure 5
shows the 6 - log ¢ line of high magnesia content material (the
thermal conductivity is 15 W-m™'-K™"). In Fig. 4, even after
100 seconds from the beginning point the 6 - log ¢ line relation
maintains linear. In contrast, in Fig. 5 the linearity is suddenly
lost in the vicinity of 70 seconds. It is thought that this behavior
arises from the phenomenon that the heat arrives at the exterior
surface of the specimen as at 5 in Fig. 1. Table 4 shows the
relations between the radial size (the thickness) and the axial
size (the length) of the specimen and the thermal conductivity in
the time up to the arrival at #; following the calculation based on
Hayashi's equati01155‘ ® under the conditions of f, is 300 seconds
and a hot wire diameter of 0.3 mm. For example, from the results
in the table, when the thermal conductivity of a standard sized
brick 230 by 114 by 65 mm was measured in the state of double
layers, the length direction is no problem because the
conductivity is 15W-m '*K~'. However, for the radial

-1
"K' because

direction, the solution is limited up to 4 W-m~
114/2=56 mm. It is possible to explain, judging from the
various behaviors mentioned above, that in the high thermal
conductivity material shown in Fig. 5, the diffusion heat from
the hot wire arrives at the exterior surface early and due to the
thermal environment of the specimen exterior the 6 - log ¢ line
started to be curved at time more than 70 seconds.

This behavior complements the maximum measuring time of
Table 3. In other words, in the case of measuring high thermal
conductivity material using the cross array method, it shows that
compliance with the maximum measuring time is very important
to the measurement precision and that the measurement time ¢,
and f, must be kept as short as possible for high thermal
conductivity material like carbon containing brick in particular.

The second problem of this method is that a single wire
method (resistance thermometer method used in ASTM C 1113
and EN 993-14) was introduced for use as an official
international standard through the proper channels by amending
[SO 8894-1 as of May 15 in 2010. This method, as shown in
Figs. 6 and 7, consists of heating the hot wire by a stabilized

5.0
45
40 |
35 |
30
25
20 |
15
10 |}
05 |

0.0 * -
1 10 100 1000

Elapsed time /s

Temperature rise / K

Fig. 5 An example of 6 - log t line (in the case of MgO
system brick).
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Table 4 Relation between thermal conductivity and
specimen dimensions

Thermal conductivity | Radial direction/ | Axial direction/

/W-m K™ mm mm
0.1 8.5 22

0.5 19 36

1 ' 27 45

2 38 57

3 46 65

4 54 71

5 60 76

7 71 85

10 85 95

15 104 108

e
—

" Specimen

s | Specimen

—

Hot Voltage measuring
wire — terminal

Fig. 6 Connection diagram of the single wire method
(resistance thermometer method) (ISO/DIS 8894-1).

alternating current and then turning on a direct current (in this
case 100 mA) and measuring the voltage change accompanying
the temperature rise of the hot wire to calculate the temperature
rise on the basis of the principle of metallic resistance
thermometer. This method rests on the same concept as the cross
array method in principle but because no thermocouples are used
to measure the hot wire temperature it is possible to simplify the
platinum wiring arrangement. With regard to establishment of a
JIS standard, for instance in the case of JIS R 2251-1 (cross
array method), it required time and effort covering about three
and one-half years from starting from July 2003 to formulation
of the standard in February 2007. However, this single wire
method is in widespread use in the USA, Europe and Australia
and it is becoming a world standard nowadays and therefore it is
thought that it is now time that Japan must make a concerted
effort for its practical application.

4.2 JIS R 2251-2 Hot Wire Method (Parallel Method)

Figure 8 shows a schematic drawing of a test apparatus for
thermal conductivity by the hot wire parallel array method
(hereafter referred to as parallel method), and Fig. 9 displays the
layout of the specimen and the connection diagram of the hot
wire and thermocouples in the furnace. This method is said to
originate from the formulation of a BS specification, but as seen
clearly in Table 1, it is in widespread use nowadays throughout
the world as well as ISO, EN and AS.
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Thermocaouple
>
~—)-
4 2 Amplifier
38
z l>
< -
Absolute
signal
v J
Hot-wire
power supply D
AC source %%O:I?e " Difference
1 kHz H signal
3
4r $
AC current
Hat-wire Dgtgat .
powaer control acquisition
unit system
AC voitage and
computer

Fig. 7 Overview of test apparatus for single wire method
(ISO/DIS 8894-1).

There is little literature in Japan on the parallel method but a
lot of papers are found from laboratories overseas. A reason for
this difference seems to be the wide scope of measurements of
25 W+-m~'“K™". One of the authors engaged in an experiment to
develop the measurement apparatus for this method in an effort
to complement the cross array method”. Nowadays there is an
apparatus that can use the parallel method in conjunction with

Switch

Ammel{eA\

Association of Refractories, Japan, Vol. 32 No. 3

Hot
‘junction
Hot wire Thermo
-couple Lead wire for
/ power supply

Lead wire for

\qoltage
T

neasurcment

Fig. 9 An example of connection diagram in the parallel
method.

the cross array method and further there is even an overseas

appliance to use it together with the single wire method.

Measurement operations are as follows:

1) The specimen assembly shown in Fig. 9 is placed in an
electric furnace with stable temperature control in the manner
shown in Fig. 8. (It is also possible to use the vessel for
powders and granular particles as shown in Fig. 3-2.)

2) Keeping the temperature of the electric furnace at the desired
temperature in the measurement range from room temperature
to 1250T, observe that the temperature variation is within
0.05C during 5 min.

3) When the temperature becomes stable, a constant electrical
current is applied to the hot wire and the rising temperature is
measured by a thermocouple distant from specimen by 15 mm
(for example at every one second interval). Table 5 provides
the specifications for an adequate supply power and the
maximum measuring time against the thermal conductivity.

4) The thermal conductivity against each measurement
temperature is obtained according to Equation (5):

Stabilized power

o o »

Voltage rréeasuring terminal
o

source  for . hot

u f —° AC100 V
wire heating (') —o

Thermocouple fol

furnace temperatjire

Specimen

=7 /20|67

ot wire

B

\ Thermo
-couple

. |
Heating furace

Specimen

\[

temperature
measurement

— AC100V
—-o

Rl

Cold
junction(®

apparatus )

)

Note (') : 1t may use either direct or alternate constant current, constant voltage or constant power source, but it confines to one without

fluctuation more the 2% during measurement. It is necessary to have the capacity of 10V in voltage and 8A in current.

(*) : It consists of a digital multi-meter possessing of time cons
and a personal computer.

3 .

) :

compensation circuit, this is no necessary to use.

tant more 0.5s and resolving power more than 0.05 2 V or 0.01°C

In case of utilizing digital mult-meter equipped with temperature indication function complete with internal temperature

Fig. 8 An example of test apparatus for thermal conductivity by parallel method.

158

121



—MRBAEARLUEZ I v 7 ARMRBHE AR - BARREREE (2008-2014)

Methods of Thermal Conductivity Measurements for Refractories and Some Problems Accompanying Their Methods

Ag=— X ————— (5)

Ao : thermal conductivity at measured temperature 6(C)
(W-m™ K™

I :value of electric current applied to the hot wire (A)

E :voltage drop between A to B of the hot wire in Fig. 8
V)

[ :length between A to B of the hot wire in Fig. 8 (m)

—E;[—r - (4ou)”"]: exponential integral

r:distance between hot wire and thermocouple (m)

a : thermal diffusivity (m*+s™")

t :heating time for the hot wire (s)

A0 (1): rising temperature of the specimen measured by

thermocouple (T)

Because the values of —E; [~ r**(40) '] are already given
as a table filled with the values corresponding to the ratio of
rising temperature A8 (21)/A0 (t) at time () and (21), it is possible
to read out the required value as needed. Among the thermal
conductivity values obtained from this equation, the ones
calculated when A8 (21)/A0 () is in the midpoint of 1.5 to 2.4
possess the highest reliability.

Table 6 provides measured examples following JIS R

Table 5 Adequate supply power and maximum measuring
time for thermal conductivity

Thermal conductivity Maximum Adequate supply
/W-m K™ measuring time/ s power/W-m ™'
0.1 1200 -
04 1200 -
I 900 15
2 450 30
4 350 60
8 190 120
16 100 240
25 65 375

2251-2. In I1SO 8894-2: 2007 Annex A, more detailed practical
examples are given with a table and a figure (Fig. 10).
According to Table 6 the thermal conductivity can be
determined as 15.5W-m "K'
measurement from 18 s to 60 s. On the other hand, according to

Fig. 10, it is possible to decide that 5.92W-m '

which is the mean value of

K 'is a mean value of measurment resluts from 40 s to 150 s.

The parallel method is naturally affected by the thickness of
specimen in the same manner as the cross array method and the
maximum measuring time is determined according to the level
of thermal conductivity. This behavior can be understood easily
from the practical example mentioned above and therefore it is
necessary to pay special attention in the measurement.

Figure 11 displays the results of joint research by a
subcommittee of the Standardization Committee in TARJ
(hereafter simply referred to as round robin test) carried out for
fireclay bricks by the cross array® and parallel methods”. (The
calculations for the parallel method were carried out using the
same program except for specimen L7.1.). It became clarified
from these results that: O Even in the same measuring method
there were differences of 0.3 to 0.4 W-m '“K™' between
laboratories. @ There were great differences in measured values
between the cross array method and the parallel method and it
was possible to infer the obvious trend that the values of the
cross array method were larger than those of the parallel method.
It is possible to conclude, judging from the results mentioned
above, that the values of the thermal conductivity obtained by
the cross array method and the parallel method are not in an
accuracy class as high as RSD<C0.5 found in chemical analysis,
but in a class as rough as RSD between laboratories, > * 10 to
20%, that show deviations similar to those between the above
methods. In addition, according to the simple repeated test at
OCC, it was possible to obtain results with RSD at 1% or within
a few %, which was excellent performance. It is possible to think
that the reasons leading to such great differences arise largely
from differences in the apparatus and the manufacturing
techniques for the test specimen assembly (particularly the

technique of setting the hot wire and thermocouple on the

Table 6 Calculation example for thermal conductivity by paraliel method-transient hot wire method

Time t A8 () A40(21) _ ’,2 Thermal conductivity Average
s A6(t) _Ef[TmJ Ao Ao
v K W-m K Wom K
6 0.55 0.054 4.46 0.049 6 13.2
12 2.47 0.241 2.46 0.243 4 14.5
18 4.45 0.434 1.96 0.478 8 15.8
24 6.08 0.593 1.78 0.652 1 15.7
30 7.47 0.729 1.69 0.776 4 15.3 15.5
36 8.72 0851 | | 1 61 .................. 09197 155 ...................................................
48 10.82 1.056 1.52 1.1358 154
60 12.60 1.229 1.46 1.327 4 15.5
72 14.05 1.371
96 16.47 1.607
120 18.40 1.795
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X1 X2 Thermal conductivity measurement system
4 {12 e
e mmeea o Vacuum bell jar
35 e
4 H(t) - 10 Refrigerator
3 + Thermal =
N conductivity Z ) ! | |
3 s {o = SINp= as
0 N o ]
0 o [
2 27 {1s & 1 I: — U®___] e
o 5
[ = :
g 15 " ‘ Constant flow valve 5 !
] 4 : =
oL
46(2t)
05 A()(I) 12 ‘Iropical :1quzn'ium/
0 L . 1 ) .
0 50 100 150 200 250 00 Y Fig. 12 Schematic drawing of test apparatus for heat flux
Measuring time /s method.
Fig. 10 An example of summary of measured results by @ Heater
parallel method. @ Specimen
@ Guard ring
@ Guard heater (1%
2nd 3rd ...nth stage)
specimen) ® Specimen temperature
measurement
thermocouple
(1'2'3 n)

4.3 JIS R 2251-3 Heat Flux Method

® Water calorimeter
Figure 12 is a schematic drawing of the test apparatus for @ Tr']‘:;":r' compensation
the heat flux method specified in JIS R 2251-3. Figure 13 Water inlet

(for measurement of
heat quantity)

Water outlet

(for measurement of
heat quantity)

. X L X Differential

joint research because this type of apparatus is in operation now thermocouple

in at least 5 domestic laboratories of the same industry. Fig. 13 Detail view of measurement system for thermal
The apparatus of ASTM C 201 (Fig. 15) introduced in conductivity.

