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Fig. 9 Various uses.

Table 1 Various methods, material and examples of products.

Process | Hot, warm forging in general, cold forging of thin plate, powder compacting products,
straightening and Casting forging

Target | All kinds of steel material including stainless steel. Aluminum (including A4000). Titanium,
Material | magnesium, brass, copper, bricks, tile, etc.

Forging Aircraft component turbine blades, specific bolts
Product | Automobile component | engine valve, differential gear, bevel gear, synchronizer gear, rear
Example axle shaft, propeller shaft end, piston, safety belt metal, air

conditioning part, axial gear, uneven pitched rack, locker arm,
transmission lever

Two-wheel component

dog gear, half crank, piston, connecting rod

Bicycle component

crank

Heavy industry hook, wheel
Hydraulic & pneumatic | valve body, various joints
Gasworks propane valve, burner head and various joints
Waterworks ball valve, gate valve, water meter, various joints, drain flange,

bathtub component, flange nut, water faucet hardware

Housing component

knob component

Wristwatch

watch case, rear lid, wristband

Sewing machine

connecting rod

Electric appliances

air conditioner valve, magnesium part, various terminals

Fastener

large diameter hot forging bolt, T-bolt, iron tower component,
railroad nail, railroad component

Leisure goods

golf head, golf iron, fishing reel

Kitchen appliances

aluminum bowl, spoon, knife, fork, cooking knife

Accessories, craft art

tiepin, button, accessory, buckle, badge, medal, name plate, doll
decoration, shrine & temple goods, key holder, handcraft goods,
trophy

Cutlery scissors, medical appliance, wrought tool, glasscutter, nail clipper,
bottle opener
Miscellaneous various hand tools, brick, tile
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Table 1 Composition of MgO-C samples
(mass%)

No. 1 2 3

Fused magnesia -1mm 80 80 80

Flake graphite -150um 20 20 20

Al -75um ex.3

AlSiC, -20u4m ex.3

Phenol resin ex.4 ex.4 ex.4

Hexamethylenetetramine ex.0.4 | ex.0.4 | ex.04

Table 2 Composition of Al,O,-C samples

(mass%)
No. 1 2 3

Fused alumina -1mm 85 75 75
Flake graphite -150um 15 15 15
SiC 0.8-0.3mm 5

-45um 5
Al,SiC, 0.8-0.3mm 5

204 m 5
Phenol resin ex.4 ex.4 ex.4
Hexamethylenetetramine ex.0.4 | ex.04 | ex.04
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Fig. 5 Mass change of MgO-C samples at heating for
3h.
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Fig. 6 Mass change of Al,O;-C samples at heating for
3h.
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Fig. 7 Apparent porosity of MgO-C samples after
heating for 3h.
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Fig. 8 Apparent porosity of Al,0,-C samples after
heating for 3h.
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Fig. 9 Pore diameter of Al,O,-C samples after heating
for 3h.
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CIRALCTHE D, KILEDOH PRI E O LD 50D,
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Table 3 Composition of the samples

(mass%)
No. 1 2
Fused alumina -1mm 60 60
-75um 25
Flake graphite -150um 15 15
Al,SiC, 204 m 25
Phenol resin ex.4 ex.4
Hexamethylenetetramine | ex.0.4 | ex.0.4
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Fig. 10 Mass change of the samples at heating for 2h.
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Fig. 11 Bulk density of the samples after heating for 2h.
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Fig. 12 Apparent porosity of Al,0,-Al,SiC,-C sample
after heating.
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Fig. 13 Liner change of Al,0,-Al,SiC,-C sample at
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Fig. 14 Microscopic texture of the samples after heating
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ik K P DB &k 5Lk

(=

g1

£

Ceramic Data Book 2015 Vol. 43 (Technoplaza)

m R X F

ME:

-

gk
v/

BEARAOFHRABER & L TR S h BEERILY ALSIC, IOV T, REGHW KO ARz &
BHTWA. ALSICIFERTTCO N RERGL THREBIFRT 5 2 LiC k> TZRZFIML THBZ&EL T
HUEH (HILYR) 2 RES 5. TORIGARIT ALSICy » HER L /o AL ABBITIEBL, ZHAHRTCON
AERELTALO; & CELTRETAHOLBMEIND. —HOE-KIISIC & > THRB KA ERT S
CEMTE, MAMICIOAT S & TRIEHEBERS C LBIRELZS.

1. & L & [
HWEMEPMCREEORERERHKYBEH I TEY,
MgO-C E= Al,05-SiC-C H, SiC-Al,0s~CHE, Al,O5MgO-
SiC-CE, ZrO,-C &, AlL0s-ZrO,-C Hir &, #HLEICE
U CHESEEMBREREINTWS. ThLDRESHEM A
Wik, REOEBGREY:, EBEZENE, BRAS 7Tz
WHE, B, ERMRLCOMEIC L > TERT A
A=V 7HE2HELTEY, 1500CEB 2 5EE» HIERE
ARV ERLBEEH T COLHBEI L L HEHTES, &
HEEOM A E L UL ERAIhTWS. —F, REIEMT
BLEShRFWRERD B2, ThEHIETSDICEER
RAC4 s & #BALBSIER & U CTHIRINT 5 C B fThh T 5.
RFMTMFNICIT AL, Si, SiC, B EABH D, Al Siid
REERIGL TR EERTHC L THERHEASIE IR
LB 5. RESHEMKHOLIZ, BETF TE—RIC COH R
TEBMENTWAELEZLNTED, ThOENIFZWTNL
O~@RAD & i COH A & FILL THHIBMLMICELL D
DRFELITHEE, ZTDL EDOBREEEIC L > TRIBESN
BEEBIKEREHEAIYE, BRLEL TREOBLIERZE
EFBEINTWS.

AlC;(s) +6CO(g) =2A1,05(s) +9C(s) @
SiC(s) +2C0(g) =Si0,(s) +3C(s) ®
B,C(s) +6CO(g) =2B,03(s) + 7C(s) ®

DL, RS CO TR ERIEL TEREFHET 5BE
LS (BAER) I, SHZEMHICER L TRERICRD AL

*—RMEEA EUtS 3y 7 ABHHREME

100

(119)

B&ETHY, BRICBTHE-[RISEHEHEBERFHCFAL
TR R L CTREN T ONh A, Thboflicd, &k
MRHCER T & R4 & LT TIiC ® ZrC, AlSiC,s, AIB,Cy,
I AlCs i K& 2 b, BHILREOZFBES R IRE
MRAOFRERER & L THREEORRASF TN TV 5.
AT, AlLSiOEERIY TH B ALSICH~10IZ D0
T, BICEDOBN/HILERICER L T, MAYNDISERH
RHEDTELBEICODWTRNS. ALSIC, OHAHEDL, @
RIRT COHALDRISIC & A5EREREZFHETHI0TH
5.

