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ABSTRACT
The powder processing problems that control the performance of ceramic forming
methods also apply to 3-D printing. Binder jet printing requires well flowing powders to
form smooth powder beds, however, powders that flow well typically lack the surface area
required for sintering. Granulating fine powders facilitates flow and sintering but also
increases binder usage and shrinkage which is not a viable solution. In this work, a powder
was engineered for 3-D printing that potentially solves the powder flow and shrinkage
problems and sinters. Granules with a bimodal distribution consisting of 70% 5 µm
particles and 30% 0.5 µm particles were produced. The granules were then mixed in a 10:1
size ratio (80% coarse granules, 20% fine particles). This approach solved the powder flow
problem and produced high packed bed densities but only marginally sintered.
Incorporating a glass frit as the fine particle fraction maintained particle flow and packing
while facilitating sintering. Packing data obtained through tapping and vibration indicated
that powders containing fine particles experience a “packing transition” region between
30-300 cycles. This transition exhibited significant packing density increases and does not
appear to have been discussed in the literature. Packing efficiency through vibration
suggests there is an optimal frequency for most efficient compaction. Conversely, there
may be an optimal frequency that facilitates particle movement but does not induce
improved compaction.

x

I.

INTRODUCTION

3-D printing (3DP) has garnered much interest in both the academia and in industry
in recent years due its potential. 3DP offers the possibility of for near net shape part
production, forming complex geometries that would be impossible with other forming
methods, and for rapid prototyping of new designs. Unlike polymer printing, which has
had more time to mature and has expanded as far the home consumer market, 3-D printing
of ceramics is still in its infancy. Thus 3DP of ceramics has many problems that must be
addressed through research. Two of the largest problems faced by 3-D printed ceramics
were investigated in this work: shrinkage and sintering performance.
Both of the above problems stem from the basics of ceramic powder processing.
While 3-D printing is often viewed as a “revolutionary” forming method, it is still limited
and controlled by all the same factors that limit and control more traditional forming
techniques such as dry pressing. In this case, the main limiting factor is powder flow. 3DP
feedstock powders must have sufficient flow properties to ensure even coverage across the
build stage and to form a flat powder bed devoid of defects including pits, gashes, and
“valleys.” However, powders that flow well are either large or are granules of smaller
particles. Both have low specific surface areas and thus low interfacial energies, preventing
densification at normal processing temperatures. Theoretically, traditional sintering can
still be achieved in 3DP systems by increasing the firing temperature, but doing so would
greatly increase processing costs. Large particles also lead to large void spaces in the green
body, which increases shrinkage during firing, which unfortunately tarnishes one of 3DP’s
desired advantages: near net shape manufacturing. Constant, isometric shrinkage can be
designed around, though any change in the process that results in a change in shrinkage
will lead to manufactured parts of the wrong size. Both of these problems must be
addressed in order for ceramic 3DP to be viable in industry, though it must be mentioned
that there are other issues with the current state of 3DP technology which will be discussed
below.
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A.

Powder Bed 3-D Printing
Additive manufacturing (also commonly called solid-freeform fabrication) is an

umbrella term that encompasses many forming methods that have the following three
distinctions: material is added to the part instead of machined away, shaping the part is not
reliant on outside confinement (a mold, roller, etc.), and lastly, the part is created
incrementally.

From these three criteria comes the following definition of additive

manufacturing: “The creation of a three-dimensional shape by point, line or planar addition
of material without the use of confining surfaces other than a base.”1 Essentially all
additive manufacturing methods use CAD modelling software and follow the basic flow
chart shown in Figure 1 below.

Stereolithography, computer controlled extrusion,

laminated object manufacturing, selective laser sintering, and both binder and slurry jetting
3-D printing have all been applied to ceramic materials.2 This work exclusively used
binder jetting, and will be referred to as 3-D printing (3DP) for the rest of this work.

