


Journal of the Ceramic Society of Japan 113 [2] 188-190 (2005)

MUt 7 Iy 7 ARAMRERE %R - ik RRESE (05-07)

Technical communication

Sintering and Mechanical Properties of AlZrC,

U. LEELA-ADISORN, S.-M. CHOI, Nobuyuki TERA, Takeshi TAKEUCHI, Shinobu HASHIMOTO,
Sawao HONDA, Hideo AWAJI, Kazuyuki HAYAKAWA* and Akira YAMAGUCHI**

Nagoya Institute of Technology, Gokiso-cho, Showa-ku, Nagoya-shi
*Japan Fine Ceramics Center, Mutsuno, Atsuta-ku, Nagoya-shi
**Okayama Ceramics Center, Nishi-Katakami, Bizen-shi

466-8555
456-8587
705-0021

AlZrC, DS & Bemr R4

75477

V=774 & BIR-F G517 7R £ FX

.
2.

Bll—=* - JUOBR**
LB TEKY, 466-8555 i BiFIEFIX AT
)T A VS Iy T AV 2 —, 456-8587 LEEHBAERXAE
MRILtY S 3y 7 A 42—, 705-0021 f#Ri#ER £

AlZrC, powder prepared by solid-state reaction was sintered using a pulse electric current sintering technique in a
temperature range from 1700 to 2000°C under the pressure of 40 MPa in vacuum for 5 min. The density and
mechanical properties of the sintered AIZrC, monolith were estimated. As heating temperature increased, the
density of the AlIZrC, monolith increased and the mechanical properties were improved. The bulk density of the
AlZrC, monolith sintered at 2000°C was 5.12 g/cm?. The maximum values of the fracture strength and Vickers’

hardness were 380 MPa and 11.1 GPa, respectively.
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Introduction

In recent years, ternary compounds of complex carbide in
Al-Ti-C system have attracted our interest because of their
desirable mechanical properties,”® i.e. their machinability
and high strength. However, research on the complex carbides
of the transition elements Zr of group IV is very rare. In previ-
ous work,” we sintered dense Zr,Al;Cs using a pulse electric
current sintering (PECS) technique, and characterized the
physical and mechanical properties of the Zr,Al;Cs monolith.
AlZrC,, another phase of the Al-Zr-C system was crystal-
lographically determined by Mikhalenko in 1979.9+% Hashi-
moto et al.'? have prepared a composite material composed of
aluminum and AlZrC,, where AlZrC, powder was obtained by
treatment of the composites with HCl. However, the proper-
ties of AlZrC, have not been studied so far.

In the present work, an AlZrC, powder compact was sin-
tered by means of a PECS technique. This technique enables
sintering of ceramic powders in a short time with rapid cool-
ing. The technique can also sinter materials with poor sinter-
ability. The mechanical properties of the sintered AlZrC,
monolith prepared by the PECS technique are examined and
discussed herein.

Experimental procedure

The starting material, AlZrC,, was prepared from solid-
state reaction using a technique described elsewhere,'” in
which powders of Al, ZrC, and amorphous carbon from sugar
were mixed at molar ratios of 21 : 14 : 15. The mixture was
preformed as pellets and CIPed at 100 MPa. The pellets were
then heated at 1600°C for 1 h in vacuum and ground into a
fine powder. The obtained AlZrC, powder was heated using
the PECS technique at a temperature range from 1700 to
2000°C under 40 MPa in vacuum for 5 min. After sintering,

the phase of the sample was characterized by XRD. The
density of the AlZrC, monolith was measured by Archimedes’
method using kerosene as a medium. The sintered AlZrC,
monolith was then cut into 2x2x 10 mm? test samples for
estimating fracture strength and Vickers’ hardness. The frac-
ture strength was estimated using a three-point bending test
with 8 mm span length and 0.5 mm/min cross-head speed.
Vickers’ hardness was measured under the condition of 98.07
N for 15 s according to the new Japanese Industrial Standard
(JIS R1610: 2003) . The fracture surfaces of each sample after
bending tests were observed by scanning electron microscopy
(SEM).

Results and discussion

The bulk density of the AlZrC, monolith increased with
increasing heating temperature, as shown in Table 1. The
calculated theoretical density shown in JCPDS® is 5.282 g/
cm’ and the measured density specified in JCPDS? is 5.000 g/
cm’. Table 1 indicates that the bulk density of the AlZrC,
monolith sintered at 2000°C is higher than that of Mik-
halenko’s result.

The XRD patterns of the samples before and after heating
are compared with the ideal XRD patterns of AlZrC, and
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Table 1. Density of AIZrC, after Sintering by PECS at Various
Temperatures under 40 MPa for 5 min
Sintered Temperatures Bulk Density (g/em?)
1700°C 3.60
1800°C 3.92
1900°C 4.50
2000°C 5.12
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Fig. 1. XRD patterns of sintered AlZrC, by PECS at various tem-
peratures under 40 MPa for S min, comparing with ideal XRD pat-
terns.
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Fig. 2. Displacement of samples during sintering by PECS at 2000°C
under 40 MPa for 5 min.

Zr,ALCs in Fig. 1. The 26 peaks at 33.277 and 39.418 for
Zr,Al;Cs (JCPDS No. 41-0814) found in the starting powder
after synthesis'” disappeared after sintering. From our previ-
ous work,'? we can infer two reasons for this Zr,ALCs loss;
sublimation during sintering in vacuum or distortion of this
phase under high pressure.

The displacement (Z-axis) of the AlZrC, compacts during
sintering by the PECS technique is shown in Fig. 2. The sinter-
ing initiation was at around 1280°C. During the soaking dura-
tion at 2000°C, the Z-axis curve plateaus out at 1 min.

The mechanical properties of the sintered Al1ZrC, monolith
at various temperatures are shown in Figs. 3 and 4. Both the
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Fig. 3. Fracture strength of AlZrC, body sintered at various temper-
atures.
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atures.

Vickers’ hardness of AlZrC, body sintered at various temper-

fracture strength and Vickers’ hardness of the AlZrC, mono-
lith showed the same tendency with heating temperature. At
2000°C, the AlZrC, monolith had maximum values of fracture
strength and Vickers’ hardness at 380 MPa and 11.1 GPa,
respectively. The fracture strength and Vickers’ hardness in-
creased rapidly from 1800 to 2000°C, because the bulk density
increased, as shown in Table 1.

SEM micrographs of the fracture surfaces are shown in
Fig. 5 for the sintered AlZrC, bodies at various temperatures.
It was found that the sinterability of AlZrC, is low despite
using the PECS technique. The samples sintered from 1700 to
1900°C showed porous structures. The sample sintered at
2000°C showed the densest structure with only a few small
pores, and each grain was not distinguished. As a result, this
sintering was thought to occur through a liquid phase reac-
tion. However, this liquid phase component during heating is
not yet to be clarified.
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Fig. 5. Fracture surface of AlZrC; after sintering by the PECS tech-
nique under 40 MPa for 5 min. (a) 1700°C, (b) 1800°C, (c) 1900°C,
and (d) 2000°C.

Conclusion

We fabricated a dense AlZrC, monolith using a pulse elec-
tric current sintering (PECS) technique. The second phase
(Zr,Al;Cs) was not found in the sintered AlZrC, prepared by
solid-state reaction. The density, fracture strength, and Vick-
ers’ hardness increased with increasing heating temperature.
The AlZrC, monolith obtained at 2000°C and 40 MPa in vacu-
um for 5 min exhibited a bulk density of 5.12 g/cm?, a frac-
ture strength of 380 MPa, and a Vickers’ hardness of 11.1
GPa.
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Abstract

Synthesis of leucite crystals below 1000 °C using natural kaolin as the primary raw material was investigated.
Spherical leucite crystals having a diameter of approximately 50 wm were prepared by heating a powder mixture of
Al,(SO,)3, kaolin and K,SO, (in mass ratios of 3:3:15) at 900 °C for 3 h. Quartz, the main accessory phase in
kaolin, and the amorphous metakaolin formed upon heating kaolin were found to be responsible for the decreased
synthesis temperature.
© 2005 Elsevier Ltd. All rights reserved.

Keywords: A. Ceramics; A. Oxides; B. Crystal growth; C. Electron microscopy; C. X-ray diffraction

1. Introduction

Leucite (KAISi,Og) has been used as an important crystal phase in dental porcelain/glass materials [1]
because of its tone, color appeal and excellent biocompatibility. Furthermore, due to its high melting
point (1693 °C) [2] and high thermal expansion coefficient (3.1 X 1073 K1, to 600 °C) [3], leucite has
potential application in preparing functional coatings on metal substrates or reinforcing metal-based
composites.

Leucite is generally synthesized by heating the mixture of raw materials at a temperature above its
melting point and then slowly cooling the mixture to room temperature [1,3]. Recently, spherical leucite
crystals with a controlled size of between several micrometers to approximately 100 pum have been

* Corresponding author. Tel.: +81 52 735 5291; fax: +81 52 735 5291.
E-mail address: hashimoto.shinobu@nitech.ac.jp (S. Hashimoto).

0025-5408/$ — see front matter © 2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.materresbull.2005.04.013
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synthesized at a much lower temperature (1000 °C) by the present authors [4,5] using reagent grade
Aly(SO4)3, SiO; and K,SO4 as starting raw materials. Because of their spherical morphology, the
synthesized leucite crystals could be well distributed in dental materials, allowing the materials (e.g.
artificial teeth) to be rendered with substantially enhanced mechanical strength. In addition, the
synthesized leucite crystals could be used as a raw material in the fabrication of bulk leucite ceramics
or as an additive to silica glass due to having a near reflection coefficient. However, the present study is
the first report of synthesis at a temperature below 1000 °C using cheaper natural materials, such as
kaolin.

2. Experimental

Reagent grade A1,(SO,);3-14-18H,0 and K,SO,, and 2-10 pm Chinese kaolin (Fujian, China), the
chemical composition of which is shown in Table 1, were used as starting materials. The XRD patterns
shown in Fig. 1 reveal that, apart from the primary crystal phase, i.e. kaolinite (Al,05-25i0,-2H,0), SiO,
(quartz) and muscovite are present in kaolin as accessory phases. The quartz content is estimated to be
approximately 6.7 wt% based on the chemical compositions shown in Table 1.

Aly(SO4); was prepared by heating Al,(SO,);-14-18H,0 for more than 12 h at 300 °C in air. The
heated Al,(SO,4); was then mixed with kaolin and K,SO, in mass ratios of 3:3:15 using a mortar in order
to obtain a melted phase for the crystal growth of leucite during heating. A mass of this powder mixture
(approximately 20 g) was heated in an alumina crucible (high: 75 mm, diameter: 55 mm) to 850—1100 °C
at the rate of 10 °C/min and was maintained at temperature for 0-3 h. After heating, the furnace was
allowed to cool naturally to room temperature. The reactant mass remaining at the bottom of the crucible
was soaked in 3% hydrochloric acid at 70-80 °C for 1-2 h to dissolve the remaining K;SO4—Al;(SO4);
system components. Subsequently, the remaining sample was rinsed with distilled water, dried well at
approximately 80 °C for 1h and sifted with an 88-pm sieve to obtain pure reaction products. The
resulting crystalline phases in the reaction products were examined by X-ray diffraction (XRD: Model
XD-D1, Shimazu Co., Ltd., Kyoto, Japan) and their microstructures were examined using a scanning
electron microscope (SEM: Model JEL 5200, Nihondensi Co., Ltd., Tokyo, Japan). In order to clarify the
formation mechanism of leucite crystals, crystalline phases in the reactant masses before the hydro-
chloric acid treatment were also examined by XRD.

Table 1

Chmemical composition of kaolin (mass%)

SiO, 49.35
AlLOs 36.03
Fe,0, 0.20
TiO, 0.02
CaO 0.02
MgO 0.31
K,O 2.29
Na,O 0.04
Ig. loss 11.94
Total 100.20
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Fig. 1. XRD pattern of the Chinese kaolin used.

3. Results and discussion
3.1. Effect of temperature and time on the formation of leucite crystals

Figs. 2 and 3 show XRD patterns and SEM micrographs of the samples after heating the powder
mixture at 850-1100 °C for 3 h and further treating with hydrochloric acid, respectively. At 850 °C, only
quartz (but no leucite) was identified by XRD, and the microstructure reveals an extensive formation of
grains of less than 10 wm in diameter. As the temperature increased to over 850 °C (900-1100 °C), the
quartz disappeared and only leucite remained. Nevertheless, depending on the temperature, the formed
leucite crystals showed different morphologies. At 900 °C, spherical leucite crystals having a diameter of
approximately 50 wm were observed. However, at 1000 °C, the leucite crystals began to lose their
spherical morphology. A further increase in temperature to 1100 °C led to the formation of leucite
crystals of two different diameters, approximately 50 pm and 10-20 pm. At 900 °C, the number of
leucite nuclei formed in the sample decreased. Therefore, a comparatively small number of leucite
crystals appeared to be responsible for the increase in the size of leucite crystals, which is thought to
cause the formation of large monocrystals. In contrast, upon increasing the temperature to 1100 °C, a
large number of leucite nuclei formed, so that each of the leucite crystals became smaller and showed a
tendency to form crystal agglomerations. Thus, these results indicated that when kaolin was used as the
primary raw material, spherical leucite crystals of homogeneous size could be synthesized by heating the

3h @ ---- KAISiO, A---- Si02
p (Leucite) (Quartz)
[ 4
» (.4 ® Pe

Intensity, I (a.u.)

850°C 4 Y
. 1 " 1 1 1 T i
10 20 30 40 50 60

Diffraction angle, 26 /° (CuKa)

Fig.2. XRD patterns of the samples after heating the mixture kaolin and K,SO4 (in mass ratios of 3:3:15) at 850-1100 °C for 3 h
and further treating with hot hydrochloric acid.
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Fig. 3. SEM micrographs of the samples for which the XRD patterns are shown in Fig. 2.

powder mixture at 900 °C, which is lower than that (1000°C) reported in previous studies using reagent
grade SiO, as a starting raw material [4,5].

Fig. 4 presents XRD patterns and SEM micrographs of the samples after heating the powder mixture at
900 °C for various time periods and further treating with hot hydrochloric acid. SiO, quartz and
muscovite (but no leucite) were detected by XRD in the sample that was heated at 900 °C for O h. That is,
the sample was heated to 900 °C but was not maintained at this temperature. No spherical grains were
seen in the corresponding microstructure. After 1 h at 900 °C, leucite was observed to form, but SiO,
quartz and muscovite were still present, and spherical grains were still not formed in the microstructure.
However, after heating at 900 °C for 2 h, quartz and muscovite had almost disappeared and only leucite
was identified by XRD, and the microstructure reveals the formation of spherical grains having a
diameter of approximately 30 pwm.

3.2. Formation mechanism of leucite crystals

The processes that occur upon firing natural kaolin have been well documented. Upon heating at
approximately 550 °C, kaolin loses structural water to form dehydrated amorphous metakaolin. In a >’ Al
and 2Si magic-angle spinning nuclear magnetic resonance (MAS-NMR) study of the kaolinite~mullite
transformation [6], Sanz et al. reported that the tetrahedral sheet of kaolinite begins to break down at



BUtEZ Iy 7 ARMIREME AR - RATRRREE (05-07)

S. Hashimoto et al./Materials Research Bulletin 40 (2005) 1577-1583 1581

. - === Leucity, A-- - Quartz

4+ === Muscovite

XN)°C

Intensity, [ (a.u.)

10 20 30 40 50 60

Diffraction angle, 26/ ° (CuKo)

Fig. 4. XRD patterns and SEM micrographs of the samples after heating the mixture of Al,(SO4)3, kaolin and K;SOy4 (in mass
ratios of 3:3:15) at 900 °C for 0-2 h and further treating with hot hydrochloric acid.

approximately 600 °C and continues to break down until reaching 900 °C. The formed metakaolin then
becomes very active. Madani et al. have also studied zeolite formation from alkali-leached kaolinite
using the MAS-NMR technique [7]. They found that the formed metakaolin further decomposes to form
v-AlL,O3 and amorphous SiO, by increasing the heating temperature to approximately 980 °C [6,8].
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Fig. 5. XRD patterns of the samples after heating the mixture kaolin and K,SO, (in mass ratios of 3:3:15) at 900 °C forOand 3 h
without acid treatment.

Based on these findings, the XRD peaks of SiO, (quartz) detected in the samples heated for 3 h at 850 °C
(Fig. 2) and for 0 h at 900 °C (Fig. 4) should be attributed to the original SiO, (quartz) present in the as-
received kaolin (Fig. 1). As revealed in a previous study [5], SiO, (either in crystalline or amorphous
form) in starting materials accelerates the nucleation of leucite crystals. Therefore, the SiO, quartz from
kaolin should play a similar role in the present experiment. Fig. 5 shows XRD patterns of samples of the
powder mixture that were heated to 900 °C and maintained for O or 3 h without acid treatment. K>SO,
and K3A1(SO,) were detected in both samples. Although the phase diagram of the K;SO4—Al>(SO4)3
system is not available, the low melting point of K3AI(SO4)3 (690 °C) [9] means that a K;SO4~Aly(SO4)3
liquid should form in the sample heated at 900 °C. As a result, the leucite crystals, upon forming via
nucleation and subsequent growth, would become spherical so as to decrease the high surface energy
(Figs. 3 and 4). The accelerated nucleation (due to the SiO, quartz) and crystallization (due to the reactive
amorphous metakaolin) in this process are believed to be responsible for the decrease in the synthesis
temperature from 1000 °C [4,5] to 900 °C (see Section 3.1).

4. Summary

Low-temperature synthesis of leucite crystals using natural kaolin was investigated. After a powder
mixture of Al,(SO4)s, kaolin and K,SOy, (in mass ratios of 3:3:15) was heated at 900 °C for 3 h, spherical
leucite crystals having a diameter of approximately 50 pm were obtained. SiO, (quartz), the accessary
phase in kaolin, and the amorphous metakaolin formed upon heating kaolin contributed to the decreased
synthesis temperature of leucite crystals.
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When asbestos (chrysotile: Mg;Si,05(OH),) was heated at 600°C for 3 h, dehydration reaction of it had been
almost finished, changing to an amorphous phase in crystallography. Then the remaining fiber became brittle,
because the structure of fiber could be easily ground till <1 um diameter in grain size using a mortar. When the
compact body made by pressing the ground asbestos fiber at 80 MPa was heated at 1300°C for 1 h, the relative
density of the compact reached 90%. Then the crystal phase of the compact was mainly forsterite (Mg,SiO,),
but a small amount of chrinoenstatite (MgSiQ;) was also detected.

[Received December 27, 2004; Accepted January 20, 2005]

Key-words : Asbestos, Chrysotile, Heat treatment, Amorphous phase, Mechanical grinding, Sinterability
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N, TETLEM S~1077 F VOEHIENH 5. RLiCl-» T,
KFHEM A =N =T ANA N % HEMN RIS 5 &5
EL, SBZOFERFIIKFECHITRLOEALNS. L)
LaEhs, TANA & GARBEEEMORIIRERL THTH
FACEL, 201057 520205E 100 CE DEREOV — 7 &1
2B EVDHNTWA, 7 AN N &HFEED A &4
BICIRE SN, MOV TEELRKTZEN FTrhh T
W5

T AN P EFEEREMOEEL, S5 cOFHFIMIC
B¢ 2B EIE2H TH Y, BES < ORMAEESL ANV
THROHENTV 5. BT 28R ETCNRTHLICLET
AR OTGHEZEEY, BRI & 57 AN A R ORINEES,
T I, B S ABEHIKY, 7L I 07 SRR B K
BIRY, 7w AR —FR ABEN )7 L Y ORI E
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Mz TMES 52 & T, FriciKanSmE 2N S 5 8EE L
Ik, TOHIFF L L TAHIN TV 505, WEREET R

T I KA T & S EI A UBE M &V bh Ty B b
Did7g\o.

AP T, EBIICEST7 ANZ | EBEICOVWTERL,
ZOHMOEFRIN LT bh HMHERIZRE" Y & BRI i 4
HI LT, ThrEETERUAE L. TANA | B EHf
ICMEL T, ZOWHIREMIIRLEE £ TRESINSY.
T ANA MR TR IEICEN IR TH B0, g
2L BRI SR D EEIKT 552, LAaLahb%E
NUMIE, 7 ANXA T OB & BMAYE 2L & B
VoI . ECT, T AN OB D HRE{E
& HEMRIME RIS 3 5 SO e, R ICREERZRE O & OB
YISOV THE L. AT, 7AXZ SO F T R
NS HEBIIE L LT, MR KD OB REERL, %
DREFEMEIC DOV THNI, T AN EKL, SR Tmed 5
YA RERHEL TR 7 VAT S A | (Mg, Si0,) L7z b7
DY, EEERHESOREE L TOFB LRI N S, £0K
HEIEL, T AXRA M EEUE AV FEABERMOEEL
[\ T, BALEE & BRI R P 0D [ IRFALER 5 5 %0 C b 5 RTREME
TaEL, MZTEORDFIRIEOMAECLH L VLR
FTLD B EEZLNS.

2. EBRFE

M AF2 T ANRA NI NFF - Xy THEZ VY A AT,
O ER 1S, EERETH#HME (SEM) Lk 2D
PR A BEE L b B B 1 ISR 9. IS RV0.2 um DA
BARIKICEE > TOLOMREESINS. TIVIF521F (B
X75 mm, PE60mm, ZFR150cm®) IC7 UV 2483 gx% A
N, FhaBERFIC AN THEL 7o, BRSO FIREEIT10°C/
min & L, 550°C#» 6 1000°C MR JE CHrERFR M L 7=, ik
#h, FORFELY, S0FFNTHERKA S /. L
MUC L BT ANZ F OMEL A ¥R X #E1HT (XRD) 74ric
IR

1
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Table 1. Chemical Composition of Chrysotile (mass%)
SiO2 40.40
MgO 40.52
Fe203 2.08
Al20Os 1.40
CaO 0.48
H20 1.88
SOs 0.10
Ig.loss 13.84
Total 100.70

Fig. 1. SEM micrographs of original asbestos used.

T ANA N OMPERIE, ROUEF MBI EOT AR A
FaRBDBO#H0.5g L, BERE10cm O Si;N, B Fgk & 7L
BARME-> TAFICI OB (T O8FHER) L. R—fFE
FiCEnEH 1 EER, L CIELAKOESICIIFIC2~3
kg DHEAMD S E&METT 7. BB INAT AXNA B
DM A, SEMIC L @EL .

WIZ, MBAIBEICHFEL 727 AR R OBEREMEIC S
THRE L. BRINAT ARZ P EA20X20mm OEFEHE
BIZAN, 80 MPa O—EiINERE % T\, BN/ BKRBF
% BKIFIZ TI000°C~ 1400°COFTERE T 1 h BER L 7=. B
RMEIT10°C/min & L, MEARBRICEORERELYIY, 3K
BN THARAGHE L. BOh/ICABO)» SBERUEBE
HEKERCTNVFATFAEICL D FNFNIIEL, WEH»S
AR EHL 72, XRD 5712 & 1 InZES B ORERURS 4
REE L. OO, RINBUBET AN | % R
ICHWTCEBRORZ (K% FRLL, T h41000°C~1400°COiR
THERK L 7=, MBEBE OB OMMMEZ HE L, BUHEBH
L7277 AXZA M ROBEEMICOWTHRETL 7=,

3. WREER
3.1 TANRZX M OISR
B 2%, 7AXZF#S550°CH 5 1000°CE TOKEE T 3h

O---Mg;Si;05(OH), (Asbestos)
®---Mg,SiO,, A-—-Mg(OH),

. o ™o . 1000°C
d S X °

800

»—A—A—-—i“w

600

N AA

550

M Raw material
Q o

e Bt i o SUOUT SO P

10 20 30 40 50 60 70

Diffraction angle, 2 6 © (CuK «)

Intensity, J (a.u.)

Fig. 2. XRD patterns of asbestos after heating at 550-1000°C for
3h.

Fig. 3. SEM microphotographs of asbestos after heating at 550-
1000°C for 3 h.

MERL 726D XRD HHTHE R % /R4, 550°C Tz L 7-30kt
nbit, 77UV ZAWHRIEINA. 600°COEE, 7)) 4%
AN DETFITITITHBRL, DIPICT + VAT T A | OEYT
OB IN B L DD, ZOEHTHME K < JERBBISE Bk
ETHDHEARLN. 700°CH 5 1000°CE THEEEHN R T
LD, T A IVATF T A FOEHTHEEIL A & L 2% A EE
HRLCH, ThUAOF - AERBIIFAESI N, - 7.
COMBIZHE D RS OB L, URTORERE R & —F 7
5. K312, 550°C, 600°C, 800°C I 1000°CT 3 h Ek L 7-
ERARL A FLEET S min FEL 7288, SEM THN O ) BH %
HHELIEREZRT. 550°COHE, #HEIE - T
5H00, WHERE I RPN TV Rh 7. —H600°CHE
BECH, BHEREMRIIBEI N, 1ZLA LA Lum LT OB
R E TSN TV /2. 800°CRIUF1000°CO INEN B & 4,
600°CTOMBDEE L FEET, W9 h EMERIIT s X
N, Lum ST ORICE THBIN T 7=, KIC, 600°CT3h
MEL, TOHFKIC X DHPRMA10s 5 51205 % THi «
ERIIBED, kD SEM BEKR AR 4 IR, 600°CThN
BN/ RHINGE <, 10 s IO RE ISR ST (L T
WA, 20 s OB EERICIT A RIZ20~30 um LI FIC B &
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Fig. 4. SEM microphotographs of asbestos ground for various se-
conds using a mortar after heating at 600°C for 3 h.

O---Mg;8i,05(0H),
®--- Mg,Si0,

o R oo 2h

Intensity, I (a.u.)
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Diffraction angle, 2 6§ * (CuK a)

Fig. 5. XRD patterns of asbestos ground for 5 min using a mortar
after heating at 600°C for various hours.

N7z, 60s BOBREICITIT LA VSMERESIAOhR
D, EHIC120s HMOBMPBEOFERNIE, K 3ICRL2600°CT
Smin L 7-FE K L IZIERBRED Lum LT OBMMRR O &
1o 7. AEBREH T, 120sBOMBALE T, inBLE
LICT ANRZA P OREBIZIZ LAY BEEINEZ L350
oo Lo La LB OER T}, +074BELE2T> Bl
b, MFRREIL Smin & L. B5RUB6 i, 600°CTT
ANA gL, ZORETORFHEMIIORALD XRD 4
PR, RUZhOORRE DD 5 min PRI L -6,
SEMIZ L D 2 DOBMAB A BE L ER%T¥. 600°CE T
BLOWMMREL), IbbdCithALAARICIIZVY X
ANWHBRE S h, AROMMEEKERED O3 F ki i3t
REBOSESBREL TR, BEREGIBEI I WL
Bahod. 0ShRFELEART, 71UV 2 A IOEFTEER
BR/PEL< Y, 0B E0RBOBHERITE T
N, TOREAEDBESII0Oum U TICk-7. 1hiEELAR
B, SO Z VY ZANVORPFFEE LN, 185
BICEDBHER S Hum 72, —RLU Tl LTI Txi
WETORREICZ - 72, 2hRF L 7230k XRD [E#7 #8558
WS, RRIOICA»MKBRBRINTIum T LAY, K2,
K 3 IR EN72600°CT 3 h inBREF L 7.4 D XRD {, K
UZh#% 5Smin PR 228D SEM B8 & R ORVEE & 11T

Fig. 6. SEM micrographs of asbestos ground for 5 min using a mor-
tar after heating at 600°C for various hours.
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Fig. 7. Relative densities of the compacts made by asbestos with
grinding for 5 min after heating 600°C for 3h and raw asbestos
without heat treatment, which were heated at 1000-1400°C for 1 h.

MU ko7 LEDERLD, 7AXZMZ600°CT2h 0
BN/ BEICEEKRDOBAREAKIBHET L, BEdFric
FEBBEICEVIREEIC 2 5. TOREBICZ B & SHERERKILIE <
7D, BRICIDBZHCHEETELLDICRE. TARZALD
SOLRLEEMBIC L VEREEL TR T+ VAT S A LB
HF B LD 50, ZOBEREBZOBBRI LT WIEVIK
FBIEH T HADLADNS. LEOERICE VT, 7ANA
FOBKRIGE T4 Th4, MRSk 2EiEs D, 600°C
TOREREIE 30 & L7

3.2 BHEGOEHR :
WIZ, T ANXZ R %#600°CT 3 h B L 723 ¥ % 5 min
BRL THABR» OREAEERL, ZOBEEMEICOWTH
N7z BT, 1000°CHs 51400°COBREE T 1 h inBdRAF L 7=
BEORKMOHEMNBELE(LERL T 5. HEDLDIZ, KL
BT ANZA 0 bEEEEZERL T, 2hx Bl cHE50M
HEEELSTR L. RAET ANZ + 5 SR ERERLL 72
HEITIE, TNTOMENEE CEUE - Rk L -4 H
LHEONABEREICHN, HAEEET L. BAE - HFt
L7cRBHUAS % 1300°CTHE L 723846, HNEEII0Y DR
EEERLC. X8 iTB0E - BWRANKE G E«DREET
B L TR BHE, RUR 9 ZRAE T AXZ KGR
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Fig. 8. SEM microphotographs of the fractured surfaces of the com-
pacts made by asbestos with grinding after heating at 600°C for 3 h,
which were heated at 1100-1400°C for 1 h.

7,
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Fig. 9. SEM microphotograhs of the fractured surface of the com-
pact made by raw asbestos after heating 1300°C for 1 h.

% 1300°CTHER L CHE/HEBHAD, il SEM BlEEH%
T, K9 DOKRUET ANA FBEER L 2B AL, EFo
ARSI & DREINC % K OKRIEETEHR T 5 2 &, RUEHE
RO A BIR £ THRIFI 5700, SHEIRRT MO BERE K
HET L WO EE L LRS- b DEELLNA.
—%, X8 DU - BT AR B L 7B G, IR
DOEFELELICEILT <N, 1300°C TR b RILIZ 7 <
tote. LA LIMM0OCTIMEL 7235 &1CiE, Bl um A b KE
WO TIRE mm IR SRR L OBRFICE VLA S S BES
5L, KT TRENAIDICHHEZIZICT L.
R1012id, BAVLEE - ¥RV (K A 1100°C U 1400°C T hn
L7 ED, BBOBEK XBRE SO RE RS, IR
JEIC KB EEAONT, EhaFEMBETELCTrVATIA
FTHoTh, 7 /T VAZZA T (MgO-Si0:) b $hi
MR I N, REIC, BVLER - BEEEURIBOE (A% 1400°C TN
BB EICRILE L CIBRL, MAEEAMET L /2BHiz>

4

Diffraction angle, 2 6 /° (CuKa)

Fig. 10. XRD patterns of the compacts made by asbestos with heat
treatment and grinding after heating at 1100°C and 1400°C for 1 h.

WTEZ A, MgO-Sio, % 2 iU IRER M khud, SR T
{$1543°CLL FOIRE TR L ey, S C2°C, £1IDR
INTBT ARA F OILFHIRIT BT, EHD THH MgO
J U Si0, AT, ALO; O3RN EH S h A . MgO-Si0,-Al0;
F 3 A PIER IS X hiE, BURLEIC & - THE1400°CLL T Ol
BT L@ O LM TTHETH S . AFEHAD 1400°CTO I
BT, ALO AETET B & T A T MgO-Si0,-ALO; Filii 7
AR L7z ADNA. X 5T Fe,0; % CaO D HLIr A 5 URHAN
OGRS A S HIC T TV AR RLHS. TOL D%k
AR O O%, 5l EFiV TESIEMOE S Lm L,

Bl 2SR H ORI L L THRATFES 5 &R I N A ik
DI & » T S05(g) kil E i, FHEHAPIZEKIZICE
WEALE SR T D LD~ s EZ OGNS, TORY

FEHAD BRI T L A

4, T & H

T ANA | OFMERT & RS S EE R AT/ &
ZH600°CT3Ih MEAT BT LISk, (FTT AN~ OR i
KOBAKBIGTIET L, IBICTANAMIERELTS. £
DIEEALITPE - TT ANZ S EHMICIE < 2 0, FLEKIC &
MW THESICHAERABIBIETESL LS, Tum L
TOMMEHMRICT A LN TES. BESN K K%E80 MPa
Tl L TR R ERLL, 1300°CT1Th #4552 & T
X ERE0Y DBEER R B A LN TESL. ZTOBEDOT Ik
FHIE 7 A IVATFS A FTHBED, HEEFO7 ) /)T /AT ZA
FhEENA.

7 B oW, BT A U—H#THRERT QLI
DBEEWMINCE DTN DTHS.
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Comminution of Asbestos by a Mechanical Grinding in Asbestos-Containing Cement Board

Shinobu HASHIMOTO, Akira YAMAGUCHI,* Sawao HONDA, Hideo AWAIJI and Koichiro FUKUDA

Department of Invironmental and Materials Engineering, Nagoya Institute of Technology, Gokiso-cho, Showa-ku, Nagoya-shi
*Okayama Ceramics Research Foundation Research Laboratory, 1406-18, Nishi Katakami, Bizen-shi
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705-0021

When 10-20 mass% of asbestos (chrysotile: Mg;Si,Os(OH) ) -containing cement board of 5 mm thickness was
heated at 600°C for 2 h, the asbestos lost the crystal structure due to its dehydration reaction in the cement board,
changing to an amorphous phase. Further, the heated cement board could be easily ground to grains with several
um size using a mortar. Then the asbestos seemed to be ground to below the size at the same time, because the
fiber shape of original asbestos was not found in the sample.

[Received August 22, 2005; Accepted October 20, 2005]
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1.
CNETICOBEICIASINICT ANZ~ (A#) DBET,
EMH (Z7UVEAI), FRH (7O0VFES54 1), KAK
(TEYAL) LEOHBEAXAIL L\ CHBEAH AR 8
MBELASE, BLXZ I FHEFVICETS. 205H90% %
B ABPBFICATHERE TR AV ML ERER L
THERsNTEL. FiLeHEEBERRESSEOLIEIC LD
9SS FIHBERDOE - H AWM, RAMOBERABELLINATHS
i3, BA&K (710 %41 Mg;Si,0s(OH),) D&RAHF 7
HEICHA SN, 20004EC1075 b /g, J CEE T HE 2~
575 1, 2004512138000 | v DE A B - 7o, 2004513k F
M A—N—DT ANAMMEREZLOBERENIC L VBAREY
KIBICH - 7o, ZOFBELEEERTHFO—MREICLY
20044R10 A 4Cid, 7 AN F ORI - ATl hi. L
LENEINETICT ARNZA FEFROBICE ) - 7o T
fbe AV PiR] 2 [TV —F/%y F | L EEEIOREICHL,
Imass¥ LU EEHL T b v LDT, FRUNDG
HIEBASINTED, MED 70V A INOEAFDLOHEE
XN Tldh 7. Lo LanbsSE, B4:%EEo
HEHC £ V200858 5\ EHTFIL T7 AN (3 L mifEass
KihbDEAbNS.
TANAMCETAHE & L TIFEBEFEEOIEH S, 1975
FOFWREHAESTULRL [REMFTAXAL | OF
IR 4T X hic. 19874E1C13, ¥ REHEmEICZD Mk
EfHFTAXRZAM ] MEDNTWBIT RSN, Wb b
TERNZ v 7] RIENTHEMMBELL 72, FOFEE LM
FELVOTEIEEIC L AHTIC LD, 7ANZ FEEIE—E
FHEL7chiC & 272, LA L20054E, fifike, OfF, Bl r o
KD AD—HETH 5 [Eeh k| OFRKRY, (FEHEBx
ETHTFFOT ANZFDORHAIZ LAY &> % KR ERIH
HRESCED EFSh, 67474k TAF] FEXHFFICANL
Nh, BURLOBLAT AR FHEEICAT OGNS L5
o ts. COREHOE TREFTFT AN | OMERY
ZONFIZBIL TiE, 1988FEDIHBELEEDOHA RS A4 /ICEY
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MEFEIYZ 270 LSh, BHEBEEEREED L L (FR
HEEDREATH THOY. TAR SN TV5. LaLAkHb
FEREMOT AXAFEFE AV FHRICBEL T, BEOBEIC
T AN P IR\ LR, TATOMEBRPREEICEL
FWRRROBEBNDLBETHS. BEHL L TLET HE
FICE, LAV CRZEENTENLLTHL LS BED,
O, FLAY—MEEWERLE G Lo TS, Sidt £
VIFOBRILRWRIC L BT ANA OB RE L Y, T AN
ALEFEELAVIRLEEYW L L CORELEOME fEimS
h, BEMOBRELSPERINLLDELLNS.

Zhh BED2020EFHRICIE, AV MR SENICKET Y
FUBBT AN EHERENOREERI -7 Lixb L0
NTV5. MO TUEAYTHICL, HALETEREHT A7
DIZL, BAVMREIRD 45 TIEREME] LE3h BT AN
A ERBEM ORI M52 LidaBr L
THHLERD.

BEOIIRE, 7)YV ZANOIRISK T A EFEL SR B
PHALERIC &0, BEBEEORINTHS 7 1)V & 4 VOHHHEKTE
JE%, Stanton HORIB L /@AY ETAHEHRT A X KX8
um Pk, 2025um UTP L0/ TEAT LR BV LI
LAY KPR TIE, EEICE AV MRICERES & LTt
HNTVBETANZE (7 UV A A)N) 7, [FAEELEBLE &5
P&, BERAEIETIWEINLOL Y, T (b4
WO LT, ThAERIETHIEEABE L.

2. EBAHX
FERRICEM LT AR FE&F L AV FRIZ JISAS423H &
T, TARNZAF(Z7 UV ZAI) EFREITHE L TI0~20%,
JEX5mm ORBFEBEOBBICHVSN TV /2 AL — b LT
NBHEPET, TARNZA MR/ TH S xRS Ta] OFERY
H5. Lk, TARZ B Z7 DV ZAVBERETOT, %

XHRTEH 7V ZAIERT. ELDITT )Y Z A LAY

EAE-> TR A, 1 IKERENL DI Ty 70
D7 Y XANOEEREFHME (SEM ; JSM5200, JEOL
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Fig. 1.
tured surface of the cement board (c).

