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ABSTRACT

Three Dimensional Printing is a solid freeform fabrication process which can be
used to create parts directly from CAD models. In the past, the 3DP process has been used
to create structural ceramic parts using spray dried powders. Although fully dense parts
have been made, it has been necessary to use an iso-static pressing step before sintering.
Such a step has many disadvantages such as causing anisotropic shrinkage, warping, and
lower part yields. In order to eliminate the iso-static pressing step, an improved process
which uses slurries instead of dry powders makes it possible to fabricate green parts with
high enough packing density that printed parts can be sintered directly.

The main effort on the slurry-based 3DP process focused on fabricating powder
beds which had high packing density and good surface finish. Three possible approaches
were investigated: repeated tape-casting, spray deposition, and ink-jet printing of slurry.

The repeated tape-casting approach was able to produce powder beds with excellent
surface finish (4 um peak-to-peak roughness), high packing density (60-65% of
theoretical), and small pore size (typically 0.3 pm or less). Such powder beds can also be
fabricated relatively quickly since a layer is produced in a single pass. However, this
approach can be difficult to control.

The spray deposition approach was determined to be a poor candidate for layer
fabrication. Besides having relatively rough surface finish, nozzle performance problems
make it impossible to build thick powder beds with good dimensional control.

The ink-jet printing approach has produced large powder beds up to 8.5 mm in
height. For such powder beds, good surface finish (8 um local peak-to-peak roughness)
and dimensional control was evident. Ink-jet printed powder beds also have good packing
density (55-62% of theoretical) and pore size distribution. One problem with powder beds
which have been printed is that velocity ripple in the fast-axis shows up as a height ripple
on the powder bed surface (typically 4.5% peak-to-peak). This can be eliminated with
improved machine design. The ink-jet printing approach appears to be the leading method
of fabricating complex ceramic parts with the slurry-based 3DP process.

Thesis Supervisor: Emanuel M. Sachs
Title: Professor of Mechanical Engineering
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Chapter 1 : Intreduction

1.1: Introduction

Almost all machines rely on common engineering materials such as aluminum or
steel for structural or high temperature applications. They are easy to machine and process,
relatively inexpensive, and they have been studied extensively so their behavior and limits
are well understood. However, as increasing demands are made on reducing weight,
increasing efficiency, or decreasing thermal expansion, the physical properties of these
common materials can be a limiting factor in designs. Many designers are now seeking
other materials which offer improved properties such as increased strength, lower weight,
or higher temperature resistance. Although there is no such thing as a “super” material
which offers improved performance in all areas, a specialized material might have excellent
properties which are critical for a particular application. Ceramics are one class of materials
which promise to offer many advantages in certain applications.

For instance, jet aircraft engines currently use steel ball bearings. However, to get
increased thermal efficiency, higher temperatures are required. The use of steel can limit
designs both because of its relatively high thermal expansion coefficient and relatively low
melting temperature. As a result, there has been interest in using ceramic ball bearings
which are lighter, can withstand higher temperatures, higher compressive stresses, and
have a lower thermal expansion coefficient.

There is also interest in using ceramics for wear applications. One such application
of ceramics is as a bearing surface in semiconductor manufacturing equipment.
Semiconductor manufacturing processes are very sensitive to any dust or particulates
because any foreign matter can disturb the very fine features which are used in integrated
circuits (as of this writing, 0.18 pum is state-of-the-art). As a result, designers need to be
carzful that the machines do not generate wear particles. Traditional metal-on-metal
bearings can generate a relatively large amount of wear particles. However, using ground
ceramic raceways and steel balls, particle generation can be reduced significantly. The
reason for the reduction in particles is the fact that ceramics have a surface which has
negative skewness (for comparison, steel has positive skewness). This effectively means
that there are no sharp asperities on the surface to break off and generate particles. As the
feature size of integrated circuits continues to drop, wear particle generation will become an
increasing concern. In the future, increased use of ceramic parts for wear applications is

one possible way of meeting this increasingly difficult design requirement.
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Although structural ceramic parts can offer improved properties over more
traditional engineering materials such as steel and aluminum, they have been slow to gain
widespread acceptance. This 1s largely due to the increased difficulty in fabricating
structural ceramic parts. Because metals are ductile and are resistant to shock, they can
processed using many common manufacturing processes such as machining, stamping,
casting, and forming [Kalpakjian, 1992]. Conversely, ceramics are fairly brittle and cannot
be processed by any of the previously mentioned techniques. They are typically fabricated
using powder metallurgy techniques (dry pressing, powder injection molding, and
extrusion), slip casting, iso-static pressing, and tape casting [Reed, 1988].

Most complex structural ceramic shapes are generated using powder metallurgy
techniques. In this case, the desired material is ground or chemically processed to create a
fine powder. Typically this powder is processed to enhance flowability. This can include
operations such as spray drying or adding lubricants to the powder. The powder is then
put into a die and pressed to form a green compact. This green compact is then sintered to
full density in a furnace to create the final part. The method of using green-pressing dies
has a number of drawbacks. The first of these is their expense both in terms of time and
money. A complex multi-part pressing mold can take months to build and cost tens to
hundreds of thousands of dollars. This is acceptable if large numbers of the desired part
are to be built such that the cost of the tool is amortized over thousands of parts. However,
if the desired quantity of parts is just one such as when building a special tool or prototype,
the fabrication cost is quite significant. A second disadvantage of using green-pressing
dies to make ceramic parts is that the geometries which can be made are limited. A third
disadvantage of dies is the fact that complex geometries can result in non-uniform
densification of the powder during the pressing process. This can result in uneven
shrinkage, warping, and porosity in the final part during the sintering stage.

A new process recently developed at MIT called the Three Dimensional Printing
Process (3DP) offers the ability to sidestep some of the manufacturing difficulties which
have limited the use of structural ceramics. The main advantage of 3DP over traditional
powder metalluigy techniques is that it makes it possible to create complex ceramic green
parts without a green-pressing die or mold. By eliminating the need for green-pressing
dies, the 3DP process makes it possible for designers to consider using structural ceramics
in applications both where only a few parts will be needed (such as on a custom machine)
and where a complex geometry is necessary (such as a turbine blade with internal cooling
passages).
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1.2: The Three Dimensional Printing Rapid Prototyping Process

The Three Dimensional Printing process is a solid freeform fabrication (SFF)
process which allows parts to be created directly from computer models. Other SFF
processes which are comrnonly used include stereolithography (SLA). selective laser
sintering (SLS), laminated object manufacturing (LOM), and fused deposition modeling
(FDM) [Yoo, 1996]. These processes all differ from traditional machining since material
is added to the desired part as opposed to material removal in milling, turning, and boring.
The 3DP process begins with the definition of a three-dimensional geometry using
computer-aided design (CAD) software. This CAD data is then post-processed with
software which slices the model into many thin layers which are essentially two-
dimensional, A real part is then created by the successive printing of these layers to
recreate the desii=d geometry. An individual layer is printed by first spreading a thin layer
of powder and then printing binder to glue the powder together in selected regions to create
the desired layer pattern. This process is repeated until all the layers have been printed.
After printing is complete, the unbound powder is removed leaving a green part with the
Jesired geometry. A diagram which illustrates the 3DP process is shown below in Figure
1.1.

Z3 zlz 7 7, 2
Spread Powder Print Layer Drop Piston
Repeat Cycle

IR 7 |

Intermediate Stage Last Layer Printed Finished Part

Figure 1.1: The 3DP manufacturing process
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Because 3DP is an additive manufacturing process, many geometries are possible
which are not feasible with traditional machining such as undercuts and internal cavities.
Fur')ermore, many materials can be used in the 3DP process as long as they can be
obtained in the powder form. Currently, work has been done using metals [Michaels,
1992], polymers [Cima, Sachs, Cima, Yoo, Khanuja, Borland, Wu, Giordano, 1994],
ceramics [Yoo, Cima, Khanuja, Sachs, 1993], and glass-ceramics [Nammour, 1995].
Using these materials, a wide variety of parts have been produced. This includes the direct
printing of metal parts, injection molding tooling, casting shells, and structural ceramics.
Figure 1.2 shows a miniature engine block which was fabricated from stainless steel
powder demonstrating the ability of 3DP to make complex geometries. Figure 1.3 shows
several injection molding tools fabricated using 3DP. The tooling can incorporate
conformal cooling channels to decrease cycle time and residual stresses in the part. Figure
1.4 shows a ceramic casting shell for making knee implants along with the resulting part.

Figure 1.2: 3DP direct metal parts
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Figure 1.4: 3DP ceramic casting shell for knee implants

Using the 3DP process, it is also possible to make individual parts with regions composed
of varying materials (functionally gradient materials). This can be achieved by ink-jet
printing different materials into selected regions of an individual layer [Yoo, 1996]. This
extra degree of freedom would allow designers to vary the material properties within a

single part.



1.3: Previous Work on Fabricating Fully Dense Ceramics

Before the initiation of this research, several areas of structural ceramics had been
explored. Most of the research has been focused on building parts by spreading alumina
spray dried powders and ink-jet printing an aqueous-based polymer binder such as Acrysol
WS-24 (Rhom & Haas, Philadelphia, PA). The spray dried alumina powder is made up of
spherical granules typically ranging from 30-100 pm in size [Giritlioglu, 1996]. The
granules are actually agglomerates of submicron powder bound together by an organic
phase with a typical packing density of about 50% of theoretical [Yoo, 1996]. As a result,
the packing density of the resulting green part will be too low to be sintered directly
(typically 30 - 35% of theoretical). An iso-static pressing step will be required to increase
the green body packing density. After iso-static pressing, alumina green parts fabricated
with spray dried powders exhibit packing densities ranging from 59-63% of theoretical
depending on whether the cold iso-static pressing (CIP) or the warm iso-static pressing
(WIP) process is used [Giritlioglu, 1995]. This is adequate to achieve full density during
sintering. With the alumina material system, complex geometries have been produced
using such an approach [Giritlioglu, 1995]. An example of an alumina pre-ignition
chamber printed using spray dried powder is shown below in Figures 1.5 and 1.6. These
figures both show (from left to right) the as-printed green part, the part after the iso-static
pressing step, and the resulting fully dense part after sintering.

Figure 1.5: Alumina pre-ignition chambers (photo courtesy Giritlioglu)
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Figure 1.6: Alumina pre-ignition chambers (photo courtesy Giritliogiu)

Simple geometries using tungsten carbide/cobalt (WC/Co) spray dried powders have also
been produced (see Appendix A). For this particular case, the resulting green body has a
packing density which typically ranges from 25-30% of the theoretical density. Such green
parts also require an iso-static pressing step. For the WC/Co spray dried material system,
packing densitics of about 50% of theoretical were achieved using the CIP step. This was
adequate to achieve full density during sintering. Despite the disadvantages of the iso-static
pressing step (discussed in the following paragraph), spray dried powders have excellent
flowability and spreadability making them well suited to the 3DP process.

Although fully dense ceramic parts can be fabricated using a post-processing step
such as CIP or HIP to raise the green density, use of these processes introduces several
problems. First of all, before sintering, green parts are quite fragile and easy to damage.
[so-static pressing requires a relatively large amount of part handling. This includes
placing the part in a pressing bag, the spring-back shock of the iso-static pressing step,
removing the part from the pressing bag, etc. Secondly, the iso-static pressing step can
introduce density gradients within the green part. This can cause problems during sintering
such as warping and anisotropic shrinkage. This was in fact observed for the WC/Co
material system. Anisotropic shrinkage during sintering was greater for parts which were
iso-statically pressed than for those which were not. A final disadvantage of the iso-static



pressing step is that it raises production costs (lower part yields, more capital equipment
and labor costs, etc.) which can make the use of 3DP printed ceramics economically
unattractive when compared to ceramic parts fabricated from more traditional processing
methods.

Attempts have been made to eliminate the iso-static pressing post processing step by
increasing the printed part packing density. To date, the most feasible concepts which have
been proposed have involved using slurries of the desired material to increase the as-printed
green density. One possibility which has been suggested involves printing slurry into
spray dried granules in order to increase the powder bed packing density [Khanuja, 1996].
Unfortunately, to date it has been difficult to get this to work successfully. Another
proposal has involved the fabrication of powder beds entirely from a slurry. This wet
powder approach or slurry-based 3DP approach is the main focus of this thesis.

