(= 2] 92Asa 8
Korean Journal of Materials Research

Vol. 8, No. 8 (1998)

A Potentially Useful Inorganic Binder for SLS of Alumina Powder

In Sup Lee
Dept. of Materials Engineering, Dongeui University, 24 Gaya-Dong, Pusanjin- Ku, Pusan 614-714

bz} Rae) AeE o)A 279 FFeAE BAFE $43 T
o QA 4
ol HeTen

(19983 3¢ 144 vhg, 19983 64 11« HFTAHE ©-5)

5 ALEAEE /I AR F7IAEA A 24 HBO2F &Fmv B2e A wlojx 22 S 517] AT AFHARA
AEE et 120C & #7218 AF 22 <Fell 4 Boron Oxide £4-& 244]7]9 &4k HBO.7} wbEoAict. ©]71S o]&sto Tk
°13l green body+ VAM7HA EFul 4] AdA Fo]H £24¢ st Ay I F7) ARAE dFolF (AD S} Am-
monium Phosphate (NHH.POJ) & ©]43to] Az Flol wldte] JA & F3 A=E 7HAT U = ALEs 03k Qct.
Green body & @ 2j3toj4] A& Ate] Al Hx 32 A LR}, o] olf= BAHY HBO) e HEd RoiFD &4F
ol Fdol tistey $2 AL JMAZ ) wWEol 7R Fo R Ata s ei it A2 A RA Boron Oxide®] o, #l0)A oA
HE 5ol SLSel Aste] Az Al FRAE Y] FYA=Z wA= F¥o] A AU

=

Abstract A new low melting inorganic binder, monoclinic HBO,, has been developed for Selective Laser Sintering
(SLS) of alumina 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
ammonium phosphate. This appeared to be due to its low viscosity and better wettability of the alumina particle sur-
face. The role of boron oxide content, as a binder, and laser energy density on the bend strength of the composites, fab-

ricated by the SLS process, were investigated.

1. Introduction

Solid Freeform Fabrication (SFF) is an advanced
manufacturing technology which generates geometrical
objects directly from a three-dimensional computer
image without part-specific tooling or human interven-
tion.” These SFF techniques have recently been devel-
oped to overcome some of the barriers of conventional
manufacturing techniques, such as difficulties in tooling
complex-shaped ceramic parts and long production
time in fabricating prototypes. Selective Laser Sinter-
ing (SLS) is a form of SFF and employs a focused
laser beam which is controlled by a CAD data base to
selectively scan a powder bed, binding loose powder, to
make a thin layer of bound 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 sintering of the powder particles, and bond-
ing the present layer to the underlying previous layer.
The desired object is generated by laying down a num-
ber of such layers and successively sintering them.”
The overall schematic of the SLS process is shown in

Fig. 1.¥ The primary advantage of the SLS process is
the flexibility of selection of 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 inorgan-
ic binder, is a promising technology to fabricate ceram-
ic composite parts.>” The selection of an optimum ma-
terial systems for this approach depends on material
properties such as 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 take
place in a subsequent heating step. As a result, either
another compound may incorporate into the matrix or a
single phase compound may result.

The first advantage of this two-phase powder ap-
proach is an immediate access to the conventional low
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Fig. 1. Schematic representation of a SL.S system.

temperature SLS equipment for processing of high melt-
ing ceramic and metal powders without requiring the
SLS 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 pow-
ders such as lead, zinc or tin.” When the laser beam se-
lectively scans the powder bed, the molten particles coa -
lesce into a sphere rather than wet the solid particles.
The diameter of the sphere is about the same as that of
the laser beam spot size. This phenomenon is referred to
as “balling”.'” The third one is the capability to intro-
duce a second phase such as intermetallics and com-
pounds into the matrix or to synthesize a new single
phase if the material system is relevantly selected.