ALSiIC,(s) +6CO(g) =2A1,03(s) +SiC(s) +9C(s) @

CORIGAAEFT L7 & & OBEEITERE T +116% (CD
HEX16L LBA) LtEIh, KEngBERELES
26, ThE>ELFALTEALRDERYRA S LT 5FH
TH5. LT, ALSIC, DRIGHEHED AW~ DOHEHHE
GO~ % BT 5.
2. ALSIC, DRIEHHE
RESHT KI5 ALSIC, DEE T TORIGHES
B 5 ICT BdIC, ALSIC, & B L A EAE ] ALSIC,
CHAREMML, MBRORIE & AHEIC OV TR %
57210, ALSIC, #3kiE, AIMK (99%, —63um), Sifsk
(98%, —45 um), H—RV/ 7S v 7 (60 nm) % Fokt & L THHR
ARCEA L2 DER—LINTERESL, BOhIPE
=B OFd, Ar FEK T TL700°C-3h DEER %= T5 Hik
TR 7. BERBOB KA BUR—IV IV TERBRLT
20 um LIFOMF E L, SEUERE L. E7o, (ERILZCBR
H B ENFE RS (SPS) % FI\ THERS S 4, BEE % B ic
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ML T, 45~300um O ALSICoBER & L, AR L
7o PESLL 7o ALSIC, MY 3K & 2 i ROIC BEIR 245 (99%, — 150
um) & & 58T ALSIC,-C HDRER & L. ALSIC, & IR
BEHREER T3 DI/, v X—= LTz /—IVisEE M
2 TEHOH%, 98 MPa THIEL, 200°C-6h OBME % 1T
THERRAB & L7, fE L 7 ALSIC,-C BR K %, RESEH
A OEFFEROFHI T L TREWKF TRRL
7o BERUIZ R R ITER L RE TV, REEEA10°C/
min, FIEDBEE CIhHHF L ABICHATHELTERL
7o BERBE ORI R UING, BIEL T, ALSIC, ¥LEGORITGIK
% SEM, EPMA # i\ CHEL /.

ALSICy R &M L 2B & O RHEOBE TR 1 1R T.
ALSICy DRICIRIICHE B 4 572 DI BOVY— 7134 L T
FRLTHS. 1000CH 5 a-AlLO; & SiC B4R LD, &
BELERLELICEZCHRL TS, FRICHE - T ALSIC,
ESBICHAL LT, 1500CTIRIFEHEL TS, bEhic
AION (AlgO3N7) DAERDBRD LN B, AlC; DAERMITED B
V. COREDLRERO ALSIC, FEE T CRIGL TER
a-AlLO; & SICEERTHI EMmbhh, QANETTAHI L
NEBINS.

K 2 i BITEERE OMREEMITHE R 2 RT. ALSIC R ON
FRBELEXIFLASEELTELY, HOEMICEX 10
~20 um RISBHRDONDZ & h b, ALSICy TR OEE
LABNEREDPETTH e hbhrs. TEOGHERS
&, RIS Tk ALSICORIFICHIR L T Al 347 <, SiA

(120)

ALSICy grain  Reaction layer

Flake graphite

c
R SRR N

B3 AlLSIC,C ¥ D EDS AR (1500°CR THEREE)
Graphite

T . i

Al,Q3+C CO(@

R4 REDICETS ALSIC, DRIEEFIL

BLTWABTFARDONS. Ch ALSICRARENEL &
FLTOBEDIERZ25. ThODHMRES & 0 HIEICRY
7edIZ, RISBES#IEA L TRV & 5 ILESAE LT
SIBERERIICRY. RIEEF T ALSICORMICH~RT
AlHD7<, SiECRELSFEL TV AHETFRbMD, SIC
PERLTWA I EAHEREIh S, £, RIEBOERIC Al
EOBEFL TWAEFBRONS & LIS, BEHFLEHOD
Bich Al & O EBEFEL TV AEMAHRECRD OIS (Y
FEH). DT ik, RISOBRETARS RIS ZEE~
BE, DH5VIERICEBE» OEEN/-BHOMETBEL C,
ALO3 % L7l LR LTWA,

COADOBEHRRIT, BHET—FHOREHRLEMETE
BHEIEOBFRILLGHHET LI EATE, R4 TRTRIEE
FIERIBL TWAD., TOEFIVTIE, ALSIC,EEmD Al
BoiE Al(g) 5 LU ALO(g) & L T, EL G, O,
PO DR T COH A RIEL T ALO;+C & L THE
L@, ®R), KLz EHTEEE2S. 80O, ORB LU
®, @R, WIThLERIERABOQERLICHS. Al &R
LRI SIC L CARD BRSNS, ThBRIGBEL
THEIhAZ LI5S,
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A1SiC,(s) =4A1(g) +SiC+3C(s) ®
ALSIC,(s) +2C0(g) =2A1,0(g) +SiC+5C(s)  ®
2A1(g) +3CO(g) =Al,05(s) +3C(s) @
ALO(g) +2C0(g) = Al,0;(s) +2C(g) ®

ALSIC, 2 5 Al HEEFE L TR DZEBA T AlLOs+C HiTH ¥
BRI, SIEHRBTETHHADRELIAOL, BER
HECEDIIFRAT S LEALNS.

3. KRESHEmMAI~OEH

3.1 ZHmme L TOFMA

RESHWKPOREW LHETH BT IV I F-I—KV
T ALOs-C & ER)EM AMWic, ALSIC, #¥int L L CHM
L7 & @ OSILREFERE B L2219, ALSIC, ORI
i, ALO-CEMAMOHEMHE L THEHShTVW54RE
AlB LU SIC L HEL A 51T - 7. ALSICy132.150 & R4k
OFETIER LM KRB LU EFERA L. |UICFRL
ALOs-C MEDHBRARETRT. ERAWEES, BHOK,
127 MPa CHIERTZ L, 200°C-6 h OB 1T - TG L
L7z, fESLL 723002 IREWMRICHERER L /OREECRITEER L,
AR REL /.

X 5 IR THERED REKARERT. 800°CIC BT 55R4L
ROHAI, 7o/ —VEBOBSRIZLAHLDTHS. 800
CLULEDSILRDENH BB &, ALSICy ML M BEITRE
DOER & EHICEBHIICHA L TE. —F, SICEHEMLAZ
HETIR, HBRONTCBRER TOATIROERSIRSR O
h, ThXDERTIBEAEELL TS, Thbb, ALSIC
B K EZOESHEEELOL, TOBHRISICLD D
BRI E TRET S CEVEBMEINS. [ARMNE RS
EtkPHOT R, THEEREN, WRIEIRETEILrb,
ALSIC, DERINIC L - TIh SO NESIIF S 5.

B 6 ICBRTHEREDOEH KRR ETRY. ALSIC, ML 7
HHEIT1200°CH 51500°CIC T THECHEA L T, Sl
BOFIHRPRENC BG5S, 2HTHRAERE, BF
RIGIC EAHAFAICE - T, SAESBEITH L L b, H
ADWERRR, TihbbEROKEIHBMNT S L0 EHERE
n5. SABBPEL BT VHBLEICENS EEZONS
ZEhh, ALSIC, DIRIIC & - TEESEBCEDICIERTS
ZEDHFEINA.