1.4: Scope and Organization of this Thesis

The overall goal of this research was to work on producing fully dense ceramic
parts which do not rely on an iso-static pressing step before sintering for the reasons
mentioned above. Since the sintering step requires that the green part have a packing
density greater than 50% of theoretical, the problem which was the main focus of this
thesis was how to produce individual layers which result in powder beds with such
packing densities. Along with good powder bed packing density, it was also considered
important that the layers should have good surface finish in order to improve part
definition, dimensional control, and resulting part surface finish. -

This thesis is organized in the following manner. Chapter 2 describes the slurry-
based 3DP process and several possible ways of fabricating layers for the process.
Chapter 3 looks at the repeated tape casting approach to layer fabrication and reports some
initial results. Chapter 4 examines the spray deposition approach to layer fabrication.
Chapter S looks at the ink-jet slurry printing approach to layer fabrication and gives initial
results, Chapter 6 briefly summarizes the results of approaches and suggests directions to
be taken in order to actually fabricate complex structural ceramics using the slurry-based
3DP process.
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Chapter 2 : The Slurry-Based 3DP Process

2.1: Use of Fine Powders To Fabricate Structural Cerainics

When fabricating structural ceramic parts, it is desirable to use fine powders (1.0
um and smaller). Use of such fine powders offers several advantages. First of all, the use
of fine powders is desirable since it enhances sinterability. The reason for this is that
sintering is a solid state diffusion process and will be enhanced by increasing the surface
area to volume ratio of the powder in the green part [Khanuja, 1996]. Another reason for
using fine powders is that the overall part quality should be improved since the surface
roughness can be no smaller than the powder size. Smaller powders also mean that the
minimum feature size which can be specified by a designer and actually printed is also
improved. Lastly, smaller powders allow thinner layers to be used which helps eliminate
slicing defects such as stair-stepping [Arthur, 1996].

Despite the many advantages of using fine powders, they are difficult to use in the
traditional 3DP process for a variety of reasons. Fine powders tend to stick to each other
forming agglomerates since Van der Waal’s attractive forces between the particles becomes
significant in this size range [Khanuja, 1996]. The particles also tend to stick to any other
bodies they come into contact with including powder piston walls and the spreader bar.
This makes them difficult to work with. The low flowability of fine powders can also be
attributed to the fact that very fine particles are typically irregularly shaped increasing
friction. Poor flowability combined with thc fact that the powder adheres to the spreader
bar makes it difficult to spread smooth layers. The low flowability of the powder also
inevitably leads to uneven densification within layers and consequently, the resulting green
body. Another problem with fine powders is that they are difficult to print into without
problems of ballistic ejection and erosion due to the binder jet impinging on the power bed
surface [Arthur, 1996]. Despite these problems, ceramic parts have been printed (albeit
with difficulty) using submicron alumina powder with the traditional 3DP techniques. The
resulting green parts had packing densities of about 40% of theoretical which were well
below the minimum necessary to achieve full density without iso-static pressing [Yoo,
1996]. Thus, if fine powders are to be used successfully, a new method must be found to
deposit them which results in both smooth layers, uniform densification, and high packing
density. One method which makes it possible to work with fine powders is the slurry-
based 3DP process.
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2.2: An Overview of the Slurry-Based Three Dimensional Printing Process

The slurry-based 3DP process is a significant change in the way powder beds are
fabricated and parts aré removed from the powder bed after printing. The traditional 3DP
process (se¢ Figure 1.1) uses dry powders which are spread with a bar to achieve smooth
layers of uniform thickness. After spreading, the powder is held in place by the walls of
the piston. This traditional 3DP layer generation technique relies on the powder being very
flowable in order for smooth layers of uniform density to be created. As mentioned earlier,
the traditional 3DP process is not well suited to the use of the fine powders due to their
limited flowability. The slurry-based 3DP process basically makes layers by spreading a
liquid dispersion of the desired material which then slip-casts onto the powder bed to make
a new layer. This makes it possible to use fine powders without the flowability problem
which exists when the powders are used dry. The problem of achieving high packing
density is also taken care of by the fact that when fine particles in a slurry slip-cast onto a
surface, the resulting cake will have typical packing densities of 50-65% of theoretical.
The slurry-based 3DP process differs from the traditional process in both the way the
layers are fabricated and the removal of the final part. The following is a brief overview of
the slurry-based 3DP process which neglects many of the nuances and issues associated
with the process. These will be examined in detail in later sections.

The slurry-based 3DP process can be broken down into several key steps. The first
step of creating a layer is implemented by depositing slurry in an even fashion over the area
of the powder bed (the actual method by which the slurry is delivered to the powder bed
surface will be discussed later). Immediately after deposition, the slurry begins to slip-cast
onto the powder bed to form a new layer. Because the actual thickness of slurry pooled on
the powder bed surface is quite small, the new layer solidifies quite quickly. To prevent
water trapped in the slip cast layer from interacting with the binder to be printed, a drying
step is then performed to remove any water, This also helps prevent cracking of the
powder bed [Khanuja, 1996]. After drying, the third step of printing binder into the new
layer is performed. Dcpending on the binder used, drying may or may not be required after
this step as well. This process is then repeated until the part t0 be printed is complete. A
schematic which outlines layer fabrication in the slurry-based 3DP process is shown below

in Figure 2.1.
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Step 1: Deposit Slurry

Porous Substrate

Step 2: pry Powder Bed

Step 3: Print Binder

Raster
U Direction

N

Porous Substrate

Printed powder bed after
drying

Step 4: Dry Binder (If necessary)

Repeat Process

Figure 2.1: Slurry-based 3DP part fabrication
At this point, the result will be a cake of dried powder with binder printed in

selected locations which defines a desired geometry. In the slurry-based 3DP process, part

removal is a little more complicated than in the traditional 3DP process. In this case, the
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cake of powder is immersed in a solvent (water in the case of alumina) to redisperse the
unbound powder. This means that binder choices will be more limited since the binder
must be insoluble in the solvent after drying. Furthermore, some form of mechanical
agitation may be necessary te aid the redispersion process so the binder needs to be strong
enough to resist this, After the excess powder is redispersed, the green part can be
removed. Since the green part should have a packing density in excess of 50%, the part
can then be sintered directly without the tronblesome iso-static pressing step. The rest of
the slurry-based process is illustrated in Figure 2.2 below.

Step 5: Remove part
by redispersal of
unprinted region in water.
Printed region remains
intact.

Step 6: Sinter part to full density

Figure 2.2: Shury-based 3DP process part retrieval and sintering

The slurry-based 3DP process offers a number of key advantages over the
traditional 3DP process. The most important advantage is the fact that green parts can be
fabricated with packing densities exceeding 50% of theoretical without post-processing.
This makes the process economically competitive with other manufacturing processes such
as dry pressing which also produces green parts with high packing densities. The fact that
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submicron powders can be utilized also means that parts with much finer details and much
thinner layers can be fabricated. In industry, thin films can be produced by tape casting
which are only several microns thick. Thus, it would be reasonable to expect that layers
having a thickness of 10 microns or less could be made. Such small layers would
significantly reduce surface irregularities due to slicing. It might also make it possible to
use 3DP for new applications such as in the area of micro-mechanical devices. Finally, it is
important to note that the slurry-based 3DP process can be used for any material which can
be obtained as a fine powder and dispersed. Consequenily, there are quite a few material
systems which could be used.

2.3: Material System Selection

In developing the slurry-based 3DP process, there were a variety of material
systems to choose from. Some of the candidates were alumina, silicon nitride, silicon
carbide, and tungsten carbide/cobalt. For the ensuing process development, it was decided
to use the alumina material system to develop and demonstrate the feasibilily of the slurry-
based 3DP process. This choice was due to several factors. The first of these is the fact
that the alumina material system is already very well studied and understood. This makes it
possible to focus on development of the process without being hindered by issues involved
with developing a new material system. A second reason for using the alumina material
system is that it can be dispersed easily using water as a solvent. This also speeds process
development since relatively simple test hardware can be built while sidestepping machine
design issues that come up when working with strong solvents necessary for some other
material systems. Throughout this thesis, unless otherwise noted, the material being
discussed in the slurry-based 3DP process is alumina.

2.4: The Alumina Material System

The alumina muterial system (Al,O;) is perhaps one of the most widely used
ceramics today. Also known as corundum or emery, alumina finds many applications for
both industrial applications (structural ceramics) and in the electronics industry (electrical
insulation applications). Alumina powder is typically prepared using one of several
powder processing methods. These include thermal decomposition of ammonium-alum,
treatment of aluminum flakes by electric powder discharge in water, hydrolysis of
aluminum alkoxides, and the Bayer process [Gauckler, 1988]. Alumina powder can be
readily obtained in sizes down 10 0.1 um. Typically, the alumina powder will be doped
with MgO to improve sinierability by inhibiting grain growth [Reed, 1988]. Grau studied
several commercially available alumina powders. Of these, the powder manufactured by
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Ceralox was the best in terms of making stable dispersions and being able to redisperse slip
cast cakes. As a result, for the experiments described in this report, the alumina powder
used was HPA and APA grades of alumina from Ceralox (Ceralox, Tucson, AZ). The
powder is available in sizes of 0.5, 1.0, and 3.0 um with or without MgO. The difference
between the two grades is the purity levels. HPA grade alumina is 99.99% pure while the
APA grade is 99.95% pure. Both grades contain trace amounts of sodium, iron, and
silicon. For powder bed fabrication, the choice of HPA or APA grade does not matter.
However, the impurities can make a difference during the sintering stage. A SEM photo of
0.5 um APA Ceralox powder is shown below in Figure 2.3. The 1.0 and 3.0 um have
been observed to have a similar powder morphology.

Figure 2.3: SEM photo of 0.5 pm APA Ceralox powder which has been slip cast to
achieve high particle packing (courtesy Jason Grau)

2.4.1: Preparation of Alumina Slurries

Correct preparation of the material dispersion is vital to the success of the slurry-
based 3DP process. The reason for this is that flocculated slurries pack to a lower density
than well dispersed slurries [Khanuja, 1996]. Furthermore, a poorly dispersed slurry will
be more difficult to work with depending on the delivery method used to deposit the slurry
on the powder bed. Proper slurry preparation requires more than just mixing the correct
proportions of powder, solvent, and surfactant. The order and rates in which the
components are mixed can aiso significantly affect the quality of the resulting dispersion.
A detailed description of a technique which consistently produces good alumina slurry is
provided below.
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Alumina powder can be readily dispersed using water as a solvent by forming an
electro-static dispersion. This is accomplished by just keeping the pH of the alumina slurry
at about 3.5 where the alumina dispersion is most stable [Khanuja, 1996]. The pH of the
slurry is adjusted by adding the appropriate quantity of nitric acid. In practice, it has been
found that it is not necessary to actually measure the pH of slurry directly. Instead,
excellent results can be obtained by making sure that the slurry is prepared such that the
molarity (moles per liter of solution) of the nitric acid in the slurry is between 0.05 and 0. 1.
The best amount of acid to used car depend on the powder size, impurities that are present,
etc. However, Grau has found that a concentration of 0.05 M nitric acid usually produces
excellent alumina slurry. Table 2.1 below lists the acid concentrations for several powders
which have produced well dispersed slurries.

Powder Recommended Nitric Acid Concentration
Ceralox APA-0.5 wMgO 0.05 Molar
Ceralox HPA-1.0 w/MgO 0.05 Molar
Ceralox HPA-1.0 0.08 Molar
Ceralox HPA-3.0 0.05 Molar

Table 2.1: Recommended nitric acid concentrations

Alumina slurries of up to 40 v/o have been successfully dispersed using acid stabilization
with powders that are 3.0 tm and smaller.

In order to successfully disperse powder, there are several important steps which
should be followed. The procedure for preparing 200 cc of alumina slurry is outlined
below. It is assumed that the following materials are available: 1.0 M nitric acid stock
solution, 0.5 - 3.0 um alumina powder, and deionized water. Deionized water should be
used since the presence of charged impurities can cause the slurry to flocculate [Khanuja,
1996]. The following lab equipment is necessary for slurry preparation: 0.25 inch
diameter alumina milling media (US Stoneware Corp., East Palestine, OH), a Nalgene
polypropylene wide-mouth milling bottle, and a Nalgene polypropylene mixing beaker
(Nalge, Rochester, NY). The bottle volume should be selected such that the total volume
of milling media and slurry does not exceed about 2/3 the bottle volume. Overfilling the
bottle will inhibit the effectiveness of ball milling. For instance, in the case of a 200 mL
slurry, a 500 mL bottle would be used for milling. The use of a polypropylene beaker for
mixing is preferred over glass since the slurry does not easily adhere to it.
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Given the desired slurry volume in [cc], V the necessary acid concentration in

slurry?

[M], AC, and a desired volume fraction of alumina (unitless), VF, the relative quantities of
the nitric acid, powder, and water can be determined from the equations below:

V somina = (V‘,my)(VF) [cc] (V ,1umina I8 the volume of alumina) 2.1)

stamina = (Vanemina)(3-98) [g] (M, mina 1S the mass of alumina) 2.2)
Viia = (Vg (AC) [cC] (V.4 is the volume of 1.0 M nitric acid) (2.3)
Ve = Vs,m - Vimina = Vaag) [cC] (V.. is the volume of water) (2.4)

The proportions of acid, water, and powder are shown below in Table 2.2 for a 200 mL
alumina slurry for a variety of solid loadings assuming an acid concentration of 0.05 M is
desired.