8) BETHE, AERTHEHALIIZUVIANVERLAV MR
OHE, RUEZDOX AV FROBEEIEIC K% SEMBEEE
e, COFEEOLIICE AV FROBEIEICIE, 7YV
A WOBHERFE AT LIS » 70REES &  BE x s,
YA MRS EN TV ABETFAREZ A L & HIC, B
FTHTHEIC 7YV ZANVHGBHLTLED JE&RL T3,
FOE AV FEPS1I0x10mm (B 5mm) DA X XICHY
HL, FRICETIRE L L. REEELFICAR, 600°C
DEETO~3hINBERELA. TD600°CL W >EEFs )Y
A NDEDBEHEDD - -BETH Y. REEEIT600
°C/h & L, mEEEES OFF I L TEREHNIZER £ THAKS
L. mBEERBOEARTRTICH T T, XBOWEE
(XRD ; EESlfEATEl, XD-DI) CTHEBELIEOIHET-
7. REOSWCRABEBICXBEEEAS L TEHF /S
R—VBEL, AWOSH TIRBMRLE L - RERHI L
TEHF/SZ —VRBIE L. D OIEMBMEFRHC D
WTHEMmRUFDRIBICOWT XRD 58 %247 - /-
BRAAEL, RETBMEL %, TIVIFHAKICANT
B L7 BOEMIMGCTERL, ZO®I YV IANDLE
BRI L /OB E L RERIC, P8 LB ICITER 2~3 kg OFF
B #8088 |1~2 @ EOEE T 2~3min, tAV MK
DHHELHFLI. BRI h/CRB % SEM THRETS L
L&D, TORBMAMCBHERKT @EEZ VY ZAN) BF
ET 50 HRLA.

3. WRLEE
K2id, HM1OAFFEZ VY ZAVRUFERTHW
YA P IROBME R L T\ WEROB K X RS RS
TY. BRID, EAVMRERK YUY XA VBEENATY
BT EMHEERTEL. F/oMEE L Tidfic, SiO, (quartz)
& CaCo; (calcite) AEH E N/, AV FOKFBELEL

19KU  XESE

SEM micrograph of Canadian chrysotile (a), appearance of chrysotile-containing cement board (b), and SEM micrograph of the frac-

* ---Mg;Si;05(OH)4(Chrysotile), A---Mg(OH),
O---8i0,(Quartz), A---CaCOy(Cakite)

3
o
~ Original board
~ o o %n o
2
Z’ . N
2
£
A Canadian chrysotile
* *
) A .
10 20 30 40 50

Diffraction angle, 2 8 ° (CuK )

Fig. 2. XRD patterns of Canadian chrysotile and the chrysotile-con-
taining cement board.

L COfS IS SENEV - DEFHEBES XL, 1FEA
YRAETERE 7. JhidE AV MRBEEICHEL (RE
) OEREZF I LICkBEEZONEY. COZUYZR
A NVEEROEFTHROFED, {LEERE L TZ7 UV XA IVOF
EOFEDIFEL L THRZ B LN TES.

K 32, 600°CTORRERMZE 2 -RAktz, BRETZD
EHEXZOEEXRDAWMLIHERETRT. OhREFLIBE
bid, 600°CICE|EHE, TORETHRELT T CICHALLA
KTHHHB, TORREERMDIZZ VY ZAIVBEHI NI
—7, RERMS 1 hORBEER»DIZ, 7V XML EFRT
EIEITBE SN h - 7. K 412iE, 600°CTOREEREMN%
B2 -RBPMO XRD SR 7. RRABOEE, K
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T ANA R EHE AV MRFEDOT AN+ OBBRS

3ORBEEBOBEICIRHE I hirh -2 ThERORKL 6
b, Z7UVEANERTEIGIREEShZ. LAl ZB6R
BREA2hCZSE, 77UV ZANVERTEFREIEESH
g otc. TD600°CIIEBT A7 VY ZAINDERBEOBER
i, 7V AA VORI & 5IERBILICHED LDTH A
LEZLNBENS,

51213, BEEL - 3EmmBAERE £600°CTOh, 1 h XU
2hnEER L, ZTOBMBAEL /- KD SEM BEE R 2R
3. LAV MELE (C-S-H) ORBEIIEHEOEEICL- T
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Abstract

AlZrC, was synthesized using a direct solid-state method. Various types of carbon were used as starting materials together with aluminum
zirconium carbide powders. The effect of different carbon on the formation of Al-Zr—C compounds formation were investigated. The atomic
arrangement of carbon affects the Al-Zr—C compounds formation, i.e., crystalline carbon facilitates Zr,Al;Cs formation while glassy carbon
facilitates AIZrC, formation. High purity AlZrC, was prepared from the appropriate mol ratio of Al:ZrC:glassy carbon by heating in vacuum
at 1600 °C for I h. However, a little amount of Zr,Al;Cs still formed due to graphitization of glassy carbon at high temperature. Glassy carbon
from sugar showed a lower degree of crystallization (graphitization) than glassy carbon from phenolic resin. Finally, the obtained two phase
specimen was ground and heat treated again using pulse electric current sintering to produce single AlZrC,.
© 2005 Elsevier Ltd and Techna Group S.r.1. All rights reserved.

Keywords: D. Carbide; D. Carbon; AlZrC,; Graphitization

1. Introduction

Carbides are extensively used in various fields due to their
excellent properties. For instance, SiC [1] is widely used as
an engineering material because of its high-temperature
fracture strength and creep resistance. The remarkable
thermal stability and chemical inertness of B,C make it well
suited for applications requiring high stiffness or good wear
resistance [2]. ZrC is an important structural material owing
to its high strength and good corrosion resistance [3].

Several complex carbides have recently been synthesized
and studied. For example, AlgB,C; [4] has remarkable
antioxidant properties in carbon-containing refractory
materials. Michalenko et al. found the AlZrC, phase in
1978 [5], but little has been reported about this material.

* Corresponding author at: Department of Materials Science, Faculty of
Science, Chulalongkom University, Bangkok 10330, Thailand.
Tel.: +66 2 218 5544-6; fax: +66 2 218 5561.
E-mail address: luraiwan@yahoo.com (U. Leela-adisorn).
' Tel.: +81 52 735 5276; fax: +81 52 735 5276.

Hashimoto et al. [6] produced a composite material of
AlZrC; and Al, and characterized its mechanical properties.
They prepared the AlZrC, by heating a mixture of Al and
ZrC, followed by leaching with HCl. After synthesizing,
however, ZrC still remained in the sample.

We synthesized high purity AlZrC, using a direct solid-
state method.

2. Experimental procedure
2.1. Starting materials
The starting materials we used were

(1) Al, 99.9% pure; 10-um mean particle size (High Purity
Chemicals Co., Ltd.).

(2) ZrC, 95% pure (High Purity Chemicals Co., Ltd.).

(3) Graphite, 99.7% pure; 5-um mean particle size (High
Purity Chemicals Co., Ltd.).

0272-8842/$30.00 © 2005 Elsevier Ltd and Techna-Group S.r.l. All rights reserved.

doi:10.1016/j.ceramint.2005.03.019
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Table 1 C
Al-ZrC-C mixtures with graphite as source of carbon
Composition Mol ratio of starting Mol ratio of
materials (Al:ZrC:C) elements (Al:Zr:C)
A 1:1:1 1:1:2
B 3.5:3.5:3 3.5:3.5:6.5
C 4:4:2 4:4:6
D 4.5:4.5:1 4.5:4.5:5.5
E 3.5:3:3.5 3.5:3:6.5
F 4:2:4 4:2:6
G 4.5:1:4.5 4.5:1:5.5

(4) Amorphous carbon. In this work, we used three kinds of

amorphous carbon, i.e.,

(a) Prepared by heating phenolic resin in a muffle
furnace at 400 °C for 30 min and grinding it into
small pieces, reheating it at 400 °C for 5 min, then
grinding it into a fine powder.

(b) Prepared by heating sugar in a porcelain crucible
with Bunsen burner for 6 h and grinding it into small
pieces, reheating it for 6 h, then grinding it into a
fine powder.

(c) Carbon black, as received from industry (specific
surface area, 125 m¥/g).

2.2. Sample preparation and heating

The starting materials were mixed in acetone at various
mol ratios as shown in Tables 1 and 2 and Fig. 1. The
mixtures were pressed into pellets of ~1.8 g, CIPed at
100 MPa, and heated under two different conditions:

e Ar atmosphere: The samples were placed in a refractory
block lined with carbon paper and covered with powder
having the same composition to prevent surface oxidation
[6]. They were heated from room temperature to 1600 °C
for 1 h at a heating rate 10 "C/min.

e Vacuum: The samples were prefired in Ar atmosphere as
described above at 900 “C for 1 h to prevent Al vapor
from attacking the carbon lining of the vacuum chamber.
After prefiring, the covered powder was removed. The
samples were wrapped in carbon paper and placed in a
carbon crucible before heating in vacuum at a heating rate

Table 2
Al-ZrC-C with amorphous carbon as source of carbon

Composition Mol ratio of starting materials (Al:ZrC:C)
H (resin) 3:3:4

I (resin) 4:3:3

J (resin) 5.5:3:1.5
K (resin) 6:3:1

L (resin) 3:2.5:4.5
M (resin) 3.5:2.54
N (resin) 3:2:3

O (resin) 5:2.5:2.5
P (resin and carbon black) 35:28:37
Q (resin and sugar) 21:14:15

Fig. 1. Composition diagram of Al-ZrC-C mixtures.

10 °C/min from room temperature to the maximum
temperature for 1 h.

2.3. Characterization

Samples were crushed and ground into fine powder.
Phase change was characterized by XRD (Shimadzu XD-
X1). Thermal analysis was carried out by DTA/TG (Rikaku
Thermoplus TG8120) from room temperature to 1200 °C in
air to check the exothermic reaction of the residual ZrC
around 500-600 “C [7]. After synthesis, fresh crack samples
were investigated by SEM (JEOL JSM-6360LV).

3. Results and discussion
3.1. Effect of composition on phase formation

Al-ZrC-graphite mixtures with various mol ratios were
heated in Ar atmosphere. Phases formed within the Al-ZrC-
graphite pellets after firing at 1600 °C for | h are shown in
Fig. 2. Phase formation depends on the ratio of the starting
materials. Fig. 2a shows the phase formation for an Al:ZrC
mol ratio of 1 at varying amounts of graphite. Fig. 2b shows
phase formation for an Al:graphite mol ratio of 1 at varying
amounts of ZrC. In the middle zone of the composition
diagram (Fig. 1), Zr,AliCs formed after firing. This
formation did not depend on the Al:ZrC:graphite ratio, as
shown by the XRD patterns of the compositions A, B and E
in Fig. 2a and b. The phase formation after firing was
completely different away from this middle zone, i.e., closer
to the edges of the composition diagram. At a constant mol
ratio of Al to ZrC with lower graphite content (compositions
C and D in Fig. 2a), no Zr,AlsCs was found. At a constant
mol ratio of Al to graphite with lower ZrC content
(compositions F and G in Fig. 2b), no AlZrC- was found
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Fig. 2. Phase formation of Al, ZrC and graphite mixtures at various mol ratio after firing at 1600 °C in Ar for | h: (a) ALZrC = 1; b)AI:C=1.(¥)ZC; (@)

graphite; (+) ALCs.

after firing. From Fig. 2, we concluded that the AlZrC,
should be prepared from Al-ZrC-graphite mixture with very
low graphite content, however, a very high residual ZrC still
remained.

Although the diagram in Fig. 1 is similar to a phase
diagram, and the composition axes have to be represented as
elements (see Table 1), the carbon from graphite and from
ZrC affects Al-Zr-C compound formation differently.
Graphite is a carbon compound with hcp structure (8],
while carbon in ZrC is in octahedral interstices of Zr close-
packed layer [9,10]. Hence, the reaction mechanism of
carbon in graphite and the reaction mechanism of carbon in
ZrC differ due to differences in the number and type of
neighboring atoms or co-ordination number (C.N.). Schuster
and Nowotny [5] presented the atomic arrangement of
AlZrC, and Zr,Al;Cs. The interstitial carbon in both
complex carbides shows some relation to the interstitial
carbon in ZrC structure. Thus, we describe the mol ratio of

the mixtures in terms of the starting compounds, rather than
elemental components.

3.2. Effects of carbon phase

We prepared Al-ZrC-C mixtures with compositions A
(molar composition equivalent to AIZrC,) and N (molar
composition equivalent to Zr,Al3Cs) with two types of
carbon, i.e., graphite and amorphous carbon from phenolic
resin, and heated in vacuum at various temperatures for | h.

The phase evolutions of the compositions A and N after
heating are shown in Fig. 3, where Al, N1 and A2, N2
denote compositions with graphite and amorphous carbon,
respectively. The results of thermal analysis of samples,
which represent the residual ZrC in samples after firing as
exothermic peak [7], are shown in Fig. 4. Based on the
discussion in Section 3.1, composition N was expected to
yield Zr,Al;Cs after heating regardless of the carbon type

: P — T T . T r
1700°C o oo o K e -
. : . s
F1600°C o 4 v‘7vvv o o [1600°C oo Y o Yo . v 1
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- - - v -
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Fig. 3. Phase evolution of Al-ZrC-C mixtures containing different types of carbon upon firing at 15001700 °C in vacuum for 1 h; Al, composition A with
graphite; A2, composition A with amorphous carbon; N1, composition N with graphite; N2, composition N with amorphous carbon. (W) ZrC; (@) graphite: (7)

Zr>AlLCs; (+) AlZrCa; (?7) unknown.
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composition A with amorphous carbon; N1, composition N with graphite; N2, composition N with amorphous carbon.

because this composition lies on the composition line of A—-
E-F-G (Fig. 1). Fig. 3a and b indicate that Zr,Al;Cs formed
in the graphite-containing compositions Al and N1, and
AlZrC, formed in the amorphous carbon-containing
compositions A2 and N2. The amounts of Zr,Al;Cs and
AlZrC, were higher (Fig. 3) while the amount of ZrC
decreased as firing temperature increased (Fig. 4). From
Fig. 3, it is obvious that the formation of Zr,Al;Cs and
AlZrC, depends on the type of carbon in the composition,
not the mol ratio of the starting materials. In other words, the
atomic arrangement of carbon in graphite crystal facilitates
ZryAlCs formation, while the atomic arrangement of
amorphous carbon from phenolic resin facilitates AlZrC,
formation.

AlZrC; in the graphite-containing mixture and Zr,Al;Cs
in the amorphous carbon-containing mixture heated at
1700 °C presumably came from evaporation during heating
because there was weight loss in the samples after heating,
and the losses increased as the heating temperature was
increased.

Fig. 4b shows that there was no exothermic peak from the
ZrC in composition N with both types of carbon after firing
at 1600 °C. This means the phase of carbon does not affect
the overall reaction between ZrC and other starting
materials.

Although the firing atmosphere described in Section 3.1
and here differed, our previous study [7] and the results from
studies of other compositions (not shown here) confirm that
firing in Ar or in vacuum yields Zr,Al;Cs in case of graphite-
containing mixtures, and AlZrC, in case of (phenolic resin-
derived) amorphous carbon-containing mixtures. The
effects of the firing atmosphere (Ar versus vacuum) were
discussed elsewhere [7].

Fig. 3 reveals an interesting fact about Al-Zr-C
compound formation. Hashimoto et al. discussed the

formation of AlZrC, in an Al-ZrC-C mixture with a high
Al content [6]. After heating, the excess Al-Zr alloy was
leached out by HCI. However, as shown in Fig. 3, no Al-Zr
alloy was found in samples heated at 1500 °C or above. At
1600 °C, the amount of Al-Zr—C compound still increased.
This indicates that there was an Al-containing intermediate
phase reacted with ZrC and free carbon to form Al-Zr-C
compound, however, this intermediate phase could not be
detected. Though we fired the samples at 1600 °C for various
short intervals, no Al-containing phase could be detected by
XRD. It may be that this Al-containing phase exists only at
high temperature. Due to the condition of the vacuum
graphite arc furnace, it is impossible to remove the samples
from the chamber during the hot stage to characterize this
intermediate phase. Our previous study [7] on Zr,Al;Cs
formation from Al-ZrC-C mixture with a high Al content
also confirmed that Al-Zr alloy formed upon firing up to
1400 °C. Thus, the reaction path of Al-Zr—C formation in
this present study differs from that in Hashimoto’s Al-rich
system.

3.3. Amorphism of amorphous carbon

The phenolic resin we used as an amorphous carbon
source is widely used as binder in refractory industries [11].
However, carbon obtained from heating phenolic resin is too
stiff for grinding. Thus, we used another kind of amorphous
carbon, namely carbon black, because it is commercially
available as powder. XRD patterns of carbon black, graphite
and amorphous carbon from phenolic resin are compared in
Fig. 5. AI-ZrC—C mixtures of composition P (see Table 2)
with amorphous carbon from phenolic resin and carbon
black were fired in vacuum at 1600 °C for 1 h.

The resultant phases are shown in Fig. 6. The mixture
with carbon from phenolic resin gave AlZrC, as a main
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Fig. 5. XRD patterns of carbon black compared with amorphous carbon
from resin and graphite.

product with a small amount of Zr,Al;Cs, while the mixture
containing carbon black gave a mixture of AlZrC, and
Z1,A15Cs. Although the XRD pattern of carbon black
showed the amorphous pattern, the resultant phases in the
Al-ZrC-C mixtures after firing differed. This indicated that
the amorphisms of the two types differ.

Amorphous carbon obtained by burning phenolic resin is
glassy phase [12,13] with a short-range order structure like
other inorganic glasses. The glassy material is isotropic and
thermodynamically metastable. Therefore, glassy carbon
from phenolic resin can be considered as ‘“‘inherently”

Intensity (a.u.)
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Fig. 6. Effect of type of amorphous carbon as starting material in the same
ratio as Al:ZrC:C (mixture P, Al:ZrC:C = 35:28:37) after heating at 1600 °C
for 1 h in vacuum. (A) Carbon black and (B) amorphous carbon from
phenolic resin.

AIZIC,

— I

Zr,Al,Cy

amorphous. By contrast, under high TEM resolution [14],
carbon black showed very small primary particles
surrounded by concentrically deposited carbon layers.
The layers were nearly parallel to each other. But the
relative position of these layers was random, so that there
was no order as in the ¢ direction of graphite. Therefore, the
carbon atoms arrangement in a carbon black primary particle
is non-well crystalline at the surface with an increasing order
at the core of the primary particle. For most carbon blacks,
these “‘crystalline” regions are 1.5-2.0 nm in length and
1.2-1.5 nm in height, corresponding to four to five layers.
With such small size of “crystalline” regions, carbon black
showed “amorphous’ XRD pattern since the wavelength of
X-ray (Cu Ka, 1.54056 nm) is similar to the “crystalline
size”” of carbon black.

Based on the results presented in Section 3.2, carbon
black in the Al-ZrC-C mixture gave a mixed product of
AlZrC, and Zr,Al;Cs because of its mixed characteristic of
high reactivity from the non-well crystalline surface and
*“crystalline” regions within carbon black primary particles.

As mentioned above, the diagram in Fig. 1 is related to
phase diagram. However, the results presented in Section 3.2
differ from those presented in Section 3.1. The Al-ZrC-
graphite mixture gave the AlZrC, phase when the main
carbon source was ZrC. This means the parent structure of
carbon affect the formation of the Al-Zr—C compound.
Nowotny et al. compared the crystal structure of Al-Zr-C
complex carbides with those of other complex carbides [15].
They found that the degree of filling of the voids by carbon
atoms is higher in Al-Zr—C complex carbides than in other
complex carbides. Though the mechanism of void filling by
carbon atoms in Zr,AlsCs and AlZrC, was not mentioned,
the difference in atomic size between Zr and Al affects this
mechanism. Carbon atoms in graphite and glassy carbon are
different in many ways, e.g., C.N., bond type between the
atom, and thermodynamic state. These factors affect the
mechanism of reaction between the Al-containing inter-
mediate phase, ZrC and carbon. The above results suggest
that the mechanism of void filling by glassy carbon atoms
may be similar to that of the interstitial carbon in ZrC. Thus,
at the same Al-ZrC-C composition, the glassy carbon-
containing mixture yielded a different Al-Zr-C phase from
the graphite-containing composition.

3.4. Composition line

We fired various compositions of Al-ZrC-amorphous
carbon in vacuum at 1600 °C for | h to find the zone in the
composition diagram yielding the lowest amount of
Zr,AlsCs and ZrC. Phase analyses of a number of
compositions after firing are represented as composition
line in Figs. 7 and 8; the two figures show the XRD patterns
of composition line H-E-1-J-K and L-M-N-O, respec-
tively. Because the ZrC and Zr,Al;Cs peaks in the XRD
patterns overlap (at 26 = 33%), we conducted thermal
analysis of all samples in Figs. 7 and 8 to detect the
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phase of Al-Zr—C phase (Zr,Al;Cs) started to form although
there was some ZrC left in the system.

3.5. Effect of excess aluminum

Schuster and Nowotny [5] studied Al-Zr-C phase
diagram at 700 °C and 1000 °C and found that ZrC is very
stable and still existed after very long annealing time (longer
than 100 h). Gesing and Jeitschko [16] prepared Zr;Al;Cs by
melting the mixture of ZrC and Al at very high weight ratio
of Al (1:5) under Ar for 2 days at 1500 °C to make sure that
ZrC was completely reacted with Al and no ZrC was found.
The phases of product after melting were ZrAl; and
Zr3Al;Cs. It is believed that ZrC is very stable and need
excessive amount of Al as flux. It is known that ZrC starts to
oxidize even at low temperature (300 °C) under low oxygen
partial pressure [3]. But no research had studied about the
effect of oxygen amount on Al-Zr-C compound formation.

From our previous work, we proved that the significant
amount of oxygen in Ar dissolved in ZrC and formed Zr-C-
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Fig. 7. XRD patterns of Al-ZrC—C composition line “H-E-1-J-K"" after
firing at 1600 °C in vacuum for | h. (W) ZrC; (7) Zr,Al;Cs (C, amorphous
carbon front phenolic resin).

residual ZrC after firing (DTA diagrams of compositions not
presented here). The compositions in Fig. 7 gave AlZrC, as
the main product upon firing, with a small amount of
Zr,Al,Cs and trace amounts of ZrC. The compositions in
Fig. 8, slightly richer in A1 than those in Fig. 7, gave AlZrC,
as the main product with a small amount of Zr,Al;Cs. These
results indicate that during the AIZrC, formation, another

Intensity (a.u.)

N 1 N L L L " 1 L 1 "
10 20 30 40 50 60 70
Diffraction angle, 26/ °(Cu K¢)

AlZrC 2

1 h‘."lll i L

Fig. 8. XRD patterns of Al-ZrC-C composition line “L-M-N-O" after
firing at 1600 °C in vacuum for 1 h. (7) Zr,Al;Cs (C, amorphous carbon
from phenolic resin).

N l[ll[

O solid solution which is stable and do not react with other
starting materials. The Al-ZrC-graphite mixture of same
composition after heating at 1600 °C for 1 h in vacuum and
in Ar showed different XRD pattern and no ZrC phase was
found in sample heated in vacuum. Therefore, the very
excessive amount of Al is needed when the Al-ZrC-C
mixture is heated in Ar to form Al melt and cover ZrC grains
to protect them from oxidation. However, Al evaporation
occurred during heating in vacuum. The excess Al is
necessary for Al-Zr-C compound formation, but at much
less amount than heating in Ar.

From Section 3.2, the temperature which is suitable for
Al-Zr-C compounds formation is 1600 °C. Aluminum has
the lowest melting point (660 °C) in the Al-Zr-C system.
Excess Al in the mixture may reduce the reaction

Intensity (a.u.)
T

1400°C

1300°C

10 70 30 3030 80 70
Diffraction angle, 26/ °(Cu K,)

Fig. 9. Phase evolution of Al-ZrC-C at excess-Al-composition (O) after
firing in vacuum at various temperatures for 1 h. (W) ZrC: (V) Zr,Al;Cs;
(+) AlZr (C, amorphous carbon from phenolic resin).

AlZrC,

III . ‘ll I T
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temperature so that ZrC might be completely consumed in
the reaction. The excess-Al composition (composition Q)
with amorphous carbon from phenolic resin was fired in
vacuum at 1300-1600 °C to determine the effect of excess
Al on reaction temperature.

As shown in Fig. 9, although the main phase after firing
was AlZrC,, Al;Zr alloy was found after firing at 1300 °C.
Residual ZrC was found after firing up to 1500 °C, and
ZryAlzCs was found from 1500 °C. Moreover, fracture
surface of samples fired at 1500 °C revealed an inhomo-
geneous color pattern inside the sample, suggesting that the
reaction between the starting materials was incomplete.
Thus, excess Al in the AI-ZrC-C mixture facilitates
Zr,Al;Cs formation at lower temperatures. These results
indicate that the optimal temperature for a complete reaction
of the mixture (i.e., one in which ZrC is completely reacted)
is 1600 °C.

3.6. Graphitization

Composition Q, which lies between composition lines H~-
E-I-J-K and L-M-N-0, was selected because it gave only
trace amounts of residual ZrC and lowest amount of
Zr,Al5Cs after firing at 1600 °C for 1 h in vacuum. Mixtures
of composition Q with amorphous carbon from phenolic
resin and from sugar were fired in vacuum at 1600 °C for | h.
As shown in Fig. 10, the sample with amorphous carbon
from sugar gave AlZrC, with a least amount of Zr,Al;Cs.
The fracture surface of Al-ZrC-amorphous carbon from
sugar with composition Q heated in vacuum at 1600 °C for
1 h (Fig. 11), exhibited hexagonal platelets of AIZrC,. The
true density of powder obtained from this sample using
kerosene as medium is 4.91 g/cm3.

T T T T
T T T I

—
ZnAlCy

Zr,AlLCy

Intensity (a.u.)

1 | s | 1 1 1 1 1
10 20 30 40 50 60 70

Diffraction angle, 26/ °(Cu K,)

AlZrC, ‘

.,L',I L T

L

ZryAlCs

L ||||1 HHII

Fig. 10. XRD patterns of composition Q (Al:ZrC:C = 21:14:15) after firing
at 1600 °C in vacuum for | h compared with ideal XRD pattern of A1ZrC,
and Zr,Al;Cs; with amorphous carbon from (a) phenolic resin and (b) sugar.

Fig. 11. Fracture surface of pellet of composition Q containing amorphous
carbon from sugar after heating in vacuum at 1600 °C for 1 h.

The results presented in Section 3.2 indicate that the
phase formation of AlZrC, and Zr,Al;Cs formed in the
sample after firing depends on the carbon phase in the
starting material. Glassy carbon can transform to a
crystalline phase (graphite) at high temperature, so-called
graphitization [17]. Graphitization of glassy carbon has been
performed at high temperatures and high pressure [18], but
the graphitization of glassy carbon in vacuum remains
unproven. Thus, we performed a small test to confirm the
graphitization of glassy carbons as starting materials. Glassy
carbon powder from phenolic resin and glassy carbon
powder from sugar were wrapped with clean carbon paper
and fired in vacuum at 1600 °C for | h, i.e., under the same
firing conditions used for our samples.

As evidenced by the high-intense peak in Fig. 12,
graphitization occurred in amorphous carbon from
phenolic resin while amorphous carbon from sugar showed
a lower degree of graphitization. Thus, a small amount of
Zr;Al,Cs formed spontaneously, and a sample with
amorphous carbon from sugar yielded AlZrC, with less
Zr,Al5Cs compared with the sample with amorphous
carbon from phenolic resin. In general, graphitization is an
important step in the manufacture of carbon/carbon
composite [17,19]. At this stage, carbon/carbon compo-
sites are heated up and disordered carbon transforms into
well-ordered graphite structure. Although we prepared
amorphous carbon from phenolic resin and sugar by
heating in oxidizing atmosphere, a certain amount of
organic functional group presumably remained as sig-
nificant (ppm-level) impurities. Phenolic resin is viscous,
high-molecular-weight hydrocarbon. There might be some
functional groups left in amorphous carbon after heating
phenolic resin at higher amount than heating sugar, which
is lower molecular weight. There is a similar phase
transformation in the silica glass, i.e., devitrification [20].
The significant amount of impurities in the glassy phase
behaves as a mineralizer and initiate crystallization. Thus,
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Fig. 12. Phase change of amorphous carbon before and after firing in vacuum at 1600 °C for | h; amorphous carbon from (a) phenolic resin and (b) sugar; (+)

A|4C3.

the graphitization of glassy carbon observed in this study
resembles the devitrification in silica glass.

There are some foreign peaks in the XRD patterns of both
amorphous carbon powders; they correspond to Al4Cs.
Although the amorphous carbon powders were wrapped
with carbon paper, the samples still had to be placed in a
small carbon crucible before being loaded into the carbon
crucible of the vacuum furnace. Since all of firing tests were
done in the same small crucible, Al4C; from the reaction
between Al vapor and the crucible may have accumulated on
the inner surface of the crucible. Under vacuum, Al,C;
evaporated from the crucible surface at high temperature and
diffused through the slit in the wrapping. Some of our results
(not presented here) indicated that Al,Cs has some relation
to AlZrC, and Zr,AlsCs formation. Therefore, Al,C; as
impurity during firing the samples does not have negative
effect on Al-Zr—C compound formation.

Studies on graphitization of glassy carbon have generally
been conducted without presence of other additives. In this
work, however, there were other starting materials (Al and
ZrC). Therefore, the graphitization of the amorphous carbon
in our samples during heating was presumably stronger than

Before PECS

Intensity (a.u.)

After PECS

n | L 1 "

10 20 3040 5 60 70
Diffraction angle, 26/ °(Cu K,)

AlZiC,

4l'l|l . .’l.Lh.lI

Fig. 13. XRD pattern of compact (composition Q) after sintering by PECS
at 1700 °C and 40 MPa in vacuum without soaking.

in

graphitization of pure amorphous carbon powder because
the other starting materials acted as mineralizer, reducing the
graphitization temperature of the amorphous carbon, and
hence, accelerating the graphitization process.

3.7. Effect of pressure

We incidentally found that high purity AlZrC, from
composition Q (with amorphous carbon from sugar as
source of carbon) shows only AlZrC, phase after a 5-min
reheat under pressure with electric current by PECS [21].
Therefore, we prepared the mixture of composition Q from
Al, ZrC and amorphous carbon from sugar, and heated it at
1600 °C in vacuum for 1 h. Subsequently, we ground it into
a fine powder, heated it in PECS under high pressure
(40 MPa) in vacuum from room temperature to 1700 °C,
and then suddenly stopped. No Zr,AlsCs phase was found,
as shown in Fig. 13. The pressure during sintering under
PECS may suppress the formation of the Zr,Al;Cs phase
and rearrange the atomic packing. The effect of pressure
on Zr,Al;Cs after sintering by PECS [22] also showed the
same phenomena.

4. Conclusions

1. The atomic arrangement of carbon in the starting
materials affects the Al-Zr—C compound formation.

2. Excess Al does not accelerate the reaction between ZrC
and other starting materials.

3. Graphitization of glassy carbon occurs spontaneously as
it reacts with the other starting materials at high
temperature and affects the Al-Zr—C compound forma-
tion.

4. AlZrC, can be prepared from a mixture of Al, ZrC, and
amorphous carbon from sugar at a mol ratio of 21:14:15
by firing the mixture in vacuum at 1600 °C for 1 h and
grinding the product into a fine powder, then reheating
this powder up to 1700 °C under high pressure and
applied electric current.
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Abstract Zr;Al;Cs has been successfully synthesized via solid state reaction between Al, ZrC and
carbon powder at 1600C in vacuum. This complex carbide has very strong bond between metal
atoms and carbon atoms. Thus, this material has a potential to be utilized as structural materials.
Some properties of Zr,Al;Cs powder from solid-state reaction in vacuum had been tested. It was
found that this powder was completely oxidized in air at 900°C 1 h, and can be hydrated in moist
air. These drawbacks might come from the high reactivity of the powder due to synthesis in vacuum.
ZrAl;Cs powder from solid state reaction in vacuum was sintered at various temperatures from
1500C to 2000°C under vacuum with pulse electric current sintering (PECS) and pressureless
sintering. Zr;AlsCs started to sinter at 1500C and got partially dense from 1700°C. Physical
properties and mechanical properties of this material were investigated and discussed.

Introduction

Many research works have been studied on properties of carbides and complex carbides. But no
research on properties of Zr,Al3Cs though this phase was found in 1980 [1]. Schuster and Nowotny
found that this phase was always coexist with ZrC. This phase was successfully synthesized as
single phase by Leela-adisorn and Yamaguchi [2]. The purpose of this work is to sinter and
characterize the properties of this complex carbides.

Experimental procedure

The starting material of Al, ZrC, and graphite powders were mixed throughly at mol ratio 3:1:1.
Then the mixture was pressed and CIPed at 100 MPa as pellet before heating at 1600°C in vacuum
for 1 h [2]. After heating, the pellet was ground to fine powder. About 3 g of powder was sintered in
vacuum without pressure and with pressure (PECS) under various times and temperatures. After
sintering, the samples were characterized by XRD. The density of samples was tested by
Archimedes’ method in kerosene. The mechanical properties, i.e., fracture strength and Vickers’
hardness were tested. The fracture surface of samples were observed by SEM. The oxidation test
was done by heating small pieces of samples from room temperature to 1200°C in air. The
hydration resistance was estimated by measuring the weight gain of the samples in a humid
chamber at 70°C, 90 R.H.
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Results and discussion

The phase change of samples after sintering at various conditions was shown in Figs. 1 and 2. The
samples sintered in vacuum without pressure were gradually changed from ZrAl;Cs to ZrC at
longer soaking time or higher sintering temperature due to loss of some components during
sintering. Though the samples sintered with PECS did not show phase change but their XRD
patterns reached to ideal XRD pattern calculated by Schuster and Nowotny (JCPDS No. 41-0814).
Since the pressure of synthesis was not specified by Schuster and Nowotny, we assume that these
work was done at normal atmosphere. Zr,Al;Cs in this work was prepared in vacuum. Therefore,
our starting material is a defect structure of Zr,Al;Cs occurred at vacuum. The structure of carbide
get closed to the ideal structure under high pressure from PECS.

;J_JUMA NN

T T T

1900°C 5 min

I
o

1800°C 5 min I

s L L ! ) | .
10 20 30 40 50 60 70 . .
starting material

Diffraction angle (2 0) (before sintering)
71C (JCPDS No.35-0784) M‘_\db

\ . . T e

‘ L 0203040 TS0 60 70
Diffraction angle (26)

2r ,ACy (JCPDS No.d L0K14)

1 .u.‘nl_ N AT

Fig. 1 Phase change of Zr,Al;C; after sinter by pressureless Fig. 2 XRD patterns of ZnAl,Cs after sinter at 1800°C
sintering in vacuum at different time and temperature. under different pressures compared with starting material

Intensity (a.u.)

Intensity (a.u.)

Zr,ALCs (JCPDS No.41-0814)

The density of samples after sintering at the same temperature and the same soaking time
under different pressures as shown in Table 1 confirmed our assumption, i.e., the density of this
carbide increased as the pressure of sintering increased.

T LA | M T M T v T T T
1
. e ¢ 8]
Table 1 Density of Zr,Al;Cs before and after sinter at 1800°C 4.5 (m}
for 5 min under various conditions - A
Condition Density (g/cm3 ) 4l a |
T. D. (JCPDS No. 41-0814) 4983 g
Zr,Al;Cs powder (as prepared) 4.49 5
A T o 3.5F —
Pressureless sintering in vacuum 242 e
20 MPa in vacuum (PECS) 392 3 v
40 MPa in vacuum (PECS) 4.45 8 3 -
A
The effects of sintering parameters on density 25k A A 20MPa Smin |
of Zr,Al;Cs monolith are shown in Fig. 3. This carbide S :3;1::: ;g:;"'
can be sintered as dense monolith from 1800°C under |
20 MPa for 20 min and 40 MPa for 5 min. At 2000C, 2 Te00 1700 1800 1900 2000
the pressure and the soaking time had no effect on the Temperature (°C)
density of monolith. Fig. 3 Relationship between density and

sintering conditions.
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Fig. 5 Vickers hardness of samples

Fig. 4 Fracture strength of samples ol
sintered at various conditions.

sintered at various conditions.

Fracture strength and Vickers hardness of Zr,Al;Cs monolith sintered by PECS under
various parameters are illustrated in Figs. 4 and 5. At 1700C for all parameters, the monolith
showed very poor strength and hardness. The fracture strength and hardness were improved by
sintering at higher temperature and higher pressure. This can be seen from monolith sintered at
1800°C at various sintering condition. At 2000C the fracture strength and hardness of monolith
under different sintering time and pressure are similar. The mechanical properties and density of
monolith were compared in Table 2.

Table 2 Several properties of samples after sinter by PECS method.

Bulk Density ~ Elastic Modulus ~ Shear Modulus _ Poisson's ratio
Sample 7
glem’ GPa GPa -
1700°C 40M5m 3.969 234.0 98.1 0.191
1800°C 40M5m 4.390 340.4 142.1 0.198
1900°C 40M5m 4.558 361.8 150.9 0.199
2000°C 40MSm 4.580 368.1 157.9 0.165
5 T " T T 10¢ T T T T T T
L —— 1700°C L —— 1700°C
---- 1800°C --=- 1800°C
40 - 1900°C 80 -+ 1900°C .
2000°C ) 2000°Ceeee-
£ g -
5 5
= B
S BN
(
" " | s " |
500 TO00

Temperature ( °C) Time (h)

Fig. 7 Weight change from hydration of ZnAlCs
sintered at various temperatures by PECS under
20 MPa for 5 min

Fig. 6 Weight gain from oxidation of Zr,AILCs
afler sintering at various temperatures by PECS
under 20 MPa for 5 min

31
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The oxidation resistance of Zr;Al;Cs monoliths was tested under DTA/TG (Fig. 6). The
weight gain of monoliths after oxidation was compared and illustrated in Fig. 6. Zr-Al3;Cs after
sintering by PECS at 1700C and 1800°C under 20 MPa for 5 min show very poor oxidation
resistance. The oxidation resistance of this carbide get improved by sinter at higher temperature.
The small weight loss of samples sintered at 1700C and 1800°C at the beginning of oxidation is
due to the loss of moisture at the sample surface. The surface of sample is very easy to hydrated
with moisture at ambient temperature. The result from hydration test in Fig.7 confirms this effect
and shows the relation between ox1dat10n reswtance and hydratxon resmtance of ZnAl;C monolith.

