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Fig.2 Maximum saturation amount of Cr,0, in CaO,”
SiO, slag at 1600°C and 1700°C.
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Fig.4 Near the surface of the (75mass% Al,O4-

25mass%Cr,0,) sintered body corroded slag
at 1650C.
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Fig.6 Reaction products in the (50mol%CaCO, and
50mol%Cr,05) mixture heated in air for 2h.
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Table 1 Amount of Crt® in the used magnesia-chrome brick and in the brick treated by reducing atmosphere during
cooling from 1300°C. (ppm)
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Special Issue

My Recollections of the Chinese Refractory Field

AKIRA YAMAGUCHI

My first visit to China was in September, 1986. That was the
14th year after diplomatic relations between Japan and China
began. I have now visited China more than 10 times for invited
lectures, technical discussions, plant visits, etc.

In the early years, the chairman of the Technical Association of
Refractories, Japan (TARJ) was Mr. Takeshi Hayashi of Shinagawa
Refractories. Mr. Hayashi visited China and talked with Dr. Zhong
Xiangchong, who was President of Luoyang Institute of
Refractories Research (LIRR). They talked about the refractory
situation in Japan and China, which opened the door to further
communications between Japan and China about refractories.

There were five people on the first TARJ team to visit China
(1986), including N. Nameishi (Harima Refractories Co., Ltd.) as
the leader, N. Shimada (Shinagawa Refractories Co., Ltd.) as the
vice-leader, and also K. Hiragushi (Kurosaki Refractories Co.,
Ltd.), Y. Hayashi (Toshiba Ceramics Co., Ltd.), and A. Yamaguchi
(Nagoya Institute of Technology). The group entered China in
Shanghai, and visited Baoshan Iron & Steel Co., Ltd. (BISC) first,
followed by the Shanghai No.l and No. 2 Refractory Works
(SIRW and S2RW). Photo 1 was taken when the team visited
SIRW. Each team member gave a lecture at S2RW. Then we
visited the Shanghai Institute of Ceramics. We traveled by train

from Shanghai to Luoyang. Because of the slow speed of the train,

and standing time in the main stations along the route, it was a long

journey of more than 20 h. We visited LIRR, Luoyang Refractory
Works, etc. We were very surprised to learn about the large number
of people (600) that doing refractories research at LIRR. We were
impressed by the size of the audiences at LIRR, and their

R
Photo 1 China-visiting-team from TARJ (1986) at Shanghai
No.1 Refractory Works.

Mr. Y. Hayashi (second from the left side), Mr. N. Nameishi
(the fifth), Mr. Shimada (the sixth), Mr. K. Hiragushi (the
seventh) and Dr. A. Yamaguchi (the ninth).

enthusiasm for our lectures. Although I lectured at LIRR several
times on later visits, I nostalgically recollect the eager attention and
questions of the women on my first visit. And the high interest and
activity of the women did not change later. And now, Dr. Li Hong
Xia, a 37-year old woman, is President of LIRR. Previously, Dr. Li
was a visiting researcher at Okayama Ceramics Research
Foundation, Okayama, Japan.

Now returning to the first visit in 1986, I recall some of the
conditions in China as follows; the number of the automobiles was
much less than now, and there were many bicycles and large
numbers of pedestrians in the streets. It was forbidden for
automobiles to turn on their headlights at night, because of the
effect of the headlights on pedestrians and people riding on
bicycles (the glare of the head lamps might cause them to close
their eyes). So, the automobile drivers constantly honked their horn
while driving among the pedestrians and bicycles. It was a very
strange and noisy spectacle. In those days everyone dressed in the
clothes of the “people”, mainly blue, green, and gray, and no bright
colors. So males and females dressed similarly.

At the dinner parties, many oil-based dishes were served one
after the other, being placed on a rotating lazy-susan in the center
of the table. The food was very plentiful, and there was a good
variety of dishes. At the dinner parties, the toasts began early, and
came one after another. “Toast for friendly development of the

LI

Japan-China relationship”, “Toast for health and development of
Mr. —, “Toast for —”, and many other subjects were arranged.
The Chinese liquor, with an alcohol content of 40~70%, passed
easily down the throat, which was coated by the oily food, and
provided stimulation for the diners and an enthusiastic atmosphere.

Because Japan was experiencing an economic bubble at that
time, our life was fast-paced, and full of material things. But the
Chinese were living a slower, simpler life, with few material
possessions. I nostalgically felt as if I was again observing and
experiencing the conditions of my childhood.

Several years later, I visited China again and went to LIRR, and
gave lectures at several universities, including Wuhan University
of Science and Technology (WUST), University of Science and
Technology Beijing (USTB), Zhengzhou University (ZU),
Northeastera University (NEU), Xi’an University of Architecture
and Technology (XUAT), Anshan University of Science and
Technology (AUST), Hebei University of Technology (HUT) and
Central Iron and Steel Research Institute (CISRI). Based on these
activities, I was given the degrees of Adviser Professor and
Emeritus Professor by WUST, HUT, and NEU. One of my
memories from that trip happened at NEU in Shenyang City. 1
reached Beijing airport during the daytime, and planned to depart

for Shenyang in the afternoon. But the airplane had mechanical

Okayama Ceramics Research Foundation
1406-18, Nishi-katakami, Bizen-shi, Okayama-ken 705-0021
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problems at the scheduled time of departure. No details were
provided by the gate agents, but about 20:00 the flight was
formally cancelled. The passengers were taken to a hotel by bus,
and then were brought back to the airport around 6 o’clock the next
morning. After the long delay, the airplane took off around 15:00,
and reached Shenyang in the evening. So there was a delay of 24 h.
The person who was to welcome me in Shenyang waited till
midnight the previous night (this was before mobile phones). Some
people had come from Anshan City by bus to attend my lecture, but
when I did not arrive they decided to go home and return again the
next day, by bus. Upon hearing this fact I was very impressed by
their dedication and interest in my lecture.

In addition to my visits to China, and lectures at Universities,
Institutes, etc., my books: “Usage of Phase Equilibrium Diagrams”
and “Thermodynamics for High Temperature Materials”, which
were published by TARIJ, were translated into Chinese and were
used as a text book in some universities in China. For this reason,
there were many applications from students that wanted to study at
my laboratory in NIT. The following four Chinese received their
doctoral degree in my laboratory (name, dissertation subject, year
of graduation, present position);

Jingkun Yu; Properies and Microstructure of Carbon-
Containing Refractories, 1995, Professor of
NEU
Shaowei Zhang; Reactions and Oxidation-Prevention in

Carbon-Containing Refractories, 1996, Re-
searcher of Sheffield University, Professor of
WUST
Tianming Wang; Synthesis and Properties of AlzB4Cs, 2001,
Researcher at Manchester University, UK
Min Chen; Improvement of the Properties of Calcia
Refractories, 2004, Vice-Professor of NEU

Moreover, there is one Chinese student who earned a Master’s
degree diploma.

Over the years, I have interacted with many researchers who
are involved in refractories in China, especially with Prof. Dr.
Zhong Xiangchong, who I first met in 1986, as described above.
He is a member of the Chinese Academy of Sciences and the China
refractory association, and is considered the top refractories
Professor in China, with a worldwide reputation. Dr. Zhong was
President of LIRR and a professor of USTB, and recently moved to
Zhengzhou University, where he established the High Temperature
Ceramics Institute. Despite being 85 years-old, and needing some
human assistance because of a degenerative eye disease, he is still
diligent and active in refractories research, as a professor at ZU.
When I visited him at ZU to lecture last year, [ was presented a
book of his compiled works - “Refractories Research by Zhong
Xiangchong”. 1 admire his passion for refractories. And as a
sidelight, he sang a United Kingdom folk song, and other songs,
with Dr. Kiyoshi Sugita of Nippon Steel at a dinner party (see
Photo 2), who visited China with me. Everyone enjoyed listening
to their songs.

Prof. Zhong has always participated in international
UNITECR meetings, including Cancun, Mexico 2001, even
though there were many absentees due to the terrorism incident in

4

Photo 2 Dr. Zhong Xiangchong and Dr. K. Sugita at
Zhengzhou University, singing at a dinner party.

New York. He held an international refractory conference in Dalian
in the year before last, where I again sensed his great passion for
refractories.

I have interacted well with Professor Li Nan, since I visited
WUST to give a lecture about 10 years ago. Prof. Li is one of the
most important refractory people in China. He has been involved in
a variety of research activities and actively reports on the status of
refractories education in China. He lectured on refractory
education in China at UNITECR 2003.

In June, 2005, I visited BIS, LIRR, ZU, NEU, Anshan Iron &
Steel Co., Ltd. (AISC), WUST and Wuhan Iron & Steel Co., Ltd.
(WISC) to learn the refractory situation in China, with the people
from the refractory sub-committee of the Iron and Steel Inst. of
Japan. Though I had visited these places before, except for WISC, I
was surprised by the many changes. Chinese people say that the
changes in the last five years have been especially rapid. The
research environment, and the needed research funding, has
improved greatly. It is sensed that China will continue to advance,
and make future jumps in progress.

Now in China, the number of automobiles increases year after
year, and many beautiful hotels have been, and are being built. In
the past, the stores which gave the feeling of goods arranged in a
warehouse, are now beautifully decorated and stocked, with much
higher priced items. In Shanghai, the linear motor rail cars are
running at 430 km speed per hour. And the spectacle of Shanghai
city with the bright lights and high-rise buildings, looks and feels
like New York City. These, and the many other changes in China
since the 80’s, are almost beyond belief.

The daily spectacle in which expensive “Benz” cars run among
the many people who are eating on the run, donkeys or oxes pulling
carts, and bicycles in the road, provides a microcosm of the big
contrast between poverty and affluence. These few observations,

and many others, indicate that there are a variety of ironies in

AR R &5 (05-07)
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My Recollections of the Chinese Refractory Field

China, such as the differences between the cities and countryside,
the fancy high-rise apartment buildings and nearby, old one-level
family units, and quality differences between the production from

large and small plants in various industries, etc.

Author’s Note

Dr. Akira Yamaguchi

Director of Okayama Ceramics Research
Foundation Research Laboratory

2004: Emeritus professor of Nagoya Institute

of Technoiogy.
2003: Distinguished Life Member of UNITECR.
2004: Academician of the World Academy of Ceramics.

Translated from Taikabutsu 57 [4] 166-168 (2005)
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Studies of New Refractory Components
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Abstract

Carbon-containing refractories have excellent characteristics, however, they also have a severe
shortcoming, easy oxidation. Additives such as metals and carbides have been developed as

antioxidants used in these refractories. We found that some additives not only prevent the carbon

oxidation but also give refractories a self-repairing function by forming a surface protective layer,

decreasing porosity, improving corrosion resistance and increasing hot-strength. More effective
additives will be developed with attention to this function in the future. Those components are
predicted to be in M(metal)-O-C-N system. In this paper, the application possibilities of Al-Si-C,
Al-B-C and Al-C-O system compounds are discussed.

1. FAHNE

FRcb0T, HAIICRFsh T2 EERELDIE,
Si0., AlLOs;, MgO, CaO, ZrO. Cr.0;® 6 TH
5, MHAE, ChonBihcd b0z nSEmD
515 53A1,0, + 2Si0, (& 514 1), (Mg, Fe'*) (Al Cr,

JFe' )0, (RE RV, 7oLk, ZrSiO, (Yuvav),
2MgO * Si0, (7 # WX F 54 ), CaZrO,d & 5 11k
ah oI hTws, BILYLIA TR, C (RS,
H—=R VT35 7)), SiICHLUSLN L EDIERALYH
b5, -

NEHKZ B LG o TRYNTHE - it kg, 25

CHEER TV Y F RO KRR EFIA L7z, KT Em A

Y, BEGEWKY, 7o FERKYO LS 5Si0.-

ALORE TR ETEHDTH - EHEESN S, 1950

RIS - T, SIFRFEME LT, FAubhs,

<A MK = 7 2 A4 FRAIHBEF S A, MgO

L CaORAMER S b 7, 1960FERICIE B &, #5

AEREFAM K E LT, BXERSBEHE (WbWY 3

BEEME) MBIR SN, F& L TALOFSIOZrO, Rl

ROtk EE s N, ZroNT KPS & LTHL

SN B LI 5l 1970FERICIE B &, <7 % VT

Ko

1. Introduction

There are six main kinds of oxide components in
present refractories, Si0., Al:O;, MgO, CaO, ZrO,
and Cr:0s. Both simple and complex types, such as
3ALO;s+ 2510, (mullite), (Mg, Fe'*)(Al, Cr, Fe*).0,
(spinel, chromium-iron ore), ZrSiOi(zircon), 2MgQ+
Si0: (forsterite) and CaZrO;, are used in refractories
as raw materials. Non-oxides are also used as raw
materials like carbon (graphite, carbonblack), SiC
and SisN..