Figure 1. General process for additive manufacturing methods, Cawley (1999)2.
The 3DP process begins by dispensing powder of the desired material onto a platon
from a hopper through vibration or a similar mechanism. The powder is then flattened
with a roller to form a layer of powder. A printhead accurately dispeneses binder in the
shape of the contour of the design and a new layer of powder is dispensed over the top.
Thus the part is built layer by layer from the bottom up. Layer thickness and the height of
the part being printed are the primary factors that affect printing time.
2

Decreasing the

layer thickness can be deemed an artifical way of “increasing” the height of the part, since
it results in more layers required to finish the part in question. While decresing layer
thickness increases printing time (sometimes quite drastically), it also improves the part
resolution (dimensional accruacy). This is especially appraent in rounded or spherical
shapes and features, since 3DP forms these features in a stair step function, as demonstrated
in Figure 2. The thinner the powder layer, the more steps and the smoother the curve.
Thinner layers also improves binder saturation; the tortuous pore channels bewteen
particles in the powder bed are not as deep and easier to fill, resulting in higher strength
green parts. A compromise is often required to find a happy medium between printing
time, part resolution, and handlability. The quality of the printbed is dependent on roller
traverse speed, the roller rotation speed (rpm), and primarily powder flowability. Proper
control of these parameters is required for even spreading and to ensure enough powder is
dispensed from the hopper to completely cover the build platon.

Figure 2. The effect of 3DP layer thickness on part resolution.
3DP, like any forming method, has advantages and disadvantages. The powder bed
naturally acts as a support structure, allowing CAD designs to incorporate hanging features
without the need of adding in temporary support structures that would need to be removed
later. Designs can also be changed or swapped out entirely quickly and easily; all that’s
required is to load or input a new CAD design, a task that can be time consuming, expensive
and exceedely difficult with other forming methods. Excess powder can be recyled,
resulting in very little waste material. 3DP also allows for the production of complex
geometries that normally require the design to be broken up into smaller parts that require
assembly. It’s even possible to create geometries that can’t be produced with any other
forming method. 3DP’s “claim to fame,” especially in the ceramics community, is its
potential for the production of near net shape components. It must be clearly stated that
3

this is the potential of 3DP and not current reality. Much work needs to be done in order
reach this potential and was part of the focus of this work.
However, it must be stated that 3-D printing does have drawbacks. 3DP requires
excess powder to be brushed or blown off the resulting green body and complex parts can
be difficult to remove. The freshly printed parts also require a curing step inorder to have
handleable green strength. The cured binder must be burned out prior to densification,
leaving behind siginificant void space resulting in exceedly large linear and volumetric
shirnkage, trapped (closed) pores, or both. The current printing technology is also slow
compared to tradtional methods. While the time required to make a single part or as many
parts that can fit in the build area of the printer is the same, 3DP is better suited for small
batch sizes or a” made-to-order” style of manufacturing. The slow production time can be
combatted by increasing the thickness of the powder layer, though doing so sacrifices
resolution. The printing resolution is especially important for curved features since they
are printed in a stair-step fashion. The thinner the layers, the smaller the steps, resulting in
a smoother curve. Increasing the layer thickness also requires an increase in binder to
prevent delamination, which will not only increase producion costs but also worsen the
poblems mentioned above relating to binder burnout.
Since 3DP of ceramics uses a ceramic powder bed, it is subject to the same powder
processing problems faced by more traditional ceramic forming techniques. In order to
form a flat bed without defects (including pits, gashes, aggolmerates, etc.), the powder must
show “good” flow properties. Measuring and reporting powder flow is itself an issue as
there is no set standard test for flow and different industries favor different testing methods.
The degree of powder flow is also dependent on the proscess, and “good” flow for one
process may be inadequate for a different process and excessive to a third.
Powder flow improves with particle size; small particles are dominated by van der
Waals forces over gravity and tend to spontaneously agglomerate and clog the 3DP hopper
or create powder bed defects. Large particles, on the other hand, are dominated by
gravitational forces and thus are more suited for 3DP. Since large particles are required
for printing, this leaves essentially two choices for the feedstock material; granules or
coarse ground individual particles. Unfortunately, sintering of ceramics is a densification
phenomenon controlled by diffusion and the reduction of surface energy. Large particles
4