There are two kinds of intermediate binders for SLS
of ceramic powders. One is an inorganic binder ap-
proach and the other is an organic binder, such as Poly
Methylmethacrylate (PMMA), approach. Ammonium
dihydrogen phosphate was first employed as an inor-
ganic binder for the SLS of alumina.? Ammonium
dihydrogen phosphate has a low melting point (190°C)
and forms a glassy phase around alumina particles
under the laser beam. During the subsequent firing step
of green SLS part, the ammonium phosphate binder re-
acted with the alumina, resulting in aluminum ortho-
phosphate (AIPO,) as shown in Equation 1,

ALOs+2NH H.PO, (glassy) 350C

2A1PO,+2NH;(g) +3H:0(g) (1)

Thus, the composite after heat treatment was composed
of Al:O; and AIPO. This composite showed the bend
strength of 2-8 MPa. The edge definition of the green
and fired parts was not good. The significant decrease
in density and strength of the fired composite as a
result of the evolution of water and ammonia vapor pre-
cluded the possibility of application of that material at

higher temperatures above 880°C.

Aluminum has recently been used as a binder for the
SLS of alumina.” Aluminum melts completely or par-
tially under the laser beam and binds alumina particles.
The subsequent heating step of the green part in air oxi-
dized the aluminum into alumina completely. Even
though post-thermal processing of the composite made
single phase ceramic, the feature definition and the
strength of the composite was poor. The weak strength
of the green and fired parts is initially associated with
the poor wetting between liquid aluminum and solid
alumina, resulting in insufficient shape definition of the
part. In addition, the residual stress developed by the
differences in the coefficients of thermal expansion be-
tween aluminum and alumina caused a debonding be-
tween layers of the green SLS composite.

Therefore, development of better qualified inorganic
binders for SLS of ceramic powder was an interesting
research field. Boron oxide can be selected as a possible
candidate for a new inorganic binder, since it has a low
melting point and it is supposed that it melts easily dur-
ing the laser beam irradiation. Furthermore, it is widely
used in the glass industry. It is well known that the role
of boron oxide in borosilicate glasses is to reduce the
thermal expansion coefficient and to improve workabili-
ty by decreasing 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.'®

Especially, the selection of boron oxide as an inorgan-
ic binder is attractive for the SLS of an alumina-boron
oxide composite system because boron oxide has a low
melting point (450°C) and the liquid generated due to
the local melting of B:O; powder during laser beam irra-
diation can aid the sintering process. In addition, the
molten boron oxide completely envelops the neighboring
solid alumina particles due to its low viscosity and bet-
ter wetting. A better wetting of solid alumina powder
by molten boron oxide can further enhance densificati-
on process.”

There are two stable crystalline compounds in the Al,
0;-B:0; system as seen in the phase diagram (Fig. 2).'¥
One is 9A10; - 2B0Os;, the other is 2A1:0; - B:0s. Both
the compounds have orthorhombic crystal structure.
Even though the melting point of 9ALQO; - 2B.0;is 1950
C according to the phase diagram, it is somewhat un-
stable above 1500°C due to the vaporization of B.Oa.
The melting point of 2A1:05 - B:0s is 1035°C. It is likely
that the SLS of the Al,O3s~B,0; powder blend can offer
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Fig. 2. ALLOs-B:0; phase diagram.

the possibility of incorporating compounds into the
alumina matrix or of generating a single phase if the
composition is suitably selected.

However, there is a demerit of boron oxide as an inor-
ganic binder for the SLS of alumina. Direct use of
boron oxide as a low temperature phase for the SLS of
alumina with a powder bed heating around 80°C causes
a weak cake through the whole powder bed during the
SLS process. The cake paralyzes the powder delivery
and leveling system. The main reason for this phenome-
non is attributed to the formation of boric acid (HsBOs)
due to its much lower melting point (170°C) in compari-
son to boron oxide (450°C). X-ray diffraction pattern
shows that the as-received boron oxide is amorphous
and it transforms, upon exposure to air, to crystalline
boric acid. As a result, the starting powder blend for
laser sintering is in fact a mixture of alumina, amor-
phous boron oxide and boric acid.

It might be anticipated that a powder bed caking may
be avoided during SLS processing if the powder bed
heating is eliminated. However, curling of the previous-
ly sintered layers took place in the absence of the pow-
der bed heating, which made the powder leveling diffi-
cult due to the displacement of those layers. It is known
that the residual stresses induced by a negative temper-
ature gradient between layers or within each layer
result in curling.

