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The reaction bonding of aluminum oxide (RBAO) process was analyzed from the milling of
the precursor mixtures to the sintering of the reaction bonded «-alumina as a function of
precursor powder composition, Al particle size, temperature, and heating rate. The RBAO
process involves both solid-gas (T < Ty a) and liquid-gas (T > T a/) oxidation of

Al + a-Al,03 powder compacts. It has been demonstrated that maximum Al content of the
precursor powder is limited to 60 vol %. In addition, it was observed that the initial Al
particle size affects the oxidation behavior significantly and hence final properties of
a-Al,O3 compacts. Therefore, the initial Al particle size is very critical for the RBAO process.
The critical Al particle size (i.e., the largest Al particle size can be used to obtain dense
ceramic materials by the RBAO process) was determined as ~1.5 um. It has been
demonstrated that heating rate can be used to improve the final microstructures of RBAO
ceramics. Although there is no large (>4 vol %) amount of ZrO, addition, alpha aluminum
oxide ceramics with 97% TD have been produced by optimizing the processing parameters
such as fine (<1.5 um) Al particles and slower heating rate during the liquid-gas oxidation.
© 1999 Kluwer Academic Publishers

1. Introduction temperatures less than 68D, the melting point of Al,
Reaction-based processing techniques have been gaimad thenin the liquid state above 6@&D. The final prod-
ing interest to form engineering ceramics and compostict of the reaction bonding of the Al «-Al,O3 com-
ites. Compared to conventionally processed ceramicgosite is monolithicx-Al,O3. Initial studies demon-
reaction based materials exhibit several advantages, iistrated a number of attractive characteristics of RBAO,
cluding inexpensive raw materials, high stability, highsuch as high green strength, easy green machining,
purity and near net shape forming capability [1, 2]. superior mechanical properties, near net shape capa-
Reaction based processing methods have been usbdity (i.e., low shrinkage), broad microstructural and
successfully for the production of non-oxide ceramiccompositional versatility and inexpensive raw materi-
materials (e.g., reaction bonded silicon nitride, reac-als [7—13]. To date there are only a few papers about the
tion bonded silicon carbide) [3, 4]. However, the usefundamental nature of the process [14—-16]. Therefore,
of these methods to form oxide structural ceramics hathe objective of this study was to develop a fundamen-
only recently been reported. One of these methods ital understanding of the RBAO process and from this
the DIMOX™ process, developed by Lanxide in 1986 understanding, to evaluate the effects of the processing
[5]. This process relies on the oxidation of molten Al in parameters on the process. Thus, a series of experi-
air at high temperatures. Since aluminum forms a stablenents were conducted to investigate the effects of the
oxide surface, alloying additives such as Mg, Si, and Zrinitial composition, particle size and heating rate on the
have been added to molten aluminum to destabilize theeaction bonding behavior of aluminum-alpha alumina
protective oxide layer. powder mixtures.

In 1989, another new technology, the reaction bond-
ing of aluminum oxide (RBAO) process was introduced
by Claussert al. [6]. The reaction bonding process is 2. Experimental
also an oxidation based process which begins with ®ifferent types of aluminum and alpha alumina pow-
compact of aluminum and alpha alumina. During heat-ders were used to investigate the influence of the ini-
inginairthe Al particles are oxidized in the solid state attial particle size on milling and reaction bonding. Two
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TABLE | RBAQO precursor powder compositions (vol %) To characterize the reaction temperatures during re-
action bonding, differential thermal analysis (DTA,