Fig. 8 Mlcrostructure of Zr,AlLCs monohth sintered at various temperature% by
PECS under 20 MPa for 5 min; a) 1700°C, b) 1800°C. ¢) 1900°C, and d) 2000°C

The microstructures of Zr,Al;Cs monoliths shown in Fig. 8 indicate the porous structure of
samples sinter at 1700C and 1800°C as well as the dense structure of samples sintered at 1900°C
and 2000°C, which confirmed the relation with other properties of monolith and sintering condition.

Summary

The sintering condition had effects on the properties of Zr,Al;Cs monolith. The dense ZrAl;Cs
monolith with good mechanical properties and better oxidation resistance as well as good hydration
resistance were prepared by sintering at 2000C under 20 MPa and 40 MPa.
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Hardening Mechanism of Refractory Patching Materials with Phosphate Binder
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The hardening mechanism of refractory patching materials with a phosphate binder was investigated by means
of 3'P static and magic angle spinning (MAS) nuclear magnetic resonance (NMR) spectroscopy. Ten refractory patch-
ing materials were made of refractory powders of SiO; and fused alumina and five mixed solutions of phosphoric acid
and aluminum biphosphate as phosphate binders. 3'P static and MAS NMR spectra were measured of five phosphate
binders and twenty soft and hard refractory patching materials, respectively, to reveal the local structure around P
atoms. The 3P static and MAS NMR spectra revealed that POy tetrahedra in the phosphate binders have no P-O-P
linkage between PO, tetrahedra and that as the patching materials become hard, the ratio of POy tetrahedra with
bridging oxygens increases, respectively. This result suggests that the hardening of the patching materials is caused
by the condensation of the phosphate binder. But the ratio of PO4 tetrahedra with bridging oxygens was not enough
to form the network by P-O-P linkage between PO, tetrahedra. On the basis of these results, the hardening mecha-
nism of refractory patching materials with a phosphate binder is proposed.

Key words : Refractory patching material, Phosphate binder, SiO», Fused alumina, P MAS NMR spec-

troscopy, Local structure, Hardening mechanism
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TIAFy oMEEORERMAMO_IEELH 2. &
e kS TROR £ - ik R omd k] & JIS T&
gIhTko, WMAR-) V7% (HADOBE LR
Ik BHEEAOmMY) - [KEN - (REMZEY - BREE
B ENDERYE, BHRRTEELBROREERADEE
DEEH» A, EEOHMU WS \OEEHEICLSFD
HEAn 2 EEN AR A D,

IRy FVIME, T7I3AF 9y oMIIBT 2L VE
D EROTERMAMTH D, THAEOEGER &/ Y4

vE— (fEEH) LEKTROADETERT S, RE,
F4FF v U RARIRERF S £ RIRERIESRE THE
AEhBFOMBHME L TEIEDLI TS, FTY,
) VBIBRODISA Y F—F WYy FUOIE, TPk
KL ARAM L Ui e T - B TOME IS
BEh, MEFRMEICERTNS, £, miE - B TBF
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) VBSRREAMER VI Sy F Y OTIAMDIEEYE (FTEEME) OIETHME 671

BTG % 3P v ¥y s AEEE (MAS) BRSNS (NMR)
DHEERNT/ Sy F o IMOMEEN (AIEYE) OEKT
BWHEOMBEERL.

2 X B H &%

2.1 NyFTHOMESR

) VEBIBREAM AR Wz Sy F U IR Of A D BB
Wi, BRATALIF, 454, N FFA b, BEu—
A, NVIEELRERDHD, WIFRE ERSIE S0 &
AlO3 (TI3F) TH5D9%7 2 c5ENIRFMN LER
DEKFTH 5 Si0; & Al,Os & L T Si0z 3% (quartz)
BLOBMT7LITHEREZINZIERE LTHERLE.

INA V&= VEE T5% KB EEY VBT LI =
v 4 50% KIBEDRAEREBA. TORAEEEY
VB 100, 75, 50, 25, Ovol% & L 7= 5 F@MED R % /3
AV E—L LTERLE.

Ry F MG, SEEEK 3g IZBRIBABIASD A
VHA—EMATES, BETHZEI2LDERIL,
AV E—DOFEHEILSIO; T15ml, BRT7TILIFTO5
ml Tho7e., Sy F Vv IrHOfEE (AI8EY) OETO
FRELTQ) B, BMFPIZH2HEIK, v 507,
TAAN BEEDRHHEDRIE, (2) AKDEEIZES
AU DOEL, BETFoNBI VUL L, KFETHN
72 Si0z FREEITHIE 99.9%, BRA7 )L I FiI3EB TR
LEMELDTIRMPOHETEHTELLE L.
CZ— LW TEH I NSy F o3, BbTse %
RONBIICAKFEROSREMNR W, ZOE,S
I8y F Y THMOBEIZ Sy F VI O KSHERTBE
BREAEEZ, 110COTEH TR X g7y F
VI EERL /-

2.2 3P EitH LU MAS NMR BIFE

2Ry F Y IHMHROY VEFREEOBMEE LS 5
T57=0I, 5TEEDSN, v & — ARk, eSS 12h &
BLARD ERDESHV Sy F U oL 110°COE RS
TSy F U O ESEEICEL & BB ERRIC L =R
1Zo0nT, 3P ERIEE KUY MAS NMR HIZEA4T - 7=,
TELEE T Varian UNITY INOVA 300 MAS FT-NMR 2z X%
PO X —%&— (7.05T) %A LK. BIEEFITLERER
# 121.425MHz, MAS NMR RIZERF O BIEREE 13 5500 ~
6500Hz & U, $E#EERK & LT NHyHPOs & FV=, 2 SLR
& 2.0us, #0& LB 2.0s, /34 V& —#&id 80 [H], /Sy
F ¥ 13 400 ~ 1000 BIOFEE B THRIE A1T 5 7-.

F o0 D KD Sy F v FFE, MAS NMR JHiE
B, BEEERIC L AE LD, BB OKS AL
LA bNIREEIZ s 5T, LA L, SBRICEBL
7=biFTidEL, REOHFIZRG»NL 52FE-TWS
REETH -7z, F/-, ERERIZE TV, #h+
ROEZEDEEF T, koTHEBLNI-ZARY
bLiZ, fEEIEBOKRDY BEE SEOIREL R L T\
O TIRENA, KA EEAFTZLEED HIRDI Sy
FUITMOREERMLTNEENL B,

3 WRELEEE
3-1 UZER (HsPOy BLUBYUEBT7ILIZDL
(Al(HzPOy)3) FDU L EFOEKEE

VUBBLUEY VEETLIZ Y AhDY) VEFIIE
FUEMNTHD, PO UEEH, S -> T 5., —iRIIC
PO, NEADEREE I BBHROKIZ L > THFEL,
BRBIER n OEAREES QL RELETS. U VEHO
PO, ML, )V VEFEHEA L4 DOBENISH 1D
HNIERARE, B0 3 ON—ERABETISIIAE
EREALAO0=P0-H):; W& A LTk, ZoMN
EERIZBEANEA 12 & D -P-O-P- DK TEETH 5.
T, ) VEEHD PO, NEIRDEARE TG ED
BiIZEk-T, Qo, Qi, Q, QD 4FERICHIETE 3.
Fig. 1 (a) 12 Z DEXHEE Q ~ Q3 2R F. XFDBO i
2{AD ) VEF LA L-P-O-P-EiE 4 5 EBBHRET
»5. 15, NBO X 1D Y v EF L DH#EA L-P-0-
PEEIIME S W FERBIEE 4R LT\ 5, DBOIZ_E
EAMETHS. POUEMEIZES v b7 — 7R
TR LRSS, BEEBERDZ 1 Q, Q3 TH 5.

BV VBT DY LS PO UERK E AlOg A
AR REICHRLE CEET5 2 L THHEEERL,
Z OEHEIL P-OH HEHEOKFZEA THVISER L=
e LT3, ZORBSSIERICKESEE D, K
[P TIILBEKEFALECHETS. #-T, BV
7L I= 4D PO, MEEKIE, POy UEED 4 DD
BRRDH B 22054 D AlOs N L TEE A L T8
EEZDICEDNS Fig. 1 (). &-T, FAHEAIZE
D-P-O-P-EFEHR IR ABERKIZ2 DOTH D, /=, Z
D POs INEKIZY VEEDHE L3R D _EHEAN LN
DT, ) VO PO, UEEk & IZE L BiEAIREEES LT
5kEZEZOND. ZIT, YV VEO PO, NEKE IZE L
BIEETRTIEDIC, BV UVEETLI =Y LMD PO,
HEOEAEE* QR L. #oT, B VBT
LI =Y LD PO, N EDEAEE ITRBRRERI- &
-2TQ0, Qf, QDIFEFHIZHIAETE S, Fig. 1 (b) i<
FOEAEE Q' ~ QETT. BV VETILIZ=VLD
BA, Jo4 PO, UK & AlOs NER & 2 BEL B EHIC
EBX3y FT—IDBTTIRENTV S, BEER
BHPERTHICONWTLDEMICE A ST2RXy P T —
IR TEEE 55,

(a) Phosphoric acid (H3P04)

DBO
NBO NBO l'Z‘C’Nao BOBO ®
@Q
NBO NBO

(b) Aluminum biphosphate (AI(H2P04)3)

NBO BO
@@@@ @@9 2

Fig. 1 Basic structures of PO, tetrahedra in phosphoric
acid (HsPOy) (a) and aluminum biphosphate
(Al (HzPO4)3) (b).
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3-2 3P NMR 5% PO, MEFEDEKREE
ZhMbZS 7 b EOER

Table 12 PO, WEAEDEAME L EHHEFELT L6
(ppm) EDBERETT. Qu(n=0~3), Q' (n=0~2)
DTN REBELE2EINT 512 OMT, EHRF
U7 MERPNELESTVE, Qu(n=0~3) LU QY
EQIDEHMNEY 7 MBI OWTIEZ T TICHHS »
IZERNTOAMR I 0QrOFEIZ DWW TIERZE S 2
Ih g, L L ETHlRALSIC, BERZEKOE
e & BIZEFHLFEY 7 MEINE L L BEAY D B
DT, QOFHIE Q'L QDEIZK28DEELENS.
HoT, QPO#EF E-15 ~—-30ppm &&E X TEREIT 7=,
ZOBRICETNT, AL THIE L2 O 3P NMR
AN P = DIRBEITH 7.

33 NAUH—B/ADNP 81k NMR A7 b L
Fig. 2%, 5FEED/ N4 v & — &K D 3P § - NMR
ARG PNLERLTHS, MFOKBEIIEHFEIES T
MEARL TS, —F LD bLAY VR 75% 7K
BROADEDTHY, TIZWIZOhTE) VBT L
I 4 50% KBEBROEEMHERL, —FTHEY Vg
T3 L 50% KEBRDADARY bLTHSB, W
NEV Yy —ThE—siBohTE), BEY) VBETLIZ
Y ABBEOEIA KT B2 ONT, Y- BAERIEMH
(GBE) 1207 LTWBIEBS»5, )V B VU
TSIy LBROZEFHLEY 7 MEX 0.1, -7.8ppm T
b0, Zh5iIEFhZFh 0=P(-0-H);3, (Al-0);-P(-O-H);
BEEZLTVWBDT, ThFN Qo, QEEIZRET
z5.
RABBROY—213) Vi, BV VEETLI=ZULE
WEORIZHBR LTS, Z0TLid, /34 v & —EHER
+TOREAFTTIRY VEER TOBRKEAIIARZ 550
ZERERLTWS, E—2DHBIEIZ+AIENDT, BE
BHROE—213Y) VE, BY VBBTLIZULDERE
NOY— I BERINTTERE - TIE AL, ) Vg,
BV VETLIZULMERTHAIIRI DA >T—K
DY Yy —=ThE=21llk->TNBEELILNS,

Table 1 Isotropic chemical shift ranges of basic structures
Q. and Q, of POy tetrahedra in phosphoric acid
(H3POy) and aluminum biphosphate (Al(H:PO4)3),
respectively. Symbol n in Q. and Q," denotes the
number of bridging oxygen.

H;PO4 AI(H2PO4)3
Qn & (ppm) Qv &/ ppm
Q  +l14~-69 Qy 157
~229
Q 4~-22 Q’ -15~-30*
Q, -16~-27°9 .
0 32469 Q -30~-52

* Estimated range as the isotropic chemical shift range
between Qo and Q,’. The isotropic chemical shift range of
Q,’ has not been reported so far.

S —
3p gtatic  HgPO4-Al(H,PO,), binder
0.1
H,PO,
100% J
-2.0
; 75% ‘k
8
2 -3.2
: jL
[} 50%
8
£
-5.3
25% A
-7.8
o )
PR WK TR T BUNT TR SUNE SUNE T N SN SN S S S U S N
100 50 0 -50 -100

5/ ppm

Fig. 2 3IP static NMR spectra of five phosphate binders
composed of mixed solutions of phosphoric acid and
aluminum biphosphate.

34 NyFLIHD3IP MAS NMR ANXY b

Fig. 3 13 Si0; Bkt D/ Sy F ¥ 'H4 D 3P MAS NMR X
NI MLERLTVS, ERMBEL2OERD LIRD/ Sy
Fr o, BRMBTERICEL LSy F v 580 3P
MAS NMR 2% b L ERLTWS., HPOBEIZY -
OB, «FIAE=V ¥4 SV FERLTWS, —
B EDZARY P VR 75% KBRDOADEDTH Y,
TIZw IO TEY VEETIL I = L 50% KIBHEDE
AMNERL, —BTHE) VBT I =Y 4 50% KEK
DHBDAXRS bLTHB, Table 1LIZEDINWTHE—2
DIFE =T 7. /=, ) VEET5, 50, 25vol% D54
F—BRDBEE— s DIFEIZE L Tix, Table 1 Dfthiz
B - DBMEL, /34 Y F—BEROKMHELL, ) VB
100, Ovol% TOY—-sfNELER L. TORBRELN
B —2IRBETE B PO, NEARDEREE #XH i
AL7z.

ERDOY—2130.1 ~-11.7ppm OFEE THEITH Y,
Fig. 2 DZEAMLEY 7 MEISEWZ &0 6, KGEWH
KEDELRLIPVED RO/ Sy F 2 MDY Vit
Qo, QiEEICRETE, ) VEIEEIDHEAIZRE I 5T
nWhhweEZ 65,

HRTIE, V) VB4 50 ~ 100vol% Eir/ N4 v & —T
Oppm fHEDEF N E —2 £ ~13ppm HED/NE W E— 2 78
Bhi=, ) VB % 25v0l% &34 V& —Ti3, -0.8ppm
DK — 2 DfthiZ-15.8ppm &-31.1ppm 2 ¥ — 7 3
Bl &7, B) VBT I =Y ABIKRTIZ-15.3ppm
D7u—FE1EKDE—s2E6HT.

WTRONA YV E—BIRTE, /Ny F U IMOEE
EBIZQo, QEEDALNS Qi, QWHEEIRNTNED

Rt R EE (05-07)
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) YEBRRAMERVA Sy FUOTEKMOEEN (M) OETHE 673
LN B B I | LI L L R B (N RN A T r L L L N A
¥p MAS Si0,  Soft Sample ¥p MAS SiO,  Hard Sample
0. - 05
H,PO, Qq H;PO, 0 /01
100% = 100% 13.2
0.8 o A1—qp
-~ Q. Qo' - ° / _Q
3 75% % 3 75% -13.9
8 8
> 1.7 > -0.8— Q'
=~ ‘ ,'%' Qo/ /O
2 Qg Qo 2 _Qq,
) 50% g 50% -13.6
]
c £
£ o
29 — Q. -0.8 0 Q
Q@ /QO ™ 15/8/ 101' Q,
25% _M 25% & 3147 #
4.7 -15.3
-11.5
QI,QI
Q, 5 . oy &
0% ® 0% *
FEPEET RS BTSN RSN TR U NS R PR TS AU G WA S TR S S S N S W S
100 50 0 -50 -100 100 50 0 -50 -100
&/ ppm 8/ ppm

Fig. 3 3P MAS NMR spectra of soft (left) and hard (right) refractory patching materials made by SiOs.

Asterisks denote spinning side bands.

T, RNy FVIHMBELTRICONT, BEEEL LD
) VIRFOEENEML TSI ERNG25E, ZOTL
&, /Sy FYIHOBIZE D RAKBEAEIERI o T3
ZEERLTWS, UL LU Sy F v 06T,
WFhEry b7 - REEE S 2 Qo, QuiEES
iE ARy P OEBRICZ LD QEENETHD,
BBy b7 —oBREEZ D Q’, QEERIPE
ThH-T-.

Fig. 4 IXBR 7L I FERD/ Sy F ¥ 25D 3P MAS
NMR ZAXRZ bLERL TS, ERMBFEL 0D
ROy Fr o8, BRSTEICEN L/ Sy FVoH
D3P MASNMR 2% b L ERLTWS,

ERDOY—213 1.6 ~-11.7ppm OEHE TEA T ED
T, KFa0L 6 2&LEL LD ROy F v o
MEDY i3 Qy, QEEIZRETE, S0, DBA L
BIZY VBIEROBAITE I > ThiknekEI6h 5,

EXTIE, U VEEE 50 ~ 100vol% &34 v & —T
~16ppm HEDPFNE — o BB/, ) VER%E 25v0l% &
&34 v & =T, -159ppm &-21.3ppm 2 ¥ — 2 A1,
BU &7, BY VETIL I =Y LEKETI3-18.6ppm
DT7ua—-Fx1EADE—-s B E 5N,

WIS VY E—IEETY, S0, DFA L FEMRIZ Sy
FUIMOBLE L 62 Q, QEEDANS Q1, QU
ENBEN, HoT, Sy FYIMOBLIZLD, 58
BELLD) VETOHSSEML, BAEAIRI -
EEZIONG. LU/ Sy FVorHMDS L, ) VEE
0 ~ 25vol% &tr/ N4 ¥ & —Tik, QEBENEMLTET
WBH, WFhE Ty b7 —oTREEE S k0 QS
X3y FT—ORREBEICZ LD QOBESETH -7,

Fig. 3 & Fig. 4 DML L= D 2R bLEL A

845l UUEEE 25~ 100vol% &tr/ sS4 V& —TiT,
SiO R DOREIL L 7=/%y F ¥ ¥ TR 57 Oppm fH3E
DN =22, BRITLIFEROBLL/ Sy F
SMTIRMEATOE, 7, Q, QF, QEEIZRET
% 5-13 ~-3lppm N ¥ — s &EI1T, BRI 7L I FEHR
DFH, SO BEREDEEL 7. Q, UEEEED
BV UVBTLIZYABROY - MBI, BT 3
FTEROFH, Si0: Btk tEHEBE (FA) 25
7=, DEOERIY, AU/ V& —ERIZET 3K
WALEZY VETOEAX, BR7LIFEHOEH
SiO FER & D dEWE L B,

3.5 NyFTIMOEEMHGFTEM) ORTHEE

28y F VoD MP MAS NMREIERE RS, /3y F
VOMOEEN (8K OETICHESELICEDY Y
BAE D — S BAGEA LTV B I L AL L, L
2L, Ny FVIHMEPD) VEFIZTRESX Y T —
IEFBRLENQ, QEELY Y M7 — ITRREIZZE
LW QUEBENETHY, HENE Iy b7 — 7B
BELDQ/, QQEERAKTH-72. 2FD, BAKE
A& B-P-O-P-EIcEk->THEEERE Xy b T =2
DEAIINENEEZONBDT, V) VEIEDORKES
I2&3 39 bT—2{bDATHEHL TR LIZF LTV, L
A UEBRICBEL LT3, Zhid, /Sy F v IHorE
IS RIFTTHORRAFEETA I L &TRE LT3,

) VERES VREKRYOL XEEOBETHD, I
BEITREMESER, ZORRIE PO, MEAD OH £FE+
BENRTAREBACERL L-BRESESE->T03, L
TRz &EHIT, BRKOBEY VETLI =Y LERYY
PO, UMk & AlOs \EfR & 7 5 5K 5 ELEHRE IS P-OH £
BOKZEHATHWVVNERE LEEE LT3, KR
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T
¥P MAS Fused alumina Soft Sample

-0.2
HaPO, a
100%  «
1.6
Qo Qf
35 75%
&
;‘;‘ a /-0.2 —'—/Oo
@ 0 -114
o 50% +
=]
£ .
/0.1’0"\
% 1.7
25%
-11.1
0% Qo
PR SE S S NT ENE TN TR YN N T S T S N T TR SN
100 50 0 -50 -100
&/ ppm
Fig. 4

alumina. Asterisks denote spinning side bands.

ILBTA 3y F o EEED Y VER (38) ARELT
WBDT, EARRETIZ LD 2 DORESE &R0
FHETHEEXGND, BIb, /Sy F VI HPOksD
BRIIES Y VEE (8 BLtOKERBSICE 2EEIE
LaLELLNS.

PlE&D, KGDEAIZ&->THI I SN BKER
B EBAKFEED, 18y F U IMOEENE (TEE) DK
TOEREEZELZONS.

4 I B

VVBBLXUE) VBETILI Dy AKERDBEAER
OB,V F—ER, SiO: BLUEBR 7L I FHE
L) VEE S VY E = BB Sy F U SO
71, HEBBEORBHZIDOWTIP#I-¥ LU MAS NMR
BIEET, RNy F Ve VIRFORATHES ]
SDIZTBIE TSy FUIHMOEEY (M) DR
THEOBRBELERAER, ROBHRES-.

(1) FBELBEOREHIFELRTOFHI R THAIEAS L
Y VREFOEAEZEL Bk, Fy b T -0 EED
T Qo, uiEEEL Ry MU —UERBRIZE L QokEE
BETHD, EBHENT Y 7 —-2BREEZ LD Q)
QEEAE DY VEFEIAETH -7,

@) BEUL/SAvFg—%HWBEe, BROBEEICE-
THRAMES L) VIRTFOEIAIELL, BR7 LIS
MEDH Si0, ME & D B BAEA Lz VEFOEIE
75§§75‘9f.:,

) Ny FrIMOfeEN (THEE) OKTORR
E, KADWMIZE - TEIERBI SN B KEREAIZES
) VEERIOER LS TNTY) VB (1B) RLOBRAKEES
IZEB29 bPI—JDFEREELZEND.

Intensity (a.u.)

D

2)

3)

4)

5)

6)

7)

8)

9)

10)

11)

LA S S B S S S H B S S BN B B

%P MAS Fused alumina Hard Sample
-16.1

H,PO, Q,
100% =

-15.9

Qy, Q
75% i«

-15.9
Q,, Q'

*

50%

Q,

,_-15.9
Q. Qg 213~
25% " / \ *

-18.6
Q. Q
0% * *

50 0 -50 -100
S/ ppm

100

3IP MAS NMR spectra of soft (left) and hard (right) refractory patching materials made by fused
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Abstract: In order to develop an ideal material for the nozzle used in steel continuous casting
process, the hydration resistance of some CaO-containing complex oxides and CaO-NiO solid
solutions were investigated systematically. The hydration resistance of the complex oxides was CT
>CZ>CS>CF>C3T,>C,8>>C,F>C3A>CA,>Ca0. CT should be a promising material for the nozzle.
A large number of fine secondary-NiOss particles were separated from the CaOss crystal grains in
CaO-NiO solid solution and improved the hydration resistance.

I. Introduction

A submerged entry nozzle is used to introduce molten steel into a mold in steel continuous casting
process. The refractory material of the nozzle is generally alumina-graphite. In this case, one
problem frequently occurs, that is, an adhesion layer which causes nozzle clogging is produced on
the inner wall of the nozzle during casting of Al-deoxidized steel. CaO has been considered to be an
effective material to prevent the nozzle clogging according to some basic researches, but it is
difficult to utilize CaO for the easy-hydration. So CaO-ZrO, material containing CaO of
approximately 50 mol% is now applied in some nozzles. However, this material is not effective
enough for prevention of the nozzle clogging and leads to ZrO; inclusions, which tend not to float
out of molten steel due to the high density of ZrOs,.

. . Table 1. Complex oxides in system containing CaO
In order to develop an ideal material for the

s | wo 2C«0-ALO,, 6Ca0-TALO,, C40 ALO,.
nozzle, we systematically investigated the ? | £a0-2A1,0,, €0 8ALO,
. . . . . 3 8,0, 3C20'8,0,, 2Cad:B,0,, Ca0-8,0,, Ca0'28,0,
hydration resistance of CaO-containing materials
. 3 | 81,0, | 7Cw0 381,0,, 7Ca0 581,0,, GO B},0,
in the present work. The effect of some added < [ onor | Grocems
oxides, fluorides and chlorides on the hydration | s | re0,| 2ce0-Pe0,.ca0-Fs,0,
resistance of CaO has been reported in past | & | 6a0,| 3ca0-640,, Ca0 8s,0,,Ca0-204,0,
literatures ', It can be known that free CaQ |7 | % | S=oGeo,
ins in the sintered if th tof oo —
remains in the sintered compacts 1f the amount of — Mo, | Ced M, . CaO MnO.
added components is small from the results. Once [5o | moo, | ceo-meo,
the sintered compacts are processed into grains of ! 11 | #,0, | 3cao-wn,0,.2Cs0 Nb,0,,Ca0-Nb.0,
< 1 mm for the use to the nozzle as the raw .21 P | 46Ga07.0,, 3020 P.0,. 2020 7.0,
. . . 43 PO PLO 2Ca0
materla'l, the grf:uns will be hydrated. Therefore, — o, | Zcen w0, 300 35i0.. Ga0 810,
we paid attention to CaO-containing complex [T v, | 3ceo.2rio;, ceo 1o,
oxides and solid solutions, non-including free |1s| uvo, | zcao-uo,,cao-uo,
g
CaO. 17 | v.0, | 3¢20-v,0,, 2Ce0-V,0,
CaO combines with many oxides to form the [ '@ ™ | c=0wo,
19 | zro, | cao-zro,

complex oxides as shown in Table 1. Taking into e
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account the resource of oxides, we selected Al;03, Fe,Os, SiO,, TiO, and ZrO, as the second
components in the complex oxides. In addition, CaO reacts with CeO,, FeO, La,03;, MgO, MnO,
NiO, Pr,03 and Y,0; to produce the solid solutions. We took up CaO-NiO system in our experiment
because the solid solubility of NiO in CaO is comparatively high and the hydration resistance of this
system has never been studied.

II. Experimental Procedures

For promotion of the sintering, a light
CaCOs; obtained by blowing CO; gas into a
Ca(OH); aqueous solution was used as the
starting raw material of CaO. The grain
sizes were below about 1 pm, markedly
smaller than the general CaCQOj3 reagent, as
seen in the microstructure shown in Fig.1.
A1203, F8203, SiOz, Ti02, Zl'02 and NiO
reagents were used as the second ight
components.

In the case of the complex oxides, the
proportion of the raw materials for the preparation of CaO-2A1,03(CA;), CaO-Fe,O3(CF),
Ca0-Si0,(CS) and CaO-TiOy(CT) specimens followed each stoichiometric ratio. While for the
preparation of 3Ca0-Al,03(C;A), 2CaO-Fe,03(CoF), 2Ca0-SiOy(CsS), 3Ca0-2TiOy(C3T2) and
Ca0-Zr0,(CZ) specimens, the amount of the second components was fixed to be 3 mol % higher
than each stoichiometric ratio to completely prevent free CaO to remain in the sintered compacts,
because these compounds adjoin free CaO on the phase diagrams. After the raw materials on the
proportion were pulverized, mixed with ethanol in an agate mortar, the mixtures were dried in a
rotating-vacuum processor. 2 g of each mixture was uniaxially pressed at 50 MPa and then sintered
for 5 hr in atmosphere. The sintering temperature was set at 1100°C for CF specimen, 1300°C for
C,F, 1400°C for C3A, 1500°C for CA,, C,S, CS, C3Tzand CT, 1600°C for CaO and CZ depending
on the fusion point of the complex oxides. The sintered C,S compact powdered due to the phase
transition during cooling. Each of the sintered compacts was pulverized immediately after taken out
the electric furnace. A part of the powder was used for the phase identification analysis by X-ray
diffraction (XRD), the other (0.5 g) being for the test of hydration resistance.

In the hydration test, the powdery specimen was put in a temperature-humidity chamber
(70°Cx90%-relative humidity) up to 48 hr. The hydrated specimen was weighed, and the
mass-increasing percentage, a or B, was calculated by Eq.(1), (2).

a=AM/My*100% N

B=AM/Mca0*100% (2)
where, AM is the mass increase, My and Mcag are the total mass and the CaO mass of the specimen
before the hydration test, respectively. For comparison, an Al,03 regent powder was also tested.

In the case of CaO-NiO solid solutions, the sintered CaO-NiO compacts with NiO of 0, 10, 20,
30, 40, 50 and 60 mol% were prepared by the same method as mentioned above, the sintering
temperature being 1600°C. The sintered compacts were directly used in the hydration test. XRD and
EPMA analysis were conducted on the sintered compacts prepared under the same condition.

Reagent
Fig.1. Microstructure of CaCO; raw materials.
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III. Results

(1) Case of complex oxides

The XRD results of the sintered specimens are shown in Fig.2. A small quantity of Ca(OH),
existed in CaO specimen due to the hydration of CaO upon pulverizing. The phases of
12Ca0-7A1,03, CaO-FeO,, 3Ca0-2Si0;, 4Ca0-3TiO; and ZrO, were included in C;A, C,F, C;S,
C3T,and CZ specimens, respectively, because the added second components were higher than the
stoichiometric ratios in them. Each of CA,, CF, CS and CT specimens was composed of only the
single phase.
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Fig.2. XRD analysis of sintered complex oxide specimens.

The change of the mass-increasing percentage a of the specimens as a function of the hydration
time is given in Fig.3. CaO, CF, CS, CZ and CT as well as A,O; specimens showed a similar
change tendency, i.e., the mass increased rapidly in the time to 1 hr and then the increase rate
became very slow, whereas the mass of the other specimens increased gradually over the whole
period up to 48 hr.

The mass of CaO, CA;, C3A and CF specimens had a marked increase, reaching 10-45% at 48 hr
hydration (Fig.3 (a)). C2S, C3T,and CF showed a relatively small increase, 1.5-2.5% (Fig.3 (b)). CS,
CZ and CT were all below 1%,; especially, CT increased only 0.45%, almost same as Al,O;
(Fig.3(c)).

Defining a hydration index I;=a/oca0, I, of each specimen hydrated for 48 hr is presented in Fig.4.
As can be seen in Fig.4, the order of the hydration resistance was

CT>CZ>CS>CF>C3T>C,S>>CoF>C3A>CA>Ca0
In addition, the mass-increasing percentage B based on the mass of CaO (Mcao) was calculated
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Fig.3. Mass-increasing percentage a of complex oxide specimens.

by Eq.(2) and another hydration index defined as Ig=p/oc.o Was obtained as shown in Fig.5 (values
at 48hr hydration). This result indicates that TiO,, SiO; and ZrO; have large addition effect and the
effect of Al;Os is small for improvement of CaO hydration resistance.

Moreover, all specimens hydrated for 48 hr were heated up to 1000°C in atmosphere. The
mass-decreasing percentage of them is shown in Fig.6, which nearly agreed with the
mass-increasing percentage o in the hydration test (Fig.3).

I
0.9 -
o [=t/aca0
0.7
06
0.5
0.4
03
02
0.4

0 MER s—

CaO CA2 C3A C2F C2s CiT2 CF cs cz cT

I.-

Fig. 4. Hydration index I  on total mass of specimens (M) .

3.10

Iﬁzp/aCaO i

-

Mass-decreasing percantage, mass%
~
3

cA2 Ca0 CiA C2F CF cIn c28 cz Ccs cT Ce0 cA2 ClA Cc2¥ cs  am CF [oh} cz CT  A2O}
Fig. 5. Hydration index Iy on CaO mass of specimens (Mc,0) . Fig.6. Mass-decreasing percentage of hydrated specimens

with heating up to 1000°C.

(2) Case of CaO-NiO solid solutions
The sintered CaO-NiO compacts all had an apparent porosity of 0.8% or less. Fig.7 shows the
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mass-increasing percentage P of the

compacts during the hydration test, ——C20 .
which rose almost linearly with ‘T __:::g;g /
passage of the hydration time, but 5“—&—N5030 /
reduced with increase in NiO content P ::z:g:g / //
of the compacts. & 3 { —o—Nioso

o

The average value of the hydration

2
rate, equal to the ratio of the
. . 1
mass-increasing percentage  to the i

hydration time, of the compacts is

pointed in Fig.8. The hydration rate oo Ti,:: e rorew
decreased sharply until NiO content of Fig.7 Mass-increasing percentage B of CaO-NiO compacts.
20 mol% and then decreased slowly on 02 N
further NiO increasing. RN
The microstructure of the sintered : Z: N
compacts is shown in Fig.9(a), which E or2 ~—
consists of white grains and a dark ¢ —
matrix. EPMA analysis indicated that £ oo *
the white grains are a NiO rich solid f?j‘l:
solution (primary-NiOss) containing -
around 7 mol% of CaO. 0
Fig.9(b) provides the microstruc- 0 1o 2 ’°Ni0’ N % ® *

ture of the matrix observed at a high
magnification. A large number of fine
particles (< 0.3 pm) were found to uniformly distribute in the matrix. According to EPMA analysis,
the fine particles were also a NiO rich solid solution (secondary-NiOss), while the phase around
secondary-NiOss was a CaO rich solid solution containing about 4 mol% NiO. As an example, the
analysis result of NiO20 specimen is given in Fig.9(c).

Only a small amount of primary-NiOss existed in NiO10 (Fig.9(a)), so the hydration rate of
NiO10 being 30% lower than CaO is considered to be mainly due to the action of secondary-NiOss.

Fig.8 Hydration rate of CaO-NiO compacts.

IV. Discussion

(1) Hydration mechanism

Analyzing CaO specimens hydrated for 1 and 48 hr by XRD, Ca(OH), was detected in the former
and CaCOs besides Ca(OH); in the latter. This signifies that the following reactions occurred in CaO
on hydrating.

CaO(s)+H,0(g)=Ca(OH)x(s) 3)
Ca(OH)(s)+CO;(g)=CaCOs(s)+H,0(g) @)

The CO, gas mostly came from the distilled water used in the temperature-humidity chamber.

In C3A specimen, the reaction expressed by Eq.(5) might has occurred, because Ca(OH), and
CaCO; were formed and the ratio of the XRD-peak intensity of C3A to Cj2A; became small after
the hydration test.

7[3Ca0-AL05](s)+9H,0(g)=12Ca0-7A1;,0;(s)+9Ca(OH)1(s) %)
Al(OH); was also identified in the hydrated CA; specimen, which suggests occurrence of the
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Fig.9. Microstructure of sintered CaO-NiO compacts.
reaction of Eq.(6).
Ca0-2A1,05(s)*+7H,0(g)=Ca(OH),+4Al1(OH)3 (6)

There were some phases that cannot be judged definitely from the XRD charts of both C;F and
CaS specimens hydrated. Perhaps, the phases were hydrates such as 2CaO-Fe;O3xH;O and
2Ca0-SiOy'xH,0.

The reaction of Eq.(7) is thought to have happened in C;T, specimen, based on existence of
Ca(OH); and CaCOj; and decrease in the ratio of the XRD-peak intensity of C3T>to C4Ts.

3[3Ca0-2Ti0,](s)+H,0(g)=2[4Ca0-3TiO](s)+Ca(OH)1(s) @)
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No difference was observed between the XRD chart of CF, CS, CT and CZ specimens before and
after the hydration test, same as the case of Al,O; specimen. However, since these specimens,
particularly CF and CS showed a mass increase on hydrating (Fig.3), it is possible that the hydrates
formed in these specimens were amorphous or of low crystallization degree.

In CaO-NiO system, the reactions of Eq.(3) and (4) occurred, like the case of CaO specimen.

(2) Formation mechanism of secondary-NiOss in CaO-NiO system

CaO-NiO phase diagram® shows that the solid solubility of NiO in CaO decreases with
temperature falling, for example, being 12.6 mol% at 1600°C and 3.7 mol% at 1200°C. Based on
this point as well as the size, shape, number and distribution state of the secondary-NiOss particles
(Fig.9), the particles can be judged to have been separated from the CaOss during the cooling stage
in the heating process. This suggests that the cooling condition e.g. the cooling rate influences the
separation behavior of secondary-NiOss (the cooling rate was 5°C /min from 1600 to 1200°C in our
experiment). It is a future research subject to quantitatively clarify the relations among the cooling
condition, the separation behavior of secondary-NiOss and the hydration resistance.

The solid solubility of CaO in NiO decreases also with temperature falling, 8.4 mol% at 1600°C
and 1.2 mol% at 1200°C. However, no secondary-CaOss particles were observed in the
primary-NiOss in the CaO-NiO specimens (Fig.9). This may signify that the diffusion rate of Ca**
in NiO is slow, so that the formation of CaO nucleus is difficult.

(3) Possibility of suitable CaO-containing material for nozzles

The hydration test results mentioned above showed that CT material has the best hydration
resistance. In addition, CT contains CaO of 41 mass%, 10 mass% higher than CZ, which is applied
now in some nozzles, as listed in Table 2. The fusion point of CT is 1970°C, about 200°C higher
than the temperature of molten steel and so the refractoriness is enough, although it is 370°C lower
than CZ. Consequently, CT should be a more promising material for the nozzles.

Table 2. Characteristic comparisons between CT and CZ

- CT Cz
Hydration index I, - 0.01 0.02
CaO content, mass% 4] 31

Fusion point, °C 1970 2340
Density, g/cm® 4.03 4.62

V. Conclusion

1) The hydration resistance of the complex oxides in Ca0-Al,0s, Fe,03, SiO,, TiO; and ZrO,
systems was investigated on condition of 70°C and 90%-humidity, and the order of the hydration
resistance was

CT>CZ> CS>CF > C3T,;> CoS >> CoF > C3A > CA,> CaO

CT should be a more promising material than CZ for the submerged entry nozzle.