The initial refractories made by use of fire were
probably mostly SiO.-Al:O;-based bricks such as
fireclay, silica and alumina, with natural minerals
like clay, silica stone and bauxite being utilized as
the raw materials. In the 1950s, dolomite brick and
magnesite brick were developed for lining
steelmaking furnace in Germany, so MgO and CaO
began to be applied in refractory industry. In the
1960s, the electric fused casting brick (generally
called electro-fused brick) was developed for the

glass-melting furnace. Most of the manufactured

* it 5 3
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bricks were Al O,-Si0.-ZrO. system. Since then
7Zr0O. has been used as an ingredient in refractories.
In the 1970s, direct-bond magnesia-chrome brick
was developed, which overcame the weak points of
magnesia brick, that is, slag penetrates easily into
them and the softening temperature falls markedly
due to impurities. The brick is produced mixing
chromium-iron ore into magnesia and firing them
at an ultra high temperature above 1800°C. This was
the first application of Cr.O; in refractories. Cr.O,
has very high corrosion resistance among oxides so
that it was frequently added to the refractories
consisting of other oxides to improve corrosion
resistance in a short time after direct-bond magne-
sia-chrome brick was developed.

However, the use of Cr:0; came to be cautioned
since the pollution problem of 6-valence chromium
appeared and the amount used is now decreasing.
But Cr.O; system refractories like ALOs-Cr.0O, bricks
are still used extensively in waste-incinerators such
as gasifying-melting furnaces where operating
conditions are harsh.

In the 1980s, carbon-containing refractories like
MgO-C, AlO;-C and ZrO.-C systems made rapid
progress. For refractories consisting of only oxides,
the densification of the structures improves corro-
sion resistance, but at the same time leads to dete-
rioration of thermal shock resistance. This is an
antinomious problem. The development of carbon-
containing refractories solves the contradiction,
simultaneously improving both characteristics.
This is because the added carbon prevents slag
penetration because of poor wettability between
carbon and slag and at the same time heightens the
heat conductivity and lowers the heat expansion
coefficient of the refractories.

However, carbon-containing refractories have a
severe shortcoming, that is, they are oxidized easily
at high temperatures. Solving this problem was an
important research topic. The effective solution is to
add non-oxides such as metals, alloys and carbides,
as antioxidants. The development of MgO-C brick
containing metal-Al and Al,O;-C brick containing
SiC were successful efforts.

Additives of other non-oxides, besides metal-Al
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and SiC, were also tried. New effects of additives
were discovered, that is, some additives not only
the
refractories a self-repairing function by forming a

prevent carbon oxidation but also give
protective layer, decreasing porosity, improving
corrosion resistance, increasing hot-strength and so
on. More effective non-oxide additives are predicted
to be developed with attention to this function in the
future.

Some new components that may be applied to
refractories have been found through our studies.
Up to now, chiefly oxide-refractories have been
developed. From now on, carbides and nitrides,
moreover compounds composed of carbides and
nitrides, namely M-O-C-N system refractories will
be developed.

For example, there are compounds like AlsS1:0u
(mullite), ALSiC,, SIAION, AION, AlL,O.C and Al.OC
in Al-Si-O-C-N system. Almost only Al Si: O
(mullite) has been used in refractories. The other
compounds, with rather different characteristics
from mullite, are also very interesting, and will
probably be applied to refractories.

The application possibilities of Al-Si-C, Al-B-C
and Al-C-O system compounds are discussed in this

paper.
2. Compounds in Al-Si-C System

Five kinds of compounds, Al SiC,"”, ALSiL.C;*,
ALSLC?, AlSi3,Cs" and AlsSiC;" have been reported
to exist in Al-Si-C system. Al;SiC; is especially
promising for practical uses among the compounds,
so this section will outline some of its characteris-
tics.

Fig.1 shows a phase diagram of AlC;-SiC system,
which includes two kinds of compounds, AlSiC,; and
ALSi.C;”. The former is stable within the range of
1106~2037°C. The stable range of ALSL.C; is read to
be 2150~2037°C from Fig.l, but it has not been
clarified sufficiently. Although Al:SiC, appears to
be unstable below 1106°C from Fig.1l, actually
AlSIC, is stable once formed, and never resolves into
AlLC; and SiC at temperatures below 1106°C, even if

heated for a long time.

Fi R R EE (05-07)
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Fig. 2 Change of the mass gain of the dense AlSiC,
body heated at various Temperatures.
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Fig. 3 Change of the thickness of the oxide layer
formed near the surface of the dense AlSiC,
body heated for 10 hrs with temperature.

2.1 Preparation of sintered Al,SiC,-SiC compacts

Firstly, the starting raw material powders for
preparing the sintered AlSiC;-SiC compacts can be
synthesized by heating {Al+Si+C} mixture or
{kaolin (ALQ; * 2Si0; * 2H:0)+ Al+C} mixture with
a fixed proportion in argon gas or vacuum atmos-
phere at 1600°C~1800°C.

Next, using the synthesized powders, the sintered
compacts of AlLSIC, and AlSiC,-SiC with optional
ratios of ALSIC, to SiC can be obtained by heating
at 1700°C using Spark Plasma Sintering (SPS), a
special sintering method. The relative density of the
sintered compacts can reach 97% or over. It is
difficult to prepare dense sintered compacts with the
general sintering methods of heating from the
specimen outside. The development of a new sinter-
ing method by which dense and large compacts can
be obtained is very important. This has become a
key point for the expansion of sintered AlSIC, and
AlSiC,-SiC compact utilization in the future.

2. 2 Characteristics of the sintered compacts
(1) Oxidation properties®

Fig. 2 shows the mass changes of the sintered
Al;SiC, compact (relative density: approximately
97%) with different oxidation times at 1250°C ~
1500°C in air. The mass hardly changes at 1250°C,

which suggests that the compact is not oxidized
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Fig. 4 Change of mass gain by oxidation of the
Al:SiC.-SiC bodies heated in air at 1500°C
for 10 hrs.
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below that temperature. While above 1250°C the
mass of the compact increases, being oxidized, and
no further increase in mass occurs after a critical
oxidation time. This means that an oxide-protection
layer is formed on the compact surface. As shown in
Fig.3, the thickness of the oxide-protection layer
hardly changes after the critical oxidation time, but
increases with an increase in temperature. The
thickness is only about 100 £ m even at 1500°C, so
should not influences the sintered ALSiC, compact's
application.

Fig.4 shows the mass changes of dense sintered
AlLSIC-SiC system compacts heated at 1500°C in air.
The mass of all compacts increases linearly in the
first stage of heating and becomes almost constant
after a critical heating time. The critical time short-
ens and the oxidation amount after the critical time
increases with the decrease in the ratio of Al to Siin
the compacts.

(2) Possibilities and characteristics as refractory
lining

Large compacts must be sintered in order to use
Al;SiC,-SiC composites for the refractory lining.
Large compacts are not sinterable using the SPS
method at present, so development of a new effective
sintering method of heating from the outside of the
compacts, by which dense and large compacts can
obtained, is required.

If this problem is solved, manufacturing AlSiC,
and Al SiC,-SiC refractories should be possible.
These refractories have the following strong points,
compared to others such as SiC refractories.

SiC refractories can be used below 1600°C even
under air atmosphere, because the oxidation reac-
tion does not advance to the insides due to a SiO»
protection layer formed on the surface. Above 1600
°C, the SiO.-protection layer is destroyed on account
of the reaction between the SiO, and SiC inside
producing SiO and CO gases, and then the refrac-
tory inside is also oxidized. Consequently, the
usable range of SiC refractories is up to 1600°C.

In contrast, as ALSiC, is oxidized on Al:O;-3AL:0;¢
2S10: (mullite)-protection layer is formed on the
surface, which never melts under 1850°C, so is very
stable. The surface protection-layer of sintered

139



BILtEZ Xy 7 ARMREME MR - KRR EEE (05-07)

Shinagawa Technical Report

£-T, SICHAMED b LY ERTOMEMATHEL 2
Bo 51T, ZOREEFE 125 ALOR3ALO, » 2Si0.144,
—HE R &IE R TR, Si0.& 0 bt RYEICHN S D
T, ALSIC,-SiCHiif k¥ SiCli K &  —IF b 72 5%
T TR TH 5 EHEES N B,
2. 3 MEROEM - HIRRRM A OB E L
TOMH '
RFEOBACE L& & L CiRFESERKYNCRNS hic
ALSICHIAE F, AIBERPAISIAEMKR EIIKT 2 Lk
DEIUKELUREEET 2,
EMKBTE, Al AlSi, AlSIC.OWVLFHRHCO(g)
ZC()IC@iT L, HEINTIZALOD 3 WV IFALO, & SiO,
HBWIELTA M D, Ald B WVIZAISIEE DS

(A)

60
Al-C powder compact heated in carbon

Relative Intensity of XRD Pattern

I |
800 1000 1200 1400

Temperature (°C)

(B)
100
AIS{-C powder compact heated in carbon
c 80
g . SiC
(0] T
a \c
€ 0 ' /E/
x RN
S .
Z .
‘B Si
S 40 / I
< Al20p
g ' o
5 \ \ AliCy -
o 2
( ] -
AN ~]
0 & { & \

800 1000 1200 1400
Temperature (°C)

Vol. 49 2006

ALSIC-SiC system compacts can be controlled to be
3AL O, ¢ 2Si0:(mullite, the fusion point: 1890°C)
single phase by adjusting the ratio of AlSiC, to SiC.

Therefore, these refractories are applicable

to higher temperatures than SiC refractories.

Moreover, the Al.0;-3A1.0;+2Si0:-protection layer

shows stronger corrosion resistance than SiO. in

general use conditions, so Al SiC,-SiC system
refractories may be used in more severe conditions,
compared with SiC refractories.

2. 3 Characteristics of powdered ALSiC;-with
focus on characteristics as antioxidant in
carbon-containing refractories

Adding Al SiC; powder to carbon-containing
refractories gives the following advantages, over Al
and Al-Si powders.

All Al, AlSi and ALSIC, in carbon powders reduce
CO gas in the pores to carbon and change it into
AlL:O; or Al:Os-Si0,, mullite. In the case of Al or AlSi
alloy, ALC; is formed upon reacting, as shown in
Fig.5 (AIN is also formed as N, gas originating in
air exists). Because ALC; and AIN have poor hydra-
tion resistance in air at room temperature, the
refractories including Al:C; or AIN are easily hy-
drated once cooled to room temperature during use.
The formed hydroxide resolves and may cause the

refractories to collapse when reheated. In contrast,

(®)

AlsSiCs-C powder compact heated in carbon

2hrs

801

601

40+

20—+

Relative Intensity of X-ray Diffraction

AlgSi2013

_ 1 L 1 1
T

900 1100 1300 1500 4 6 T 8 10 (l)

Temperature (°C) Time(hr) at 1500 (°C)

Fig. 5 Change of the reaction products of the each compact of (Al-C), (AISi-C) and (AlSiC.-C) heated in

carbon with temperature and time.
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Fig. 6 Condensed phases and equilibrium partial
pressures of the gases in the Al-Si-C-O system
for partial pressure of CO(g) at 1500K.

no AlC; and AIN are formed in the case of ALSIC,,
explained as follows.

Fig.6 shows the changes of the condensed phases
and the equilibrium partial pressure of the gas
phases with Pco at 1700K in Al-Si-C-O system
coexisting with carbon. There is a similar tendency
at other temperatures.

AlSIC; in a carbon powder reacts with CO(g) to
form AlLO; and SiC according to Reaction (1), not
forming ALC..

ALSICy(s) + 6CO(g) =

2AL04(s) + SiC(s) + 9C(s) =+ -

This reaction is discussed in detail here.

(D

There are many Kkinds of gases in Al-Si-C-O
system, as seen in Fig.6. The main gases are consid-
ered to be Al(g) and SiO(g), since both have high
partial pressure.

The Al(g) generated by Reaction (2) diffuses
toward the surroundings and condenses
AlOs(s) at the places where Pco is high (near the

refractory surface), because the equilibrium partial

into

pressure of Al(g) decreases as expressed in Reaction
(3).
ALSICi(s) = 4Al(g) + SiC(s) + 3C(s)
2Al(g) + 3CO(g) = ALOys) + 3C(s)
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Reaction (2) and Reaction (3) X2 make Reaction
(1).
After Al SiCi(s) disappears due to the above
reactions, the SiC(s) formed by Reaction (1) reacts
with CO(g) following Reaction (4).