Raw materials Son oA ooA 80A 458 Model 1600 DTA, TA Instruments 2100, Newcastle,

VH-2 Al 30 45 60 80 — DE) was performed for each composition. In addition,
ATA 105 Al — — — — 45 thermogravimetric analysis data were used to moni-
ﬁﬁpjz 3;203 70 55 40 20 5 o the degree of oxidation. The pellets were reaction

bonded at 3 different temperature regimes: (i) solid-
gas (450-660C), (ii) liquid-gas (660-1100C), and
commerciala-Al,03 powders referred to as coarse (iii) sintering (1100-1600C). In the first temperature
(~6-10um, Al4 Low soda alumina, Alcoa Chem- regime, two heating rates, 0.5 and@min, were used
ical Co., Bauxite, AR 72011) and finev0.2 um, toinvestigate the effect of heating rate on the solid-gas
AKP-50 High Purity Alumina, Sumitomo Chemical Oxidation reaction. The pellets were reaction bonded
Co., Ltd., Tokyo, Japan) and two commercial Al pow- at 620°C for 2 h to ewaluate the physical and chemi-
ders, ATA-105 (5-5Qum Atomized Aluminum Pow- cal properties of samples in the solid/gas temperature
der, Alcan-Toyo America, Inc., Naperville, IL 60563) range. In the second temperature regime, one heating
and VH-2 (2-5um Atomized Aluminum Powder, rate, 5°C/min, was used and the pellets were reaction
Valimet, Inc., Stockton, CA 95206), were studied. No bonded at 730, 900, 1000, and 118Dto examine how
dopants were added. The mixtures studied are listethe physical and chemical properties of the samples
in Table 1. The notation for the compositions gives thechange during the liquid/gas oxidation reaction. In the
volume percent Al and a letter defining which powderthird temperature regime, sintering was performed in
combination was used to prepare the mixtures befor@ high temperature furnace. The reaction bonded pel-
milling. The letter A represents the combination of finelets were sintered from 1200 to 1600 for 2 h. The
alpha alumina and VH-2 aluminum powders and B rep-densities of the pressed pellets were determined by
resents the coarse alpha alumina and ATA-105 powdedhe dimensional method, and densities of the reaction
mixture. bonded and sintered pellets were determined by the

After the aluminum and alpha alumina particles wereArchimedes’ technique.
mixed, the powder mixtures were attrition milled tore-  The degree of reaction data obtained from thermo-
duce the particle size and increase homogeneity. Fdgravimetric analysis was verified by qualitative XRD
the grinding experiments 70% of the 600 ml stainlesgModel RU271019A, Rigaku Co., Tokyo, Japan). Ther-
steel grinding container was filled with 4 vol % powder, momechanical analysis (TMA, TMA-50 Thermome-
36 vol % milling liquid (i.e., isopropanol) and 60 vol % chanical Analyzer, Shimadzu Corp., Kyoto, Japan) was
milling balls. Polyurethane agitator discs were used tgised to monitor the dimensional changes during re-
reduce contamination during the milling. The precursoraction bonding and sintering. Scanning electron mi-
powder mixtures 30A, 45A, 60A, and 80A were milled croscopy (SEM, Model ISM 6300 JEOL, Tokyo, Japan)
with 0.5 cm diameter high purity alpha aluminum oxide was used to examine the microstructural development
balls (Diamonite, Shreve, Ohio) at 2000 rpm for 1 h. Theduring reaction bonding and sintering.
45B series was milled with 0.1 cm diameter yttria stabi-
lized tetragonal zirconia (YTZ) balls at 2000 rpm. The
degree of milling was varied by changing the milling 3. Results and discussion
time from 1 to 4 h for the 45B powder compositions. 3.1. Processing
Consequently, only the A series was used to investigat8. 1. 1. Milling and compaction
the effects of the initial composition on the RBAO pro- The reaction bonding of aluminum oxide (RBAO) pro-
cess. The 45B powder compositions were used mainlgess begins with a milling operation. Attrition milling is
to determine the effects of Al particle size and heatinggenerally the preferred method for comminution due to
rate onthe process. To determine the amount of contanits high milling efficiency [17]. During attrition milling,
ination from the milling balls, the milling media were some amount of wear debris from the milling balls
weighed before and after the milling process. Sinceas observed in the slurry. In all cases examined there
the intense milling action produces considerable heatywas about 0.3-0.8 wt % wear debris from the milling
a water cooling system was used to control and keepalls. After 1 h milling of the 45B powder there was
the slurry temperature low during the milling process. ~0.3 wt % wear debris from the YTZ balls and).6