3.2 EREHLLTOFA

ALSIC, DHIABHRE L DV BEEHICFIAT S LeE 2,
ALO;-C Efit kW1 ALSIC R Z EFR & L TEBICRAT
5 LI ko T, R T TRILOD BT K %
RERDBFELCOVTRF LAY, R2ICFRL - ALOs-

102

(121)

F£1 AlLOsC HEDHERAR (mass))

. . No. | 1] 2 3
Fused alumina -1 mm 85 75 75
Flake graphite -150 um 15 15 15
SiC 0.8~0.3 mm 5

-45 um 5
Al,SiCy 0.8~0.3 mm 5
-20 yum 5
Phenol resin ex. 4 ex. 4 ex. 4
Hexamethylenetetramine ex.04 | ex.04 | ex.0.4
14t No additive
g
212t
8
510+
1=
g 8r
8 .
g sl ALSICy
< ']
4 . . .
0 500 1000 1500
Temperature (°'C)
K5 Al,0,-CHEDRHIILE
Gl L
g No additive
1
*§ 300
k<! SiC
o, L
g 200
Q
@ L
% 100 ALSICy
g
< 0 i 2 1 . 1
600 800 1000 1200 1400 1600
Temperature (°C)

6 AlLOsCHEDOFEHTHE
%2 AlLOs~ALSIC,C HEDERAR (mass¥%)

p [ Ry
Fused alumina -1 mm 60 80
~75 um 25
Flake graphite -150 um 15 15
Al,SiCy -20 um 25
Phenol resin ex. 4 ex. 4
Hexamethylenetetramine ex. 0.4 ex. 0.4

ALSIC-C HEDOHBRANA RS . AL L TR{ILDERM
DHD L, ALO; ¥ DLE25% % ALSIC, B RICEBHBL - b
DEEHL, SREHERE, BEOK, 150 MPa THEK
WL, 200°C-10 h OEME % 17> CTHEBR & L. fERL
TR R IR R L - RE TR UL, &2 1
EL.

2B LRI X AEEEMER 7 I0R 7. ALSICLES&
METIII200CE B2 AIREH CHELEEN MO RON
%. K 8iC AlLOs-ALSIC-C B DR THER %O RH TR
R, 2h FERE TII1200°CLA E CRARDBPELSETL
T, 1500°CTII RBSILEAITX T TETLTEY, 800CH
EBLUTOGHELZ > TS, EFEZHELA20h DR
HIBER % TIIEICKRILRBET L, 1500°C Tt RERILEDL
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K7 AlLOs-AlSICC HEDERLEL

ALSIC;  Reaction product

H10 FETTBMHEOXFENRETE

3TRICELTEY, 800°CHOFLE 1/5ICETCRIEAETL
TWw5. BRTTOROKIEHHETT S C LI k- THEF DO
ERARCAERDIC L > TRESHh, EREAHENL, KILRD
KIFICETFLTWAbDLE2 OGNS, $F 903 20 h
RATRDOBIFREMARERL T AR, —HORIEHHETT S
BIC BT LA LR LN, ORiC L 2 BHIES2
THEBPOZEBRFHAFAL TWA I EAbash. 2HTHN
ek o, ALSIC, OHIIFAAGHEN L TEFTTAI &IC
FoT, BRRAKIEFA SR TWAB I LBEFEINS.
1500°C-20MRF I BERU B D k6 % JoF BRI CHE L - fl%
K1012/Rd. ALOy-CHETIH 7 IV I F L Bk FRlcz
A%< BON5H, ALOs-ALSIC,CHE T, Bum AT
OPNERTF o Gl 5 RISERD D, HBEOERY S $k<FE
HLTWARESBEEINS. ChHOM/MNIFEIE, Kum

(122)

LUF OB WIS £ CHEICTRIES N T 5. _EROHFLERIC
Lo T, HHFOKILAHE L SFTHEh, [HBFASL T
AERFOBRDHOLNS.

(c

4. & B Y

FHREARERTH 5 ALSIC, Ot K ~DISHERM & LT,
B-REEIC L BHILEAAFIR L BB LR 2R L.
FRSTRES L AAFikid, BURLEE, BAe, BUE, nE, a8t
Vo S TR BRI EBRTICFET 25 %, BRT
TORTEISC & » TKIBICHA SR B ENTESLLHODT,
SFETIRWI— 7Bl b T2 5. SHOICARRCHG
Lizw.
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Fig. 5 EDS line analysis result of silicon distribution
Fig. 2 Heating method of sample under CO gas near the interface after heating at 1600°C. (Outer
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Fig. 6 Stability domains of condensed phases and equilibrium partial pressures of gases in the M-C-O system.
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Fig. 7 Stability domains of condensed phases and
equilibrium partial pressures of gases in the Al-
Mg-C-0O system.
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Fig. 8 Stability domains of condensed phases and
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1. Introduction

The constituents of the oxide refractories are high
temperature single oxides, such as Al,O,, SiO,, MgO, CaO, ZrO,
and Cr,0;, and high temperature compounds consisting of single
oxides, such as mullite and spinel. The refractories are composed
of these single oxides and compounds singly or in combination
of several kinds. Hereinafter, the high temperature single oxides
and the high temperature compounds are not distinguished from
each other and are described as high temperature oxide.

These high temperature oxides are generally pre-fired or
electro-fused and used as clinker. In production of a compact,
the particle size of the clinker is adjusted so that the desired
porosity is obtained and the volumetric fluctuation during firing
is made as small as possible. The purpose of firing the compact
is to sinter so as to promote the bonding of the high temperature
oxide while suppressing sintering shrinkage and to enhance the
properties, such as strength and corrosion resistance.

Generally, impurities are included in raw materials, and
additives are mixed for sintering. Although the impurities and
the additives become a melt (low melt composition) during firing
and are useful for sintering, they are the factors causing
degradation of refractory properties.

Also, pores serve to strengthen thermal shock resistance of
the refractories, but they promote penetration of foreign
components, such as slag and become a cause of refractory
deterioration.

In this way, the low melting composition and the pores have
advantages and disadvantages, and their content is inversely
related to the properties of the refractories.

The solution to this contradiction is to make the low melting
composition and the pores into such a structure that they are
confined within the high temperature oxide grains. One of the
effective methods for realizing this is to induce sintering by
dissolution-precipitation reaction during firing process of brick
production.

This paper mainly analyzes the mechanism of the
dissolution-precipitation reaction based on the microstructure
observation of the refractories obtained in the research process
by the author to help to create better refractories.

2. Microstructure of the Refractories

Figure 1 shows the structural relationship between “high
temperature oxide” and “low melting composition and pores” in
the oxide refractories for excellent case (A) and inferior case (B).