SiC(s) + CO(g) = SiO(g) + 2C(s)

The generated SiO(g) diffuses toward the sur-

roundings and condenses into SiO.(s) at the places
where Pco is high (near the refractory surface),
since SiO(g) equilibrium partial pressure decreases
as shown in Reaction (5).
SiO(g) + CO(g) = SiOu(s) + C(s)
The result is that Reaction (6) obtained by com-

bining Reaction (4) with (5) occurs.
SiC(s) + 2CO(g) = SiOxs) + 3C(s)
Moreover, Reaction (1) added to (6) equals (7).
AlSiCy(s) + 8CO(g) =
2A1:04(s) + SiO.(s) + 12C
That is, ALSiCy(s) reduces CO(g) due to the carbon

oxidation into C(s), and at the same time the carbon

in ALSIC, separates into free carbon, which prevents
carbon loss. The formed Al:O; and SiO: are also very
effective in building a surface protection layer.
Therefore, Al,SiC, plays various useful roles in
refractories as mentioned above. This compound can
also be used in carbon-containing unshaped
refractories as antioxidant, because it is very stable

without hydration.
3. Al-B-C System Compounds

Four kinds of compounds, Al;Bs«C., AlB.:C,, ALBC
and ALB,C:, have been reported to exist in Al-B-C
system. AlsB,C; is not hydrated in air at room
temperature and one of the most stable compounds,
so it may be used as a component in refractories.

The synthesis of AlsB.C; began in 1980s, and some
of its properties such as crystallographic character-
istic have been elucidated ™"*'.

AlsB.C; powder can be synthesized by heating the
mixture of {Al+B,C+C} powder under argon
atmosphere at 1800°C?. A dense sintered AlL;B.C;
compact with about 97% relative density can be
obtained by sintering the ALB.C- powder by SPS
method. As the sintered compact is heated in an

oxidation atmosphere at high temperature, a
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Fig. 8 Condensed phases and equilibrium partial
pressures of the gases in the Al-B -C-O system
for partial pressure of CO(g) at 1500K.
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protective layer of Al.0,-B.0, system compounds is
formed on the surface due to the oxidation reaction.
But the protective layer is not stable enough since
B.O, evaporates easily, so the compact cannot be
used stably. Further studies are necessary.

However, if Al:B,C; powder is added to carbon-
containing refractories it will give the refractories a
self-repairing function for the following reasons.

3. 1 Characteristics of AlB,C; as antioxidant in
carbon-containing refractories

Four kinds of 30 X 30 X 30mm specimens were
prepared, one was MgO(80mass%)-C(20%) refracto-
ries with no additives. The other three had Al, {Al+
B,C} or Al:B.C: added, respectively, to this base.
Each of the four kinds of refractories was heated in
air for 4 h at 1000, 1200 and 1500 °C, respectively.
Fig.7 shows the thickness of the oxidatized layer on
the specimen surfaces'. The layer thickness of {Al+
BiC} or AL:B:C;-adding refractories was very small
and decreased with the increase in temperature,
which is the exact opposite of the no-additive refrac-
tory. This means that {Al+B:C} and ALB.:C; have
great effect on oxidation prevention. That is be-
cause the amount of melted MgO-B.0; in {Al+B,C}-
and Al;B:C:-containing refractories increases with
the increase in temperature, which eliminates oxy-
gen diffusion.

Moreover, adding AlB:C: shows an advantage,
compared with adding {Al+B,C}. AxB,C;-containing
refractories do not change, but {Al+B;C}-
containing refractories collapse, as they are cooled
to room temperature after being heated to
1200°C." The collapse of the latter is due to the
hydration of the formed ALC; at room temperature.
No AlC; is formed in the former refractories for the
following reasons.

Fig.8 shows the changes of the condensed phases
and the equilibrium partial pressure of the gas
phases with Pco in A-B-C-O system coexisting with
carbon at 1500K. The relationships among them are
almost the same at other temperatures. When
logPco in the atmosphere is 4.691 or above,
Al;B,C:(s) becomes unstable due to the following

reaction.
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Fig. 9 Phase equilibrium diagram for Al,O:-AlCs
system.
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AlBCi(s) + 12CO(g) =
4A1:.04s) + B,C(s) +18C(s)
After AlB,Ci(s) disappears, the formed B.C(s) reacts
with CO(g).
B.C(s) + 6CO(g) = 2B:O4(s,l) + 7C(s)

In consequence, Reaction (10) obtained by adding

Reaction (8) to (9) occurs, not forming ALCy(s).

AlBiCi(s) + 18CO(g) =

4AL,04(s) + 2B.Oy(s,]) + 25C(s) -+ (10)

Based on this reaction process, it is understood
that ALB,C:(s) reduces CO(g) into C(s) and the
carbon in AlsB.C:(s) separates into free carbon,
which prevents carbon loss. The formed B.Os(s,1) and
AlL:Oy(s) have the effects of preventing the oxidation
and increasing the hot-strength, as stated below.

The formed B.O; reacts with MgO to form liquid
MgO-B.0s, which prevents the oxygen invasion. The
formed Al:O; reacts with MgO to form MgAl.O,,
which promotes matrix densification, prevents

oxlidation and improves hot-strength.
4. Al-O-C System Compounds

Metal-Al powder is now used more widely as an
antioxidant in MgO-C refractories. Although metal
-Al is effective in carbon-containing refractories, it
has the following weak points.

1) Handling metal-Al fine powder is dangerous
during manufacturing of refractories; 2) Because
metal-Al fine powder is hydrated easily, when it is
added to unshaped refractories water system bind-
ers can not be used; 3) Metal-Al powder reacts with
the carbon to form ALC; during heating, which is
hydrated after cooling. The hydrate resolves and
causes the refractories to collapse upon reheating; 4)
Pores occur at the places where Al particles origi-
nally existed, which hasten oxidation and corrosion.

In contrast, Al-C-O system compounds added
would not cause the problems and show the same
oxidation-preventing effect as metal-Al. Both be-
haviors are discussed as follows.

Fig.9 is the phase diagram of AL O;-ALGC,
system'’, where two compounds, AL,O,C and ALOC,
exist.

Fig.10 shows the behaviors of ALO,C and AL.OC in
CO gas™. Both compounds begin to react with CO(g)
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at about 800°C converting into Al:O.(s), and not
producing Al Cu(s).

ALO.C(s) +2C0O(g) = 2ALOJs) + 3C(s) -+ (11)

ALOC(s) + 2CO(g) = ALOs) + 3C(s) -+ (12)

Moreover, both compounds themselves are not
hydrated; therefore they can be used in unshaped
refractories with water system binders. In addition,
the compounds separate into carbon from those
surfaces due to the above reactions, so they never

produce the pores, differing from metal-Al.
5. Conclusion

No new refractories have recently appeared,
though many years have passed since carbon-
containing refractories were developed. However,
we have had some glimpses of carbon-containing
refractories with self-repairing functions. The

development of self-restoration refractories greatly

1000
N C
9
800
Al404C N
g 404 Q k /
X ;
5 '
S 600 ;
E2 ,
£ 400 ie
2 X
3 AlOs ¢ ®
¢ 200 P
,ﬁ'T
0 2 \o
800 1000 1200 1400 1600
Temperature/°C
1000
I P
Al20C /
a 800 N \ .
< X [
G
2 600 \
g k\ l’
<400 '/
2 )
ks 7
f8) .
< 200
6!203__ @ \
W S ¢
0 S ‘ o
800 1000 1200 1400 1600
Temperature/°C

Fig.10 Phase changes of each of Al, Al.O.C and Al,OC which are heated in CO(g) at various temperatures for 2 hrs.
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Fig. 1 Development of composition and sort of the

refractories.
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Table 1 Component of the refractory.
M M-O M-C M-C-O M-N M-N-O
C
Si Si0, SiC Si,N, Si,ON, —
Al ALO, ALC, Al,0,C AIN AION fsialonH
AL,OC
Mg MgO MgC, @}_
Zr ZrO, ZC ZrN
Ca CaO CaC,
Cr Cr,0, Cr,C, Cr,N
TiO, TiC TiN
B,.C
Complex Compound
AlLSi,0,, MgALO, MgCr,0, CaZrO, Mg,SiO,
Mg,AlLSi 0,y ZrSiO, ALTiO; B -Alumina
ALSIC, AlB,C, AlZrC,

Gothic : practical compo., Italic : potential compo.
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Table 2 Development of refractory based on wear
countermeasure.

Wear countermeasure | Developed refractory

Densification Electrocast refractory

Silica refractory
Direct-bond magnesia-chrome refractory

Strengthening of grain bond

Utilization of the component with
small dissolution quantities

Cr,0;-containing refractory

Carbon-containing refractory
Cr,05-containing refractory

Utilization of the component
which is hard to wet for slag

Carbon-containing refractory
Direct-bond magnesia-chrome refractory

Formation of the protective layer

Antioxidation (Self-repair) Carbon-containing refractory
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Fig. 2 Microstructure of silica brick.
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Fig. 3 Combination between periclase crystals.
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Fig. 4 Formative process of direct bond chrome-
magnesia refractory.
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Mg = T2R+ 1 cation

O:O @:Mg

Fig. 5 Crystal structure of MgO, MgO, ; and MgR,0,.

@ R(Cr, Al Fe) X vacancy

QO @ . ALFe) @)

Fig. 6 Bond between spinel and periclase.
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Fig. 7 Direct bond by Cr,O5-rich spinel with dislocation.
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Fig. 10 Microstructure of the chrome-magnesia

refractory.
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Fig. 11 Wear area of the Cr,05-containing (65%Al,0,-

35%Si0,) refractory corroded by slag at
1300°C for 3 hrs.
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WA ENBETH D, RILEE TR H, BMEE
MBI, AT 7% EORBICHENEE RS & I
FTHIETH D, BLWAIE I BRI KIS & L
THHESND LI 57:0h, Cr,0;LkFETHY,
70 AFRKY & REEHKYAMBLL 72, ®129

A & ki

Tv =Y + Ly cos8 TFEH

9>90° T/ENMZLY 090 THND

HRAAHS, MgO-ALOs-SIO: RBIE B DIES

EHE (R Emm (g )
MgO 24
MgO+(Cr203) 29
MgO+(A1203) 10
MgO+(CaO) 3
MgO+(ZrO2) 6
MgO+(Si02) 5
MgCr204 47
Cr203 70

(MgONDFIRIT 3 FEFEIN%)

Fig. 12  Wettability of various materials by (MgO-Al,O5-

SiO,) liquid.
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P e —— 223

+
9Ca0 4CrO4 Cr,04
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+
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1 1 1 1 1
Ca0 20 40 60 80 Cr,0,

Fig. 13 System CaO-Cr,05 ; Some CrO, present
because of oxygen reaction under atmosphere
oxygen pressure.
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BWT, RO 70k oLr s bEELTY
AREMEDKRELXZEZ THALE, RELD LAY M
TIIRES AR L, —F, BRI TIEAERICZHIL
72H%5 TCry,0343% %2 ), CaCr,0,DEME 2B, ¥
bbb, REMECIIBEER L CHEELREICL,
IhheAvba—T4 v IRERELSHL, I—7T
4 Y TRV REBNRE AT A LIRS, FLTHIX
PNETIIZOMBOH L REGZEL TEX Y My
5Ca0V LRI L TL A1 TH 525, WAWADCr,0,
B H% { 7 B & CaCr,0, R L, T h & A RERLS
REVCHFETH0T, it KPAEE~DCaO D HLHEUHH
Eh, REOETIIBOTEL 2B LHEESNG,
o RERRIC L Z2EEHHIE, MgO-CR*
ALO;CSICRELEDREGHM KPR AN TES,
X14i%, AlMgA &FHMMgO-CRitf ¥ D FRmAT Iz
RSN RERD [/ AV THRER) 77T, O
RBERE#EIL, ROLH)THb,
HEE£DOMgi640COEE, 1103CHHETH Y, M
B, BRICRLEDETIRERLS (, WAYREM T
TMgO& L TEMT 5o LHLZOMgOIE-bEHLE
BEENLEEZONBEDOT, MgORERTH D FlT 5
i, RELETALEVH L, ZOREIE, TAWA
MORENPOHET DL, KDOL) THb, 1600CDH#H

Fe*

MgFe,0,

Fe'?
(Mg, Fe)O

Fe
FeO+Mg(g) = MgO+Fe

g o
¢ MgO+C =

o AT

Fig. 14 Mechanism of the formation and growth of the
dense MgO layer in the MgO-C refractory with
AlNg alloy.