Desired Slurry Volume [cc] 200 200 |20(t |200 {200 |200 {200 {200 J200
Desired Solids Volume Fraction 0.5 [0.45]0.4 [0.35{0.3 |0.25]0.2 |0.15 |0O.1
Stock Nitric Acid Molarity 1.0 1.0 |1.0 |1.0 |1.0 [1.0 |1.0 |1.0 [1.0
Volume Powder [cc) 100 |90 |80 |70 |60 |50 |40 |30 20
Mass Powder [g] 398 |1358 |318 279 |239 |199 |1569 |119 ]79.6
Volume 1.0 M Acid Solution [cc]) 10 |10 10 |10 |10 |10 |10 |10 10
Volume Water [cc] 84 [94 |104|114 124|134 {144 |154 |164

Table 2.2: Acid, water, and powder proportions for a 200 mL alumina slurry

In order to prepare the slurry, the entire volume of acid to be used should be slowly
added to the water in a polypropylene beaker and mixed thoroughly with a magnetic stirrer.
Next, the powder should be slowly added in about 5 g increments with the magnetic stirrer
operating at its highest setting where splattering does not occur. Between each powder
addition, the powder should be allowed to fully disperse in the solvent. After enough
powder is added so that the alumina volume fraction is between 0.15 and 0.2, the slurry
should be milled for several hours to ensure proper mixing.

Before pouring the slurry in the mixing bottle, the bottle should first be filled about
1/3 full with the milling media. The slurry should then be poured into the milling bottle and
placed on a ball mill. There is an optimal speed at which ball milling is most effective but it
is not that critical that the exact optimal speed is used. The important thing is that the ball
mill speed should not be set so high that the milling media just rolls with the milling bottle.
This is illustrated below in Figure 2.4.
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Proper Ball Milling Speed: Media never
spins with the bottle

Ball Milling Speed Too Fast: Media spins
with bottle reducing milling effectiveness

Figure 2.4: Proper and improper ball milling speeds

A speed setting which is too high reduces milling effectiveness since collisions between the
balls which break up the slurry agglomerates will be minimized. Of course, a milling speed
which is too low will also be ineffective since energy is needed to break up the
agglomerates.

After milling the slurry for about 6-12 hours, the slurry should be poured back into
the beaker. Occasionally, it may be noticed that the slurry exhibits a problem with
foaming. This can easily be remedied by adding one small drop of octyl-alcohol (octonol)
to the slurry. The rest of the powder required to reach the desired solids loading should
then be added. Again, the powder should be added slowly so it can be dispersed
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throughout the solvent. After adding the balance of the powder, the slurry should be
poured back into the milling bottle. The slurry should then be milled for at least 48 hours.
At this point, the slurry is ready to use. If the slurry is not needed right away, it can be
kept on the ball mill with the milling media for another 48 hours. It is not a good idea to
keep ball milling the slurry too long since this continually exposes new surface area of the
powder and causes the pH of the slurry to change from its optimal value [Moon, private
communication]. In order to keep a slurry longer, after about 80 hours of ball milling, the
milling media should be removed. The ball mill can then be used just to keep the slurry

mixed.

2.4.2: Alumina Slurry Properties

Once the slurry has been prepared and milled, good alumina slurry should have
relatively low viscosity and be free of residue or other foreign matter. A significant
increase in viscosity or the appearance of residue or “goo” in the slurry is a sign that
flocculation has occurred and that the slurry is no longer usable. In practice, it has been
found that the slurry is typically good for about I to 2 weeks after preparation. The
viscosity of well-dispersed aqueous-based alumina slurry has been measured. A viscosity
of about 10 centipoise (water is about 1 centipoise) has been reported for 30 v/o alumina
slurry [Khanuja, 1996]. The viscosity of 35 v/o alumina slurry has been found to be about
12-15 centipoise [Moon, Private Communication]. Using a rotary viscometer, 30 v/o
alumina slurry has been found to have a very newtonian rheology with little shear-
thickening or dilatancy [Khanuja, 1996]. The density of alumina slurry as a function of the
solids loading where water is used as the solvent is shown below in Figure 2.5.
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Figure 2.5: Alumina slurry density as a function of solids loading

2.5: Slurry Deposition in the Slurry-Based 3DP Process

Perhaps one of the most challenging parts of the slurry-based 3DP process is the
development of a reliable method of delivering slurry to the powder bed such that a uniform
layer with high packing density (at least 50% of theoretical) is formed. 1t is also important
that when successive layers are made, no defects between the layers exist.  Several
approaches which have been proposed will be presented here at a level of detail to convey
the concept. Those concepts which were investigated at an experimental level will be
discussed in greater detail at a later point.

2.5.1: Layer Fabrication Using Repeated Tape Casting

One possible way deposit slurry onto the powder bed in order to create layers is (o
use a tape casting approach. In tape casting, a doctor blade is run along the surface upon
which a thin layer is to be deposited. A pool of slurry is placed in front of the doctor blade
so a constant supply of liquid is always available. In such an approach, the powder bed
would be built up by repeatedly tape casting layers on top of one another. This approach is
somewhat like the traditional 3DP process in the sense that a spreader bar is still used to set
the layer height and smoothness. A schematic of the tape casting approach to making
layers is shown below in Figure 2.6.
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Figure 2.6: Side view of the tape casting approach

The tape casting approach has a number of advantages which make it a candidate for use in
the slurry-based 3DP process. Tape cast films can be made with thicknesses of several
microns. This means that such an approach would make it possible to create very thin
layers. Another advantage of the tape casting approach is the possibility to get optical
quality surface finishes over a relatively large area. This approach should alsc limit the
possibility of errors in the build direction accumulating over time since the correct build
height is set at each layer. The tape casting approach also has some disadvantages. The
first of these is that tape casting requires a very high level of automation and control to get
repeatable results. This includes controlling the slurry pool height before the doctor blade,

the blade movement velocity, and the slurry rheology.

2.5.2: Layer Fabrication Using Spray Deposition

A second approach to producing layers with slurry is by spray deposition. A slurry
mist can be created using an atomizing nozzle. This nozzle can then be rastered across the
powder bed to create a layer. This is illustrated below in Figure 2.7.
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Figure 2.7: Spray deposition approach to layer fabrication

One apparent advantage of the spray deposition approach over the tape casting method is
that the complexity of the motion hardware necessary to implement this scheme is reduced.
Furthermore, equipment for moving the nozzle in a raster pattern is already available.
However, control of the flow rate and resulting spray becomes critical in this approach
since errors in the build direction will accumulate over time.

2.5.3: Layer Fabrication By Ink-Jet Printing

The last proposed method by which layers may be made is to ink-jet print the layers
through a small nozzle. There is a relatively large range of nozzle sizes which could be
used. Individual lines would be printed by rapidly rastering the nozzle across the powder
bed until the layer is complete. This is illustrated below in Figure 2.8.
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Figure 2.8: Layer generation by ink-jet printing of slurry

This approach offers a number of advantages. Ink-jet printing for use with 3DP has been
extensively studied and a large amount of data and hardware is already in place. Ink-jet
printing also makes it easier to control the deposition of slurry at any one local area in the
powder bed. This is much more difficult to control in tape casting or in spray deposition.
Ink-jet printing also has its drawbacks. The first of these is that jetting slurry through a
small orifice can be difficult to do reliably. The difficulties of ink-jet printing slurry can be
minimized by careful slurry processing and the use of larger orifice nozzles. Another
disadvantage of this approach is that it is difficult to get optical quality surface finishes due
to the fact that layers are made up of many individually printed lines. However, by
carefully choosing printing parameters, layers with very good surface finish can still be
obtained.

33



Chapter 3 : Feasibility Testing of the Repeated
Tape Casting Approach

3.1: Tape Casting Approach to Layer Fabrication

One approach to creating layers for the slurry-based 3DP process is to use repeated
tape casting. Such a process has some similarity to the traditional 3DP process in the sense
that a spreader bar (doctor blade) is used to strike a layer of slurry. This process has the
potential to create a layer with a thickness as little as several microns which has an optical
surface finish.

3.2: Tape Casting Experimental Setup

In order to test the feasibility of the tape casting approach, a way of spreading the
slurry at a known height above the powder bed was required. This problem was solved by
using a moveable piston with fixed rails as shown on the following page in Figure 3.1.
The piston height was set by adjusting a micrometer. The piston was equipped with a
vacuum chuck which made it possible to easily fix a substrate to the piston. The rails
ensured that the doctor blade would be kept at a known distance from the substrate.

In order to fabricate a layer, a pool of slurry was poured at one edge of the porous
body. Then the doctor blade was slid along the rails by hand to spread the slurry out into a
uniform layer. This technique is shown in Figure 3.2.
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Figure 3.1: Schematic of the tape casting setup
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Figure 3.2: Top view of the approach used to tape cast layers

3.3: Brief Review of Process Physics of the Tape Casting Approach

The nominal layer thickness which will be generated by the tape casting approach
will be set by the difference between the rail and substrate heights. However, there is a
pressure imbalance between the pool of slurry in front of the doctor blade and the resulting
layer. As a result, slurry will tend to flow under the doctor blade. If a layer is spread
starting with a fixed pool of slurry, as the pool decreases in size, the flow rate will change.
This results in a non-uniform layer thickness. This is shown in Figure 3.3 below.
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Figure 3.3: Determination of the tape casting layer height

The physics behind the actual layer height which will be created is a complicated function
of many variables such as the doctor blade geometry, blade wiping speed, slurry viscosity,
surface wetting characteristics of the slurry, etc. However, it is important to realize these
potential sources of problems in generating uniform layers.

Another important part of the process physics is slip casting of the layer onto the
powder bed. When alumina slurry is spread out on a porous body (either a substrate or
previously spread layers), before the water in slurry is absorbed, the slurry will exhibit
some wetting contact angle. If this wetting angle is less than 90 degrees, the liquid is said
to wet the material in question. An example of wetting is water on glass. If this wetting
angle exceeds 90 degrees, the slurry is said to be non-wetting. An example of non-wetting
is mercury on glass. The concept of the wetting angle is shown below in Figure 3.4.
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Figure 3.4: A liquid which wets a surface (wetting angle less than 90°)

When choosing a substrate upon which to slip cast layers, it is important to consider
wetting characteristics. A substrate which the slurry wets poorly will result in non-uniform
layers and poor surface finish. Assuming the slurry wets the material upon which it has
been placed (alumina slurry wets the alumina powder bed), capillary suction will try to pull
the liquid into the porous body. However, the pores in the substrate act as a filter letting
the water pass and leaving the solids of the slurry on the surface. This cake which results
typically exhibits high packing density if the slurry was well dispersed and agglomerate
free. This process is known as slip casting. This is illustrated in detail in Figure 3.5

below.
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Figure 3.5: Slip casting process

39



It is important to take into consideration the slip casting process when studying the
tape casting layer generation technique. If uniform layers are desired, steps to overcome
the problems associated with different slip casting rates in a layer must be taken. Potential
sources of problems include layer edge defects and uneven casting within a layer which
might be caused by the presence of binder.

3.4: Experiments and Results from the Tape Casting Approach

Using the tape casting approach described above, several multi-layer powder beds
were built. The surface finish of the resulting layers was optically smooth as expected.
However, the uniformity of the layer thickness was not that good. These problems were
probably a direct result of the fact that there was no automation in these experiments. Since
the slurry was not precisely metered when poured onto the powder bed before spreading,
there was usually a considerable amount of excess slurry. As mentioned above in the
process physics, this had the potential to cause the layer to vary with the excess pool
height. As a result, the layer thickness would be greatest at the start of a layer and thinnest
where the layer spreading step was completed. Another source of problems was the fact
that the doctor blade was moved by hand rather than with a controlled constant velocity.
This caused uneven layer thickness and defects in the surface finish.

In order to see if a part could be extracted using this process, PAA (Mw = 5000, 20
w/0) bars were printed into the tape cast layers using a drop-on-demand (DOD) line printer.
It was noted that where layers were tape cast over a printed region, some surface defects
were visible at the interface of the printed and unprinted regions. Bars which were printed
did not have sufficient green strength to be removed intact in the redispersal step.

The density of the powder bed created by tape-casting layers was measured by
Grau using mercury porosimetry. The density of powder beds made with 0.5 um powder
was found to be 66% of theoretical. The density of powders beds made with 1.0 [tm
powder was found to be 60% of theoretical. The pore size distribution for 0.5 pm and 1.0
pm powdei‘ is shown below in Figures 3.6 and 3.7 respectively (data courtesy Grau).
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Figure 3.6: Tape-cast powder bed pore size distribution using 35 v/0 0.5 pm alumina
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Figure 3.7: Tape-cast powder bed pore size distribution using 35 v/o 1.0 um alumina
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Although the powder beds formed using 0.5 pum powder had smaller pores, both powder
beds should easily sinter to full density. The surface finish of the powder beds made by
tape-casting was of optical quality. A photo of the surface of a tape-cast powder bed is

shown below in Figure 3.8.