The patrticle size distribution of the milled pow- wt% wear debris from the alpha alumina balls. In ad-
der mixtures was determined by laser light scatteringlition it was observed that the amount of wear debris
(SALD 2001, Shimadzu Scientific Instruments, Inc., decreases as the aluminum content increases in the ini-
Columbia, MA 21046). Milled powders were dried tial mixture.
in a rotary evaporator (Model RE-51, Yamato Rotary Fig. 1a and b show the particle size distributions of
Evaporator). Dried powders were sievedt®0umto  the 45B powder after 1 @4 h milling, respectively.
eliminate large agglomerates in the mixture. The sieved@ince the initiak-Al O3 particles are<10um, the par-
powder was uniaxially pressed at 30 MPa in a stainlesticles>10um are the Al particles. Afte4 h milling the
steel die to obtain 1.21 cm diameter and 0.22 cm higtparticle size of the mixture is reduced, and the particle
pellets. The pellets were then cold isostatically pressedize distribution shows a trimodal character. After 4 h
for 5 min (Isostatic Press, Autoclave Engineers, Eriemilling the 45B powder was determined by SEM and
PA) at pressures from 56 to 280 MPa to obtain the sam&DS to consist of fine and flaky Al particles, and coarse
relative green density for different compositions. and tabularx-Al,O3 particles (Fig. 2). Therefore, in
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Figure 1 The particle size distributions of the 45B powder after (a) 1 afjd tlomilling with 1 mm YTZ balls.

e

Figure 2 SEM micrograph of the 45B powder afté h milling with 1 mm YTZ balls.
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Fig. 1b most of the large particles-{.5 um) are Al oxidized afte 4 h (Fig. 3). The XRD patterns of
a-Al,03 particles. Particles 0.5-1/om in size are Al the ATA-105 Al powder milled for different times are
particles and fine particles<Q.5 um) are a mixture shownin Fig. 4. The decrease in the Al peak intensities
of a-Al,03 and Al particles. This means that after 4 h is due to Al oxidation during milling. The Zrowear
milling the Al particle size is reduced tal.5 um. debris could not be observed by XRD. This may be due

In addition to particle size reduction, it was observedto the peak broadening caused by the lattice distortion
that some of the initial Al oxidized during milling. As of tetragonal zirconia during milling [18]. After heat-
determined by TGA, 3 wt % of the initial Al in the 45B ing the powder to 730C in air, the tetragonal zirconia
powder oxidized, aftel h and 21 wt% of the initial peaks appeared in the XRD pattern (Fig. 5B).

The theoretical densities of the three-phase green

71 25 compacts were estimated by the rule of mixtures,
using 3.986, 2.7, and 3.0 g/éif19] for the theoretical

70 k- 4 20 § densities of alpha alumina, aluminum and amorphous

& =z alumina, respectively. Fig. 6 shows the relative green
S 6o - 145 g densities for different compositions of the_ RBAO pre-
z s cursor powder as a function of compaction pressure.

g > The relative green densities increase with increasing
g 68 110 o compaction pressure for all compositions. Since Al is
& § ductile, increasing the Al content in the initial powder
67 b 15 3 mixture results in higher relative green densities with

= increasing compaction pressure. The 30A samples were

66 o ~65% dense after !sostat!c compaction at 280 MPa.

o ] 0 3 4 5 The 45A samples isostatically pressed at 280 MPa

were~71% dense. The 45B samples showed different
Milling Time (h) relative green densities after isostatic compaction
Figure 3 The dependence of green density and oxidation of initial due to the different m”“ng times. The dependence

Al in the 45B powder mixture on milling time (compaction pressure: OT relative green density on milling time is_ shown in
280 MPa). Fig. 3 for these samples. The samples milled for one
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Figure 4 The XRD patterns of ATA-105 Al powder after (A) 2, (B) 3, and)(®&h milling with 1 mm YTZ balls @ aluminum).
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Figure 5 The XRD patterns of the 45B samples afte) (ah milling, and reaction bonding at (B) 730, (C) 900, (D) 1130, and (E) 220f@r 1 min
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Figure 6 The dependence of relative green density on isostatic com

1

T

hour exhibited 70.3t 1.0% relative green density and
the samples milled for four hours were 66t71.0%

- relative green density. This result can be attributed to
the decrease in the Al content by oxidation during the
milling.