and granules have low surface areas (little surface energy) and simply don’t have enough
driving force for sintering to occur. While granules are composed of sinterable particles,
and some densification of individual granules can occur, the surfaces energies of the
granules in the system don’t provide the driving force required for granule rearrangement,
necking, and densification.
Other ceramic forming methods also rely on particle flow, the main one being dry
pressing. While both 3DP and dry pressing both use granules, dry pressing breaks the
granules apart with pressure, leaving behind small particles which are active in the sintering
process. 3DP does not have this luxury; the feedstock used is held together with binder
and the granules (or coarse ground particles) remain intact resulting in a system with very
low surface energies available for sintering. The end result is either poor relative densities,
or even no desification at all. There are many approaches to solve the dichotomy of powder
flow and sintering performance in 3DP, though most of them are often considered
“cheating” in sintering terms. most involve the addition of a viscous or glassy phase,
sintering aids, infiltration of a melt, or other dopants. This work tries to solve the powder
flow to sinterabiliy dichotomy of 3-D printed alumina in two ways; thorugh improving the
packing efficiency of the powder bed through mixed particle size, and through the addition
of a glass phase.
B.

Shrinkage in 3-D Printing
The necessity of well flowing particles or granules in 3DP is not only an issue in

getting the printed part to densify in the first place, if densification does occur, the resulting
shrinkage from the abundace of pore space is enormous and unmanageable from an
industrial standpoint. This is because of poor particle packing of well flowing powders in
a 3DP powder bed. The packing of the individual particles in the bed is dependent on the
packing of both the granules/particles that make up the powder bed as well as the packing
efficiency of the individual granules, as shown in Equation (1).
𝑃𝑃𝑃𝑃𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏 ∗ 𝑃𝑃𝑃𝑃𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔

(1)

Where PE is packing efficiency. For example, in a system where both the powder
bed and the granules pack to 50% of theoretical density, the resulting packing efficiency
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of the individual particles in the system is only 25%. The relationship between packing
efficiency and shrinkage can be described by Equation (2)3.
∆𝑙𝑙

Where

∆𝑙𝑙
𝑙𝑙𝑜𝑜

𝑙𝑙𝑜𝑜

is linear shrinkage and

1

𝜌𝜌𝑔𝑔 3

= �1 − �𝜌𝜌 � � ∗ 100

𝜌𝜌𝑔𝑔
𝜌𝜌𝑓𝑓

𝑓𝑓

(2)

is the relative density of the part, though for our

purposes, the relative density is the packing efficiency of the powder system (the result of
Equation (1)). For a traditional powder system that has a packing efficiency of 50%, the
resulting linear shrinkage is about 21%. However, the case presented above, with a total
system packing efficiency of 25%, the resulting linear shrinkage is about 37%. Figure 3 is
a cartoon representation between these two shrinkage values.

Original

21% Shrinkage

37% Shrinkage

Figure 3. Example result of linear shrinkage.
When Equation (2) is plotted (Figure 4), the effects of powder packing on linear
shrinkage is clear. If a mixed particle size powder system is created that has an intragranule
packing efficiency of 80% (packing of the particles making up the granules) and a bed
packing efficiency that is also 80% (resulting in a system packing efficiency of 64%), the
predicted linear shrinkage is only 14%, which is much closer to what is commonly found
in industry. This packing problem is seen in 3DP and not in processes like dry pressing
because the applied pressure not only breaks apart the flowable granules, but also
drastically increases the system packing efficiency above the “fill state” of the die.
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II. LITERATURE REVIEW
A.

