ELRRS

www.elsevier.com/locate/jeurceramsoc

Journal of the European Ceramic Society 23 (2003) 629635

Extrusion freeforming of ceramics through fine nozzles
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Abstract

Thermoplastic suspensions of 55 vol.% zirconia in a wax-based vehicle were extruded through a range of fine nozzles with dia-
meters from 76 to 510 um. Fixed pressure extrusion under a maximum nitrogen gas pressure of 350 kPa and an extrusion tem-
perature of 175 °C were used. The ability of unfiltered suspensions to flow in fine nozzles depended critically on the mixing method.
Ceramic latticework in the form of structures suitable for bone substitute scaffolds were created by extrusion freeforming, a process
also known as fused deposition modelling (FDM) or fused deposition of ceramics (FDC). However, precisely ordered deposition
could not be obtained by fixed pressure extrusion with a 55 vol.% suspension because of rate variations due to slight mixing
inhomogeneities. The quality of welds was examined. Heat transfer considerations show that the use of thermoplastic suspensions is

not ideal for fine (<100 pum dia.) filament work because the fibres solidify before folding and welding.

© 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Creating an artefact from a cylindrical strand of
deformable ceramic has its origin in Egypt in the
Nagada 1 period (ca 4500-4000 BC) from where there is
evidence of coiled clay pots.! In modern times, a range
of solid freeforming processes, each with a separate
designation are based on the same principle. The names
include fused deposition modelling (FDM), multiphase
jet solidification (MJS), fused deposition of ceramics
(FDC) and extrusion freeforming (EFF). The last of
these provides quite a good descriptive title for the
whole set of processes. Solid freeforming can be defined
as the creation of a shape by point, line or planar addi-
tion of material without confining surfaces other than a
base. The methods can thus be classified dimensionally
and extrusion freeforming is in the group of linear
methods.

In fused deposition modelling, a polymer filament,
often acrylonitrile butadiene styrene, is fed into a heated
extrusion head and deposited in paths defined by the
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two-dimensional sub-images of a three dimensional
CAD file shape.> A complex shape can be created with-
out confining surfaces. Glass® and liquid crystal* rein-
forced polymers have also been used. Precise
temperature control is needed (+0.5 °C) and dimen-
sional accuracy rests on the use of shrinkage compen-
sation factors>® and optimised deposition strategies.”-®

In multiphase jet solidification,’!! a ceramic or metal
powder suspension, in a wax or polymer vehicle or
indeed, a semisolid metal, is extruded onto the building
platform by a nozzle whose discharge rate is matched to
the 3-axis table travel. The integration of this with other
prototyping techniques provides a route for small pro-
duction runs of ceramics.'?

A similar technique (FDC) has been used to make
structural ceramics'? and piezoelectric ceramics for incor-
poration into ceramic-polymer composites both directly'4
and indirectly by first making a disposable mould.!> Typi-
cally the filament diameter was 1.8 mm.!® The method
has been extended to accommodate more than one mate-
rial (fused deposition of multi-materials: FDMM) and
hence to make photonic bandgap structures'” and piezo-
electric actuators with novel configurations.!'®

Likewise, extrusion freeforming!® can be used for
ceramic prototypes; a 25 gauge hypodermic needle was
used (i.d. 250 pm) for the preparation of nylon 6 parts
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by extrusion of liquid monomer.?° State change occurs
by polymerisation on a heated substrate. This is one of
several approaches for avoiding the dependence on
solidification and is relevant to the results of the present
work.

As with most solid freeforming processes there is a
balance to be struck between the resolution of the point,
line or plane that is being deposited and the rate of
building. The ability to extrude through a range of
nozzles with different diameters offers the opportunity
to improve both. Thus fine nozzles can be brought into
play in the region of complex design while larger nozzles
are used for regular sections.?!