2) In the case of CaO-NiO solid solutions, a large number of fine secondary-NiOss particles were
separated from the CaOss crystal grains during the cooling stage in the heating process and
improved the hydration resistance.
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Carbothermal reduction and nitridation (CRN) process was utilized to prepare magnesium aluminum oxynitride
(MgAION) and the influence of reaction variables, such as heating temperature, soaking time and the source of
carbon, on the formation of MgAION was investigated. In addition, the density of samples prepared under
different route was compared. The results show that volatile gases, Mg (g) in chief, lead to variation in lattice
constant and chemical composition at high temperature, and decrease the sintering effect. Since high tempera-
ture and low CO partial pressure are favorable to the CRN reaction in view of thermodynamic reason and high
temperature also favors the transport of gases, the rate of CRN reaction increases with the increasing tempera-
ture. Due to the difference in reactivity between graphite and carbon black, CRN reaction may be the rate con-
trolling step when graphite is used and solid solution of AIN may be the controlling step when carbon black is uti-
lized. CRN reaction can increase surface energy of reaction materials and results in higher final density.
However, gases in the system retard the densification effect.
[Received July 10, 2006; Accepted November 16, 2006]

Key-words : Carbothermal reduction and nitridation (CRN), Magnesium aluminum oxynitride (MgAION),

Synthesis

1. Introduction

Magnesium aluminum oxynitride (MgAION) is a cubic
solid solution crystal material with excellent optical and
mechanical properties and attracts lots of researchers’
interest after the introduction of Jack.”»? Moreover, since
MgAION and its oxidized material, magnesium aluminate
spinel (MgAl,04,) and Al,O;, has high melting point and
nitrogen in the material can increase the viscosity of slag to
retard the further corrosion,?™® it can be considered as a
promising superior refractory. To prepare this material, the
following synthesis methods were utilized: (1) solid phase
reaction of AIN, ALO; and Mg0O;?9-" (2) reaction of Al,
AlLO, and MgO;® (3) carbothermal reduction and nitridation
(CRN) of Carbon, ALO; and Mg0.”

The MgAION formation mechanism through solid phase
reaction has been well investigated:?-®-" MgO reacts with
ALO; to form MgAlO,; above 1000°C. At higher tempera-
tures, AIN and Al,O; dissolve into MgAl,O4 to form
MgAION. The maximal amount of AIN and Al,O; dissolved
into MgAl,Q,,, increases with the increasing heating tempera-
ture” and N diffusion is considered to be the rate controlling
of MgAION formation.?

From the viewpoint of the purity of product, preparation
of the raw materials and potential for large-scale produc-
tion, the CRN process is considered to have advantages.
However, the synthetic process and other details on preparing
MgAION through CRN were seldom discussed except for few
reports proposed that AION, prepared through CRN process,
could be stabilized at low temperature by adding MgO or
MgAL,0y4.7

Since density is probably the most important parameter in
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the study of sintering and it relates to the sintering kinetics and
correlates with many properties of sintering materials,'” the
sintering characteristics of various routes could be surveyed by
the comparison of the density of samples heated at the same
condition.

In present investigation, CRN process was utilized to pre-
pare MgAION and the influence of reaction variables, such as
heating temperature, soaking time and the source of carbon,
on the formation of MgAION was investigated. Moreover,
density of the samples prepared by different route was com-
pared. Based on the results, evaporation of MgAION was ana-
lyzed, MgAION formation mechanism through CRN process
was discussed, and sintering characteristics of CRN process
were surveyed.

2. Experimental procedure

2.1 Starting materials and synthesis procedure

Table 1 gives information about the starting materials used
in present investigation. According to Table 2, the raw materi-
als were meticulous weighted and then mixed by ball milling
with alumina balls in ethyl alcohol. After evaporating the sol-
vent in vacuum rotary, the mixtures were uniaxial pressed
under 150 MPa. As described in Table 2, the green compacts
were heated in a graphite furnace under various conditions.
Gas pressure of the furnace was constant at 0.1 MPa and flow-
ing rate of N, gas (purity >99.999%) was 1 L-min™'.

2.2 Characterization

In present work, Bulk density and apparent porosity were
measured by SGM-6 automatic gravimeter, true density was
analyzed by IONICS multi pycnometer, and specific surface
area was tested by IONICS monosorb. The phase composition
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Table 1. Some Information of Staring Materials
MgO"! ALLO; Carbon
- AIN Al
Ml M2 AOl  AO2 Graphite Carbon black™
Purity (wt%) 99.9 999 999 9999 99 4 99.2 992 99.5
Particle size (um) <10 0.24 <75 0.1 <45 0.023 0.7 <20
Specific surface area (m%/g) 12 106

*1 The materials for chemical analysis were preheated at 1000°C. The ignition loss of M1 and M2 was 3.6% and 8.2%, respectively, and

it was considered during the weighting,
*2 Amorphous

Table 2. Composition of the Compacts in Molar ratio and Heating Conditions

Sample No MgO AlyO3 Carbon
AIN Al Heating conditions
Ml M2 A0l  AO2 Graphite  Carbon black
A 8 29 9 1100°C, 6h
A, 8 29 9 1300°C, 6h
As 8 29 9 1350°C, 6h
A, 8 29 9 1400°C, 6h
As 8 29 9 1450°C, 6h
Ag 8 29 9 1500°C, 6h
Ay 8 29 9 1600°C, 6h
Ag 8 29 9 1650°C, 6h
Ag 8 29 9 1700°C, 6h
Ao 8 29 9 1800°C, 6h
B, 8 29 9 1500°C, 96h
B, 8 29 9 1700°C, 3h
B; 8 29 9 1700°C, 6h
B, 8 29 9 1700°C, Sh
C 8 29 9 1500°C, 6h
C, 8 29 9 1700°C, 6h
D 4 13 3 1700°C, 6h
E 4 13 3 1700°C, 6h
F 8 29 9 1700°C, 6h
G 8 29 9 1700°C, 6h
H 4 13 3 1700°C, 6h
[ 4 13 3 1700°C, 6h

was identified by RINT2200 X-ray diffraction (XRD) and the

relative intensity of the random / phase (R;) was calculated

according to the following equation,

— Ii
L+L+.  +L+...

; x100% (1
where the subscripts represent the detected phases, I; is the
intensity of the strongest peak of i/ phase.

To analyze formation process in quantity, chemical compo-
sition of intermediate product should be concerned. However,
it is difficult to determine composition of MgAl,O,, and
MgAION only by chemical analysis when Al,O; exists in the

sample. In present work, chemical composition of MgAl,Oy,
and MgAION is calculated by the combination of chemical
composition and lattice constant. As lattice constant of
MgAl, Oy and MgAION, designated as omgal,0,, and avgaions
can be calculated through the following equations,”

0MgaLO,, = 0.7900 +0.0375[MgO Jygano, % (nm) (2)
QMgAION = 0.7900+0.0375 [MgO]MgA]ON%
+0.0150[ AINJpgaion (nm) (3)

with [MgO] or [AIN] in mol% of each component. Chemical
composition of MgAl,Oy, could be calculated from Egs. (4) -
(6) on the condition that entire Mg exists in MgAl,Og,, struc-

47



BltT 3y 7 AEMIREIE AR - KRR EE (05-07)

44 Synthesis of Magnesium Aluminum Oxynitride by Carbothermal Reduction and Nitridation Process

wure.

_ (amgano,, —0.7900) X 80
(15 - (O‘MgAI:O.‘;s - 0.7900) X 240)

X 100% 4)

6= (ormgaro,, — 0.7900) X 160
(15 = (erpgar0,, — 0.7900) X 240)

% 100% (5)
[Omean0. %6 =1 —[Mgl% — [Al]% (6)

When entire N and Mg exist in MgAION structure, chemical
composition of MgAION can be figured out in the following
equations:

[MgImeaions = { (ormgaion — 0.7900) x (Mg) %'}

/{(2.5575x (Mg) % +2.445% (N) % — C{MgAION

x ((Mg) % + (N) %) x3)} x100% N
[Allyeaionds = {(1.655x (Mg) % +0.82x (N) %

—((Mg) % %2+ (N) %) X amgaion) |

/{(2.5575 x (Mg) % +2.445% (N) % — OMgAION

x ((Mg)% + (N) %) x3)} x100% (8)
[NJmeaion% = { (emgaion —0.7900) x (N) %'}

/{(2.5575 x (Mg) % +2.445 X (N) % — amgaion

x ((Mg) % + (N) %) x3)} x 1002 9)
[Omeatons = 1= [Mglumgaions — [Allmgarons

— [NImeaion% (10)

where [Mg, Al and Olmgar0,.% or [Mg, Al, O and N]yaion6
are mol% of elements in these two phases. (Mg and N) % are
mol% of Mg and N in the sintered sample. In present investi-
gation, lattice constant of MgAl,O,4, and MgAION was deter-
mined by XRD by using high purity silicon (purity>99.999
mass%) as internal standard material, and the content of Mg
and Al was measured by Simultix12 X-ray fluorescence spec-
troscope (XRFS), O, N by EMGAG650 oxygen and nitrogen
analyzer, and Carbon by EMIAS810 carbon analyzer.

(Mg Imean0.,28

[AlegAI;Om%

3. Results and discussion

3.1 Influence of heating temperature

The content of residual carbon in the samples of A;-A,g is
plotted in Fig. 1. At temperatures below 1300°C, the content
of residual carbon in these samples (3.16 mass%) approxi-
mated to that in the raw material (3.19 mass%) and when
above it, especially above 1400°C, the rate of graphite con-
sumption increased with the increasing temperature.

Figure 2 reveals the relative intensities of detected phases in
the samples of A;-Ay. MgO could not be detected in samples
even as low as 1100°C, because entire MgO reacted with Al,O;
to form MgAlL,Oy,. In view of lattice constant of MgAlL Oy
decreased from 0.8079 nm at 1100°C to 0.8050 nm at 1300°C,
as shown in Fig. 3, chemical composition of MgAl,Oy; calcu-
lated by equations (4)-(6) could be represented as MgyAlg 7
0,714 (1100°C) and Mg,Al;,0,, (1300°C), respectively. Since
the amount of Al,O; dissolved into MgAl,O,, increased with
the increasing temperature and the molar weight of graphite
and MgAlLO,, had not obvious change below 1300°C, the
relative intensity of Al,O; decreased, while that of graphite
and MgAl,O, increased from 1100°C to 1300°C. By making
use of chemical analysis and XRD detection, it was confirmed
that MgAION was formed in the samples heated above
1350°C. Based on the result of lattice constant, as shown in
Fig. 3 chemical composition of the synthesized MgAION
could be calculated by Eqgs. (7)-(9) and some of them were
MgyAly3.40023.04Ng.11 (1350°C), MgyAl7.45029.08No.76 (1450°C)
and MgAly; 56041400203 (1600°C). When over 1650°C, mono-
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Fig. 3. Lattice constant of MgAl,Oy,, and MgAION in the samples
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phase MgAION was obtained and chemical composition of
these samples was calculated by making use of chemical
analysis and they were MgsAls; 6:04675N3.12 (1650°C), Mg,
Al 20047.60N3.13 (1700°C) and MgyAls; 76045.4sN3.16 (1800°C),
respectively. It is indicated that Mg content decreased with the
increasing temperature and as a consequence, lattice constant
of MgAION decreased according to equation (3). Through
the further discussion in Section 3.5, it is known that volatile
gases of MgAION caused the variation.

3.2 Effect of the soaking time

In the sample of B,, which was heated at 1500°C for 96 h,
AIN, Al,O; and MgAION were detected and the residual car-
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Fig. 4. Lattice constant of MgAION in the samples of B,-B,.

bon was 0.09 mass% . The AIN provided by CRN reaction did
not dissolve into MgAl,O,,, entirely and it was different from
the sample of Ag, which was heated at 1500°C for 6 h, for that
AIN could not be detect. As the amount of AIN dissolved into
MgAl,O4, has a maximal value at a temperature,” the AIN
provided by CRN reaction in the sample of B, is excessive for
MgAl, Oy, at this temperature. Considering the phase compo-
sition of samples of A;-A,o heated at different temperature for
6 h, as mentioned in Section 3.1, it can be concluded that the
generating rate of AIN by CRN of graphite is slower than the
potential maximal solid solution rate of AIN before a critical
point. In the samples of B,-B,, which were heated at 1700°C
for different soaking time, the content of residual carbon was
less than 0.03 mass% and only MgAION detected. According
to the result of chemical analysis, their chemical composition
could be expressed as Mg4A129.87O44.33N2.98 (3 h), Mg4Al32'20
O47.60N3.13 (6 1), and MgyAls; 53049.53N3.23 (9 h), respectively.
It implies that Mg content decreased with the soaking time and
the decrease caused variation in lattice constant (Fig. 4.).
Evaporation of MgAION at high temperature leads to it and
the reason was further discussed in Section 3.5.

3.3 Effect of the source of carbon

In the sample of C,, which was made from carbon black and
heated at 1500°C for 6 h, AIN, Al,O; and MgAION were
detected and the content of residual carbon was 0.11 mass%.
Its composition was close to the sample of B, which was made
from graphite and heated at 1500°C for 96 h, and its residual
carbon was much lower than that the sample of A¢, which was
made from graphite and heated at 1500°C for 6 h. Hence, the
carbon consumption rate in the sample made from carbon
black was much higher than that made from graphite. Since
the amorphous carbon black used in this work has smaller size
(about 0.023 um) and higher surface area (106 m*>-g~'), the
reactivity of it is much higher than that of graphite.

3.4 Density of samples prepared by different route

In present investigation, all the samples heated at 1700°C
for 6 h were monophase MgAION and the chemical composi-
tion was close to each other. However, as shown in Fig. 5, the
relative density was different with the synthesis route. Among
the samples B;, C,, D, and E, which were made from coarser
MgO and Al,O,, the sample of B;, which was made from
graphite by CRN process, had the highest density and that of
C,, which was made from carbon black, was the most porous
one. As to the samples made from finer MgO and Al,O; (F,
G, H, and 1), the density was much higher than that of
samples made from coarser materials. The density of samples
F and G, which was prepared by CRN process, was lower than
that of others and the sample of H, which was made from
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Fig. 6. Equilibrium gas partial pressures of Mg,Al,yO,;N; at 1727°C.

MgO, Al,O3, and AIN, had the highest density. However, due
to volatile gases of MgAION at high temperature, which was
discussed in Section 3.5, closed pores were formed in the
matrix and full dense samples could not be obtained in present
condition even the apparent porosity approximated to 0.

3.5 Evaporation of MgAION

Based on the thermodynamics data,®:'" equilibrium partial
pressure of gases of MgsAl,O4N; at 1727°C in nitrogen
atmosphere are calculated and plotted in Fig. 6. These gases,
Mg (g) in chief, may be entrained by the flowing nitrogen gas
and then evaporation occurs at high temperature. In this way,
as mention in Sections 3.1 and 3.2, Mg content in the sample
decreased and lattice constant was also decreased according to
Eq. (3). Moreover, the volatile gases lead to closed pores
formed in the matrix and it is difficult to obtain full dense
MgAION sample in present condition without any auxiliary
means, such as spark plasma.¥

3.6 MgAION formation mechanism by CRN process

As mentioned in Section 3.1, entire MgO react with ALL,O; to
form MgAl,O,, below 1100°C. The reaction is considered as
the first step and similar to solid phase reaction system. In the
CRN process, it is certain that nitride, AIN, must be provided
before its solid solution reaction. Hence, in the second step,
AIN supplies by the following overall reaction.'?

ALO;+3C+N,=2AIN+3CO (11)

Figure 7 shows the equilibrium partial pressure of CO of
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Fig. 7. Equilibrium partial pressure of CO of CRN reaction.

CRN reaction when the partial pressure of nitrogen is given as
0.1 MPa. Obviously, high temperature and low CO partial
pressure are favorable to the CRN reaction. In the inner of the
sample, the partial pressure of CO would be increased and
that of N, would be decreased when CRN reaction proceeds
with, because of the consumption of N, and formation of CO.
If the diffusivity of gases is too slow, CRN reaction would be
retarded or even ceased. On the other hand, since the diffusivi-
ty of gases increases with the increasing temperature, high
heating temperature is also favorable to the transport of gases
and favors the CRN reaction. Hence, the rate of CRN reaction
increases with the increasing temperature. In the third process,
Al,O; and AIN, which was provided by CRN reaction, dis-
solve into MgAIL, Oy to form MgAION. In the sample made
from graphite, the reaction rate of the second step should be
slower than the maximum potential rate of the third step
considering that AIN could not be detected in the samples of
A;-Ajp. While in the sample made from carbon black, the
reaction rate of the second step is much faster for the higher
reactivity of carbon black and the third step is assumed as the
rate limiting steps.

3.7 Characteristics of CRN process

When CRN reaction occurs, the reaction of carbon and
Al O; can increase the surface energy of Al,O; and the product
of CRN reaction, AIN, has high surface energy. Since raw
materials with higher surface energy always lead to higher
final density,'® the CRN process is favorable to the densifica-
tion of samples and the sample of B,, which was made from
graphite, has the highest density. On the other hand, being the
reactivity of carbon black is higher than graphite, lots of gases
might be generated from the sintering body at one time and
the sinterability of C, would be decreased. So, the density of
C, is lower than that of B;. The densities of Al and AIN are
2.702g-cm™® and 3.26g-cm”?, respectively,'” and the
volume expansion caused by the nitridation of Al, which
occurs at 600-800°C, is about 26% . Hence, the density of E is
increased before the solid phase reaction of MgO-Al,0;-AIN
system and the final density of E is higher than that of D,
which was made from AIN.

When fine MgO and Al,O; are used as raw materials, the
materials themselves have high surface energy and the
influence of the rise in the surface energy caused by CRN

20

process could be neglected. Moreover, since CRN reaction is a
kind of gas solid reaction and gases in the system are not
favorable to the densification. Hence, the density of samples
made from CRN process is lower than that of samples made
from the other processes.

4. Conclusions

The process of carbothermal reduction and nitridation
(CRN) on the synthesis of magnesium aluminum oxynitride
(MgAION) was investigated in present investigation. Being
the volatile gases of MgAION, Mg (g) in chief, there was vari-
ation in lattice constant and chemical composition at high
temperature. In addition, these gases resulted in closed pores
formed in the matrix and decreased the density of sample.
Considering that high temperature and low CO partial pres-
sure are favorable to the CRN reaction in view of ther-
modynamics reason and high temperature also favors the
transport of gases, increasing the heating temperature is an
efficient means to increase CRN reaction rate. Because of the
difference in reactivity between graphite and carbon black,
CRN reaction was the rate controlling step when graphite was
used and solid solution of AIN was the controlling step when
carbon black was utilized. CRN reaction could increase sur-
face energy and lead to higher final density. However, gases in
the system tended to decrease the final density.
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Oxidation Behavior of Magnesium Aluminum Oxynitride
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Oxidation behavior of spark plasma sintered (SPS) magnesium aluminum oxynitride (MgAION) was investigat-
ed in this study. Monophase MgAION without pores was easily obtained and evaporation was sufficiently limit-
ed by the utilization of the SPS process. The MgAION powder was oxidized above 750°C, and a detectable mass
gain of the MgAION plate could not be obtained below 1200°C, because the oxidation reaction was of a very low
level and occurred only on the surface. High temperature were favorable to oxidation reaction. According to the
isothermal mass gain and evolution of oxidized morphology of the plates oxidized at different temperature, it
could be deduced that the oxidation of MgAION was limited by interface reaction. To analyze more profoundly,

an oxidation model was proposed.
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1. Introduction

Magnesium aluminum oxynitride (MgAION), a solid solu-
tion material with high melting point, was proposed by Jack
in 1976.Y And some relative studies, such as oxidation
behavior,?+? reactivity,? and synthesis processes,”-” have
been carried out recently. As an oxynitride, oxidation behav-
ior is one of the most important high-temperature properties
and the overall oxidation reaction follows

MgAlON+Oz > MgAl:O4SS+A1303+N2 (l)

Wang et al.?>¥ have investigated some properties of hot
pressed MgAION and proposed that the oxidation of
MgAION would be limited by gas diffusion because of the
protective of oxidized layer. However, as shown in Fig. 1,
the oxidized layer of MgAION is porous though the tested
sample is in full density. Obviously, gas diffusion in the oxi-
dized layer may not be the controlling steps during the oxida-
tion of MgAION. So the oxidation behavior of MgAION
needs further research.

On the other hand, according to the thermodynamic
analysis,” it is known that evaporation occurs at high temper-
ature and rapid heating process might be favor to decrease
the effect. Though some efforts have been taken to decrease

Fig. 1. Morphology of MgAION oxidized at 1400°C for 14.5h,
black areas are pores or cracks.
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the evaporation of MgAION, they are not so efficient because
of their long soaking time at high temperature.> Moreover, to
decrease the effect of impurity and pores on the investigation
of oxidation behavior, dense samples in high purity are
required. Fortunately, a newly developed sintering technical,
spark plasma sintering (SPS), with application of mechanical
pressure and an on-off DC current, is an efficient means to
prepare dense samples in short time.® That’s why SPS is used
to prepare MgAION in our present experiment.

Raw materials with the composition same as Wang et al.?
are utilized and our objective here is to further study the oxi-
dation behavior of MgAION and find a more reasonable oxi-
dation model.

2. Experimental procedure

2.1 Sample preparation

High purity starting materials in small size, MgO (0.24 um,
>99.9%), ALO; (0.1 um, >99.99%), and AIN (0.7 um,
>99.2%), with molar proportions of 4:13:3 were
meticulous weighed before milled in pet with alumina balls
by using ethanol as dispersion. Subsequently, the slurry was
vacuum dried in rotary evaporator (Model BUCHI R-134
rotavapor, SIBATA, Tokyo, Japan) and then the dried pow-
ders were placed in a graphite die and then set in SPS system
(Model DR. SINTER 820S, Sumitomo Heavy Industries,
Ehime, Japan). After the chamber was evacuated to less than
5 Pa and flushed with nitrogen (purity >99.999%), repeated-
ly, the green samples were heated to 1700°C in 20 min and then
held at 1700°C for 10 min under the pressure of 30 MPa.

The plates for oxidation test were cut from SPSed samples
by using a conventional mechanical cutting procedure. After
ground with a diamond wheel to 10X 10X 3.6 mm, the plates
were rough polished and the edges were chamfered at 45°. On
the other hand, some SPSed samples were pulverized into less
than 10 um in an agate mortar to prepare powders for oxida-
tion test.

2.2 Oxidation test

Oxidation tests of the powders and plates prepared by SPS
were conducted under dry air flowing on thermo-gravimeter
(TG, Model TG/DTA 6300, Seiko Instruments, Tiba, Japan)
(Pt crucible, 0.2 1 min~!) and MoSi, furnace (ventilating Pt
net, 21 min~"'), respectively. Moreover, the mixed raw pow-
ders after drying were also tested by TG. The non-isothermal
tests of powders and plates were conducted with the warming
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Fig. 2. XRD pattern of synthesized material.

up rate at 5°C min~!. As to the isothermal oxidation of plates,
they were placed into the furnace later after that had arrived
the setting temperature for 30 min. The oxidized plates were
cut parallel and about 5 mm to the edge and the cross sections
were polished up to 0.5 um. All the polished plates were
ultrasonically cleaned in ethanol and then kept in desiccators
before characterization.

2.3 Characterization

Microstructure and element distribution were characterized
by field emission scanning electron microscope (FE-SEM,
Model JSM6340F, JEOL, Tokyo, Japan) equipped with ener-
gy-dispersive X-ray spectroscope (EDAX). Phase composi-
tion was determined by X-ray diffraction (XRD, Model
RINT?2200, Rigaku, Tokyo, Japan). The content of Mg and
Al was measured by X-ray fluorescence spectroscope (XRFS,
Model Simultix12, Rigaku, Tokyo, Japan), and O, N by
oxygen and nitrogen analyzer (Model EMGA650, HORIBA,
Kyoto, Japan). Bulk density was measured by automatic
gravimeter (Model SGM-6, Mettler-Toledo International,
Ohio, USA) and true density was analyzed by multi pycnome-
ter (Model MVP-1, YUASA IONICS, Massachusetts, USA).

3. Results and discussion

3.1 Phase composition and structure of prepared sample

As shown in Fig. 2, monophase MgAION was obtained by
SPS in a rapid heating process. Excitingly, as listed in Table 1,
the difference of chemical composition between raw materials
and prepared MgAION was so small that the evaporation was
sufficiently limited in present work. Moreover, as shown in
Fig. 3, the synthesized sample was so dense that pores could
not be seen in the matrix, and by the further testing, the densi-
ty of sample was higher than 99.9% and it was denser than the
ever reported.”) So, SPS process should be a better choice to
prepare MgAION than other processes.

3.2 Oxidation behavior of powders

Figure 4 shows the weight change of mixed raw powders
and SPSed MgAION powders. As the grain size of the raw
powders was so small, it was inevitable that some water was
attached, which may be reasonable to explain why the weight
loss below 700°C. Oxidation of MgAION powders and raw
powders almost started at about 750°C and maximum weight
change of raw powders caused by oxidation reaction was
about 1.8% while that of prepared MgAION powders was
about 4.0% . As the chemical composition of raw powders had
not obvious difference to the MgAION powders (Table 1),
there was an abnormal weight change during the oxidation
MgAION according to Eq. (1). The possible reason for the
abnormal weight change was still unknown and it need further

2

Table 1. Chemical Composition of Mixed Raw Powders and SPS
Prepared Sample (mass%)
Raw materials Prepared sample Difference
Mg 5.98 5.98 0
Al 48.59 48.51 0.08
0] 42.97 42.89 0.08
N 2.35 2.19 0.16

i lpm ND :

x1,008

SMB2DG SEI . 15.0KY

Fig. 3. Cross section micrograph of prepared sample.
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Fig. 4. Weight change (W=4m/m) of mixed raw powders and
prepared MgAION powders.

study.

3.3 Oxidation behavior of plates

Isothermal mass gain of plates oxidized at different temper-
ature is shown in Fig. 5. Mass gain of plates oxidized at
1200°C followed a parabolic law and that of plates oxidized at
higher temperature close obeyed linear laws. As mass gain
would obey a parabolic rate law when the reaction was limited
by gas diffusion and follow a linear law when controlled by
interface reaction,!? interface reaction might be the controll-
ing step during the oxidation of MgAION. However, Wang et
al.? considered that the gas diffusion would be the controlling
step from 1200°C-1500°C except for the short ininial surface
oxidation reaction. On the other hand, since lots of pores and
cracks existed in the oxidized region (Fig. 1), the resistance
of gas diffusion was in low level. So, there were some flaws in
the proposition of Wang et al. To clarify the oxidation behav-
ior, the evolution of morphology of oxidized plates was dis-
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Fig. 6. Mass gain of MgAION plates with respect to temperature.

cussed in Section 3.4. Figure 6 illustrates the oxidation behav-
ior of plates with respect to temperature. Detectable mass gain
could not be obtained lower than 1200°C even the powder
could be oxidized as low as 750°C (Fig. 5). Over 1200°C, the
oxidation rate increased with the increasing of temperature
and it got to a high speed at 1600°C.

3.4 Morphology of oxidized plates

Figure 7 shows the morphology of plate oxidized at 1200°C
for 26 h. Since grain-boundary/surface intersections in single-
phase ceramics were the most active centers for oxidation,
stress concentrations might occur at these areas and pores or
cracks would be formed.!? In Fig. 7(a), cracks were recog-
nized and micron-sized grains were discontinuously distribut-
ed on the surface of the oxidized plate, which implied that oxi-
dation reaction had occurred and stress was generated during
the oxidation process. According to the change of elemental
distribution plotted in Fig. 7(c), an interface about 40 um
below the surface could be identified and the region with some
change of element distributions was considered as oxidized
layer and the region.without obvious changes was un-oxidized
layer. In the oxidized layer, cracks propagated along the grain
boundaries, which implied that the stress caused by oxidation
reaction was not so stiong to crack the big grains. As cracks
were formed on the surface and in the oxidized layer, the gas
diffusivity would be in high level'® and the gas partial pres-
sures near the surface and the interface should not have big

022513 COMPO 15.8kV  x3,000

1pm D L4mm

k 021201 COMPO 15. X250 100ym HD14mn

h, [ Oxidized layer | | Un-oxidized layer |
% ’

V

Interface

IR

021291 COMPD 15.8kY 1,802  10um WDidem

210
180 Al
__ 150
£
=
3 120
? 9
g
= 60
Mg
30
0
0 20 40 60 80 100 120
Distance

Fig. 7. Morphology of MgAION plates oxidized at 1200°C (a) Sur-
face, the arrow shows one of cracks on the surface, (b) polished cross
section, and (c) magnified microstructure showing in (b) with the
pattern of elemental distribution.

difference. Hence, oxidation reaction could not be prevented
by the oxidized layer and gas diffusion should not be the con-

53



Bt Z Xy 7 AEMREME M7 - SRR RRESE (05-07)

198 Oxidation Behavior of Magnesium Aluminum Oxynitride

021417 COMPO 1S.0kY  x1,088  19m WDiSem
140
120 Al
100
£ %0
z 60
E 4 Mg
20
0
0 20 40 60 80 100
Distance

] ¢

\Vv ; P "

f ‘i, [Oxidized byer ] ’!Un—oxidized byer]

V:“A
Interface

18pm WO1Smm

x1,008
140
120 Al
100
7
5
3 %0
2
Z 0w
g
2
40
Mg
2 LMW
[
o 20 40 o0 80 100 120

Distance

Fig. 8. Morphology of MgAION plates oxidized at 1400°C (a) surface, (b) low magnified cross section, (c, d) high magnified cross sections
near the surface and the interface with the pattern of elemental distribution, arrows show cracks of grains.

trolling step, though the mass gain followed a parabolic law
(Fig. 5). Even oxidized at 1200°C for 26 h, the oxidation of
MgAION was kept in low level. Consequently, detectable mass
gain could not be obtained below 1200°C during non-isother-
mal testing (Fig. 6). As stress was generated during oxidation
process, the stability of grain boundary was decreased and
some stresses would transfer to un-oxidized layer. Conse-
quently, areas with residual stress, which was formed during
sintering process, were very active and cracks were favor to be
formed in these areas. Hence, as shown in Fig. 7(c), cracks
along the grain boundary could be observed even about 70 um
below the interface. Figures 8(a) and (b) show the surface
and inner morphology of plate oxidized at 1400°C. An inter-
face between oxidized layer and un-oxidized layer could be
distinguished easily. The morphology was very different to
that of plate oxidized at 1200°C and lots of pores and cracks
existed in the oxidized layer. Elemental distributions of Mg
and Al near the surface and the interface are plotted in Figs. 8
(c) and (d). The dense thin surface layer (about | um) and
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reticular materials around big grains were made of Al,O;. As
the big grains were surrounded by Al,O; and the content of
Mg of the big grains in oxidized layer was higher than that in
the un-oxidized layer, it could be deduced that Al,O; were
precipitated from big grains during oxidation reaction. If the
oxidation of MgAION was controlled by the gas diffusion,
gradient of gas partial pressure should exist,!®!" and the mor-
phology near the surface would be different to that near the
interface. However, the morphology near the surface (Fig. 8
(¢c)) was very similar to that near the interface (Fig. 8(d)).
Moreover, as lots of pores and cracks were formed in the oxi-
dized layer, the resistance of gas diffusion by oxidized layer
should in low level. In addition, as described in Fig. 5, the
mass gain behavior of plates oxidized at 14QQ°C {ollowed a
linear law. Hence, gas diffusion would not be the controlling
step during oxidation of MgAION and interface reaction
should be the case. In samples oxidized at 1400°C, the stress
yielded by oxidation reaction was so stronger that that big
grain could not withstand and cracks of big grain were
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Fig. 9. Morphology of MgAION plates oxidized at 1500°C (a) sur-

face, (b) polished cross section, arrows show cracks along grain
boundary below the interface.

observed. Consequently, the amount of stress transferred
from oxidized layer to un-oxidized layer was increased and the
cracks in the inner of the interface were more obvious. Hence,
the resistance of interface was decreased and the oxidation
reaction was in high rate. As to the MgAION plate oxidized at
1200°C, the stress caused by oxidation was in low level and the
interface could not be damaged easily. Hence, the oxidation
rate was low and mass gain followed a parabolic law. But, the
oxidation of MgAION at 1200°C would also be controlled
by interface reaction. The morphology of plate oxidized at
1500°C is shown in Fig. 9. Because of the increasing of oxida-
tion temperature, the precipitated Al,O; grains on the dense
thin surface were more homogenous. Considering that the
width of precipitated Al,O; between big grains was thicker and
the original big grains became smaller and smoother with the
increasing of oxidation degree, it could be deduced that the big
grains in oxidized region should be MgAION. The oxidation
interface became more illegible than that of plate oxidized
at 1400°C and the amount of cracks in the inner of the inter-
face was increased, which implied that the stress was increased
with temperature. Hence, it was reasonable to assume that at
1600°C, the stress was much higher than 1500°C and as a
result, the oxidation rate was very high (Fig. 6).

3.5 Oxidation model

According to the above discussion, an oxidation model
could be schematically drawn in Fig. 10. When lower than
1200°C, the stress caused by oxidation was in low level, the

Original sample

Oxidation direction
[ o e ———

750 'C< T <1200 °C

Oxidation direction

1200 °C<T

Surface layer with cracks

Dense surface layer

AlLO; grain

Crack and pore

MgAION grain, point denisity represents Mg content

SN | |

Fig. 10. Schematic of oxidation model of MgAION at different tem-
perature.

interface could not be damaged easily and the further oxida-
tion reaction was retarded. At higher temperature, stress
caused by oxidation reaction was increased and even over the
critical values that MgAION grain could resist, the interface
could not withstand the stress then oxidation proceeded on
from surface to inside step by step in relative high rate.

4. Conclusions

Monophase magnesium aluminum oxynitride (MgAION)
without pores was obtained by spark plasma sintering (SPS)
process and utilized to further investigate the oxidation behav-
ior. Oxidation reaction of MgAION powder started at about
750°C, and detectable mass gain of MgAION plate could not
observed below 1200°C because oxidation reaction was in very
low level and occurred only on the surface. Higher tempera-
ture was favor to oxidation reaction and the reaction con-
tinued on from surface to inside step by step because the
interface could not withstand the stress caused by oxidation
reaction. From this work, it was clear that the oxidation of
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Oxidation behavior of spark plasma sintered (SPS) magnesium aluminum oxynitride (MgAION) with different
composition was investigated in present work. Results showed that the variation in composition had not obvious
effect on the density of MgAION, but had some effect on excess weight change. Also found that the oxidation
behavior of MgAION was different with oxidation temperature, which was attributed to the transformation
from y-Al,O; to a-Al,O;. Moreover, the excess weight change was ascribed to the existence of lots of vacancies in

y-Al,0; and magnesium aluminate spinel (MgAl,Q,ss).
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1. Introduction

As known, MgAION can be inevitably oxidized under oxi-
dation atmosphere at high temperature and the oxidation
behavior is one of its most important properties. When
MgAION is oxidized under certain condition, «-Al,O; and
magnesium aluminate spinel (MgAl,Qgss) are detected in the
oxidized product. The oxidation reaction of MgAION pro-
posed by Wang et al. is as fellows"

MgAlON + 02 —> MgAle455 + Aleg + Nz ( 1 )

In their report, no intermediate oxidized products have
been obtained. On the other hand, it has been reported that
the solid solution of Al,O; and AIN into MgAl,O,,, forms
MgAION and the amount of dissolved materials has relatively
wide ranges at high temperature.” So, oxidation behavior and
density of MgAION might change with the composition. In
addition, we have obtained an excess weight change during the
oxidation of MgAION powder in the previous study.” But,
the effect of chemical composition on density and oxidation
behavior has not been mentioned in the earlier reports.

Our objective here is to investigate the influence of chemical
composition of MgAION on its density and excess weight
change, and to further discuss the oxidation mechanism of
MgAION at elevated temperature.

2. Experimental procedure
2.1 Preparation of MgAION
The raw materials of MgO (particle size, ~0.24 um; purity,
>99.9%), ALO; (~0.1um; >99.99%), and AIN (~0.7
um; >99.2%) were meticulously weighed according to

Table 1, and milled with alumina balls by using ethanol
as dispersion. Subsequently, the slurry was dried in a
vacuum rotary evaporator (Model BUCHI R-134 rotavapor,
SIBATA, Tokyo, Japan) and then the dried powders were
placed in a graphite die and set in a SPS machine (Model DR.
SINTER 820S, Sumitomo Heavy Industries, Ehime, Japan).
After the chamber was repeatedly evacuated to less than 5 Pa
and flushed with nitrogen (purity>99.999%), the samples
were heated to 1700°C in 20 min and then held at 1700°C for
10 min under the pressure of 30 MPa.

2.2 Oxidation test

In present work, the oxidation behavior of MgAION pow-
ders and plates was integrally surveyed. The powders less than
10 um were pulverized from the SPSed samples in an agate
mortar. The plates were cut from the SPSed samples by using
a conventional mechanical cutting procedure. After ground
with a diamond wheel to 10X 10X 3.6 mm, the plates were
roughly polished with the edges chamfered at 45°. The oxida-
tion tests of the powders and plates were conducted under
flowing dry air by a thermo-gravimetry (TG, Model TG/DTA
6300, Seiko Instruments, Tiba, Japan) (Pt crucible, 0.21
min~') and a MoSi, furnace (ventilating Pt net, 21 min~'),
respectively. The oxidation tests of powders were carried out
with the heating rate at 5°C min ™! and then soaked at different
temperature for presetting time. The plates were placed into
the furnace later after the furnace had arrived the setting tem-
perature for 30 min. Then, the oxidized plates were cut along
the middle lines and the cross sections were well polished. All
the polished plates were ultrasonically cleaned in an ethanol
and then kept in a desiccate before characterization.