Table 1 measures the thermal conductivity of refractories by the

displays a detailed diagram of the measurement system for

©

thermal conductivity and Fig. 14 shows the shape and

dimensions of the specimen. This apparatus was adopted for

heat flux method, but at the time the standard for this method previously. On the other hand, the heat flux method in the JIS
was under review, there was no apparatus of this type in specification uses a specimen of a particular cylindrical shape of
operation in Japan. The appeal of the ASTM method is that a 150 mm long and 20 mm in diameter with five holes 2.2 mm ¢
straight standard shape brick can be used as the specimen and and 10 mm deep to accommodate thermocouples placed as
the specimen is large, similar to the two methods described shown in Fig. 14. The measurement operations are as below:
2.00 2.00
Cross array method L 180 F Parallel method
_ 160 |
L bz
= 7140 F
B ?
% % 1.20
S 2
g —— L1 5
£ 1.00 3 L
g > L2 5 1.00
i —h— L3-1 £ —+-L1
8 0.80 | S 0.80 f
= - 13-2 Tav ’ —A— L3-1
£ 060 | L4~ 5 060 | A 13-2
£ o L4-2 = -8 L5-1
0.40 | ‘O‘t5“ 040 | -0-15-2
o L5 —o— L4-1
020 | -0 L6-1 La-2
-2 020 p °
- —L7-1
0.00 0.00 :
0 500 1000 1500 0 500 1000 1500
Temperature / C Temperature / C

Fig. 11 Results of round robin test (measurement of thermal conductivity for fireclay bricks by cross array method and
parallel method).
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Fig. 14 Shapes and dimensions of specimen.

1) The specimen is set up in the manner shown in Fig. 13 so that
the central specimen axis aligns with the central axis of
specimen heater D and water calorimeter (®. Sheathed
thermocouples are attached in each hole in the specimen.

2) A certain amount of water (for example 400 = | ml-min "~ " is
flowed into the water calorimeter ® for calorimetry.

3) Power is applied to the specimen heater and, after the
temperature of the top and bottom surfaces of the specimen
reach a given value, the system is kept another 30 min or more
to obtain a steady state.

[ 4

E, ?QH“" Constant pressured

-4 water supplicr

-

—

QN

4) The local temperature at each thermocouple position is
measured.

5) A micro potentiometer (with the sensitivity in 1 X 107°°V or
s0) is used to measure the temperature difference of the water
between the inlet and outlet @ for measurement of the
quantity heat in the water calorimeter ®.

6) Applying a certain electric power P (W) (for example, 3 V -
1.8 A) on a compensation heater (@, the value of the micro
potentiometer is read to measure the temperature difference
between the water inlet ® and outlet ® for calibration of the
heat quantity.

7) The thermal conductivity at each measuring temperature is
obtained according to following equation.

PL T,
Aoy =—— X (6)
A (T,—=T) (t;-1— 1)
where,
6; -, : measured temperature at the (i — 1) th point from

high temperature side. (the mean temperature
between #,_, and 1,) (T)

Agi—1 : thermal conductivity at the measured temperature at
the (/—1) th point from higher temperature side.
(Wm™ K™

t;-, :temperature within the hole for temperature
measurement at the (i— 1)th point from higher
temperature side (C)

;  :temperature within the hole for temperature
measurement at the (/)th point from higher

temperature side (T)

P :supplied electric power to compensation heater (W)
L :distance between each hole in the specimen (m)

A :cross sectional area of specimen (m®)

T, :temperature difference obtained from step 5 (C)

G: Central calorimeter
|'" Internal guard calor imeter

H : External guard calor imeter

v S1ZC

o

L L

SiC heating \
element

S,lra(light standard
specimen

oal,
CF

Magnetic . EA
valve Cooling coil N

Fig. 15 Brief overview of test apparatus for heat flux method by ASTM C 201.
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T, :temperature ditference obtained from step 6 (C)

Figure 16 shows some measured results using a stainless
steel rod with known thermal conductivity in an effort to
ascertain the accuracy of this method. In addition a laser flash
test method was applied to compare with the results of the heat
flux method by several laboratories. It is possible to conclude,
judging from this result, that there was very little difference
between the measured values of each laboratory. This is because
the test apparatus used was the same type by the same
manufacturer, the specimen was comparatively homogeneous
and a commonly worked specimen was distributed to each
laboratory. Also, the results by heat flux method were in good
agreement with those of the laser flash method.

The characteristics and problems of this heat flux method
can be enumerated as follows:

(1) It is even applicable to an electrically conductive material.
The cross array method and parallel methods are impossible
to apply to electrically conductive carbon and silicon carbide
containing refractories or to zirconia system refractories that
become electrically conductive at high temperature. This heat
flux method has solved this difficult problem by taking
advantage of the property of the steady method that does not
make an issue of measurement time delay due to utilizing a
sheathed thermocouple.

(2) Different from the ASTM method, it is able to measure the
thermal conductivity at four levels of temperature in a single
procedure. The heat flux method is a steady state method and
therefore it is based on the rule that the measured temperature
is obtained from a mean temperature of two measurement
points and the thermal conductivity is determined as the
value at this temperature. Making up the temperature within
each hole to 1, t,—1; from high temperature side, the
measured temperature 8, becomes 4 (=5-1).

(3) In the apparatus for this method, it is impossible to design a
heater to heat the typical specimen to more than 1000C and
therefore the upper limit of measurement is as low as 800C
(It is impossible to heat the top sufficiently to make the mean
temperature between the first and the second points greater
than 800C)

30

Stainless steel / Measured results by heat flux method
X

b 25
T
2
=
>
L BT
:é ~—Laser
g 10 —A— 12
= |4 L3
g 5 ~H— L4
=
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0

) 200 400 600 800 1000

Temperature / °C

Fig. 16 Test results of round robin test by heat flux method.
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(4) It requires a lot time to prepare the specimen because the
shape of the specimen is so complex,

(5) It is necessary to pay careful attention in the case of using a
specimen containing large grain size because the specimen
diameter is only 20 mm and the interval between each
measuring hole is as narrow as 18 mm,

(6) The measurement temperature of the thermal conductivity by
the steady state method is represented as the mean
temperature between two points. Therefore, unlike stainless
steel, in the case of a material whose thermal conductivity
varies along a quadratic curve with rising temperature,
strictly speaking, the data obtained by the steady state
method is different from that of the transient state method.

4.4 Laser Flash Method

Differing from the cross array method and the parallel
method mentioned above, the laser flash method does not
measure the thermal conductivity directly as mentioned in the
Section 2.2. It is a method to get the thermal conductivity by
calculation based on the relational Equation (1) using the values
of the thermal diffusivity and specific heat capacity obtained
from the rising temperature curve of the reverse face of a
specimen when the obverse face is radiated by a laser pulse. In
addition, in the case of a complex continuous fiber reinforced
ceramic material, which as shown in Table 2 is the same sort of
heterogeneous material as refractories, the laser flash method
plays the role to measure only the thermal diffusivity while the
specific heat capacity is measured with a differential scanning
calorimeter (DSC). In the following, the authors describe the
measuring method for thermal diffusivity and specific heat
capacity by the laser flash method and consider the problems in
applying this method to refractories.

4.4.1 Thermal Diffusivity

Figure 17 shows an example of a constitution drawing of a
laser flash apparatus for thermal diffusivity measurement
specified in JIS R 1667. Measurement operations are given
below. (It combines measurement for specific heat capacity).

1) Provide a disc shape specimen with flat and smooth surfaces
(for example 10 mm in diameter and 3 mm thick).Measure
and record the thickness (with accuracy of 1 pm), the diameter
(with accuracy of I um) and the mass (with accuracy of
0.1 mg).

2) Spray coat a paint containing carbon micro-particles on the
entire specimen surfaces (It may be vacuum deposition) to
form thin homogeneous blackened carbon membrane on the
surface.

3) Put the specimen into a specimen holder and attach it to the
apparatus shown in Fig. 17. The specimen is then heated in
an electric furnace in flowing ambient gas up to a predefined
temperature.

4) When the specimen temperature becomes stable, irradiate a
laser pulse homogeneously on the top face of the specimen
and then measure the time change of the temperature on the

reverse face with an infrared sensing device. The result is the
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temperature change
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Fig. 177 An example of constitution drawing of laser flash
apparatus.

temperature increase curve by the laser flash method as shown
in Fig. 18.
5) From the values measured at half rise-time, the thermal

diffusivity can be calculated by following equation:
2

{
o=0. 1388 X khckm —?— (7)

172
where,
o :thermal diffusivity (m*-s™")
[ : thickness of specimen (m)
1, - half rise-time (s)
ky. : modification coefficient against blackened carbon
membrane
k, :modification coefficient for the measurement
condition
Generally speaking in the case of refractories, the
modification against k. and k,, can be ignored and therefore the
thermal diffusivity is obtained easily from Equation (7). Fig. 19
is an example of the rising temperature curve for MgO-C brick

10
al room temperature ).

4.4.2 Specific Heat Capacity

When measuring the specific heat capacity, it is necessary to
place a thermocouple on the specimen as shown in Fig. 20, and
in particular in the case of measuring both the specific heat
capacity and the thermal diffusivity at once, it is necessary to
pay careful attention not to overlap the thermocouple position
and the contact-free measuring position.

The specific heat capacity can be obtained with the following
equation by substituting the values ¢ (the relative laser intensity)
obtained from the rising temperature curve of Fig. 18 using the
specimen thermocouple set-up shown in Fig.20, AT,
(extrapolated value of rising temperature), and the modification
value obtained from measuring a standard material with well
known in specific heat capacity measured in a similar way to the
specimen (in the case of room temperature).