ELMETHE, NETIE, MgOtREFEDOKIS ;
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W&o T, FEHHEITIEVMg(g) £ CO(g) ARILAFI
BETD, (7x/—VitlgeidmL TR IR
MgO-CRiit K, BEEIZIZE A ERILITR VDS,
TELEE (CRBHIE SR D O FARDSRAE L, £ NAFERBE
ENBHIZBLIO~15%0BO5INER I NS), FiC
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ThHAD, AIEBOBFEIE, (1)RXOMg(g) 5EZED
AT LilH B, ERLIE, AlEBIE, (DRXTHEAL

7:CO@) k., KD XIS L,

2A1(Lg) + 3CO(g) = ALO;(s) + 3C(s) —(2)
ORI E-T, CO(e)PREEZT IS, ZOHKR
(HRXOMg () DPERFERETHZ L2 5, Mg(g)id,
MO %8 L THEL L T & 72F % & KUS L TMgO
ELTEREL, BERBOERE DL T, 2BEERBY
L TOBEOWLHIL, BEROGOE, LKA 4~
VEELZFRE 2 L T A BERORAMEIIFET,
PERIZ 2 BIC L7225 CH 2 Y, HNETIREREEKHE
BENDLLHIIR D, TROLEREMEE, X575H0
Befbsk & RS LMgFe® " ,0, 2 T 575, MERIZ% 5
IZL72A'o T, (Mg Fe?" )0k Y, WERTIE,

FeO + Mg(g) = Fe(s,]) + MgO(s) —(3)
DRIBIZE > T, MgO(s) 2 THiEEAZLERD,

protective g
Ty
layer 4

Fig. 15 Protective layer formed in the surface of the
used Al,O4-C-SiC refractory.
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B2, ALOS-C-SICAI KWIZ BT %Kil R O
AR THEI 9. R6IE, MEHZI XY ORBALIZE
a3 Twa R Z R, ZOROIEIZIE, BILH
EHRIELTHRMENTVBSICHAEELHFEHZ LT
%, $F, SICOZEH® 23T 5, RIS hSICE,
CO(g) EXD X HITFUH L,

SiC(s) + CO(g) = SiO(g) + 2C(s) —(4)
SiC(s) #C(s) ICE L S &5, MIFIZER L 7-Si0(g) i,
it K EE AL, CO(g) & kDL HITHIGT
%

SiO(g) + CO(g) = SiO,(s,1) + C(s) -—(5)

TIT, HERLESIONS)DAT S ERIEL, AT
rEAE ORI E U, REREOREE BT LIk o7,
LEZLNE,

3 BciEEmAOTIEEME

RFEERT KW SN B RER O L Tl
~N7zo MgO-CH B & ALOCRIlF K TIE, ZhZh
WS N7ZAIMgB 4B L USICHO BRI NI ER 4
BEEHLTWAZ LM SAE Lo TERTRLIL

[ Hag), H20(), |

& Binder
) | CHyg), COxg) |

(formation of pore)

Metal
Carbide

Gas Phases [CO(g) =+— O(g)

/TN

C(s) Oxide

<«— slag

Oxide

(5) Formation of
Protective Layer

(1) Decrease of Porosity

(2) Increase of Hot-strength

(3) Cristallization of Carbon
from Binder

(4) Reduction of CO(g) to C(s)

Fig. 16 Concept figure of the self-repair refractory.
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AlSiCy ZMEIO FREIZ T T

TR R CENEEL (] P

Si
1. z2 H»N Z

Bfe, ERlbIh T3 RIEOFEREIL, b, SiICH
FHRALED TSN, ZOMC ZrC, BIC AEMICFIHEI NS
LD TETWAIEER V. LT, 2L EOS
BAAVEESTGRIEWICEAL T, EFRbLIhTW5401d7%
. LA L ALSICy, AlgBLCr, ALZrsCs 7c ¥, 2O &RBICE

SiC 4
A 14\‘ . '\AhSi:;Cu

ALSIC, — o\ ALSHCs

wEURIL (BRI OFERWSHITHD, TR HO% Al =~ O ¢
Wi EPREAIZHLMIIN 2250, MEtE L CERLOR ®1 A-Si—C %t
DL LOLEAINS.
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T, FELOWEEPOLICL T, ZAICET BEER LICOL s o ESCAG), E
T NT AR, E 1500 | (gl€145‘:\itc{)—> - %
2. AISIi-C FARTHRERE & LAY oo s
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AIFSI-C RICHE, 2HALamE LT, ALC & SICHKE 0 % 00"
T5. 3RS EHELT, ThETZOFENPLMIZZSH ALGCy mol (%) Sic
Twbs0i, R1ICRT & DI, ALSICH, ALSIC?, B2 AlCs-SiC RIBT KRR
ALSLC?), ALSICY, ALSLCHDES>TH Y, 50 XRD
T ARBNET—ANHLMIIN TV 5. FETTKRSICHL THEERLEWTH B ALSIC, 1T, &
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4SiC(ALSI,C;) TH B A, LA LE 2D ALCHSIC H 2 5% 3. ALSIC, © ¥ M
IRBEXD 61213, ALSICy & ALSHLC; D 2 DDA & itk &
NTWBEDATHS. O3 >DLEHIL, LW TEDL ALSIC,IZBHL TH LM I TV 282K 11T 7.
7, B ENOLEFETTLEL(LEWTH S, LifEEIN
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HEE 3.03 g/cm?
*1) WMILYS Iy 7 ZEAHERE BTk HOA (B EEREA ) | 2080°C
(T705-0021 [ LIS fH T 76 1 1L11406-18 RERR ARk, (TR B a : 32771, ¢ : 21.676)
E-mail: akira-yamaguchi@occ.ecweb.jp] ZE[HIBE P6;me f
*2) ZEREPERf Yy F— TEAEH BERS R ORBZRAS | 7.16x10°5 |
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Characteristics and Problem of Chrome-containing Refractory”

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

Abstract

1 Introduction

Si0,, Z10,, Al;03, Cr;05, MgO and CaO are main
high temperature oxides which constitute the refractories.
In these oxides, Cr,O5 is the most excellent in corrosion
resistance under the general service condition. However,
there is a case that Cr,O; contained in refractories
changes to hexavalent chromium compounds by reacting
with CaO, Na,O and/or K,O during service. The
hexavalent chromium is known to be hazardous to
human health. The health/environmental concerns have
resulted in a significant reduction in the use of Cr,0s.

In Japan, the gasification melting furnace has

mainly been founded to deal with city dust and industrial
waste recently.

Since the refractories for this furnace are severely
attacked by Na,O, K,0O and/or CaO at 1300-1600°C,
Cr,0; containing refractories which have excellent
corrosion resistance are used. However, the possibility of
the use of the refractories throughout future depends on
establishing safety system of chromium.

This paper documents why Cr,O; has excellent
corrosion resistance, clarifies the forming conditions of
hexavalent chromium compounds, and discusses the
conditions and procedure for suppressing the formation

of hexavalent chromium compounds.

2 Characteristics of Chromium as A Refractory
Component
2.1 The Smallness of Dissolution Quantity to Slag

Though phase equilibrium diagrams of 1- to
3-component systems clarify the details of the phase
compatibility and reactions for the specified (1,2 or 3)
components, they will not indicate the full details for
actual service conditions where there usually are more
than three components involved.

Therefore, it is not possible to precisely determine
the reactions between a refractory and each of wet liquid
slag, iron/steel slag, cement, molten glass, etc., which are
complex, multi-component system containing more than

three components, based on a phase diagram.

*The paper was presented at the Fifth International Symposium on Refractories held on April 11-12,2007 in Beijing, reprinted in

this issue with much more content supplement.
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However, the reactions can be generally estimated
using a pertinent three-component (ternary) phase
diagram of Si0,-CaO-high temperature oxide, because
the main components in various slags are generally SiO,
and CaO. When another component is added to three
components, the melting temperature is declining and the
formed liquid quantity is increasing.

Therefore, it is necessary to examine the situation at
temperatures which are higher than the actual practice.
For simplification, three components are considered.
In this example, the situation at 1600-1700°C is
examined.

Fig.l is the isothermal section of the
Ca0-Si0,-Cr,05 equilibrium phase diagram!"! at 1600°C.
Maximum dissolution quantity of Cr,O; to the slag with
various CaQ/SiO, ratios, which is obtained from Fig.1, is
shown in Fig.2, and the quantity at 1700°C is also shown
in Fig.2. The quantity decreases with the decrease of

CaO/Si0O; in slag.

Si04(S)

Y]
Ca0o(C) CCh Cr304(Ch)

Fig.1 Isothermal section of Ca0-SiO,-Cr,0; equilibrium
phase diagram at 1600°C

Fig.3 shows the saturation amounts of Cr,O3, ALO5
and MgO to the CaO-SiO, slag at 1600°C, which are
estimated from the phase diagrams of Ca0-Si0,-Cr,0;!"),
CaO‘SiOZ‘A1203[2] and CaO-SiOz—MgO”' respectively.
The saturation amount of AlO; is most for each slag.
The saturation amount of Cr,0; dissolved in the slag
with 50/50-30/70 of CaO/SiO, ratio is less than that of
ALO; and MgO.

160

Cr,05 dissolution quantity is little, but knowledge on
which is abounding. As an example, Fig.4 shows the
quantity  of MgAl,CrO4
(MgAl,0,-MgCr,0; 55) to CaMgSiO, melt !, which is
obtained

maximum  dissolution

from  the  phase  diagrams  of
CaMgSiO4-MgAl, Cr,0,4 ) The quantity decreases with

the increase of the MgCr,O4 amount in the solid solution.

100

1600°C

80 N_1700°C

60

Cr,0, amount/wt%

70 60 50 30
[Ca0/(Ca0+Si0,)]1x100

Fig.2 Maximum dissolution quantity of Cr,0; into
Ca0-Si0; slag at 1600°C and 1700C

100
O ALO,

NCr,0,

MgO

Saturation amount/%

70/30 60/40 30/70
Ca0/Sio,
Fig.3 Saturation amount of Cr,03, Al,03; and MgO to the

Ca0-Si0; slag at 1600°C

Fig.5 shows the contact surface of the refractories
(75wt%Al,03-25wt%Cr,0;) used for a waste melting
gasifier. For the slag, the saturation amount of Al,Os is
very large, and that of Cr,0; is little, so Cr,O5 crystals

precipitate and grow up.
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[ve]
,/

A

Maximum dissolution quantity/wt%

AN

[Re]

)

0
Meal:0: 20 40 60 80
MgCr,0, amount/mol%

MgCr,0,

Fig.4 Maximum dissolution quantity of MgAl,.,Cr,O, into
CaMgSiO4 melt at 1600°C

Surface

a &

Fig.5 Contact surface of the refractories (75wt%Al,0;-25

wt % Cr,03) used for a waste melting gasifier

2.2 Corrosion-Resistant Improvement Effect by the

Cr,03; Addition

By adding Cr,0; to other high temperature oxides,
the melt generation temperature shouldn't been greatly
lowered, as shown in Table 1, and it is possible to
improve the corrosion resistance of the refractories.

Eutectic temperature between Cr,O; and SiO, is
1720°C which is slightly lower than melting temperature
(1723°C) of SiO,. Therefore, the addition of Cr,Os
greatly improves the corrosion resistance of the silica
refractories without bringing about the defect.

When Cr,0O; is added to Al,O,, they form solid
solution, whose melting temperature rises with the

increase of Cr,O3; amount, and its corrosion resistance is
improved. By this characteristic, the Al,O3-Cr.Os
refractory is used abundantly for gasification melting
furnace for the waste treatment.

Table 1 Relation between Cr,03 and high temperature oxides

. Eutectic point or
High temperature

. Compound melt generation
oxide
temperature /C
SiO, - 1720
AlLO5 Solid solution 2045-2265
2050(MgO-MgCr,O
MgO MgCr,04 g 8cr0)
2090(MgCr,04-Cr,0;)
1930(Ca0-CaCr,0,)
CaO CaCrzO4

21 OO(C&CI‘204-CI'203)

Cr;03 is added in MgO forming MgCr,04, which
has excellent corrosion resistance and 2400°C of melting
point.

However, when Cr,0; contacts with CaO under
oxidizing atmosphere such as air, the important problem
occurs as described next.

3 The Problem of Chrome as A Refractory

Component

Hexavalent chromium compounds easily form by
reactions among the Cr,O;-containing refractories and
Ca0, K,O and/or Na,O, when the refractories contact
with waste liquid slag, iron/steel slag, glass, cement, etc.,
at high temperature.

In CaO-Cr,05 system, the compound CaCr,O,,
which is stable under reduction atmosphere, has a
melting point of 2170°C. The eutectic points between the
compound and CaO and Cr,O; are 1930°C and 2100°C,
respectively. Accordingly, there is no problem in
coexisting with CaO. However, as oxygen partial
pressure like in air is high, hexavalent chromium
compound CaCrOy is stable at low temperature.

Fig.6 is
Ca0-Cr,05-CrO; P, In the case of (CaO/Cr,03<1),
trivalen: compound CaCr,Q, is stable above 850°C or
1022°C, but hexavalent compound CaCrO, is stable
below 850°C or 1022°C. However, hexavalent chromium
compound is stable at any temperature in the case of
(CaO/Si0y=1).

an equilibrium phase diagram of

161
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Fig.6 Ca0-Cr;0;-CrO; phase diagramls]

Fig.7 shows the products of the mixture of CaCO;
and Cr,O; during heating
500-1300 °C . At 600-1100 °C, hexavalent chromium
chromium

in air atmosphere at

compound CaCrO, forms, and trivalent
compound CaCr,04 forms above about 900°C. That is,
the reaction of formula (1) proceeds to the right during

heating above about 900°C.
4C8CTO4 +2 CI‘203 <4 4CaCr,04 + 30, (1)

In other words, CaCrQO, reacts with Cr,0O; forming
CaCr,0y, though O, (g) is discharged during heating.