In Fig. 1 (A), the high temperature oxide grains are tightly
bonded, whereby the “low melting composition and pores” are
surrounded by the high temperature oxide grains and are
isolated. The refractories have excellent corrosion resistance
because this structure suppresses penetration of foreign
components. Furthermore, the hot strength of the refractories is
not easily affected by “low melting composition and pores”, and
is maintained up to high temperatures.

On the other hand, in the structure of Fig. 1 (B), there are
few direct bonds between the high temperature oxides, and there
are many places where the “low melt composition and pores”
are present among grains of the high temperature oxide.
Therefore, the composition and/or its melt easily penetrate into
the refractories from the outside through these “low melt
composition and pores” . As a result, corrosion and deterioration
of the strength characteristic occur in the refractories.

From the above, it is desirable to make the refractories into
the microstructure as shown in Fig. 1 (A). This is made possible
by inducing the dissolution-precipitation reaction during the
firing process. As specific examples, a case of silica brick, a
direct bonded magnesia-chrome brick and a zirconia brick are
described below.

bl : high-temperature oxide - : low-melting composite and/or pore
A AP}

s
..4{}‘

Fig.1 Schematic diagram of microstructure of the
refractories.
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3. Example of the Brick Sintered by the Dissolution-
Precipitation Reaction

3.1 Inthe Case of the Silica Brick

Si0, has many polymorphs, and Fig. 2 shows the stability
relationship between the polymorphs. The vertical axis shows
the equilibrium partial pressure of the gas phase from each
polymorph. Polymorphs with lower gas partial pressure are more
stable. The vertical axis may be regarded as representing the
degree of standard free energy of formation for each polymorph,
and the polymorph located downward is more stable.

That is, o-quartz, 8-quartz, f~tridymite, B-cristobalite and
liquid are stable phase at room temperature-573C, 573-867TC,
867-1470T, 1470-1723C, and abovel723C, respectively.
When a-quartz as a raw material is heated, it quickly transfers to
B-quartz at 573C (Called o-B type transition and rapidly
transfers). However, the transition from B-quartz to B, -tridymite
at 867T is very slow and is referred to as retarded transition.
B-quartz which did not transfer to B, -tridymite transfers to
B-cristobalite at around 1250C.

Generally, o-quartz is used as a raw material for the
production of the silica bricks.

However, even when only o-quartz is heated at 1300-1400TC,
transition from B-quartz to B, -tridymite hardly occurs at 867C,
but transition to B-cristobalite occurs around 1250T.

However, when quartz to which CaO, Na,O or K,O is added
is heated at 1300-1400T for a long time, this transition is
promoted by the dissolution-precipitation reaction, and the
desirable silica brick structure is formed. This mechanism is
described below.

Figure 3 shows the concept of this dissolution-precipitation
reaction mechanism. It is assumed that a melt of Si0,-CaO-Na,0O
system exists between B.-tridymite and B-cristobalite at 1350-
1400T. Si0, is saturated in this melt. As shown in Fig. 2, since

below 1470 C

tridymite

precipitation of

(N N A <_tridymitecrystal

liquid saturated with SiO,

| = solution of
cristobalite crystal

Fig. 3 Schematic diagram of solution-precipitation reaction
of SiO,.

B,-tridymite is more stable than B-cristobalite, B,-tridymite
precipitates from the melt. Then SiO, in the melt becomes
somewhat unsaturated, but since B-cristobalite is more unstable
than B,-tridymite, it dissolves in the melt. In this way, the
precipitation of the tridymite and dissolution of the cristobalite
alternately occur sequentially through the melt saturated with
Si0, due to the slight difference in stability, namely standard
generation free energy, between the tridymite and cristobalite
Figure 4 shows the microstructure of the silica brick formed
in this way. Photograph A and B are observed by a polarizing
microscopy and a reflection microscope, respectively. The
cristobalite grains exhibit the aggregates of the scaly crystals and
the periphery of the grains changes to plate-like or columnar
tridymite crystals. It is presumed that the tridymite crystal has
angular shape due to the precipitation of this crystal from the
melt, and as a result, the melt (lowmelting composition) is left
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Fig. 2 Stability relation among polymorpism of SiO, for temperature.
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B : by reflection microscope

Fig. 4 Microstructure of silica brick.
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Fig. 5 Effect on transition of SiO, of alkaliine oxides and
temperature.

between the plate crystals. The low melting composition is
observed as a somewhat bright part (L) in Photograph B, and is
surrounded by the tridymite crystals in an angular shape.

Figure 5 shows the amount of change in the tridymite and
cristobalite with respect to temperature and time for a case where
quartz powder mixed with alkali (0.2% Na,0 +0.4% K,0) was
heated at 800 to 1600C. The tridymite crystals require a long
period of time to precipitate, and they precipitate in the greatest
amount at 1300 to 1400C.

Figure 6 (B) shows microstructure of a silica brick used in
coke ovens for 28 years.

This brick is an aggregate of greatly grown tridymite
crystals, and its microstructure is remarkably changed from the
microstructure of the original brick. This clearly indicates that
the dissolution-precipitation reaction occurred over an extremely
long period of time.

Figure 7 (A) shows microstructure of a desirable silica brick
fired at temperature below 1470C. In contrast, Fig. 7 (B) shows
microstructure of an undesirable silica brick fired at temperature
above 1470T. In the (B), the dissolution-precipitation reaction

Fig. 6 Microstructure of an original silica brick (A) and

a silica brick used in coke oven for 28 years (B).

Fig. 7 Microstructure of silica bricks burned at temperature
less than 1470°C (A) and more than 1470°C (B).

does not occur due to firing in a stable temperature range of
cristobalite. The cristobalite crystals grow, and then, the low
melting composition and pores are concentrated in the matrix
portion.

From the above, for firing of silica brick, it is important to
sufficiently perform the dissolution-deposition reaction by firing

for a long time at the stable temperature of tridymite.
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3.2 Inthe Case of a Direct Bond Magnesia-Chrome Brick
Periclase crystal belongs to a simple cubic system of NaCl
type, has a melting point of 2800 and has excellent corrosion
resistance against slag. One of the big drawbacks, however, is
that foreign components can easily penetrate due to weak bonds
between crystal grains. Adjacent grains are bonded when the
crystal orientation difference is within 10 degrees (small angle
grain boundary) and 36.87 degrees (matching grain boundary),
but not bonded in other angles. Microstructure observation of the

ZOme
A : non-matching grain boundary
B : small inclination angles or matching grain boundary

Fig. 8 Microstructure of a burned magnesia clinker.

M : periclase
A : chrome-rich spinel,
L : low-melting composite

B : secondly spinel

Fig.9 Microstructure of direct-dond magnesia-chrome
brick.

MO 53 + MgCreO4 35

1000 - B R R )
C
MO 0N MgCr0¢

magnesia clinker in Fig. 8 identifies unbonded grain boundaries.
In the magnesia brick, due to the weakness of bonding between
the grains, melt, such as slag casily penetrates through the grain
boundary and accelerates corrosion. This disadvantage has been
solved by the direct-bonded magnesia-chrome brick produced by
mixing magnesia with chrome ore and heating at 1800-2000C.
Figure 9 shows the state of the bonding of the magnesia grains
by the chromium-rich spinel. This bonding is formed by the
dissolution-precipitation reaction during firing at high
temperature. This mechanism is explained next. As a basic
matter of the bonding between grains, crystal structure is
reviewed.