-t
m AT,

where,

— Comy — Cying) 8)

C : specific heat capacity of specimen (J-kg '*K ")
m : mass of specimen alone (g)
Q : absorbed heat quantity (I)
Q=a+bq (aand b are correction factors)
C,: specific heat capacity against a light reception board (J-

Signal V

0 5000 10000 15000 20000

Elapsed time / ms

Fig. 19 An example of temperature rising curve of MgO-C
brick.
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AT, (maximum temperature rise): difference between the steady
temperature before the pluse heating and the maximum
temperature of the rear face of the specimen after the pulse heating

fo: (starting point of analysis time): the time when impulse
heating began to operation in data analytical process

Nt (half rise-time): time until A7,,/2 is attained from the pluse heating
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Fig. 18 Temperature rising curve observed by laser flash method.
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(a) (b)

¥ o ny
Specimen Thermocouple
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Adhesive material
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\\_/ \Thermotiouple I I

Specimen

Fig. 20 Method of attaching the thermocouple to the
specimen.

kg™ K™
specific heat capacity against the adhesive material (J-
kg K™Y

mass of the light reception board (g)

Cs:

iy
ms: mass of adhesive material before test (g)

For measuring the specific heat capacity, it is essential
include a correction using a standard material, even in the DSC
method, and therefore there is no choice regarding the execution
of the correction. However, in the case of the laser flash method
with the attachment of a thermocouple, the correction against a
light reception board and the adhesive material (in case of JIS R
1611) are not only very complicated but also cause a decrease in
measurement accuracy and therefore it is very desirable to have

improvement as a burning issue in the JIS specification.

4.4.3 Thermal Conductivity

Thermal conductivity can be calculated by multiplication of
the values of thermal diffusivity, specific heat capacity and bulk
density substituted into Equation (1) in Section 2.2.

Figure 21 shows an example of measurcment results for
thermal conductivity of MgO-C brick by means of the laser flash

method'”.

4.4.4 Discussions on Application Possibility of Laser Flash
Method to Measurement for Thermal Conductivity of
Refractories

The explanation mentioned above with regard to the laser
flash method is mainly with reference to fine ceramics related
JIS specifications. It is not too much to say that the laser flash
method has become completely established as an essential

technology to measure thermal conductivity of fine ceramics at

least. The authors describe below the technological problems in
the case of applying the laser flash method to measure the
thermal conductivity of refractories and the recent movement on
this method.

(1) Specimen shapes and thermal conductivity:

Refractories are heterogeneous bodies consisting of
dissimilar materials including different kinds and different sizes
of particles. Therefore it is desirable that the size of a test
specimen is large enough that these particle sizes and
heterogeneous structures appear homogeneous. It is difficult to
think that the previously mentioned specimen dimensions of 10
mm diameter X3 mm thick are enough to satisfy such a
requirement. In the German-made apparatus that OCRF imported
recently, a specimen of ¢ 254X 10 mm can be utilized as a
standard. Although it is impossible to make an assertion that
even such a size is enough, there is a table shown in Table 7' as
an annex to the manufacturer data. Details such as the thermal
history records of specimens are unexplained, but judging from
the table, the relative standard deviation (RSD) is only 1% or so
among all the items and therefore it is possible to say this is
excellent compared with data obtained from the other measuring
methods for thermal conductivity
(2) Measuring technique of specific heat capacity.

As mentioned above, it was necessary to attach a
thermocouple and to correct the values against a light reception
board and the adhesive material in the conventional apparatus
used in Japan. However, in the advanced apparatus introduced
by OCRF as mentioned above, these treatments are unnecessary.
The values provided in Table 7 are results showing the
reproducibility of repetitive tests under controlled unified test
conditions. As for the measurement of specific heat capacity, it is
necessary to execute corrections using a standard material. There
are a few correction equations to apply to correct variation, but it
is not uncommon to increase the variation to 10% or more
according to the operation of the equation. For example, in the
case of correcting against heterogeneous materials such as
refractories, it is necessary to make use of a standard material
possessing the same quality as the one being tested, but

unfortunately there is no material appropriate in this situation. In
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Fig. 21 An example of measured results of thermal conductivity for MgO-C brick.
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Table 7 Results of reproducibility test in measurement of thermal conductivity for MgO-C brick

Thickness Bulk density | Thermal diffusivity | Specific heat capacity | Thermal conductivity
ftem mm g-em” mm’s” ' Jog KT Wem K
X 10.44 2.878 9.95 0.891 25.5
X, 10.43 2.893 9.83 0.879 25.0
Specimen No.

X3 10.22 2.908 9.75 0.890 25.2

X4 10.43 2.896 9.70 0.901 253
Avarage 10.38 10.38 2.904 9.81 0.890
SD 0.107 0.11 0.012 0.11 0.009

RSD(%) 1.0 1.0 0.4 1.1 1.0

Remarks: using four test specimens cut off from original specimen under test, each specimen was measured on the items at room

temperature (at 26C)

other words, it is considered that a lot of standard material
assignments must be resolved for the sake of measurement of
specific heat capacity for refractories. When the specific heat
capacity was measured in the case of continuous fiber reinforced
ceramics, DSC was used, and on the basis of a similar concept, it
may be a good option to adopt DSC for the measurement of the
specific heat capacity of refractories. Also, for measurement of
the specific heat capacity it may be necessary to investigate a
method other than DSC; e.g. a dropping method.
(3) Investigation of previous literature and re-examination of
application feasibility

With regard to review of the application feasibility of the
laser flash method to refractories, there is literature in the
Ceramic Society of Japan, “Survey Research Committee on
Standardization of Energy Saving Industrial Furnaces” led by
Prof. Dr. Suzuki on observations through seven years in the
1980’s. In this review the committee concluded that knowing
exact values of the thermal conductivity of refractories used in
industrial furnaces is an essential condition for the
standardization of industrial furnaces. Therefore comparison
examinations were carried out using the same specimen and
calling out all kinds of measuring apparatuses that existed at that
time in Japan. The authors would like to reexamine the literatures
obtained at that time and are currently searching the availability.
In any event, mentioning the example of OCRF's apparatus,
nowadays both the measuring apparatus and the measuring
lechnologies are making rapid progress supported by the epoch-
making diffusion of personal computers. The laser flash method
can be measured relatively easily and can measure up to higher
temperature than the heat flux method. In particular, it raises the
cxpectation for application to electrically conductive materials
that up to now have not had an applicable test method to measure
thermal conductivity.

5. Conclusions

In 2007, the JIS test method for thermal conductivity of
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refractories was established. This paper introduced the
technologies.

Official test methods are very important as evidence to
support daily experimental and measurement work of people
engaged in the field. Therefore it is thought that the
establishment of JIS R 2251-1 to -3 became God's Word for
persons occupied in examination and measurement services.
However, as a result of compiling this paper, it became apparent
that in speaking about JIS specifications there are problems that
remain to be solved such as the single wire method, reproduction
accuracy and inspection for the laser flash method as new
problems. For these problems the authors know full well it is

necessary to continue discussions and research from now on.
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Fuminori HIROSE, Akira YAMAGUCHI, Yasuhiro HOSHIYAMA and Junji OMMYOJI

Abstract
Various kinds of metals are added to carbon-containing refractories as antioxidants. The degree of the effect of the metals is quite
different by their kind, quantity and distribution in the refractories. In this study the most effective and ideal method the distribution of
metal Al in refractories was examined. As a result, when metal Al was distributed homogeneously among graphite grains, the pore size
in the refractories became smaller and there was less decrease in strength after heating. Moreover, densification of the refractories was
promoted because of the formation of spinel crystals among the graphite grains. On the other hand, when Al grains were in contact
with the surface of MgO grains, the pore size became larger and there was greater decrease in the strength.

From the above-mentioned results, it is desirable to distribute Al grains during process of mixing raw materials of the refractories.

Key words: microstructure, Al-additive, MgO-C brick, carbon- containing refractories, densification

1. Introduction

Anti-oxidants in carbon containing refractories not only take
on the role of preventing oxidization of the carbon but also
advancing the strength after thermal loading"”. The most
important factors on such occasions are the correct selection of
the kind of anti-oxidant to exert the most effective results at the
service temperature and the proper execution of the method of
addition. At present the SiC and/or Al powder anti-oxidants that
are commonly used are good choices on the basis of the
chemical thermodynamics to function properly as anti-oxidants
at the service temperature”. The behavior of metals added (o
carbon-containing refractories as anti-oxidants has been the
subject of a number of researches up to now, and it has been
clarified that addition of metals brings about changes in the
microstructure and in the corrosion resistance of MgO-C bricks
at high temperature according to the kind of added metals’ ™.
Also it is well known that the addition of metal to carbon
containing refractories reduces the open porosity and prevents
the oxidation of carbon during use at high temperature®.
Furthermore it is adequately understood that with regard to the
behavior of Al metal added to MgO-C bricks, the particle size of
the Al metal has a great influence on the amount of pore
formation at high temperature. Also it is said that the
introduction of smaller grains of Al metal improves the
densification of the structure at high temperature”. As described
above, with regard to the behavior of metal addition to carbon
containing refractories and the influence of metal on the
properties of bricks, the mechanisms have been clarified from
various viewpoints such as microstructure observation and
thermodynamics. On the other hand, the influence of the
microstructure of refractories as related to the distribution
morphology of anti-oxidant on the properties of bricks has been
scarcely investigated in detail. Recently the graphite content in
carbon containing refractories has consistently decreased every

year. It is important to clarify the relation between the

microstructure and the properties of carbon containing
refractories for the special benefit of preventing the oxidation of
graphite effectively. Moreover, the reaction between the added
anti-oxidant agent and the oxides of the prime components of
refractories progresses through the intermediary of vapor phases
in carbon containing refractories and therefore the microstructure
after use at high temperature is quite different from that before
use. Consequently it is possible to conclude that the
microstructure of bricks has an extremely important influence on
the brick properties. For this reason the authors provided two
kinds of MgO-C bricks with different distribution morphologies
of Al grains added as an anti-oxidant and investigated the
microstructures and properties of the bricks after heating. As the
result it was clearly indicated that the microstructure has an
influence on the properties of bricks in carbon containing

refractories. The paper reports the proceedings of this research.

2. Experimental Procedures

2.1 Preparation of Specimens

Table 1 provides raw materials and their proportions used in
specimens of MgO-C bricks. In addition “ex. 5 mass% " in the
table expresses an exclusive percentage; in other words it
denotes that when the sum of the mass of electro-fused MgO and
flaky graphite, the main raw materials, was defined as 100
mass %, the mass of metal Al powder added corresponded to 5%
of the sum. The raw materials used were: electro-fused MgO
(hereafter referred to as MgO) made by Tateho Chemical
Industries Co., Ltd. with 99 mass% purity and sieved to select a
grain size interval less than 1.0 mm and greater than 0.5 mm.
and flaky graphite (hereafter referred to as graphite) made in
China, with 99 mass% purity and less than 150 pm in size. The
antioxidant material used was metal aluminum powder (hereafter
referred to as Al powder) of 99 mass% purity and size less than
45 pm made by Toyo Aluminum KK. As a binder, novolac type
liquid phenolic resin made in Sumitomo Bakelite Co., Ltd. was

Okayama Ceramics Research Foundation
1406-18, Nishikatakami, Bizen-shi, Okayama 705-0021, Japan
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used, and as the hardening agent commercially produced hexa-
methylene tetramine. The mixed body shown in Table 1 was
well kneaded for a specified time, formed by a uniaxial pressing
machine and baked for heat-treatment at 200C for 12 hours (o
prepare the brick specimen.