Survey of Ceramic Additive Manufacturing Literature
Additive manufacturing has become a hot topic in both industry and academia in

recent years. While the ceramic additive manufacturing industry is still small at this point
in time, there are niche markets where it has found success, and many more “mainstream”
companies are at the least investigating additive manufacturing as an option to improve
their existing products or produce new ones. Unlike 3DP of polymers that is accessible to
new users, all of the challenges faced in ceramic additive manufacturing require an
expertise in ceramic processing to solve.2 This is particularly beneficial for academia, as
these industry partners may not have the resources or the fundamental understanding to
incorporate this budding technology into their processes, and will need to turn to
institutions that do.
Every additive manufacturing method has its advantages as well as its own set of
problems that need to be solved or improved, and while these problems resemble aspects
of ceramic processing that have already been solved in traditional forming methods, these
solutions don’t directly transfer and work for additive manufacturing. The following
sections of this literature review will investigate the recent progress in 3DP. For those who
are interested, a review of the literature relating to other additive manufacturing methods
is located in the Appendix. While understanding the differences between the different
additive manufacturing methods is vital for anyone studying the field, such information is
not as important for this thesis as only 3DP was used in this work.
1. 3-D Printing
For ceramics, binder jet 3-D printing has garnered the most attention from the
ceramic art and investment casting industries.4 This may be due to the fact that on paper,
powder bed 3-D printing is a simple concept as well as that porosity is not as big an issue
(or even required) for these products.

However, the literature has proven that our

understanding of the powder packing behavior of powder beds, powder/binder interactions,
binder droplet mechanics, and powder flow mechanics of this young forming method are
still lacking. Particular interest in the research community has been directed towards
8

mechanical strengths based on printing direction and other printing parameters,
densification methods, improving printing resolution/accuracy, effects of particle size and
powder packing, and binder saturation.
In their work on 3DP TiNiHf particles, Lu et al.5 demonstrated the relationship
between particle size, powder packing of the bed, and layer thickness on binder saturation.5
Their work showed that while particle size does affect the packing of the bed, the packing
behavior observed in 3DP does not correlate with loose packing of particles. In their
TiNiHf powder system, powder beds composed of particles above 75 µm in size show
packing rates that are about the same as loose packed powder of the same size, but beds
composed of particles smaller than 75 µm showed progressively worse packing than their
loose packing counterparts, and is unique to 3DP.5 However, at the same binder saturation
level, the worse packing smaller particles showed drastically higher green strengths. This
contradicts findings of another study by Chumnaklang6, who found that the green strength
of their 3DP hydroxyapatite samples increased exponentially with particle size.6 Lu argues
that smaller particles, while having worse packing, leads to more contact points between
particles and the smaller radii of the particles provide higher capillary forces creating a
stronger bond with the binder.5 Chumnaklang6, on the other hand, argues that larger
particles results in larger pores allowing for more rapid liquid permeation and a more
homogeneous green material.6 It should be noted that Chumnaklang6 was using granules
coated with a binder that dissolved into solution with the printing fluid while Lu used an
acrylic based binder as the ink jetted fluid. Therefore, the larger particle size effect seen
by Chumnaklang6 may be convoluted with an increase in binder concentration in the
system.
Several works demonstrate the relationships between printing parameters and
resulting mechanical strengths of the printed part. Vaezi and Chua7 found that with a
plaster based powder composite and water based binder, a higher binder saturation
increases both tensile and flexural strengths of green parts. The thickness of the layer
would affect how much of an increase was noticed.7 It was also documented that reducing
the layer thickness while keeping binder content the same would result in an increase in
tensile strength but a decrease in flexural strength. This unusual behavior was attributed
to better vertical (and thus less horizontal) binder penetration, leading to a reduction in
9