Table 1. Composition of Raw Materials in Molar Ratio and Mass Percent
St S2 S3° S4° ss' S6°
Mo!ar Mass% Mo]ar Mass®o Mo!ﬂr Mass"o Mo!ar Mass® MOF“' Mass®o Mo!ar Mass®o
ratio ratio ratio ratio ratio ratio
MgO 1 3.38 4 17.49 4 9.94 5.21 12.57 6.41 15.04 7.62 17.38
AlLO; 10 86.22 7 78.03 13 8241 13 80.01 13 77.75 13 75.61
AIN 3 10.40 I 4.48 3 7.64 3 742 3 7.21 3 7.01

* 54-S6 is 3 masso, 6 mass%. and 9 mass®o of additional MgO added into S3, respectively.
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2.3 Characterization

Microstructures and elemental distributions were observed
by field emission scanning electron microscope (FE-SEM,
Model JSM-6340F, JEOL, Tokyo, Japan) equipped with
energy-dispersive X-ray spectroscopy (EDAX) and SEM
(Model JXA-8621MX, JEOL, Tokyo, Japan) equipped with
wavelength dispersion spectrometer (WDS). Phases were
identified by X-ray diffraction (XRD, Model RINT2200,
Rigaku, Tokyo, Japan) by using Si (purity>99.999 mass%)
powders as internal standard material. The contents of Mg
and Al were measured by X-ray fluorescence spectroscopy
(XRFS, Model Simultix12, Rigaku, Tokyo, Japan), and
those of O and N were tested by oxygen and nitrogen analyzer
(Model EMGAG650, HORIBA, Kyoto, Japan). The bulk den-
sity was measured by an automatic gravimetry (Model
SGM-6, Mettler-Toledo International, Ohio, USA) and the
true density was analyzed by a multi pycnometer (Model
MVP-1, YUASA IONICS, Massachusetts, USA).

3. Results and discussion

3.1 Properties of prepared samples

All the SPSed samples were identified by XRD as mono-
phase MgAION. The relative densities were higher than
99.9%, and as shown in Fig. 1, pores were seldom in these
samples.

As listed in Table 2, though the samples had some differ-
ence in chemical composition, the deviation of the true densi-

Fig. 1. SE image of cross section of S1.

ties was very small. So, the influence of the amount of dis-
solved Al,O; and AIN could be neglected. The conclusion
expanded the viewpoint on the solid solution of cubic spinel,
for Nakagawa has proposed that the amount of dissolved
AlLO; has a minor influence on the density of MgALOg.¥

3.2 Effect of oxidation conditions on weight change and

product

Figures 2 and 3 show XRD patterns of S3 oxidized at varia-
tion conditions and their maximum weight changes (Wy,) dur-
ing oxidation process, respectively. The oxidation rate was
very slow below 1000°C. When above it, the oxidation rate
dramatically increased. Worth to note that though the weight
changes were obtained in the samples oxidized as low as
900°C, the XRD patterns of their products were still similar to
that of MgAION until to 1100°C. When oxidized at 1200°C, a-
AlLO; was detected in the oxidized products besides the cubic
spinel crystalline.

3.3 Effect of oxidation conditions on the microstructure of

plates

Figures 4(a)-(d) show the BSE image and X-ray dot maps
for Mg, Al, and O obtained from an area beside the interface
of oxidized layer and un-oxidized layer of S1 oxidized at
1400°C for 14.5 h. Figure 4(e) shows the distribution of N of
a big grain in the oxidized layer approaching to the interface.

Intensity (a.u.)

20/°

Fig. 2. XRD patterns of the oxidized products of S3 oxidized at
different condition. (A) synthesized SPSed sample, (B) oxidized at
900°C for 12 h, (C) oxidized at 1000°C for 12h, (D) oxidized at
1100°C for 6 h, (E) oxidized at 1200°C for 3 h, and (F) oxidized at
1300°C for 3 h.

Table 2. Chemical Composition (mol%) and True Densities of the SPSed Samples as well as Some Results about Weight Change

Si S2 S3 S4 S5 S6

Mg 1.67 8.68 5.10 6.28 7.54 8.68
Al 39.82 3374 36.80 35.82 34.91 34.01
0 53.85 56.09 54.90 54.83 54.65 54.55

N 4.66 1.49 3.20 3.08 2.90 275
True density (g cm™) 3.67 3.62 3.65 3.64 3.64 3.63
Theoretical weight change (. ) 2.28 0.73 1.56 1.51 1.42 1.35
maximum weight change(yy, ) 4.77 2.13 4.01 3.59 3.33 276
Excess weight change (v, ) 2.49 1.40 245 2.08 1.91 1.41
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Maximum weight change (%)

Sample

Fig. 3. Maximum weight change of S3 oxidized at different condi-
tion. (A) oxidized at 900°C for 12 h, (B) oxidized at 1000°C for 12 h,
(C) oxidized at 1100°C for 6 h, (D) oxidized at 1200°C for 3 h, and
(E) oxidized at 1300°C for 3 h.

- [Un-oxidized} | Oxidized
laver +_laver |

Intensity (au )

Fig. 4.
(d) O, (e) the distribution of N determined by WDS, (f) EDS result
of the point in (a).

(a) BSE image and X-ray dot maps for (b) Mg, (c) Al, and

Moreover, an EDS result of the material surrounding a big
grain in the oxidized layer is illustrated in Fig. 4(f). As shown
in Fig. 4(a), even the oxidized layer was very porous, only
small amount of cracks and pores was in the un-oxidized lay-
er. From Figs. 4(b)-(e), it was very interesting to found that
N remained in the big grain and the content of Mg of the big
grains was higher than that in the un-oxidized layer. So, the
big grains were MgAION with high content of Mg. Moreover,
as shown in Fig. 4(f), only Al and O existed in the materials
surrounding the big grains. Hence, during the oxidation of

[ : ]
AN : a

:llnlerfacq 4

&

Fig. 5. (a) BSE image and X-ray dot maps for (b) Mg, (c) Al, and
(d) O obtained from a polished cross section of Sl oxidized at
1200°C.

MgAION, the precipitation of Al,O; caused the enrichment of
Mg of MgAION grains in the oxidized layer.

Figures 5(a)-(d) illustrate BSE image and X-ray dot maps
for Mg, Al, and O obtained from S1 oxidized at 1200°C for
26 h. Worth to note that though lots of Al,O; were precipitat-
ed in the oxidized layer, the amount of pores and cracks was
small. In addition, the size of MgAION grains in the oxidized
layer was much bigger than that in the S1 oxidized at 1400°C.

3.4 Oxidation mechanism of MgAION

During the oxidation of single phase ceramics, stress always
concentrated at grain-boundary/surface intersections. When
the stress exceeded a critical value, pores and cracks were
formed in the structure. In respect that the densities of
MgAION (Table 2) approximated to those of y-Al,O; (~3.5
gem ™) and MgAlLO,, (~3.6gcm™)% and much lower
than that of a-ALO; (~3.97 gem ™), stress aroused from
the oxidation of MgAION was much lower when y-Al,O; was
the oxidation product rather than o-Al,O;. Thus, the amount
of formed pores and cracks was small when y-Al,O; was the
main phase in the precipitated Al,O;; When o-Al,O; was the
main phase, lots of pores and cracks were formed. On the
other hand, even y-Al,O; could transfer to a-Al,O; as low as
1000°C, the rate of conversion was very low until to 1200°C.
At higher temperatures, the rate of the phase transformation
increased with temperature.® Figure 5 revealed that the
microstructure of the plate oxidized at 1200°C kept dense with
lots of Al,O; precipitation. So, y-Al,O; must form during the
oxidation of MgAION and it was the main product of the
precipitated Al,Os at this condition. Because of phase trans-
formation, stress was intense when oxidized at 1400°C. As
shown in Fig. 4, lots of pores and cracks were formed in the
oxidized layer. In addition, in view of the similarity of XRD
patterns among y-Al,O3;, MgAl,O,,, and MgAION, the for-
mation of y-Al,O; was not observable by XRD pattern of
necessity (Fig. 2). So, Wang et al. did not found the inter-
mediate oxidation product.

According to the above discussion, the oxidation reaction of
MgAION could be divided into two regimes:

(I) 750°C<T<1200°C

Stepl: (MgAION) (o4 mg) + O:
—> MgAION (jgh mg) +7-Al0; + N, ()
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Fig. 6. Weight changes (W=A4m/m, m is the weightiness before tes-
ting, Am is the change of weightiness) of prepared samples with
different composition with respect to the oxidation temperature and
soaking time.

Step2: (MgAION) (high mg) + O3
—> MgAl Oy +y-ALO; + N, €)

(II) 1200°C<T
Stepl: (MgAION) (0w Mg) + O

—> MgAION gign mg) +7-ALO3; + N, 4)
Step2: y-Al,0; —> o-AlL O3 (5)
Step3: (MgAlON) (high Mg) + Oz

—_—> MgAIZO4ss + Cl'Alej, + N2 (6)

3.5 Effect of composition on excess weight change

Weight changes of the MgAION powders with different
composition versus oxidation temperature and soaking time
are shown in Fig. 6. All the samples were oxidized above
750°C, and the weight changes of S1 and S3 had a decrease
with the prolonging soaking time. According to Eq. (1), the
theoretical weight changes (W) were calculated and shown
in Fig. 7 and Table 2. But, all of them were lower than Wy,
obtained from TG analysis. In present work, the excess weight
changes (Wg) were defined as

WE= WM_ WT (7)

and shown in Fig. 7.and Table 2. From Fig. 7, it was very
interesting to observe that Wg decreased almost in linear
according to the equation,

We=—29.07x[Mg]% +3.9285 (5<[Mg]<9) (8)

with [Mg]% in mol% in the MgAION phase. But, when the
content of Mg was less than 5 mol%, Wg had not obvious
change.

[t was reported that the oxidation of oxynitride was the sub-
stitution of N by O, and the discharged N was in atomic
state.® In addition, if oxidized product had vacancies, the N
and other elements had chance to occupy the vacancies when
the elements diffused through the material. Thus, excess
weights change was obtained.” In Egs. (2)-(6), y-ALO,
and MgAl,0O,,, were the materials with lots of vacancies.®-1?
So, excess weight changes occurred during the oxidation of
MgAION.

Referring to relative diagram,'? the MgAION with higher
content of N and lower content of Mg led to more y-Al,O; for-

60

Content of Mg (mol%)

Fig. 7. Theoretical weight change (Wr) and excess weight change
(W) of prepared samples with respect to content of Mg.

mation, and vice versa. In view of the law of phase
transformation,® it was known that the amount of remained
y-Al,0; could be neglected when the samples with high con-
tent of Mg and low content of N oxidized at 1300°C. Hence,
the excess weight changes of these samples were solely ascribed
to the dissolution of elements into MgAlL,Oy4;,. As MgAL Oy,
was stable at this condition, the weight changes were constant
with the prolonging soaking time (Fig. 6). On the contrary,
some y-Al,O; might remain initially when the samples with
high content of N and low content of Mg oxidized at 1300°C.
So, the excess weight changes were caused by the dissolution
of elements into y-Al,O; and MgAl,Oy,. Since a-Al,O3 was the
crystal with fewer vacancies, the dissolved elements in y-Al,O;
in the initial stage were discharged with the prolonging soak-
ing time. Thus, as shown in Fig. 6, the weight change of S1
and S3 had a decrease.

In addition, due to the decrease of the Mg site to accept the
excess Al ion, the solubility of elements increased with the
decreasing of the content of Mg.!? Thus, the excess weight
change decreased with the content of Mg (Fig. 7). However,
it was unknown until now why the excess weight change had
not obvious change when the content of Mg was less than
Smol%.

4. Conclusions

The present work mainly investigated the oxidation behav-
ior of spark plasma sintered (SPS) magnesium aluminum
oxynitride (MgAION) with different composition. The varia-
tion of composition almost no affect on density but had some
effects on excess weight change. Because of the transforma-
tion from y-Al,0; to a-Al,O5 at high temperature, the oxida-
tion behavior of MgAION was different with oxidation tem-
perature. Moreover, the excess weight change was ascribed
to the vacancies of y-Al,0; and magnesium aluminate spinel
(MgA1204SS) .
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Abstract

Ca0 aggregate was sintered from reagent-grade lightweight CaCOy powder by the addition of 0--20% (molar ratio) MgO and ZrQs.
respectively. The results showed that the CaQ derived from lightweight CaCOs was highly sinterable and compact CaO aggregate with relative
density above 96% was obtained after sintering at 1400 °C for 2 h, but further increase of compactness was restrained due to the occurrence of
abnormal grain growth. The densification of the aggregate was promoted due to the behavior of oxide addition on restraining the grain growth of
Ca0. With increasing the amount of oxide addition, the microstructure of CaO aggregate underwent a restructuration process. Homogencous
microstructure, with well growing MgQ grains occupying most of the boundary triple points of CaO grain, formed by the addition of 20% Mg0O.
Especially when 20% ZrQ, was added, CaZrQ; layer formed around CaO grains. The slaking resistance of the aggregate was appreciably
improved due to the promotion of densification. the formation of CaQ solid solution (while MgO added) and the modification of microstructure.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Lime refractories; Lightweight CaCOy; MgO: ZrOs: Sintering; Slaking resistance

1. Introduction

Lime has the properties of high melting temperature, low
vapor pressure, and thermodynamic stability in the presence of
carbon as well as high alkalinity, thus it has long been considered
to be used as the raw materials for high temperature ceramics
(such as crucible and ceramic filter), refractories and metallur-
gical accessories (such as refining slag and tundish covering
powder) [1-5]. With the development of high temperature
technology, lime containing materials are acting more and more
important roles [6--11]. It is considered that application of CaO
containing refractories is one of the essential directions for the
development of metallurgical industries and other high temper-
ature fields [12]. However, the application of CaO containing
materials has been inhibited due to their drawback of poor
slaking resistance, and many studies have been carried out on
this subject [13-15].

* Corresponding author. 312/, Nertheastern University, 3-11 Wen-Hua Road,
Shenyang, 110004, China. Tel.: +86 24 6368 2241; fax: +86 24 8308 1570.
E-mail address: slakejpie; 163.com (M. Chen).

0167-577X/S - see [ront matter © 2006 Elsevier B.V. All rights reserved.
doi 10,1016/ matlet. 2006.04.002
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Oftentimes, the slaking resistance of lime aggregate s
improved by increasing its compactness, and the traditional
manufacture technology to produce lime aggregate is by two
steps: firstly lightburnt lime is derived from limestone, and then
the deadburnt lime aggregate is obtained by heating lightburnt
lime at temperature above 1700 °C which leads to high energy
consumption. Therefore, it is essential to develop a new
technology to produce compact slaking resistant lime aggregate.

It is reported that CaO derived directly from the decompo-
sition of lightweight CaCOj; is very reactive and highly
sinterable [16,17]. In the present work, the sintering property
and effect of oxide addition on densification and slaking
resistance were studied using synthetic lightweight ('aC'Oy as
raw materials. The purpose of this work is to find a new
cconomic way for producing dense slaking resistant lime
aggregate.

2. Experimental procedure

The starting materials were lightweight CaCOy powder and
oxide additives. The lightweight CaCO; powder was reagent
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Fig. 1. The dependence of temperature on relative density of’ CaQ) aggregate
sintered from lightweight CaCOs;.

grade with average diameter of 0.9 pm that was prepared from
reagent grade CaCO; by precipitation reaction (details as
described in a previous work [16]). Oxide additives were MgO
and ZrO, powders. The former, MgO powder, was derived from
heating reagent-grade Mg(OH), powder at 600 °C, while the
later, ZrO, powder, was from Sumidomo Ltd, with average
diameter of 0.046 um and purity of 99.7%.

The two kinds of oxide powders were added to lightweight
CaCOs respectively and wet-mixed with acetone using a ball mill

(x=0-20). After being dried completely, the mixed powder was
shaped into a 20 mm by 20 mm by ~7 mm sized compact by
using a cold isostatic press (CIP) under a pressure of 100 MPa.
The compacts were then heated to 1300-1600 °C at a rate of
10 °C/min in an electric furnace. After soaking at different temp-
eratures, the samplc was cooled at the same rate as that of heating.

The sintered samples were characterized by carrying out bulk
density, phasc composition, and microstructural analyses as
well as a slaking test. Bulk density was mcasured by liquid
displacement using Archimedes’ principle in kerosene. Phase
compositions were analyzed by X-ray powder diffraction (Cu
target, 30 kVand 30 mA). Lattice parameter of the sintered CaO
was calculated by program according to the d values of the 4

100

9O b

—0— MgO
—e— 7,0,

98

Relative density / %

96

T} P BN S S

0 5 10 15 20
Content /%

Fig. 2. Effect of oxide addition on densification of CaQ aggregate.

Time /h

Fig. 3. Change of rclative density of CaQ aggregate with oxide additions
sintered at 1500 °C for various times.

strongest diffraction lines of (111), (200), (220) and (311)
detected by X-ray diffraction. The microstructure was observed
by SEM (scanning electron microscopy) attached with EPMA
(electric probe micro analysis) on the polished surface after
etching. The slaking resistance of CaQ aggregates was
evaluated by measuring the mass gain after soaking the sintered

)/

bodies under the conditions of 70 °C and 90% humidity.
3. Results and discussion
3.1. Densification

FFig. 1 shows the relative density of the CaO aggregate without
oxide addition. 1t is observed that the relative density abruptly
increased with temperature increasing from 1300 to 1400 °C when the
relative density was 96.9%. This result shows that the lightweight
CaCO; had considerable highly sintering activity. and the sintering
temperature was much lower than that ot the traditional one. But when
further increasing temperature from 1400 to 1600 °C, there was only a
slight increase in compactness.

Fig. 2 shows the relative density of aggregate with different
amounts ol oxide addition sintered at 1500 °C for 2 h. The relative
density was appreciably increased by addition of MgQ and ZrO,. The
relative density was 96.9% for the sample without addition, which

0.484 =

0.482 +

048

0478

Lattice purameter / nm

0476 -

n

10
MgO content / %

Fig. 4. Lattice parameter of cubic Ca0) solid solution smtered at 1300 *C for 2 h
by the addition of MgO.
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increased 10 98.5% and 99.0% when 3% MgO and 3% ZrQ, were
added respectively. It is also obscrved that the densification was very
sensitive to a small amount of additions (below 3%), and Zr(Q), addition
was more effective than MgO on promotion of densification.

The changes of relative density with soaking time at 1500 °C are
shown in Fig. 3. It is observed that for the sample without addition, the
densification process was still in progress after soaking at 1500 °C for
2 h. By addition of oxides, the time necessary for completion of
sintering was effectively shortened. Thus, it is considered that the
shrinkage of the compact, or the full densification of compacts, was
promoted by addition of oxides. In addition, it is also observed that the
values of the line with 1% ZrQ, is almost equal to that of 5% MgO
added. indicating that the effect of 1% ZrQ, addition was equivalent to
3% MgO addition on promotion of densification.

3.2. Phase composition and microstructure

XRD patterns showed that the added ZrQ, reacted with CaO to form
CaZrO;, but there was not any new phase formed when MgQO was
added. The lattice parameter of CaQ is shown in Fig. 4. It was
0.4811 nm (theoretic value is 0.4813 nm) for the sample sintered
without MgQ., which decreased to 0.4795 nm with increasing the
addition of MgO to 3%, and no change was found with further
increasing the content of MgQ. From this result it is considered that the
added MgO had formed solid solution with CaO and the solubility limit
of MgO in CaO was around 2% under the present sintering conditions.
Eut when ZrO, was added, there is no change in the value of lattice
parameter, indicating that the added ZrO, did not form solid solution
with Ca0.

Microstructure observation shows that coarse CaQ grains (53 pm),
with irregular grain boundaries and most ol pores within the individual
grains, were observed for the aggregate without oxide addition,
indicating the occurrence of discontinuous or abnormal grain growth
(Fig. 5). While MgO was added. the grain size of CaQ was sharply
decreased (Fig. 6). with the elimination of most pores, and the fine
MgQ particles were found within CaQ grains (Fig. 7a). This result
shows that the densification of CaOQ compact was promoted by
inhibiting grain growth when MgO was added. With increasing MgO
content, the grain size of CaO decreascd further, and the added MgO
grew up and preferred to gather between CaQ grains, often at grain-
boundary triple points (Fig. 7b). Homogeneous microstructure, with
well growing MgO grains occupying most of the grain-boundary triple
points, formed when 20% MgO was added (Fig. 7¢). When ZrO, was

Fig. 5. Microstructure of CaQ aggregate sintered at 1500 °C for 2 h.
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Fig. 6. Grain size of Ca0 as a function of oxide content.

added, it was more effective on inhibiting grain growth of CaO (Fig.
7d-f), and a homogencous microstructure with CaZrQj layers around
Ca0 grains formed when 20% ZrQ, was added.

3.3. Slaking resistance

IFig. & illustrates the dependence of oxide content on mass gains
after the CaQ) aggregates were slaked under the conditions ot 70 “C and
90% humidity for 96 h. The mass change was expressed by mass gain
percent to the original mass of the samples. 1t 15 observed that the
slaking resistance was ctlectively improved by oxide addition, and the
addition of less than 5% was more cffective. The mass gain after 96 h
was 10% for the sample without MgQ, and it decreased to 3.5% and
2.1% by addition of 3% MgO and 20% MgO. respectively. It is also
observed that the addition of ZrO, was more effective on improving the
slaking resistance of CaQ aggregate. The mass gain was 1.9% when
5% ZrQ; was added. and it decreased o merely 0.6% by addition of
20% ZJ‘O:.

4. Discussion

4.1. Effect of oxide addition on densification and
microstructure

Discontinuous grain growth or sccondary recrystallization is
a common phenomenon that occurs on the sintering of oxide
ceramics. giving rise to non-uniform microstructures. Due to the
high sintering activity of the CaQ derived from lightweight
CaCO;, discontinuous grain growth preferred to happen in the
present work, with formation of coarse CaO grains containing
many pores. With increasing the sintering temperature, the grain
growth was promoted and the escaping of pores was inhibited.
thus it is obscrved that there was only a slight incrcase in
relative density when the temperature was increased from 1400
to 1600 °C (Fig. 1).

When oxides were added, these fine particles dispersed in the
structure and inhibit the discontinuous growth by increasing the
energy necessary tor the movement of grain boundaries [18].
Thus, the movement of CaO grain boundaries was slowed down
and the cscaping of pores was promoted. When a anuall anvonst
of oxides was added. these oxide particles were so small that the
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Fig. 7. Microstructure of Ca0 aggregate with oxide addition sintered at 1500 °C for 2 h. The scale bar is 10 jum.

grain boundaries of CaO were casily passed over, with the fine
oxide particles inside CaO grains (Fig. 7a and d). When these
oxide particles were so big with their content increasing that the
grain boundaries would not puss over, thus these additives were
observed at the grain boundarics, often at boundary triple
points.

Since a part of the added MgQ) formed sohd solution with
CaO, only a part of it acted as inhibitor of grain growth. But
when ZrO- was added, it did not form solid solution with CaQO,
and all of the added ZrO- reacted with CaO by solid phase
reaction and acted as inhibitor of grain growth. Thus it was
observed that the addition of a small amount ZrO, was more
effective on restraining grain growth ot CaO. Owing to the solid
phase reaction happening, the microstructure was modified,
with protective CaZrOj layer formed around CaO grains.

4.2, Improvement of slaking resistance

It is known that the slaking resistance of CaQ aggregate is
dependent to the reaction specific surface area that is related to
the mucrostructure, including the relative density, pore distri-
bution as well as grain size, etc. The CaO aggregate with high
compactness and large CaQ grains is considered to be more
slaking resistant. In the present work, when MgO and ZrO,
were added, the slaking resistance of CaO aggregate was
improved due to the following reasons:

First, CaO solid solution was formed when MgO was added.
Since the radius of Mg™" cation (0.86x 107" m) is smaller than
that of Ca®' cation (1.14x 10 ' m)[19], the substitution of Ca®
cation by Mg?" cation contributed to the shrinkage of the lattice
of CaO crystal, resulting in enhancement of the electrostatic



MLtZ 3y 7 ARMIREIE

7T - BTk R R & (05-07)

M. Chen et al. 7 Materials Letters 61 (2007) 45-49 49

AW/W, /%

0 " 1 " 1

0 1 20
Content / &

Fig. 8. Mass gains of CaO aggregate with oxide addition after slaking at 70 °C in
90% humidity for 96 h.

force among the ions in CaO lattice [20]. Thus the slaking
resistance of CaO was improved by the formation of solid
solution when MgO was added.

Second, the CaO grain was stabilized due to the promotion of
densification by addition of MgO and ZrOs. which cffectively
decreased the reaction specific surface area of the CaO
aggregate.

Lastly, the slaking resistance was improved due to the
modification of microstructure when the addition of MgQ and
ZrQ; increased. It is well known that the slaking reaction always
begins from the sites with crystal defects. Thus, the grain
boundarics, especially the boundary triple points, are the poor
slaking resistant sites. While enough MgO was added, and the
well growing MgO grains occupying these sites, the slaking
resistance of CaO aggregate could be effectively improved.
Especially when CaZrO; layer formed by addition of enough
Zr0,, Ca0O grains were cffectively isolated to circumstance,
thus the slaking reaction was retarded and the slaking resistance
was improved.

5. Conclusions

Based on the above results. the following conclusions were
drawn when CaO aggregate was sintered from lightweight
CaCOy by addition of MgO and ZrQ,.

1) The lightweight CaCOj; was highly sinterable, and compact
Ca0 aggregate with relative density above 96% was
obtained after soaking at 1400 °C that was much lower
than the present commercial sintering temperature. However,
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further increase of compactness was restrained due to the
occurrence of abnormal grain growth.
The densification of CaO aggregate was promoted by
addition of MgO and ZrO, due to their effect on restraining
grain growth. In addition, the microstructure was modified
by addition of MgO and ZrQ,. Homogeneous microstruc-
ture, with well growing MgO grains occupying most of the
boundary triple points of CaO grain, formed by the addition
of 20% MgO. Especially when 20% ZrQ, was added.
homogeneous CaZrOs layer formed around CaO grains.

3) The slaking resistance of CaQ) aggregate was improved duc
to the promotion of densification, the formation of CaO solid
solution (while MgO was added) and the modification of
microstructure. Especially when 20% ZrO; was added and
CaZrQ; layer formed around CaO grains. the sluking
resistance of CaQ aggregate was appreciably improved.

o
~
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Synthesis of Al,0,C from Starting Raw Materials of Alumina and Graphite
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Abstract : Al,0,C has been reported to be a good additive for carbon-containing refractories. The present study
investigated various factors influencing the synthesis of Al;0,C by heating mixtures of Al,O, and graphite in
argon atmosphere. The reactions in the powder mixtures were faster than those in the pressed compacts. The
formation of Al,0,C began from a temperature between 1500 and 1550C. The optimum molar ratio of graphite to
Al,O4 was 1.5 for the synthesis of Al;0,C. The quantity of Al,0,C was decreased and Al,O; remained more when
the ratio was below 1.5, contrastively, Al,C; was formed with a decrease of Al,0,C when above 15. As the heating
time was extended, AL;O,C was increased gradually in cases of C/Al,O3<15, but Al,0,C was decreased after an
increase and at the same time Al,C; was increased in cases of C/Al,04>1.5. The formation mechanism of Al,0,C
was also discussed.

Key words : Al,0,C, Synthesis, Al,O,. Graphite, Carbon-containing refractories.
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Fig.4 Phases of samples heated at different
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Fig. 6 Phases of samples heated at 1700°C for different
times.
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Sintering of Al,03-Cr203 Powder Prepared by Sol-Gel Process °

by
Motonari Fuyira*, Keisuke Inukar**, Shinichi Sakia***, Tokuro Nansa ***

* * %k %k %k %k

Junji Ommyoy ™**, Akira Yamacuch **** and Yoshinari Miura

The sol-gel method was applied to create Al,O3-Cry03 ceramics using aluminum ethylacetoacetate diisopropylate
and chromium (III) chloride hexahydrate as starting materials. In the calcination at 600-1200°C it was found that the
grains of Cr,Os-rich solid solution grew when they were exposed to the surrounding Al;O3-rich amorphous particles.
The composition of the powders obtained by the sol-gel process changed with calcining temperature. CrzOs-rich solid
solutions firstly crystallize at low temperature and the composition of the crystallites changes as the crystals grow
and react with the surrounding Al;Os-rich phases. The final sintered bodies fired under an Ar atmosphere showed
higher relative densities as compared with those fired in air. A dense sintered body was not obtained when abnormal

grains grew when calcining occurred.

Key words : Al;03, Cry03, Solid solution, Sol-gel process, Sintering

1 Introduction

The amount of municipal wastes in Japan is about 50
million tons/year. About 80% of waste disposal relies on
incineration. In this case, however, endocrine disrupters
such as dioxin are present in the gas and fly ash exhausted
from the incineration facilities. This problem has become
serious social issues. Melting type incinerators such as
gasification melting furnaces have been developed as a
solution to this problem. In high temperature melting
type incinerators the wastes are burnt and melted above
1300°C. Generally Al,O3-Cr»0s3 refractories are used in such
conditions.?-?

The alkali and alkali-earth elements such as Na, K and
Ca are present in the municipal wastes and corrode fur-
nace lining refractories. Porous microstructure refracto-
ries are attacked so a dense body is used to avoid dam-
age. Hirata et al. investigated densification and corrosion
of Al03-Cr»03 by addition of Ti0Q2.»-¥

Aluminium organometallic compound®-? starting materi-
als were used to obtain dense ceramics. The powders
obtained from the starting material contained uniformly
dispersed fine particles. The sintered Al,O3-Cr203 body
seemed to have corrosion resistance when the material
was used in the same way.

Aly03-Cr203 ceramic is a solid solution of Al;O3 and
Cr203 has high chemical stability even at high tempera-
tures and hence it is used as a refractory brick in gasification
melting furnaces. Both Al;O3 and Cr;03 are chemically
stable at high temperature and take a corundum crystal

structure forming a solid solution (Al;xCrx)203 in the
entire composition region at high temperature (Fig. 1).
At relatively low temperatures a miscibility gap is present in
which two crystalline phases of Al,O3-rich and CrzOsrich
solid solutions are present. As shown in Fig. 1, the critical
temperature Tc depends on the surrounding pressure 10 A
thermodynamically stable solid solution is necessary to
obtain, and some conditions of the metastability are being
researched now. Murakami et al.'” confirmed a metastable
two-phase region at around 1300°C. Bondioli'® investi-
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Fig. 1 Phase diagram of alumina-chromia (Al;03-Cr203)
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gated two metastable phase by solid phases reaction and
coprecipitation. When the different phases were observed in
the heat-treated powder, reactivity was thought to influ-
ence sintering behavior.

Moreover, the vapor pressure of CrOs and CrO2 is high so
that the sintered body of Cr,03 becomes porous due to the
evaporation of Cr-compounds when fired in air.

We prepared uniform precursor powder mixed at a
molecular level, and then got Al203-Cry03 dense ceram-
ics. In this paper we investigated the mechanism for the
formation of solid solution. The effects of powder size
and sintering atmosphere on sintering were investigated.

2 Experimental Procedures

The raw materials used were aluminum ethylacetoac-
etate diisopropylate (ALCH, Kawaken Fine Chemicals Co.,
Ltd) and CrCl3-6H;0 (Wako Pure Chemical Industries
Ltd.). ALCH and CrCl3- 6H20 were dissolved in a 10 times
the amount of raw material mole ratio of ethanol and
were stirred and mixed with a homogenizer for 30 minutes
and a supersonic homogenizer for 5 minutes. 30 times mole
ratio of ion exchange water was slowly dropped with stir-
ring and was mixed for 30minutes with a magnetic stirrer
to obtain gels at room temperature. The gels were dried
in a rotary evaporator and calcined at 600-1200°C for 1h
in air. After the calcinations the powders were mixed with a
ball mill for 10h using an ethanol solvent and pressed into
pellets of about 25mm in diameter. The green bodies were
sintered at 1600°C for 1h in an atmosphere of air or Ar. Fig. 2
shows the sample preparation procedures.

For comparison Al;03-CroO3 ceramics were also pre-
pared by a conventional solid phase reaction. The starting
powders of Cr03 (Kanto Chemical Co., Inc.) and a—AlO3
(AES-12 Sumitomo Chemical Co., Ltd.) were mixed with
a ball mill for 10h using an ethanol solvent.

The bulk densities of the sintered bodies were mea-
sured and the relative densities were also estimated

| CrCly 6H,0 |
L ]

EtOH addition

H,0 addition

Drying at 110°C-10h

Calcination at 600-1200°C in air

Calcined powder

Milling & press at 100MPa

Green body

Sintering at 1600°C in Ar or air
Sintered body

Fig. 2 Sample preparation procedures.

from the experimental values and the theoretical densi-
ties calculated from the compositions. The crystalline
phases were identified by X-ray diffraction (XRD ;
Rigaku RINT2200VHF + /PC) with CuKa radiation. The
microstructures of the specimens were observed by
optical microscope and scanning electron microscope
(SEM ; JEOL JSM-6340F).
3 Results and Discussion

3.1 Formation of solid solution

Fig. 3 shows the XRD patterns of the sol-gel derived
powders of 10, 30 and 50 mol% CryO3 calcined at 600—
1200°C. A/C = 50/50implies an equimolar ratio of Al,O3 and
Cr203. Two phases in the A/C = 50/50 sample calcined at
600°C with a CryO3 content richer than the nominal
composition, were observed. The double peak turned
into a single peak above 700°C. In the A/C = 70/30sample,
no peak appeared when calcined at 600°C, and a phase
was found when calcined above 800°C. In A/C = 90/10
sample no peak appeared when calcined at 800°C, and a
crystalline phase was found as calcined above 900°C.
In all the compositions as the calcination temperature
increased the peak shifted to the higher diffraction
angle side (Al;Os-rich side). These results indicate that
Cr203-rich solid solutions firstly crystallize at low tem-
perature and the composition of the crystallites changes

AIC=5050 |

! Calcination at
: 1200°C |
1000°C

AlC=7080 |

2

c

3

E’ : . ;

= : P 600°C

a : : ;

— B B

© H : ;

> | _wossono |

= i

(7] : : :

c H : .

@

9

£ :
L2 N 1000°C
S SR . 900°C |
: ; ; ; i 800°C
: : 600°C |
Crzoai : H :
: : iy AO;

P
23 235 24 245 25 255 26 265 27
20 / degree

Fig. 3 XRD patterns of the sol-gel derived powders of
A/C =90/10, A/C =70/30 and A/C = 50/50 calcined
at 600°-1200°C. Solid lines indicate the position of
respective (012) plane in pure Cr203 and Al,Os.
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as they grow and react with the surrounding Al;O3-rich
phases. When Cr2Osrich phase was formed, the remained
composition must be more excessive about AloO3 content
than the mixed composition. Hov(zever, no Al,O3; exces-
sive XRD peaks were seen. Hence Al;Os-rich phases are
considered to be amorphous.

Fig. 4 shows the SEM micrographs of the A/C = 50/50
sol-gel derived powders calcined at 1000° and 1200°C.
There was one peak in the sample of A/C = 50/50 whose
critical temperature is reported to be 1250°C!” even
when calcined at 700° and 800°C. These powders, which
were calcined at 1000° and 1200°C, are thought to be
metastable. At 1000°C fine particles adhere to the larger
particles however at 1200°C the fine particles disappear
and hexagonal plates with smooth surfaces are observed.
This suggests that the fine particles which vanish at
1200°C are the Al,Oz-rich amorphous phases.

Fig. 5 shows the lattice constants of the sol-gel derived
Aly03-Cry,03 powders calcined at 1000°C for 1h. The
straight line of Fig. 5 is the theoretical line of the solid
solution, which is a line drawn between the lattice con-
stants'¥ 19 of corundum (a = 0.476nm, ¢ = 1.295nm) and
eskolite (a = 0.496nm, ¢ = 1.360nm). As the results in Fig. 3
show, the XRD peak of A/C = 70/30 and A/C = 50/50
were broader than A/C =90/10. It is thought that, with a
high Cr»03 content, the particles are divided into CryO+-
rich crystalline and AlOsrich amorphous phases which
resist unification into theoretical composition.

3.2 Sintering behavior of Al;03-Crz0; system

Fig. 6 shows the relative density of Al,O3Cr;O3 ceramics
sintered at 1600°C in Ar and air atmospheres. As for the
sample in Ar with A/C = 70/30 and with A/C = 50/50
prepared by the sol-gel method, the relative density
increases up to 95% at all calcining temperatures. When
the calcining temperature was high, relative density was
low at A/C = 90/10. In the sintered bodies that were
made from the powder prepared by a solid state reaction,
the relative density was about 92% at all the content levels. As
for the sintering atmospheres the samples sintered in air
show lower density and the samples with higher Cr»03

Fig. 4 SEM micrographs of the sol-gel derived
powders of A/C = 50/50 calcined at 1000° (left)
and 1200°C (right).
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Fig. 5 Lattice parameters of the sol-gel derived
powders of (Al, Cr)»0s3 calcined at 1000°C for 1h.
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Fig. 6 Relative densities of Al:03-Cr,04 ceramics
sintered at 1600°C in Ar and air atmospheres.
Temperatures in the figure indicate the calcination
temperature of the sol-gel derived samples. The
samples prepared by the solid phase reaction are
shown as “powder™”.

content have loosely packed structures. When the powder
prepared by sol-gel method was used and calcined at
1000°C, the relative density of the sintered bodies was
about 60% at all the Cr203 content levels.

Fig. 7 shows the vapor pressure diagrams of the com-
pounds of AI-O and Cr-O at 1900K. Pressure is shown
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Fig. 7 Vapor pressure diagrams of Al-O and Cr-O
compounds at 1900K.'®

without the dimension standardized under the standard-
state pressure (10°Pa). None of the sample heated in air
were dense. This results can be explained as follows,
based on the Fig. 7. CrOs(g) and CrO; (g), which partial
pressure is the highest in Cr-O system, undergo high
pressure increase under O2 partial pressure. In air
atmosphere, CrOs (g) partial pressure has logPcro3 = -5.
Therefore, the powder was sintered without shrinkage
because of the vaporization and condensation mechanism.