Figure 10 shows that the oxygen sequences in the crystal
structure of periclase and spinel are same. In the phase
equilibrium diagrams of the system MgO-Cr,0; and the system
MgO-ALO, in Fig. 11, the gray area shows the solid solution
range of Cr;0, or Al,O; in MgO. This solid solution is formed
by the substitution of [3Mg*" =2A1"" (or Cr**)+ (cation
vacancy)]. Comparing the crystal structures of MgO, MgOs.s.

x\.‘/g 0 OMg @ RILCLFE) & Catonvaamcy

Fig. 10 Crystal structure of periclase and spinel.

Periclose ss .
«Liquid Spinel 55

+Liquid -
210!
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0 20 N 4 S50 € 70

o
MgO 1,05

Fig. 11 Phase diagrams of the system MgO-Cr,0, and MgO-Al,0,.
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and MgR,0, (spinel) shown in Fig. 12, the oxygen sequences
are same and only the arrangement of the cations is different.
From this, it is understood that bonding between these crystals is
possible.

Figure 13 is a schematic view showing a state in which
ditference in crystal orientation between two MgO grains is
more than 10 degrees and grains that can not be directly bonded
are bonded with chromium-rich spinel. This chromium-rich
spinel crystal changes the direction by generating dislocation,
and binds two MgO grains with the different crystal directions.
Formation of such bond is thought to be made possible by crystal
growth due to the dissolution-precipitation reaction. The forming
mechanism is described next.

Figure 14 is a schematic diagram showing the mechanism
of the dissolution-precipitation reaction occurring during firing
at high temperature in the production of the direct bonded
magnesia-chrome brick. This brick contains impurities, such as
CaO and SiO, derived from raw materials. At high temperature
firing, it is considered that MgO, Cr,0,, Al,O; and Fe,O,, which
are components of chromite, are saturated in the melt of these
impurities. However, the amount of these components to be
saturated to the CaO-SiO, system melt is different. Figure 15
shows the maximum reaction amounts of MgO, FeO, Cr,0,,
AlLO;, and Fe,0; for slag with various ratio of CaO/SiO based
composition, which are obtained from the phase equilibrium

O Mg @ R¥*(R: AlL,Crfe)

MgR,0,

Fig. 12 Crystal structure of MgO, MgO s.s. and MgR,0,.

dislocation

+
EEEEEEEE
B
F
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Chrome-ric
spinel

q e
riclas P,
e €rie asa

Fig. 13 Bond between periclase crystals by chrome-rich
spinel in a magnesia-chrome direct bond brick.

diagram of Ca0-SiO,-(MgO, FeO, Cr,0,, Al,O; or Fe,0,). Since
FeO and Fe,0; are all melted, they are not shown in the figure.
According to this, the reaction amount of Cr,O; is small, which
is the smallest amount with respect to the composition of CaQ/
Si0, (50/50, 40/60, 30/70). For example, the saturation amount
of Cr,O; is about 1/10 as compared with that of Al,Q,; with
respect to the melt having composition (50 CaO-50 SiO,)
Therefore, Cr,O; is saturated when the chrome ore is
dissolved in the melt in the system CaO-SiO,. Since chromium
rich spinel is more stable than chrome ore, the chromium rich
spinel precipitates. Although chromium-rich spinel is
predominantly composed of MgCr,O,, it is presumed that Al,O,,
FeO, or Fe,0, is solid-soluted, but the exact solute amount is
unknown. That is, the dissolution of the chrome ore to the melt
and the precipitation of the chromium-rich spinel from the melt
occur in turn. The dislocation occurs at the junction of the
chromium-rich spinel crystallized from the surfaces of the two
periclase crystals through the slow precipitation, and it is
considered that the crystal growth of the chromium-rich spinel
continues little by little by changing the crystal direction
gradually, and the bonds are considered to be sequentially

Chrome ore (Mg.Fe)(Al,Cr.Fe)

™ solution

““(liquid saturated with
MgO and Cr,0,)
precipitation
(chrome-rich spinel)

Periclase

Fig. 14 Schematic diagram of solution-precipitation
reaction in a direct-bond magnesia-chrome brick.

El)
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50 4 - O Al0,
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Maximum reactivity of Al,0;, Cr,0;,
MgO for (CaO-Si0,)slag at 1600°C (%)

10 {-
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Fig. 15 Maximum reaction-amounts of A,0;, Cr,0; and MgO
for slags with various ratio of Ca0Q/SiO,.
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MgO

mEctondary'spinel/ ¢
LS

Fig. 16 SEM microstructure of bonding-part in a direct-
dond magnesia-chrome brick.

formed.

Figure 16 is a scanning electron micrograph of such a
bonded portion. Although the detailed coupling structure is
unknown, a form presumed to have formed a bond while
sequentially changing the crystal direction is observed

3.3 In the Case of the Zirconia Brick : Demonstration Test
of Sintering by the Dissolution-Precipitation Reaction

-Production of the zirconia brick by applying the dissolution-
precipitation reaction has not been put to practical use. However,
it is described as an example of a demonstration experiment of
the dissolution-precipitation reaction phenomenon based on the
experiment result by the author.

ZrO, has three polymorphs; monoclinic system, tetragonal
system and cubic system. Upon heating, monoclinic zirconia
transfers to tetragonal zirconia at | 170C and to cubic zirconia at
2370, and melts at 2680 . These transition temperatures vary
depending on the solid solution, such as CaO to ZrO,, and
whether it is a case of increasing or decreasing temperatures. In
the case of cooling, tetragonal zirconia transforms into
monoclinic zirconia at 900-1000T.

st

2370°C AL

Temperature (°C )

Fig. 17 Stability relation among polymorpism of ZrO, for
temperature.

Figure 17 outlines the standard formation free energy of
polymorphism of ZrO, versus temperature, i.e. the stability
relationship between polymorphs. Tetragonal ZrO, is stable at
1170-2370TC. However, when CaO is added and electrofused,
ZrO, is stabilized as a cubic system and maintains the cubic
system even when cooled.

