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Abstract A new low melting inorganic binder, monoclinic HBQ,, has been developed for Selective Laser
Sintering (SLS) of alumina powder by dehydration process of boron oxide powder in a vacuum oven at 120°C.
It led to better green SLS parts and higher bend strength for green and fired parts compared to other inorganic
binders such as aluminum and ammmonium phosphate. This appeared to be due to its low viscosity and better
wettability of the alumina particle surface. A low density single phase ceramic, aluminum borate (Al;B4Os),
and multiphase ceramic composites, ALO;-ALB,Os, were successfully developed by laser processing of alu-
mina-monoclinic HBO, powder blends followed by post-thermal processing; both AligB4Os; and AlB,Qs have
whisker-like grains. The physical and mechanical properties of these SLS-processed ceramic parts were cor-
related to the materials and processing parameters. Further densification of the AlLO:-ALB,Q, ceramic com-
posites was carried out by infiltration of colloidal silica, and chromic acid into these porous SLS parts fol-
lowed by heat-treatment at high temperature (1,600°C). The densities obtained after infiltration and subsequent
firing were between 75 and 80% of the theoretical densities. The bend strengths are between 15 and 33 MPa.

1. Introduction

Solid Freeform Fabrication (SFF) is an advanced
manufacturing technology which generates geometr-
ical objects directly from a three-dimensional com-
puter image without part-specific tooling or human
intervention.” These SFF techniques have recently
been developed to overcome some of the barriers of
conventional manufacturing techniques, such as dif-
ficulties in tooling complex-shaped ceramic parts
and long production time in fabricating prototypes.
Selective Laser Sintering (SLS) is a form of SFF
and employs a focused laser beam which is con-
trolled by a CAD data base to selectively scan a
powder bed and to bind loose powder, so as to
make a thin layer of bonded powder. The sintered
layer is lowered from the sintering plane and a new
layer of the powder is spread again. The laser scans
again, resulting in both sintering of the powder par-
ticles and bonding the present layer to the und-
erlying previous layer. The desired object is gen-

erated by laying down a number of such layers and.
successively sintering them.” The overall schematic
of the SLS process is shown in Fig. 1.” The pri-
mary advantage of the SLS process is the flexibility
of selecting the material systems compared to other
SFF techniques.”

The two-phase powder approach to SLS, which in-
volves binding high temperature ceramics such as
alumina and silicon carbide with a low melting inor-
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Fig. 1. Schematic representation of a SLS system.
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ganic binder, is a promising technology to fabricate
ceramic composite parts.s'7) The selection of an op-
timum material systems for this approach depends
on material properties such as a melting point of the
binder material and interparticle wetting between the
components in the composite powder blend.”

In a suitably chosen system, the low melting
phase melts completely or partially under the laser
beam and binds the high melting phase particles.
Furthermore, it can react in some cases with the
high melting phase or with the atmosphere. Further
reaction can also takes place in a subsequent heating
step. As a result, either another compound may in-
corporate into the matrix or a single phase com-
pound may result.

The first advantage of this two-phase powder
approach is an immediate access to the conventional
low temperature SLS equipment for processing of
high melting ceramic and metal powders without
requiring the high temperature station. The second
one is the possibility to avoid balling problem,
which is frequently observed in the SLS process of
single phase metal powders sach as lead, zinc or tin.”
When the laser beam selectively scans the powder
bed, the molten particles coalesce into a sphere rath-
er than wet the solid particles. The diameter of the
sphere is about the same as that of the laser beam.
This phenomenon is referred to as “balling”.'” The
third one is the capability to introduce a second
phase such as intermetallics and compounds into the
matrix or to synthesize a new single phase if the ma-
terial system is relevantly selected.