2. Experimental Procedure

In order to overcome the powder bed caking and curl-
ing of sintered layers, the boric acid in the initial pow-
der blend must be eliminated. Furthermore, the amor-
phous boron oxide needs to be transformed to another

phase to prevent further transformation into boric acid
during the SLS process, because it is too hygroscopic. It
is known that dehydration of boric acid gives different
forms of crystalline metaboric acid HBO. or boron
oxide B:0; depending on the temperature. Table 1
shows the physical properties of various forms of
metaboric acid HBO..'""” Therefore, conversion of the ini-
tial B:Os or HsBO; to HBO: might be an attractive solu-
tion to this problem. The dehydration process was car-
ried 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. Among
three kinds of metaboric acid HBO,, monoclinic HBO:
was determined to be suitable for an inorganic binder
for the SLS of alumina powder.

Table 1. 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

It was also found that baking-out of a large quantity
of boron oxide powder in order to transform it to mono-
clinic HBO, powder yielded a strong powder cake,
which was hard to grind. In order to overcome the pow-
der cake problem, mixtures of alumina and boron oxide
powder were baked out instead of pure boron oxide
powder. Thus, alumina and boron oxide powders were
mixed in the ratio 3:1 (25 wt.% B0, 4:1 (20 wt. %
B0y, and 5.65:1 (15 wt.% B:s) by weight. Each
powder mixture was baked out in the vacuum oven.
Furthermore, powder mixture after baking-out process
delayed the phase transformation of monoclinic HBO:
to boric acid due to less chance of exposure to air in
comparison to the unmixed case; since monoclinic HBO;
is metastable, it will eventually change to boric acid.

Baked-out powder blends were irnmediately sintered
in a SLS system of 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 dimensions 0.076 m X 0.025 m X 0.00625 m (3" X
17 X 0.25”) were fabricated in an inert nitrogen envi-
ronment using the operational parameters listed in
Table 2. The performance of monoclinic HBO; as an in-
organic binder for the SLS of alumina was evaluated



In Sup Lee : A Potentially Useful Inorganic Binder for SLS of Alumina Powder 717

Table 2. SLS operational parameters of alurnina- boron oxide powder blends.

Laser Power Bed Scan Spacing Layer Thickness Scan Speed
W) Temperature () ) (m/sec)
(c) 25~30 layers

14~165 80~100 125 200~250 0.32~1.19
, Above 180T, the powder was completely fused and
stuck to the bottom of the pyrex beaker. Thus, it was
very hard to separate the fused powder from the beak-

o6smd T [ ' ]//’ er.

1 b (2.5cn) Therefore, the baking out temperature was selected
e - as 120°C. The powder baked out at 120C for 13 hours

L 5a)
S =03.p= IPL/ (2b42)

Fig. 3. Schematic of three point bend test.

by the bend strength of the parts in the green state as
well as after firing at 900C for 6 hours with respect to
the key SLS operational parameter such as laser ener-
gy density. Energy density is defined as laser power /
(scan spacing X scan speed).” Fig. 3 shows the sche-
matic of the three point bend test.

3. Results and Discussion

The conversion to HBO: requires a partial dehydra-
tion of boric acid above 100°C as shown in Equation 2,

HBO, 2 HBO,+HO ©

—

The selection of the baking out temperature was
based on the experimental results. The ground and
sieved (less than 75 im) boron oxide powder, which con-
tain some boric acid (HsBO3y) due to exposure to air,
yielded a weak agglomeration which contains ortho-
rhombic HBO, phase after a baking out at 120°C for 13
hours. However, the amorphous boron oxide still re-
mained as indicated by an amorphous background in
the X-ray diffraction pattern. Above a baking tempera-
ture of 1507, the powder produced strong agglomera-
tion. X~ray diffraction pattern of this agglomeration
showed reflections corresponding to HiBOs; and an
amorphous background implying to the amorphous
boron oxide after this bake-out procedure. This is be-
cause HiBOs; decomposes around 150 directly to B.O;
and H:0 as shown in Equation 3 and B.0; absorbs mois-
ture during grinding process to give HsBO; as given in