This fused ZrO, is adjusted in particle size as clinker. A
mixed-powder obtained by adding a small amount of SiO; to this
clinker is molded and fired at 1600°C. Figure 18 shows the
microstructure photograph of the obtained sintered body.
Figure 18 (A) shows the microstructure of the zirconia brick,
showing the state of the relatively large zirconia grains and
matrix portions. ZrO, in the matrix part and around the aggregate
zirconia grains are monoclinic, and they are surrounded by the
low melt composition and pores. Figure 18 (B) and (C) are
photomicrographs of the same parts taken in different methods.
Photograph (B) shows the fused zirconia grain of aggregate. In
the central part, it is a single phase cubic ZrO,, which is changed
from the grain periphery to a polycrystalline monoclinic ZrO,.
The low melting compositions are observed among the
monoclinic ZrO, crystals and at the boundary between the cubic
ZrO, and the monoclinic ZrO,. The low melting compositions

‘ SET

¥
- 4

t-Z:irconiy without CaO
,f*,— tow meking plmc

A

; -

( Cubre-Zarioniy with CaQ

e

S

o

r \\ “/jé o

B & C: grain (B and C shows same place)

Fig. 18 Microstructure of the zirconia brick.
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1170~2370°C

tetragonal ZrO,

precipitation

XY e

liquid saturated with ZrO,

AN AN AL A ] g solution of
(Zrl-xcax)oz-x

cubic zirconia {(Zr, ,Ca,)0,,}

Fig. 19 Schematic diagram of solution-precipitation
reaction produced in the zirconia refractory during burning.

are observed as a slightly dim part in Fig. 18 (C).

The reason why this change occurred is that the dissolution-
precipitation reaction occurred during the firing process, and this
mechanism is described below with reference to the schematic
diagram of Fig. 19.

SiO, added as a raw material, CaO contained in cubic
zirconia and impurities contained in the raw material become
melt during firing. Since the melt is surrounded by ZrO,, it is
saturated with ZrQ,. Since tetragonal ZrO, is more stable than
cubic ZrQ, at 1600C, the tetragonal ZrO, is precipitated from
the melt saturated with ZrO,. By this precipitation, the cubic
Zr0, is dissolved in the melt in which ZrO, is unsaturated. As
described above, the dissolution of the cubic ZrO, and
precipitation of the tetragonal ZrO, are repeated, and it seems
that the melt is left behind among the precipitated tetragonal
ZrO, grains. The tetragonal ZrO, transitions to the monoclinic
ZrO, upon cooling.

4. Summary

Oxide refractories may have large differences in the
properties even with the same chemical composition. The reason
for this is mainly due to differences in the microstructure.

The desirable microstructure of the brick is that high
temperature oxide grains are tightly bound and the “low melt
composition and pores” are surrounded by the high temperature
oxide. Then the adverse effects of the brick can be avoided due
to the low melting composition and pores. On the other hand, if
the low melting compounds are present instead of direct bonding
among the high-temperature oxide grains, the corrosion
resistance and hot strength of the brick deteriorate. Of course, it
is desirable to strengthen the bond among the high-temperature
oxide grains. One effective way to do so is to sinter the brick by
the dissolution-precipitation reaction. Three examples of
sintering by this reaction mechanism are described in this paper

Basically, the dissolution-precipitation reaction is a reaction
in which the high temperature oxide is brought into a metastable
phase state at a predetermined temperature and dissolved in the
melt, and at the same time, precipitates as a stable phase state
from the melt. By this reaction, the adjacent high-temperature
oxide grains are directly bonded and the properties of the brick
are improved.

One way to improve and develop oxide brick in the future is
to pursue starting materials and temperature control that cause

such phenomena.
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1. Introduction

The porosity of refractories used in furnaces where the
operating temperatures fluctuate, is generally 8~20%, for the
normal range of furnace operations. Comparing the porosity of
dense ceramics, such as engineering ceramics, the situation with
porosity in refractories is largely different. The pores in a
refractory can be important, beneficial constituents, because the
pores present contribute to increasing the service life, by
preventing fracture by thermal spalling for the long term, even
under severe conditions. Furthermore, volume stability is
required for refractories as a basic consideration, namely, it is
necessary to maintain moderate porosity for preventing
shrinkage. From the above-mentioned considerations, the grain
size constitution technique where the shrinkage is prevented by
making aggregate particles sized from several millimeters to
several tens of millimeters in diameter interfere each other, has
been investigated, and even now, this grain size constitution
technique is used as the base of structure design. A certain
number of pores are inevitably contained in refractories because
the structure is formed by combining aggregates and fine
powders.

Although pores are one of the important components, which
are inevitably introduced in refractories, it is necessary to reduce
the pores as much as possible, for the purpose of improving the
erosion and abrasion resistance. Generally, the following
methods are adopted for reducing the porosity in refractories.

(1) To use dense aggregates as raw materials.

(2) To select binders with a high residual content.

(3) To adjust the particle size grading to be a distribution

suitable for closest packing.

(4) To make the packing dense by optimizing shaping

conditions.

(5) To devise that permanent expansion won't occur during

heating or sintering.

(6) To fill up pores with tar or other organics.

(7) To reduce pores by utilizing the expansion reaction of an

additive (s).

Improved methods of applying the above-mentioned methods
are being investigated now, but among them, the seventh item,
using the chemical reaction at elevated temperatures seems to
have good potential to further development in the future.

The pore-filling effect of ALSIC,' ™", being an example of a
synthesized raw material, will be introduced in this paper as a

pore reduction technology, corresponding to item 7, because this
effect depends on the volume expansion that occurs with
equation (1).

ALSIC,(s) + 6CO(g) = 2A1,04(s) + SiC(s) + 9C(s) n

The calculated amount of volume change, when the reaction
proceeds, is +116%, as the theoretical value (in the case that
the specific gravity is 1.6). The authors attempted to reduce the
porosity by using this phenomenon. Hereafter, the reaction

12-14)

mechanism of Al,SiC,'” and cases of its use are introduced.

2. Reaction Mechanism of Al,SiC,

Samples composed of AlSiC, and graphite were prepared to
clarify the reaction mechanism of AlSiC, in a refractory
containing carbon, at elevated temperatures, and the reaction and
the change of structure during heating were investigated'".

2.1 Experimental Procedure

Al,SiC, powder was prepared by the following procedure:

Aluminum powder (99%, - 63 um), silicon powder (98%, -
45 um) and carbon black (60 nm) were mixed in the theoretical
ratio, the mixture was homogenized with a dry ball mill. The
homogenized mixture was put in a crucible and was fired in
argon gas at 1700T for 3 hours, to make aggregates of Al,SiC,,
which was pulverized to a powder with a dry ball mill, yielding
powder with grain size smaller than 20 um (AlSiC, powder
sample). Also, the homogenized mixture was sintered with the
spark plasma sintering method (SPS method) to a dense Al,SiC,
body, which was pulverized to dense Al,SiC, grains with the size
of 45~300 um (AlSiC, grain sample). Flake graphite (99%, -
150 pm) was mixed with the AlSiC, powder or the ALSIC,
grain (mixing ratio in mass =3 : 7), with phenol resin added as a
binder, and each sample was thoroughly blended, and then green
bodies were formed with a pressing machine under 98 MPa. The
green bodies were heated at 200T for 6 hours to make Al,SiC,
powder - C or ALSiC, grain - C test pieces.