Again, most solid freeforming processes produce sur-
faces with ripples, steps or striations. Applications
where this is not a drawback include scaffolds in tissue
engineering or in bone-substitute and ceramic preforms
for metal matrix composites. Porous calcium phosphate
ceramics are used to encourage post operative bone
growth both in dentistry?? and in orthopaedic surgery.>3
Calcined mammalian bone, coral or ceramics made by a
range of foaming techniques can be used. These offer
little control of pore size, pore size distribution or cera-
mic volume fraction. The creation of ceramic or poly-
mer latticework by extrusion freeforming to give
variations on the ‘log-pile’ structure provides these fea-
tures as well as the capability to use ceramics of well-
defined purity. Furthermore, the characteristic weakness
in FDM of rippled walls is absent.

One of the ways to prepare metal matrix composites
takes a fibre preform, typically of alumina and infiltrates
it with an aluminium alloy by squeeze casting. The
importance of the contiguity of reinforcement and of
ductile matrix is emphasised®* and methods that pro-
duce bicontinuous composites are sought, for example
by making preforms from foams?® or fibre bundles.?® The
connections between fibres in a three dimensional network
are considered to?” influence composite properties.

Provided extrusion freeforming could be adapted to
discharge through very fine nozzles, fibre preforms
could be designed to a specification produced, for
example by topological optimisation methods.

An extrusion freeforming approach to scaffolds has
already been explored for dilute (7 vol.%) suspensions
of ceramics in polymers.?®?° Hutmacher and co-
workers?® have extruded such suspensions of hydroxy-
apatite in polycaprolactone to give 0°-60°—120° lay-ups
using 0.41 and 0.25 mm diameter dies. In-vitro studies
with human fibroblasts and periosteal cells showed that
extra-cellular matrix was produced within one week and
the structure was completely filled with cellular tissue in
34 weeks.?

It was with these thoughts in mind that the present
work was undertaken to examine the issues of mixing,
nozzle refinement and filament weldability in this process.
Rather than use a calcium phosphate-based ceramic, a

Table 1

Composition of ceramic suspension

Constituent Density Weight Volume
(kgm™) (%) (%)

Zirconia 6000 88.9 55

Microcrystalline wax 905 7.2 30

Stearic acid 941 3.9 15

zirconia-wax system of well-characterised viscosity was
chosen for a pilot study.

2. Experimental details

The ceramic powder was a 5 wt.% yttria-doped zir-
conia, HSY3 (ex Daiichi-Kigenso, Japan) and was
incorporated in a blend of stearic acid (GPR, ex BDH-
Merck Ltd, Lutterworth, Leics., UK) and microcrystal-
line wax (Okerin 1865H ex Astor chemicals, West
Drayton, UK) at 55 vol.%.

The composition is given in Table 1. Mixing was car-
ried out on a twin roll mill (Joseph Robinson and Co.
Ltd, Manchester, UK) at 100 °C for 15 min. Further
mixing was carried out on a part of this batch by dis-
solving it in octane at approximately 1:20 dilution and
passing it through the chamber of high energy bead mill
(type KDLA Dyno-mill, Glen Creston, Stanmore, UK)
charged with 0.5 mm diameter zirconia media (ex
Tosoh, Tokyo, Japan). The mixture was dried, granu-
lated and vacuum treated to remove residual solvent.

The extruder head was mounted on a three-axis table
(Parker Hannifin plc, Poole, Dorset, UK) driven by
“Easi-tools” software. The set-up is shown in Fig. 1.
The extruder was heated by a purpose-built band heater
(Elmatic Ltd. Cardiff, UK) and pressure was supplied
by an oxygen-free nitrogen cylinder fitted with a 1 MPa
regulator.

Fig. 1. The extrusion freeforming apparatus with three axis table and
extruder mounted on the z axis.
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Table 2

Details of nozzles

Diameter/um Description Code Source

510 Hypodermic needle 21g Kaycee Veterinary Products Ltd, Lindfield, UK.
410 Hypodermic needle 22¢g Kaycee Veterinary Products Ltd, Lindfield, UK.
254 Seamless stainless steel tube T321 Accles and Pollock Ltd, Warley, UK