Equation 4,
oH.B0, 1C BO+3HO ®)
BOA3HO D€ oHpo, @

——

was ground to a fine powder using a mortar and a pes-
tle by breaking the weak agglomeration. A careful de-
hydration of this powder at 120°C 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 201 ‘C. Moreover, the amorphous
B:Os phase completely 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. during
the second bake-out process (Fig. 4). It was found that
monoclinic HBO; avoided the powder bed caking phe-
nomenon with a powder bed heating at 80°C and re-
duced the curling problem significantly during SLS
process. It is known that the residual stresses induced
by a negative temperature gradient between layers or
within each layer results in curling.
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Fig. 4. X-ray diffraction patterns showing phase transforma-
tions of the initial boron oxide.
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Unfortunately cubic HBO, could not be obtained by
the dehydration of boric acid (HsBOs;). It is likely that
the partial vapor pressure of boric acid inside the oven
plays an important role on the phase transformation. In
addition, a higher baking out temperature is needed to
obtain cubic HBO,. Further study will be required in the
future in order to understand the formation of cubic
HBO, from boric acid through dehydration. Orthorhom-
hic 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 compared to orthorhombic HBO,.

Fig. 5 shows the effect of binder content on bend
strength of the composites (both green and after firing
at 900°C for 6 hours). The bend strength of the compos-
ites 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 coating of ceramic (alumina) parti-
cles by the binder melt during laser beam irradiation.
During post-thermal processing step, boron oxide re-
acts with alumina, resulting in aluminum borate (2A1:0;
- B0, whiskers (Fig. 68) at the surface of the alurina
particles. The strength of the parts fired at 900°C for 6
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Fig. 5. (a) Bend strength of green test coupons fabricated with
15 ym alumina-boron oxide powder blends.
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Fig. 5. (b) Bend strength of coupons fabricated with 15 /m
alumina-boron oxide powder blends after firing at 900°C for 6
hours.

Fig. 6. (a) SEM Micrograph of fracture surface of samples
fabricared with alumina-25 wt.% boron oxide after firing at 900
C for 6 hours.
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Fig. 6. (b) X-ray diffraction pattern of samples fabricared with
alumina-25 wt.% boron oxide after firing at 900°C for 6 hours.

hours 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. However, the bend strengths of these SLS
samples were quite lower compared to a conventionally
sintered AL,O; (200-350 MPa).

The effect of laser energy density on bend strength is
also shown in Fig. 5. At lower energy density, the green
composites show poor strength due to insufficient melt-
ing and flowing of the binder compared to those at
higher energy density where molten binder coats the ce-
ramic particles completely as revealed by SEM. Similar-
ly, the bend strength of fired parts fabricated with 25
and 20 wt.% boron oxide powder blends is proportional
to the energy density due to an increasing local melting
and flowing of the binder. As a result, at higher laser
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energy density, more ceramic particles are encapsulat-
ed 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 in-
creasing energy density. However, bend strength of
fired test bars made with 15 wt.% boron oxide is inde-
pendent of energy density. For this system, it was re-
quired that the process be done at higher powder bed
temperature (100°C) and at higher energy density in
order to melt the small amount of the binder completely
and bind ceramic particles together. The higher energy
density used might be above the threshold energy densi-
ty required to melt the whole binder thoroughly and fab-
ricate green parts which can keep the shape. Therefore,
the strength of the fired parts is independent of energy
density since there is no more additional binder which
will coat the ceramic particles.

4. Conclusions

It has been shown that a new low melting inorganic
binder, monoclinic HBO,, for the SLS of alumina pow-
der can be developed successfully by dehydration proc-
ess of boron oxide powder in a vacuum oven at 120C.
It was also demonstrated that a composite body AlOs-
2A1:0; -
tive laser sintering and reactive sintering of the Al,Os—

B,0; could be successfully fabricated by selec-

B0, material system. The bend strength of the compos -
ite body increased as the binder content increased. At
higher laser energy density, the composites showed
higher bend strength due to higher density.
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