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bstract

novel method is demonstrated to fabricate three-dimensional inter-connective porous ceramics with engineered structures. The method is based
n machining and bonding of ceramic green sheets. The ceramic green sheets were processed via a viscous polymer processing (VPP) route

sing thermoplastic (polyvinyl butyral) as a binder, which showed good machinability and surface finishing quality. The experimental results also
evealed that an appropriate solvent and adequate applied pressure were critical to ensure good interfacial bonding between green ceramic sheets
nd subsequent integrity of the sintered three-dimensional inter-connective ceramic bodies. The architectures and microstructures of fabricated
eramic bodies can be readily controlled by the characteristics of the green body and the computer numerically controlled machining conditions.

2007 Elsevier Ltd. All rights reserved.

e

a
w
f
p
p
s
r
a
m
c
t
t
o
s
p

eywords: Al2O3; Joining; Ceramic green machining; Porosity; Microstructur

. Introduction

Porous ceramics have been widely used in various techno-
ogical applications, such as lightweight and impact-resistant

aterials, thermal insulation and high temperature combustion
urners, corrosion-resistant filters and bone tissue engineer-
ng scaffolds.1 Among the processing routes developed for the
roduction of porous ceramics for specific applications, con-
entional replication, sacrificial template and direct foaming
ethods have been extensively researched and reviewed.2,3 The
icrostructural features that determined the mechanical and

unctional properties of porous ceramic, e.g., open or closed
orosity, pore size distribution and pore morphology, are highly
nfluenced by the processing methods and conditions used for
he production of the porous materials.4–6
Due to limited control over microstructural features such
s shape, dimension and inter-connectivity in the conven-
ional methods mentioned above, a number of advanced
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pproaches have been developed to fabricate ceramic products
ith well-defined 3D architectures and microstructures. Solid

reeform fabrication (SFF) techniques such as stereolithogra-
hy (SLA), selective laser sintering (SLS), three-dimensional
rinting (3DP), direct ink-jet printing, robocasting, fused depo-
ition modeling (FDM) and micro-pen writing provide powerful
outes to produce complex 3D structures with controlled
rchitectures.7,8 Although the SFF techniques have achieved
ore success in polymers and metals, the quality of ceramic

omponents produced by the SFF techniques is less satisfac-
ory. Staircase effect caused from the layer-by-layer process is a
ypical feature in the SFF techniques through powder-, droplet-
r filament-based approaches. Though the quality of finished
urfaces could be improved by reducing layer thickness or by
ost-processing such as grinding or polishing, they are often at
he expense of massive increase of production time and cost.
he SFF techniques have been widely reported to fabricate
D ceramic lattice structures primarily for tissue engineering

caffold applications because the feature size and resolution
f the current SFF technology can meet the requirements for
issue engineering scaffolds. But the mechanical properties of
he ceramic scaffolds thus, produced are far from optimal. An
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lternative route to fabricate 3D porous ceramics with defined
rchitectures is via an indirect SFF technique, i.e. a negative
olymer template is first built up by using the SFF techniques
uch as stereolithography, ceramic slurry is then infiltrated into
he polymer template. After debinding and sintering, a pos-
tive ceramic structure with controlled pore units could be
roduced.9

With the advances in computer numerically controlled (CNC)
achining technique and ceramic green body forming tech-

ique, green ceramic machining is being developed as an
lternative for rapid-prototyping of ceramics.10 Compared with
he SFF techniques, green ceramic machining represents a top-
own approach for the rapid fabrication of ceramic bodies.
t provides an option to fabricate the ceramic components at
elatively lower costs, higher production speed and with less
estriction in specimen dimensions.11,12

In the green ceramic machining process, the green body
hould have sufficient strength to withstand the tooling force
nd exhibit good machinability during machining. Therefore,
he choice of binder and dispersed system is critical to achieve
igh ceramic solid loading, uniformly distributed particles in
reen body, strong interfacial bonding between ceramic parti-
les and adequate strength of green body.13 In addition, the high
olid loading in green body results in less sintering shrinkage.

