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'Role of Alumina in the SIC-Y=0s-Al=0s Sintering System
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Abstract
Aluminum oxide and an Al element are responsible for the sintering in the
81C-Y=05-Al=0= system. The mixed powders of S -SIC, Y=0s and Al=0s are sinterec
at various temperatures: at 1925°C for 30 to 40 wt% of SiC, at 1950°C for 45 t«
55 wt%, at 2050°C for 60 wt% and at 2150°C for 87.6 wt%. The sintering mechanist
can be divided into four groups based on these sintering temperatures.

Introduction

Silicon carbide is stable up to 2200°C, and offers advantageous propertie:
such as considerable strength and good oxidation resistance at higl
temperatures. That makes silicon carbide a candidate for structural material:
used at elevated temperatures, together with SiaNa. Pressureless sintered Sit
can be formed by the addition of a sintering aid. Several sintering aid system
have been reported: B-C system [1], Al-C system [2,3], Y=0=-Al=0= system [4-7]
Al-B-C system [8], Al=0a-Al4Ca system [9] and Al=0= system [10].

Various amounts of SIC can be sintered with yttria and alumina. There ar:
three compounds in the yttria—alumina system. The YaAl=0s compound shows :
martensitic transformation [11]. Since the high degree of toughness of ZrO:
ceramics is based on this transformation, toughened ceramics may be prepare
from that compound. Oxide products of the sintered specimen vary dependmg o1
the amount of SiC [11]. The sintering mechanism must be changed by the product.

This paper presents the role of alumina in the sintermg of SiC in the
8iC- YzOB‘Al;zOs system.

Experimental procedure

The preparation of a sintered compact (SiC-88) of 87.6 wt% SiC, 8.1 wt% Y=0:
and 4.3 wt% Al=0s has been reported [4]. Yttria (Nippon Yttrium Co. Ltd., 99.9%
was dissolved in HCl solution. When ammonia solution: was added, Y(0H)= wa
precipitated: This hydroxide was dissolved in HCl solution, and Y-compound wa
obtained. Aluminum isopropoxide (Wako Chemicals Ind. Co., reagent grade) wa
dissolved in benzene. HCl solution was added to the benzene solution unti
white precipitate was not observed. This water solution contained Al-compound
B8 -SiC (Ibiden Co., 0.3 pm) was added to the water solution of Y- am
Al-compounds. After evaporation of “water, the mixture of the powder an
compounds was molded. The molded powder Was fired: 1400 to 2050°C at 8.7°C/umin
and 2050 to 2150°C at 1.7°C/min.

The specimens of SiC from 30 to 60 wt%, 8iC-30, SiC-40, SiC-45, SiC-50, S8i C-5
and SiC-80, were prepared using powders of 8 -SiC, Y=0= and Al=0s (Asahi Chemica
Ind., 99.99%). The mixing ratio of Y=0s and Al=0= was 2 mole to 1 mole. The thre
powders were wet milled with nylon-coated steel balls in a polyethylen
container for 24 h. The mixed and dried powder was added to a water solution o
5 wt% of polyethylene glycol. After removing the water, specimens for sinterin
‘were obtained in the form of a plate-like shape by cold-pressing at 35 MP.
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followed by cold-isostatic-pressing at 200 MPa. As a standard practice, heatl
to 500°C at 2°C/min and firing at 500°C for 2 h In air were incorporated in eve
sintering run to facilitate removal of polyethylene glycol Sintering »
performed in an induction furnace from 1925 to 2050°C at 1007C/min.

The polished surface of a specimen was observed by an optical microsco
(Olynpus, BH-3). The microstructure of the polished surface was examined
scanning electron microscopy (Hitachi, $-570) with an energy-dispersive X-r
analyser. The crystal structure was determined by an X-ray diffractomet
{Rigaku, RAD-B). The thin foil specimens were characterized by transmissi
electron microscopy (JEOL, 2000EX) and examined by an electron mic:roscc
eqmpped with an energy-dispersive X-ray analyzer {JEOL, 2000FX).