Figure 3.8: Photo of resulting surface finish of powder bed made using repeated tape-
casting (scale divisions are 1/64 inch apart)

The defects are so small that it is hard to assess the surface finish optically. Using a

Dektak-8000 profilometer (Veeco Instruments Inc., Santa Barbara, CA), the surface finish
could be measured quantitatively. The profile is shown below in Figure 3.9.
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Figure 3.9: Surface profile of a powder bed using repeated tape casting

It can be seen in Figure 3.9 that the surface roughness is only about 4 um peak-to-peak.
This surface finish is better than that obtained by the spray deposition and the ink-jetting
printing approach.

Initial results from the tape casting approach to making powder beds showed some
promise. In order to better evaluate the tape casting approach, much of the process would
have to be automated. Since the development of the necessary hardware to solve these
automation problems could take some time, it was decided to suspend work on the tape
casting approach in favor of other methods. However, it would still be worth examining
this method at a later time since layers ranging from several microns to the cracking
thickness limits of the powder used can be rapidly fabricated with excellent surface finish.
The process speed advantage comes from the fact that rastering is not necessary in this
method.
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Chapter 4 : Feasibility Testing of the Spray
Depositicn Approach

4.1: Spray Deposition Approach to Layer Fabrication

A second approach which was examined for fabricating layers for the slurry-based
3DP process was spray deposition. In this approach, a fine mist of slurry droplets is
created using an atomizing nozzle. By rastering such a nozzle, a fine layer of slurry can be
deposited on the powder bed surface. Since there is no direct registration of the layer
height in spray deposition, a high degree of spray control and motion automation will be
required.

4.2: Spray Deposition Experimental Set-Up

A significant amount of effort was put into hardware development for the spray
deposition approach to layer fabrication. This was due to the fact that without good control
and automation, it would be impossible to assess the feasibiiity of such an approach
[Khanuja, 1996]. Hardware developrent efforts focused on three areas: nozzle selection,
flow rate controls, and nozzle motion control.

4.2.1: Spray Deposition Nozzle Selection

The nozzle used in spray deposition is an important factor in the quality of the
resulting layers. A generic nozzle which could be used for the spray deposition application
is shown below in Figure 4.1. This figure illustrates several factors which are important to
consider when choosing a nozzle. These include the spray droplet velocity, droplet size,
and range of usable flow rates. It is also important to consider the uniformity of the spray
pattern. The spray flow profile at the surface is not uniform but instead appears to be
roughly Gaussian as shown in Figure 4.1. However, whether this distribution is in fact
Gaussian has not been verified. This flow profile at the substrate was measured for one
nozzle spraying Water and is shown in Figure 4.4. Another important factor in nozzle
selection is the stability of the resulting spray. The mist should not be time varying. This
would include effects such as spray pulsation or wandering of the mist direction.



Different nozzle types will
have different acceptable
ranges of flow rates

Velocity of droplets depends

Nozzle on nozzle choice

Sluny spray made up
of a mist of fine droplets

%

Sluny Spray Flow Profile On Surface

Cone angle depends
on nozzle choice

- - 4
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Figure 4.1: Generic spay nozzle

There are several ways which can be used to generate the siurry spray. The two
methods which were investigated were air-atomizing nozzles and piezo-type spray nozzles.
The air-atomizing nozzles generate a spray by mixing the slurry with a high velocity air
flow. This causes a venturi effect which helps draw the slurry out of the nozzle and breaks
it up into small droplets. The use of air-atomizing nozzles from two manufactures has been
investigated. Grau and Khanuja investigated the use of an air-atomizing nozzle (part
number MH#1) manufactured by Paasche (Paasche, Harwood Heights, IL). The use of an
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air atomizing nozzle (part no. 1/4J+SUll1 PA67147-SS ) from Spraying Systems
(Spraying Systems Co., Wheaton, IL) was also investigated. A cross-section of the nozzle
from Spraying Systems is shown below in Figure 4.2.

Slurry
2 [nlet

cross sectional view

Figure 4.2: An air-atomizing nozzle

Both air-atomizing nozzles used exhibited several problems. The first of these problems
was that the resulting spray had a high velocity. One manufacturer quoted the spray
velocity from such nozzles as ranging from 5 to 20 m/sec. Such sprays are energetic
enough to actually erode previously printed layers as new ones are deposited [Grau, private
communication]). The high velocity droplets also leads to a significant amount of back-
spray. This wastes material and can build up on the nozzle tip disturbing the spray pattern.
Another disadvantage of the air-atomizing nozzles is that they need to have moderate flow
rates in order to work properly. Flow rates typically have to be higher than 5 cc/min in
order to have a stable spray for the very lowest capacity air-atomizing nozzles available. A
final disadvantage of these nozzles is the fact that both the air and slurry inlet pressures
need to be controlled. The main advantage of the air-atomizing nozzles is their cost. They
are more than an order of magnitude less costly than piezo-atomizing nozzles. Although
this is not important in a laboratory setting, it becomes very important when the hardware
must be scaled for use in an incustrial setting.

The alternative to the air-atomizing nozzle was piezo-atomizing nozzles (also known
as ultrasonic atomizing nozzles). These nozzles work by mechanically vibrating an
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atomizing horn at frequencies ranging from 20-120 kHz using piezo transducers. As the
liquid flowing through the nozzle wets the atomizing surface of the horn, it is broken up
into small droplets producing a low velocity spray. A piezo-atomizing nozzle is shown
below in Figure 4.3.

Slurry

Atomizing hom TR |

Atomizing surface

Internal piezos
energize tnhe
atomizing hom

cross sectional view

Figure 4.3: Piezo atomizing nozzle

Several manufacturers offer such piezo-atomizing nozzles. Models offered by three
different manufacturers were examined to see which had the best performance. These were
the Sono-Tek 8700-60 (Sono-Tek, Milton, NY), the Misonix Micromist™ (Misonix,
Farmingdale, NY), and the Sonics & Materials wide dispersion atomizer (Sonics &
Materials, Danbury, CT).

The Sono-Tek nozzle had already been purchased for a previous application. It had
a custom drilled orifice diameter of 0.85 mm. According to the manufacturer, the mean
droplet size for this nozzle should be about 40 pm. With 20 v/o aqueous-based alumina
slurry, the nozzle was able to produce a spray with flow rates ranging from about 1 to 15
cc/min without difficulty. The mist which was produced by the Sono-Tek nozzle was very
fine and low velocity as compared to the spray generated by the air-atomizing nozzles.
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However, the mist gererated by the Sono-Tek nozzle appeared to be less stable than the air-
atomizing counterpart with the spray exhibiting pulsations. Qriginally, this was attributed
to the fact that the pressure driven flow system being used was not providing a constant
flow. In order to improve this, a syringe pump which enforces a constant flow rate was
employed. This improved the nozzle performance slightly. However, the pulsations still
appeared to be present. This pulsation could alse be attributed to air being introduced into
the nozzle by the atomizing action of the horn. The spray cone also seemed to wander.
This could be due to the fact that the mist is very sensitive to air currents which may be
present. This problem was mitigated by using an air-shroud accessory which creates an air
curtain that entrains and directs the nozzle spray. For the Sono-Tek nozzle, the uniformity
of the spray being deposited on a substrate at different heights was measured by
Terrazzoni. A plot showing the liquid deposition rates at the substrate for different nozzle
heights is shown below in Figure 4.4.
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0.06 ® Height = 60 mm
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0 50 100 150
Distance [mm)])

Figure 4.4: Spray deposition uniformity as a function of nozzle height

The Misonix nozzle exhibited very similar behavior as the Sono-Tek. It had an
orifice size of 2.79 mm. The average droplet size for the unit was 20 pm as reported by the
manufacturer. However, from observing slurry droplets which were printed on a
substrate, the actual droplet size is more likely on the order of 60-100 um for alumina
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slurry. With 20 v/o and 35 v/o aqueous based alumina, the nozzle was able to produce
mists with flow rates from 1 to 15 cc/min. Like the Sono-Tek unit, the Misonix nozzle also
had problems with spray stability even when a syringe pump was used. In most respects,
the Misonix and Soro-Tek nozzles gave the same level of performance. However, the
Misonix unit did offer two distinct advantages: it is very small and lightweight (less than
1/4 the mass of the Sono-Tek nozzle) and it has a much easier start-up procedure than the
Sono-Tek unit which lends itself well to automation.

The last piezc-atomizing spray unit which was looked at was the wide dispersion
atomizer sold by Sonics & Materials. This unit cannot be accurately described as being a
nozzle. The unit consists of a 6 inch wide plate upon which the liquid to be sprayed must
be applied. As the liquid flows down the side of the plate, it ic atomized and a mist is
generated. This is demonstrated in Figure 4.5 below.

Slumy must be dripped
-4—" onto plate

LXX B

Sluny flows down

Piezos to plate edge

energize hom
Atomizing action occurs

at plate edge
Atomizing hom

Figure 4.5: Schematic of the wide dispersion atomizer
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The manufacturer specifies the median droplet size as 90 pm and the maximum flow rate as
up to 100 cc/min per iach of plate width. The spray velocity was quoted as ranging from
0.2 to 0.4 m/sec (which is considerably less than the air-atomizing nozzles). The mist
which was generated by this unit compared favorable with the Sono-Tek and Misonix
units. As long as a steady dribble of slurry was applied to the plate, the resulting mist
appeared to more stable than the other units. However, making a steady stream on the plate
proved to be a challenging task. Furthermore, the piezo unit and atomizing horn were quite
massive compared to the Sono-Tek and Misonix units making it difficult to use in existing
motion equipment.

From the experiments performed with different piezo-atomizing nozzles, none
seemed to stand out as being particularly better than the rest. As a result, most experiments
were performed with the Sono-Tek unit since it had already been purchased for a different
experiment.

4.2.2: Fluid Control Hardware

The second important piece of hardware which needed to be developed for the
spray deposition experiments was a reliable fluid system which could deliver alumina
slurry at a constant rlow rate. There are many different ways of making a liquid delivery
system. There are positive displacement pumps (syringe, gear, and peristaltic), centrifugal
pumps, pressurized tanks, and gravity systems. The fluid system design was driven by
several requirements: constant flow rates without pulsation, being able to work reliably at
low flow rates down to 5 cc/min, and being able to change the flow rate easily. These
requirements eliminated the use of gear pumps (wear issues), peristaltic pumps (pulsating
flow), centrifugal pumps (pressure limited, not usually for low flow rate applications), and
gravity driven systems (hard to change flow rate significantly). The remaining choices
were pressurized tanks and syringe pumps. Syringe pumps provide extremely constant
flow rates but the units which are available have limited capacity (typically 60 cc) and can
cost several thousand dollars. Since the flow rates used would range from 5 to 15 cc/min,
the capacity limitation of the syringe pumps resulted in the decision to use pressurized tanks
to deliver a constant slurry flow rate to the nozzle.

Initially, the pressurized tank setup was configured as an open-loop control system.
The slurry flow rate set-point was adjusted by changing the tank pressure. This is shown
in Figure 4.6 below.
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Figure 4.6: Pressurized tank flow control setup

A similar setup had been already been used as a flow source for jetting binder and slurry
through very fine nozzles (typically 45 - 70 wm) at pressures ranging from 25 - 50 psi. For
such applications, the above setup worked quite well. However, for the case of jetting
slurry, the nozzle orifice is relatively large (850 pum for the Sono-Tek unit, 2790 um for the
Misonix unit). As a result, the pressure required to achieve the required flow rate is
typically 1 - 3 psi. This means that the flow rate will be sensitive to small variations in the
driving pressure. Initial experiments with the above open-loop flow control system
showed that the flow rate was not constant. Flow rate measurements made over a 45
minute period using the above setup for a 20 v/o alumina slurry are shown below in Figure
4.7. Tt can be seen that the flow rate changes significantly over time. This would be
unacceptable for the spray deposition process since the resulting layer thickness would also
change over time.
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Figure 4.7: Open-loop flow control system performance

There are two sources of pressure variations which could cause the flow rate to
change over time. These are the supply pressure and changes in the fluidic pressure head
due to the reservoir height. Variations in the supply pressure were minimized by using a
large gas cylinder as a pressure source (as opposed to the shop air supply which fluctuates
considerably) and a high quality low pressure precision regulator (model no. 700 0-2 psi)
from ControiAir (ControlAir Inc., Amherst, NH). The fact that the flow-rate decreases in
such a linear fashion indicates that the problem source is not random fluctuations in the
pressure supply. As a result, the problem source had to be due to the changes in the fluidic
pressure head. In order to compensate for such changes, a closed-loop control system was
required.

In order to design a closed-loop control system to maintain constant flow rates, it is
important to first examine the relevant physics. A schematic of a pressurized tank system
which shows the relevant physics is shown below in Figure 4.8.