It is well known that the role of boron oxide in
borosilicate glasses is to reduce the thermal expan-
sion coefficient and to improve workability by de-
creasing the viscosity.” The low viscosity of boron
oxide is attributed to its linked-ring structure, since
there is a high probability that the bonds between
rings are more susceptible to failure than the bonds
within the rings.lz)

Especially, the selection of boron oxide as an inor-
ganic binder is attractive for the SLS of an alumina-
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Fig. 2. ALO.-B.0, Phase Diagram.

boron oxide composite system because boron oxide
has a low melting point (4507) and the liquid gen-
erated due to the local melting of B,O; powder dur-
ing laser beam irradiation can aid the sintering pro-
cess. In addition, the molten boron oxide completely
envelops the neighboring solid alumina particles due
to its low viscosity and better wetting, A better wet-
ting of solid alumina powder by molten boron oxide
can further enhance densification process.s)

There are two stable crystalline compounds in the
AlL,O;-B,0O; system as seen in the phase diagram
(Fig. 2).” One is 9ALO, - 2B,0,, the other is 2Al,
0, - B,O,. Both the compounds have orthorhombic
crystal structure. Even though the melting point of
9A1,0, - 2B,0, is 1,950C according to the phase
diagram, it is somewhat unstable above 1,500 due
to the vaporization of B,O,. The melting point of
2AL,0; - B0, is 1,0357C. It is likely that the SLS
of the Al,0,-B,0, powder blend can offer the pos-
sibility of incorporating compounds into the alumina
matrix or of generating a single phase if the com-
position is suitably selected.

However, there is a disadvantage of boron oxide

as an inorganic binder for the SLS of alumina.
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Direct use of boron oxide as a low temperature
phase for the SLS of alumina with a powder bed
heating around 80T causes a weak cake through
the whole powder bed during the SLS process. The
cake paralyzes the powder delivery and leveling sys-
tem. The main reason for this phenomenon is at-
tributed to the formation of boric acid (H;BO;) due
to its much lower melting point (1707) in compari-
son to boron oxide (450C). In order to overcome
this barrier, phase transformation of boron oxide
into various” metaboric acid HBO, by dehydration
process has been carried out. The selection of one
of metaboric acid HBO, as a binder instead of
boron oxide for SLS of alumina might solve that
problem.

The samples made by SIS and simple post-ther-
mal processing of alumina-boron oxide composite
system had only about 35~40% of theoretical
density due to a lower powder bed density arising
from a lower apparent density (34% of theoretical
density) of 15 pum alumina powder. This resulted in
poor bend strengths (around 8 MPa) of the test bars.
Therefore, it was necessary to increase the density
for functional applications of SLS parts. Infiltration
with colloids and solutions into porous SLS patts is
an attractive option to increase the density.'

The infiltration technique densifies a porous ma-
terial by filling or partially filling the interconnected
porosity of a particular compact with a liquid, melt,
or vapor.w) Infiltration can incorporate additional
phases into a body that is formed by well-es-
tablished techniques such as pressing, extrusion,
tape casting, slip casting, and injection molding.
Furthermore, infiltration may provide a uniform mix-
ing of various phases. During subsequent heat treat-
ment of a porous powder compact infiltrated with a
suitable liquid infiltrant, processes such as decom-
position of infiltrant, solid-state reaction, liquid
phase formation, and densification can take place de-
pending on the Systcm.lﬁ)

Infiltrants such as colloidal silica, and chromic
acid were selected for densification of alumina-alu-

minum borate (2AL,0; - B,0,) composites that werc
fabricated by firing green SLS parts, obtained from
alumina-25 wt.% boron oxide powder blend, at
900C for 6 hours.

This paper presents (1) the experimental pro-
cedure related to the development of a nmew inor-
ganic binder, monoclinic HBO,, for SLS application,
(2) the synthesis of a single phase ceramic or mul-
tiphase ceramic composites by laser processing of
alumina-monoclinic HBO, powder blends followed
by post-thermal processing, and (3) further den-
sification of the composites by infiltration of col-
loidal silica and chromic acid into these porous SLS
parts followed by heat-treatment at’ higher tcm-
perature (1,6007C). The roles of materials as well as
laser and processing parametcrs on the mechanical
and microstructural properties of the green and post-
processed SLS parts are discussed.

2. Materials and Experimental
Procedure

High purity alumina (melting point 2,050C) was
chosen as a high melting component since it is one
of the most widely used advanced ceramics and is
relatively low in cost in comparison to other high
temperature ceramic matcrials. Boron oxide (melting
point 4507C) was selected as a starting low melting
phase.

For this research, aluminum oxide powder of 15
pum diameter with high purity of electronic grade
provided by Norton Materials Corporation and 60
mesh (250 pm) 99% boron oxide powder from John-
son Matthey were the starting materials. The above
boron oxide powder was further ground using a
Szegvari attritor system and sieved to less than 75 pm.