, Results ‘
The sintermg temperature, holding time and oxide products of smtered
specimens are shown in Table 1. The sintering temperature varied depending on

Table 1. Sintered specimens

Name | SIC  Ya0a Alz0s  Sintering . Oxide product
| (wt%)  (wt%) (wt%) Temp.(°C) Time(mm) -
sic-30 | s0  57.1 12.9 1925 1 YaAlz05
SiC-40 | 40 48,9 111 1925 1 Y.4A1=05 _
51C-45 | 45 449 10.1 - 135,0 5 YaAle09,Ya0s5,A120s
SiC-50 1 50  40.8 9.2 1950 5 YaAlz0s,Y205,A1205
SiC-55 | 55 , 36.7 - 8.3 1950 . 5 Y4A1209,Y203,A1203 ’
SiC-60 | 60 32.6 7.4 2050 1 Y4Al209,Y20a :
Sic-88 | 87.6 8.1 43 2150 0 Y4Alz00%,YaAlsOrz%
*Product between 1800 and 1900°C. ‘ '
B : AHSIC 4ﬁsm;
(d) : :
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Fig. 1. X-ray diffraction pattern: (a) Sic-40, (b) 510450, (c) Si:C*BO and
SiC-88.
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> amount of SlC The oxide of SiC-88 was not products contained in the final
:)duct but in the product fired at 1800-1900°C. The specimens were divided
0 four - -groups accordmg,to the sintering temperature, namely, $iC-30 and
1-40, from SiC-45 to SiC-55, $iC-60, and SiC-88.
figure 1 shows the X-ray diffraction pattern of SiC-40, SiC-50, SiC-80 and
>-88. The pattern of SiC-30 is similar to that of SiC-40. The presence of
Al20s and B -SiC was clear in SiC-30 -and SIiC-40, but there were not Yz20s and
20a. The X-ray pattern from SiC-45 to 8iC-55 was almost same. The pattern of
>-88 indicates the disappearance of B -SiC and the formation of 4H- SiC, Al and
oxide compounds existed, but have not been identified in SiC-88. The product
‘ed between 1800 and 1900°C contained the oxide products of YaAlz0s and
AlsOax= [5]. These two compounds are decomposed above 1900°C {5].
The SEM image of SiC-30, SiC-40, SiC-45, SiC-50, SiC-55 and SiC-80 are shown in
. 2. The SIC particle sizes of SiC-30 and SiC-40 were nearly same as that of
e starting SIC. The SiC particles were not dispersed uniformly. The crystal of

‘g. 2. SEM image: (a) SiC30, (b) SiC-40, (c) SiC-45, (d) siC-50, (e) SiC-55 and
(f) sic-60.



SiC grew in SiC-45 to SiC-60. Firing
at 1950°C from SiC-45 to SiC-60;
which were prepared by the same
method as that used with SiC-30 and
51C-40, produced a uniform
dispersion of SiC crystals.

Figure 3 shows the optical'

micrograph of S$iC-88. White oxide

particles were dispersed in the SiC

matrix, Black particles, identified
by the following elemental analysis,
were an Al metal. The SEM image and

elemental analyses of S8iC-88 are.
shown in Figs. 4 and 3. The

particles having 81 and C elements

referred to the SIC matrix that did-

not contain the Al and Y elements.
The Al element was detected from the
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Fig 3. Optmal mmrograph of. SxC -88.

particle with the largest amount of the Si element ‘but the C and Y were nc
This particle must be a Si semiconductor. The black: particle shown in Figs. 4 a

5 contamed much Al and a small amount of si;, but chd not contain the i

v element

(a)

(c)

Fig. 4. SEM image and elemental analysis of SiC-88: (a)fiﬂSEM image, (b) ’C,V (¢) Al
and (d) Si. .
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(a) ' (b) (¢)

F‘lg 5. SEM image and elemental analysis of SiC- 88 {a) SEM image, (b) Al and
(c) Y.

{a) , (b) (¢)
Fig. 6. SEM image and elemental analysis of a partlcle in SiC-88: (a) Al, (b) Y an
(c) AL

This evidence identified the black particle as being an Al metal with Si. The
white oxide particle suggested that the Si element was one of the constituen:
elements. The C element was not detected in the oxide. The oxide particles wer«
divided into two groups, one with the Al element and the other without it
Figure 6 shows the SEM image of an area of a particle where the amount of Al wa:
different. The edge of the particle, consisting of a large amount of the yttriw
element, came in contact with the black Al metal adjacent to the SiC matrix. I
this oxide particle, an Al-0O compound was eliminated from an Y-Al-0 compoum
and reacted with SiC. Both ' compounds could not be . crystallographlcall
identified by X-ray diffraction pattern.