Figure 1 illustrates production processes of the MgO-C
brick specimens. Two procedures were employed to provide
specimens with different microstructures. One method was to
knead the MgO, Al powder and phenolic resin together and then
add the graphite. The specimen produced by the above method is
referred to as the M-Al specimen. The second method was to
knead the MgO and phenolic resin together first and then add
graphite to the mixture. The mixed body was well stirred, Al
powder was then added to the mixture and the final kneading
was carried out. The specimen produced by the second procedure
is referred to as the M-C specimen. Part of each mixed body was
formed into cylindrical shapes 30 mm in diameter and 25 mm
long and the residual part was formed into rectangular solid
bodies 120 by 25 by 25 mm using a uniaxial pressing machine.
The formed bodies were baked at 200C for 12 hours. Polished
pieces were produced from the cylindrical specimens for
microstructure observation and elemental analysis measurements
and the rectangular solid specimen was utilized for
measurements of physical properties such as apparent porosity,
bulk density, apparent specific gravity and the modulus of
rupture.

Table 1 Composition of MgO-C brick samples

Raw material Mass%
Fused Mg0 (0. 5-1mm) 50
Flake graphite (<0.15mm) 50
Al powder (<45 um) ex. b
Phenol resin ex. 6
Hexamethy lenetetramine ex. 0.6

Mg0] [Al] [resin]

mixing

mixing

mixjng mixing

pressing pressing

drning drang
IM-Al samplel IM-C sample]

Fig. 1 Production process of MgO-C brick samples.
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2.2 Measurement and Microstructure Observation

The measurements of apparent porosity, bulk density and
apparent specific gravity after baking at 200C for 12 hours were
carried out by the Archimedean method according as JIS R 2205.
The modulus of rupture was measured by three-point bending
using a rectangular solid specimen 25 by 25 by 120 mm
supported on rollers at a span length of 100 mm,. The
microstructure observation was on a polished section
encapsulated in epoxy resin using an optical microscope and a
scanning electron microscope (SEM). Also with the aim of
observing changes in the microstructure and the values of
physical properties due to heating, specimens were buried in
graphite powder and heated up in reducing ambient atmosphere
at a rate of at SC/min to 1600C and held for 3 hours. The
physical properties of apparent porosity, bulk density, apparent
specific gravity and modulus of rupture after firing were
measured and compared with those before firing. Also, the pore
diameter distribution in the specimens after firing was measured
by Mercury intrusion. Moreover the crystal phases in the
specimen after firing were examined by powder X-ray
diffractometry and the element distribution was measured by
EDS (Energy dispersive X-ray spectrometry) using a polished
piece encapsulated in epoxy resin.

3. Results

Figure 2 displays an optical photomicrograph of the
microstructure of both MgO-C brick specimens after baking.
The structure of the M-Al specimen is characterized by a lot of
Al powder contacting MgO grains, while in the M-C specimen a
lot of Al is dispersed among the voids of graphite grains.

Figure 3 compares the apparent porosity of both MgO-C
brick specimens after baking at 200 and after heating at
1600C. Both after 200 baking and after 1600C heating, the
apparent porosity of the M-C specimen was lower than that of
M-AlL

Fig. 2 Microstructure of MgO-C brick samples after baking
at 200°C.
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Figure 4 compares the modulus of rupture of specimens
after baking at 200C and after heating at 1600C . As a reference
the values for a specimen without Al powder additive are
included. In the case of baking at 200 there was no significant
difference in the strength among three specimens: no additive,
M-Al and M-C. On the contrary, after heating at 1600C, the
M-C specimen displayed the highest value with the M-Al
specimen in the middle while the specimen with no Al powder
additive showed the lowest value.

Figures 5 and 6 show the powder X-ray diffraction patterns
of M-Al and M-C specimens after heating at 1600C. In both
M-Al and M-C, the aluminum peaks disappeared and new peaks
of spinel were observed. It is well known that when a mixture of
Al MgO and graphite is heated at high temperature, MgAl,O, is
formed”, and therefore it is consistent with the experiment
results observed here.

Figure 7 shows a SEM image in the vicinity of a boundary
between a MgO grain and Al grains and the elemental mapping
of Al, Mg and O in the M-Al specimen. In the SEM image, the
upper part of the image shows a portion existing in graphite.
With regard to the MgO grain, a high concentration of Mg is
observed within the original MgO grain. On the other hand, Al,
Mg and O coexist in the vicinity of the surface of the MgO grain.
Also, pores 10 to 15 wm in diameter were observed in the
peripheral part of MgO grains that seemed to be vestiges of Al
grains, and around the pores a thin layer about 1 pun wide is seen
that contains distributed Al, Mg and O is indicated by (X) in the
photo. Furthermore, Al, Mg and O are observed to coexist
among the graphite grains.
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after baking at 200°C after heating at 1600°C

Fig. 3 Apparent porosity of MgO-C brick samples after
baking at 200°C.
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after baking at 200°C  after heating at 1600°C

Fig. &4 Bending strength of MgO-C brick samples after
baking at 200°C.
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Figure 8 shows a SEM image in the graphite matrix area
that includes features that seem to be vestiges of Al grains and
the elemental mapping of Al, Mg and O in the M-C specimen. It
can be observed in the portion (X) that Al, Mg and O are
distributed in a 10 wm wide circular strip around a pore less than
5 um in diameter . Even in the portion (Y) where it seems that
no Al grain exists, the presence of Al, Mg and O is observed.

Figure 9 shows pore diameter distributions for both MgO-C
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Fig. 5 X-ray diffraction pattern of M-Al sample after heating
at 1600°C.
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Fig. 6 X-ray diffraction pattern of M-C sample after heating
at 1600°C.
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Fig. 7 EDS analysis of M-Al sample after heating at 1600°C
(surface area of MgO grain).
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brick specimens after heating at 16007 . In the M-Al specimen,
the peak (a) was observed at 8 to 14 pm pore diameter but in the
M-C specimen such a peak was not present. Also, as for the
median diameter of p-fine pores, in the M-Al specimen the peak
was observed at 2.1 pm and in the M-C specimen at 0.7 um:
therefore it can be concluded that the M-C specimen has a
smaller pore diameter than M-Al.

4. Discussion

4.1 Pore Formation Mechanism

As shown in Figs. 7 and 8, the existence of pores adjacent to
spinel was observed in both M-Al and M-C specimens after
heating at 1600 . Furthermore there was a clear tendency for
the pore size to be larger in the vicinity of MgO grains and
smaller among the graphite grains. The forming process of those
pores can be considered as follows”: Figure 10 illustrates a
schematic drawing of a proposed model of pore formation in
MgO-C brick with Al additive during heating at high
temperature. Al metal powder added to MgO-C brick begins to
melt when the temperature reaches the Al melting point of 600T

Graphite

Fig. 8 EDS analysis of M-C sample after heating at 1600°C
(graphite matrix area).
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Fig. 9 Pore diameter distribution of MgO-C brick samples
after heating at 1600°C.
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and adjacent Al grains form consolidated bodies of melted Al
On the other hand in the case of Al grains adjacent to graphite
grains, the Al forms an Al,C; layer at about 700C by reaction at
the periphery of the Al according to Equation (1).

4A1 (D +3C (5)=ALC; (5) (N

After formation of an Al,C, layer, cracks generate on the
surface of the AlL,C, layer because the volume expansion
coefficient of Al-melt inside the AL,C, layer is larger than that of
AL, layer. Then, considering the behavior of an Al grain under
the condition of much higher temperature it is possible to think
that the following phenomenon arises. Figure 11 shows the
comparison of equilibrium partial pressures of Al gas phases
volatilizing from metal Al (1) and that volatilizing from AlL,C; (s).
The values of the ordinate axis in the figure are expressed by a
normalized dimensionless number obtained by dividing by the
standard state 0.1 MPa (representing by P%. It is possible to
understand from the figure that the vapor pressure of Al (g) from
Al (1) is higher than that of Al (g) from Al,C;, and therefore the
Al (g) volatilizes preferentially from the Al (1), resulting in pores
forming inside the Al,C; layer. It is possible to estimate that

(a) 700°C~
4A1 (1) +3C (s) =A14C3 (s)

(b) 1000°C~
Al (g)

- Formation of Al4C3

[ s

Formation of pore

Fig. 10 A model of the pore formation in MgO-C brick with
Al additive during heating.

-2 T T T T

log (Pai/P%

_'| 2 L 1 1 1 1
1000 1200 1400 1600 1800 2000

Temperature /K
Fig. 11 Equilibrium partial pressure of Al gas (P°=0.1 MPa).
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because Al (1) in the presence of carbon reacts to form Al,C,, an
ALC, layer is formed around Al (1) according to Equation (1),
even if Al (1) liquid flows out through the breach of a crack.

Moreover the source of the difference in pore diameter
between the M-Al and M-C specimens after heating can be
considered as follows: Figure 12 shows schematic drawings for
a proposed model of pore formation due to changes of Al grains
within M-Al and M-C specimens during heating. In the M-Al
specimen, some of the Al grains are contacting MgO grains and
others are contacting graphite grains. During heating, Al,C; (s) is
formed where Al grains contact graphite grains by the reaction
of Equation (1) while an oxidized film of Al,O5 is formed on the
surface of Al grains where Al grains contact MgO grains.
Though AL,C; (s) grows up to about 20 wm in thickness”, the
thickness of the oxidized film seems to be extremely small. On
the other hand, in the M-C specimen, because Al grains are
surrounded by graphite grains, a 20 pm thick layer of Al,C; (s) is
formed around the entire periphery of the Al grains according to
the reaction of Equation (1).