~ 3.1.2. Reaction bonding and sintering

—&— 30 vol% Al Samples with a relative green density of 68:3..0%
9 ddvaed TD were selected for the reaction bonding experiments.
80 vol% Al | 7 The 45B samples which were milledrfé h were se-
lected as a model system because most of the com-
e/.e/,e positions show similar reaction bonding and sintering

50 100 150 200 250 300

behavior except for #n4 h milled 45B powders. The
reasons for the differences will be discussed later. TGA

Isostatic Compaction Pressure (MPa) and DTA (Fig. 7) show that there is no significant

weight change and reaction up to 4500 The TMA

paction pressure and initial powder compositions which were milled for(FIg. 8) data shows only a small dimensional change
1 h with 5 mm alpha alumina balls. below 450°C. These results indicate that the aluminum
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oxidation rate is near zero below this temperature. This Above 450°C, the oxidation rate increases as demon-
conclusion is consistent with reports that the slow oxi-strated by the weight gain and the increased slope in

dation of Alis controlled by At ion diffusion through

the TMA curve. The DTA curve also shows a highly

the protective aluminum oxide surface layer belowexothermic reaction at575°C and consistently, the
450°C [20].

130

120 -

110

Weight (%)

isolid- liquid-gas

90
0

| I
200 400 600 800 1000 1200 1400

Temperature (°C)
(@)

Temperature Difference (°C/mg)

Figure 7 (a) Thermogravimetric and (b) differential thermal analyses of
the 45B samples which were compacted at 210 MPa afte milling

ottt
200 400 600 800 1000 1200 1400
Temperature (°C)
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and heated at 8C/min.

Linear Dimensional Change (%)

slopes in the TGA and TMA data indicate the maxi-
mum reaction rate at 57%&. This significant increase

in oxidation rate can be caused by acceleration of the
frequency of ruptures of the oxide film as a result of
reduction in its mechanical strength. V. G. Shevchenko
et al. reported that a significant increase in oxidation
rate can be caused by the increase in the diffusion rate
of ions through the protective layer at the moment of
rearrangement of the oxide structure [21]. Between 575
and 660°C the reaction rate decreases as a result of the
formation of a protective aluminum oxide surface. For
the 45B samples, milled fd h and heated at®&/min,

11% of the Al oxidized to AJO3 below 660°C.

The melting of Al at 660C results in a 14% increase
in volume as a result of the specific volume difference
between solid and molten Al. Melting is evidenced in
the TMA curve as a steep deflection and in the DTA
curve as an endothermic reaction peak. According to
the XRD data in Fig. 5By-Al,03 is the only oxida-
tion product at 730C. Heating above 725 leads to
a marked increase in the oxidation rate and increase in
the sample dimensions. This reaction reaches a max-
imum rate at 776C. Between 850 and 105C, the
oxidation rates decreases, again. During this initial lig-
uid/gas oxidation stage, 30% of the Al is oxidized in
the 45B samples milled for 1 h.