, Discussion

SiC-30 and SiC- 40 fired at the same temperature and with the same SU
dlsperslon, can be sintered in the same manner. The oxide part of the tw
specimens is composed of YaAlz0s. The YsAlz0s compound prepared form Alz0
and Y=0z is responsible for sintering of specimens. A mixture of 2Y20x and Al=0
was fired at 1920°C to form an YsAlz=0s polycrystal with the particle size o
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several hundred um [12]. So the - Y4Alz0e oxide of S8iC-30 and SiC-40 'is
exclusively sintered, and then excludes the SiC particle, as shown in Fig. 2. The
excluded particle does not take part in sintering and does not grow larger than
the starting size. Silica on the 8IC surface can react with YaAlz0s. The
addition of several percent of silica lowers the melting temperature of YaAlz0s
near 1925°C [18]. It is possible that silica on g -SiC may reduce the melting
temperature of the oxide part in SiC-30 and SiC-40 near 1925°C. The Si element:
was not detected in the oxide part by EDAX. The sintering temperature of
Y4Alz0s with 3 wt% S10- was ca. 1700°C where the liquid phase didn't appear [12].
This evidence indicates that the melt of Y4A1209 with Si()a is not relate to
sintering of SiC. ‘

The sintering temperature and the crystal size of SiC were the same from‘
SiC-45 to SiC-55, indicating that three specimens are praduced by the same
sintering mechanism. There is Insufficlent oxide for obtaining the dense
specimen., After the YaAl=0s polycrystal becomes dense in the middle stage of
the sintering process, the Y.Al=0s compound Is partially decomposed to form
Alz0s and Y=0s. Yttria doesn't cause sintering of SiC [4]. Since alumina is
effective on sintering of SiC above 1900°C [10], the SIC powder is sintered at
the final stage by alumina. So the SIC crystal becomes as large as 5 um in
diameter. The final sintering is not assoclated with the liquid phase of oxide, as
shown by the fact that the S1 element was not detected by EDAX. ~ :

The crystal size and constitution of 81C-60 were not different from those of
8iC-45, SiC-50 and SiC-55. The higher sintering temperature of SiC-60 is
explained by the decrease of the oxide content. Above 2000°C, SIC and Al=0a
react to form Al and Si [5,14]. The Al element in SiC-60 was not detected by the
measurement of transmission electron microscopy and EDAX. The sintering.
process of SiC-60 was not affected by an Al Hquid The melt of Y4A120q brought
about the final densification. ~

The sintering of SiC-88 can be completed after the formation of Al and st [5].
The original B -SiC crystal is transformed into 4H-SiC by the Al element [15].
The solubility limit of Al In SiC Is 1 wt% at 2200°C [18]. An Al content of SiC-88
of more than than 1 wt% is necessary for the formation of the Al metal. The
oxide additive considerably promotes the shrinkage of SiC-88 at 2000°C [4,5].
The sintering at the final stage is made possibly by the Al metal or SiC doped
with Al. The density of the specimen, prepared from the SiC powder doped with 1
wt% of Al, is ca. 94% [2]. An Al liqguid, rather than' SiC doped with Al, brings ;
about the dense specimen of SiC-88. The liquid of Al:0:-$i0= and AlOCs in the
SiC-Alz0z system effects on the final densification near 2000°C [14]. Even if the
unidentified oxide of SiC-88 has these compounds, their concentration might be
too low to affect the densification S

, Summary ‘ ‘ ,

The Al element and Al-compounds are responsible for the densification of
B -8iC, Y=z0= and Al=0= powders. The sintering mechamsm can be classified into
four groups based on the firing temperatures, ‘
1. The densification of S$iC-30 and 8iC-40, which prepared from the 8 -8iC (30 .
and 40 wt%) and oxide (70 and 80 wt% of YaAl: On) powders, is: achieved at 1925"(3
exclusively by the sintering of YaAlz0s. ' ' o ‘ :
2. As the ratio of oxide (Y4Alz0s) 1s changed from 45 to 55 wt%, the sintering
temperature rises to 1950°C. After the densification of Y4A1209 at the middle

stage, the SiC powder is sintered by alumina at the final stage to form the
dense specimen.
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3. The liquid phase of Y.Alz0s participates at the final stage the sintering of
SiC-60 which is synthesized from 60 wt% of B -SiC and 40 wt% of Y.Al:0s at
2050°C.

4. The mixture of 87.6 wt% B -SiC, 8.1 wt% Y=0s and 4.3 wt% Alz0z is finally
sintered at 2150°C by the Al liquid.
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