Alumina and boron oxide powders were mixed in
the ratio of 3:1 (25 wt.% B,0s), 4:1 (20 wt.% B,0),
and 5.65:1 (15 wt.% B,0,) by weight. Each powd-
er mixture was baked out in a vacuum oven at 120
for 30 hours. This pre-thermal treatment caused the
powder blends to form weak powder cakes, which
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were subsequently broken and sieved. Each powder
blend was analyzed by X-ray Diffraction (XRD)
analysis to check the phase transformation of boron
oxide to monoclinic HBO,. If the transformation of
monoclinic HBO, was not complete, then the bak-
ing-out process was repeated. Baked-out powder
blends were immediately sintered in a SLS system
at the University of Texas at Austin. Single layer
tests were carried out on these powders with various
laser power and scan speed to determine optimum
laser operational conditions. Test specimens with di-
mensions 0.076x 0.025x0.00625 m (3" x 1”7 X 0.25")
were fabricated in an inert nitrogen environment us-
ing the operational parameters listed in Table 1.

When the SLS parts were complete, excess un-
sintered powder was removed by brushing off with
a paint pen. The green parts were then heated to
800C with a heating rate of 5C/min and then to
the final heat-treatment temperature with a heating
rate of 2 /min in a MoSi, furnace. After keeping at
the final heat treatment temperature for 6 hours, the
parts were cooled back to 800C with a cooling rate
of 2C/min and then to room termperature with a
cooling rate of 5 /min.

The strengths of SLS parts in the green state as
well as after firing at various temperatures for 6
hours were measured by 3-point bend test using an
Instron constant displacement rate machine. Densities
were obtained by use of sample dimensions and
mass. Identification of phases and microstructural
evolution at every step of processing was carried
out by X-ray diffraction analysis and Scanning Elec-
tron Microscope (SEM).

For the infiltration study, test bars made from
alumina-25 wt.% boron oxide with a laser energy
density of 4.144 cal/cm’ and fired at 900T for 6
hours were selected. Energy density is defined as

laser power/(scan spacing X scan speed).” Ludox
colloidal silica (grade TM), which was provided by
Dupon Corporation, was infused into the test coupons.
The silica content of this colloid is 50 wt.% and the
average particle diameter is 22 nm. The test bars
were partially immersed in a shallow pool of colloid,
which could be drawn up to the top surface. When
the top surface of the coupons was completely wet,
the infiltration was assumed to have been completed.
The infiltrated preforms were dried for a few hours
In air at room temperature and then heated to 1207
in a drying oven for several hours. After saturation
through a series of infiltrations and drying, the sam-
ples were further heated to 1,600 for 16 hours to
decompose the infiltrant and densify the body. By re-
peating this process, porous ceramic preforms could
be brought to nearby 75% of theoretical density.
Chromic acid (H,CrO,) was pursued as a second
infiltrant. It was prepared by dissolving water-solu-
ble chromium trioxide (CrO;) in distilled water in
the ratio of 1:1 by weight. The infiltration of the fired,
porous SLS parts were also carried out with liquid
chromic acid (H,CrO,). Subsequent drying and heat
treatment converted the chromic acid to Cr,0,. The
laser processing condition of the test bars and
infiltration procedures were same as those for the
colloidal silica infiltration. During this experiment,
two steps of heat trcatment were carried out. First
step was to convert the chromic acid to Cr,0; at
900 for 2 hours and second one was to homo-
genize the composite body at 1,600 for 16 hours.
For each infiltration process, the strength of in-
filtrated test coupons was measured by 4-point bend
tests, The role of infiltration for densification and
strengthening was evaluated in terms of physical

- density and bend strength measurements, SEM mi-

crographs of fracture surface were used to und-

Table 1. SLS operational parameters of alumina - boron oxide powder blends

Laser Power Bed Temperature Scan Spacing Layer Thickness (um) Scan Speed
w) (T) (um) 25~30 layers (m/sec)
14~16.5 80~100 200~250 0.32~-1.19
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Fig. 3. X-ray diffraction patterns showing phase trans-
formations of the initial boron oxide.