Although Cr203 may discharge Cr (g) under low Po,
conditions, the sintered bodies did not loses weight in an
Ar atmosphere nor did the metal Cr(s) separate. This
suggests that the evaporation speed was very slow.
Therefore dense sintered bodies were obtained in an Ar
atmosphere.

Fig. 8 shows the SEM micrographs of the A/C = 90/10
samples after calcination at 1000°C and 600°C in air and
after sintering at 1600°C for 1h in Ar. The particle diame-
ter of powder calcined at 600°C was 0.1um, and grain
growth to 5um was confirmed when sintered at 1600°C.
The powder calcined at 1000°C had a 5um particle diam-
eter which grew to 10um when sintered. When calcining
temperature was changed to 1000°C from 600°C, grain
diameter also changed from 5um from 0.1um. This is the
result of unusual grain growth during calcination. In the
A/C = 90/10 samples the relative density of the final
products decreased with an increase in calcination tem-
perature.

Fig. 9 shows the microstructure of the sol-gel derived
Al03-Cr203 ceramics sintered at 1600°C in Ar after the
calcination at 600°C. The particle size increases with
increasing Cr203 content. This tendency was also seen in

Fig. 8 SEM micrographs of the A/C = 90/10 samples
after the calcination at 1000°C and 600°C in air and
after sintering at 1600°C for 1h in Ar.

st

Fig. 9 SEM micrographs of the sol-gel derived Al,O3-
Cry03 ceramics sintered at 1600°C in Ar after the
calcination at 600°C.

the sintered bodies made from the powder prepared by
the solid state reaction.

Fig. 10 shows a relation between the grain size of the
calcined powder and the relative density of the sintered
body at 1600°C in Ar by the sol-gel method. For the A/C =
50/50 samples, the relative density was 95% and the
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Fig. 10 Relation between grain size of calcined powder
and relative density of body sintered at 1600°C in
Ar by sol-gel method.

grain size of the powder calcined at 1000°C was 1um. For
the A/C = 70/30 samples, the relative density was 95%
and the grain size of the powder calcined at 1000°C was
1um and at 800°C was 0.2um. In the A/C = 90/10 sample,
the relative density increased in inverse proportion to the
logarithmic grain size. This tendency was very different
from that for A/C = 30/70 and 50/50. The separated phase
state of the calcined powder was divided into Cr2Os-rich crys-
talline and Al,O3-rich amorphous phases. This is considered
to be the cause for dense sintering to proceed.
4 Conclusions

Al,03-Crz03 ceramics were prepared by the sol-gel
method and the formation mechanism of solid solution
and the sintering process were examined.

(1) The composition of the crystallized phases changes
with the calcined temperature.

(2) Cr203rich solid solution firstly crystallize at low
temperature and the composition of the crystallites
changes as they grow and react with the surrounding
Al;Os-rich phase.

(3) Al203-Cr203 precursor becomes much denser
when sintered at 1600°C in Ar.

(4) A dense sintered body was obtained when abnor-
mal grains did not grow when calcining occurred.
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Influence of Carbon on Sintering of the Al-Si-C-N System Composite

Motonari FUJITA, Junji OMMYOJI and Akira YAMAGUCHI
Okayama Ceramics Research Foundation, 1406-18, Nishikatakami, Bizen-shi, Okayama 705-0021

The composite in Al,SiC,~AIN and Al;SiC4-AIN-C system were sintered by a spark plasma sintering method.
The powders of metal Al, Si and carbon black and AIN as starting materials were mixed. The mixture was cal-
cined at 1300°C and sintered at 1600° to 1800°C by spark plasma sintering. Shrinkage during sintering, density,
microstructure and phase of sintered bodies were measured. X-ray diffraction analysis gave AlsSiC,N (15R) and
AIN (2H) phases in the bodies sintered at 1750°C. Densification did not occur in some composition in 50 to 80%
AIN of the system Al,SiC,-AIN, but their densification was accelerated by addition of carbon. By the analysis of
shrinkage during sintering and SEM observation of microstructure, the grain of Al;SiC,N (15R) and AIN (2H)
grew, and pore exclusion was obstructed in the system Al,SiC,~AIN, though the grain did not grow, and pore
exclusion was accelerated in the system AlSiC4,-AIN-C.
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Key-words : ALSIC,, AIN, Spark plasma sintering, Pore exclusion, Reaction sintering
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Table 1. Phase Present and Densities in Calcined Powder at 1300°C for 3 h and Sintered Bodies by SPS at 1750°C for 20 min
Calcined at 1300°C for 3 h Sintered by SPS at 1750°C for 20 min
Packing density . Bulk density True density of
[ % of green-body ) of sintered-body }
/mass% /mass% /mass% (Sub) som %) / gem’® (Sub) ! qem ) I gem?®
100 0 0 Al SIC4(8H) 1.28 (42.6) 3.01 A4 SIC4(8H) 3.01 (99.96) 3.01
) ALSIC4(8H)
95 5 0 Al SIC,4(8H) 1.40 (46.3) 3.02 ) 2.97 (99.2) 2.99
(AlsSIC4N(15R))
i AlsSIC4N(15R
%0 10 0 AlSIC4(8H) 1.28 (42.2) 3.03 oo (15R) 2.74(91.6) 2.99
(AlsSIC4N(15R)) (AlsSIC4(8H))
80 20 0 AlsSICJN(15R) 1.31(42.7) 3.06 AlsSIC4N(15R) 2.94 (97.0) 3.03
z (Al;SIC4(8H)) (AIN(2H))
< AIN(2H) A
% 67 33 0 (AlsSIC4N(15R)) 1.25 (40.5) 3.09 Alf’sp'\%";g 5R) 2.76 (92.3) 2.99
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(Al4SIC4(8H)) 27 (40.8) T (AIsSIC4N(15R)) i ( - )” U
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(Al;SIC4(8H)) 44(454) ' (AlsSIC4N(15R)) 40(75.3) :
20 80 0 ANGH) 1.52(47.4 3.20 AN2F) 2.33 (73.1 3.19 |
(Al,SIC4(8H)) 52 (47.4) : (AlsSIC{N(15R)) 38 (731 :
0 100 0 AIN(2H) 1.85 (57.2) 3.24 AIN(2H) 2.88 (88.7) 3.24
100 0 2.71 Al SIC4(8H) 1.31 (43.8) 2.99 Al,SiC4(8H) 2.95 (99.4) 297
AlSIC4(8H) )
3 o e 33 2.71 (AlsSiCLN(15R)) 1.46 (47.6) 3.06 A'ss'C“N“,s R) 3.00 (99.4) 3.02
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Fig. 2. Relation between sintering temperature and relative density
of Al,SiC,-AlN bodies sintered by spark plasma sintering.
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Fig. 3. Relation between amount of AIN and porosities of a)
ALSiC4-AIN and b) AlSiC,-AIN-C bodies sintered at 1750°C for 20
min.
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Fig. 4. Relation between amount of AIN and relative densities of
bodies sintered at 1750°C and 1800°C for 20 min in Al,SiC4~AIN and
AlSiC4~AIN-C system.
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Fig. 5. SEM micrographs of fracture surface for bodies sintered at
1750°C for 20 min.
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Fig. 6. SEM micrographs of polished and etched surface component for the bodies sintered at 1750°C for 20 min by spark plasma sintering with

composition AIN 67% a) Al,SiC4-AIN and b) AlSiC4~AIN-C.
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Fig. 7. X-ray diffraction patterns of AIN 67% component for the
powder of a) ALSIC,-AIN and ¢) Al,SiC,-AIN-C calcined at 1300°C
for 3 h and for the bodies of b) Al,SiC,-AIN and d) AlSiC4~-AIN-C
sintered at 1750°C for 20 min.
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ing with composition a) Al,SiC,-AIN and b) Al,SiC,-AIN-C.
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Abstract

The effect of SiC used as antioxidant in carbon-containing CaO-ZrO, refractories and the behaviour of SiC in CO gas were studied. SiC was
found to react initially with CO to form SiO,(s) and C(s) at ~1200 °C, and then the formed SiO, reacted with CaO in the refractories to form belite
(2Ca0-8i0,). The refractory microstructure was modified by addition of SiC. Due to the deposition of SiO; in the large (2-10 wm) pores of the
refractory through the reaction of SiO(g) with CO, the percentage of large pores decreased and a dense layer, mainly consisting of belite, was
formed near the surface of the refractory after it was heated at high temperature (1500 °C). The oxidation resistance of CaO-ZrO,—C refractories
was improved by reaction of SiC with CO to deposit C(s) and decrease the size of the large pores. The oxidation resistance of such refractories can
be improved significantly when such a dense layer is formed near their surfaces.

© 2006 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

Keywords: CaO-ZrO,—C refractories; Oxidation resistance; Oxidation; Antioxidant

1. Introduction

Carbon possesses excellent thermal shock and slag
resistance properties, and it has become an important
component of commercial refractories, however, carbon suffers
the drawback of poor oxidation resistance [1]. To improve the
oxidation resistance of carbon-containing refractories, anti-
oxidants, such as metals (Mg, Al, Si), alloys (Mg-Al) and
carbides (B4C, SiC) are often added to them. The antioxidant
selected varies according to the matrix type of the carbon-
containing refractories. For example, Mg and Al are often
added to MgO-C refractories, whereas SiC is often added to
Al,0,—C refractories [2,3].

Lime has the advantages of being abundant, having a high
melting temperature, a low vapour pressure and thermody-
namic stability in the presence of carbon. Accordingly, CaO-C
refractories have long been regarded as potentially attractive for
applications in the metallurgical industries [4,5]. In recent
years, lime-containing refractories have shown great advan-
tages in dephosphorization and desulphurization of molten steel

* Corresponding author. Tel.: +86 24 6368 2241; fax: +86 24 8368 1576.
E-mail address: slakejp@163.com (M. Chen).

[6]. Nevertheless, the application of CaO refractories has been
inhibited owing to its poor hydration resistance, and the main
attention of lime refractories research has been in this area
{7,8]. The present authors have also studied this topic and
prepared hydration resistant CaO-ZrO, composites through the
formation of a protective CaZrO; layer around CaO grains [9].
Little attention has been paid to improve the oxidation
resistance of CaO-C refractories [10,11].

In the present work, the behaviour of SiC antioxidant in CO
gas and the mechanism of improved oxidation resistance of
Ca0-ZrO,—C refractories were studied.

2. Experimental procedures
2.1. Starting materials

The starting materials in the present work were CaO-ZrO,
grain prepared by grinding CaO-ZrO, clinker (sintered from a
mixture of reagent grade CaCO; and ZrO, in the molar
proportion Ca0:ZrO, = 80:20, with relative density of over
99%) [9] to pass 90 m, carbon (graphite flake, with purity of
over 99.7% and average size of less than 0.5 pm) and SiC (with
purity of over 99% and average grain diameter of 2-3 pum).

0272-8842/$32.00 ¢*; 2006 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

doi:10.1016/j.ceramint.2006.07.004
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heating was analyzed using XRD. Cross sections of the heated
samples were observed under optical microscopy and SEM
(scanning electron microscopy).

Because of the low pressure used, the relative density of the

1586 M. Chen et al./Ceramics International 33 (2007) 1585-1589
Table 1

Composition of the CaO-ZrO,-C refractories, mass%

Batch Ca0-Zr0; grain Graphite SiC

1 80 20 0

2 75 20 5

2.2. Sample preparation

Two batches of powder were prepared by wet-mixing (in
acetone) CaO-ZrO, grain, carbon and SiC in the proportions
shown in Table 1. Then the mixed powders were shaped to
cylindrical compacts of D15mm x ~15mm and plate
compacts of 20 mm x 20 mm x ~12 mm by using CIP (cold
isostatic pressing) under 100 MPa with 4 mass% phenolic resin
as a binder. Cylindrical compacts were pretreated at 800 °C for
5 hin a carbon powder bed for the carbonization of resin before
the oxidation test.

2.3. High temperature behaviour of SiC added to CaO-
Zr0,-C refractories

Approximately 1.5 g of the mixture with SiC addition (with
composition of sample 2) was heated in a tube furnace at a
heating rate of 10°C/min. After soaking at different
temperatures for 2h and at 1500 °C for 2-6 h, the heated
sample was cooled in the furnace to room temperature at a rate
of 10 °C/min. CO gas was bled into the furnace at a flow rate of
0.2 L/min for the duration of the heat treatment. The phase
composition of the heat treated mixture was analyzed by using
powder XRD (X-ray diffraction, Cu target, 20 kV, 20 mA) and
the mass change was measured using an electric balance.

2.4. High temperatures oxidation testing

The oxidation test was carried out by heating the cylindrical
bricks in a TG (thermogravimetric) furnace in air (Fig. 1a), with
the same heating and cooling rate of 10 °C/min. The pore size
distribution of the bricks was examined using mercury
porosimetry, and the phase composition of the samples after

1. Heating element
2. Carbon powder
3. AL,O;, crucible
4. Sample

balance

szx

(a) (b)

Fig. 1. Schematic diagram of reaction vessel for oxidation test of the CaO—
ZrO,—C refractories.

brick was so poor that the cylindrical compact was completely
oxidized before it reached the higher temperature (1500 °C). To
investigate the oxidation behaviour of the refractory with SiC
addition at a higher temperature, the oxidation test was also
carried out in another electric furnace by embedding most of a
plate compact in carbon powder while keeping its top surface
exposed to air, as shown in Fig. 1b. The sample was heated to
1500 °C at a rate of 10 °C/min and kept at this temperature for
4 h. After heating, the microstructure was observed under
optical microscopy and the composition near the surface was
obtained by spot analyses with interval of 200 wm using EPMA
(Electron Probe Micro Analysis).

3. Results and discussion
3.1. Behaviour of SiC added to CaO-ZrO,—C refractories

It is known that the main gaseous species in the refractories
is CO when the oxides coexist with condensed carbon.
Therefore, the present work investigated the behaviour of SiC
added to the refractories in CO gas. Fig. 2 shows the phase
change of the CaO-ZrO,—C refractories with SiC addition after
heating at different temperatures for 2 h and at 1500 °C for 2-
6h in CO gas. The intensity of SiC began to decrease
significantly above 1200 °C, and, simultaneously, the intensity
of CaO decreased and belite (Ca,SiO,4) began to be detected.
This indicates that the SiC reacted with CO to form SiO(s) and
C(s) according to reaction (1) from ~1200 °C. The identifica-
tion of belite indicates that the formed SiO, reacted further with
CaO. For CaZrO;, no change of its intensity after heating at
different temperatures confirmed that it was stable in these

AN

-0 C
—O— CaZrOy
=/ CaO

—A— SiC
-GS

Relative intensity

T C

Time (h)
kept at 1500°C

Fig. 2. Phase change of the CaO-ZrO,-C refractories with SiC addition heated
at various temperatures for 2 h and at 1500 °C for different time.
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atmospheres and temperature conditions. The intensities of
CaO and belite reached a constant value when the sample was
heated at 1500 °C for 6 h, indicating the completion of the
reaction in the refractories.

SiC(s) + 2CO(g) = SiOy(s) + 3C(s) (1)

Fig. 3 shows the mass change of the mixture with SiC addition
(with composition of sample 2) after heating at different
temperatures for 2h and at 1500 °C for 2-6h in CO gas.
The abrupt increase of mass gain from 1200 °C also confirmed
the occurrence of reaction (1) from this temperature. As pre-
viously reported, it is considered that the occurrence of reaction
(1) proceeded in the following two steps [2]:

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

SiO(g) + CO(g) = SiOy(s) + C(s) 3)

Because a part of the SiO(g) volatilized to the atmosphere, it did
not completely condense as SiO, within the refractories. As a
result, after the refractory was heated in CO gas for 6 h, the
mass gain of the refractory was only 5.8 mass%, which was less
than the theoretical value of 7.0 mass%.

3.2. Improved oxidation resistance of the CaO-ZrO-C
refractories

Fig. 4 shows the mass changes of the CaO-ZrO,-C
refractories heated to 1300 °C and kept at this temperature
for 2 h in air at a heating rate of 10 °C/min. Mass decreased in a
similar manner for both samples at lower temperatures, but
from 1200 °C, the mass decrease was obviously suppressed and
a plateau was found for samples with SiC addition. For samples
without SiC, the mass reached a constant value after 11 min at
1300 °C, whereas it was 32 min for samples with SiC. These
results indicate that the oxidation of carbon was effectively
suppressed by the deposition of C(s) when SiC was added.

T

Mass gain /%

1000 1200 1400 2 4 6

Ti°C Tine ( h)
kept at 1500°C

Fig. 3. Mass change of the CaO-ZrO»—C refractories with SiC addition heated
at various temperatures for 2 h and at 1500 °C for different time.
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Fig. 4. Mass change of the CaO-ZrO,~C bricks heated in air at a rate of 10 “C/
min.

Fig. 5 shows XRD of the air quenched samples with SiC
addition after heating to 1200 °C and holding at 1300 °C for
10 min in air (corresponding to positions 1 and 2 in Fig. 4). Itis
observed that SiC was still found and no alite or belite [12]
formed when samples were heated to 1200 °C, but SiC
disappeared and there was an obvious increase in the intensity
of alite peaks after the sample was held at 1300 °C for 10 min.
Similar to the results shown in Fig. 3, this shows that SiC began
to react with CO at ~1200 °C. Because of the occurrence of this
reaction, mass loss by carbon oxidation was counterbalanced
by deposition of carbon. Thus the oxidation rate was decreased,
and a plateau formed (in Fig. 4). Due to the mass increasing
while SiC was oxidized to SiO,, the mass loss of the SiC added
refractory was always less than that of the sample without SiC
after they were completely oxidized (Fig. 4).

Fig. 6 shows the optical photographs of the CaO-ZrO,—C
refractories after heating at 1300 °C for 10 min. For the sample

Q () a o Ca0
o CaZr()
O  esiC
A (CasSiOx
a
3
2o
g (b)
E

s | . 1 L 1 L
20 30 40 50 60

20 /7 (Cuka)

Fig. 5. XRD of the SiC added CaO-ZrO,-C refractories heated to (a) 1200 °C
and (b) kept at 1300 °C for 10 min.
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Fig. 6. Section of (a) SiC free and (b) SiC added CaO-ZrO-—C refractories heated at 1300 °C for 10 min in air.

without SiC, the refractories were almost completely oxidized
(the central black zone is the unoxidized core). But for the
sample with SiC, a large unoxidized zone was still observed.
This result also confirmed that the addition of SiC effectively
improved the oxidation resistance of the refractories.

3.3. Modification of microstructure

Fig. 7 shows the pore size distribution of the refractories
with and without SiC heated at 1300 °C for 2 h. It is observed
that although there was no obvious change in apparent porosity
(it was 50% and 49% for the sample without and with SiC
addition, respectively), the percentage of large pores (2-
10 wm) was decreased when SiC was added. The micro-
structure observation also identified that the amount of large
pores decreased when SiC was added, as shown in Fig. 8.

The modification of microstructure was considered to occur
by the reaction of SiC turning to SiO,. Because of diffusion of
SiO(g) at high temperature, SiO(g) was considered likely to
condense as SiO,(s) in the pores. As a result, the pores were
filled with SiO, (which further reacted with CaO to form belite)
and the pore size decreased.

....... -~ without SiC

) L with SiC
=
1%
2
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3
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2 1
¢
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10!
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Fig. 7. Pore size distribution of the CaO-ZrO,~C bricks after 2 h at 1300 °C.

It is known that the partial pressure of Pg;o() is strongly
dependent on temperature. For example, it is calculated that
Psiog) is 270 Pa at 1300 °C, increasing to 535 Pa when the
temperature is elevated to 1500 °C. Because of the low Pg;oq)
and limited time of SiC coexisting with carbon due to the
complete oxidation of carbon at 1300 °C, SiO(g) would be
expected to diffuse only a short distance. As a result, SiO(g)
reacted with CO gas to condense as SiO, (reaction (3)) just at
the original SiC site or the pores nearby.

Fig. 8. SEM photographs of the fractured surface of CaO-ZrO-~C bricks (a)
without and (b) with SiC addition after heating at 1300 °C for 2 h.
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Fig. 9. Reflected light photograph (a) and result of EPMA analysis (b) of the
SiC added CaO-ZrO,-C refractories after heating at 1500 °C for § h in carbon
bed.

However, when the sample was heated at a higher
temperature and SiC coexisted with carbon for a sufficiently
long time, the formed SiO(g) diffused continuously to the
surface of the refractory and condensed to form SiO,. Thus, a
dense protective layer near the surface of the refractory was
formed, as shown in Fig. 9a. EMPA analyses showed that the
silicon content in the dense layer was much higher than that in
the bulk (Fig. 9b). This confirms that the dense layer formation
near the surface arises by the condensation of SiO(g). It is
considered that the formation of a dense protective layer can
effectively suppress the diffusion of oxygen into the refractories
and improve its oxidation resistance.
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4. Conclusions

Based on the above results, the following conclusions were
drawn when SiC was added as an antioxidant to the CaO-ZrO,—
C refractories:

(1) SiC begins toreact with CO gas at ~1200 °C, forming C(s)
and SiO(s). The latter further reacts with CaO to form
belite. Due to the diffusion and condensation of SiO(g), the
microstructure was modified. The percentage of large pores
(2-10 pm) is decreased and a dense protective layer is
formed when SiC coexists with condensed carbon in the
refractory at higher temperature (1500 °C) for enough
time.

(2) The addition of SiC improves the oxidation resistance of
Ca0-ZrO,—C refractories by reaction of SiC with CO gas to
deposit carbon and modification of the microstructure. In
particular, a dense protective layer formed near the
refractories surface is effective in improving the oxidation
resistance.
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Preparation and Properties of Spark Plasma Sintered Magnesium
Aluminum Oxynitride
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In this paper, the effects of heating temperature and soaking time on the synthesis of magnesium aluminum
oxynitride (MgAION) by spark plasma sintering (SPS) were investigated. Results showed that the content of N
decreased while that of O increased with the increasing of temperature, because of the reaction between Mg;N,
and H,0 when the sample heated below 1500°C. Owing to the rapid warming up rate and the reaction between
graphite and H,0, the variation of chemical composition was lowered in the sample heated at higher tempera-
ture. During the heating process, shrinkage started above 1000°C and expansion was observed above 1600°C.
Moreover, open pores were not detected in the sample heated at 1500°C for 1 min and single phase MgAION
without pores could be obtained when heated at 1700°C for 10 min. With the increasing of the content of Mg and
the decreasing of N, all the thermal characteristics were increased and the cold bending strength was decreased,
which may provide a standard data about the cold bending strength and the thermal characteristics of MgAION
[Received January 12, 2007; Accepted July 19, 2007]

with different composition.

Key-words : Magnesium aluminum oxynitride (MgAION)), Spark plasma sintering (SPS), Preparation, Property

1. Introduction

Magnesium aluminum oxynitride (MgAION) is a solid
solution material with high melting point and considered as a
promising superior refractory.! Investigations on its oxida-
tion behavior? ¥ and synthesis processes'-¥-" have been car-
ried out and lots of meaningful results have been achieved. Up
to now, three methods about the preparation of MgAION
have been proposed: (1) solid phase reaction of AIN, AlO,
and MgO;>:9 (2) reaction of Al, Al,O; and MgO;” and (3)
carbothermal reduction and nitridation of carbon, Al,O;
and MgO."” Among these methods, the first one has more
advantages to prepare high density MgAION with small
sized starting materials,” and its reaction sequences can be
described as following: MgO reacts with Al,O; above 1000°C
and magnesium aluminate spinel (MgAl,O,,,) is formed at
first. Then, with the solid solution of AIN and Al,O; into
MgAl,O,4, above 1350°C, MgAION is formed, and the
potential of the solution of AIN and Al,O; increases with the
increasing of temperature.®

As a material to utilize at high temperature, it is necessary to
investigate the thermal characteristics, such as thermal expan-
sion, thermal diffusivity, thermal capacitance, and thermal
conductivity. To obtain standard data of MgAION with
respect to thermal characteristics and strength, single phase
samples without pores need be prepared. In addition, since
MgAION is a solid solution material and its chemical composi-
tion has a relatively wide range,® the properties of MgAION
with different composition should be explored.

Considering the advantages of spark plasma sintering
(SPS) (schematically shown in Fig. 1),¥9 it is used to pre-
pare high density MgAION in this work, and we have success-
fully prepared single phase MgAION without pores in very
short process by SPS process through solid phase reaction of
MgO, Al,O; and AIN.»¥ However, the process has not been
systemically investigated.

In this paper, our objective is to investigate the effect of
synthetical parameters, such as heating temperature and soak-
ing time, on the preparation of MgAION by SPS process and
to obtain the standard data about the cold bending strength
and thermal characteristics of single phase MgAION without
pores in different composition.
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Fig. 1. Schematic of SPS system.

2. Experimental procedure

2.1 Preparation of MgAION

High purity and small sized starting powders, MgO (0.24
um, >99.9%), Al,O5 (0.1 um, >99.99%), and AIN (0.7 um,
>99.2%), were meticulously weighed according to the
proportion listed in Table 1, and milled with alumina balls by
using ethanol as dispersion. Subsequently, the slurry was
vacuum dried in rotary evaporator (Model BUCHI R-134
rotavapor, SIBATA, Tokyo, Japan) and then the dried pow-
ders were placed in a graphite die and set in SPS system
(Model DR. SINTER 820S, Sumitomo Heavy Industries,
Ehime, Japan). After the chamber was evacuated to less than
5 Pa and flushed with nitrogen (purity >99.999%), repeated-
ly, the samples were heated following the patterns listed in
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Table 1.

Chemical Composition of Raw Materials and Heating Conditions

Chemical composition
Molar ratio Mass %

Heating conditions

MgO ALO; AIN  MgO ALO; AIN

Warming up conditions  Soaking conditions

TO Just mixed

Tl .T.- °Ci i ° i
4 3 3 .04 8241 764 R.T.-1100 Cfn 12 mfn 1100 °C for 1 mfn

T2 R.T-1500°Cin 16 min 1500 °C for 1 min

T3 R.T.-1700 °C in 20 min 1700 °C for 1 min

HI 4 13 3 9.94 82.41 7.64 R.T.-1700°Cin20 min 1700 °C for 10 min

Cl 1 10 3 3.38 86.22 10.4

C2 4 13 3 9.94 82.41 7.64

C3 521 13 3 12.57 80.01 7.42 - . o .

R.T.-1700 °C in 20 min 1700 °C for 10 min

C4 641 13 3 15.04 77.75 7.21

C5 762 13 3 17.38 75.61 7.01

Cé6 4 7 1 17.49 78.03 4.48

Table 1 under the pressure of 30 MPa.

2.2 Characterization

The plates for mechanical testing were cut from SPSed
samples by using a conventional mechanical cutting proce-
dure. After ground with a diamond wheel to 45 x4 X 3 mm,
the plates were rough polished and the edges were chamfered
at 45°. The bending strength was measured by a mechanical
strength testing machine (Model AG-100kNE autograph,
SHIMADZU, Kyoto, Japan).

Similar as the above procedure, plates in 18 X4 x 3 mm for
.the measurement of thermal expansion and 10 X 10 x 4 mm for
the test of pore distribution were prepared. The thermal
expansion was tested on a thermoflex (Model TMA-8140,
Rigaku, Tokyo, Japan) with the warming up rate at 5°C
min~! and pore distribution was measured by a mircomeritics
{Model MIC-9510 auto pore IV, SHIMADZU, Kyoto,
Japan) with mercury as medium.

To measure the thermal conductivity, thermal capacitance,
and thermal diffusivity, the specimens were drilled from
SPSed samples and ground to #12.7X0.2 mm in ahead of
looking-glass finish. The measurement was carried out at
room temperature and 500°C on a laser flash analyzer (LFA,
Model LFA457, NETZSCH, Selb/Bavaria, Germany).

Some SPSed samples were pulverized into less than 10 um in
an agate mortar and the powders were oxidized under flowing
dry air on thermo-gravimeter (TG, Model TG/DTA 6300,
Seiko Instruments, Tiba, Japan) with warming up rate at 5°C
min~!.

The bulk density was measured by automatic gravimeter
(Model SGM-6, Mettler-Toledo International, Ohio, USA)
and the true density was analyzed by multi pycnometer
(Model MVP-1, YUASA IONICS, Massachusetts, USA).
Microstructure was characterized by field emission scanning
electron microscope (FE-SEM, Model JSM-6340F, JEOL,
Tokyo, Japan). Phase composition was determined by X-ray
diffraction (XRD, Model RINT2200, Rigaku, Tokyo, Japan)
and by using high purity silicon (purity >99.999%) as internal
standard material, lattice constant of MgAl,O4, was deter-
mined. Content of Mg and Al was measured by X-ray fluores-
cence spectroscope (XRFS, Model Simultix12, Rigaku,
Tokyo, Japan), and O, N by oxygen and nitrogen analyzer
(Model EMGAG650, HORIBA, Kyoto, Japan).
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3. Results and discussion

3.1 Effect of heating conditions on composition

Chemical composition of SPSed samples and that of green
compact (T0) are listed in Table 2. In these samples, the con-
tent of Mg and Al had not obvious variation. When lower
than 1500°C, the content of O had a minor increase and that
of N had a tiny decrease with the increasing of temperature.
However, the difference of the content of O and N between
the heated samples and green compact had not obvious change
higher than 1500°C.

Phase composition of T0-T3 and H1 is shown in Fig. 2. In
T1, the reaction of MgO and Al,O; generated MgAl,Oy, but
due to the short heating process, the MgO was not completely
consumed. The accurate chemical composition of MgAl,O4q
could be calculated from the following equations,?

_ (amgal0,. — 0.7900) X 80
(15 — (amgayo,, — 0.7900) X 240)

MgImeano., %6 x100%

(1)
6 - (CYM AlLO _0.7900) X 160
% = B X 1009
[ALvan.0.26 =775 (ctmgaro,. — 0.7900) X 240) %
(2)
[O]Mgmzom% =1- [Mg]% -[All% (3)

when the lattice constant of the determined MgAl,Oy in T1
was 0.80826 nm, its chemical composition was MgAl, ;,04.6.

From the XRD result of T2, the MgO was entirely con-
sumed and MgAION was obtained. Combined with the
result of Fig. 3, where the excess weight change (Wg) of T2
was 1.45%, the content of Mg of MgAION in T2 calculated
from Eq. (4) was 8.52 mol%.

We= —29.07 x [Mg]%3.9285 (4)9

However, the content of Mg in T2 was 5.11 mol% (Table 2).
So, it could be deduced that only about three quarters of
Al,O; dissolved into the MgAION in T2. In T3 and H1, single
phase MgAION was obtained. According to Table 2, the
chemical composition of MgAION of T3 and H1 could be
represented as MgyAlyg 54043.04N2.5; and MgsAlyg 340.3.03N2 51,
respectively.

Figure 3 shows the weight change of SPSed samples and
that of mixed raw materials. The sizes of starting powders
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Table 2. Chemical Composition of Samples TO-T3 and Sample H1 (mol%)

Chemical composition

Soaking conditions

Mg Al (0] N
TO Mixed raw materials 5.08 36.71 54.78 3.42
Tl 1100 °C for 1 min 5.10 36.76 54.88 3.26
T2 1500 °C for 1 min 5.10 36.79 55.01 3.10
T3 1700 °C for 1 min 5.10 36.79 54.90 3.20
Hl 1700 °C for 10 min 5.10 36.80 54.90 3.20
e MgAION o MgALO, of AIN was retarded and T2 had not obvious oxidation until
o : ﬁJlNo a MgO 1000°C.
o 2 R From Fig. 3, it can be also found that the total weight
. + A ° L change of TO had minor difference to that of T1 but obviously
P S-S Hl L 2 ’—A lower than that of T2 and H1, even though the chemical com-
2 j position of these samples had not big difference (Table 2).
~ ° ° . . . . .
> . Considering the overall oxidation reaction of MgAION and
e lan 1 ). L J ) AIN:
= . ° 3 R MgAION + O, —> MgAL Oy + ALO3 + N, (5)
| A T2 ¢ = SwjRe 3 k a9 *R Mo 2 AIN+0O, — ALO;+N, (6)
o o
o TI OL 'l 2 1 ™ The oxidation reaction of the above two nitrides can be
o o
o X . A- o o o represented as,
; ; + 3- - 2~
20 30 40 50 60 70 AN’ +30,=2N, +60 ™M
20/° By using Eq. (7), the theoretical weight change (Wr) could

Fig. 2. XRD patterns of T0-T3 and sample HI.
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Fig. 3. Weight change of TO-T2, and HI1.

were very small, and inevitably, some attached water existed in
the mixed raw materials. Hence, the weight decrease of TO
below 700°C was ascribed to the evaporation of attached
water.®) Above 750°C, all the samples were oxidized, however,
their oxidation behavior had some difference: TO and T1 had
an obvious oxidation, while T2 and H1 had not obvious oxida-
tion until to 1000°C, though AIN was detected in T1 and T2.
Considering that the Al,O; used in present work was very
sinterable, un-reacted AIN in T2 might be surrounded by
MgAION and Al,O; grains. Moreover, the oxidation of
MgAION was slow below 1000°C. As a result, the oxidation

be calculated. Compared with Table 2, the chemical composi-
tion of all samples was similar, and the difference of Wr
among these samples could be neglected. However, it should
be noted that there existed some obvious differences in weight
changes achieved by TG analysis. Wi was determined by the
equation,?

We=Wy— Wt ®

where, W)y is the maximum weight changes shown in Fig. 3.
In present work, Wg of T2 was 1.45% and that of H1 was
2.45%. In ref 4), Dai et al. had proposed that during the
oxidation of MgAION, there was an excess weight change and
it related to the content of the content of Mg of the MgAION
phase (Eq. (4)). So, the oxidation behavior of samples
agreed well with the proposition.¥

In the following, a possible reason for the change of the
chemical composition at different heating condition (Table 2)
was discussed. During the preparation of MgAION by solid
phase reaction, Mg;N; as a volatile material with the vaporiz-
ing temperature at 700°C formed through the reaction between
MgO and AIN:'.

MgO + AIN — Al,O; + Mg;N, )

In addition, as attached water remained in the green com-
pact, the MgsN, was favorable to react with H,O as follows, '

Mg3N2+ Hzo —> MgO+H2+N2 (10)
Mg3N2 + A1203 + Hzo —— MgA1204SS + HZ + Nz (1 l)
Mg;N,; + MgAL Oy + H,O —> MgAION+H, + N,
(12)
Taking into account the graphite die as heater, the reaction
between H,O and graphite could also occur according to,

C+H,0 — CO+H, (13)

With the proceeding of the reaction between Mg;N, and H,0
as reactions (10)-(12), the content of N would decrease and
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Fig. 4. Pore distribution of T1-T3.

that of O would increase, and the occurrence of reaction (13)
had not effect on the chemical composition of heated sample.
As Mg;N, reacts with H,O at low temperatures and graphite
reacts with H,O only at high temperature, obviously, the
change of chemical composition in the samples heated lower
than 1500°C mainly caused by the reactions (10)-(12). With
the temperature increasing, the solid phase reaction rate
among MgO, AIN and Al,O; was increased and the formation
of Mg;N, was lowered. Oppositely, with the increasing of
temperature, the reactivity between graphite and H,0
increased, thus, lots of H,O were consumed by the graphite.
Hence, the difference of the content O and N between T3 and
TO was lower than that between T2 and TO.

3.2 Effect of heating conditions on microstructure

Pore distributions of samples heated at different tempera-
ture are plotted in Fig. 4. The volume of pore was about 0.16
ml g~! and mean diameter was less than 100 nm in T1. In T2
and T3, the amount of mercury accessed in the samples could
be neglected. Furthermore, the measurement of the bulk den-
sity and porosity of T2 and T3 by Archimedes method implied
that their apparent porosity almost to zero. Moreover, as
shown in Fig. 5, the relative densities of T1, T2, and T3 were
39.6%, 92.4%, and 99.5%, respectively. So, some closed
pores were remained in T2 and T3.

Figure 6 illustrates the microstructures of samples heated at
different condition. With the increasing of temperature, the
pores became smaller and the grains got coarser. T1 was very
porous and its grains were very small; For T2, the grains and
pores were about 1um, and pores were distributed around
dense grains; For T3, the grains were about 5 um and few
pores were involved in the grain. Especially, the grain size of
H1 was about 10 um and as twice as that of T3, and no pores
existed in the inner of grains. Since the sample was heated
under vacuum condition, pores involved in the grains were in
negative pressure and they could migrate to the grain bounda-
ries and out of the sintering body easily at higher temperature.
In this case, the pores were efficiently removed through SPS
process. Therefore, SPS process was an effective means to
prepare full density sample.

3.3 Shrinkage behavior during heating process

Figure 7 shows the shrinkage behavior of HI during the
heating process. The shrinkage behavior had not obvious
change until 1000°C because the raw materials kept stable at
low temperature. It could be found that the shrinkage rate was
rapidly increased from about 1100°C to 1400°C and became
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Fig. 5. Relative density of heated T1-T3 and HI1.

Fig. 6. Polished cross section morphology of T1-T3 and H1 after
the treatment of phosphoric acid (a) T1, (b) T2, (c) T3, and (d) HI.
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Fig. 7. Shrinkage behavior of H1 during heating process.

slower from 1400°C to 1600°C. As the densities of raw materi-
als were 3.97gcm™? (ALO;), 3.26gcm™? (AIN), 3.58¢
cm™3 (Mg0),'"” and the formed MgAl,O,, and MgAION
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Table 3. Properties of SPSed MgAION with Different Composition

Thermal Thermal Thermal Cold

diffusivity capacitance conductivity Expansivity bending

(mm?*s™ Jg'K"h (Wm' K" (xE*°C") strength

R.T. 500°C R.T. 500°C R.T. 500°C (MPa)
Cl 4.156 1.519 0.768 1.142 11.656  6.356 8.01 292
C2 4.258 1.552 0.782 1.145 12.139  6.462 8.22 256
C3 4348 1.570 0.791 1.146 12.438 6.529 8.21 260
C4 4426 1.606 0.802 1.149 12.866 6.688 8.26 252
C5 4.532  1.635 0.809 1.151 13.216  6.808 8.29 249
C6 4.586 1.651 0.813 1.152 13.496 6.866 8.41 247

were about 3.6gcm™? and 3.65gcm™,4'? respectively,
expansion would occur during the solid solution of Al,O,
into MgAl,0Oy4, and MgAION. At the beginning of shrinkage
(1100°C-1400°C), as the sample was very porous, the expan-
sion caused by the solid phase reaction had minor effect on the
dimensional change of sample comparing to the shrinkage
induced by the elimination of pores. In the succeeded stage
(1400°C-1600°C), as the density of the sample was increased,
the effect of the shrinkage caused by elimination of pores was
lowered. On the other hand, since the rate of the solid solution
of AlLO; was increased at higher temperature, the influence
of the expansion aroused from the solid solution reaction
increased. When higher than 1600°C, an expansion was
obtained. As some residual Al,O; were existed and the density
was about 92.4% in T2, it could be deduced that in the sample
heated at 1600°C without holding process, some un-reacted
AlLO; should remain and the density was relatively high. Since
about 8% of volume expansion was generated during the solid
solution of Al,O; into MgAION and MgAIl,O,,,, the solution
of ALLO; should be the reason for the expansion higher than
1600°C. As the densities of T3 and H1 were about 99.5% and
1009, respectively, the variation of the dimension of sample
could be neglected and the sample soaked at 1700°C had not
obvious change.