140 l
B P | R

I
S
I
n
~
>
]
2

Intensity of X-ray diffraction pattern

500 700 900 1100 1300
Temperature/°C

Fig.7 Compounds in the (CaCOj3-Cr;0; equivalent) mixture

heated for 2h in air

This reverse reaction occurs during cooling. That is
to say, trivalent chromium compound CaCr,O, reacts
with oxygen forming hexavalent chromium compound
CaCrO, and Cr,0;.

Emission of oxygen brings about mass loss by the

162

reaction forgnula (1) during heating, while the mass
increase with absorption of oxygen gas during cooling by
the reaction to the left side. The experimental result of
Fig.8 verifies this fact. Fig.8 shows the mass change of
the reaction product of the equal mole mixture of CaO
and Cr,0s in repeating heating and cooling in the air. In
800-1000°C, the mass decreases and increases during

heating and cooling, respectively.

11T T T T T =T T T T
6l N
5] -----First
41 2 Second E

° 3-

S

) 21

g 2

=

<

= |- — =

M 858;3-#~

a Ol-0<cc-e-¥P"

= §

-4l |

Il 1 1 ! ! Il L

L
600 800 1000 1200

‘Temperature/°C

5 -
400

Fig.8 Mass change of the mixture (CaCr,04 and CaCrOy)

during cooling and heating in air

Fig.9 shows the mass change of mixture of CaCr,0O,
and CaCrOy in heating and cooling under coexistence of
Na,O. During heating, the reaction goes to the left side
of the formula (1) from about 600°C, the mass increases,
and CaCr,04 becomes CaCrO,. By further heating, the
reaction goes to right side of the formula (1) from about
1000°C, the mass decreases, and CaCrO; becomes
CaCr;04. By cooling from 1200°C, the reaction goes to
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left side of the formula (1), and CaCr,O; becomes

CaCrQ, increasing the mass.

Mass change rate/%
1

—e— licating

-
~0mem cOOlINg b CaCrnO,
-6 T T T
400 600 800 1000 1200

Temperature/*C
Fig.9 Mass change of the mixture (CaCr;04 and CaCrQOy)

with Na,O during cooling and heating in air

4 Control of Hexavalent Chromium Compound
Formation
~ There are several methods for suppressing the
formation of hexavalent chromium compounds, as
described below.
(1) Temperature control
As above mentioned, the trivalent chromium
compound is stable above 1100°C in air atmosphere.
Therefore, the generation of the hexavalent chromium
compound will be suppressed by holding above this
temperature.
(2) Atmosphere control during cooling
Hexavalent chromium compounds mostly form
1100°C. Therefore, the

formation of such compounds will be suppressed by

during cooling from about

cooling under reducing atmosphere, for example, in
coexistence with carbon.

(3) Coexistence with other components

The formation of hexavalent chromium is
suppressed when TiO; or SiO, coexists.

Fig.10 shows mass change of TiO,-containing
CaCr,0, powder during cooling from 1200°C in air with
600°C/h of cooling rate. The mass change decreases with

increasing of TiO, addition to CaCr,0,. That is, TiO,

inhibits oxidation of -CaCr,0,4 to CaCrO, during cooling

in air.

N Ti02] 0.4vt% \
)
}: ) 0. 8wt \
‘5 1.6wtdo \ \
- J_Ca(1-0O;
0 +
-1
400 600 800 1000 1200

Temperature/°C

Fig.10 Mass change of of TiO,-containing CaCr,0, powder

during cooling from 1200°C in air

5 Summary

One of the important characteristics of
Cr,Os-containing refractory is excellent corrosion
resistance. Cr,O; when added with other high

temperature oxides is also endowed with excellent
refractory performance. However, it has the fatal
drawback that noxious hexavalent chromium easily
forms, when Cr,05 contacts with CaO, Na,O and/or K,O
components at high temperature. In this article, the
forming conditions of hexavalent chromium compounds
are clarified, and the conditions and procedure for
suppressing the formation of the compounds are
discussed.
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ZEIlEoT, XRFAPERRELEAEOHKEREELS5Z A
FHiEE LTk A,

JISR2011 MtEE 3 T, RALTZ A ZE&FW XD
XREEEHEL T A, fER, ABPICSICHEE
T 5 &, HEBIAREEEC SIC+20,~Si0.+CO, t DRt
MEEZD, SICHEE1ISEDNSO, %D, Boh
7oA A= bRORE EEEIOLLS BN, ELVS
MATELRVE SN T W, B41E, JRRM 100 B &
200 ¥ — ADOEEEYEY HWT, HEYE L@
Fleokss1:10 (BELZE) OBEFHAT 7 A -
F (P TOBLU@) &, SiC D Sio, ~DEE{LIZ
LAEEMMEEEL 1.1~1.5: 10 LEEEYED
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MLtEZ Iy 7 AEMREME HZE -

F2 HOL X WO AR X EEY ERY

FeAfTR R &S (05-07)

=X | BEEEE | #oe T 8 FH
No. | JRRMNo. | (%) g [ 10No.
JRRM 100 | 101~110 | 10 | #it @
JRRM 120 | 121~135 | 15 | #&+ ®
JRRM 200 | 201~210 | 10 |iFv& @
JRRM 300 | 301~310 | 10 | &7 W3+ ®
JRRM 400 | 401~410 | 10 | =& 437 ®, ®
JRRM 500 | 501~512 | 12 | 704 =& 437 ® ( _
JRRM 600 | 601~610 10 | sray-sraz=7 ® B
JRRM 700 | 701~710 | 10 | YVa=7-7h3IF->U% |@ (GRCGHI) B - ALHERIA D 104K/ £ v}, JRRM 100 >
N . ) — X, HHEIJRRM 400 ) =X, T I =9 LHH
JRRM 800 | 801~810 | 10 [ 7V 3IF-"F5%2T7T SHAE, FRIE 3 A JRRM300 & 1) — X O ARAH,

RELHOREGRHTIAE-F (MhTOBLY

W »E), SiKafio X@ErNELT, &7
A4 F (Si0, FR) D Si0.-AlLOs ZITCRREM (EHE)
B &£ U GOI (Gain on ignition) -Si0, _ICRIREARR G
E) 2 koD THAY. FEHIIANKT 525, ik
T, Bbick o2 2 EEMINE GOl & —D Dk
GELTR- TV A BN S D, LITHEICXA
HBT 5. GOI-Si0, ZTARZE I &, HExk
Ml (P o@B L UMW) &3, F—X— A5 (GOI)
ERERS (Si0,) DA THOESDVHFELZE L
TR 72 Si0, DHEFEMED Z & TH 5. HEEILHEHIL,
R(1)D alf+bl;+c IZHETHOT, §HEICE- T
BHIZKREB, B, Si0.-ALO; ZITRDEE, £
—N—= ARG D Si0, BMERT D28, HFEIN—A
D ALO;s DIN— AR & e B, HEERERIT, X

FOEHOB LU (EELER) »5RANTHRET

Ko b, WhogAO (il L Ok, 3100 (B
wefi) &M OENGFR T OMIEBICHL T 5.

500
Q&O#FEHLL ' — K (1:10)

400 | M&OAFHESAE— K
» (1.I~1.5:10)
&
2 300
&
g 200 Si0,=(-0.000104- 1>+
he 0.32740+ I+

100 F 0.460)(1+2d;W;)

ERERE = 2.49 mass%
0 \ \ ; :

0 25 50 75 100 125 150
Si0; & A %, mass%
a) Si0,-ALO; ZIERIREMR (TERIE)

FHi45 34 1 JRRM 400 ¥ 1) — X0 #REHI
3 HE X BT AR BRI O BEER

MOEME (EERZCHEY) &, BERERICET
AHH0THY, HEREDN 2.49mass % & KEVDITHF
LT, #HiEZ0.24mass% & BT OBILY OIRER &
ZIZFASECRIFCH A, COPEDOHTLIZE T, #
b7y 41 ZEFWKYOTHAIEFEIZEHI > TW
5.

3.3 {bEPiRE

ZZTId 3.2 8D XRF LA LS TE L V).
£ 3 ICTH AP DILESIEDEER S & E=EH % 7R
T, BE, LESETIE, KEEBEREI G TV
7)) RUARAERIAAE L CISMULTR, T AT O FE
rHOTHMT A, LaL, [LESER, £
HEMPHTHALNOT, EFEEEEOET o TV HKED
L UORALT 4 ZOSHIEICOWT, BN 3.4 FIZBW
TRL, 22T, WAPOILESHICEFHEICRS
N5 “BA A+ Mh T Lo8E L rARILED
DN MERE ICOVWTHEICMILIZED 5.

500
@&OHEHEL E'— F(1:10)
400  m&O4TRERS E— K
2 (1L1~1.5:10)
=< 300
5
g 2007 $i02=(-0.000140- P+
5 0.24193-1+
100 b 1.484)(1+2d;W))
IEfEE=0.24 mass%
0 ; X i

0 25 50 75 100 125 150
Si0, & 4 5 ,mass%

b) GOI-Si0, Z e R BM (HFik)

Z 212, O : JRRMEHEME OFEHE(E, O : JRRMEEEBEOBHEICBIEE (1.1~15) 2T UIE

®, B HEEMAEE X, = al+bltc

4 RALT A REFWMAKYOET A F (S0 F7R) MEHROILEK
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®3 WY JISLESHHEDOERHS &

MLt 23y 7 ARAMHRERE MR -

e B AcA

E = #iH

JIS B TLFRS, mass%

JISR B A LOI | SiO; |Al,04]Fe,04] TiO, | MnO| CaO | MgO [ Na,O[ K,0 |Cr,0,] Zr0, ] P,0,] B,0,
i Fv Ay v a=TREEk [ 1| oon foorfootfoor| foorfoor]|oorfoor]oor| a5 [oor| _
MOCEITF ~20| ~45( ~7 | ~3 | ~2 ~6 | ~5| ~2| ~2] ~3[~9%| ~2
a1l 7T - Ya=T -y tojorf 1o foorjoor| _ [oorfoor|oor|oor|oor| s |

A KRt K DI ES I F Ik ~40 | ~45| ~80 | ~2 | ~5 ~2 | ~2 | ~2| ~1] ~3|~50
2014 T \:;J:/—v Z*VT'ﬁﬂﬁa‘k 1 01 | 10 Joot ool | _ foolr| 3 [o001]o001| oo
MOALERHT ~40| ~5 | ~o5| ~5 | ~3 ~5 | ~80| ~3 | ~1 ~1
2212t K DL FE 4T ik | 40| 10 o001 [o01| 001|001 |o00t]oo01]|o0o1[o0o1]o01]o01 -
- BLE 5 HEAY ~90| ~45| ~4 | ~3 | ~1 | ~3 | ~4 | ~3 | ~3| ~3| ~1 | ~5
lmom - e BEEAH _ |85~ 001|001 [ 001 | 001|001 o001 |o0or|o0or|o0o1]o00r] 00 -
999 | ~10| ~4 | ~1 | ~1 ] ~4|~05| ~2| ~2| ~3| ~3| ~5
Al H7 A FEE A | o1 | 40 [o01fo01]o0o0l]001001]001]001]001]o001]001 -
~45| ~99| ~4 | ~5 | ~1 | ~3 | ~4 | ~3 [ ~3 [ ~3 | ~1 ] ~5
B4 = TR T RO Ke<[ | 01 [ 001001001001 001[30~o001[ 001|001 001001001
2 MR ~10| ~10[ ~10| ~1 | ~1 | ~60[999 | ~1 | ~1| ~3| ~1| ~5| ~1
_S%ﬁﬁwvﬁzyT'yuAﬁ ]l os| 2 |osfoor|oot]|oor| 15 [o0o1foor} 2 [o01]oo01][oo1
itk 4 ~10| ~30|~25| ~1 | ~1 [ ~3 | ~85| ~1 | ~1 | ~60]~05] ~5| ~1
o forforforforf Jorjor]or]or]ot]ol]ol] ol
201 BRREURICIT  FEHE A SigNg Tgcs F9c5 SiICS FSSi FAl FZO e
BOEF L oy : : . - Mg
o1 [oo1 oot | 3 |oo1[o001]o001
~35| ~99 | ~99| ~99| ~10| ~10| ~10

() JIS R 2012% 20130 Zr0, 1, HFO, & & e, 2013104, B ELL THIO,NE B FELHE.
JISR 2212-1~-30B,04%, HIBEUZRIT B/ A& —LLTDHB,0,0 & BHFGH.