erstand further the porosity of the infiltrated parts.
3. Results and Discussion

Fig. 3 shows the phase transformation of the in-
itial boron oxide upon reaction with atmospheric
water. The as-received boron oxide is amorphous. It
reacts with moisture in air and transforms into cry-
stalline boric acid (H;BO,) very quickly. As a result,

without baking out before laser sintering, the start-

ing powder blend for laser sintering is a mixture of
alumina, amorphous boron oxide and boric acid. Be-
cause boric acid has much lower melting point
(1707C) in comparison to boron oxide (450T), it
causes a weak bed cake through the whole powder
bed during SLS process with bed heating around
80°C. The cake paralyzes the powder delivery and

leveling system. Without employing bed heating Sys-.

tem, it was possible to avoid the bed caking. Howev-
er, curling of the previously sintered layers takes
place, making powder leveling difficult due to the
displaccment of those layers.

In order to overcome bed caking and curling of

Table 2. Physical properties of crystalline metaboric
acid HBO,

CN* of B Density Melting Point

(g/cm’) (C)

Orthorhombic 3 1.784 176
Monoclinic 3 and 4 2.045 201
Cubic 4 2.487 236

*CN refers to coordination number

sintered layers, the boric acid in the initial powder
blend must be removed. Furthermore, the amor-
phous boron oxide needs to be transformed to anoth-
er phase to prevent further transformation into boric
acid during SLS process, because it is too hy-
groscopic. It is known that dehydration of boric acid
gives different forms of crystalline metaboric acid
HBO, or boron oxide B,0; depending on the baking
out temperature. Table 2 shows the physical pro-
perties of various forms of metaboric acid HBO,."”
Therefore, conversion of the initial B,0; or H;BO,
to HBO, might be an attractive solution to this problem.

The conversion to HBO, requires a partial dehy-
dration ‘of boric acid above 100C as shown in
Equation 1,

120C

H,BO, HBO,+H,0 1)

The dehydration process was carried out in a
vacuum oven, manufactured by Cole-Parmer, that
was connected to the housing vacuum line operating
at a pressure of about 280 Torr.

The selection of the bake-out temperature was
based on the experimental results. The ground and
sieved (less than 75 pm) boron oxide powder, which
contains some boric acid (H;BO;) due to exposure
to air, yielded orthorhombic HBO, after baking out
at 120C for 13 hours. However, the amorphous
boron oxide still remained as indicated by an amor-
phous background in the X-ray pattern (Fig. 3). A
careful dehydration of this powder at 120TC in a
rough vacuum oven for about another 30 hours and
slow quenching after bake-out yielded monoclinic
metaboric acid HBO, whose melting point is 201TC.
Moreover, the amorphous B,0; phase completely
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transformed to monoclinic HBO, after this process.

It seems that the amorphous boron  oxide absorbs
moisture and transforms to boric acid during the
grinding process, which then transforms into the
monoclinic HBO, via the orthorhombic HBO, dur-
ing the second bake-out process. It was found that
monoclinic HBO, avoids the bed caking pheno-
menon with powder bed heating temperature at 80C
and reduces the curling problem significantly during
SLS process.

Unfortunately cubic HBO, could not be obtained
by the dehydration of boric acid (H;BO,). It is likely
that the partial vapor pressure of boric acid inside
the oven play an important role on the phase
transformation. In addition, a higher bake-out tem-
perature is needed to obtain cubic HBO,. Further
study will be required in order to understand the for-
mation of cubic HBO, from boric acid through dehy-
dration. Orthorhombic HBO, was determined to be
too hygroscopic for SLS application; on the other
hand, monoclinic HBO, was lightly hygroscopic
since its transformation to boric acid was slow com-
pared to orthorhombic HBO,.

The performance of monoclinic HBO, as an inor-
ganic binder for SLS of alumina was evaluated by
the bend strength of the parts in the green state as
well as after firing at 900°C for 6 hours with respect
to .the key SLS operational parameter such as laser
energy density.