Previous works demonstrated that the surface finish and
imensional accuracy could be significantly improved if appro-
riate ceramic green body and machining condition were
elected.10 A recent study showed that the ceramic green body
ith a thermoplastic binder had good machinability.14 Unlike

he thermosetting polymers which, once formed and cured, can-
ot be remelted and remolded. The thermoplastic polymers can
e either reshaped by reheating or bonded together by applying a
olvent to diffuse into the polymers. For example, the machined
reen ceramics can be assembled by thermo-compression, in
hich the green tapes are joined by applying an uniaxial high
ressure at a temperature above the glass transition tempera-
ure (Tg) of binders.15 However, the fine structures or patterns
n green body cannot easily be retained at such elevated tem-
erature and high pressure.16 Therefore, low temperature and
ow pressure lamination techniques have been investigated.
t has been demonstrated that the green tape can be joined
ogether by applying either adhesive tapes or polymer binder
olutions under low temperature and low pressure conditions.
fter debinding and sintering, seamless ceramic body can be
roduced.17,18

Recently a CNC machining/coating method was reported
o fabricate 3D ceramic porous structures.19 In this method, a
raphite inter-connective 3D architecture was built by biaxial
ore channels, which was then used as a template to fabricating
orous ceramics by ceramic slurry dip-coating and sintering.
n the present work, we propose to use direct CNC machining
nd bonding of green ceramics to fabricate 3D inter-connective
eramics. The unique porous ceramics with controlled open-

ore microstructures and 3D architectures have potentials in
any applications, such as reinforcement preform for the fab-

ication of bi-continuous or interpenetrating phase composites
IPCs) and bone tissue engineering scaffolds.20,21
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ig. 1. Flow chart for the fabrication of inter-connective porous ceramic by
irect green machining and bonding method.

. Experimental details

The flow chart for the fabrication of 3D inter-connective
orous ceramics with defined architecture is shown in Fig. 1.
ssentially, alumina powder (D50 = 0.3 �m) was premixed with
olyvinyl butyral (PVB) binder and cyclohexanone was cho-
en as a solvent. After mixing and twin-roll milling, the VPP
eramic dough was obtained. After degassing under a press for
0 h, the VPP ceramic dough was calendared into sheets with
esired thickness. The final ceramic green sheets were obtained
y heating the VPP ceramic sheets in oven at 115 ◦C for 14 h.
he thickness of ceramic green sheets used in this study varied

rom 0.7 mm to 1.5 mm. Green machining was performed on
Roland bench-top CNC milling machine (MDX 650, Roland
G Ltd., Japan). According to previous study,10 end mill dia-
ond coated carbide tools were selected for CNC machining of

he green ceramics. A vacuum table was used to hold the sam-
les during machining. The ceramic green sheet with 0.8 mm
hickness was machined into 20 m × 20 m square units, which
ad periodic channels on both sides but intersected each other
n orthogonal direction. The gap and channel size were in range
rom 0.8 to 1.5 mm and 1.0 to 1.5 mm, respectively.

The machined green sheets were put on a filter paper which
as saturated with 1-butanol solvent (99.4%, Sigma Aldrich) for
5, 30, 60, 90 and 120 s, respectively. Three-dimensional green
ody was assembled manually by laminating the solvent-coated
reen ceramic sheets together under a pressure varied from 0.2
o 3 MPa for 12 h. For mass production with precision assembly,
utomation using an assembly jig could be carried out to control
he dimensional accuracy. Finally, porous ceramics were fabri-
ated by binder burn-out at a heating rate of 1 ◦C/min to 550 ◦C
or 2 h followed by sintering at a heating rate of 10 ◦C/min to
500 ◦C for 2 h.

The flexural strength of green sheet was measured

n three-point bending mode with sample dimension of
.8 mm × 2 mm × 30 mm. Test was performed on a twin column
esting machine (Lloyd Instruments Ltd., LR5K) with a span of
0 mm and a crosshead speed of 0.5 mm/min. The microstruc-
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ures of the green sheet and ceramic body were characterized by
sing scanning electron microscope (SEM JEOL JSM5600LV).
urface characterization was carried out by using a non-contact
rofilometer (Scantron Proscan 2000, Scantron Industrial Prod-
cts Ltd., U.K.). Two different machining modes including
oughing and finishing were investigated. The machined sur-
aces were compared with the original surfaces of green sheets.

. Results and discussion

.1. Machinability of green ceramic sheets

Machinability of ceramic green body depends on the machin-
ng condition and the mechanical properties of green body.13,14

revious studies have revealed that among different tool mate-
ials, the use of diamond coated tools achieved the best surface
nishing.10 After comparing different cutting parameters, such
s spinning speed, speed along x–y and z direction, cutting-in
mount and path interval distance, the optimized cutting param-
ters were found to be 12000 rpm with maximum x–y speed
f 8 mm/s in the present work. Other parameters, like cutting-in
mount and path interval distance are varied in different machin-
ng modes.