The exothermic peak in the DTA curve at 1115
indicates a late liquid/gas oxidation reaction. TMA and
TGA data also show this reaction results in an increase
in dimensions and a weight gain at about 11C6re-
spectively. The XRD pattern of the sample shows that
the oxidation product ig-Al,03 at 1130°C (Fig. 5D).
The decrease in the sample dimensions at 1064
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Figure 8 Thermomechanical analysis of the 45B samples which were compacted at 210 MRahafitdling and heated at8C/min.
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attributed to transformation of gamma alumina to al-oxidation reaction is complete at about 108Dfor
pha alumina and the associated specific volume dehese compacts. Therefore, the occurrence of late stage
crease of 20%. XRD of the samples reaction bonded@xidation is attributed to oxidation of large Al particles
at 1200°C show onlyx-Al,03 and tetragonal zirconia (>1.5um).

peaks (Fig. 5E). During the late oxidation stage, 59% At 1200°C the reaction bonded-Al,0O3 begins to

of the total Al oxidation occurred for the 45B sam- sinter for the 45B samples which were milled for 4 h.
ples which were milled for 1 h. For the 45B samplesAs shown in Fig. 10, the late stage oxidation behavior,
with 3 h milling time, only~2% of the total Al oxida- indicated by an increase in dimensions is observed for
tion occurred during the late oxidation stage. The DTAthe 1, 2, and 3 h milled samples between 1100 and
and TMA data of the 45B samples afté h miling  1200°C. Samples with longer milling times exhibited
are given in Fig. 9. As seen from these data sets thiess amount of expansion between 1100 and 2200
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Figure 9 (a) Differential thermal and (b) thermomechanical analyses of the 45B samples which were compacted at 280 MPa after 4 h milling and
heated at 3C/min.
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Figure 10 The dimensional changes during sintering as a function of

S Figure 12 The effect of particle size on the reaction type for the 45B
sintering temperature.

samples which were heated a&t@&/min.

Since tle 4 h milled samples have the highest final
relative density (i.e., 94% TD), they show the largest
dimensional change{(7%). However, even this value is
less than the shrinkage which conventionally processed

a-Al,03 powders would exhibit. In the fully reacted 100 s 1 ' [
body ‘new’ a-Al,O3 grains, formed from Al powders, a
and ‘old’ «-Al,O3 grains, from the precursor powder & 95 | _
mixture, coexist. Since the initiad-Al ;O3 particle size 7
is relatively larger thanx-Al,O3 grains formed from ‘;’ 90 L |
Al powders, grain size distribution exhibits a bimodal g
character. o

= 85 _
3.2. Effect of processing parameters = 80L |
3.2.1. Initial composition T
The initial composition of the RBAO precursor powder 75 | | | |
mixture is an important processing parameter because 0 i 5 3 4 5

it affects each subsequent processing step involved
in the evolution of the RBAO-derived alumina.
To _determlr)e the effect of the Al content on the re-rigure 13 The effect of particle size on the relative densities of the 458
action bonding process, 3 sets of samples with the sammples which were heated &t&min and sintered at 160€ for 2 h.

Particle Size (micron)

Figure 11 Optical micrograph of the 80A sample which was heated°&/&in and sintered at 160 for 2 h.
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green density (68.% 1.0% TD) were heat treated at low final densities. At the end of the process the 45A
the same condition. The compositions of the precursosamples were 85% dense and the 60A samples were
powder mixtures were chosen to investigate the limits78% TD. This difference may be attributed to the larger
of the initial Al content for the RBAO process. The amountof Al (~75%) oxidized in the late liquid/gas ox-
powders, 45A, 60A, and 80A were milled for 1 h and idation stage (i.e., above 1100) for 60A samples than
then heated at8C/min and sintered at 160C for 2h.  that of 45A samples{55%). These results indicate that
Although there were no visible cracks in the samplesthe initial composition is a critical processing parame-
several small Al spheres were observed on the sampler and the maximum initial Al content for Al-Al,O3
surfaces. The size and the amount of the Al spheres osystem is 60 vol % to obtain dense ceramic materials.
the sample surface increase with increasing Al content