As mentioned above, it is possible to speculate that because
the addition of Al grains to the M-Al specimen produced a
smaller amount of Al,C; (s) during heating compared with a
similar addition to the M-C specimen, a lot of Al (1) is surviving
within the M-Al specimen. Therefore it is possible to think that
the pore diameter formed by Al volatilization becomes larger in
the M-Al specimen after heating. Also, as seen in Fig. 2, in the
M-Al specimen the Al grains are distributed together in groups
at the periphery of MgO grains. For this reason, it is possible to
make an assertive forecast that Al grains commingle on melting
resulting in a larger diameter Al component. In this case much
larger diameter pores may be formed if accompanied with
volatilization of Al (1) at the same time. It can be concluded that
the difference in pore diameter in Fig.9 arose from the
difference in distribution of Al grains that influenced the
thickness of the Al,C; layer formed and resulted in the difference
in amount of Al (1) volatilization. Furthermore, it is possible to
presume that the intensity of the pore diameter peak at (a) in the
M-Al specimen became much larger as a result of commingling

of Al particles on melting.

before heating o=

A [EEEIA 43

Fig. 12 A proposed model of the pore formation in M-Al
and M-C samples during heating.
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4.2 Formation Mechanism of Spinel

As seen in Figs. 7 and 8, coexisting regions of Mg, Al and O
were observed in the structure after heating in both the M-Al and
the M-C specimens. The spinel peaks of (MgAl,0O,) are identified
by powder X ray diffraction analysis in Figs.5 and 6, and
therefore it is considered that the portion of coexisting Mg, Al
and O may be spinel. In the case of MgO-C brick, the difference
in formation mechanism and formation location of spinel due to
distribution of Al powder can be thought of as follows:
Figure 13 shows equilibrium partial pressures Px of gases in the
Mg-Al-C-O system coexisting with carbon at 1900 K and under
conditions that (mol% Al/mol% Mg) is less than 2. In the same
way as Fig. 11, the partial pressure is indicated by a
dimensionless number normalized by dividing by the standard
state 0.1 MPa (referred to as P%). As shown in Fig. 11 there are
various kinds of gaseous phases and among them Mg (g) in the
Mg system and Al (g) in the Al system display the highest values
in each system. Therefore it is possible to consider that the
reactions occurring in the whole systems are only due to those
two gaseous phases. In Fig. 13 changes of stable condensation
phases corresponding with changes of CO partial pressure are
also shown. From this information it is possible to understand
that in the case CO partial pressure less than [log (Pco/Po) = —
3.1] the system [ALC, (s)+Mg (1) + C (s)] is stable. In the case
of CO partial pressure in the range [log (Pco/Po) = —3.1 to—
2.2], the system [ALC; (s) +MgO (s)+ C (s)] is stable, and in
the case of CO partial pressure more than [log (Pco/Po) = —2.2],
the system [MgALO, (s)+MgO (s)+C (s)] is stable. It also
shows that the stable coexistence of carbon and Al (1) is
impossible and all the Al (1) becomes Al,C;. By the way, CO
partial pressure in carbon containing refractories at high

temperature is thought to be about at 0.1 MPa®, but in the

5 (mo | %A1 /mo ! %Mg) <2 1900K
( 1 1 U é(s) 1 1 1 )
<<— g (|)—>| <€ Mg0 (s) >
<€—— Al4C3(s) > €—— MghAl204 (s)—>
Mg (g)
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o Mee)
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— | Ne e (c) (a)
o
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e 5 Al20(g) ‘\\ —
an ~ \\‘\
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Fig. 13 Equilibrium partial pressures of gases in the Mg-Al-
C-O system (P°=0.1 MPa).
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vicinity of the surface of Al,C; grains the CO partial pressure
maintains at approximately [log (Pco/Po) = —2.2], which is the
lower rather than the value of the circumference. Under these
conditions, the Al (g) vapor is generated mainly from the surface
of AL,C; and it diffuses into the structure possessing a higher CO
partial pressure. The reaction can be expressed by Equation (2).
In proportion to diffusion of Al (g) into the structure possessing
high CO partial pressure, MgAl,O, (s) begins to deposit in
succession to AL,Cs.

4A1C; (s)=4Al(g) 1 +3C (s) (2)

As for the formation of MgALO, (s) in the Mg-Al-C-O
system, various reaction mechanisms are possible, of which
authors especially discuss the reactions among three gaseous
phases; Al (g), Mg (g) and CO (g) shown in Equation (3)
because Al, Mg and O coexist in voids among graphite grains as
shown in Figs. 7 and 8.

2A1(g) T Mg (2) +4CO (g) = MgALO, (s) +4C (s) 3

Mg (g) of this reaction is generated from MgO grains
according to the reaction of Equation (4).

MgO (s)+C (s)=Mg (g) T +CO (g) (C))

It is possible to consider the behavior of the generated Mg
(g), as follows: The equilibrium partial pressure of Mg (g)
against the partial pressure of CO (g) can be expressed as [log
(Pug/Po) = — 1.7] (point [a] in Fig. 13) under the condition that
the partial pressure of CO is 0.1 MPa. But it becomes [log (Py,/
Py) =0.4] (point [b] in Fig. 13) under the condition of the partial
pressure of CO at [log (Peo/Po) = —2.2], so that Al,C; (s) is a
stable phase. In other words, it is possible to understand that for
the CO partial pressure such that Al,C; (s) may be stable, the Mg
(g) partial pressure becomes higher. Consequently Mg (g)
generated from MgO grains diffuses toward circumference of
ALGC, (s) that isn't filled up with Mg (g) and the Mg (g) partial
pressure is high. On the other hand, as for the behavior of Al (g)
cenerated from Al,C; (s) going along with Equation (2) it is
possible to consider as below:

The partial pressure of Al (g) generated from Al,C; (s) is at
[log (Py/Po)= —3.2] (point [c] in Fig. 13), but in the region
where the circumferential CO partial pressure is higher the
partial pressure of Al (g) becomes lower. Consequently Al (g)
volatilized from Al,C; (s) is condensed at the vicinity of Al,C; (s)
according to the reaction of Equation (5) and forms spinel going

along with Equation (3) when Mg (g) is present.
2A1(g) +3CO (g) = ALO; (s) +3C (s) &)

In other words, Mg (g) generated from MgO grains diffuses
toward the circumference of ALC; (s) while Al (g) generated
from Al.C; (s) condenses in the vicinity of Al,C, (s) and
therefore it is possible to think that the condensation reaction of
spinel by Equation (3) becomes easy in the vicinity of Al,C; (s).

MgAlO, (s) is found at the circumference of pores and
among graphite grains around the pores in Figs. 7 and 8. Pores

are formed from Al,C; (s) reaction products by Equation (1) and
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volatilization of Al (1) occurs within the interior of the AL,C; (s)
as mentioned in the previous scction. Therefore the figures verify
the evidence that the condensation reaction of spinel due to
Equation (3) occurred in the vicinity and at the circumference of
Al,C; (s). The routing line that Mg (g) generated from MgO
grains and Al (g) generated from ALC, (s) diffuse into the
structure is thought to act as a continuous pore within the
structure and that the places where these gases condense also
locate in a continuous pore within the structure. In other words,
Al (g) and Mg (g) diffuse into pores, condense as spinel as well
as form carbon, resulting in filling up almost of all the voids
mainly in the vicinity of AL,C;.

It was also observed that MgAl,O, formed in the vicinity of
the surface of MgO grains in M-Al in which MgO grains and Al
powder are contacting each other according to the result of
Fig. 7. This is possible to explain as below: because CO partial
pressure becomes lower as [log (Pco/Po) = — 2.2] in the vicinity
of Al,C, as seen in Fig. 13, the partial pressure of Mg (g)
generated from MgO grains existing in the neighborhood
increases up to [log (Py,/Po) = 0.4] (point [b] in Fig. 13). Also in
M-Al, a lot of the molten Al (1) survives within Al,C; (s) layer
and therefore it is possible to infer that Al (g) is generated from
Al (1) as well as Al,C; (s). The partial pressure of Al (g)
generated from Al (1) is higher than the vapor pressure generated
from Al,C; (s) as seen in Fig. 11. Therefore it is possible to
conclude that in the case of the M-Al specimens the partial
pressures of both Mg (g) and Al (g) become extremely high in
the vicinity of the surface of MgO grains, and in the case of such
high vapor pressure, the mutual diffusion between Mg (g) and Al
(g) is occurs resulting in formation of a large amount of spinel in
the vicinity of surface of MgO grains.

Figure 14 shows a schematic drawing of a proposed model
for spinel formation in both M-Al and M-C specimens during
the heating process. For the sake of simplification, graphite
grains are omitted in the diagrammatic representation. In the
M-Al specimen, the formation of spinel was concentrated in the
vicinity of the surface of MgO grains but in the M-C specimen,
spinel was produced widely among graphite grains in the brick
structure. It is desirable to form spinel uniformly in the structure
by distributing Al powder homogeneously among graphite grains
in order to accelerate the densification of the structure by

forming spinel in the voids within the structure.

4.3 Relation Between Distribution of Al Powder and
Characteristics

It became clarified that varying the distribution morphology
of Al powder exercises an influence on the pore size and location
of spinel formation. If the bricks require especially high strength
during high temperature operation or after operation, it is
desirable that the size of pores formed by heating is small. Also,
because spinel formed at high temperature densifics the structure
and contributes to the development of high strength”, it is
essential to form the spinel homogeneously through the entire
brick structure. In other words, it is most effective to add Al

powder to the system so that the formed pore size is as small as
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2A1 (g) +Mg (2] +4C0 (2} =MgA | 904 (s) +4C (s)

Me0 [ A140; B MeAlo04

Fig. 14 A proposed model for formation of MgAl,O, in M-Al
and M-C during heating.

possible and spinel is produced widely through the entire
structure. Spinel is formed in the vicinity of Al,C; generated
through the reaction between Al powder and graphite grains.
Consequently, distributing the Al powder as widely as possible
among the graphite grains makes a considerable contribution to
the homogeneous formation of spinel through the entire
structure. As shown in Fig. 4, the M-C specimen with Al powder
distributed widely among the graphite grains resulted in higher
strength than that of the M-Al specimen after heating. This
phenomenon provides substantiation that M-C specimen
produced a large amount of spinel widely among graphite grains
and attained a densified structure compared with the M-Al
specimen. Furthermore on the occasion when Al powder exists
in close association with graphite, thicker Al,C, is formed and
smaller pores are produced. The results of Fig. 9 establish
obvious proof that the method to distribute Al powder widely
among graphite grains brings about the formation of smaller

pores after heating.
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5. Conclusions

As a result of investigating the most effective addition
method of Al metal powder to MgO-C bricks, the following
knowledge was obtained:

(1) In the case of adding Al powder that is well dispersed
among graphite grains, the reaction between Al powder
and graphite progresses during heating and a thicker
Al,C; layer is formed in the peripheral portion of an Al
grain and therefore the amount of the residual Al (I)
becomes less. In the result, the pore formed in the
residual Al,C; after volatilizing Al (I) is remarkably
small.

(2) Spinel formed by sintering is produced extensively in the
vicinity of Al,C; and is generated by reaction between Al
powder and graphite. Therefore, in the case of dispersing
Al powder widely within the graphite grains, spinel is
homogeneously produced in the voids among the
graphite grains. As a result it is possible to obtain
products possessing a dense structure and high strength

after heating.
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1. Introduction

Metallic Al is added to carbon-containing refractories such
as MgO-C brick and Al,O;-C brick to prevent the oxidation of
carbon. Metallic Al reacts with C and CO existing in the brick to
make the structure dense and increase the strength at high
temperature. Metallic Al gives a large effect on improvement in
the service life. However, its field application is restricted to the
case that there is no hydration reaction; namely, that there is no
water vapor present at a low temperature because Al,C, that is
generated by the reaction of metallic Al with C and CO is easily
hydrated and deteriorates the brick structure. Therefore, metallic
Al has a weak point as an additive in that it cannot be used as an
antioxidant in refractory castables.