K4 JSLESMAECHC LN TV B FiE

WMERS (0.01~10 mass%) DD HE
DTS FR OB M ik
MAS AAS | ICP-AES | DAt
LOI EBE (MERSEHDL &) — — — -
SiO. BAKERZW IR (ICP-AES) ffHE 1 e _ _
BEERWELE (CP-AES) pemiE | =77 H O

ALO; #n -CyDTA HHEE — O O —
Fe,0; 88 -CyDTA MiEEE (JISR2212-5) | 72+ b1 > — O —
TiO- — DAM — O —
MnO — — O O —
Ca0 EDTA #HEE — O O -
MgO EDTA HEE — O O —
Na,0 — — O O FE
K-0 - ) - O O FE
Cr,0; ZoOLBER ) Y LIEEE — O O —
ZrO:(+HfO,) | =¥ FIVERERE X0 O O —
HfO, — — — O XRF
P05 — )T HF — O
B,0s — TNy Iy O #E

TV AF VU —

FL5 L MAS D UREREESHTIE. AAS D BFIRSEHEEE. ICP-AES | ICPELA AL, FE | KIHEE

B A A M T L BEE AL, (RO LR EEE
WERZ TSRS A 4 UZEmH S L2 BT, 4
WHOBRD D % ECRBBEREEL HETH .
DIEE, BFA A 2 ZHBR I E O TR IR
B S, BbAl AREEB X OTH MG E R
WCHEE SR, 7T LB (—IRICHELRER)
it L, BHRLESNBHRSOATEL ) — 21
HEBREBE2b0T, BELVFHANTESL. £5
WG A A RS T L BEEOFRE STV AT
DJIS B E BB %Y.

i K 2iE,  Si0,, SisN,, SiC B & Ul » 1 %

-
—

+33v s R 42 (2007) No.8

/, e

DT A EZDPERICEFTLHLEL

(F.Si) o 4 FhE

i l, B4DOHBEOT A ZOTHEEN KDL
5. BE, SUNERNODOE=IZL-T, SiC=EIfE
BOREZEFIZLoTERKDON L, F.SiEE, H6
DB L > THEEKEEILF M) Y aKBHEE & D
lZhN# L T Si+2NaOH + H,0—Na,SiOs+ 2H, t & Kt
ERIL, BELLKEEETAL2L Y MILoT
HETHIELIZLE-TRD B, SiO, El, £412&-
TERD7:SI0, L FREOF A FZELDEE L TERE
1ZRD 5D,
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¢ 90

®6 KESHEREREMEEDERY

BT mass%

FHRIEAE BEfH
. KUY T L Uit [{s=30%5x EHF | BEHRE | RILTVWE | SR
(k&5 5) (T.C) (F.C) (SiC) (Lo1)
R—— JRRM 1001 (SiC 100) 29.81 0.04 99.58
F%ij/ﬁﬁma JRRM 1002 (C 5) 5.03 4.98 5.11
(KL% 75~150 wm)
JRRM 1003 (C 10) 10.06 | 10.01 10.11
g JRRM 1004 (C 20) 20.04 | 19.92 20.01
. JRRM 1005 (C 30) 29.93 | 29.81 29.95
Ry Ty JRRM 1006 (C 50) 49.99 | 49.97 49.95
JRRM 1007 (C 10-SiC 90) 36.75 | 10.01 89.29
JRRM 1008 (C 5-SiC 30) 14.12 5.21 29.74
JRRM 1009 (C 40-SiC 6) 39.43 | 37.67 6.18
110 £ 5 CT2 MM RmoORE BT 2 EHELRT.
X5 BaA A KianEd 7 205
R5 AP NS HIE LA+ A5 T L5 EEE
A 8 R 53
JIS R 2013, JIS R 2014 ALLO;
JIS R 2212-1~3 Ca0, MgO, Na.0, K.0 \
JIS R 2212-5 Al:Os, Fe.05, CaO, MgO e
b: =77 xa
(100 mL)
» - . ¢« BRE B HI25(400 mm)
3. REBLURIETAEZORMIAEE 4 dEER
fif KhoEEsERFE (F.C) BLUSICDEZICIE, e: HAE2L Yk
e . . . 100 mL
SR A BRI U T TR S A L 72 COp T R B (oom
Al EAH S N B 1t AR 9007 f1 BREB(180~200 mL)
MET 2 Hi WwWH A, F.CIZiE, HHiE 900C o KHERA(500 mL)

HCREEYT B HESEH &, &Kk%EF (T.C, F.C
ESiCoEE) (21, R X 22 TR 1350C
HCHEES B EN S NS, — K, THSOHIC
i3, EHoSHEE LN TV,

K1 BLUOKRIIZRT LI, HAWFOF.CH
LUSIC HEEFIE, WO TLRHEBICDoTW5, #
DIz, INHW YOS ER GEE, WEA
AT EE R D 2 FFIE R EIE) OFERKIZIE,
HAHMUEYE (SMEREBLORILr A1 ZARE) &
ELIZREDRFEDIEBRIEHEENE (JRRM
1000 &) — X) O 5 Y A EHEY) E A E O W
bNA. RESHEE L, REMOEBEERIE,
L2 b esn ERA C=30~50 mg &KWV T, &
Mrd§ BERECR O Bt 2> & BEHEW)E & JRRM 1000 > V) —
ADHHLTEDLZTHBFOF.C F/213 T.CIE
WL OEEVFIHT A L2k 5,

4. 8HYIC

it K x 10 FED A/ TR A EZDOELOKE &
WE»EIND, 4 FT, SRETREFK OIS
FEOREHEAL % LT B K DL % B

562

6 ek FEREEOF

AETHIGLTEL LS ICBbN S, BE, SHET
13 B.C 7347, TS #r), [Fe** &Fe D yliER ]

HEDPHMENTHE, AT

o DT

DK ORFZERFE L R EHIZLTON TV CH

LITVWL D EHAFEL TV 5,

X #

1) WiEEFE, WA, 54, 172-181 (2002).

2) WIEEIR, I 3v s AR,

15, 32-40 (2007).

3) #WiEFEK, bbwE, ILUEEGE, BHEAM, S,

49, 297-306 (2000).

gEERBN

B FX (Hs<b UTH)
2005 45 )1 AL (BR) 72 458 8, BI7E, [l
tF 3y y AEAFIRE FANEEE, #E R A M
AMEGE D b & THEN X O E T (2000 4,
), W O BER E  fEIE AL G
[45E)  T705-0021  fiiwi i TE A 1:1406-18
flE 7 3 v 7 2FE6HEBRW T

E-mail © asakura@optic.or.jp

+353Iv s A 42 (2007) No.8



BE A< THLLILY

XD ER

Properties of Refractories
Key-words : Refractories, Properties, Characteristics

Bl &%

Yasuhiro HOSHIYAMA (Okayama Ceramics Research Foundation)

1. (3C&IC

A NEETR EARERYH Y, AERIITIFOMN
BEALHERTHF v 29 T OMIZ S, REFFLT
AR 2B & T s, BREICMERET 2EA
M, SEEsCER SN s <y MM, BHA DR A
ELINLRE, SEEELTE DL, INOHERE
EBe N2 IRNOR (W =5 A DAC /LR §aE B I A R D QAL =2 2
HLEZY, IhFoAehs LToBEI
D WIEMEE % B KES T A I @ T 5 R
LUEETELLETESIRNTAERDS, 5%
FOVEREEIZOWTIRE L THEHRTLZEELE
2%

2. MRPOMEIZDONT

BELHOH AP CHERINAT AWML, FHIRE
BB WTHE 8 —~ 20%ENRILELHLTED,
SOENTY VT RT3y s AEOEEE
FIvyALITKRELEL L, WWAMIERILEET S
CEILEoTRELREOKL WEHETTHRYICDH
Fro THHE (BAAK—) v ¥) $AHIELLEHTA
CENTEET, FILEHAYOEELMBNERLER
5. BRL DS KPOFEITITILOEE % B X
0T, HELEMEEESICERILY RYIBRERN
KR T A LAV ETH L. BRT TRILOFAEIK
At (RILE, TILESH L L) F—FIERDITE, B
A BILELZTRERS v, T2 ENLH
mm ~ -+ pm OFMRTF A G D DR ER S
WA L, BAEICES F T OMEZRET oK
o Twh, K TFIREVD, FHEEEON
FIATHT mm UL EORKB S A XV ETH 5.
&ELT Iy 7 AORTHHAYWOHE IIFH DI
ETEONL I ENSEVH, TRERADIZRKD LR
LURES D+ T 3y s AL BB I EITERLTY
A, Ko EARN MR L LT, OFimicifz b
Zb (W), OWMEREHET AL (FHRLE

7 3Iv72x 42 (2007) No.8

MLt T Iy 7 ARAMIREEE M7 -

%), QRELENM A 52 & (WERAK—) o »if),
OEFY R BRI OEMICT R 5 2 & (AN, W
), OFBRKRT AN LTEETHA I &, ®©HF
BELrBErE T8, BIFohE. 20911
DTHUEENH > TV B itk e LTHIEL 2 < %
Br—ANEL, T RTOEREUHZHRESEL &
DB ZD, INLOEREWHALTLETEREL LS
HEEUTICHESRT 5.

3. —REAYE

SILAEELBREZRLTAMAMTH LD, 20
AL, HMERE D AT T B BIETL & PIELTIRGE
LTWaHARILED D B, SILOBREL S MIKEES,
TN OB R, HEPHRIZE L COBBMEE,
BRA S IRRMER, TASLORIGHICKRELE
Br5z, FICREHEZR 556 RSV EE
D, ZOX I TIIRILCET 5 1EHRAIE
FILEET, FhWeRTHRE, LE JILZE, BKFE,
SILEDT & — B9 IR, EARMLMEELE LT
w5,

it K OTEL, —HFBICKOBEELEDOLRTH ST
ETERINS, HEIZEHRBEORAICL > TRD 3
EahHY), BEIUCLTEVSITFERTWA,

NERE: fiLx UMM EEOFFIIEE

RENTHE B+ ILoREICEE

BIE  BEAROADKIEICEE
FHELD, SILEICLMEILOADEE*RTRENTR
ILEL, MEILbEhE-2RIlE LS L. AN
UL KELREEZSZIRRILEERTAHEL
2, PEHECRHRILELTHCL00MEFNTH 5.
£ 1 IR 2K O—iEEEOR & Ry
EHER A O HII1E MgO-C IR ¥ ¥ A ¥ 7IViEif X
MO L IIRERD S DA DH Y, ELEOYNE & ER
W SN A REBTOMEICIERELECYS 5.
NSO KMOM A% Z 2 58121, SR TOY
HICEBTHLENH L. BB TRILERCHESE 2
ETHIERBHTELZVOT, —FRETMELL
BICERTHELMEERACE ORI TH 5.

SIBRENFE LT ZONHIFERLR B L O
HRECETADT, TILOKE S EDHIREEIZE
THERDEETH L. FhrRIHHEEL L TEK
BLFILESAOH GV SNL, BREEEAY O
TAEOMICEANER 522 SR EPRATILE
B TBEMD SEEMEBT2RELRDLLD
Thb, FHEIEFHE—MIKEEALILL ST
koo hd, HICEKILOSTIREICET 2 HHRIE
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®1 KM OHHES

PANE ﬁ#ﬁ:x;‘:?L%l m;;gf‘ & uhzi & g .
oA BRE 1.89 21 50 6 BRIF Si0: 95%
SiC R IL 2.70 16 25 5 S IE H 470
E | ALO\-SiC-C ML 2.75(2.67) | 6 (11.5) 85 (35) 23 (13) REEE TBERL, C10%
MgO-C BRI 2.90 (2.81)| 5(10) 40 (25) 20 (11) LTyl TBERL, C15%
T | ALO,-C L 2.56 14.2 — 9.5 B AL C30%
MgO-Spinel HE 2.95 18 15 N ;)f’; AL 10%
 |ALOs-SIC-C HiftsA B 2.78 13.9 30 5 AP SiC 40%
ﬁi ‘Al:O; FiALANE 3.10 19 30 1 s ALy 85%
i R rpr— 3.50 15 60 10 | mAfuERE | cro30%
( YMIX 1000°C X 3h B Ol % 7R T
LM, TARME (BRA T 7 REMER) ORA, MRS EIRIFAVITONDL I ENFE V. LhL

RickEZ ABOBEELRE#RE S, GIloKE i S/IE%EL T AEMICAR=) v FiBIE stk x4
MK OREIEIZ & > TRL B2, — KB IZE{LY 2 BIBEANHDLDTEENLETH AV, BIESMERH
XTI 1 ~ 100 um DEHEH DL {, RESHM K BIAIVF—3HEDEM S D/ DREFIA D h

W12 0.1 ~ 10 um DFEFHHTE . (@1 ICMER %R, BREBHE*HERTLLTE
ERETHADEET— Y DERIEINSD.
A Ei
4. *&mm,ﬁﬁ EmAIC BT A EmO ML LTEETH

MEMHTHAM AL 2T, WE, HiEE, W b, WMETIZBT2HILERERT O OICHERIIE
R, WERIL, 7)) - TEORMIFEEEDLS B y) - THENSH L. WERILEEE, @HEOE
TEETHA. mm T RO THERASNEK WEILL > TIHET CHRILERT2HEIETL60

BOIFRE» HEMICRFE ST A IIBETOENR-R T, — L HEFT— 2 IR 20 Lo b2, By
BEESHIRD S, AARGRE (EHEE, ) %% LCHERF 12 0.2 MPa DIEMEME % M A%

CHEHRMBRENE, MW7) —THIENE LT LK %E LA SEROE S TEOTEERILE JE
KoOON D, HECRE 2 EHBIB LB RIT, £ L, TWTI, T3t 20%E (- BIUT-T) %3k
N, R R 5 LD D 5 5E 1213l 5R S S Wh. =7, “EDEIIELRENDDL L TOERER
WANERE 5. itmf‘;ﬁéﬁﬁiﬁviﬁ/\t EE=A FELE LTHET 2087 ) —THETH . BT
MEAAR—1) > 7S ERS N, ZOBHEIITRBIER EREIIBTAEEELHL I LHTE, BIFCH
-,A@f&11\§$é:wok?&ﬂ‘]ﬁflitt%k, §§E, B

B, BB AL E —0ST Y ANEEE 5B, —HHIC =

SR OBMEERS, KU - JHRICHT B, or A

MHERZ R —1) & FHEIERICERES NS Z EHE ok ///

BHBOMTIE T NEBET 2 £ 0B RE R B g ,’),\ Particle size 75 ~ 350 um

WESNRITIER SR, St \ r=0 Jm
1A OB R L A7, FEAR S 1 £l \ .