inthe precursor powder. Hoét al. reported that the size

of the Al spheres also increases with increasing com-

paction pressure [16]. A black core consisting of Al still 3.2.2. Particle size

remains in the center of the 80A sample (Fig. 11). InSince the RBAO process is an oxidation process, the
contrast, other samples, 45A and 60A, were completelyarticle size of the reactive constituent of the mixture
oxidized; similar results were observed with slow heat-(i.e., Al) is expected to affect the reaction bonding be-
ing rate (i.e., 0.8C/min). It appears that a large amount havior of the compacts. Wu and Holz reported that to
of Al (>60 vol %) is problematic. The oxidation starts obtain dense RBAO ceramics the initial Al particle size
from the surface and forms an aluminum oxide crustshould be less than iam [14, 16]. However, they did
Once this crust starts to sinter, oxygen diffusion intonot report any data which shows how they calculated
the system becomes very slow. Although the 45A andhis critical particle size. When the reaction bonding
60A samples were completely oxidized, they exhibitedbehavior of the powders with different milling times

Figure 14 Molten Al leads to large pores and cracks in the reaction bonded compacts.
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(®)

Figure 15 SEM micrographs of the 45B samples which were heated®@¥Bin and sintered at 160C after milling for (a) 1, (b) 2, (c) 3, and
(d) 4 h. Continued)

are compared, it is concluded that decreasing partiby a 14% volume increase. Therefore, at temperatures
cle size increases the solid/gas to liquid/gas ratio aabove 660C, molten Al droplets coagulate and, due to
shown in Fig. 12. For the 45B compacts containingpoor Al wetting one-Al,03, the droplets are squeezed
large Al particles £1.5um) the solid/gas to liquid/gas out of body along the open pore system. During this
ratio was 11/89 and for the 45B compacts containingprocess, migration of molten Al leads to large voids
fine Al particles 1.5 um) this ratio was 34/66 at and cracks as shown in Fig. 14.

5°C/min. The final relative densities of the 45B pow- As shownin Fig. 15a these large voids and cracks are
der samples, reaction bonded and sintered at 1600 observed in the final structure as large pores and flaws.
for 2 h as d@unction of particle size of the mixture, are As the Al particle size decreases, the portion of these
given in Fig. 13. The 45B compacts, containing largepores and flaws in the structure decreases (Fig. 15). The
Al particles 1.5um), exhibited lower final densities 45B samples containing fine Al particles1.5um) did

than the 45B compacts containing small Al particlesnot exhibit any of these types of defects after reaction
(<1.5um). According to these results, decreasing thebonding and sintering at 160C for 2 h (Fig. 15d).

Al particle size increases the final relative density. ItThese results demonstrate that the particle size of the
seems that the low final densities are a result of formaRBAO precursor powder is one of the most important
tion of the liquid phase (molten Al) in the system. It processing parameters. Since Al is the reactive con-
should be noted that the melting of Al is accompaniedstituent of the mixture, the Al particle size is especially
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Figure 15 (Continued)

critical for the process. Therefore, the initial Al parti- ture regime for only 42 min. The reaction behaviors of
cle size should be less tharil.5 um to produce high fast heat treated and slow heat treated 45B samples are
quality ceramic materials. In addition, it appears to bedemonstrated in Fig. 16 for 1 h milling time. As seen
advantageous to oxidize as much of the Al by solid/gagrom these results the fast heating rate results in 11% of
reaction as possible, and similarly, the solid/gas to ligthe total oxidation in solid state and in slow heating rate
uid/gas ratio should be maximized to obtain dense anthis portion is 13%. There is a slight difference between

defect free ceramic products. fast and slow heat treated samples. To determine the ef-
fect of this small difference on final structure, relative
3.2.3. Heating rate densities of samples were measured and SEM micro-