Considering the atmosphere in the actual furnace for carbon
containing-refractories, both the Al,SiC, powder - C and AlSiC,
grain - C test pieces were fired in graphite powder. The heating
rate was 10C /minute, and the prescribed heating temperatures
were held for 3 hours; then the test pieces were naturally cooled.
Fired test pieces were cut and polished, and the reaction
condition near the ALSIC, grains was inspected with SEM and

Corresponding Author: Yasuhiro HOSHIYAMA, hoshiyama@occ.optic.or.jp
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EPMA.

2.2 Results and Discussion

Figure 1 shows the change in the crystal phases of the
Al,SiC, powder - C test piece. Data concerning graphite were
neglected, to pay attention to the reaction situation of the AlLSiC,
powder. The formation of a-AlLO; and SiC started from 1000,
and the amount formed increased with increasing temperature,
while the Al,SiC, decreased rapidly, and almost disappeared at
1500T. A slight amount of AION(A1,0:N;) was observed, but
ALC, was not recognized. It is clear from these results that
Al,SiC, placed in graphite reacts with C to form a-ALQO; and
SiC, therefore, it was confirmed that equation (1) is valid.

Figure 2 shows the microstructure analysis results for the
AlSIC, grain-C test piece after the reduction firing. The inside
of the ALSIC, grains was hardly changed, namely, they were as
dense as before, but there is a reaction layer of 10~20 pum
thickness on the surface of the grains; therefore, it was clarified
that the reaction proceeds from the ALSiC, grain surface to the
inside. Concerning the distribution of elements, it was observed
that the amount of Al in the reaction layer was less than that in
the A1, SiC, grain, and Si was condensed in the reaction layer;
also, it seems that C distributes more in the reaction layer than in
the Al,SiC, grains. Increasing the view of the reaction layer to
show the distribution of each element more clearly, the element
distribution was measured by line analysis, as shown in Fig. 3.
The content of Al in the reaction layer was less than that in the

100
Xx
< I
8. 80 -
[a]
% -
S 60t .
> I -~ Al,SiC,
% 40 F -O- Al,0,4
€ : —&~ SiC
2 20 -0~ AION
©
Z 0

600 800 1000 1200 1400 1600

Temperature /°C

Fig.1 Mineral phase change of an Al,SiC,-C sample after
heating at various temperatures.

Fig.2 EPMA images of an Al,SiC,-C sample after heating
at 1500°C.

184

Al,SiC, grains, and there was more Si and C in the reaction layer
than in the AlL,SiC, grains, therefore, it is supposed that SiCwas
formed. Also, it was observed that there is an area where Al and
O coexist on the surface of the reaction layer; at the same time, it
was clearly observed that there was a place where Al and O
coexist between graphite and graphite in the line analysis
(Arrows in Fig. 3).

These facts describe the fact that Al components are moved
to the surface of the reaction layer to make AL, O, form, while the
reactions proceed. Also, Al components move into gaps in the
graphite grains, apart from the reaction layer to form Al,O,.

The Al movement phenomenon can be explained from the
relationship between the stable phase, obtained from the data of
thermodynamics and the equilibrium vapor pressure, and the
reaction model shown in Fig. 4 has been proposed'".

This model describes the reduction mechanism of pores by
Al,SiC, as follows:

It is considered that Al components on the surface of Al,SiC,
are vaporized as Al (g) and ALLO (g) to diffuse [eq. (2) & (3)],
these gases react with CO gas in the voids of the surrounding

AI4Si(;‘:,, grain

Reaction layer Flake graphite

e,

Fig.3 EPMA line analysis of an AlSiC,-C sample after
heating at 1500°C.

Graphite C,?(g)

N ST

¢

Fig. 4 Reaction model of an Al,SiC, grain in carbon.
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structure to form AlLO, and C [eq. (4) & (5)], which coagulate
there, causing the pore volume to be reduced. By the way, when
reaction equations (2) and (4) are rearranged, the total reaction
equation becomes the same as equation (1); also, equations (3)
and (5) are also the same. SiC and C are observed as the reaction
layer, because they are left behind after Al was vaporized.

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

It can be considered that Al (g) vaporized from AlSiC, (s)
forms Al,O, (s) + C, which acts to effectively fill up voids of the
surrounding structure, so this reaction provides an excellent
pore-filling/sealing ability.

3. Application in Carbon-Containing Refractories

3.1 Use as an Additive

The effect of adding AlSiC, on the porosity reduction of
magnesia-carbon refractories (hereafter called MgO-C
refractories) and alumina-carbon refractories (hereafter called
Al,05-C refractories), being typical of carbon-containing
refractories, was investigated'® ?,
3.1.1 Experimental Procedure

The effect of adding AlSiC, in MgO-C and Al,0,-C
refractories was investigated, while comparing with the effect of
metallic Al and SiC, which have already been used in MgO-C
and Al,05-C refractories.

Table 1 Composition of MgO-C test samples
(mass%)

No. 1 2 3
-1 mm 80 80 80

Fused magnesia

Flake graphite -150 um 20 20 20
Al -75 um ex.3

Al,SiC, -20 um ex.3
Phenol resin ex.4 ex.4 ex.4
Hexamethylenetetramine ex.0.4 | ex.0.4 | ex.04

Table 2 Composition of Al,O,-C test 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

Sic 45 pum 5

. 0.8-0.3 mm 5
Al,SiC, -20 um 5
Phenol resin ex.4 ex.4 ex.4
Hexamethylenetetramine ex.04 | ex.04 | ex.04

718

Powder and grains of AISIiC, , prepared by the same
procedure as mentioned in section 2.1, were used. Table 1 shows
the composition of three MgO-C test samples, and Table 2
shows the composition of three ALO;-C test samples. The
ingredients for each sample were mixed with water and blended,
the mixture was shaped by pressing under 127 MPa to green
bodies, which were heated at 200C for 6 hours, to make test
samples. The test samples were heated/fired at S temperatures
for 3 hours each, in carbon powder, then the physical properties
were measured.

3.1.2  Results and Discussion

Figures 5 and 6 show the mass change of the MgO-C and
Al,0;-C samples, for each heating/firing temperature,
respectively. The reference mass change was for the sample
heated at 200C. The decrease in mass when heated at 800C
was caused by the thermal decomposition of the phenol resin
binder. The change in mass when the samples were heated at >
800C reflected the reaction of additives. In every sample to
which metallic Al (in MgO-C samples) or SiC (in Al,O,-C
samples) were added, the mass increased only in a narrow
temperature range and then did not increase at higher
temperatures. On the other hand, the reaction of the ALSiIC,
sample started at <1000C and continued to 1500 ; therefore,
it was clarified that A1,SiC, caused a larger increase in mass.

0
Al,SIC,
S
s 1T
(@]
c
©
L
[&]
g 2 |
=
No additive
_3 1 1 1
0 500 1000 1500
Temperature /°C

Fig. 5 Mass change of MgO-C samples after heating for 3 h
after heating at various temperatures.