3.4 Effect of composition on the properties of SPSed

MgAION

All the SPSed samples for the measurement of the proper-
ties were confirmed to be single phase MgAION without pores
(density >99.9%) by the determination of phase composition
and density. According to the properties of SPSed MgAION
listed in Table 3, the difference of thermal diffusivity, thermal
capacitance, and thermal conductivity at room temperature
was greater than that at 500°C and the thermal capacitance
had not obvious change with the variation of chemical compo-
sition. With the increasing of the content of Mg and the
decreasing of N, all the thermal characteristics, thermal
expansion, thermal diffusivity, thermal capacitance, and
thermal conductivity, were increased and the cold bending
strength was decreased. The reason of the relationship
between the properties and the composition of MgAION was
still unknown and it need further study.

4. Conclusions
During the synthesis of magnesium aluminum oxynitride
(MgAION) by spark plasma sintering (SPS) process, a minor
variation of the content of N and O at temperatures lower

than 1500°C was caused by the reaction between Mg;N, and
H,O0. At higher temperature, the change of the chemical
composition was decreased, because of the high efficiency of
the SPS process and the reaction between graphite heater and
H,O. In the course of the heating process, the shrinkage rate
was very fast from about 1100°C to 1400°C, and slowed down
from 1400°C to 1600°C. When above 1600°C, an expansion
was obtained. In addition, Open pores were not existed in the
sample heated at 1500°C for 1 min and single phase MgAION
without pores were obtained when heated at 1700°C for 10
min. With the increasing of the content of Mg and the decreas-
ing of N, the cold bending strength was decreased and all the
thermal characteristics were increased.
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Influence of Heating Temperature, Keeping Time and Raw Materials Grain Size on
Al,04C Synthesis in Carbothermal Reduction Process and Oxidation of Al,04C
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Several factors, influencing synthesis of Al,;0,C in carbothermal reduction process from Al,O; and C starting
raw materials in argon atmosphere, and oxidation characteristics of Al,0,C were investigated. The formed
Al,0,C in heated specimens was increased and Al,0; and C were decreased with increase of heating temperature
and extension of keeping time. Grain size of Al,0; had obvious influence on synthesis of Al,0,C and fine Al,O;
was more advantageous. The activation energy of the reduction reaction from Al,O; and graphite to form
Al,0,C was calculated as 358.0 kJ/mol basing on experimental data. Al;0,C was observed to be oxidized from
about 820°C in air. Al40,C, buried in graphite powder and heated in air, was converted into Al,O; and C.

[Received May 30, 2007; Accepted August 24, 2007]

Key-words : Al,0,C, Synthesis, Al,Os;, Graphite, Carbothermal reduction, Oxidation, Carbon-containing

refractories

1. Introduction

Metal Al is frequently used in carbon-containing refracto-
ries as an additive to improve oxidation resistance and thermal
properties, but it also causes some problems. For example, Al
reacts with C in refractories to form Al,C;,V® which may
lead the refractories to collapse for the poor hydration resis-
tance of Al,C;.%

Al,0,C that is stable until 1890°C exists in Al,O;-Al,Cs
system.® This compound has been confirmed to have good
hydration resistance and be transformed into Al,O; and C at
Pco=0.1 MPa (1 atm). So Al,0,C may be a better additive
than metal Al for carbon-containing refractories.®

The authors have proceeded some research works about
synthesis of AlO,C from AlLO; and graphite starting raw
materials in argon atmosphere and it was known that the for-
mation of Al,0,C started at a temperature of 1500-1550°C.”

However, more factors influencing synthesis of Al,O,C are
necessary to be investigated for comprehending synthesis of
Al,0,C in detail, and characteristics of formed Al,0,C are
also necessary to be investigated for probable utilization in the
future.

In the present work, several factors, influencing synthesis of
Al,0,C, such as heating temperature, keeping time and grain
size of AL,O3, and oxidation characteristics of formed Al,0,C
were investigated.

2. Experimental procedure

Investigation on factors influencing synthesis of
Al,0,C

AlLO; (average grain size: 0.1 um, 30 yum, 60 yum and 1 mm.
purity: +99.0 mass%) and graphite (average grain size: 30
um. purity: +99.0 mass%) were used as starting raw materi-
als. They were weighted in proportions of C/AlL,O;=1.5
(molar ratio), mixed with alcohol and dried in a vacuum-
rotary evaporator. Two grams of the powder mixture put in a
high purity graphite crucible was set into an electric furnace
with a graphite heater (Fig. 1). Ar gas (purity: +99.9999
mass% ), in which the partial pressure of O, was determined
10" MPa by a ZrO, sensor, was poured into the furnace

2.1

* Present address; Shinagawa Refractories Co., Ltd, Imbe 707, Bizen,
Okayama, 705-0001 Japan
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Fig. 1. Schematic diagram of experimental equipment.

after producing vacuum. The powder mixtures were heated to
1600-1700°C at a rate of 10°C/min and maintained for 3-9 h
under flowing Ar of 1 L/min. Finally, the specimens were
cooled to room temperature within the furnace through shut-
ting off power supply, where the average cooling rate was
64°C/min from 1700°C to 1000°C. Phases of the heated speci-
mens were identified by using X-ray diffraction (XRD, RINT
2200, Rigaku, Japan). Microstructure was observed using
field emission scanning electron microscope (FE-SEM, JSM-
6340F, JEOL, Japan). The compositions of a part of heated
specimens were determined by using chemical analysis
method.

2.2 Investigation on oxidation characteristics of Al,O,C

1) Oxidation of Al,O4C in air

The specimen from mixture with C/AL,O;=1.5 heated at
1700°C for 9 h, with the highest Al,04C content and a little of
Al,O; and graphite, was grounded into grain size of approxi-
mate 10 um and was named Al,O,C product, then was used to
measure oxidation characteristic in air by using TG-DTA
method, where the flow rate of air was 200 ml/min and the
temperature rising rate was 5°C/min. In addition, the ground-
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ed powder with 10 um grain size was reheated at 800°C for
2h in air to remove the residual graphite and was named
reheated powder, then was used to measure oxidation charac-
teristic in air by using TG-DTA method. The graphite used in
this research was also analyzed by using the same TG-DTA
method.

2) Oxidation of Al;O,C buried in graphite powder and
heated in air

Since Al;0,C is probable to be used as an additive into
carbon-containing refractories, oxidation characteristic of
Al,0,C coexisting with C is necessary to be determined. So
oxidation characteristic of formed Al,0,C, buried in graphite
powder and heated in air, was also investigated.

The AlO4C product stated above was mixed with graphite
powder in molar ratio of AlO4C : graphite=1:6 (Al,0,C
product was calculated as 100% Al,0,C). This (ALO,C
product)-graphite mixture in a graphite crucible with a cover
was buried into graphite powder in an alumina crucible as
shown in Fig. 2. This set was heated at 400-1500°C for 1-3 h
in air. The heated specimens were analyzed by using XRD to
identify phases.

3. Results

3.1 Influence of various factors on synthesis of Al,0,C

1) Influence of heating temperature and keeping time

The powder mixtures with C/Al,03=1.5 (Al,O5: 0.1 um)
were heated at 1600, 1650 and 1700°C for 3-9 h. The heated
specimens were analyzed by using XRD and it was known that
the phases in the heated specimens were Al,O;, Al,0,C and
graphite, no other substances existing. Mass contents of the
elements of Al, O and C in the heated specimens were deter-
mined and are shown in Table 1.

Figure 3(a), (b) and (c) present mass contents of the
phases of Al,Os;, Al,O,C and graphite in heated specimens,
which were calculated from Table 1 and according to equa-
tions as

[Al]=[ALLO;] % 54/102 + [Al,0,C] x 108/184
[0]=[Al,0;]%x48/102+ [Al,0,C] x 64/184
[C]=[graphite] + [Al,0,C] x 12/184

Where [Al], [0O], [C], [Al,O,], [ALO,C] and [graphite] are
the mass contents of Al element, O element, C element, Al,O;
phase, Al;0,C phase and graphite phase in the heated speci-
mens.

As temperature was raised, increase of Al,O,C and decrease
of Al,O; and graphite were turned into more quick. At the
same time, proportion of Al;0,C in the heated specimens was

Table 1. Mass Contents of the Elements of Al, O and C in Speci-
mens from Mixtures with C/Al,O;=1.5 Heated at Various Tempera-
tures for Different Times

Mass /%
Time /h
Temperature Element
0 3 5 7 9
Al 45.00 47.18 48.94 49.96 51.28
1600 o} 40.00 39.49 38.64 37.51 36.49
C 15.00 13.33 12.42 12.53 12.23
Al 45.00 48.12 50.64 52.88 54_87_
1650 [0} 40.00 38.67 37.27 35.83 34.32
C 15.00 13.21 12.09 11.29 10.81
Al 45.00 52.53 55.02 55.93 56.89
1700 [e] 40.00 37.11 35.56 349 34.69
C 15.00 10.36 942 , 917 8.42
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Fig. 3. Mass contents of the phases of Al,0;, Al;0,C and graphite in
specimens from mixtures with C/Al,0;=1.5 heated at various tem-
peratures for different times.
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sizes and C/Al,O;=1.5 heated at 1700°C for 9h. ((h k) of the
highest peak of each phase: C=(003); AlLO;= (104); Al,0,C)=
(111); ALC;=(012)).

increased and those of Al,O; and graphite were decreased for
same keeping time. It was assumed that increase of heating
temperature would increase reaction speed of AlL,O; and
graphite to form Al,O4C.

As keeping time was extended, proportion of Al,O,C in the
heated specimens was gradually increased and those of Al,O,
and graphite were gradually decreased at each temperature.
The conclusion was gained that extension of keeping time
would increase reaction extend of Al,O; and graphite to form
Al 04C.

The highest Al,0,C proportion was obtained at 1700°C for
9 h. In this specimen, mass content of Al,O,C was 91.3% and
those of Al,O; and graphite were 6.2% and 2.5%, respective-
ly. According to SEM observations on this specimen,” the
formed Al,O,C grains had size in range of 10-100 um, mainly
30-50 um, and they hardly included pores, very dense. The
residual graphite existed in the center of some Al,O,C grains.
The residual Al,O; could not be observed due to the too small
size and low content.

2) Influence of grain size of Al,O,

The powder mixtures with C/ALO;=1.5 (ALO;: 0.1 um,
30 ym, 60 um and 1 mm) were heated at 1700°C for 9 h. The
intensity of the highest XRD peak of each phase in the heated
specimens is shown in Fig. 4.

The decrease of grain size of Al,O; was advantageous for
synthesis of Al,04C. Increasing grain size of Al,O3, the reduc-
tion rate of Al,0; was decreased and at the same time, Al,C;
was increased with Al,0,C decreased. It was assumed that
enough fine Al,O; as starting raw material is necessary for
synthesis of Al;0,C and in this research the best grain size of
Al,O; was 0.1 um.

3.2 Oxidation characteristics of Al,0,C

1) Oxidation of Al,O,C in air

The reheated powder was analyzed by using XRD and it was
known that all residual graphite was oxidized; only Al,0,C
and ALO, existed (Fig. 10(a)).

TG patterns of the Al;04C product, the reheated powder
and the graphite used in this research are shown in Fig. §.

From Fig. 5, the mass of the Al4O,C product decreased
obviously from about 610°C and again increased obviously
from about 820°C. Comparing to the pattern of the graphite,
it is known that the temperature of about 610°C is the starting
temperature that the residual graphite was oxidized. And com-
paring to the pattern of the reheated powder, it is known that
the temperature of about 820°C is the starting temperature

95

Temperature / °C

Fig. 5. TG patterns of Al O,C product, reheated powder and
graphite (air: 200 ml/min; temperature rising: 5°C/min).
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Fig. 6. Phases in specimens from mixture of Al,O4C: graphite=
1 : 6 heated at various temperatures for 1 h and 1500°C for 1 h and
3h. ((hk!) of the highest peak of each phase: AlLO;=(104);
Al,0,C) = (111)).

that Al,0,C was oxidized.

2) Oxidation of Al4O4C buried in graphite powder and
heated in air

Phases of specimens from (Al,04C product)-graphite mix-
ture heated at various temperatures and different times are
shown in Fig. 6, where the intensity of graphite phase was
omitted.

With increase of heating temperature and extension of keep-
ing time, Al,0,C was decreased, simultaneously that of Al,O;
was increased. Al,0,C was converted into Al,O; from about
600°C x 1 h and the conversion was finished at 1500°C x 3 h.

4. Discussion

1) Al O,C’s formation and conversion into Al,C;

Figure 7 presents change of condensed phases for various
partial pressures of CO(g) in the Al-O-C system, which was
calculated thermodynamically (Since ALLOC is unstable below
1715°C, AL OC is not included.). The formation free energy
of AlL,0,C reported by Lihrmann et al.® was used in the calcu-
lation. Those of Al,O3, C, Al,C; and CO were from NIST-
JANAF Thermo-chemical Tables.” The standard pressure
(P% was 0.1 MPa (1 atm).

The critical Pco/P° of AlL,O,C and AlC; formation
increases with rise of temperature from Fig. 7. Since the con-
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Fig. 7. Stable relation among condensed phases in Al-O-C system
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version critical temperature of Al,0;—Al,O,C is less than that
of Al,0,C—Al,C; at same partial pressure of CO(g), Al,0,C
would be formed firstly according to Re. (1) and then be con-
versed into Al,C; according to Re. (2) as temperature was
raised.

2A1,05(s) +3C(s) — ALLO,C(s) +2CO(g) (1)
ALOLC(s) +6C(s) —> Al,C;(s) +4CO(g) )

The change sequence of condensed phases in the Al-O-C sys-
tem with increase of temperature is as the following.

A1203 + C _—> AI404C + C —> A14C3 + C

In addition, since the stable area of Al,0,4C is very narrow, the
formed Al;0,C would quickly be reducted by C to form Al,C;
as temperature was raised.

Re. (1) should only occur in the reaction-starting period of
Al,O; and C, after Al,O; was separated from C by formed
Al,0,C, AlLO,C would be formed mainly according to Res.
(3) and (4). Similarly, Re. (2) should also only happen in the
reaction-starting period of Al,0,C and C, as long as Al,0,C
was separated from C by formed Al,C;, Al,C; would be
formed mainly according to Res. (5) and (4). Overall reac-
tion of Re. (3) and Re. (4) is same with Re. (1) ((3) +3x (4)
= (1)). Overall reaction of Re. (5) and Re. (4) is same with
Re. (2) ((5) +6x (4)=(2)).

2A1,0,(s) +4CO(g) — ALO,C(s) +3CO,(g) (3)
CO,(g) +C(s) — 2CO(g) (4)
AL,0,C(s) +8CO(g) —> ALC;(s) +6CO,(g) (5)

Since this research was proceeded in argon atmosphere with
partial pressure of O, as 1072 MPa as statement, O, should
have reacted with the graphite heater, the graphite crucible
and the graphite in mixtures into CO (1/20,(g) +C(s)—CO
(g)) with a partial pressure as approximately 2 x 1072 MPa.
But, even if Pcgis 107 MPa, very higher than 2 x 1072 MPa,
the starting temperature of Al,0,C formation is 1180°C
(1453 k) in thermodynamics from Fig. 7. The actual starting
temperature is 1500-1550°C as statement, about 350°C higher
than the former. The difference should be attributed to the
activation energy of Re. (1). Using the data in Fig. 3 and
according to the formula reported by Arrhenius (k=4 exp
(—E/RT)),' the activation energy of Re. (1) was calculated
as 358.0 kJ/mol.

ALO,

(a)

AL,O,C

Gases (CO, CO, etc.)

Graphite
(c)

ALO,

Fig. 8. Reaction models of Al,O; with 0.1 um grain size and graphite
during heating ((a)—(b) —(c)).

2) Influence mechanism of change of Al,O; grain size on
Al,04C synthesis

The change of Al,O; grain size had obvious influence
on composition of synthesized product as statement. The
influence mechanism is discussed as the following.

The contents of phases in the heated specimens from AlL,O;
with 0.1 um in grain size and that from Al,O; with 1 mm in
grain size were extremely different (Fig. 4). The formation
mechanisms of these products were emphatically discussed.

From SEM observation on the unheated mixtures, when
Al,0; was 0.1 um and graphite was 30 um, Al,O; grains were
adhering on the surface of graphite grains modeled in Fig. 8
(a), and when Al,0; was 1 mm and graphite was 30 um,
graphite grains were adhering on the surface of Al,O; grains,
modeled in Fig. 9(a).

As temperature was increased, Al,O; reacted with graphite
to form Al,04C. When Al,O; was 0.1 um, Al,O,C would be
formed in the contacting area of Al,O; and graphite according
to Re. (1) and in the Al,O; grains area according to Res. (3)
and (4) due to the diffusion of CO(g) and CO,(g). Even if
a part of formed Al,0,C reacted with C or CO(g) to form
Al,Cs, the formed Al,C; would react with Al,O5 again to form
Al,0,C according to Re. (6).

99
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Graphite Al,C; Al,0,C

(c)

Fig. 9. Reaction models of Al,O; with 1 mm grain size and graphite
during heating ((a)—(b)—(c)).

4A1203 (S) + A14C3 (S) —> 3Al404C (S) (6)

As long as C was not excessive (C/Al,0,<1.5), Al,C; would
not exist in the last product. This is the reason that the
products shown in Fig. 3 included only Al;04C, Al,O; and C,
no AlCs. In these cases, overall reaction of Re. (2) and
Re. (6) is same with Re. (1) (0.5x (2)+0.5x (6)=(1)),
and overall reaction of Res. (4), (5) and (6) is also same with
Re. (1) (3x(4)4+0.5%(5)+0.5%(6)=(1)). The reaction

100

procedure was modeled in Fig. 8(b). The formed Al,0,C
was dense grains as former statement. Since dense Al,O,C
grains packed the residual graphite and so no gas was allowed
to diffuse, the residual graphite could not further react with
AlLO,C to form Al,C;. And because the formed AlO,C
estranged the residual graphite and the residual Al,O;, the
residual graphite and Al,O; also could not react with each
other and so were remained in the last product, as modeled in
Fig. 8(c).

When Al,O3 was | mm, the reduction of Al,O; was slow and
difficult and even a part of Al,O; could not be reducted at last.
Al,0,C would be formed on the surface of Al,O; grains as
modeled in Fig. 9(b). Since the formed Al,O,C and C or
CO(g) coexisted for a long time, C was excessive for the
formed Al,0,C, the formed Al,0,C would further be reducted
to form Al,C; according to Res. (2), (5) and (4). The formed
Al,C; was packing the grains of Al,O; from observation of the
heated product. From Fig. 4, besides Al,O; and Al,C;, there
are a little of residual Al;O4C and C in the heated specimen.
The residual Al;0,4C is considered a part of the formed A1,0,C
that was near the unreducted Al,O; and was not reducted into
Al,C;. Another probability is the residual Al;O4C is the result
of the reaction between the formed Al,C; and the unreducted
Al,Oj; according to Re. (6). The residual Al,0,C should locate
between unreducted Al,O; grain and formed Al,C;. The rea-
son that residual C existed is considered that, because the
formed Al,C; had estranged C from Al,O; and Al,O0,C, C
could not react with Al,O; or Al;0,C and was remained on the
surface of grains as modeled in Fig. 9(c).When Al,O; was 30
um and 60 um, the reaction tendencies were between the two
states as discussed above.

3) Oxidation mechanism of Al,0,C

When Al0,C product was oxidized in air by using TG-
DTA method, since the sample was little and the flowing rate
of air was high, Al;04C should be sufficiently oxidized from
about 820°C by O, in air to form Al,O; and CO, according to
Re. (7).

AI404C(S) +202(g) —_—> 2A1203(S) +C02(g) (7)

From Fig. 5, it is also observed that the mass increase was
turned into slow from about 1060°C to 1090°C for not only
Al4O,C product but also the reheated powder. XRD patterns
of the reheated powder and the specimens from reheated pow-
der analyzed by using TG-DTA at 1060°C and 1250°C in air
are shown in Figs. 10(a), (b) and (c), respectively. Contrast-
ing Fig. 10(b) with Fig. 10(a) and (c), a higher degree of
amorphous phase was found in the specimen analyzed at
1060°C. Probably this amorphous phase affected the mass
variation from 1060°C to 1090°C.

When Al;04C product buried in graphite powder was heat-
ed in air, Al40,4C should be oxidized according to Re. (8) to
form Al;O3 and C, because the main gas is CO(g) in carbon-
containing refractories at high temperature.'?

ALO,C(s) +2CO(g) —> 2A1,05(s) +3C(s)  (8)
2C(s) +0O,(g) — 2CO(g) 9)

Since CO was generated according to Re. (9), the overall reac-
tion in this case is Re. (10) (=(8)+(9)).

Al0,C(s) +0,(g) —> 2AL,05(s) + C(s) (10)

4) Advantage of Al,O,C as an additive for carbon-con-
taining refractories

From Fig. 7, when partial pressure of CO(g) is lower than
the critical CO(g) partial pressure of Al,O;—Al,0,C, Al,0,C
(s) exists stably. It means that Re. (1) happens. When partial
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Fig. 10. XRD patterns. (a) Reheated powder, (b) Specimen from
reheated powder analyzed in TG at 1060°C, (c) Specimen from
reheated powder analyzed in TG at 1250°C.

pressure of CO(g) is higher than the critical value, Al,O;(s)
exists stably. [t means that Re. (8) happens. Because the main
gas is CO(g) in carbon-containing refractories at high temper-
ature as statement, when Al;O,C, C and Al,O; coexist in car-
bon-containing refractories and the refractories were used at
working temperature in air, the main happening reaction will
be Re. (8), but not Re. (1). Similarly, in carbon-containing
refractories, Al;04C as additive will not be reducted into Al,C;
according to Re. (2).

Since Al404C, added into carbon-containing refractories,
will be oxidized into Al,O; and C by CO. The formation of C
will cause the fact that carbon raw material in the refractories
is not reduced, even if the carbon raw material reacts with O,

into CO. Al,0,C’s role of oxidation resistance is concluded.
The formed Al,O; is a phase of enduring high temperature, it
will not decrease the characteristic of erosion resistance of car-
bon-containing refractories. On the other hand, when Re. (8)
is proceeded, the accompanying volume change is —2.1%.
However, when Re. (11) is proceeded, the volume change
is +170.5%. The later great expansion can play a role of
increasing density and decreasing porosity; however, this role
is little because the porosity is already very low in carbon-con-
taining refractories. At this time, the spalling caused by great
expansion can not be neglected.

2Al(s) +3CO(g) —> ALO,(s) +3C(s) (11)

The spalling is one of the main factors of carbon-containing
refractories damage. Particularly for MgO-C refractories, the
formed AlL,O; will react with MgO into spinel with addition-
al volume expansion, the combination of this expansion and
the expansion of Re. (11) should greatly affect the spalling
resistance of the MgO-C refractories. Al,O,C additive can
slightly decrease the affection of expansion of spinel forma-
tion. So Al,O,C additive is considered better than Al additive
on spalling resistance of refractories.

Furthermore, since Al;OC will not be transformed into
AlLC,, AL;O,C as an additive in carbon-containing refractories
will not lead the refractories to collapse. Al;O4C also can be
used in unshaped refractories containing water. When the
used carbon-containing refractories with Al additive were
recycled for using again, the formed Al,C; in the refractories
from reaction of Al and C was a serious problem. In general,
these used refractories were especially dealt for removing the
Al,C;. This process is complex and time-consuming. Using
Al;0,4C additive, this problem does not exist.

Moreover, Although Al,O,C started to be oxidized from
about 820°C by O, later than graphite (from about 610°C by
0,), Al0,C started to be oxidized at almost the same temper-
ature with graphite when buried in graphite powder and heat-
ed in air. This indicates that Al;0,C can play a role of decreas-
ing the oxidation of graphite in the carbon-containing refrac-
tories. Al;0,C, even if milled to very fine, has not combustible
danger and so does not involve risks in utilization.

From the discussion above, Al,;O4C is considered a promis-
ing additive for carbon-containing refractories.

5. Conclusions

Several dynamics factors influencing synthesis of Al,0,C
and oxidation characteristics of Al,O,C were investigated and
results are concluded as the following.

(1) The formed Al,O,C was increased with increase of
heating temperature and extension of keeping time. Grain size
of Al,O; had obvious influence on synthesis of Al,O4,C and
enough fine Al,O; should be used for synthesizing Al;04C and
avoiding Al,C; formation.

(2) The activation energy of reaction of AlL,O; and
graphite to form Al,0,C was calculated as 358.0 kJ/mol.

(3) AlO,C started to be oxidized from about 820°C when
heated in air.

(4)  AlO,LC, buried in graphite powder and heated in air,
started to be oxidized at almost the same temperature with
graphite and was converted into Al,O; and C. Al,0,C was
considered a promising additive for carbon-containing refrac-
tories.
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Synthesis of Al,SiC, from Alumina, Silica and Graphite
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Al,SiC,4 has been reported to be a good additive for carbon-containing refractories. The present study investigat-
ed various factors influencing the synthesis of Al,SiC4 by heating mixtures of Al,O;, SiO, and graphite in an
argon atmosphere. The formation of ALSiC, began from a temperature between 1450°C and 1500°C. The
formed quantity of Al,SiC, increased as the heating temperature was raised. As the heating time was extended,
the ALSIC, increased to its greatest amount and then it hardly changed. SiC and Al,0,C were also formed as
mediums and were decreased as the heating time was extended. The optimum molar ratio of C, ALO; and SiO,
was 8:2:0.8 and at that time pure Al,SiC, was formed. The formation mechanism of Al,SiC, was also discussed.
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1. Introduction

Metal Al, Si and SiC are frequently used in carbon-contain-
ing refractories as additives to improve the oxidation resis-
tance and thermal properties, but they also cause some
problems. For example, Al reacts with C in the refractories to
form Al,Cs, which may lead the refractories to collapse due to
the poor hydration resistance of Al,C;."- Al can not be used
in unshaped refractories containing water because it reacts
with water.” Fine Al powder is combustible, so its utilization
involves risks. When Si or SiC is added into refractories, SiO,
with a low melting point is formed due to oxidation.

In Al,Cs-SiC system (Fig. 19), there is a compound,
AlSiC,, that is stable until 2080°C and has good hydration
resistance. A protective film composed of Al,O; and mullite
will be formed on the surface when Al,SiC, is oxidized, which
prevents the further oxidation.”-'® The AlSiC, added into
MgO-C and AlLO;-C refractories will minimize the pores
and improve the oxidation resistance and rupture modulus,
because it reacts with CO gas to convert into Al,O;, Al¢Si,O43
and C.99 So, AlSiC, has been considered to be a promising
additive for carbon-containing refractories.

Several methods for synthesis of Al4SiC,4 have been investi-
gated by using metals (Al, Si) and carbides (Al,C;, SiC) as
starting raw materials on a laboratory scale. Yamaguchi et al.
obtained Al;SiC4 by heating a mixture of Al, Si and C in an
argon atmosphere at 1700°C.7#1D-14) Yamamoto et al. syn-
thesized Al,SiC,4 at a low temperature of 1450°C by adding
N(CH,CH,OH) into the powder of Al, Si and C.!¥ Wills
et al. used SiC and Al,C; raw materials and hot-press process
at 1750-1980°C in an argon atmosphere for the synthesis of
AlSiC,.? Hasegawa et al. prepared ALSiC, at a low tempera-
ture of 1600°C utilizing superfine SiC and Al,C; powders.'®
Yamaguchi et al. gained Al;SiC,4 by heating a mixture of Al, Si
and C containing 3% AlLOs at 1700°C,” and Inoue et al. syn-
thesized Al,SiC, by heating a mixture of Al, kaolin and C at
1700°C in a vacuum.'”

In order to obtain some fundamental information on the
development of an industrial scale synthesis process of
AlSiC4, AL O3, SiO, and graphite were used as starting raw
materials, without metals and carbides, and influence factors
on the synthesis, such as the condition of the mixture (powder
or pressed compact), heating temperature, heating time and
ratios of the raw materials, were investigated in the present

' Present address; Shinagawa Refractories Co., Ltd.
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Fig. 1. Equilibrium diagram of Al,C;-SiC system.

study.

2. Experimental procedure

Common Al,O; (average grain size: 0.1 um, purity: >99.99
mass%), SiO, (average grain size: 100 um, purity: >99
mass%) and graphite (average grain size: 30 um, purity: >99
mass%) were used as starting raw materials. They were
weighted in proportions of C:Al,05:Si0,=12:2:1, 8:2:0.8,
8:2:0.85, 8:2:0.9, 8:2:1, 8:2:1.05, 8:2:1.1, 4:2:1 (molar ratio),
mixed with alcohol and dried in a vacuum-rotary evaporator.
2 g of the mixture in a high purity graphite crucible was set
into an electric furnace with a graphite heater (Fig. 2). Ar gas
(purity: >99.9999 mass% ) was poured into the furnace after
the vacuum. The mixture was heated to a temperature of
1450-1700°C at a rate of 10°C/min and maintained for 3-9 h
under flowing Ar (1 L/min). Finally, the specimens were
cooled to room temperature within the furnace through shut-
ting off the power supply, where the average cooling rate was
64°C/min from 1700 to 1000°C. Phases in the specimens were
identified by using X-ray diffraction (XRD, RINT 2200,
Rigaku, Japan), and the microstructure was observed using
field emission scanning electron microscope (FE-SEM, JSM-
6340F, JEOL, Japan).
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Fig. 3. Phases in powder specimen and compact specimen from the
mixture with C:Al1,04:Si0,=8:2:1 heated at 1700°C for 9 h.

3. Results

3.1 Influence of mixture's condition

A powder mixture with C:Al,03:SiO,=8:2:1 and pressed
compact mixture with C:Al;03:Si0,=8:2:1 and 20 mm
diameter pressed at 100 MPa were heated at 1700°C for 9 h.
The voidage of the powder mixture was 78% and that of the
pressed compact was 31% before heating. The intensity of the
strongest XRD peak of each phase in the heated specimens is
shown in Fig. 3. From Fig. 3, it is known that there are not
significant differences on the formed phases when using the
powder mixture or the pressed compact mixture. Considering
the fact that the product from the pressed compact mixture is
porous, similar with that from the powder mixture, the pow-
der mixtures were used in the following tests for convenience.

3.2 Influence of heating temperature

The results of the powder mixtures with C:Al,05:Si0,=
12:2:1 and 8:2:1 heated at 1450, 1500, 1550, 1600, 1650 and
1700°C for 9 h are shown in Figs. 4(a) and (b). Al,SiC4 was
detected in the specimens heated at 1500°C and above, and the
quantity of Al4SiC, increased by increasing the temperature.
All SiO, has been reducted into SiC at the lowest heating tem-
perature, 1450°C, and the quantity of SiC slowly decreased as
the temperature was raised from 1450 to 1700°C. The Al,O4C
was observed from 1550°C and the quantity of Al,0,C
increased by increasing the temperature up to 1600°C, but
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Fig. 4. Phases in specimens heated at various temperatures for 9 h.
(a) C:AL0;:8i10,=12:2:1, (b) C:AL,0;:Si0,=8:2:1

disappeared at 1700°C.

3.3 Influence of heating time

The results of the mixtures with C:Al,05:Si0,=12:2:1 and
8:2:1 heated at 1700°C for 3, 5, 7 and 9 h are shown in Figs. 5
(a) and (b). In the former ratio, the quantity of AlSiC,
increased until 5 h and hardly changed after 5 h. AL,O,C has
been formed at 3 h and disappeared at 5 h. In the later ratio,
the changing tendency of each phase was the same as that in
the former case, but the change was slower. In the specimen
from the mixture with C:Al,05:Si0,=28:2:1 heated at 1700°C
for 9 h, the phases were only Al;SiC, and SiC.

3.4 Influence of SiO; content in the mixture

The results of the mixtures with C:Al,03:Si0,=8:2:x (x=
0.8,0.85,0.9, 1, 1.05, 1.1) heated at 1700°C for 9 h are shown
in Fig. 6.

The quantity of SiC in the heated specimens dropped by
decreasing the SiO, content in the mixtures. When x=0.8, SiC
disappeared and only AlSiC, existed in the specimen. XRD
pattern and SEM micrograph of this specimen (x=0.8) were
shown in Figs. 7 and 8, respectively. The formed ALSiC,
appeared to be powder consisting of plate-like crystals with
about 1 um thickness, 3-5 #m width and 6-8 um in length.
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Fig. 6. Phases in specimens from the mixtures with various SiO,
ratios heated at 1700°C for 9 h.

4. Discussion

4.1 Formation mechanism of Al;SiC,

Figure 9 shows the SEM micrograph of the powder mixture
with C:Al,0;:Si0,=8:2:1. Since the starting raw materials are
Al,O, (average grain size: 0.1 um), SiO, (average grain size:
100 pm) and graphite (average grain size: 30 um), it was
known that the great grains (Marked as S) with about 100 um
size are SiO, grains with fine Al,O; on the surface and the

20+
L4 ® AlSiC,

S o
g H

Intensity /10? Counts
°

20 30 40
261/°

Fig. 7. XRD pattern of specimen from the mixture with C:AlLOs:
SiO, = 8:2:0.8 heated at 1700°C for 9 h.

Fig. 8. SEM micrograph of specimen from the mixture with C:Al,O53:
SiO,=8:2:0.8 heated at 1700°C for 9 h.

Fig. 9. SEM micrograph of the powder mixture with C:Al,05:Si0,
=8:2:1.

flakes with about 30 um size are graphite grains with fine
Al,O; on the surface. This condition of the unheated powder
mixture was modeled as Fig. 10(a).

Figure 11 presents change of condensed phases for various
partial pressures of CO(g) in the Al-Si-C-O system, calculat-
ed thermodynamically. The formation free energy of AlSiC,
and Al,0,C reported by Yokokawa et al.'® and Lihrmann
et al.,' respectively, were used in the calculation. Those of
Al,O3, Si0O,, SiC and CO were from NIST-JANAF Thermo-
chemical Tables.?” The standard pressure (P°) is 0.101325

10,
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Fig. 11. Stable relation among the condensed phases in Al-Si-C-O

system for temperature and partial pressure of CO(g).

MPa(=1 atm).

From Fig. 11, it can be known that the change of condensed
phases is according to the following when coexisting with C(s)
as decreasing partial pressure of CO(g).

(AL 0;+Si0;) — (AL,O; + SiC) = (ALO,C + SiC)
—(ALSIC,)

Since the conversion starting temperature of SiO,—SiC is
much lower than that of Al,0;—Al,04C and that of Al,0,C—
AlSiC,4 at a same partial pressure of CO from Fig. 11, SiC
should be formed much earlier than Al,0,C and AlSiC,. This
was verified by the fact that all SiO, was converted to SiC at
1450°C, while Al,0,C and AlSiC, had not been observed at
that temperature (Fig. 4(a) (b)). '

106

Fig. 12. SEM micrograph and EDAX analysis of specimen from
mixture with C:Al,0;:SiQ,=8:2:1 heated at 1450°C for 9 h.

Figure 12 presents the micrograph of the specimen from the
mixture with C:Al,04:Si0,=8:2:1 heated at 1450°C for 9 h. It
was observed that fine powders packed the grains. In the
grains, grain A seems that its surface was partly damaged. The
grain A was analyzed by using EDAX. Since the phases in this
specimen are only graphite, Al,O; and SiC (Fig. 4(b)), it can
be assumed that grain A is graphite, the powders adhered on
the surface of grain A were Al,O; and SiC. The formed SiC
was a fine powder and adhered on the surface of the graphite
grains and the Al,O; powder. This existing condition of SiC
suggests that SiC was formed mainly by gas reactions. The
probable reaction process was stated below.

As the temperature was raised, firstly, SiO,(s) would react
with C(s) according to Re. (1).

Si0,(s) +C(s) =SiO(g) +CO(g) (1)

CO(g) would also reduct SiO, into SiO(g) according to Re.
(2) and Re. (3).

Si0,(s) +CO(g) = SiO(g) +CO2(g) 2
CO:(g) +C(s) =2CO(g) 3)

Reaction. (1) is the same with the overall reaction of Re. (2)
and Re. (3) () +(13)=(1)).

SiC was considered formed by Re.(4) from SiO(g) and CO
(g). The formed SiC powder accumulated on the surface of
the graphite grains and the Al,O; powder as modeled in
Fig. 10(b) (The graphite grain was enlarged for easier look-
ing.), which is advantageous to the next reactions to form
AlSiC,.

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

The overall reaction of SiO,; and C translating into SiC is
Re. (5) (=(1)+(4) +2x(3)).

Si0,(s) +3C(s) =SiC(s) +2CO(g) (5)
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When the temperature was raised further, the Al,O; would
react with C to form Al;0,C according to Re. (6).

2A1,05(s) +3C(s) = Al,O,C(s) +2CO(g) (6)

Once the Al,O; was separated from C by the formed
ALO,C, it should reacted with CO(g) following Res.(7) and
(3) to form Al,O,C.

2A1,05(s) +4CO(g) = AL,O,C(s) +3CO,(g) (7)

The overall reaction of Res. (7) and (3) is same with Re.
(6). The formed Al,0,C contacted well with SiC powder as
modeled in Fig. 10(c).