The effect of binder content on bend strength of
the composite (both green and after firing at 9007
for 6 hours) is illustrated in Fig. 4. The bend
strength of the composites increases as the binder
content increases since all the ceramic interparticle
bonds that provide the strength to the composites
originate from the melting of the binder and the coat-
ing of ceramic (alumina) particles by the molten
binder during laser beam irradiation. During post-
thermal processing step, boron oxide reacts with alu-
mina, resulting in aluminum borate (2A1,0, - B,05)
whiskers at the surface of the alumina particles. The
strength of the parts fired at 900 for 6 hours

Journal of Korean Powder Metallurgy Institute

increases as the binder content increases. This is
because the higher the binder content, the more
would be the aluminum borate whiskers at the
surface of alumina particles and hence higher would
be the strength.

The effect of laser energy density on bend
strength is also shown in Fig. 4. At lower energy
density, the green composites show poor strength
due to insufficient melting and flowing of the binder
compared to those at higher energy density where
molten binder coats the ceramic particles completely
as revealed by SEM. Similarly, the bend strength of
fired parts fabricated with 25 and 20 wt.% boron ox-
ide powder blends is proportional to the energy den-
sity due to an increasing local melting and flowing
of the binder. As a result, at higher laser energy den-
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sity, more ceramic particles are encapsulated by the
molten binder compared to at lower energy density
as revealed by SEM. Also, the green and fired part
density increases as the energy density increases,
which is in accordance with increasing strength with
increasing energy density. However, bend strength
of fired test bars made with 15 wt.% boron oxide is
independent of energy density. For this system, it
was required that the process be dome at higher
powder bed temperature (1007C) and at higher en-
crgy density in order to melt the small amount of
the binder completely and bind ceramic particles to-
gether. The higher encrgy density used might be
above the threshold encrgy density required to melt
the whole binder thoroughly and fabricate green
parts which can keep the shape. Therefore, the

10
&8 .
g | ¢
5 L .
bot
] L
= .
g .
m 4L
.
2 I S S TR BN NN TN NENN NN THNY TN NEN SHN THNY SHNY NN NN NN SRR SN G SHY R 1
400 600 800 1000 1200 1400 1600
Temperature (C)
1.2 I L L S A A e
115 £ * GD.| 3
2otk il B
o 3 a [m— [m] ]
:6_-9 1.05 E ] E
E = 3
.‘? ! F . . L
W C [ ] ]
Z 0.95 | e &
2 09 . -
0.85 £ =
i ) S S R B N R

400 600 800 1000 1200 1400 1600
Temperature (°C)

Fig. 5. (a) Effect of firing temperature on the bend
strength of samples made with alumina-25 wt.% boron
oxide powder blend. (b) Effect of firing temperature
on the density of samples made with alumina-25 wt.%
boron oxide powder blend.

strength of the fired parts is independent of energy
density since there is no more additional binder
which will coat the ceramic particles.

Fig. 5 shows the effect of firing temperature on
the mechanical ; and physical properties of parts
fabricated with 25 wt.% boron oxide powder blends.
At intermediate firing temperatures at around 800C
~1,1007, the test bars show higher bend strength
due to the formation of aluminum borate (2AL0; -
B,0;) at the surface of the alumina particles by the
reaction of alumina and boron oxide at around
8007C. The morphology of 2AL0; - B,0; (ALB,O,)
was identified by SEM to be a whisker structure
(Fig. 6). Below 700C, it was found that there was
no substantial reaction between alumina and boron
oxide. Thus, the bend strength of the test bars fired
at 550°C is mmch lower than that of the samples
fired at higher temperatures, even though the fired
density of samples at firing temperatures up to 1,
1007 is almost similar, Therefore, the formation of
(2A1203 ’ Bzos)
grains at the surface of the alumina particles by the

whisker-like aluminum borate

reaction between alumina and boron oxide seems to
play a key role on the increase of bend strength. Ac-
cording to X-ray diffraction analysis, the amount of
2A1,0; - B,0; increases relative to that of alumina

Fig. 6. SEM Micrograph of fracture surface of sam-
ples fabricated with alumina-25 wt.% boron oxide after
firing at 800°C.