191 Sapphire nozzle INZA0705014K Lee Products Ltd, Gerrards Cross, UK

100 Sapphire nozzle INZA0402054K Lee Products Ltd, Gerrards Cross, UK

76 Sapphire nozzle INKA2437210H? Lee Products Ltd, Gerrards Cross, UK

4 Valve mechanism removed leaving sapphire nozzle mounted in tube.

Details of the nozzles are given in Table 2. These were
fitted into a brass holder. The table was programmed to
produce a lattice of successive orthogonal layers (a so-
called log-pile structure). The finished structures were
heated in flowing air on a ramp: 60 °C/h to 150 °C, 5°C/h
to 400 °C, 1 h dwell. For the 76 um fibre, the second ramp
was 10 °C/h. They were sintered on a bed of coarse alu-
mina at 10 °C/min to 1500 °C and held for 2 h. Micro-
scopic examination was done on a field emission scanning
electron microscope (model 6300F, Jeol, Japan). The
dimension scale was calibrated with a SIRA test specimen
(A316, 19.7 lines/mm ex Agar Scientific, Stanstead, UK).

3. Results and discussion

This composition (Table 1) has been devised for the
injection moulding of fine zirconia powders*® and the
flow behaviour of closely related suspensions (60 vol.%
HSY3 zirconia) has been examined and is shown in
reference 31. During extrusion through the 100 um dia-
meter die, the apparent wall shear rate was in the region
of 1000 s~! with the extrusion rate at 10 mm s~! and the
wall shear stress was about 2x10* Pa. This apparent
viscosity of 20 Pa s is too low when compared with the
data in reference 27 even taking into account the lower
ceramic volume fraction. Clearly there are three issues
to consider in the flow of crowded suspensions in very
fine, short nozzles where the surface to volume ratio (2/r)
is high (4x10* m~!, in this case). First there is a con-
tribution to mass transport by wall slip known to occur
in ceramic suspensions,? secondly there is a contribu-
tion to higher wall shear rate made by segregation of
powder from the wall to the bulk.?® These are distinct
effects because wall slip occurs in unfilled polymer
melts. Both these effects dramatically change the velo-
city profile across the nozzle from parabolic to plug
flow. Thirdly there are end effects associated with elon-
gational flows particularly at the entrance.>* This is an
area of the rheology of crowded suspensions deserving
attention and the questions of instrument design, nota-
bly the achievement of steady flows at low speeds in
such rheometers is central to the acquisition of valid
flow data applicable to very fine capillaries.

The scope of this work is to explore the materials and
equipment issues involved in creating very fine sintered
ceramic lattices by an extrusion freeforming method.
The free extrusion cylinder does not give adequate con-
trol of rate and so ordered lattices are not easily made
by this approach. An example of a sintered lattice is
shown in Fig. 2 and the structure of the welds is dis-
cussed below.

These experiments do throw light on the specifications
to be demanded of a stepper-driven extruder head. The
design equation is:

v, =L (1)21/e (1)

where Vi and V. are the velocities and R and r are the
radii of the ram and extrudate respectively, f. is the
cycle time before recharging the barrel and L is the ram
displacement.

The present work suggests that a 76 um diameter
nozzle can easily be used for unfiltered ceramic extru-
sion and hence that a 50 m diameter nozzle is likely to
deliver extrudate provided filtration is deployed against
entrained debris. With r=25 um and V,=5 mm s~!, the
volumetric flow rate is only 10~'! m? s~!. To accom-
modate sufficient charge for .= 8000s in a ram extruder,

Fig. 2. Sintered lattice of zirconia—the irregularity is due to incon-
sistent extrusion rate from a constant pressure extruder.
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the barrel capacity should be 8x10~® m>. Given a rea-
sonable maximum lead-screw displacement of L =150
mm, a 1.4 mm diameter barrel is needed and the ram
velocity, Vg would need to be 6 pm s~!'. Thus sub-
stantial reduction gearing or micro-stepping may be
needed to prevent the step size giving pulsed extrusion.
Fortunately, modern high ratio reduction gearboxes are
available that are almost free from backlash. Innovative
drive mechanisms such as the piezoelectric inch-worm
may be called for. Obviously Vg scales with > and so
this problem only emerges in attempts to extrude single
fine threads for a long time. The use of a miniature
screw extruder also introduces problems of irregular
rate of discharge and has not been explored here.