52



Tank Pressure Set
By Regulator, Piank

fluid
height, h [§

Flow

Flow Rate Depends Out, Qoyt

On Pressure At Flow
Outlet, Poutiet

Figure 4.8: Pressure tank system physics

For the above system, without any kind of pressure adjustment during operation, the flow

rate will decrease over time. For a slurry of density p, the flow rate should be governed

only by P_ .., assuming the fluidic resistance is constant. P_ . is given by

Pouttet = Piank *+ PBH @.1)
For P outlet 10 remain constant,

Piank = Ptanko + pg(hy - h) (4.2)

Where P, nkg and h are the initial values of the tank pressure and fluid height respectively

and h is the instantaneous height of the fluid column. Equations (4.1) and (4.2) assume the
use of a consistent set of units. Although the change in the height of the fluid column
cannot be determined by direct measurement, it can be easily determined if the flow rate,
Q,.» and the reservoir cross-sectional area is known. The change in fluid height, Ah, over
a known time period, At, is given by
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1 QowmAt
ah= A (4.3)

where A is the cross sectional area of the reservoir. Methods of measuring the flow rate
will be discussed later. Once the height change of the reservoir is known, P, can be

adjusted periodically to keep the flow rate constant.

In order to implement a closed-loop flow control system, several pieces of
additional hardware were necessary. The first of these was a way to electronically adjust
the pressure with a high degree of resolution. A search of commercially available electronic
pressure regulators which are designed to operate at low pressures with high resolution and
repeatability was unsuccessiul. As a result, a custom pressure regulator was built using a
stepper motor and a low pressure high precision regulator (model no. 700 0-15 psi) from
ControlAir. The advantage of using a stepper motor is that it can used without a feedback
sensor which simplifies the design. Furthermore, since the step size is fairly repeatable,
each step can be correlated with a known pressure change (assuming the regulator is
linear). A diagram of the physical hardware and a photo of the actual electronic pressure
regulator which was designed is shown below in Figure 4.9.
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Figure 4.9: Elcctronically controlled pressure regulator schematic and photo of hardware

From a theoretical standpoint, a closed-toop flow controller only requires a flow
rate measurement without any knowledge of the actual reservoir pressure. However, from
a practical standpoint, it is useful to be able to directly measure and control the pressure (or
several reasons. The first of these is a safety standpoint. If the slurry line became clogged,
the flow controller would keep increasing pressure without bound in an attempt to match
the desired set-point.  This could lead to a catastrophic failure of the system. With a
pressure sensor, the system can be shut down automatically if the tank pressure becomes (o

high. The second reason for being able to measure and control pressure is that it turns out
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that the closed-loop flow controller is quite slow to reach steady-state when given a step
change in the set-point. If the pressure which results in roughly the correct flow rate is
known a priori, then a pressure controller can be used to set the flow rate close to the
desired value. When the flow controller is then activated, the time to reach steady-state can
be reduced significantly. As a result, two entirely separate controllers were built: a
reservoir pressure controller and a slurry flow controller. The reservoir pressure controller
was to be used for setting the reservoir pressure to approximately the pressure required to
achieve a desired flow rate. The pressure controller could then be switched off and the
flow controller could be turned on to fine tune the flow rate and keep it constant.

In order to implement the pressure controller, a transducer was required to measure
the reservoir pressure. A PX72-015GV piezo-resistive pressure transducer (Omega
Engineering, Stamford, CT) was selected for its low cost ($15 each) and capability of
measuring low pressures accurately. In order to use such a transducer, special custom
signal conditioning electronics was designed. The schematic of the pressure transducer
circuit is shown in Appendix B. Using a PC equipped with an AT-MIO-16E-1 data
acquisition board [National Instruments, Austin, TX], the output of the pressure transducer
could be measured by a computer. Using LabView (also a product of National
Instruments), a simple proportional controller was implemented to control the pressure at a
user defined set point. A block diagram of the pressure controller is shown below in
Figure 4.10.
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Figure 4.10: Pressure controller block diagram

Little effort was made to optimize the pressure control system since it had settling times
which more than an order of magnitude faster than the flow controller (see below). The
gain was chosen to give a good transient response without overshoot. In order to assess
system performance, the step response was measured for controlling the pressure of an
empty 1.6 L pressure vessel. It is shown below in Figure 4.11.
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Figure 4.11: Pressure Control System Step Response

From the step response, the transient behavior of the system can be determined. The

results of a transient and steady state analysis for the pressure control system are shown

below in Tables 4.1 and 4.2. The analysis used to determine these values is described in

detail in Appendix C.

Parameter Average Value
Time Constant [sec] 3.2 seconds
1% Settling Time [sec] 13.1 seconds
10-90% Rise Time [sec] 5.8 seconds
Estimated Bandwidth [Hz] 0.06 Hz

Table 4.1: Pressure control system transient response parameters

Pressure Range 0-15 psi

Pressure Resolution 0.008 psi (sensor limited)
Accuracy over 0-5 psi +0.05 psi

Accuracy over 0-15 psi 0.15 psi

Errors due to the P-control scheme

negligible at steady state

Table 4.2: Pressure contrcl system steady-state performance
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Developing a closed-loop flow controller was much more challenging than the
pressure controller. This was a direct result of the fact that it was difficult to make accurate
measurements of low flow rates. The problem is complicatedv by the fact that a non-
invasive measurement technique was required since the alumina slurry is abrasive and can
destroy moving parts such as those found in turbine and paddlewheel flow meters. The
only non-invasive flow meter sold which was able to measure low flow rates accurately
(about +1% in the range of 5-15 cc/min) was the D6 mass flow and density sensor sold by
Micro Motion (Micro Motion, Inc., Boulder, CO). This meter works by measuring the
coriolis forces induced by fluid flow as it passes through a curved sensor tube. Although
the unit appeared to meet the requirements for use in a flow control system, the cost of the
Micro Motion unit (about $5000) was reason to search for less costly flow measurement
techniques.

Another way to measure the flow rate of the slurry is to measure the mass change of
the slurry reservoir. Assuming incompressible flow, the rate at which the mass of the
reservoir changes should also be the mass flow rate of ihe slurry. In order to make a flow
rate measurement, the mass change of the reservoir between a known time interval is
measured. The volume flow rate is determined by

Q= % 4.4)

where At is the sampling interval of the balance. To determine the balance resolution
required to make reasonably accurate measurements, the desired sampling rate must be
known. A reasonable sampling interval would range between 0.5 and 10 seconds. Faster
sampling times are not possible due to limitations in the balance update rate. The absolute
error in a flow rate measurement is given by

error = 60(balance resolution) 4.5)

pAt

where the error is in [cc/min], the balance resolution is in [g], the fluid density, p, is in

[g/cc), and the sampling interval, At, is in [sec]. A graph of the absolute flow error for a
fluid with a density of 1.8 g/cc as a function of sample delay is shown for balances of £0.1
g and £0.01 g resolution in Figure 4.12.
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From the above figure, it is immediately apparent that a balance with a resolution of 0.1 g
will be insufficient for measuring flows rates below 10 cc/min accurately. As a result, a
Mettler PM2000 high capacity balance with £0.01 g resolution (Mettler-Toledo, Inc.,
Hightstown, NJ) was chosen for the flow measurement application. Balances exist which
have resolutions of +0.001 g and high capacity. However, such balances are poor for
dynamic measurements since they use special internal filtering algorithms which result in
slow update times.

In order to make mass measurements, the slurry reservoir was placed directly on
the balance. The balance was then attached to a PC via a standard RS-232 serial
connection. One problem that balances with high resolution have is that they are very
sensitive to vibrations and air currents. In order to minimize such disturbances, the balance
and reservoir was enclosed in a sealed box. The balance was also placed on a vibration
isolation sheet. Using LabView, mass measurements could be made at known time
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intervals. With this information, Eq. (4.4) could be used to determine the slurry flow rate.
With knowledge of the flow rate, the change in the slurry reservoir height could also be
determined using Eq. (4.3). Using the reservoir height change information, the pressure
could be adjusted to maintain a constant flow rate. In addition, a proportional plus integral
compensation algorithm (PI-control) was implemented to prevent flow rate changes due to
unmodeled disturbances and allow easy change of the set-point. A diagram of the closed-
loop flow control system is shown below in Figure 4.13.
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Stabilized
Flow Rate

L

Stepper
Moator

balance

l Mass

Regulator
measurements

Supply
pressure

Stepper motor

command signal Computer calkulates flow rates,
implements Pl-control law

Figure 4.13: Diagram of the closed-loop control of slurry flow rate

The actual computer algorithm which was used to generate the required pressure change
during each sampling iteration, AP, is listed below in Figure 4.14.
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At = Sampling time

Qmeas = Measured value of flow rate for the iteration
Qset = Flow rate set-point

Sum = Integrator summation value

g = acceleration due to gravity

p = density of the fluid

A = Reservoir tank cross-sectional area
Kp = Proportional Gain

Ki = Integral Gain

APl = _mA%_meaE (pressure increase due to loss of fluid pressure head)
AP2 = Kp(Qset - Qmeas) (proportional control term)
AP3 = Ki[(Qset - Qmeas)At + Sum] (integral control term)

Sum = Sum + (Qset - Qmeas)At (recompute integrator sum)

AP = AP] + AP2 + AP3

Figure 4.14: Control algorithm to determine pressure adjustment, AP, during each
sample iteration to maintain flow rate at a user defined set-point

The gains for the PI-controller, Ki and Kp, were chosen to minimize settling time.
Initial performance of the flow controller was rather poor since good flow rate
measurement accuracy required a slow sampling period (refer to Figure 4.12). 1In order to
improve transient response and flow control accuracy, dynamic sampling was
implemented. In such a scheme, the sampling rate of the controller is adjusted
continuously based on the error signal. It is desirable to use short sampling times (about 1
sec) when the error signal is high. In such a situation, some error in the flow rate
measurement due to the short sample duration is acceptable since it is desirable to get the
flow rate near the set-point as fast as possible. A short sampling duration makes it possible
to have a faster rise time. As the output approaches its steady state value, measurement
error must be minimized so a slower sampling period (5 sec) is used to improve the flow
rate measurement accuracy at the expense of the settling time. Such a scheme makes it
possible to have a relatively quick rise-time without degrading steady-state accuracy. In
order to assess system transient performance, the step response was measured. For the
step response shown below in Figure 4.15, the fluid used was water.
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Figure 4.15: Flow control system step response using dynamic sampliing

Although dynamic sampling improved the control system performance, the response is still
quite slow. This is why it is useful to set the pressure explicitly before initiating the flow
controller to speed up the time to reach steady state. The results of a transient and steady
state analysis for the flow control system are shown below in Tables 4.3 and 4.4. The

analysis used to determine these values is described in detail in Appendix C.

1% Settling Time [sec] 200 seconds
10-90% Rise Time [sec] 16.6 seconds
Estimated Bandwidth [Hz] 0.02 Hz
Percentage Overshoot 8.2%
System Damping 0.62

Table 4.3: Flow control system dynamic response parameters for water

Flow Rate Measurement & Control Range 5 -75 cc/min
Absolute Maximum Error in Flow Measurement H+0.12 cc/min (at steady state operation)
Absolute Maximum Error in Flow Control 10.20 cc/min (at steady stale operation)

Table 4.4: Summary of steady-state flow control performance

To verify the improved performance, the steady state performance of the closed-loop flow
controller was measured under the same conditions as the open-loop system performance
showed in Figure 4.7. A graph which compares the open-loop (no compensation) and

closed-loop (compensated) flow control systems is shown below in Figure 4.16.
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Figure 4.16: Compensated and Uncompensated Flow Control Performance

4.2.3: Motion Control Of Spray Nozzle
The last piece of hardware which was necessary for testing spray deposition was
motion control of the nozzle. An X-Y overhead gantry type positioning table (Part no.
MD?2) using stepper motors (no feedback encoders) was purchased for this purpose (Arrick
Robotics, Hurst, TX). The quality of the X-Y positioning table was marginal at best as the
carriage had problems with vibrations, mysterious “hick-ups” in the motion, and the start
and stop positions were typically not repeatable. Some of these issues were probably
related to software problems while others were related to poor mechanical design (e.g.
| timing belt drive cogs on the motors held with set screws with no flats machined into the
motor shafts). Despite the questionable quality of the X-Y table, its performance was
adequate for printing several layers for evaluation purposes. However, such a setup would
not be adequate for printing parts. Another X-Y overhead gantry type positioning table
from Asymtek was evaluated after the purchase of Arrick Robotics unit (Asymtek,
Carlsbad, CA). It was far better than the Arrick Robotics unit both in terms of the
software, design quality, repeatability, and accuracy [Baker, 1997]. If an X-Y overhead
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gantry positioning table were to be purchased in the future, the Asymtek unit would be well
worth considering both for spraying and binder printing applications.

4.3: Brief Review of the Relevant Process Physics of Spray Deposition

In the spray deposition approach, the slurry is deposited on the powder bed surface
in the form of a spray. It has been shown that the amount of drying which the slurry
undergoes while traveling from the nozzle to the powder bed is minimal for aqueous based
alumina slurry [Grau, private communication]. As a result, when the slurry reaches the
powder bed, it can be assumed that there has been no water loss. It has been reported that
the typical layer thickness created using the spray deposition process ranges from 30-60
pm [Khanuja, 1996]. Film thicknesses of this size are large enough that cracking can
occur during drying. As a result, it is important to consider the factors which might lead to
such problems.