A scanning electron microscope (SEM) image of the ceramic
reen is shown in Fig. 2. It can be seen that the alumina particles
ere uniformly distributed and closely packed in the green body
ithout severe surface defects, such as crack, void and particles
ull-out. The flexural strength of the green sheet was measured
o be 106.02 MPa. This indicates that the green sheets process
ufficient strength to be machined, which the details will be
iscussed later.

Fig. 3(a) shows a straight and square sharp groove in as-
achined green sheet with a good accuracy in dimension
ontrol. A sharp edge was well maintained during machining
ithout any chips and cracks being observed. The effective-
ess of swarf removal is one of the important factors that affect
he surface finish quality of a machined product. Although the

g
t
s
I

Fig. 3. (a) Machined ceramic green body with square channel a
Fig. 2. SEM micrograph of the original surface of ceramic green body.

orming type of swarf can be broadly categorized into either
bstruction-type or groove-type, the basic forming action is the
ame.22 The swarf is constrained to move in a circular path and
he free end of the swarf impinges on the flank face of the cut-
ing tool or tool-holder. At this stage, the free end of the swarf
nchors itself to the contact point and subsequent swarf pro-
uction results in an increase in the radius of curvature of the
ormed swarf. Under optimal conditions, as the swarf size and
he radius increase, a stage is reached when the stress in the
warf is so high that it breaks. Fig. 3(b) shows the morphology
f swarfs formed during machining. The half circular shape indi-
ates that the swarf generated in this work is a typical effectively
roken form.22 It was also observed that discontinuous swarfs
ere consistently formed and removed from the cutting zone

asily during the machining process.
The high resolution SEM image of the machined surface of
reen ceramic body is given in Fig. 4. It is clear that negligible
earing and pull-out of particles were observed on the machined
urface, indicating a good quality of surface finish was obtained.
t is found that during the machining of thermoplastic poly-

nd (b) morphology of collected swarfs during machining.
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Table 1
Characteristics of ceramic green body

Density (g/cm3) 2.58
Flexural strength (MPa) 106.02 ± 5.68

Surface roughness (�m)
Original surface 17.96
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finishing mode is smaller than that under roughing mode. The

F
(

ig. 4. SEM micrograph of the surface of as-machined ceramic green sheet.

er, the material can be removed in a ductile or brittle manner,
epending on the characteristics of the polymer related to its

g.23 If the local temperature is below Tg, the material tends to
e removed in a brittle way. Otherwise, the material tends to
e removed in a ductile manner with extensive deformation or

d
m
o

ig. 5. 3D surface roughness profiles of (a) original green body, (b) machined green
arrows indicating the tool moving direction).
Roughing surface 2.78
Finishing surface 2.60

elting. It is therefore suggested that, in order to minimize the
urface roughness, for instance, the machining conditions must
e selected in such a way that the material removal deforma-
ion falls in the regime without visco-plastic scaling/tearing and
rittle cracking.

The results of surface roughness measurements (see Table 1)
ndicated that the surface of green body became smoother after

achining. Although similar surface roughness was observed
or both roughing and finishing machining modes, the regu-
ar marks along the path of tool movement, which can be seen
rom the 3D surface profile shown in Fig. 5, are varied in differ-
nt machining modes. The distance between each mark under
ifference was due to the smaller path interval in the finishing
ode. The particle size and tool size may also affect the quality

f surface finishing, especially when the feature size is close

body under roughing mode and (c) machined green body under finishing mode
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value. Fig. 6(d) is a high magnification image of the bonding
area (the framed region in Fig. 6(c)). It is evident that good
bonding has been achieved. Therefore, it is practically feasible
ig. 6. SEM micrographs of selected green bodies after the green bonding proc
elaminated interface under bonding pressure of 0.05 MPa, (c) seamless bondin

o the raw materials size and tool size. It is clear that the sur-
ace feature of machined green body is strongly related to the
achining conditions.