The stable area of Al;0,C is very narrow From Fig. 11, so
the formed Al0,C would be rapidly converted to AlSiC,
during heating according to Re.(8) and Re.(9). Re. (8) is the
same with the overall reaction of Re. (9) and Re. (3). The
reaction result was modeled in Fig. 10(d). It was considered
that Re.(8) was proceeded only in the starting period of the
Al,SiC,4 formation at the contacting points of Al,0,C, SiC and
C. The main reaction for AlSiC, formation is Res. (9) and

(3).

Al;0,C(s) +SiC(s) +6C(s) = Al,SiC4(s) +4CO(g)
(8)

Al,04C(s) +SiC(s) +8CO(g) = ALSiC4(s) +6CO, (g)
9)

The reason why AlSiC, was observed at 1500°C, but
AlL,0,C was not observed until 1550°C, is probably due to the
rapid conversion from Al,0,C and SiC into ALSIC, after a
little Al,0,C formed at 1500°C.

The overall reaction of Al,SiC, formation from Al,O3, SiO,
and C is Re. (10) (=(5)+(6) + (8)).

2A1,05(s) +Si0,(s) +12C(s) = ALSiC4(s) +8CO(g)
(10)

4.2 Volatile gases in Al-Si-C-O system

Deposit was observed on the upper metal inwall of the fur-
nace after heating. The deposit was collected after the furnace
was cooled into room temperature and analyzed by using
XRD. The result is shown in Fig. 13. It is seen that the main
crystal phases are Al, Al,C;, Al,O; and SiC and a amorphous
phase also exists. These substances in the deposit are consi-
dered to be formed by the reactions of volatile gases of the
Al-Si-C-0 system.

Figure 14 shows the equilibrium partial pressure of gases
formed in the AI-Si-C-O system at 1973K (1700°C) calculat-
ed thermodynamically. There are many kinds of gases in the
system, while Al, Al,O, SiO and CO gases have a relatively
high partial pressure, being the main gases.

The formation reactions of the main gases are listed in Res.
(1), (11) and (12) as examples.

Al O,(s) +3C(s) =2Al(g) +3CO(g) (11)
ALO;(s) +2C(s) =AlL0(g) +2CO(g) (12)

The main gases may be also participating in the formation
reactions of Al,O,C and AlLSiC, in the powder mixtures. For
example,

4Al(g) +4CO(g) = ALO,C(s) +3C(s) (13)
2AL,0(g) +2C0O(g) = ALO,C(s) +C(s) (14)
4Al(g) +SiO(g) +5C(s) = Al,SiC,(s) + CO(g) (15)
2A1,0(g) +Si0(g) +7C(s) = ALSIC,4(s) +3CO(g)
(16)

The overall reaction of ((11) + (13)) and ((12) + (14)) is
the same as Re. (6). The overall reaction of ((1) +2x (11) +

2009 A Al mALO;
A ALC, O SiC
£ 150 1
2 A
1S
2100 4
g no
=
50
20 30 40 50 60

261/°

Fig. 13.  XRD pattern of the deposit on the upper metal inwall of the
furnace.
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Fig. 14. Equilibrium partial pressures of gases formed in Al-Si-C-O
system (1973 K).

(15)) and ((1) +2x (12) + (16)) is Re. (10).
The deposit was considered to be formed by the Al, Al,O,
SiO and CO gases according to Res. (17)-(20).

2Al(g) +3CO(g) = AL,O5(s) +3C(s) (17)
ALO(g) +2C0(g) = Al,0,(s) +2C(s) (18)
2A1,0(g) +8CO (g) = Al,C;(s) +5CO,(g) (19)
SiO(g) +3CO(g) = SiC(s) +2CO,(g) (20)

No AlSiC, crystal was detected in the deposit. The reason
may be that Al;SiC, was not formed because the temperature
was low on the upper metal inwall of the furnace (In the heat-
ing period, the temperature at this site was estimated as no
higher than 1000°C, because the furnace was cooled by flow-
ing water in the metal wall.) or that Al,SiC4 was formed, but
was in an amorphous phase.

On the other hand, the best ratio for the synthesis of pure
AlLSIiC, phase is 8:2:0.8, different with the ratio of 12:2:1 in
theory (Re. (10)). This indicates that the volatilized quanti-
ties of Al,O;3 and SiO, are comparatively more than that of C
and the volatilized quantity of Al,O; is comparatively more
than that of SiO, in this research.
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5. Conclusions

Synthesis of AlSiC, by heating the mixture of ALQO;, SiO,
and graphite in an argon atmosphere was investigated. The
following results were obtained.

(1) The formation of AlSiC4 began from a temperature
between 1450°C and 1500°C. The formed quantity of Al,SiC,4
was increased as the heating temperature was raised.

(2) As the heating time was extended, AlSiCy4 increased
into its greatest amount and then hardly changed. SiC and
Al,0,C were also formed as mediums and were decreased as
the heating time was extended.

(3) The optimum molar ratio of C, Al,O; and SiO, was
8:2:0.8 and at that time the pure AlSiC4 was formed.

(4) The formed AlSiC, was powder consisting of plate-
like crystals with about 1 um thickness, 3-5 um width and 6-8
um in length.
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Abstract

Ca0 pellets with different porosity were carbonated at 700 °C in CO, atmosphere. The carbonation rate was controlled by the diffusion of CO,,
regardless of the difference in porositics. For the low-porosity pellet, carbonation reaction only occurred on the surface, with a dense CaCOs film thus
formed, which combined well with the substrate material; while for the pellet of high-porosity, the carbonation reaction occurred simultaneously
both on surface and inside pores, and each CaO grain was surrounded by CaCOs {ilm that contained microfissures. Hydration test results showed that
carbonation treatment could effectively improve the hydration resistance of CaO materials regardless of porosity, but the carbonated high-porosity
pellet was prone to breakage due o poor combination between the carbonated CaO grains. Therefore, for the purpose to improve the hydration
resistance by carbonation treatment, it is recommended that the CaO materials should be either with less appreciable apparent porosity or with a

limited carbonation ratio for the high-porosity CaO material.
© 2006 Elsevier Ltd. All rights reserved.

Kevwords: A. CaO matenals; B. Porosity; C. Carbonation treatment; D. CaCOj film; E. Hydration resistance

1. Introduction

Lime has the properties of high melting temperature, low

vapor pressure, and thermodynamic stability in the presence of

carbon as well as high alkality, thus it has long been considered to
use as the raw materials for high temperature ceramics (such as
crucible and ceramic filter), refractories and metallurgical acces-
sories (such as refining slag and tundish covering powder).'-¢
With the development of clean steel production, free lime con-
taining materials have been becoming more and more important
for increasing the service life and removing inclusions from
molten steel.”!! It is considered that application of CaO con-
taining materials is an essential direction for the development
of metallurgical industries and other high temperature field.'?
However, the application of CaO containing materials have been
inhibited due to their drawback of poor hydration resistance, and
many studies on this subject had been carried out from quite a
long time ago.'3-13

* Corresponding author. Tel.: +86 24 6368 2241; fax: +86 24 8368 1576.
E-mail address: slakejp@ 163.com (M. Chen).

0955-2219/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
doi: 10.1016/j.jeurceramsoc.2006.05.101

Among all of the methods to improve the hydration resis-
tance of CaO materials, carbonation treatment is considered to
be “green”, since no impurities are added into CaO materials so
that their advantages are kept after CaCO3 decomposes at high
temperature. Another reason for calling this method “green” is
that carbonation process can consume CO» which is friendly
to environment. Therefore, the studies on improving hydra-
tion resistance of CaO materials by carbonation treatment have
been conducted since 1970s.'5-'® However, most of these works
focused on the carbonation conditions by using deadburned CaO
clinker as starting material, and it has been concluded that the
optimum carbonation temperature is around 700 °C.'%!7 In fact,
besides the deadburned CaO clinker with high compactness used
for refractory materials, there are also porous CaO materials,
such as CaO filter and lightburned CaO for tundish covering
powder, and it is more difficult to prevent these porous CaO
materials from hydrating.® It is necessary to confirm the feasi-
bility to improve these CaO materials by carbonation treatment.
Therefore, the present work investigated the carbonation of CaO
materials with different porosities. The influence of porosity on
carbonation behavior and microstructure of CaO pellets as well
as their hydration properties were discussed.
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2. Experimental

Reagent CaCO3 powder (99.5% purity and average size of
10 wm) and lightweight CaCO3 powder were used as starting
materials. The lightweight CaCO3 powder was prepared from
precipitation reaction by bubbling CO; gas to aqueous solution
of CaO (that was derived from heating reagent CaCO3 powder at
900°C), with average size less than 1 wm. The two kinds of pow-
ders were pressed to pellet sized of 20 mm x 20 mm x ~5 mm
by CIP under pressure of 100 MPa, and then fired at 1500 °C for
4h in an electric furnace to obtain CaO pellets with low- and
high-porosities. To obtain the sintered CaO pellets with different
porosities, the pellets pressed from lightweight CaCO3 powder
were also fired at 1250-1400 °C (with the temperature interval
of 50°C) for 4 h.

Then the obtained CaO pellets were led into a vertical alu-
mina tube furnace kept at 700 °C, with mass change recorded
continuously. CO; gas flowed into the tube furnace at the bottom
and exited at the top with a rate of 0.4 L/min during the whole
heating and cooling process. The flow of CO, was so slow that
it did not disturb the measurement of mass change in the present
experiment conditions.

The samples were characterized by bulk density and appar-
ent porosity, X-ray diffraction (XRD, Cu target, 20kV and
20mA), scanning electron microscopy (SEM), and hydration
resistance. The bulk density and apparent porosity of sam-
ples before and after carbonation were measured by immersion
method in kerosene under vacuum using Archimedes’ principle
and calculated according to Eqgs. (1) and (2):

Bulk density = ——mi 3 1
y—m3_m2(g/cm) (M

ms =M 100%
m3 —my

Apparent porosity = 2)
where m, is the mass of dried sample in air (g), m; is the mass
of a sample in kerosene (g), m3 is the mass of a sample with
free bubbles on the surface (g), and d is the density of kerosene
(g/cm?).

The hydration resistance of the sample was evaluated by mea-
suring the mass gain after soaking the pellets in a chamber kept
at 70 °C and 90% relative humidity.

3. Results
3.1. Carbonation properties

Table 1 shows the porosity and relative density of the CaO
pellets before and after carbonation treatment. After firing at

Table 1
Relative density and apparent porosity of the low- and high-porosity CaO pellets
before and after carbonation treatment

Sample Relative density (%) Apparent porosity (%)
Before After Before After

High-porosity 70 86 27 0.5

Low-porosity 95 95 0.2 0
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1500°C for 4h, the relative density of CaO pellet sintered
from reagent CaCO3 was 70% and its apparent porosity was
27% (hereafter called high-porosity pellet). The relative den-
sity was calculated by comparing bulk density of the pellet as
the fraction of its theoretical density that was calculated from a
fractional summation of the theoretical densities of cubic CaO
(3.346 g/cm?) and hexagonal CaCOs (2.710 g/cm?) according
to Eq. (3):

Mca0 + MCaCOs3

3
mcao/3.346 4+ mcaco,/2.710 3

Theoretical density =

where mc,0 and mcaco,are the mass of CaO and CaCOs in the
pellet, respectively.

After carbonation treatment, the relative density of the high-
porosity sample increased obviously, and almost all of the open
pores turned to the closed ones. The relative density increased to
86% and the apparent porosity decreased significantly to 0.5%.
But for the pellet sintered from lightweight CaCOg, its relative
density was 95% and the apparent porosity was 0.2% (hereafter
called low-porosity pellet). After carbonation treatment, there
was little change in relative density and the apparent porosity
disappeared.

Fig. 1 shows the mass change of the low- and high-porosity
pellets against carbonation time. The mass change was expressed
by the percentage of mass gain to the original mass. The mass
gain increased gradually and reached a plateau indicating com-
pletion of the carbonation process. The mass gain was only 2%
for the low-porosity pellet, whereas it was about 14% for the
high-porosity one. For both samples, a parabolic relationship
between mass gain and carbonation time is observed. This result
indicates that for both the low- and high-porosity CaO pellets, the
carbonation reactions were controlled by the diffusion process.?’

Fig. 2 shows the changes of relative density and apparent
porosity of CaO pellets sintered at 1250-1400°C for 4 h and
subsequently carbonated at 700 °C for 24 h. It is observed that
the relative density increased and apparent porosity decreased
with increase of firing temperature. After carbonation treatment,
the relative density of all samples increased appreciably, with the
disappearance of the apparent porosity.

low porosity

- — = high porosity

AM/My /%

t/h

Fig. 1. Values of mass gain against carbonation time kept at 700*CT. M 1s the
original mass of the sample and AM is the mass gain after carbonation treatment.
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Fig. 2. Changes of relative density and apparent porosity of CaO pellets sintered
under different temperatures and then carbonated at 700 °C for 24 h.

3.2. Phase composition and microstructure

Fig. 3 shows XRD patterns of the low- and high-porosity
CaO pellets after carbonation treatment. CaCO3 (calcite) was
identified in both samples, indicating the formation of CaCO3
after carbonation treatment. The intensity of the formed CaCO3
in the high-porosity sample was much stronger than that in the
low-porosity one, indicating the amount of the formed CaCO3 in
the high-porosity sample was more than that in the low-porosity
one. For both the low- and high-porosity pellets, CaO was still
the main phase after carbonation treatment.

Fig. 4 illustrates the microstructure of the low-porosity pel-
let before and after carbonation treatment. It is observed that
the low-porosity pellet was only carbonated on the surface,
with a dense CaCOs3 film about 2 pm in thickness formed. It
is also observed that the CaCO3 film combined well with the
substrate CaO material. This result is correspondent to the pre-

Fig. 3. X-ray surface diffraction patterns of the low- and the high-porosity pellets
carbonated at 700 °C: (a) high-porosity and (b) low-porosity.

vious works.'®!7 But different from the low-porosity sample,
the high-porosity pellet was carbonated both on the surface and
in the pores, with each CaO grain being encompassed by the
formed CaCOj3 film. In addition, microfissures were observed
in the formed CaCO3 film (Fig. 5).

3.3. Hydration properties

Fig. 6 illustrates the relationship between mass change and
hydration time kept at 70 °C and 90% relative humidity for both
the low- and high-porosity pellets with and without carbonation
treatment. The mass gain was expressed by the percentage of
mass gain to the original mass of CaQ pellets. The arrows rep-
resent the time when the pellets broke during hydration process.
[t shows that carbonation treatment significantly improved the
hydration resistance of both the low- and high-porosity samples,
with the formation of an induction period (during which there
was no appreciable mass change).'® For the low-porosity pellet,
the hydration reaction proceeded from surface to inside gradu-

Fig. 4. Fractured surfaces of the low-porosity pellet: (a) before and (b) after carbonation treatment.
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ally, with appreciable interface between the hydrated and unhy-
drated part. For the orientated growth of the formed Ca(OH),
and anisotropic volume expansion when CaO was hydrated,?'
cracks were observed at the corner (Fig. 7). After carbonation
treatment, a long induction period of 7 days formed and the sam-
ple did not break after soaking for 21 days, with mass gain of
about 22% that was a little more than that of the uncarbonated
one (20%).

50
(a)
—o— Untreated
40 —a&— Treated
X 30
~
=3
= J 4
S 20
<
10
04
R S SRR |
0 7 14 21
Time / day
50 7/~
(t) -
40
X 30 —o— Untreated
= —&— Treated
=
S~
= 2
<
10
1 1 1 1 1 I 1 1 1 1 1 I VA 1 1 1
77/
0 6 12 24 48 96 168

Time/h
Fig. 6. Mass gains of: (a) the low- and (b) the high-porosity CaO pellets with

time soaking at 70 °C and 90% RH. M is the original mass of the sample before
hydration test and AM is the mass change after hydration test.
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Fig. 7. Microstructures of CaO pellet after soaking at 70 °C and 90% humidity
for 96 h.

But for the carbonated high-porosity pellet, there was only a
short induction period of about 12 h. The interesting result was
that the pellet broke to several pieces after hydration test for only
6 h. This time was within the induction period. Even after the
induction period, the hydration reaction still proceeded at a low
rate, and the mass gain was only about 2.5% after 24 h. Then with
hydration time increasing, the broken pieces further turned to
much smaller size gradually, and finally turned to fine powders.
From these results, it is considered that the carbonated low- and
high-porosity pellets were hydrated in different mechanisms.

Fig. 8 shows the hydration test result of the carbonated CaO
pellets with different apparent porosity. It is found that although
there was little apparent porosity for all the carbonated pellets,
the time of the carbonated CaO pellet to break was abruptly
decreased with increase of the apparent porosity of the original
CaO pellet, even with a very limited mass gain. From this result,
it is considered that the breakage of the carbonated CaO pellet
was closely dependent to apparent porosity or compactness of
the sintered original CaO pellet.

4. Discussion
4.1. Carbonation properties and microstructure

From the curves of mass gain and microstructure abservation,
it is considered that the CaO materials with different porosity
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Fig. 8. The dependence of apparent porosity on the time of the carbonated CaO
pellets to break and its mass gain during hydration process.

were carbonated in different mechanisms, as shown in Fig. 9.
For the pellet without apparent porosity, CO; gas could not flow
into the sample and thus the carbonation reaction only occurred
on the surface, with a thin and dense CaCOs3 film formed on
the surface. It is calculated that the molar volume of CaCOs
(36.9 cm>/mol) is larger than that of CaO (16.7 cm3/mol), and
there is a large volume expansion when CaO converts to CaCOs,
with the generation of stress between the formed CaCO3 and
the uncarbonated CaO grains. But for the amount of the formed
CaCO3 was limited when the low-porosity pellet was carbon-
ated, the stress between the formed CaCO3 and the substrate
CaO grains was not so severe to form microfissures. Therefore,
there was no microfissures were observed in the CaCOj3 film
which combined well with the substrate CaO materials. It is
unnecessary to concern for the formation of microfissure when
the CaO materials of low-porosity were carbonated.

But for the pellet with apparent porosity, the CO; gas could
easily flow to the inside of the sample, and thus carbonation
reaction occurred in all open pores, with each CaO grain sur-
rounded by CaCOs films. When the CaCOs films formed inside
the pores, CO; gas had to pass through these films to maintain
the reaction proceeding. Thus, though the carbonation reaction
occurred inside all pores, the carbonation rate was still con-
trolled by the diffusion of CO; through these formed CaCOj

} high-porosity

D CaO grain
' 3 CaCo; film
CO,
- - low-porosity
1

(a) (®)

Fig. 9. Carbonation models of CaO pellets: (a) before and (b) after carbonation
treatment.
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films around CaO grains. With increase of the thickness of the
formed CaCOs film and decrease of apparent porosity, the dif-
fusion of CO, became so difficult that the carbonation reaction
tended to cease. Since the reaction specific area of the high-
porosity pellet was much larger than that of the low-porosity
one, its carbonation rate was much fast than that of the low-
porosity one, with a much more mass gain (Fig. 1). With the
formation of the large amount CaCOs3 and the volume expan-
sion, the stress between the formed CaCO3 film and CaO grains
was so severe that microfissures would form (Fig. 4). It is con-
sidered that the formation of these microfissures degraded the
combining strength between the carbonated CaO grains.
Therefore, in order to prevent microfissure forming when the
CaO materials is carbonated, the following two ways are rec-
ommended: one is that the pellet should be without appreciable
apparent porosity and thus to ensure the carbonation reaction
occurring on the surface; the other is to control the formed
CaCOj3 amount, in another words, to control the carbonation
ratio when the CaO materials with high-porosity is carbonated.

4.2. Hydration properties

Since the diameter of H;O molecule (0.151 nm) is smaller
than that of CO, molecule (0.232 nm), water vapor could still
pass through CaCOj film although the carbonation reaction
ceased owing to CO, diffusion. Therefore, carbonation treat-
ment could effectively improve hydration resistance of CaO
materials, but it could not inhibit CaO hydrating completely. For
the low-porosity pellet, a long induction period of 7 days formed
owing to the formation of dense CaCOs film after carbona-
tion treatment. The time of the induction period is considered
to be dependent to the thickness and the compactness of the
formed CaCOs film. In fact, since the hydration reaction was
conducted under the condition of 70 °C and 90% relative humid-
ity, the hydration rate was several decade times to normal climate
condition.?? Thus an induction period of 7 days means that the
carbonated CaO materials could be safely stored for more than 1
year. Therefore, it is considered that carbonation treatment could
almost completely prevent CaO materials from hydrating dur-
ing storage period. In addition, whether carbonated or not, the
hydration process of the low-porosity pellet proceeded from sur-
face to inside. The breakage of the pellet was due to the volume
expansion with the hydration reaction proceeding, and thus the
mass gains were equivalent when the carbonated and uncarbon-
ated samples broke. Therefore, it is considered that carbonation
treatment is suitable for improving hydration resistance of com-
pact CaO materials, without concerning for the materials over
carbonated.

For the uncarbonated CaO pellet with high apparent porosity,
the water vapor easily flowed to the inside of the pellet, thus the
hydration reaction occurred in the whole sample at the same time
and a high hydration rate was obtained, which led to the pellet
soon breaking to fine powder due to the abruptly volume expan-
sion caused by hydration reaction. Similar to the low-porosity
sample, the formation of dense CaCOj film after carbonation
treatment effectively retarded occurrence of the hydration reac-
tion, with the formation of an appreciable induction period.
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Fig. 10. Hydration models of the carbonated: (a) low- and (b) high-porosity CaO pellets.

As described above, the combination between the carbonated
CaO grains was very weak due to the formation of microfissure
when the carbonation ratio is too large, and it became much
weaker when the pellet hydrated. Therefore, for the carbon-
ated pellet of high-porosity, the breakage was so sensitive to the
apparent porosity that the carbonated pellet would break even
with a very small amount of CaO hydrated (Fig. 8). After the
carbonated pellet broke, the CaCOs3 films around CaO grains
still effectively inhibited the hydration reaction, so that the time
of the pellet to break was shorter than the induction period
(Fig. 6). Therefore, it is considered, for the carbonated high-
porosity pellet, its breakage was not for the volume expansion
with hydration proceeding, but mainly for the poor combination
between the carbonated CaO grains. For this reason, compared
with the low-porosity pellet, the carbonated high-porosity one
was hydrated in a different mechanism, as shown in Fig. 10. A
more stage formed during hydration process. It firstly broke to
several pieces, and further turned to much smaller size gradu-
ally with hydration time increasing. Thus, it is considered, the
following two ways to prevent the carbonated CaO materials
easily breaking are recommended: one is that the original CaO
pellet should be with less appreciable apparent porosity and thus
to ensure the carbonation reaction occurring on the surface; the
other is to control the formed CaCO3 amount, in another words,
to control the carbonation ratio to avoid “over carbonated” when
the high-porosity CaO materials are carbonated.

5. Conclusion

Based on the above results, in order to improve the hydra-
tion resistance of CaO materials by carbonation treatment, the
followings are concluded:

(I) The high-porosity CaO materials were carbonated with a
higher rate compared to the low-porosity one. The carbon-
ation processes were controlled by the diffusion of CO,
through the formed CaCOs film, regardless of the porosity.

(2) The high-porosity CaO materials was carbonated both on the
surface and in the pores, with each CaO grain being encom-
passed by CaCOs3 film containing microfissures; whereas
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the low-porosity one was only carbonated on the surface,
with the formation of a dense CaCO3 film that combined
well with the uncarbonated CaO materials.

(3) The breakage of carbonated low-porosity pellet was due
to the volume expansion caused by hydration reaction,
whereas it was mainly due to the poor combination between
the carbonated CaO grains for the high-porosity one.

(4) Carbonation treatment effectively improved the hydration
resistance of CaO materials, with formation of apprecia-
ble induction period, regardless of porosity. For the low-
porosity pellet, the induction period reached to 7 days. How-
ever, since the carbonated CaO materials of high-porosity
would easily break due to the poor combination between
the carbonated CaO grains caused by formation of microfis-
sures, it is necessary to control the carbonation ratio to avoid
“over carbonated”.
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BEHAVIOR OF AlsSiC4 ADDED TO THE CARBON CONTAINING REFRACTORIES

Yasuhiro Hoshiyama, Junji Ommyoji, Akira Yamaguchi
Okayama Ceramics Research Foundation, Okayama, Japan

INTRODUCTION

Authors are researching new materials in the Al-Si-
C system for the refractories! ™. The Al-Si-C system
includes five compounds of Al;SiCy, Al4Si,Cs, AlsSisCs,
AlSi3Cq and AlgSiC,. In these compounds, AlSiC, is
most expected to be a new material for refractories,
because it is stable in a wide range of temperature and it
has high melting point (2037°C") and high slaking
resistance!”. In this study, in order to clarify the
behavior and the effect of Al;SiC4 on the carbon
containing refractories, the properties and phase
changes of the MgO-C brick containing AlSiCy
powder were investigated comparing with the MgO-C
brick containing aluminum powder.

EXPERIMENTAL PROCEDURE

AlSICy powder was prepared by the following
methods. Aluminum powder, silicon powder and
carbon black were weighted in a theoretical
composition and dry-mixed by using a ball mill for 10
hours. The mixed powder were placed in a carbon
crucible and heated at 1300°C for 3 hours in argon
atmosphere. The composition of the heated powder was
a single-phase of AlSiC4, and its average particle
diameter was 8pum after ball milling for 10 hours.
AlSiC4 powder prepared in this method was used for
the following investigation.

Table 1 indicates the composition of the MgO-C
brick samples. Electric fused magnesia of purity 99%
and flake graphite of purity 99% were used. ALSiC,
powder was added instead of aluminum powder.
Sample number 4 and 5 had same molar ratio of
aluminum and silicon. Novolac type phenol resin was
used as a binder and hexamethylenetetramine were

2500 ]
LALCs+Liquid  Ct+Liquid — 1500
SiC+Liquid )
8 2000F 2037 = ALSILC, -
® T s e b
5 ~2000 =
= L ALSIC— W
’g 1500 (SiC - AL,Cy) 2
g {us00 §
1000} 1106°C 1
SiC+ALC,
0 % 41000
100
ALC, Mol % SiC

Fig. 1. Phase diagram for the pseudobinary Al,C;-
SiC system.
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‘added as a hardening agent. Brick samples were

prepared with heating at 200°C for 6 hours after mixing
and pressing.

The brick samples were cut off to 25%25%25mm size
and putted into the crucible which was filled by carbon
powder, and then heated at various temperatures for 3
hours using an air atmosphere electric furnace. After
heating, mass change, porosity, density and crushing
strength of the samples were measured. The
compositions of the heated samples were investigated
by a powder X-ray diffraction method.

The samples with 25x25x25mm size were heated at
1400°C for 3 hours in air atmosphere in order to
evaluate an oxidation resistance of the brick samples.
The oxidation test was carried out with rapid heating
and rapid cooling method. After heating, the
decarbonized layer thickness of the samples was
determined. In addition, in order to estimate a slaking
resistance of the bricks after heating, the samples were
heated at 1400°C for 3 hours in carbon powder using
the air atmosphere furnace, and then the degree of their
structure deterioration was monitored during putting
them in the room.

Tab. 1. Composition of the MgO-C brick samples.

[mass%]

No. | 1 2 3 4 5
Fused MgO (<Imm) 80 | 80 | 80 | 80 | 80
Flake graphite (<0.15mm) | 20 | 20 | 20 | 20 | 20
Al powder (<75um) 3 3
Si powder (<45um) 0.8
AlSiC, powder 3 5.1
Phenol resin 4 4 4 4
Hexamethylenetetramine 04(04{04]04]04

RESULTS

The mass changes of the samples during heating at
various temperatures in the reducing atmosphere are
shown in Figure 2. The mass decrease at 800°C
depends on the thermal decomposition of the phenol
resin. Based on the data at 800°C, the rapidly mass
gains are observed at 1000°C in the No.2 and No.4
samples which include the aluminum powder. The
reaction with mass increase is considered to occur
rapidly between 800°C and 1000°C. In the case of No.3
and No.5 which include Al,SiC, powder, the mass gain
is observed at 1200°C and continues to 1400°C.
Therefore, the reaction with mass increase 1s considered



to occur gradually between 1000°C and 1400°C. After
heating at 1400°C and 1500°C, the mass gain of No.3
and 5 is larger than that of No.2 and 4. It follows that
AlSiC4 causes large mass increase more than
aluminum at high temperature.

Figure 3 shows the apparent porosity of the samples
after heating at various temperatures in the reducing
atmosphere. The porosity increase at 800°C depends on
the thermal decomposition of the phenol resin. The
porosity of No.1 sample which does not include any
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—e—No.3
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Fig. 2. Mass changes of the brick samples during
heating in the reducing atmosphere.
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Fig. 3. Apparent porosities of the brick samples after
heating in the reducing atmosphere.
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Fig. 4. Crushing strength of the brick samples after
heating in the reducing atmosphere.
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additives increases with rising of temperature. That of
No.2 and No.4 which contain aluminum powder hardly
increases above 800°C. In contrast, the porosity of No.3
and No.5 which contain Al,SiC, powder decreases
linearly above 800°C, then the porosity after heating at
1500°C is 2% lower than that after heating at 800°C.
From this, it is understood that Al,SiC, powder
densifies the MgO-C brick texture efficiently with the
mass increasing reaction shown in the Fig.2.

Figure 4 shows the cold crushing strength of the
samples after heating at various temperatures in the
reducing atmosphere. The strength decreases by the
thermal decomposition of the phenol resin in the low
temperature. The strength of No.2 and No.4 which
include aluminum powder increases markedly between
800 and 1000°C. That of No.4 including silicon powder
increases slightly above 1000°C. In contrast, the
strength of the sample containing Al,SiC, powder
increases gradually with rising of temperature. In the
case of No.3 which contains 3 mass% of AlLSIC,4
powder, it occurs above 1200°C, and in the case of No.S
containing 5.1 mass% of AlSiC, powder, it occurs
above 1000°C. The strength increase of No.3 and No.5
is characterized to be not rapid and be gradual. This
phenomenon is interesting from the viewpoint of a
spalling resistance improvement, because of the gradual

change of the mechanical property with changing of
temperature.
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Fig. 5. Mineral phase of the brick samples after heating
in the reducing atmosphere.
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The mineral phase of the samples after heating in the
reducing atmosphere is indicated in Figure 5. In the
case of No.2, aluminum disappears and then Al,Cs, AIN
and MgAl,O4(spinel) are formed at 1000°C. In the case
of No.3, Al,SiC,4 does not change below 1000°C. The
reaction products are observed above 1200°C. Spinel
and SiC are formed at 1200°C and the spinel increases
with  increasing of temperature. In addition,
Mg,SiO4(forsterite) is formed above 1400°C. Unlike
No.2, the formation of Al4C; and AIN are not observed.
Al;SiC, decreases at 1200°C and disappears at 1400°C.
It follows that the reaction start temperature of Al;SiCy4
powder in the MgO-C brick is understood to be high in
comparison with aluminum powder. This tendency
agrees with the results that the physical properties
change gradually above 1200°C as shown in Fig.2 —
Fig.4.

Figure 6 shows the results of the oxidation test. The
bar in the figure indicates the decarbonized layer
thickness of the sample after heating at 1400°C in the
air. The oxidized layer thicknesses of the samples
containing additives are thinner than that of the sample
without additive. Comparing No.2 and No.3, the
decarbonized layer thicknesses are almost same. In
addition, comparing No.4 and No.5, they are almost

Decarbonized Layer Thickness /mm

| No.4

No.5

Fig. 7. Slaking test results.
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same too. Therefore, the oxidation resistance of the
MgO-C bricks is recognized to be improved by AlSiC,
powder as well as by aluminum powder.

The slaking test results are indicated in Figure 7. The
photographs show the appearance of the samples which
were kept in a room atmosphere for two weeks after the
reducing atmosphere heating at 1400°C. No.2 sample
added aluminum powder only is destroyed and became
powder by the hydration reaction with the volume
expansion. No.4 sample added aluminum and silicon
powder has a smaller degree of deterioration than No.2.
But many cracks are formed in the sample and its
strength decreases by the hydration reaction. In
comparison, in the case of No.3 and No.5 which were
added ALSiC4 powder, the crack is not observed at all.
In the sample containing Al;SiC, powder, Al,C; and
AIN which cause hydration reaction don’t form during
heating as indicated in Fig.5. That is thought to be a
reason of the high slaking resistance.

DISCUSSION

The behavior of Al4SiC,4 in the brick is discussed as
follows. When the reactions of Al,SiC,4 in the carbon
containing refractories are considered, the gas phase
existing in the pore of the texture is important. Since an
actual furnace is usually used in the air atmosphere, the
surface of the refractory is exposed to the air. In this
case, if the temperature is above 1000°C, the inner pore
of the carbon containing refractory is filled by CO gas,
and then the partial pressure of CO gas is approximated
to 1.013x10°Pa (latm, Pco=1). ALSiC4 react mainly
with CO gas under this condition, which means the
solid—gas reaction occurs. The condition of the reducing
atmosphere in this study is similar, the atmosphere in
pores of the sample is considered to be near to Pco=1.

AlLsSiC, powder added to the MgO-C brick begins to
change into MgAl,04 and SiC at 1200°C as shown in
Fig.5, that is, AlSiC4 reacts with CO gas to form
Al 05 and SiC, and then Al,O; react with MgO to form
MgAlL,04. SiC react with CO gas and MgO to form
Mg,Si0, at 1400°C. These reactions are indicated as the
following equations.

1st stage reaction;
AlSiCy(s)+6CO(g)=2A1,04(s)+SiC(s)+9C(s) )
AL Os(s)+MgO(s)=MgAl,04(s) (2)
(AL4SiCy(s)+2MgO(s)+6CO(g) '

=2MgA1,04(s)+SiC(s)+9C(s)) (3)

2nd stage reaction;
SiC(s)+2CO(g)=Si0(s)+3C(s) 4)
S10,(s)+2MgO(s)=Mg,Si04(s) %)
(SiC(s)+2MgO(s)+2CO(g)=Mg,Si04(s)+3C(s)) (6)

Table 2 indicates mass and volume change in the
above reactions. It shows that these reactions (equation
3 and 6) involve the large increase of mass and volume.



In addition, the large increase is recognized to be
mainly influenced by the reactions with CO gas
(equation 1 and 4). The carbon precipitated in the
equation 1 or 4 is considered to influences remarkably
to the volume expansion and to causes the texture
densification as shown in Fig.3.

Tab. 2. Culculated mass and volume increases.

Equation No. | Mass change /% | Volume change /%

1 +91.3 +199.2

2 0 +7.8

3 +63.5 +137.0

4 +139.7 +397.7

5 0 -3.4

6 +46.4 +136.8
*Following values were used as density ~ [x10® kg.m™]

ALSICy(s):3.03  AlLOs(s):3.99 SiC(s):3.22  SiOy(s):2.66

MgAl,04(s):3.58  Mg,SiO4(s):3.22  C(s):1.60

Figure 8 shows the stable condensed phases and the
equilibrium partial pressures of the gases in the Ai-Si-
0-C system at 1700K under coexistence of the solid
carbon®. It indicates that ALSiCa(s), ALOs(s)+SiC(s)
and Al,O5(s)+AlsSi,013(s) are stable in the condition of
Poo<10?, 107<Pco<0.2 and Pep>0.2, respectively.
Therefore, since the added ALSiC4 is not stable in
Pco=1, AlL,SiC, first changes into Al,O; and SiC, and
next SiC changes into SiO,. These relations agree with
the results shown in Fig.5 and the equations described
above. In addition, the equilibrium partial pressures of
Al(g) and SiO(g) are elevated in the high temperature
shown in Fig.8. Therefore, these gases are estimated to
be involved in the reactions. From the figure, it is

0 1700K
T T T T T T
Al SiC4(s)-C(s) | AlbO3(s)-SIC(s)]  AlOa(s)-
- -C(s) AlgSiz013(s)-Cfs)
-4k ___Alg st \
L AO(g
S g Sifg)
E SizClg)
%, o Sh(g)
- siclq | ~ClE)
Sia(q)
-16},Ak0a(g)
B AlO2(g
{ I 1 1 | 1
208 3 2 0 2
Log(Pco/10°, Pa)
Fig. 8. Equilibrium partial pressures of the gases in the

Al-Si-C-O system.
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considered that Al(g) forms under existence of
AlSiCq(s), and SiO(g) forms under existence of SiC(s)
(equation 7 and 10). These gases are assumed to
disperse in the texture and condense in the pore
according to equation 8 and 11 when the gases move to
the high Pcq area.

AlSiCa(s)=4Al(g)+SiC(5)+3C(s) 7
2A1(2)+3CO(g)=Al,04(s)+3C(s) (8)
(MgO(s)+2Al(g)+3CO(g)=MgAlL04(s)+3C(s))  (9)
SiC(s)+CO(g)=SiO(g)+2C(s) (10)
Si0(g)+CO(g)=SiOs(s)+C(s) (11
(2MgO(s)+Si0(g)+CO(g)=Mg,SiO4(s)+C(s))  (12)

These condensed phases are considered to fill the pore,
and that is assumed to be the reason of the more
densification of the texture is provided.

CONCLUSIONS :
The behavoir and effect of Al;SiC,4 powder added to

the MgO-C bricks have been investigated and discussed.

The conclusions are as follows.

(1) The mass increases and the porosity decreases in
the MgO-C brick which was added AlSiC, powder
above 1000°C. The apparent porosity after heating at
1500°C is 2% lower than that after heating at 800°C.

(2) The brick strength increases gradually above
1000°C by the addition of Al,SiC, powder.

(3) ALSiC, powder improves the oxidation resistance
of the bricks as well as aluminum powder. The bricks
containing Al;SiC, has high slaking resistance after
heating.

(4) ALSIC, reacts with CO gas to form
spinel(MgAl,04) and SiC above 1200°C. The formed
SiC also reacts with CO gas and MgO to form
forsterite(Mg,Si0O,) above 1400°C. Al,C; and AIN are
not formed in these reaction processes.

(5) The increase of mass and volume are caused by
the reaction of AlSiC, and CO gas, the more
densification of the texture is provided.
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