Cracking of layeis occurs when the drying stresses in a layer become too large. As
the thickness of a deposited layer increases, the stresses during drying also increase. The
threshold thickness at which a layer is thick enough for cracking to occur is known as the
critical cracking thickness (CCT). The critical cracking thickness for films depends on the
material, surface tension of the solvent, and particle size [Grau, private communication].
Smaller particles will have higher capillary stress and result in a lower CCT. The addition
of organic additives into the slurry such as PEG and PVA can increase the strength and
toughness of the film and result in a larger CCT. The CCT for a film made from pure 0.5
pm alumina has been reported to be about 65 pm [Chiu, Garino, and Cima, 1993].
However, this does not mean that cracking will not occur as long as the thickness of the
deposited layer (before cbsorption into the powder bed) does not exceed the CCT. Because
the water in a sprayed layer is absorbed by the underlying powder bed, this region can also
contribute to the drying stresses. Thus, the critical dimension to consider is the thickness
of powder bed which would be fully saturated by all the water present [Grau, private
communication]. This distance is known as the saturation thickness. This is illustrated
below in Figure 4.17.
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Figure 4.17: Determination of the saturation thickness for cracking analysis

In order to see if thc CCT has been exceeded, the saturation thickness must be calculated.
If the height, h*, of a wet deposited layer is known before slip casting can occur, the
saturation thickness, h_, can be shown to be

? sal?

1- VF ‘
w = T (4.6)
where VF is the slurry volume fraction and PF is the packing fraction of the resulting layer.
As an example, suppose a layer of 0.5 pm alumina is sprayed deposited resulting in a wet
layer thickness (before slip casting) of 40 pm. If the slurry solids loading is 25% (VF =
0.25) and the packing density of the resulting layer cake is 55% (PF = 0.55), then the
saturation thickness for cracking determination purposes would be 67 pm. Theoretically,
such a layer might have cracking problems since it has exceeded the CCT. However, the
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layer may not crack since the above calculation is a conservative estimate. It does not
consider the fact that some of the water might evaporate before being absorbed by the
powder bed. One might initially be concerned about residual stresses building up as
several layers are sprayed. However, it has been shown that after drying, there are no
residual stresses present in alumina films due to particle rearrangement during drying
[Chiu, 1991]. This is why the drying step is very important. With sufficient drying, it is
not important to worry about stresses building up with the spraying of successive layers.
The preceding discussion on the CCT of alumina layers can be used as a guide to choose
reasonable starting points for slurry spray dose choices but is by no means an exact
analysis that can predict when cracks will or will not occur.

4.4: Experiments and Results from the Spray-Depositien Approach

Grau and Khanuja investigated different printing parameters and the ability to
generate layers without cracking that exhibited high packing density. They conducted
experiments using both the Paasche air-atomizing nozzle and the Sonotek piezo-atomizing
nozzle. Parameter variation studies were made which examined raster speed (typ. 10-50
cnv/sec), working distance between nozzle tip and powder bed (typ. 25-40 mm), raster
spacing (typ. 10-20 mm), 2nd solids loading (typ. 15-30 v/o) [Grau, private
communication]. Resulting powder beds were evaluated for surface finish and packing
density.

Using the spray deposition technique, powder beds with acceptable surface finish
were fabricated. However, care had to be taken to prevent problems such as layer cracking
(exceeding the CCT) and blistering (from drying to rapidly). The packing density of
resulting layers printed using spray deposition was evaluated using mercury porosimetry.
Mercury porosimetry gives both the packing density of a powder bed as well as a
distribution of the pore sizes. Grau has quantified typical packing densities for sprayed
powder beds using aqueous-based alumina slurry. The packing densities for 15 and 30 v/o
alumina slurry was respectively 60% and 54% of theoretical [Grau, private
communication]. The pore size distribution of powder beds using these solid loadings is
shown below in Figure 4.18 (data provided by Grau). Typically, porosity much greater
than 1 um is difficult to remove during normal solid phase sintering operations of alumina.
As a result, sprayed powder beds made using 30 v/o slurry will probably not sinter to full
density as they have a significant number of pores ranging from 10-30 um. On the other
hand, powder beds sprayed using 15 v/o slurry exhibit almost no porosity above 0.1 pum
and can be expected to achieve nearly full density during sintering.
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Figure 4.18: Spray deposition powder bed pore size distribution

The surface finish of the powder beds sprayed using 15 v/o slurry appeared to be better
than those made using 30 v/o slurry. This is reasonable since the lower solids loading
gives the slurry more time to combine on the substrate before slip casting is complete. A
photo of the typical surface finish for a 15 v/o sprayed powder bed is shown below in
Figure 4.19.

68



Figure 4.19: Typical sprayed powder bed surface finish using 15 v/o alumina slurry
after 15 layers were printed (scale divisions are 1/64 inch apart)

The nozzle type used did not play a significant role in the results presented above.
The main difference between the use of air-atomizing and piczo-atomizing nozzles was
reliability and ease of use. The air-atomizing nozzles had poorer reliability and had
problems with damaging previously sprayed layers due to the high droplet velocity.

Although initial powder bed samples exhibiting acceptable surface finish and
packing density were made using the spray deposition approach, making powder beds
large enough to print significant parts was not possibie. This was due to repeatability and
control problems with the nozzles. Even though the piezo-atomizing nozzle was more
reliable, both nozzle types would periodically damage the powder bed. In the case of the
air atomizing nozzles, erosion of the powder bed from the spray velocity and overspray
problems dominated. The air-atomizing nozzle would also partially clog from time to time
causing a non-uniform spray. For the piezo-atomizing nozzle, a large problem was slurry
build up on the nozzle tip. Periodically, this build-up would be spit out as large drops
ruining the powder bed. These problems were serious enough to look for another slurry
deposition technique which offered a higher level of control. Although an improved nozzle
might make the spray deposition process attractive, it appears that no nozzle which has the

required spray reliability and uniformity currently exists.
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Chapter 5 : Feasibility Testing of the Ink-Jet
Printing Approach

5.1: Ink-Jet Printing Approach to Layer Fabrication

The third and final approach which was examined for fabricating layers for the
siurry-based 3DP process was ink-jet printing of slurry. In this approach, a slurry jet is
rastered back and forth across the powder bed. This is similar to spray deposition in some
respects except that the use of a slurry jet offers a much greater degree of control. It is
much easier to make sure the same dose of slurry is applied at all locations in a layer.
Although this approach requires a high level of motion control, such hardware already
exists because ink-jet printing is central to the 3DP process. As a result, the only step
which was required to implement motion control was software changes to the already
existing equipment.

5.2: Ink-Jet Printing Nozzle Choices

The biggest hardware issue was the choice of the ink-jet printing nozzle. The
choices can be grouped into two caiegories: small nozzles (127 pm and less ) and large
orifice nozzles (greater than 127 um). The nozzle type (small or large) will have important
implications about the flow rates, filtration requirements, and jet on/off control. For jetting
layers, it is advantageous to be able to operate at low flow rates since the CCT limits the
‘permissible slurry dosage. Filtration is also a big issue with jetting slurries since filters
usually build up sediments as time progresses resulting in a steadily but not necessarily
predictable declining flow rate. Jet on/off control is important since the slurry nozzle will
be mounted on the same mction carriage as the binder nozzle. As a result, it will be
necessary to somehow prevent the slurry jet from reaching the powder bed during the
binder printing step of the slurry-based 3DP process.

5.2.1: Small Orifice Nozzles

In the past, small orifice nozzles have been used to jet slurries and binder. Usually,
ceramic wire-bonding tools sold by Gaiser are used as nozzles (Gaiser Tool Company,
Ventura, CA). Such ceramic nozzles are available in sizes ranging from 25 to 127 pum.
The ceramic nozzles have been used in the past for a variety of reasons. The first of these
being that they are impervious to attack by all solvents currently used in the 3DP process.
Secondly, such nozzles are physically robust. The ceramic nozzle orifice does not easily
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erode even when abrasive slurries suchi as alumina are jetted. This can be a problem for
other kinds of nozzles such as nickel and stainless steel orifices [Khanuja, 1996]. The
main small nozzle selection criterion was the reliability of the resulting slurry jet. Besides
never having full clogs where the jet stops completely, a reliable jet does not have partial
clogs. Partial clogs can last as little as a second and result in changes in the jet angle or turn
the jet into large sporadic droplets. Sometimes, the jet angle will even rapidly switch back
and forth during a partial clog. After such disturbances, the jet will usually return to its
norrnal behavior. The different partial clogs are illustrated below in Figure 5.1.

Normal Jet Operation  Partial Clog Resulting  Partial Clog Resulting
in Jet Deflection in Large Sporadic Drops

Figure 5.1: Different types of partial clogs

Obviously, such partial clogs are unacceptable since they will result in layers with surface
defects. In order to make sure a reliable jet of alumina slurry could be made, experiments
were performed to check the performance of different nozzle sizes. Altnough it is possible
to jet alumina slurry through a 45 pum nozzle, it is difficult to prevent partial clogs when
jetting slurries of high solids loading thhough such a small orifice. As a result, only 70 and
127 um nozzles were tested for jetting slurry.

Experiments were made to check the operating parameters and reliability when
jetting slurry through 70 and 127 pum nozzles. The experimental setup for the 70 pm
nozzle is shown below in Figure 5.2.
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Figure 5.2: Setup for jetting alumina slurry

In order to avoid problems associated with the slurry settling, a magnetic stirrer was used.
The stirrer was set at a slow speed to minimize the possibility of intreducing air bubbles
into the slurry. Since the powder size was 1.0 um, a nylon mesh filter with 30 pum
openings (Small Parts Inc., Miami Lakes, FL) was chosen in hopes that most agglomerates
would be smaller than this and would be able to pass through the filter. For the 70 um
nozzle, slurry could be jet for periods of about 10 minutes without full clogging using 35
v/o slurry (1.0 pm Ceralox powder). However, partial clogs were observed every couple
of minutes for periods lasting a few seconds or less. Typical flow rates for this case
ranged from 0.8 to 1.2 cc/min. Typical pressures for the above experimental setup were
about 40 psi. After about 15 minutes of jetting, the filter mesh would be full of sludge.
This also presented a problem since the flow rate would gradually drop off as the filter
became increasingly filled with particulates.

In order to alleviate the clogging and filtration problems, a 127 pm orifice nozzle
was used. This made it possible to use a larger filter mesh which would not become
clogged with particulates as rapidly. Using a filter mesh with 53 im openings, the 127 pm
nozzle was able to jet 35 v/o alumina slurry for long periods of time without full or partial
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clogs. The limiting factor in this case was again the fact that the filter would eventually
clog. However, the rate at which this happened was slowed considerably by the use of the
53 pm filter. For well dispersed slurries, the filter could be used from 30 minutes to an
hour before cleaning was required. This problem could be further minimized by using a
filter with a much larger surface area. The 127 pum nozzle exhibited flow rates ranging
from 1.8 to 2.5 cc/min at pressures ranging from 24-30 psi. From these experiments, it
was decided that the 127 um nozzle would be the best choice of the small orifice nozzles
since it offered reliable performance with reasonable flow rates.

Unfortunately, slurry jet on/off control is complicated with the small orifice
nozzles. The slurry flow cannot be simply pinched for such a small orifice since this
almost guarantees a full clog will occur upon attempting to start the jet again. Such small
orifices must be left running continuously. As a result, there are only two options for
turning the slurry jet on and off. The first of these is to employ an electro-static deflection
scheme to deflect the slurry into a catcher when binder is to be printed. The second option
is to use some kind of mechanical catcher with a solenoid which could be placed under the
jet when it is to be shut off. Both of these approaches to slurry jet on/off control could be
complex design challenges.

5.2.2: Large Orifice Nozzles

A second approach to the jetting problem was to use relatively large orifice nozzles
ranging from 150 pm to 350 pm. In this case, fluid dispensing hypodermic needles (Small
Parts Inc., Miami Lakes, FL) with blunt ends were used as nozzles. These needles were
made of stainless steel and used a luer-lock fitting for fluid connections. Three large-orifice
nozzle sizes were studied: 203 pm, 254 pm, and 330 um. There were several reasons for
pursuing the large orifice nozzle concept. The first of these being that if the orifice was
large enough, no filtration would be required. This would eliminate the problem of
clogging filters and changing flow rates. The second advantage was the jet on/off control.
If a large enough orifice was used, the slurry jet could be turned on and off by simply
pinching the slurry flow. This would be much simpler than the elaborate schemes
necessary for turning the jet on and off if a small orifice nozzle was used. The downside to
using the hypodermic needles would be relatively high flow rates,

It was discovered during layer printing experiments that the slurry jet must reach the
substrate as a laminar jet (as opposed to individual droplets) in order to achieve good
surface finish. In order for this to happen, the slurry jet needs to have a break-off distance
of at least 3-5 mm from the needle tip (to be discussed further in Section 5.4.1). In order
to make sure that the laminar region was long enough, the resulting jet from a hypodermic
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needle was observed with a CCD camera and carefully characterized. A schematic of a
typical alumina slurry jet exiting a hypodermic needle is shown below in Figure 5.3.