.2. Green bonding of ceramic sheets

PVB binder shows good solubility in alcoholic solvent. The
-butanol was chosen because of its relatively high boiling point
f 117.7 ◦C and low evaporative rate, so that the bonded inter-
ace between machined green sheets has enough time to diffuse.
fter comparing green bodies with the varied soaking time on

olvent saturated filter paper, it was found the optimized time
as between 45 and 60 s for a solvent film to form on green

heet which can then be bonded. If the amount of solvent on
nterface is insufficient, inferior diffusion and bonding occurs
etween layers. On the contrary, too much solvent can cause
evere decrease in bonding strength between layers. In addition,
eformation may occur under applied pressure during bonding
rocess, which will affect the accuracy of the shape and dimen-
ion of the resulting 3D green body and the subsequent sintered
eramic body (see Fig. 6(a)).

In order to facilitate the bonding between laminated green
eramic sheets, pressure was applied in perpendicular to the

onding interface. The effect of pressure on the bonding was
xamined by comparing samples bonded under different pres-
ures. Experimental results showed that delamination occurred
f the applied pressure was below 0.05 MPa (see Fig. 6(b)).

F
g

owing (a) deformation caused by too much solvent applied during bonding, (b)
er pressure of 0.25 MPa and (d) high magnification of the framed region in (c).

hen pressure was increased to 0.15 MPa, the interface is vis-
ble near the edge of ceramic sheets. The optimized pressure
as found to be 0.25 MPa where green ceramic sheets were

ully diffused and bonded together. As illustrated in Fig. 6(c),
he machined structures are well retained and interface can be
ardly seen. Nevertheless the machined green structure could
e deformed when the applied pressure was beyond the optimal
ig. 7. SEM micrograph of cross-section of sintered ceramic sample showing
ood bonding between layers.
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ig. 8. Demonstration of a 3D inter-connective ceramic structure (a) computer-
nd (c) sintered inter-connective ceramic structure.

o obtain a seamless bonding between individual green ceramic
heets using a low pressure green bonding technique.

.3. Debinding and sintering

After debinding and sintering, the 3D ceramic sample had
15% linear shrinkage, but still showed good shape retention.
o cracks or deformation can be seen at bonded region (Fig. 7).

t was found that bonding played an important role in the final
uality of 3D ceramic structures. Once the green sheets are well
onded, then the final sintered ceramic structure is most likely
o be integrated without delamination and cracking.

Fig. 8 illustrated the feasibility to fabricate an inter-
onnective porous ceramic structure using the green machining
nd bonding method. The dimension of the demonstrated 3D
reen body is 20 mm × 20 mm × 8 mm. The width of the gap and
hannel are both 1 mm (Fig. 8(b)). After sintering, the resulted
orous ceramic body is about 17 mm × 17 mm × 6.8 mm.
ecause of the high green strength and toughness of green
eramic sheets prepared from the VPP technique, it is anticipated
hat the dimension of the green machined ceramic components
an be readily extended to much larger size than those pro-

uced using direct ink writing or printing, where weak ceramic
reen bodies may collapse when building up too many layers.
hile the feature size of green machined ceramics is mainly

etermined by the cutting tool size and the tolerance of the

t
c
c
p

design (CAD) structure, (b) machined and assembled ceramic green structure

NC machine, it is possible to produce 3D inter-connective
eramics with pore size of ∼500 �m. These 3D porous ceram-
cs with well-defined unit cell size and inter-connectivity will
nd applications in many areas, such as bioceramic scaffolds
or bone tissue engineering or ceramic preforms for novel inter-
enetrating composite materials and ceramic micro-reactors
nd micro-fuel cells for micro-electromechanical systems
MEMS).

. Conclusions

3D inter-connective porous ceramics with predefined struc-
ure have been fabricated using a combined green machining
nd bonding technique. The ceramic green sheets made from the
PP method possessed high green strength and good machin-

bility. The machined dual channel green sheet had good surface
nishing quality. The experimental results also showed that the
hoice of solvent and applied pressure is critical during the green
onding process in order to retain the integration and dimen-
ion of subsequently sintered ceramics. The fine features and
icrostructures can be controlled by the dimension of cutting

ools and tolerance of CNC machine, as well as the characteris-

ics of the green ceramics and machining conditions. The novel
ombination of ceramic green machining and bonding method
an be potentially developed as an alternative rapid-prototyping
rocess for the production of complex shaped ceramic compo-
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ents. The 3D inter-connective porous ceramics demonstrated in
his work can be potentially used as reinforcement for interpen-
trating composites and as scaffolds for bone tissue engineering
pplications. More complex cellular structures of ceramics could
otentially be fabricated using the methodology described in this
ork for a wider range of applications.
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