1

Mass change /%

No additive
-3 PR YT ST VNN T S ST SR S | PR AR S W

0 500 1000 1500
Temperature /°C

Fig.6 Mass change of Al,0,-C samples after heating for

3 h at various temperatures.
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Figures 7 and 8 show the apparent porosity of each MgO-C
and Al,0,-C sample, for each heating/firing temperature,
respectively. The increase in apparent porosity at 800T was
caused by the thermal decomposition of the phenol resin binder.
The porosity of every sample, to which ALSIC, was added,
decreased linearly as the heating temperature increased above
800C. On the other hand, the porosity of the samples, to which
metallic Al (in MgO-C samples) or SiC (in Al,O;-C samples)
was added, decreased only in a limited temperature range and
there was little or no porosity reduction effect. From these data,
it can be understood that Al,SiC, caused a decrease in the
porosity of the refractory structure, and compared to metallic Al
and SiC, its effect lasted up to a high temperature range. It is
expected that the addition of Al,SiC, will improve the resistance
to erosion, abrasion and oxidation, because those resistances
become better as the porosity is smaller. Figure 9 shows the
average pore diameter of Al,O,-C samples heated in the reducing
condition. The average pore diameter of the Al,0,-C sample
containing AlSiC, decreased remarkably in the range from
1200C to 1500C; namely, this clarified that there was a large
effect of AlSiC, in decreasing the pore diameter. It is inferred
that the porosity was decreased by the pore-filling action, caused
by the evaporation-coagulation reaction mentioned in section 2;
at the same time, the size of the gas diffusion path, in other
words, the size of gaps was decreased. It is expected that the
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Fig.7 Apparent porosity of MgO-C samples after heating
for 3 h at various temperatures.
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Fig. 8 Apparent porosity of Al,0,-C samples after heating
for 3 h at various temperatures.
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addition of ALSIC, will be effective for improving specific
properties, because it is assumed that the resistance against
oxidation will become better when the pore diameter is smaller.

3.2 Application as a Primary (Main) Raw Material

The author considered that the pore-filling ability of ALSIC,
should be more actively used, so the manufacturing procedure of
making a dense structure, in which the pores are reduced at high
temperature, by adding a large amount of ALSiC, powder, as a
primary raw material in an AlLO;-C refractory™, was
investigated.
3.2.1

The Al1,SiC, powder used in this investigation was prepared

Experimental Procedure

by the same procedure as mentioned in Section 2.1. Table 3
shows the raw material compositions of two test samples; No. 1
is an Al,O5-C reference sample, and No. 2 is an Al,O;-ALSiC,-C
test sample. Each mixture of raw materials was mixed with
water, blended, and formed to green bodies, with a pressing
machine, under 150 MPa; then the green bodies were heated at
200C for 10 hours, to make test samples. Test samples were
heated in carbon powder (reducing heating) at the prescribed
temperature for the sclected time, then various properties were
measured.
3.2.2  Result and Discussion

Figure 10 shows the relationship between the change in
mass change ratio and the heating temperature. The mass change
ratio of the No.2 test sample, containing ALSiC,, increased
markedly above 1200C. Figure 11 shows the relationship
between the change in bulk density and the heating temperature.
The bulk density of the test sample No. 2 increased just like the
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Fig.9 Pore diameter of Al,0,-C samples after heating for
3 h at various temperatures.

Table 3 Composition of Al,0,-C and Al,O0;-

Al,SiC,-C test samples (mass%)
No. 1 2
. -1 mm 60 80
Fused al
used alumina 75 um o5
Flake graphite -150 pm 15 15
AlSiC, -20 um 25
Phenol resin ex.4 ex.4
Hexamethylenetetramine ex.0.4 | ex.04
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mass change ratio. Figure 12 shows the change in the apparent
porosity for test sample No. 2, after heating for 2 and 20 hours at
each heating temperature. The apparent porosity of test sample
No. 2, heated for 2 hours, was significantly reduced above
1200, and reached 9.7% at 1500T. This value is less than
half of the value at 800C. The porosity of the test sample No. 2
heated for 20 hours, being the time assumed for actual operation,
was only 3.7% at 15007 . This value is about 1/5 of the porosity
at 800C. It can be considered that the cause of the increase in
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Fig. 10 Mass change of samples after heating for 2h at
various temperatures.
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Fig. 11 Bulk density of samples after heating for 2h at
various temperatures.
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Fig. 12 Apparent porosity of Al,0,-AlSiC,-C sample after
heating at various temperatures.
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the mass and density, also, the large decrease in the porosity is
the filling of pores with reaction products that were generated by
equation (1). Figure 13 shows the permanent linear change
(PLC) of test sample No. 2, heated for 20 hours at the various
temperatures. The PLC is almost zero despite the series of
reactions being advanced at every heating temperature. This fact
means that all of volume expansion caused by equation (1) was
consumed by the filling of gaps. As mentioned in Section 2, it
can be understood that Al,SiC, efficiently causes the porosity to
reduce by making pores fill with reaction products generated
through a vaporization reaction of AL,SiC,.

Figure 14 shows microstructures of test samples No. 1 and
No. 2, heated at 1500C for 20 hours, which were obtained by
optical microscope. In the ALO,;-C test sample (No. 1), many
voids were observed among the graphite particles (see Fig. 14a),
however, in the ALO-ALSIC,- C test sample (No. 2), it was
observed that the reaction products, composed of fine particles,
with a diameter of less than a few micrometers, filled voids in
the structure. These closely-packed, fine particle groups
narrowed the voids in the structure, with the diameter Being
several micrometers or less. The condition when voids in the
structure are efficiently filled by the above-mentioned void
-illing mechanism, results in the observation and determination

that the porosity has decreased.
4. Conclusions

The author introduced the case where the porosity of a
carbon-containing refractory was reduced, by using Al,SiC, , and
utilizing a high-temperature reaction. The main points are as
follows.

(1) The reaction of Al,SiC, with CO gas over 1200 brings
pore-filling ability, and makes (a) the number of pores
decrease, and (b) the pore diameter smaller.

(2) Concerning the reaction mechanism, it can be considered
that Al(g) and Al,O(g) evaporated from Al SiC, diffuses
into voids in the surrounding area, and reacts with CO
gas in the voids to form Al,O; and C, which deposit in the
voids, and fill them. So ALSiC, has demonstrated
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Fig.13 Linear change of Al,0,-AlSiC,-C sample after
heating for 20 h at various temperatures.
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b) AL,O5-Al,SIC,-C s

Reaction product

AlSiC,

Fig. 14 Microscopic structure of samples after heating at
1500°C for 20 h.

effective pore-filling ability, by a kind of evaporation-
coagulation reaction.

(3) It can be considered that Al,SiC, can be used as an
additive, and as a primary/main raw material. The latter
case, was shown by the test sample with 20% porosity,
which had only 4% porosity after heating at 1500T for
20 hours.

The technique(s) described in this paper illustrate that

188

residual pores can be dramatically reduced after manufacturing,
by the selection of raw materials, the raw material constitution,
the shaping, the firing, and the impregnation treatment caused by
the internal reaction. It can be said to be a unique technology
that has never existed. The author would like to expect that there

will be future development of this application.
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