Needle Tip

<4——— Neck-down flow region

-4——— | aminar flow region

/

Slurry Jet

2
U -4————— Transitional flow region

O -4——— Full breakup of flow

Figure 5.3: Regions of slurry jet from the needle tip

The four important regions of the slurry jet are the neck-down region, the laminar flow
region, transitional flow region, and the full break-up (turbulent) region. The break off-
distance is the point where individual droplets can be distinguished. For layer printing
purposes, it is desirable to have a laminar flow region which extends at least 3-5 mm from
the needle tip. In some cases for needle jetting, no laminar flow region exists (observed at
very low flow rates). In other cases, the laminar flow region was more than 10 mm long
(observed at high flow rates). To give an idea of the typical lengths of these regions, each
was measured for the 254 um needle (inner diameter) using a CCD camera. The results of
these measurements are shown below in Table 5.1.
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Needle Inner Diameter 254 um

Slurry Description 35 v/o alumina, 1.0 pm powder

Volume Flow Rate 2.7 cc/min

Neck down region length 200 um starting from needle tip

Laminar Fiow region length 2000 pm starting from the end of the neck down region
Transitional Flow region 1300 pm starting from the end of the laminar flow region
Full Breakup of Flow 5000 wm from needle tip

Table 5.1: Typical slurry flow region lengths for a 254 pm needle

The parameter of greatest interest was the distance from the needle tip to the end of the
laminar flow region. This would set the maximum distance between the needle tip and the
substrate to be printed on. The neck down region is so short that it could be ignored since
the needle tip should never be so close to the powder bed or else a crash might occur.

In order to determine a reasonably sized large-orifice nozzle, several parameters
were studied. These were filterless jetting capability, laminar flow lengths, flow rates, and
resistance to clogging when turned on and off. An advantage of the large orifice nozzles is
the possibility of performing jetting without an in-line filter. In order for this to be
successful, it is important to use fresh unflocculated slurry. It is also important to remove
any large particulates immediately before jetting. To do this, a standard powder sieve with
an opening size of 38 pm (W.S. Tyler Inc., Salisbury, NC) is placed over a large funnel
with a beaker underneath to collect the slurry. The slurry is then poured into the sieve to
remove large particulates. The sieve is then cleaned and the procedure is repeated again to
ensure the removal of agglomerates. After filtering, the slurry is put under a vacuum of 25
inches of mercury to remove air introduced during the milling and filtering process.
Increasing the vacuum more than this is not a good idea since it will result in foaming of the
slurry. After preparing the slurry in the way described above, several filterless jetting
capability tests were performed. Each needle was checked to see if it had a rcliable slurry
jet which was stable and did not clog when no filter was used. The 254 pum and 330 um
needles never clogged. However, the 203 um needle clogged several times. As a result of
this, the 203 um needle was ruled out as a candidate for slurry printing.

The next set of experiments looked at flow rate and the laminar flow region length.
These two parameters are measured together since the laminar flow region length is a
function of the flow rate. The flow rate was measured at several points for each needle
over a range of reasonable laminar flow region lengths (about 3 to 7 mm). Lengths below
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3 mm require the needle to be precariously close to substrate (while traveling at 1.5 m/sec
or higher). Laminar flow region lengths above 7 mm require flow rates which are too

high. A plot of the measurements showing the flow rate necessary to create a certain
laminar flow region length is shown below in Figure 5.4. Only one measuremenf was

made for the 203 pm needle due to clogging problems.
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Figure 5.4: Laminar flow region length as a function of flow rate

The 254 pm needle exhibits flow rates which are close to those used for printing powder
beds using wire bonding tools as a nozzle. The flow rates obtained with the 330 pum
needles are probably too high and would flood the powder bed resuiting in cracking
problems. The flow rate is basically limited by the fastest raster velocity which can be used
(see discussion of slurry dosage in Section 5.3).

For the 330 pm and 254 pum needles, experiments were performed to check if the
slurry jet could be shut off for long periods of time and then revived by simply restoring
the slurry flow. Two ways were considered for implementing such an on/off jet capability.
The easiest way was to use a pinch valve to block the slurry flow. However, initial
experiments revealed a problem with this approach. When the slurry flow was pinched, a
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drop of slurry would form on the outside of the needle tip and dry. This is illustrated in
Figure 5.5. Sometimes this drop could not be blown off with a large pressure increase.
Sometimes, the droplet would also cause excess slurry to dry on the needle tip. When the
jet was restarted, this dried slurry would perturb the jet departure angle.

Sometimes the ,
droplet leaves -
dried slurry around -
needle tip "- \
\ & B Needle
\ Dried slurry on
o ’ needle tip changes
Pinching the flow usually : jet angle upon
results in a _Iarge droplet on reactivation of the jet
the neede tip

Figure 5.5: Problems with using pinch valves for jet on/off control

A second way to implement on/off control which avoids these problems is to control the
tank pressure. Using several pressure sources, the jet could be tumed on and off. The
droplet formation problem on the needle tip could be eliminated by briefly drawing a
vacuum to draw the droplet back into the needle tip. A schematic of the system which was
implemented is shown below in Figure 5.6.
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Figure 5.6: Schematic of the on/off needle flow control system

In order to turn the jet on, the high pressure switch was opened. This would blow out any

slurry that might have dried in the nozzle.

After several seconds, the normal jetting

pressure switch was opened while closing the high pressure switch. To turn the jet off, the

jetting pressure switch was turned off and the vacuum was briefly applied to suck any

excess slurry into the needle. After that, the atmospheric pressure switch was opened. The

254 and 330 pum needles were tested to see how much boost pressure (above the normal

jetting pressure) was required to revive the jet after being off for 2,4, and 5 minutes. The

results are shown below in Table 5.2.

Duration of OFF period | Pressure boost for 254 ym needle | Pressure boost for 330 um needle
2 minutes I psi 1 psi

4 minutes 6 psi 3 psi

5 minutes 8 psi 5 psi

Table 5.2: Jet activation pressure boost requirements

With large slurry tubing (1/16 inch ID), the slurry jet starts up and reaches steady state in a

couple of seconds. With the thin slurry tubing that is commonly used (typical ID of 0.015
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inch), it takes more than 10 seconds for the slurry jet to achieve steady state behavior once
restarted. Once revived, the slurry jet behaved as it did before being turned off as long as
no slurry dried on the outside of the needle. Although this did occur once in awhile, it
happened much less frequently than with the pinch valve approach to on/off jet control.

From the results of the above experiments, the 254 um needle was chosen as the
best large orifice nozzle to use since it had good filterless reliability, reasonable flow rates,
and could be turned on and off in a reliable fashion. Although the use of the hypodermic
needles has several advantages, there are several drawbacks which should also be
considered. The first of these is the limited physical robustness of the needles. Compared
to the wire bonding tools, the hypodermic needles are easy to damage. This includes
bending or marring the needle orifice as well as susceptibility to chemical attack. The fact
that the nozzle is made of stainless steel is of some concern when jetting alumina slurry
since there could be problems with erosion (from the abrasive nature of the alumina) and
corrosion (from the acidity of the slurry). For nozzles which were used for several hours,
no change in the orifice diameter could be observed. However, there were some problems
with the needles starting to rust. Another problem with the needles is that there seems to be
relatively poo:r dimensional control of the inner diameter. The inner diameter of a random
sample of needles was measured and the result deviated from the nominal value as much as
+15% [Terrazzoni, private communication]. This is a concern since a variance in the
geometry means the optimal printing parameters may change with a needle swap.
However, the hypodermic needles are so inexpensive that a large supply could be
purchased to select ones which have similar dimensions.

5.3: Brief Review of Relevant Process Physics in Ink-Jet Printing Layers

Unlike the spray deposition and tape casting approaches to layer fabrication, the
ink-jet printing approach gives very localized control of the layer build process. In this
process the most fundamental unit is the individual line. When a line is printed, it quickly
slip casts on the powder bed (see Section 3.3 for a discussion of slip casting) before the
next line is printed (see Section 5.4.9). The resulting nominal build height of a layer can be
quantified with knowledge of the raster velocity, line spacing, flow rate, and packing
density. A schematic showing the important parameters in building a layer are shown
below in Figure 5.7.
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Figure 5.7: Important parameters in ink-jet layer fabrication

Assuming that the slurry printed in each pass is constrained by the neighboring lines, the
wet height, h*, of a printed line before slip casting or drying takes place is given by

bt = -2 (5.1)

w-v

where the SI unit system is employed. Unfortunately, such units are not always the most
convenient to use. Eq. (5.1) can be written in terms of more useful units where in this
case, h* is in [um], Q is [cc/min], w is in [um], and v is [m/sec].

Q-10°

h* =
60-w-v

(see above for units) (5.2)

The final height of the resulting dry layer, h, will be determined by the solids volume
fraction of the slurry, VF, and the packing fraction (packing density) of the resulting
powder bed, PF.

= VE (b
h= (%) (5.3)

80



Since h is directly proportional to h*, any units can be used with Eq. (5.3).

It is important when picking printing parameters that the CCT is not exceeded. As
discussed in Section 4.3, the saturation thickness, h_,, should not exceed the CCT to avoid
cracking. Substituting Eq. (5.2) into Eq. (4.6), we find the saturation thickness as a
function of the printing parameters.

__Q-10° 1-VF
“ 60-w-v 1-PF

(5.4)

Keep in mind that Eq. (5.4) uses non-standard SI units where h_, is in [um], Q is [cc/min],
w is in [um], and v is in [m/sec]. Assuming the use of 35 v/o alumina slurry and a packing
density of 55% (1.0 pm powder), plots of the saturation thickness as a function of line
spacing are shown below in Figure 5.8 for a raster speed of 1.2 m/sec.
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Figure 5.8: Saturation thickness as a function of printing parameters for 1.0 um powder
and a fast-axis speed of 1.2 m/sec
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When choosing printing parameters, Eq. (5.4) should be used to check that the effective
layer height does not exceed the CCT of the slurry type being used. Grau has investigated

the dependence of the CCT on powder size for the Ceralox 0.5 and 1.0 pm powders. This
data is shown below in Table 5.3.

0.5 um Powder (Packing Fraction = 0.60)

1.0 um Powder (Packing Fraction = 0.55)

Saturation Thickness | Result Saturation Thickness | Result
less than 60 pm crack free less than 133 um crack free

60 - 70 um cracks are possible | 133 - 160 Lm cracks are possible
greater than 70 pm | will crack greater than 160 um | will crack

Table 5.3: Cracking results for different saturation thicknesses

In order to have some sense of how to determine an optimal set of printing

parameters for attaining good layer surface finish, it is important to consider all the

experimental variables. The most important experimental variables are listed below:

*Raster speed

*Line spacing

*Flow rate

eIntra-layer line placement
eInter-layer line placement
*Nozzle orifice size
*Slurry solids loading
*Slurry particle size
Slurry wetting angle
*Powder bed temperature

*Dwell time between lines in a layer

Although there are quite a few parameters listed above, they may not all independent. One

way to attempt to predict the parameters which will result in good surface finish is to make

some simplifying assumptions of how the layers will stitch together and stack on top of one

another. The first simplifying assumption which can be made is that the shape and width

of an individual line is mainly dependent on the slurry dose. The slurry dose, D, is defined

as the volume of siurry deposited per length of printed line or

p=2
v

(5.5)
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where Q is the flow rate and v is the raster velocity. Originally, it was hypothesized that
the cross section of an individual line should be roughly the same as long as the dose
remained constant. This would reduce the number of necessary experiments since many
combinations flow rate and raster speed would then result ir a similar surface finish. In
order to check this assumption, three lines were printed with the same dosage that had
different combinations of fast-axis velocity and flow rate. The printing parameters of each
line are shown below in Table 5.4.

Line Number Flow Rate Raster Velocity Dosage

i 2.0 cc/min 2.5 m/sec 0.000133 cc/cm
2 1.8 cc/min 2.25 m/sec 0.000133 cc/cm

3 1.6 cc/min 2.0 m/sec 0.000133 cc/cm

Table 5.4: Printing parameters for line dosage experiment

The cross section of the printed lines was then measured using a Dektak-8000 profilometer.
A plot which compares the profile of each of the printed lines is shown below in Figure
5.9.

0 50 100 150 206G 250 300 350 400 450 500
Distance [um]

Figure 5.9: Comparison of lines printed with the same dosage (see Table 5.4 for printing
parameters)
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This figure clearly shows that lines of the same dosage do not have identical profiles. As
the flow rate increased, the lines spread out more with a lower resulting height. The higher
flow rate profile (Line 1) also had a smoother profile with less noticeable slip casting
defects. Thus, it appears to be desirable to maximize the flow rate when picking a
particuiar printing dosage in order to get lines with a smoother top profile. This data also
shows that the assumption that surface finisn is only a function of dosage is not valid.