ALO,C is anticipated as a possible material to solve the
above mentioned problemsl'”. It is assumed that Al,O0,C has a
high resistance against a hydration, has a densification effect
equal to metallic Al and does not form Al,C; in any reaction
process”. Therefore, the application of ALO,C instead of
metallic Al to carbon-containing bricks and castable refractories
may improve their performance”. Furthermore, compared with
ALSIC, and other additives, Al,O,C may be more widely
applicable because it does not contain any metallic elements
except Al

This paper presents the results of an investigation on the
application of ALO,C to MgO-C and Al,0,-C brick, typical
carbon-containing refractories.

2. Preparation of A1,0,C Powder

Al,0,C powder was prepared as follows": The raw materials
were alumina, metallic aluminum and carbon powders. The
alumina powder was 0-Al,O; with 0.2 {tm average diameter and
purity of 99.9%. The aluminum powder had 30 um average
diameter (maxim 63 um) and purity of 99.8% while the flake
graphite was 99% pure with a maximum particle size of 75 pum.

Raw materials in the proportions shown in Table 1 were
mixed in a dry ball mill for 10 hours and put in a graphite
crucible. The graphite crucible was placed in a vessel type
carbon furnace and fired. The carbon furnace was evacuated with
a vacuum pump and argon gas was flowed into it at a flow rate of
| liter per minute while heating. The temperature was elevated to
1700C at 10C per minute and held at temperature for 1 hour.

The mixture was cooled naturally in the carbon furnace. The

Table 1 Particle size and mixing ratio of raw materials
for preparing Al,0,C

Raw materials | Size of particle | Mixing ratio (mass%)
0-Al,04 Av. 0.2 um 73.9
Al powder Under 63 pm 19.6
Flake graphite Under 75 um 6.5
3000 [
° ® ALOC
° ° O «-Al0,
” X ALC,
5 2000 [
<
> L] L]
E 1000 | ®
L]
o
° o
10 15 20 25 30 35 40 45 50 55 60
20 /degree

Fig.1 X-ray powder diffraction pattern of synthesized
Al,0.C.

heat treated mixture obtained by the above procedure was
ground in a dry ball mill for 10 hours to a fine powder with a
particle size of 50 m and less. (The average diameter was about
20 pum). Figure 1 shows the X-ray powder diffraction pattern of
the synthesized Al1,0,C.

3. Application of Al,0,C to MgO-C Brick

3.1 Preparation of Al,0,C-added MgO-C Brick

The effects of Al,O,C on the performance of MgO-C brick
were evaluated in comparison to those containing metallic Al,
the conventional antioxidant, and to those containing no
antjoxidant. Table 2 shows compositions of the MgO-C test
samples. The MgO-C test samples can be divided into two
groups with different proportions of MgO and C; namely, a
group composed of samples No. 1 ~No. 4 with 5 mass% C and
another group composed of samples No.5~No.8 with 15
mass% C. Each group contains a test sample with no
antioxidant, one with metallic Al and two with different levels of
Al,O0,C. The contents of elemental Al in samples No. 4 and
No. 8 are equal to the metallic Al contents in samples No. 2 and
No. 6.

Each mixture was kneaded and shaped with a unijaxial

Okayama Ceramics Research Foundation, 1406-18 Nishikatakami, Bizen-shi, Okayama 705-0021, Japan
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Table 2 Composition of MgO-C samples

(mass %)

No. 1] 2 | | 4 5 [ e | 7 | 8
-1 mm 65 60
Fused MgO ~75um 30 o5
Fiake graphite =150 um 5 15
Al 30 um ex.4 ex.4
Al,O,C 20 um ex.4 ex.6.82 ex.4 ex.6.82

Phenol resin ex.3 ex.4

Hexamethylenetetramine ex.0.3 ex.0.4

pressing machine under 150 MPa of pressure to form a green
body. The green body was heated at 200T for 12 hours to form
an unburned test sample. The test samples were fired in a
reducing atmosphere similar to that in field operations and
changes in physical properties including the change in mass
were measured. The above mentioned reducing firing procedure
was as follows: An unburned test sample was buried in graphite
powder and fired in air in an electric furnace at prescribed
temperatures between 800 and 1500 for 3 hours.

The resistance against oxidation was evaluated by measuring
the thickness of the oxidized layer when each unburned test
sample (ca 25 X 25 X 25 mm) was heated in an electric furnace in
air. An unburned test piece was put in the electric furnace, heated
up to 1300T or 1500T at a heating rate of 10C per minute,
held for 3 hours and naturally cooled in the electric furnace. The
thickness of the oxidized layer was measured at the cross section

cut at the center of the test piece.

3.2 Results

Figure 2 shows the relation between the change in mass and
the heating temperature when the unburned test samples were
fired in the reducing atmosphere. The decrease in the mass at
800T is due to the thermal decomposition of the phenol resin
binder that is almost complete at 800C, and changes in the mass
at temperatures higher than 800T are caused by some reaction
in the test samples. The decrease in the mass of MgO-C test
samples No. 2 and No. 6 with metallic Al and heated at 800T
are the smallest among the test samples. Specimens 2 and 6
heated to 1000T showed significant mass increase from the
800 value. The mass of MgO-C test pieces Nos. 3, 4, 7 and 8

2
C=5%
b
Al 4%
S oo
()
o
c
% -1 r Al404C, 6.82%
%]
"
g -2 % Al04C 4%
-3 F
) N S
0 500 1000 1500

Temperature /°C

Fig.2

with added AL,O,C increased from their 800C values on heating
in the range 1000C to 1400C. This fact indicates that some
reaction causing the increase in the mass progresses while
MgO-C test samples containing Al,O,C are heated in carbon
powder.

Figure 3 shows the relation between the apparent porosity
and the heating temperature when the unburned test sample was
fired in the reducing atmosphere. The increase in apparent
porosity from the cured state at 200T to 800T is due to the
thermal decomposition of phenol resin. Both the apparent
porosity of test samples No.l and No.5 containing no Al
element increase in the temperature range higher than 800T as
the heating temperature rises. Both the apparent porosity of test
samples No. 2 and No. 6 with metallic Al added decreased when
the heating temperature was 1000T . The apparent porosities of
all the Al,O,C-added test samples heated at temperatures higher
than 800T were larger than those of test samples containing no
Al element.

It is clear that the structure of test samples with added
Al1,0,C was not densified by the reaction that increased its mass
because the apparent porosity did not decrease despite the fact
that the mass increased on heating in the range from 1000T to
1400 (see Fig. 2).

Figure 4 shows the oxidization test results for the MgO-C
samples. The oxidized thickness of test pieces containing 5% C
with no antioxidant or with Al,O,C-added was 12.5 mm after
heating at 1300 or 1400C. On the other hand, the oxidized
thickness of the specimens with 4 mass% Al metal addition was
about 2 mm for both heating temperatures. The oxidized

thicknesses on the specimens containing 15 mass% C followed

0
C=15%
& » Al 4% Al404C 6.82%
[
o)
C
2 H
O
P
§ 5 L Al4O04C 4%
=
L No additive
-3 Y ST ST S NN VAN S T WO RO R T S R S
0 500 1000 1500

Temperature /°C

Relation between mass change and heating temperature in reducing atmosphere of MgO-C unburned test samples.
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Fig. 3 Relation between apparent porosity and heating temperature of MgO-C unburned test samples.
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Fig. 4 Oxidized thickness of MgO-C test samples.

a similar trend but were considerably less. Regardless of the
difference in the amount of graphite, the oxidation thickness of
Al,0,C containing samples was larger than that of samples with
metallic Al added and equal to that of test samples containing no
Al The results in Fig. 4 show that the addition of even 4 mass %
Al as Al,0,C has a negligible effect on improving the oxidation
resistance and that the addition of Al metal is more effective.

4. Application of A1,0,C to Al,0,-C Brick

The effect of Al,O,C on the oxidation resistance of Al,04-C
brick was investigated. A test sample containing a large amount
of Al0,C V (25 mass%) was prepared because, as mentioned
above, 4 mass% was too little to improve the oxidation
resistance in MgO-C specimens.

4.1 Water Treatment of Al,0,C Powder

Prior to the experiment of adding a large amount of ALO,C,
a water treatment of Al,0,C powder was carried out to hydrate
the slight amount of Al,C; contained in Al,0,C, because it is
assumed that AlL,C; reacts with water to degrade the packing
density of Al,0,-C brick containing A1,0,C

One hundred grams of AL,O,C of composition shown in
Table 1 was put in a beaker with water, stirred a little and left
for one week in room conditions. Figure 5 shows the change in
appearance of the sample. The original powder with a pale
whitish-yellow-green color changed to a whitish swelled powder.
The whitish swelled powder was dried at 110T for 10 hours and
crystal phases were identified by X-ray powder diffraction.
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Fig.5 Change in appearance of Al,0,C powder by
treatment with water.
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Fig.6 X-ray powder diffraction pattern of swelled Al,0,C
powder

Figure 6 shows that AL,O,C substantially decreased and a large
amount of Al(OH); was generated. This fact suggests that it is
difficult to apply Al,O,C to castable refractories because the
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beaker (est clarified that the hydration of AL,O,C progresses at
room temperature when Al,O,C is put in water for a long time.
Therefore, it was decided to use AL,O,C shown in Fig. 1 without
the water treatment.

4.2 Preparation of Al,0,C-added Al,O,-C Brick

Table 3 shows the compositions of Al,05-C test samples. In
test sample No. 11 the entire amount of 75 um grain size fused
ALO; in test sample No.9 was replaced with Al,O,C. Each
mixture with the compositions shown in Table 3 was kneaded
and shaped with a uniaxial pressing machine under 150 MPa
pressure (0 a green body. The green body was heated at 200C
for 12 hours to form an unburned test sample. The unburned test
sample was fired in reducing atmosphere equal to an actual
operating atmosphere and physical properties were measured.
The above mentioned reduction firing procedure was as follows:
An unburned test sample was buried in graphite powder and fired
in air in an electric furnace at prescribed temperatures of 800TC
to 1500C for 3 hours.

4.3 Results

Figure 7 shows the length and the bulk density of each
unburned test sample after curing at 200 . The length of the test
sample No. 11 containing 25 mass% Al,0,C was greater than
that of samples No. 9 and 10 that did not contain any Al,O0,C.

Table 3 Composition of Al,0,-C samples

(mass %)
No. 9 10 1
—1mm 60 60 60
Fused Al,O, ~75um o5 o5
Flake graphite =150 um 15
Al 30 um ex.5
AlLO,C 20 um 25
Phenol resin ex.4
Hexamethylenetetramine ex.0.4

Furthermore, the bulk density of No. Il was smaller than that of
Nos. 9 or 10. These facts can be understood from results shown
in Figs. 5 and 6. Namely, these facts suggest the possibility that
water vapor generated by the thermal hardening reaction of
phenol resin hydrated the Al,O,C resulting in the swelling of
specimen No. 11. It is assumed that hydration swelling of AL,O,
C added to MgO-C samples also occurred, but swelling of the
specimen was not observed because the addition amount was
small.