Vol. 5, No. 3, 1998
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as the firing temperature increases up to 1,100C.
For a firing temperature 1,200, another aluminum
borate (9AL0; - 2B,0;) whisker forms by the reaction
of alumina and aluminum borate (2AL0, - B,0),"”

2(2A1203 " B203)+5A1203_>
9AL0; - 2B,05(Al;sB,0;5) 2

The bend strength of samples fired at 1,300°C,
and 1,500 decreased due to loss of structural
integrity resulting form the vaporization of excess
B,0; component after the formation of 9AL,0; -
2B203.13) Below 1,300, secondary heat treatments
increased the density, whereas above 1,300, fired
density was lower than the green density due to the
increase of porosity associated with the vaporization
of excess B,0;. Moreover, the morphology of the
aluminum borate (9AL,0, - 2B,0;) whisker became
distinet as the temperature increased as revealed by
SEM. This was expected to be due to the vaporiza-
tion with increasing firing temperature of excess
boron oxide that covers the spaces between 9A1,0; -
2B,0; whiskers.

Comparison of the fracture surfaces of test bars
by SEM both before and after infiltration suggests a
significant increase in density after infiltration with
colloidal silica and firing at 1,600C (Fig. 7).
Accordingly, the apparent density was found to
incrcase from 1.05 to 1.98 g/crn3 after second
infiltration and firing (about 75% of theoretical

100 2 m
Fig 7. SEM micrographs of fracture surface of test bars fabricated with alumina-25 wt.% boron oxide powder
blend followed by firing at 900°C for 6 hours and infiltration with colleidal silica : (a) before infiltration, (b) after
first infiltration with colloidal silica and heat treatment at 1,600°C for 16 hours, (c) after second infiltration and
firing at 1,600 °C for 16 hours.
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density). However, the porosity between layers still
exists (Fig. 7 (c)). Four-point bend testing of these
test bars after second infiltration resulted in an
average bend strength of about 33 MPa (4.8 ksi).
The crystalline phase after first infiltration and heat
treatment at 1,6007C was identified to be mullite
(3AL,0; - 28i0,) (Fig. 8). This was due to the reac-

tion of alumina with infiltrated silica as is shown in

afler second infiltration
and firing at 1600°C for
16 hours

| T N

. after first infiltration
3A1R03:25i07 and firing &t 1600°C for
2000- 16 hours

3A10325102 &
T0- Amorphous Silica

Counts

Alz03 & 2A1203-B203
¢ after first infilration

A Amorphous Silica

C: Corundum
A: 2A1,03B;0;

Fig. 8. X-ray diffraction analysis of test coupons infil-
trated with colloidal silica.
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Equation 3,
3A1,0,+28i0, — 3AL0; - 25i0, (€))

After a second infiltration and heat treatment, it
was found that neither the conversion of the
incorporated amorphous silica phase into the mullite
phase nor the crystallization of the silica phase took
place. It was obvious that there was insufficient
amount of alumina to react with the silica in the
sample. However, there are no good explanations of
why the transformation of the amorphous silica
phase into the crystalline silica phase such as tri-
dymite does not take place. Further study should be
required to investigate above results. According to
Inductively Coupled Plasma Atomic Emission Spec-
troscopy (ICP-AES) data, the remaining boron con-
tent after second infiltration and heat-treatment is
only about 0.5 wt.%. This suggests that the
vaporization of boron oxide at the firing temperature
1,600 is quite significant, Therefore, it is expected
that there is no chance of the formation of Si0O, and
B,0, compound. It was found that there were only
negligible dimensional changes during the course of
infiltration and subsequent firing. This suggests that
the infiltrants fill the parts and help to increase the
density.

The X-ray diffraction patterns of the chromic acid
infiltrated test bar (Fig. 9 (a)) reveal that liquid
chromic acid (H,CrQ,) is transformed to chromium
trioxide (CrO;) after drying at 120C in a drying
oven for several hours. Subsequent heat treatment at
900 for 2 hours in air converts the chromium
trioxide CrO, to chromium sesquioxide Cr,O; (Fig. 9
(b)). This process of infiltration followed by drying
and heat treatment at 900C were repeated until
saturation was achieved. The infiltrated chromium
oxide is becoming dominant relative to alumina and
aluminum borate as the number of infiltration in-
creases (Fig. 9 (c)). After a final heat-treatment at
1,600°C for 16 hours, Cr,O; and Al,O, form solid
solution as revealed by X-ray diffraction (Fig. 9 (d)).
Both Cr,0; and Al,O, have the same corundum