Another assumption has to do with resulting surface profile perpendicular to the
fast-axis direction. The surface profile results from the printing of individual lines. A first-
order approximation which predicts the surface along the slow-axis direction is to assume
that the resulting surface profile of a layer after printing can be determining by simple
addition of heights. Thus, if we know exactly where the lines are placed and their profile,
we will be able to predict the resulting cross-secticnal profile of the layer. This is
illustrated in Figure 5.10 with the following assumptions for illustrative purposes: 1) the
lines have a triangular distribution 2) The lines are printed such that the ends of the
triangular distributions meet 3) The lines in the second layer are printed on top of the lines
in the first layer.

Layer 1

Layer 2

The cross section shown is only for illustration purposes.

Figure 5.10: Resulting layer cross-sectional profile using additive model
Such an assumption would allow one to simply run simalations to determine which

printing parameters wouid result in a good surface finish. The profile of a typical printed
line is shown below in Figure 5.11.
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Figure 5.11: Typical printed line cross section using 35 v/o alumina slurry, 254 pm
nozzle, fast-axis speed of 1.3 m/sec, and a flow rate of 3.1 cc/min

The profile was measured using a Dektak 8000 surface profilometer (Veeco Instruments
Inc., Santa Barbara, CA). The fluid system used to generate the above line was 35 v/o
slurry jetted through a 254 pum hypodermic needle. The printing parameters were a raster
speed of 1.3 m/sec and a flow rate of 3.1 cc/min. Similar profiles were measured with the
127 pm nozzles except the height and width would usually be less. The depression visible
at the top of the line cross section is not an abnormality. This was observed for all printed
lines. However, the size of the depression grows with increasing slurry dose. It is the
result of the fact that the slip casting rate is not unifcrm across the width of the line (refer to
Section 3.3). The fact that the slip casting rate is the highest at the line edges results in the
depression at the line center.

Although this assumption that surface finish can be predicted using an additive
mode! would simplify the printing parameter search, this assumption does not appcar to
hold up very well. The troublesome factor is the uneven slip casting rates of a printed line.
Although the effect of uneven slip casting is negligible for an individual line, the situation

changes completely when a line is printed next to a previously existing one. In this case,
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one side of the line now has significantly more area against which it can slip cast. This

results in a very rough unpredictable surface finish. This is illustrated below in a Figure
5.12.

Surface Height [um]

Distance Across Layer [um]

Figure 5.12: Surface profile of a single layer using 35 v/o aluinina slurry, 254 pm
nozzle, fast-axis speed of 1.3 m/sec, flow rate of 3.1 cc/min, and a line spacing of 340 um

This figure shows the result of a surface profile scan by a Dektak 8000 profilometer. The
fluid system used to generate the layer was 35 v/o slurry jetted through a 254 pm
hypodermic needle. The printing parameters were a raster speed of 1.3 m/sec, a flow rate
of 3.1 cc/min, and a line spacing of 340 um. In this figure, the first line (marked as “Line
1) is printed at very left of the plot. Note that it has a symmetric profile like the one
shown in Figure 5.11. However, the next line (marked as “Line 2”) is no longer
symmetric since the side next to the previously printed line slip casts much faster resulting
in large peaks in the resulting surface. This phenomenon repeats throughout the entire
layer resulting in a much larger roughness than would have been predicted by the additive
model. If this slip casting effect could be lessened, then the additive model might be
accurate enough to use to predict the resulting surface finish from a set of printing
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parameters. However, the best way to currently determine a set of printing parameters
which give a good surface finish is to determine these experimentally.

5.4: Experiments Using The Ink-Jet Approach to Layer Fabrication

Experiments were performed to assess the feasibility of the ink-jet layer fabrication
approach. Experiments ranged from looking at the working distance, trying different
printing parameters, studying individual lines, etc. Dimensional control of the powder bed
over a large number of layers was also examined.

5.4.1: Experiments with the Nozzle Working Distance

Initially, the 127 pm wire bonding nozzle was used to create a siurry jet. The time
to develop a device to turn the slurry jet on and off as discussed earlier was unavailable.
Consequently, a very simple slurry printhead was built which incorporated a special catcher
to prevent slurry from reaching the substrate when desired. This catcher was basically a
small box with a volume of about 10 cc which could be easily placed under the slurry jet.
In order to have room for the catcher box, the slurry jet had to be placed about 33 mm
above the substrate. The large distance between the nozzle and the powder bed later proved
to be a source of problems since the slurry jet had broken up into discrete droplets by the
time it reached the surface.

For the first experiment, a 35 v/o alumina slurry (1.0 pm) was prepared. In the
fluid system setup used, a 25 mm diameter syringe filter with a nylon mesh with 53 pm
openings was used to filter the slurry before it passed through the 127 micron nozzle
orifice. The slurry reservoir tank was pressurized to about 21 psi. As a substrate, a
borosilicate filter disk (Ace Glass, Vineland, NJ) with a porosity of 10-20 um was
employed.

In the first attempt to print a powder bed with an alumina slurry jet, a fast axis
speed of 1.25 m/sec was chosen and a slow-axis line spacirg of 450 um was used. At the
beginning of the experiment, the flow rate was found to about 4.1 g/min (about 2.0
cc/min). The surface finish which was initially observed was quite poor. At first, it was
not clear whether this was a wetting problem or a problem with the printing parameters
themselves. To make sure that this was not a wetting problem, 5 layers were printed with
the same parameters. Wetting problems disappear after several layers are printed because
an alumina foundation is built. Thus, an improvement in the surface would indicate a
wetting problem. Heat lamps were used after each layer to remove excess water. After the
fifth layer, it was quite clear that the problem was not related to wetting since no
improvement was noted. A photo of the surface after the fifth layer had been printed is

87



shown below in Figure 5.13. In this figure, the fast-axis was in the horizontal direction. It
should be noted that the splatted droplets which were formed are about 400-800 microns in
diameter which is quite big.

Figure 5.13: Powder bed with individual drops hitting surface using 35 v/o alumina
slurry, 254 pm nozzle, fast-axis speed of 1.25 m/sec, flow rate of 2.0 cc/min, and a line
spacing of 450 um (scale divisions are 1/64 inch apart)

Since the working distance was so high (3 cm), the jet was certainly arriving at the powder
bed as individual droplets. It was then checked to see if this could b= improved by
lowering the nozzle such that an unbroken laminar jet hit the powder bed surface. The
printhead was modified to bring the nozzle within 5 mm of the powder bed surface.
Unfortunately, this made it necessary to remove the catcher box so the nozzle had to be
physically removed from the printhead to turn the jet off. With the nozzle now setup such
that a laminar stream was hitting the powder bed instead of individual drops, much better
results were expected. A line spacing of 450 pm was again used with a mass flow rate of
4.0 g/min (1.96 cc/min). The raster speed was kept at i.25 m/sec. These parameters
should produce dry layers which are 37 um high assuming a packing density of 55%. The
change in the nozzle height significantly changed the resulting surface finish of the powder
bed. Eight layers were printed with the use of drying lamps after each layer. Figure 5.14
shows a photo of the resulting surface finish. The fast-axis is in the vertical direction of
this photo.
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Figure 5.14: Powder bed with laminar flow jet hitting surface using 35 v/o alumina
slurry, 254 um nozzle, fast-axis speed of 1.25 m/sec, flow rate of 1.96 cc/min, and a line
spacing of 450 |tm (scale divisions are 1/64 inch apart)

The surface finish shown in Figure 5.14 was encouraging. From these results, it was
considered crifical that a slurry jet be an unbroken laminar stream when hitting the powder
bed. The reacon for the improvement can be easily explained. The volume of the droplets
are so small that they slip cast almost instantaneously on the powder bed. As a result, it is
impossible for the droplets to merge with one another and a poor surface finish results. By
having a laminar stream hit the powder bed, even though slip casting occurs rapidly, a
smooth line will result.

5.4.2: Experiments with the Printing Parameters

From the results of the working distance experiments, a more physically robust
printhead which placed the 127 um nozzle about 3 mm above the substrate was built. This
new printhead allowed rapid removal of the nozzle from the printhead to make it easier to
turn the jet on and off. Printing parameters were sought which gave the best layer surface
finish. In order to prevent cracking, the fast-axis speed needed to be kept as high as
practically possible and the flow rate had to be kept as low as possible. As a result, the
parameter which was varied was the line spacing. The LabView program which controlled
the motion of the printhead was reprogrammed so five powder beds could be printed with
different line spacings in each layer printing iteration. Line spacings of 200, 300, 400,
500, and 600 pm were printed side by side. A fast-axis speed of 1.2 m/sec was chosen
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since it was the fastest speed which was observed to have constant velocity over the printed
region.

For the printing experiments, 35 v/o alumina slurry (1.0 jum) was prepared. The
slurry also contained 2 weight percent PEG (Mw = 400) on the basis of the alumina used.
The main purpose of the PEG is to aid in redispersing the powder bed after printing. Even
though this was not of concern in the experiment, its presence may effect the slurry
rheology. Heat lamps were applied at full intensity for about 1 minute after each layer was
printed. This removes excess water from the powder bed so drying stresses will not
increase as more layers are printed and cause cracking problems.

In the fluid setup used, a 25 mm diameter syringe filter using a nylon mesh with 45
micron openings removed large particles from the slurry before it passed through the 127
micron nozzle orifice. One problem that occurred was that the filter would slowly clog up
over time and change the flow rate over time. To keep track of this problem, the mass flow
rate was measured periodically. To keep the flow rate roughly constant, the filter was
flushed every couple of layers. In Figure 5.15 below, the mass flow rate is shown as a
function of the layer being printed. It is important to note that each layer represents the
passage of anywhere from 5-10 minutes of time. The figure clearly shows the flow control
problems associated with using filters.

Mass Flow Rate [g/min]

1 3 5 7 9 11 13 15 17 19
Layer

Figure 5.15: Slurry mass flow rate during line spacing parameter study
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After printing 20 layers, the surface finish of the resulting powder beds was examined. Of
the line spacings which were printed (200, 300, 400, 500, and 600 um), the 200 pum line
spacing exhibited the best surface finish. The resulting surface finish is shown below in
Figure 5.16.
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Figure 5.16: Powder bed surface using 35 v/o 1.0 pm alumina slurry, 127 pm nozzle,
fast-axis speed of 1.2 m/sec, average flow rate of 1.8 cc/min, and a line spacing of 200 pm
(scale divisions are 1/64 inch apart)

As the larger line spacings were used, gaps appeared between the lines leading to large
valleys and peaks in the resulting surface finish. The case where 500 um line spacing was
used is shown below in Figure 5.17. Large gaps between the lines and deep grooves are

clearly visible in this photo.
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Figure 5.17: Powder bed surface using 35 v/o 1.0 pm alumina slurry, 127 pm nozzle,
fast-axis speed of 1.2 m/sec, average flow rate of 1.8 cc/min, and a line spacing of 500 pm
(scale divisions are 1/64 inch apart)

From these results, it was tl.c smallest line spacing (200 um) which gave the best
surface finish. However, it may not always be possible to use such small line spacings. If
the saturation thickness for critical cracking thickness purposes is calculated using Eq.
(5.4) assuming a resulting packing density of 55% of theoretical (PF = 0.55), h_ is found
to be about 180 pm. This is above the CCT reported by Grau (see Table 5.3) for 1.0 pm
powder. The reason that cracking was not observed might be the fact that not enough
layers were printed. In order to use such line spacings reliably for powder beds with more
layers, a higher fast-axis speed or lower flow rate will be necessary to reduce the saturation
thickness. Later experiments confirmed the fact that small line spacing result in better
surface finishes then large line spacings (see Figure 5.22). The limiting factors to using
small line spacings are the build rate and the CCT.

5.4.3: Layer to Layer Print Styles

Looking at Figure 5.11, it can be seen that the surface finish of an individual line is
quite good. The limiting factor in the surface finish is the way the individual lines are
stitched together. Peaks are evident where the lines are printed and valleys can be seen
between the printed lines. In order to reduce this effect, a layer shifting scheme was
adopted. The idea behind layer shifting is to print the lines in the valleys so that the
resulting surface will be smoother. This concept is illustrated below in Figure 5.18.
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Figure 5.18: Layer to layer line shifting

Such a scheme can easily be implemented in software by shifting the slow-axis position
where the layer is printed.

Use of the layer to layer shifting resulted in an improved surface finish. Uhland
made measurements of powder beds printed using the shifting technique. Using a Dektak-
8000 surface profilometer, the surface profile of two successive layers was measured and
is shown in Figure 5.19 (data courtesy Uhland). The first layer shows prominent peaks
and valleys while the second layer which has been shifted has filled the valleys resulting in
a much smoother surface finish. It is important to realize that the distance scales of the axes
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