Figure 8 shows the change in the mass with heating when
the unburned test samples were fired in reducing atmosphere.
The decrease in the mass at 800 is primarily due to the thermal
decomposition of the phenol resin binder that is almost complete

at 800C. Other changes in the mass at temperatures above

3.2

30 1

-3

28 T

26

24

Bulk density /g*cm

22

2.0

No additive Al 5% Al,0,C 25%

Fig.7 Length and bulk density of Al,0,-C unburned test samples obtained by heating green test samples at 200°C for
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Fig. 8 Relation between relative mass change and heating
temperature in reducing atmosphere of Al,0;-C test sample.
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Fig. 9 Relation between apparent porosity and heating
temperature in reducing atmosphere of Al,O;-C test sample.
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800 were caused by some reaction in the test sample. The
decrease in the mass of test samples containing Al,0,C and that
containing metallic Al was smaller than that of the test sample
containing no additive, and their mass largely increased as the
heating temperature rises. These results again clearly prove that
some reaction with a mass gain progresses in the test sample
containing Al,O,C when it is heated in carbon powder at 1000
and higher.

Figure 9 shows the change in the apparent porosity with the
heating temperature when the test samples were fired in reducing
atmosphere.

The apparent porosity of the test sample No. 10 containing
metallic Al decreased in the high temperature range; namely, its
structure was densified. On the other hand, the apparent porosity
of the test sample No. 11 containing Al,O,C did not decrease;
namely, a densification effect was not observed. By the way, all
values of apparent porosity of the samples containing 25 mass %
Al,0,C were larger than those of the test sample No. 9 with no
additive and No. 10 containing metallic Al

Figure 10 shows the change in cold crushing strength with
firing temperature when ALO;-C test samples were fired in
reducing atmosphere. The cold crushing strength of Al,O,-C test
samples with no addition and with Al,0,C-addition were smaller
at all firing temperatures than those with metallic Al. However,
the cold crushing strength of Al,0,C-added Al,0,-C test samples
tended to increase at firing temperatures higher than 1200C.

It was clarified that a large amount of Al,0,C addition (25%)
made the apparent porosity of the ALO;-C body large and its
cold crushing strength low. The reasons for this can be
considered that water generated while the green body was heated
at 200C for 12 hours reacted with AlLO,C to form hydrates
causing swelling and making the apparent porosity large and that
the A1,0,C did not promote the densification of the Al,O,-C fired
test sample although the reaction of Al,0,C progressed. The
present conclusion is that the application of Al,O,C to carbon-
containing ALO;-C refractories is not effective, because the
above mentioned results are the same as those obtained for
Al,0,C-added MgO-C samples.

5. Discussion

Al,O,C added to carbon-containing refractories did not
densify their structures, although a reaction of the Al,O,C caused
an increase in the mass while firing at high temperatures. The
authors considered reasons for this behavior because this
phenomenon may be important for investigating the application

non-oxides to refractories. It is assumed that the reaction of

60
© -
g %0 Al 5%
~
% 40
=
I
?D 30 No additive
£
B
S 20 r
&)
T
8 10 r Al,04C 25%
0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 500 1000 1500

Temperature /°C

Fig. 10 Relation between cold crushing strength and
firing temperature in reducing atmosphere of Al,0,-C test
samples.

Al,O,C at high temperatures is expressed by Equation (1)"
because the inside of a carbon-containing refractory is filled with
CO gas at temperatures higher than 1000C .

ALO,C (s) +2CO—2 AL,O, +C (@)

Equation (1) makes the weight larger because Al,O,C reacts
with CO to form Al,O, and C.

Whether the structure of a refractory is densified or not can
be determined by calculating the change in volume in Equation
(1). The true density of Al,0,C powder was determined first
because the true density of every material in the reaction is
necessary for calculating a volume change. Al,0,C used for this
investigation was ground to a fine powder, and the true density
was measured with the gas volume method. The value obtained
was 2.86 g‘cm‘}. However, AlL,O,C powder contains some
o-AlO; and ALC; as shown in Fig. 1. Supposing the content of
o-ALO; is 10 mass% and AlC, is 5 mass%, the measured
powder true density was adjusted for these phases and the true
density of pure AlO,C was calculated in order to ensure
accuracy. The value obtained was 2.76 g-cm ™. Using this value,
the change in volume of Equation (1) was calculated to be +
10.5%. This value is extremely small in comparison with the
change of volume in the reaction of Al with CO (+122.7%) and
that of Al,SiC, with CO (+ 115.9%) as shown in Table 4.

A. Yamaguchi reported that metallic Al in carbon-containing
refractories changes to Al,C; and AIN at high temperatures,
finally, the reaction shown in Table 4 makes a structure dense®.
Y. Hoshiyama et al stated that the densification effect of ALSiC,
was large, and proposed the densification mechanism that

reaction products deposited in gaps through the vaporization-

Table 4 Calculation results of volume change by reaction

Reaction formula

Volume change /%

AL,0,C(s)+2C0O(g)=2A1,0,(s)+3C(s) + 105
2AI(1)+3C0(g)=A1,04(s)+3C(s) +122.7
| AlSIC4(s)+6CO(g)=2A1,04(s)+SIC(s) +9C(s) +115.9

% Calculated with following bulk density (g-cm ™)
ALO,C:2.76 AlSIC,:3.00 Al,0,:3.99 Al:250 SiC:3.22 C:1.60
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condensation mechanism causing a large volume expansion”. By
the way, the calculation of Al,O,C reaction states that the
sufficient effect for decreasing gaps cannot be obtained although
even the reaction of Al,0,C with CO increases the volume.

In the case of Equation (1), it is clear that the conditions for
making the porosity of refractories small cannot be obtained
because of the fact that the increase ratio of the volume is small.
Even if products of Equation (1) deposit in gaps through the
vaporization-condensation process, the space occupied with
AlLO,C particles remains as vacancy.

It can be said from the above mentioned discussion that
ALO,C has a small densification effect being one of elemental
specific properties.

6. Conclusions

Using MgO-C brick and Al,O;-C brick, the effect of Al,0,C
on the performance of carbon-containing bricks was investigated.
The results are as follows.

(1) The mass of MgO-C brick containing 4~7 mass% of
Al,O,C increased in the temperature range 1000C to
1400C, but the apparent porosity did not decrease.

(2) The hydration of Al,O0,C progressed when it was put in
water for a long time.

(3) The mass of Al,O,-C brick containing 25 mass% ALO,C

clearly increased in the temperature range 1000T to
14007C, but the apparent porosity did not decrease.

(4) The change in volume of Al,0,C in the high temperature
reaction was estimated as + 10.5%.

It can be said that the effect of Al,O,C addition is smaller
than that of metallic Al, but it has merit that it does not generate
Al,C;. Therefore, application techniques taking advantage of this
feature should be developed.
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Table 1 XRD intensity of carbonized wood, phenol resin

and pitch

Peak intensity after heating Peak intensity after heating

Sample at 1500°C(20=26.5°) al 2000°C(20=26.5°)

Total Broad Sharp Total Broad Sharp
Cedar 60 60 0 601 301 300
Cypress 84 84 0 618 337 281
Hardwood 99 99 0 839 41 428
Bark 181 181 0 1:1722 1:432 1:1290

2:1006 2:341 2:665

Phenol resin 300 300 0 387 387 0
Pitch 5615 0 5615 10569 0 10569
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Fig.5 XRD patterns of carbonized phenol resin.
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Table 2 Oxidation temperature and maxim weight
change of various carbons

Starting temperature  End temperature

1 0
of oxidation / °C of oxidation/ °C  ‘Veight change / %

Sample

Powder Bulk  Powder Bulk  Powder Bulk

Cedar 560 534 643 589 -97.8 -98.8

Cypress 538 583 606 641 -99.5 -99.2

Hardwood 548 566 682 630 -96.7 -99.3

Bark 536 572 599 706 -98.4 -97.8

Pitch 672 677 761 761 -100 -98.9

Phenol resin 616 617 729 729 -98.1 -100
Carbon black 581 681 -98.0
Flake graphite 745 894 -98.1
Amorphous graphite 671 784 -84.3
Artificial graphite 732 843 -100
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Precipitation and Inhibition of Cr* Compound in the CaO-Cr,0,-AlL0, System
Tomoyuki MAEDA, Akira YAMAGUCHI, Yasuhiro HOSHIYAMA, Shinji MIZUHARA', Takeo URABE"

Okayama Ceramvics Research Foundation, 1406-18, Nishikatakami, Bizen, Okayama 705-0021

Abstract : The formation of toxic Cr®* compounds form chrome compounds are promoted in an oxidation
atmosphere below 1273K under the existence in alkaline and/or CaO component, and further even in the case of
clevate temperature under the coexistence with AlO, In this paper, the precipitation and inhibition of Cr®* compound
were studied in the CaO-Cr,05-Al,03 system. The mass ratio of CaO/Cr,0s/Al,0; components and Ca0O/Cr,04/Al,04/
Additive components were adjusted to 1/3/0 - 1/3/3 and 1/3/1/1, respectively. V,0, SiO,, Ca(PQ;),, Sn0, and ZrO,
were selected as additives. Ca,Al;Cr®"’0y identified in all the Ca0-Cry05-Al,03 system at 1723K. On the other hand,
the precipitation of Cr®" compounds were inhibited by addition of V,0,, SiO,, Ca(PO,), and SnO,.

Key words : Ca,Al;CrO,6, CaCrO,, Hexavalent chromium compounds, inhibition, chrome refractory
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Fig. 1 XRD patterns of the Ca0-Cr,0;-Al,0; system

after heating at 1723K for 15 min in air.

Composition of samples and mineral phases after heating at 1723K for 15 min in air

Composition of starting mixture

(mass ratio)

Sample No. Mineral phase
CaO Cr2()3 A|203
1 1 3 0 CaCr31,0,, Cré",0,
? ! 3 1 Ca,AlgCr®*0,4, CaCr®4,0,, Cri®%),0,
’ 1 ’ 2 Ca,AlsCri610,g, CaCr,0,, (Alg25,.Cri**) 75),05
) 1 ° 3 Ca,AlgCr®01, (Alg 57CT 43),03
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Intensity / Counts

1000
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Fig. 2 XRD patterns of the CaO-Cr,0;Al,05-additive
system after heating at 1723K for 15 min in air.
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Fig. 3 XRD pattern of the Ca0-Cr,0,Al,0,-Si0, system
after heating at 1723K for 15 min in air.
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Table 2 Mineral phases of the CaO-Cr,0,-Al,05-additive system after heating at 1723K for 15 min in air

Additive Mineral phase
V20, (Alp 35,Cr")g 65),03, Ca,V,07, CagV,0q

Ca(PO3), Ca,AlgCr®10;6, CaCrl®),0,, (Alg19,Cr)y71);05, Cay(PO,),
SiO, (Alg14,CrC%); 56),05, Amorphous
Zr0, Ca,AlGCr6)0,6, CaCri®),0,, (Alg.12,Cr®*) g5);03, Cag 15210 8501 g5
Sno, CayAlgCre10,4, CaCr),0,, (Aly 15,Cr®*); 60),05
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Fig. 4 Relationship between content of Al,0; and XRD
intensity of chromium compounds.
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Fig. 5 Reaction of chromium compound in the CaO-
Cr,04-Al,0,5 system.
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Fig. 6 XRD patterns of the Ca0-Cr,0;A[,05-V,0; system
after heating at 973-1373K for 15 min in air.
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Fig. 7 XRD patterns of the Ca0-Cr,0,-Al,0,-Ca(P0,),
system after heating at 973-1373K for 15 min in

air.
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Fig. 8 XRD patterns of the Ca0-Cr,0,-Al,0,-Si0,
system after heating at 973-1373K for 15 min in
air.
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Fig. 9 The phase equilibrium diagram of the Al,0,-Sn0O,
system®.