In these experiments, the suspensions that were mixed
by twin screw extrusion alone, could pass continuously
through the 510 um nozzle but experienced frequent
blockages when the 410 um nozzle was tested. The same
suspension, after milling in octane and thorough drying,
passed easily without filtration through all the nozzles
tried. Its lower limit is thus below 76 um diameter. This
result points to the presence of residual unbroken
agglomerates in the extruded material.

Various methods were used to detect these including
dilution of the suspension and observation using the
back-scattered electron image and the careful study of
fracture surfaces of the wax-based suspensions. It was
not possible to obtain representative images that
showed an unambiguously higher incidence of large
agglomerates in either mixture. Many techniques can be
applied to assess agglomeration in filled systems® of
which electron microscopy is one of the more reliable.
Thus we are not in a position to offer direct evidence
that the extrusion performance after milling was due to
agglomerate destruction but the effectiveness of the
severe milling operation suggests that it was so.

The inconsistent rate obtained from the fixed pressure
extrusion cylinder is evidence of slight mixing inhomo-
geneities because at high powder loadings viscosity is
very sensitive to ceramic volume fraction.?® The scale of
mixing can be defined as the smallest volume above
which homogeneity prevails. The extrudate velocity V.,
was generally stable over an 80 mm strand length of 76
um diameter thread having a volume of 4x10~1° m3
(equivalent to a sphere of radius 440 pm) suggesting
that mixing was uniform in that volume. This provides
an estimate of the scale of mixing.

The extruder barrel was constructed of brass for
ease of machining. Evidence both of dezincification
and green discolouration of the material lining the
barrel indicated a reaction with the stearic acid during
prolonged heating at 175 °C. Similarly, the epoxy
resin adhesive used in the construction of the nozzle
plates began to degrade at this temperature and on
one occasion a nozzle was ejected onto the building
platform.

These are matters that can be addressed by attention
to materials selection and equipment design but a fun-
damental problem has also come to light in these
experiments. Extrusion freeforming, as in other solid
freeforming methods requires a change of state. In
stereolithography, this is achieved by photo-poly-
merisation, in selective laser sintering and fused deposi-
tion modelling by solid-liquid phase change and in ink-
jet printing by evaporation of solvent. In extrusion
freeforming, the filament is required to travel a short
distance from the nozzle, fold and weld to the previous
layer on the building platform. If it has cooled before
making contact with the previous layer, the welds are
insufficiently strong and if it has cooled before folding
then it cannot even make contact and freeforming is not
possible. This was the case with the 76 um diameter
strands. They would neither fold nor weld. The use of a
hot air tube from a soldering station or a radiant heater
did not ameliorate this situation.

The unsteady state cooling of a cylindrical strand
from its processing temperature (6; =175 °C) to its soli-
dification point (=60 °C) in ambient conditions
(6p=20 °C) is sensitive to radius. Taking the thermal
conductivities (4) of ceramic and organic vehicle as 2
and 0.25 Wm~!' K~! respectively and using Maxwell’s
equation which has been shown to be valid for ceramic
suspensions>’

(1 +2V)A +2(1 = V1)
(I =VDA +Q2+ Vi)

=1

(@)

where subscripts 1 and 2 refer to ceramic and organic
vehicle respectively, the composite conductivity (4*) is
0.7 Wm~! K~!'. The specific heat is 670 J kg~! K~!
found from the gravimetric law of mixtures (using
Cp1=400 J kg=! K=" and C,=2900 J kg=! K~') and
the density is 3700 kgm~' from the volumetric law of
mixtures. This gives the composite thermal diffusivity
ot =1"/Chpt =28 x 1077 m? s~!. In static air, the
surface heat transfer coefficient is approximately 13
Wm~2 K~! 38 from which the time for the temperature
at the core to reach the solidification temperature can be
found using Heisler charts®® and the approximation for
low Biot number. The data are shown in Table 3 and they
indicate that the thread extruded from the 76 pm dia-
meter nozzle is fully solidified in less than 5 s.