Since the heating rate is one of the processing parangraphs were taken (Figs 15aand 17A). Itisinteresting to
eters which can be controlled readily, the effect of thenote that final densities of both samples were identical,
heating rate on the process was investigated by exan’8+ 0.5% TD, and their micrographs exhibit similar
ining the solid-gas reaction range (450-86) at two  features such as large pores and flaws. The similar re-
different heating rates. These heating rates are referrezlilts were obtained for other milling times (i.e., heating
to as fast, 3C/min, and slow, 0.5C/min. During slow rate did not exhibit any significant effect on final mi-
heating the samples were held in the solid state oxidaerostructures). After ‘continuous’ heat treatments, the
tion regime (450-660C) for 420 min; however, dur- 45B compacts which were prepared by milling for 2, 3,
ing fast heating the samples were kept in this temperaand 4 h were 85, 90, and 940.5% TD, respectively.
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130 were carried out with the 45B compacts. Samples were
heated to 450 or 55@ at 5°C/min and held at that
temperature for 30 h in air. After this first oxidation
step, samples were heated to 1060at 1°C/min and
held at that temperaturerf@ h inorder to complete the
oxidation. All samples were sintered at 16@for 2 h.

In order to compare the results from this heat treatment
, with those from continuous heat treatment, some sam-
f ples were heated, after the first oxidation, to 66Gat

13 % 1°C/min and from 650 to 1600C at 5°C/min. These
f heat treatment experiments could also give an idea
20 | T | | about the effect of heating rate on liquid-gas oxidation.
0 200 400 600 800 1000 Interestingly, samples exhibited different responses
Temperature (°C) to this heat treatment according to their milling time.
@ After sintering, the 45B compacts that were heat treated
130 at 450 and 550C demonstrated similar density values.
For example, the 45B compacts with 1, 2, 3, and 4h
milling times which were heat treated at 45D exhib-
120 ited 75, 80, 95, and 9% 0.5% TD, respectively. The
relative densities for the compacts heat treated at 650
were 76, 82, 95 and 9% 0.5% TD, respectively. As it
can be seen after this heat treatment the samples which
were prepared by milling for 1 or 2h exhibited less
amount of densities such as 75 and 80% TD, respec-
tively than the samples that were heat treated by contin-
uous heating (i.e., from room temperature to 1800
20 I ! l I at 5°C/min) were 78 and 85% TD. However, samples
0 200 400 600 800 1000 which were prepared after 3 @ h milling demon-
Temperature (°C) strated denser final microstructures (i.e., 95 and 97%
(b) 'I_'D, respectively) the_m the samples which were reac-
Figure 16 Thermogravimetric analyses of the 45B samples which weretIon bonded_ by continuous heatl_ng were 90 and 94%
compacted at 210 MPa afte h milling and heated at (a) 0°6/minand 1 D, respectively. The samples with 870.5% TD ex-
(b) 5°C/min. hibited 12% linear shrinkage. During these heat treat-
ment experiments solid-gas to liquid-gas ratio was also
One question was if the samples were held at a temmonitored for each sample. Samples exhibited similar
perature for sufficiently long time, would there be aamount of oxidation in solid-gas temperature region.
significant effect of the heating rate on the process7hat is, the solid-gas to liquid-gas ratio remained con-
Therefore, another set of heat treatment experimentstant. Therefore, the changes in final microstructures
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Figure 17 SEM micrographs of the 45B sample which were compacted at 210 MPa after miltiddhfeubjected to isothermal oxidation at 58D
for 30 h.
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can be attributed to the effect of heating rate on liquid-oxidation and slower heating rate during the liquid-gas

gas oxidation. The differences between responses afxidation improves the final microstructure of samples

samples to the heat treatment may be due to the amouodntaining fine Al particles.

of liquid phase formed during melting. As a result of the understanding of the RBAO pro-
These results conclude that the one order of mageess which was developed during this study, alpha

nitude change in heating rate or isothermal oxidatioraluminum oxide ceramics with 97% TD were produced

below 660°C do not change the reaction bonding be-by optimizing the processing parameters such as fine

havior of Al-alpha alumina particles used in this study.(<1.5um) Al particles and slower heating rate during

However, heating rate affects the liquid-gas oxidationthe liquid-gas oxidation.

and slower heating rate during the liquid-gas oxidation

improves the final microstructure of samples containing

fine Al particles (Fig. 17). References
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