—MREEEARULZ I v 7 AFMREME HE - BiTRRHRS

£ (2008-2014)

ATE 24l CaO-CryOy ALOSRA I BT 5 6 i 7 0 ALEW DA K & 2 O]

IMERER LTSI EBWMEEREO—DE LTELLN
b0 £ZT, SnOMBWMOKEZE L O WIHEIZT 572012,
TR, L RA 7, B0 HE BRIy —
B LU, BINISnO Ik B X O sk 1 TR L 72
CaCr® 0,0 ¥ — 7 2K L TRT. BI0LY, &
WEIToTHELRILEMEFME SN Gh oz 2D E
6, 1723KTIET 7 AN L T n kil s b,
FOMWIC D, THEE AT > THCaCr®,0,%> 5CaCr® 0,
DHIZLDRD LNV ED S, SnO4d 61l 7 1 a1k
EYOLERIHE R ERATES R L, TEILY,
SnOL R M TR E & N72CaCr® 0,0 47 ¥ — 7 253Uk
1 ThE &R 72CaCr®,0,0 i ¥ — 7 & ik LTk
ANy 7 FLTWwh, CaCr®,0,0mifE—2 07
M ESHOLBRMEEDATHEENTE D, Sn0,»CaCr®,0,
AEELATREEAEV E NSNS, ThEY, Sn0,
WINT 64l 7 T 2MLEW O RIVH A R E - 2B &

18]

3000
® Ca,Al;Crie"0 4
o CaCré",0,
4 Ci",0y55,
o + CaCr¢h0,
2000 ° q
o ° b) Quenched
5 ﬂ
3 ) 0% |lof P @ o0 Oo 0&»0000)
z o
s
£ 1000 [~
O
° a) No-quenched
o
oi 050 apflol 00 9 00 Ro ° @poo
0 1 1
10 20 30 40 50 60 70
20/°
Fig. 10 XRD patterns of the Ca0-Cr,0,-Al,0,-Sn0O,
system after heating at 1723K for 15 min in air ;
(a) no quenched, and (b) quenched by liquid
nitrogen.
3000 -
o CaCrt™,0,
. o
Ca0:Cr,0,4:Al,0,:Sn0,
o 2000 1 eaa
c
3
O
> o
‘B
g
£ 1000
o
. CaO:Cr,0,
=1:3
0 | 1
32 33 34 35
201/°
Fig. 11 The low angle shift of XRD pattern of CaCr,0,.
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Synthesis of Al-Zr-C System Compounds by Using Several Kinds of Carbon Sources and Oxidation
Behavior of their Compounds

Tomohiro NISHIKAWA, Tomoyuki MAEDA, Yasuhiro HOSHIYAMA and Shigeyuki TAKANAGA

Okayama Ceramics Research Foundation, 1406-18 Nishikatakami, Bizen, Okayama, 705-0021, Japan

Abstract : Al-Zr-C system compounds were synthesized by using three types of carbons : ligneous carbon, carbon

black and flake graphite. Mineral compositions of Al-Zr-C system compounds from ligneous carbon and carbon black

were Zr,Al,Cs and Zr;Al;Cs. Heating treatment of as-synthesized compounds from room temperature to 1300C with a

constant temperature-programmed rate in O,/Ar led to formations of zirconia and alumina. Analyses of exhaust gases

during the oxidation process of the compounds revealed remaining of a carbon component in carbides until 1100C.

Key words : Al-Zr-C system, ligneous carbon, carbon black, flake graphite, oxidation
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Table 1 Molar ratio and mass percent of ingredients for
a synthesis of Al-Zr-C compounds.
Ingredients Molar ratio / mol  Mass / %
Aluminum 1.00 18.97
Zirconium 1.00 64.14
Carbon 2.00 16.89
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X-ray diffraction patterns of Al-Zr-C system
compounds from various carbons; (a) ligneous
carbon, (b) carbon black and (c) flake graphite.
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Fig. 2 Soannlng electron microscope images of Al-Zr- C system particles synthesized by
using ligneous carbon, carbon black and flake graphite.
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Fig. 3 Thermo gravimetric and differential thermal analyses of Al-Zr-C system particles synthesized
by using (a) ligneous carbon and (b) carbon black.
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Fig. 4 X-ray diffraction patterns of (a) as-synthesized Al-Zr-C system
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system particles synthesized by using ligneous carbon.
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Densification of Al,0,-Al,SiC,-C Brick at High Temperature

Yasuhiro HOSHIYAMA, Shigeyuki TAKANAGA
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2Al1(g) +3C0O(g) = Al,O4(s) +3C(s) (4)
AlLO(g) +2C0(g) = Al,O4(s) +2C(g) (5)
R Tld, ZOALSIC,OBELRIREE & ) R AYIC

MHS 5L 2% 2, ALOLCHM KWIZALSICH K% S
BIERETA2ILICL T, BT TRILOY 2 VE R

AlO3+ C CO(g)
Graphite
N JN Ll

Fig. 3 Schematic model of reaction mechanism of
Al,SiC, in carbon containing refractory at high
temperature ¥.
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BINERI  ALO-ALSIC, CHED BRI B 2 Bl

it KPR % TR & 8 B FEIC O W TR 21T o 72

2 HERAE

ALSICHr K &, & BAU K ( -200M), Sith kK ( -
325M), BEIREESR (—100M, 99%) # BHte LT L7,
HHMABICESE LD DER—V I VTIohERIES L,
Bonizkr B A 013%, ArF& T TL700C -5h
OB E AT ) FETER L7z BRBEOHKEBOER—V
IV TI0hEE KA L C20umBL T (P35 8 um) DFLFE
&L, HERERE L7 W RXEREY TR L 722 &R0 R
DOFEBMNZITIZALSIC,OHAM T, T T HICRH T
fEL Tz,

R 1TISHERL L 72 AL Oy ALSICCRE DMK N A %2 R ¥
ke LTRIEBERNIOD DL, ALOMBOE£E
25%% ALSICHRIZER L THRELZODEER L, &
it R1OERAYEZREA, RMEOHEIZ, 150MPan—iih
MELS & 2 T25%x25x 120mmIEIRIZHKIE L, 200C - 10h
DEMI % 7o TR L7z, ERLHABO—#WE%L
RIWRLTHBH, ALSICH A RE B O FIgHE
DN E DRI DFEBEAMK < 72 Y SALEED 4 %Az
Bl hoTWwb,

TR U7 %, REE AN O EIFH RO FA

Table 1 Composition and properties of Al,0,-C brick
samples
No. 1 2
Fused alumina -1mm 60 60
-75um 25 -
Composition | Flake graphite  -150um 15 15
mass% | AlSiCq -20um - 25
Phenol resin ex.4 ex.4
Hexamethylenetetramine ex.0.4 ex.0.4
Apparent porosity /% 10.4 14.3
Property
Bulk density /g.cm™ 3.04 272
Air atmosphere
Al,0; crucible /
Electric
furnace

o

[e]

O

o

Graphite powder

sample

Fig. 4 Schematic diagram of heating test in reducing
atmosphere.

160

#EE L TRENRP TR Lz, BERE, R4 IRT &
I BN RIIERR LR T, BREEE10T /
min& L, ATEOMRE CRELZIFNTRE T 554
TEML 7o BERIREIE800 ~ 1500C & L, EFCEMRM
R L7235 O RIS 2 3 5 720102, BRAFIRER] % R K20
M CIERT AR %217 o720 BRITHROERELEZ
WEL, BERBEAEORBTRILE, »STWELTLF A
FAETNE Lize F BB O U % =R F 28
MRIHmER U CRlfL & S7- IS EE L, SeFiamss+ M
WS DB 21T o 7,

3 BERBIUER
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VCTHERMIIE, NA ¥y LTHHLAT7)
— VEBEDBAIRIZE 2D DTH B, ALSIC,EEBEAR
BTIEZD80C TOEREMI VDV %L %oTED, M5
POFERTEERFIFH SN TS, ZOREED -F
& BRI ERA TR ER DT L T 525, ALSIC,
BEAE TIX1200C %8 2 B IREIR CHZE 2 BN R
bNb,

REESHAWIRME N ALSIC,O SRS, =
NETOWIIZBNTH1200C B2 5 MEHTRDON
TEY, 2oHE—EROEIERIE, 91.3%DEEHEIN %
5 (1) XTH5a26N5° 7%, M5 ICRONEEREO
PR R BRI D ARG AN TET LT 50
NSNS,

B6, K72, 2WEMBEREZEORBSRILE, »SHEY
AT EEFRMEE, ALSICEARE L DI, NS v —
ELTHAILZT7 =/ — VIR D EGEIC & - T80T T
ZFALEDBER L T B, MERINEEHIIRE D L& & IR
LEEAL, »SHELHPI LTS, —7, ALSIC,

Mass change /%

No.1

-4 FERSSON SEN R NSNS N SRR TR S SO U S SO S S |
0 500 1000 1500

Temperature /°C

Fig. 5 Mass change of the brick samples during heating
in the reducing atmosphere for 2 hours.
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1&TL TBY, ZNITHIELTrIBEDHRKL TV,
RSIR L& 90T, 8 Uil CoaRE 2 Ja i b Bl
ENTHEY, 1200C L LETALSIC,® IS ASHETT L THH%
PREELENT WD Z EDbh b, 1500T Tl Bim L=
P97%ICFTET L, 800C &Y bR 8B flizRL T
Wb,

I, BEREE 2 LR L 720 REEILZOE{L% X 8
WRY o BERIREA1200T 2% % &, ALSIC,RE & 3 0
REERILEGEME LD ICEKTLTBY, BB
HACHETTHZ b1 D, RILEORWAIZI500C T &

D LS 720 1) 20hJE R £ 123 7%ICEL TW A, F 7z,
1500°C TOBERLRFI AT 6 IE I DL L2 % % & RALR AP 18
22
€ 20 r No.2
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2 16 |
s 14
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< 6 +
g b
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Temperature /°C
Fig. 6 Apparent porosity of the brick samples after

heating in the reducing atmosphere for 2 hours.
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Fig. 7 Bulk density of the brick samples after heating in

the reducing atmosphere for 2 hours.
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Fig. 8 Apparent porosity of the brick samples after heating in the reducing atmosphere as a
function of holding time at several temperatures.
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Void

Fig. 9 Microscopic texture of No.1 sample after heating
in the reducing atmosphere at 1500°C for 20
hours.

Fig. 10 Microscopic texture of No.2 sample after
heating in the reducing atmosphere at 1500°C
for 20 hours.
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Fig. 11 Apparent porosity of the brick samples after

heating in the reducing atmosphere for 20 hours.
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