20 ~ 100 MPa, B35 1 5 ~ 30 MPa (O FERHIZ 5 % /’ ¥ =176 J/me

DA TH 5. ﬁIn%f’LFEJ@{ﬁﬁE%‘-’C%é#‘ 2 L \ ‘

B DIETRET & 2 B8 HIEAES 2 5+ 4 A e

VB C EDB. TBAK— Y ¥ S HAHLES 5 0 ToT oz o ot o5

BT AL — R HA S SR AR S B 2 o Strain /%

PLETH L5, BERIEE(S) /MR (E) oLt 1 ZrO-C BHILIT 513 5 BEMTRE & BT 5L ¥ — ORIG
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dy/dx=0
— 159
> / : i 2%
I |
S L o
S I I
RV | |
fi I I —
| | 1
1 1 1
h T T3
B E[C]
2 TrERRACAER & FrE Rk
L
~N
N
3
i
4 MgO: 3%
at 1450°C 0.5 MPa
-5 : T - } -
0 1000 2000 3000
Time / min
M3 7AIF TR THRAMIIBITS MgO £ &

) — 7L OBEE

BRSO KIEE ERDOBRETICBWTTIREFICEE L,
MO —oTH DL, THHALCBRELHOAKE L
15 T b ISR M R OBy b B
%, @31EH7 ) - TOMENETT.

5. #rMEE

EIRCTHEESNAMAYIZE > THEME S 729
FILEETHY, WMBAEELRTHNAE, TR %
AT AL L BURER, B X OB (R
THRBRFERLHTRENEL LVH 5.

K — RIS WD R TH WV FEORENFIEL
BVDOT, Y= a— v OREEEICE L TRY
(SK &%) =1L, ThEHAELIFATRHAENE
ML REELTWA, SEETE AW ORI
Lo TIHEEAEERICIE L Lo KEDS H VS
Bhr— 2130 % oz, LHO ALOSIO, &t
TEMAYTIRBETOER ZEEL LTHYSN
5,

FOBRNT*EETHEELR T L LT & Bz
WRAH Y, FROEHRECLHY, KR, TN
DOERMEE, $hE (FERONE) ORELR XY
AREEELUETH L. M4, X5 IZEHEAYO

t73Iv27Ax 42 (2007) No.8

MLt Z 3y 7 ARAMRERE MR -

SR J/ (kg K)

EMRHE W/ (m-K)

AR R &S (05-07)
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Feature, Problem and the Hereafter of Chrome-Containing Refractory
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Feature, Problem and the Hereafter of Chrome-
Containing Refractory
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Abstract

One of characteristic of Cr,O;-containing refractory is
excellent resistance to corrosion. However, there is a prob-
lem that hexa-valent chromium, which is noxious to the
human body, is easily formed by reaction between the
refractory and slag with CaO, Na,O and/or K,O.

In this article, the reason why the Cr,O;-containing
refractory has excellent corrosion resistance qualities,
the conditions under which hexa-valent chromium formed,
methods for suppressing generation of hexa-valent chromi-
um and the possibility of the refractory components exclud-
ing Cr,0s for the furnace are described as a‘base of devel-
opment of further excellent refractories.
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Fig. 1. Isothermal section of the system CaO-SiO,-Cr,O; at
1600°C.
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Fig. 2. Saturation amount of Cr,0O; into CaO/Cr,O5 slag at
1600°C and 1700°C.

22 PO R Ca0-Sio, & T4 ALO; 9 MgO <]
7}zt 388 Ca0-Si0,-AlL 0574 2} CaO-Si0,-MgO7|
A B R Eo| A L 1600°C 2] 7% Fig. 33 7o)
Ak ALO;= ok g 10 tsiME 71 oo g2
235 AL 4 5 U7 MgOE Ca0/SiO,7} 60/40-
70/309] £ 1ol thalA = g3l o] wli-¢- Aot dyt
Ho g #71E &§5uU1 59 CaO/SiO, )= 30/70-
50/50°% 1% S 1o th§ Cr,0s& ALO;Y MgOd]
vsl) e 25009 S 7 7 HA 2ste]o] 1 o]
4 k3ol =R gol ALOsH MgO 2o} B]ars) W2

100

B Al»03
Cry03 s
80T Mo §

40

20

Maximum Reaction Amounts of Al203,
Cr203 and MgO for (Ca0-Si02)-Slag

50/50 60/40 70/30

CaO0/SiO2 (mass ratio)

20 B
30/70 40/60

Fig. 3. Saturation amount of each of Cr,O3, Al,O; and MgO
in CaO/SiO, slag at 1600°C.

Aoy Hed, 20064 '2%“13

ARk R R & 5 (05-07)

175



BUtZ Iy 7 ARMRERE W

176

* KT R ERE S (05-07)

Near ‘the éurface of the
used refractory

Original
Fig. 4. Microstructure of the direct-bond magnesia-chrome refrac-
tory.
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Fig. 5. Wear area of the Cr,Os-containing (65%Alx05-35%
SiO,) refractory corroded by slag at 1300°C for 3 h.
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ratio) during heating and cooling.
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Table 2. Amount of CrO, in the Used Magnesia-Chrome
Refractory and After Its Reducing Treatment (ppm)
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Investigation on Hydration Resistance of Some CaO-containing Materials

Wei Lin, Junji Ommyoji and Akira Yamaguchi
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il

2 BEBAK

Ca0 @D HFERBHTIE Ca(OH) , KB~ CO, TR ZRERAL I LIZL VB LN A MM RE
CaCO;, B 2T DEEHIIZTENTH OB DREL Az,

BEBIEMOFEIL, CA, CF, CSB LU CTRE TIE, (bFEHILLCERFHL LN,
CiA, CoF, CS, CT, B LT CZ B TIL, BERERBTOT Y —Cad OBEEE+HITBhiEd
DI, BN EFRREL LD Imol% BEICERE LIz (RERICL DL, ZHb{LAW
i$7 YV —Ca0 LBV EIT-D), ERZEXNTHI-BEL, LEZLOEASW (2g) % 50MPa
THVUVAL, KB EEZRKF C5BEMBER L, BREEIX EEABEYMOR S S 1100
~1600°C{Z L 7= (CF:1100°C, C,F:1300°C, C,A:1400°C, CA,, C,S, CS, C,T, 3 X T8 CT: 1500°C,
Ca0 B LU CZ:1600C), C,S RAELTIX, BEROBHFITHERIZEL W {EREZ 5TV,
TRTOBEMRBRE ZHNICHFEL, —¥% XRD I X3 HEMAEOEE, ftho—iF (0. 5g)
ZAKRFT AMIME LT, KT AMTRBWTIE, BERE % 70°C X 90%E B o 15 iREB RN
48hr FTHE L, BEEMELZWE L, LBOBMHT, ALGREMRE LT A NLE, &
BEMMEN/NIWVIZEMATMERNELS 2B LELZ N D,

Ca0-Ni0 REBEEDF AL, LR FIETNIOZHED 0~60mol%bis 72 B BERE A 2 fER L
(1600°CHERL), BEREEZDOEEARTT X MAWE, $72, FULMHECER L EREE
% XRD 35 & OVEPMA 547 L 7=,

3#H R

BABIEYDOBEITONTIE, A% ORE % XRD 4547 L, Ca0 SEHI 118 Fel% G0 Ca0
ERTFAREKDORKISITERE L7z Ca (OH) , 230 B S ve, F 72 CAREBHIIZ A B D C\A,,
C.F BEBHZIE CF, C,8 BUBHIIE C,S,, CoT, REHTIL C,T, 38 £ U8 CZ 3tBHZ 12 Zro, M E $h <
BY, BYOORBEZREROEMIIAZ> T, AT A MBI D ERBO b—4
NVERICKT 5 HEMME (AM/M) % Fig. 112737, CS, CZ 3 LU CT 3B OB EHM = 13
48hr T IR T LIEEIT/ D& Do to, B, CT BT 0.45% & AL, 3B & 12T R
CThote, —J57, 48hr KT 2 M OFBE &2 KK H T 10000CE TMB L, BRK
PEEWE L, T HOMIE, Fig VIR LI HBMNE L KE—K LT,
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Ca0-Ni0 REBEHEDEEIZT OV TIL, EH ®
LR ETIWTR Y REBKILER 0.8%LU 0 [————{ +C0 eonz ol -0 |
TeEETH o=, KFT X MW T, Kk
FORER & 210 B Cal BRI 574 5 8 B
IR (AM/Meyo) I IEEMREIH M L7, &3
KK FIH I (SRR RIS % Fig. 2 10m e e e

T, NiO ZEFEN 20mol%FE TlI/AKFnEENA o

AM/MO, mass%

0 5 10 15 20 25 30 35 40 45 50

IR L, 20mol%% x5 & Ni0O ZEHED Time, b
HENNESLS o, —F, BEREOMESE s
% EPMA 4347 L, Ni0 & /R B D Calss i fh kI 25— cis  =cm acr | -
121k NiOss FHHIRI (0.3 um) AEZE < A L ’g 2 —
TV ZERoho7c(Fig.d)e TN HHHMEL 5 *
WXBER OB HFIZHH L7 2%k Ni0ss ThH 0, § r‘/‘///

q

IKFE BE DRI A A TR BB % Feie Uiz,

1 /
0.5 W
0 . 2 "
0 5 10 15 20 25 30 35 40 45 50

4 %- g Time, hr
KFIBISIZ2WTIX, T A MERE D XRD
SFERZENL, £L L TOI(Ca0) +H,0— 12— —+-cs  ecz  4cCT  -eA203
Ca(0H), @Ca0+mMO+nH,0— Ca0-mMO-nH,0 @
Ca0-mMO+nH,0—Ca0- xMO - yH,0+zCa (OH) , D X 9
REGRRBI > TW-LHEEISN B,
U7 AV Ca0d & F/MEHZBE LTI,
CTOFEERE L LD, Zhik, aido X °
I CT DT AFIMEN K S B <, F7- CT i 41 e s 0 5w m w om0 6 ®

0.6

AM/MO, mass%

0.4

0 £ N A o Time, hr
Ta;s/) LW Ca0 ZEF L, 1970°CD Fig.1 Mass-increasing percentage of
MRZHOTLHTH D, ’ complex-oxide specimens.
0.2
f" 018 <
* 016 ~
é 0.14 Point b (|;| Ca) 95.9 mol"
0.12 NiO 4.1 mol,
S o >~ !
© 8 \A
: 008 -
-S 006
§' 0.04 o ‘
R N N
0
0 10 20 30 40 50 60 10
NiO, mol%
Fig.2 Hydration rate of CaO-NiO specimens. Fig.3 Microstructure of CaO-NiO specimens.
5 F&ED

Ca0-A1,04, Fe,05, Si0,, Ti0,, Zr0, RESE(LY OMAKFIMEIL CT>CZ>CS>CF>C,T,>C,S>>C,F>
C,A>CADCa0 L 720, CT &b B2 o7z, Ca0-Ni0 REAEE TIX, BERDOEHE FIZ Calss &
BeRLA b 2 ¥R NiOss 23T L, MAfIEEZR ESEE, CTHOREF{XFETOREEB LW
WL OROSYE, 2 R NiOss HriiE8 L MHSG MR L O AFM & OBROMEBFIZONT
HEBOBRBEELTEINLTWD,

SCRR: #k t: ML Sy s AEMRAME TR 17 EE I ERIE RS S (ER I8E 3 A), p. L.
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(37) mFEESEWAPICHEMESIT- ALSIC, DESIEEA