Table 3
Unsteady state solidification times for the filament core (1*=0.72
Wm—! K~!, Cp*=700J kg=! K=, p*=3713 kg m~3)

Diameter/pm Biot number/10~3 Solidification time/s
500 4.5 30
190 1.7 11
75 0.7 5
50 0.5 3
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The requirements of this linear building process are
that the extrudate should (a) deform to follow the
intended path and to settle on the previous layer, (b)
bond to the previous layer and (c) change its state. The
methods available for state change are limited; solidifi-
cation, polymerisation, crosslinking or evaporation of
solvent are the main possibilities. For the fine filament
work described here it is clear that solidification is not
ideal. Solvent evaporation offers more scope for control.
When the milled mixture was diluted with octane until it
would pass through the nozzles at 40 °C, there was a
longer time for state change due to evaporation. Both
the rate of evaporation and the rate of diffusion through
the suspension are strongly influenced by the molecular
mass of the diffusant. The present composition is there-
fore ideal for systematic experiments on a solvent-based
system using a wide range of non-toxic paraffinic diluents.

Fig. 3 shows a zirconia fibre extruded through a 76
pm sapphire nozzle and sintered to give a final diameter
of 65 um. The nominal linear shrinkage was 14%.

Fig. 3. Sintered zirconia fibre of diameter 65 um prepared from bead
milled suspension extruded though a 76 pm diameter sapphire nozzle.

Fig. 4. Sintered surface of a 65 pm diameter zirconia fibre.

Although the surface contains striations arising from
the die profile, the sintered surface (Fig. 4) is uniform
and displays an average grain size in the 0.4 um region.
These fibres cannot be freeformed because they tend to
solidify before folding and welding but the extrudate
from the 190 um sapphire die could be freeformed. An
example is shown in Fig. 5. The extent of welding is not
great and the wall retains the steps typical of freeformed
artefacts but much exaggerated by the failure of a highly
filled suspension to coalesce. This is partly due to the
high yield stress*! and partly due to the rapid cooling of
highly filled materials.?” Fig. 6 shows part of a log-pile
structure assembled from 100 pm diameter fibres that
has been sintered and then fractured. Again the linear
shrinkage is 14%. The weld areas are quite small and
there was very little distortion of the circular section of
the fibres at the weld site. The time available for coa-
lescence at the circular junction between fibres is also
related to the method of state change. Thermoplastic
systems seem to provide insufficient time for fine threads.

FAKa4:s 20KU

Fig. 5. Sintered wall constructed from welded zirconia filament from a
190 pm die. Although a weld forms, it is limited to the proximity of the
contact line and the cylindrical section of the filaments is largely preserved.

18Fm
1 < mom
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Fig. 6. Fracture of a sintered zirconia ‘“‘log-pile’ structure made from
a 100 pm diameter sapphire nozzle. The weld area is small and the
fibres are relatively undistorted.
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4. Conclusions

It seems reasonable to conclude from this pilot study
that highly filled ceramic suspensions can be extruded
through fine (<100 um dia.) nozzles. The smallest sap-
phire nozzle available was 76 um and continuous oper-
ation was possible; the lower limit has not been found.
High energy bead milling was needed to achieve this.
The use of a high shear twin screw extruder did not
provide a suspension that would pass continuously
through nozzles less than 510 pm diameter.

The use of solid-liquid phase change to achieve
change of state in extrusion freeforming of ceramics is
not suitable for fine work because the filament solidifies
too quickly in ambient air. Thus fine log-pile structures
can be produced with 100 um dia. filament but not with
76 um filament. The use of polymerisation as a method
of state-change has been described by others and the
present work points to the potential for controlled dry-
ing offered by solvent-based systems. The contact area
of welds that formed at junctions was small and the
filaments deformed little. When a wall was made, the
surface ripples were pronounced but this does not mat-
ter in the creation of latticework. We suggest, on the
basis of this work that extrusion freeforming provides a
method for the construction of bone substitute material
and of preforms for metal matrix composites.
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