(d) Homogenizaion
1600°C 16 Hours

(c)
Reinfiftration

900 2 Hours

Counts

(b) 900 2 Hours

C: Corundum

A: 2A|20;|-B;03

T: Chrominum Trioxide CrOs
E: Eskolaite Cri0,

Fig. 9. X-ray diffraction analysis of test coupons in-
filtrated with chromic acid at different stages.

structure and reflections corresponding to the solid
solution occur in positions located between those

" expected for pure Cr,0; and AlL,O;. This is due to a

slight difference in the ionic radii’ of Al** (0.67A)
and Cr’* (076 A) and is in accordance with the
phase diagram.w)

Fig. 10 shows the fracture surfaces of the samples
infiltrated with chromic acid. Fig. 10 (a) illustrates
the ultrafine grained Cr,O, with an average grain
size of 0.5 pum that was obtained after firing at
900C. The shape of the grains is spherical. After
the homogenization process at 1,600 for 16 hours,
the size of the spherical grains increases sig-
nificantly (Fig. 10 (b)). The crystal structure of
these grains was identified as a solid solution of Al,
0;-Cr,Q5. The apparent density of test bar increased
from 1.05 g,/cn'l3 to 2.6 g/om’ after first homogeniza-
tion. After the second infiltration and homogeniza-
tion, the infiltrated powder particles incorporated
into spherical grains, resulting in a conmtinuous po-
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Fig. 10. SEM micrographs of fracture surface of test bars infiltrated with chromic acid: (a) after first infiltration,
(b) after first infiltration and homogenization, (c) after second infiltration and homogenization.

lycrystalline material (Fig. 10 (¢)) and the density of
the test bar increased significantly. The density of
samples increased to 4.03 g/em’ (about 80% of
theoretical density) and the four-point bend strength
reached about 15 MPa, which was much lower than
that of the samples infiltrated with colloidal silica. It
appeared that the mullite phase is much stronger
than the Cr,0O; dominant solid solution of ALO.-Cr,
0O;. It was also found that there were no dimensio-
nal changes of test bars during infiltration process as
in the case of silica infiltration.

4. Conclusions

It has been shown that monoclinic HBO, is a po-
tentially useful inorganic binder for SLS of alumina
to obtain structurally sound parts. It was also de-
monstrated that both a composite body Al,05-2A1,0,

- B;0O, and a monolithic material 9A1,0, - 2B,0,
could be successfully fabricated by selective laser
sintering and reactive sintering of the material sys-
tem Al,O;-B,0,. The bend strength of the composite
body increased as the binder content increased. At
higher lascr energy density, the composites showed
higher bend strength due to higher density. For in-
termediate firing temperatures around 800-1,100C,
test bars showed higher bend strength due to the for-
mation of whisker-like aluminum borate (2AL0; -
B,0;) grains at the surface of the alumina particles
by the reaction of alumina and boron oxide. For a

Journal of Korean Powder Metallurgy Institute

firing temperature of 1,200, single phase 9ALQ; -
2B,0,, which has a whisker structure was formed
by the reaction,

2(ALO, - B,0))+5AL0, — 9ALO, - 2B,0, (4)

The morphology of the aluminum borate (9ALO,
- 2B,0,) whisker became distinct as the firing tem-
perature increased due to the vaporization, with the
increase of firing temperature, of excess boron oxide,
which covers spaces between 9ALO, - 2B,0, whiskers,

The infiltration technique was an effective way to
partially densify alumina-aluminum borate (2Al,0, -
B,0,) composites, which were fabricated by firing
at 9007C for 6 hours of green SLS parts obtained
from alumina-monoclinic HBO, powder blends.
Between the two infiltrants selected, the perfor-
mance of colloidal silica as an infilirant was found
to be better by the evaluation in terms of density
and bend strength of the composites. This was due
to the formation of mullite (3ALO, - 25i0,), which
is an excellent high-temperature structural material,
by the reaction of alumina with infiltrated silica.
The maximum density of the composite after
infiltration with colloidal silica and firing was about
75% of theoretical density and the maximum bend
strength was increased from 8 MPa to around 33
MPa. The infiltration with chromic acid into this
composites yielded a solid solution of Al,Q.-Cr,0,
whose density was about 80% of the theoretical den-
sity and the bend strength was around 15 MPa.
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