M T3y 7 2B iR BLR = ORILFEE RUAFEER WROHERE
Behavior and Effects of Al,SiC, added to Carbon Containing Refractories
Yasuhiro Hoshiyama, Junji Ommyoji and Akira Yamaguchi

1 #E

Ak OFHREBERDND—FR L LT, M-C-O-N RtEHORFTEED TS, Al-Si-C RO
FCI ALSICA BEERLAYL LTEESh, #ES, FETHAIEDLN TS, YA
ATbZhET ALSICs DARB L VEAREORELIToTCETHEY VY, BE, WAH~
DHEABRIEED TS, KBETIE, AlSICs ZRFEFMABICHEML LEORISITOW
TMgO-CHEZXHL LTHRYN, EREToT,

2 aﬁj‘ii Table 1 Composition of MgO—C brick samples
(mass%)
AlLSICs ¥k I1X, B AlBH=E, SiERB LTIV No. 1 23] 4a]s

7 Iy IDESHE, Ar BES®H T 1300°C X3h Rk L Fused MgO (-1imm) | 80 | 80 | 80 | 80 | 80
THER L, MgO-CREOHBRANEE R 1ITRT, Graphite(-0.15mm) | 20 | 20 | 20 | 20 | 20

ALSIC4 13 & /B Al L EHR L THEML, No.d & No.bjg [Aluminum powder 3 3
Al, Si 40 mol & —F & ¥f, MgO-CRIHIM | oo —
EMERE, RBO%IC 200C THMIE L THEMR Lo [proncie resin EEETER
3 RRLER

MgO-C btz Bk | S o £ I
CETERLEEOERE T o e Seo |
L& BE1CTFT, AlSiCs % g»_‘ B
B L7 b 0 12000 5 2o |
TAIEMBLYREER for K. | En|
WmaERLk, FLRBCR L 8" L , .
LRHET L, B2ITET 600 800 1000 1200 1400 1600 0 500 1000 1500
J%EJZT& DEMREL T, Heating temperature / °C Heating temperature / °C
AhSin”“ ﬂ”;ﬁ‘;”fg;gu Pl e o e 0 Priok B2 e ereatng.
Er ke RENEAL, ' '

ERBAIGRMRE L ITRRDEHETR Lz, MRICEIIER ALT 120 [

mE e AEThote, B3I Nob DEEHHEE(ERT, 1200C 2 100
BLETAL 40 & SiC 3, 1400CHLETImai7 M@/ bz, D s |
AT INLFRENDIRRAORGIC L > TREABETL L0 o o
M OEAPRERAL TVD I L BHES I, £ 40 ) Otanos
Al4SiCa(s)+6C0O(g)=2Al1203(s)+SiC+9C(s) 8 20 [ —p—wmazsios
x 0

Al203(s)+SiC(s)+2C0(g)=Al203(s)+Si02(s)+3C(s)

600 800 1000 1200 1400 1600

FERBBRETALCsZAR LRV, MBAKICHHELS Heating temperature / °C
e = 57, BFamE R RT & BRERINhT, Fig.3 Mineral phase change of MgO-C
4 ﬁE brick samples after heating.

MgO-C # Bz ALSIC4 R EZR/RMLTEOETH LEMEME LILKR, 12000CLL LT CO
HALDORIGREST L TREL EBRERRIRLIZET L, &R Al L REOWRLER L
BREAEL, MBKICHRFLMHEEELET LI EBBBENI,

Xk DEEMER, BUFHER, WRHER : @AY, 57(31142(2005)
DEmMER, BHAFER, WOHER WAk, 58(31160(2006)
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. CEE¥ER

1. AI-Si-C-N R A B O B iR R it
— I KPR HREE 18 B KM #ES (2005454 A 18-19 H) AR —

AL ST, C N WM IR EICE < HFEL RO TETH D, ThEE2EAEDE
THIEBSEZFOLAYNEZ 5N 5, SPS (WET T T HiEER) 2 H W\ CRE LS
R ER UMK & SRR L -,

2 BMAREMZAE T S BT DR &2 O
— DI RER (00546 A 3-4 H 35 AFEEEAR) MEFH—

BEFELHO S10,60 2 NaOH ICK DIEH S, i Si0, 2 FEEERSE - R I AT H
SHBHILT, REMERE< T2 LMK, BNET VEZY LA T RENEE
RY T EMbho T,

3. M KYIAELD ) VR —< )ik & 5 8l & E

—BHAMBERE ITEY S I v 7 AMBHBMERS Q005F7H 19 H) SESH—
FTHA RELFL Y A=NE2YNRI—TIVETUET L &I, R—7
1 MIELT B, ZOR—TA MR ETFRROFBDES bONERLE, Zhb
DO KPR E L TORREMZEZ X T,

4. TR KPIEEHC R S N 5 RELE U 7= B O MiE & 340

—MKietithe 5 65 BERFEMEAES (200549 A 22 H) mEHH—
RBBERBERNOREZ A VAET D I & T BUKMENSE S Nk i~ D5 i 6 B
ML 125 RN H 5.

5. K5 LGN > —ZRIA L BRERSHEIC XL 24 51 MEOER
—HBEELIIvIABEE ISEKEL RIS TA (200549 A 28 H) A B—

MBI OWEM & LT, BEIKBHERIEIC L2 UA 51 MEEARRE L TWB,
HIEREZ SO0 TUH THE2 A 2N ¥ —E L THWSZ EERETL
FoAER. HEREIE OB A L IC SRR R T,

6. Al-Si-C-N RILEM DB L bR

—AAYL T3y ABRE 1B EMKED LRI T L (20054 9 A 27-29 H) BEHER—
ALSICIZCEMA S L TEXZERZREL . BEREME Lo REZET 5,
BRI TH S AIN OIRMTESCELZHIE T2 2 LMK D, FmmMLzCP

AIN 23 ALSIC, OBALRECBRAFEICRITTRBIC OV TR L 7=,
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7.0xidation and Electric Property of the Compound in the System Al-Si-C
— The 1°* Asia-Oceania Ceramic Federation (AOCF) Conference (2005 4E 9 A 27-29 H) mEMERK—

ALSICIT CZMA D I &M, FREAOEER LICHRMTHD I &, £/ AINZNL
5 ETHREENERLUBIIMEICIRETHD ZENDMho72, T2 OMEBHIER
ZETAHIETRAL. FAKEL TOWREEDHLSMNIRS -,

8. BERMIE RF AR Y OB B IC R TR SO B B
—M ke RESMAMZEER (20054 10 A 27 H) BEEER—

ALO,, Cry0; DEEERLE SELSEIG 22 & &, &5 ALO,-Cr 0, Rifit KRR 2 /ERIL
AT B RN MR E R R AL .

9. Formation of ZrC in Zr02-C Material and its effect on Molten Steel
penetration.
—UNIFIED INTERNATIONAL TECHNICAL CONFERENCE ON REFRACTORIES (2005) (2005 4E 11 A 11 H) # #t&—

IR THESEH 1r0,-C MBI OREICANT, 7110, & CHRISL 1rC ZER S HESHD
BREEREIES, 110,-C MEIOWAMER LD, 1rC OERZMEH T2 L 212%E
L7,

10. RBBUBITTEILIEIZ L B MgALON DA R
—MkEitHes 819 ERFMNEES 200644 B 18-19 H) & STR—

MgAION D& RRIZ AIN, Al,0, Mg0, &/& Al ZHFERIC L /-GS D0, RSH HEA
HUWHENRD D, T2 TIE Mg0, ALO, RUESHZ AW, REBETE(LIEICLDER
ZRRE L7

11 AI-Si-CALEMDBIL & X 5 J Rtk
—MKYEftne 55 19 EEREMEES (2006484 A 18-19 H) BEHEZER—

MgAION D& pkid AIN, Al,0, Mg0, &8 Al 2 HFEEEHC UZHEN D D00, RnEIfEN
HUWEEND D, T TIE M0, ALO, RUEHZFAW, KREMBTEILEICLEER
ZRE L7,

12. Ca0 MR DT KFIHE DR
—MmXYEAfins 5 22 B MR AMZES (2006 485 A 24 H) # B—

Ca0 REABAY R OBEBEICDONT, RFEMICTH AR E2RBEL 7=,

13. Investigation into Hydration Resistance of Ca0-Containing Materials
—11" International Ceramics Congress Acireale Sicily, Italy (2006 4E6 B 4 H) # f&—
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Ca0 SEMELOMAKFIMEE, Ca0 {LEMRHEHNCHTHE L. Ni0 OEEME, Ti0, EDLE

MK UIZ K W EDVHIBH, TSR 2SS Ak ICERT 52 L 21RE
L7z,

14. Interface of the Composition and Microstructure on Property of the
Al1,0,-Cr,0, Refractory Materials.

— 1°" International Congress on Ceramics (2006 4E 6 B 27 H) BEHAERL—

ALO,-Cr 0, R K DAL S MR Z BB S BB 2 /BRI . AR R ORI &

BB IC RIT T EERHEL =,

15. AI-S1-C RILEWZ MM Ltk ¥ £27)" D RIS
—HAEIIv I ABR B IIEKED DRI YL (006 4 9 B 19-21 H) BEEER—
ALSIC, BEREHA 2 SPS ICTIEE, TN Z2Mphe. KIEHE L THEHAMROSHEKZE SPS T

fERL. ZNOR5 T EDRIEEE SIC AlLD, & LB L 72,

16. SPS Bek&iE TAR L 7= MgAlON D4

—HEEIIv I AR BIIEKES RITL (2006 49 A 19-21 H) & SOR—

=S M0, ALO, KON AIN ZHIFEEEHI L. SPS IS THIERD B2 2 B HE MgAION %2 &
U7z, MIBEBE. WEFERENS, IS IKIFTEBHEROEE LR LTz,

17. AL,0, & B2 HFRER & Uz ALO,C DB

—iit kit 566 BIFEEHEMEES (200649 A 22 H) #8 BT —
ALOC WiRkFEESAHMAMIZEHEML 255

L KRILRTWRIEMZER L 20N D &E
Al XOFEZEDBEASND., ZOARIZ—RITIZSE Al ZHFEFEENTT 228, ALl &

BWro Gy ol &2z, BELE, BERGREORIER. ALLC OBRMN
ARETH D T EMNHERL 7=,

18. Al-Si-C-N RHERY DFEHEIT B KETIRFE D E
—%5 11 [5] SPS BFE = (2006 4F 11 A 30 H-12 H 1 H) BEMHEMR—

ﬁ’% Al, Si, j]—;r\“ ‘/7" ?‘\}7\ AlN %Hj%ﬁigl'c: L/T Al4SlC4—AlN 7‘\?:\ &Zﬁ Al4SiC4_AlN_C 7?:
DFERGEZ SPSITTIERIL . MERIBERER OB, ERHOBRZIT> 7,

19. Synthesis of MgAION by CRN process:Evolution of morphology.

—rPESE 5 EIEREm A ER R (200744 B 10-12 H. L350 & SUR—

MgAION IZfif kAt & U THIFFEINT WS, ZOBRAEEL T, REAETELIEN
FELEEZSNDMN, MEAGHS, KEFREOBEREOXEZREL /-,
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20. Synthesis and some properties of Al,0,C
—HEE 5 EERRm Kk FRRiE (2007 F4 A 11-12 L) 8 By —

ALOC RFEHMAYOWMAIL L THELEASNT VD, KFBBITIEICL D
BR7 O AORE. ROESN ALOC DRHEIC DN TR,

21. ALSiC, D&
—MAPIEA S 5820 EERFM#ES Q00TF4A 18 H) # B

RESHWMAORMA E LT, ALSIC 1E&E Al Si, SiC K0 AEDEEZLSNS,
Al,SiC, % Al,0,, Si0, KO EBHZEZHRERE L TERTH I EEZRETL 2.

22. RESEMABIEIMEI NIz ALSIC, D& EVERH
—Mit kPGS 820 EEREMGEES Q00744 8 18 H) BllFErE—

ALSIC K % Mg0-C NAMICEML =518 %E, —BIICHEAINTNSSE Al L1t
B L RS,

23. Behavior of Al,SiC, added to carbon containing refractories.
—UNIFIED INT RNATIONAL TECHNICAL CONFERENCE ON REFRACTORIES (2007) (2007 & 9 A
18 H) EILRE—

BERAMTH S ALSIC MR ZRFESHMAYNBMLIZEED, 28 RIS, 1EA
WOWTHALZ, 1000CULDRERT. EREM,. [ARETHRKNR SN,

24. CaTi0, BTN Calr0, @ Al $W} 88 & O KIGE R R FZ I E F TOLREM
— itk iR 89 ESFEAMAHEMERS (2007 4E 11 A 26 H) # &
R & D FEIFEE—

SHEG SIS A VDT EIC L 2FLEAEMEE AR T 520, BED Calr0, N —K&
IR I N TV BN, CaTi0, DATREM: Z BRI R Al W S E DRI, RORFEL
B FTOLREMES Calr0, & BB L /-,
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