porosity.7 Feng et al.’s7 work on 3DP concrete gave some important insight in to the
intrinsic anisotropy in mechanical strength in 3DP parts. Under compressive stress, the
elastic modulus was greatest in the X-axis (axis along the binder was sprayed), weakest on
along the Z-axis (vertical direction of stacked layers), with the Y-axis (binder “strip”
direction) in-between the X and Z axes.8 However, under flexural stress, the Z-axis was
strongest and the X-axis the weakest. The flexural testing specimens also showed a
different fracture mode depending on the loading axis. Specimens loaded on the X-axis
cracked off center and all the way through the test specimen, propagating between two Yaxis “strips” of binder. Samples loaded along the Z- axis had slower crack formation, with
the crack forming in the center of the specimen. The cracks only propagated halfway
through the thickness of the test specimen instead of all the way thorugh.8 This work
clearly shows that depending on the application, special attention on the loading direction
must be taken, or additional steps must be taken during firing to ensure a monolithic piece
to prevent this layering effect. The anisotropy in strength based on orientation in the printer
was also supported by the sintered preform strengths observed by Zhang et al.9 Zhang et
al.9 also observed a 20% increase in porosity of printed alumina preforms while layer
thickness was increased from 93 µm to 150 µm. It’s important to note that after infiltration
of a lanthanum glass into the sintered 3DP preforms, strength dependencies based on layer
thickness and printing orientation were no longer significant.9
Along with proper powder processing and printing parameters such as layer
thickness, the binder used and the interaction of the binder and the powder bed are
important factors as well. Utela et al.9 outlined the different binders and binding options
used for 3DP.10 Overall, the types of binders used in 3DP can be separated into organics
like dextrin or polyvinyls, hydration-based systems including plasters or cements, acidbase systems such as electrolyte coatings, inorganic binders like colloidal silica, metal salts,
and lastly non-binder approaches (for polymer powders) such as solvent dissolution and
precipitation on evaporation. Inorganic and metallic salt based binders can leave behind
residue that can contribute to the final fired part strength.10 Organic binders are the most
common since they can work with almost any powder and thermally decompose with little
residue. There are two main methods of using organic binders. The first is to spray an
organic binder in a liquid form directly from the printhead. The main concerns for this
10

method are clogging the printhead, especially if the binder were to dry, and powder bed
penetration effectiveness.
The second method of organic binder delivery in a 3DP bed is through mixing in a
powder binder with the feedstock, or by coating the feedstock powder with the binder
material. This requires the binder powder to dissolve when in contact with the jetted
printhead fluid, while having a low viscosity while dissolved to enhance pore filling. The
powder binder must also have a low hygroscopicity to prevent air moisture absorption.10
In bed binders provide the opportunity to reach higher binder levels than through a liquid
binder. They also allow the use of a more simple printing fluid that will improve the
lifetime of the printhead. It should be noted that using an in-bed binder results in extra
formulation steps that must be completed with each new powder batch and the possibility
of an uneven distribution of the binder powder.
Since the binder is all that holds a green 3DP part together, there’s much interest in
studying the interactions between the powder bed and the binder. A study by Wu et al.11
identified four stages of binding of a lactone based polyester system.11 Stage one is ballistic
impact, stage two is imbibition of the binder droplet, stage three is dissolution of polymer
powder in the binder, followed by stage four: re-precipitation. While not completely
translatable to ceramic powders (since they are not dissolved by the binder), there are
parallels. An interesting observation by Wu et al.’s11 work is the fact that for polymer
powder systems where dissolution into the binder is present there is an optimal particle and
binder droplet size for dissolution. Their work also found that solvent evaporation in a
powder bed is analogous to drying from porous substrates formed by tape casting, sol-gel
processing, and coating applications and not specific to polymer powder systems.11 Moon
et al.12 found that organic binders with molecular weights greater than 15,000 g/mol poorly
infiltrated powder layers and that the surface tension and viscosity of the binder were
significant factors for binder infiltration.12 It must be noted that Moon et al.12 used a slurry
deposition and drying method for forming the powder bed as it results in a higher packing
efficiency and smaller pores than a normal powder bed.12 Moon et al.12 also observed that
aqueous binder systems provide improved jet stability due to higher surface tension and a
greater potential to both optimize surface tension and viscosity for a particular jet design.12
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Binder infiltration does not begin at the time of droplet impact, rather the droplet
first spreads on the surface of the powder bed before it infiltrates into the bed.12 Binder
spreading is affected by droplet velocity, drop size, surface tension, as well as the powder
bed microstructure, particle size and surface finish. Binder infiltration time is on the order
of hundreds of milliseconds to seconds and is affected by layer thickness.5,7,11,12 Horizontal
binder spread is always greater than vertical penetration since the lateral spread occurs 360°
around the droplet impact point while vertical penetration only occurs in one direction.
Vertical penetration rate increases with layer thickness and decreases with increasing
lateral penetration. Excessive lateral binder spread can compromise vertical penetration
into the powder bed since more the binder is used to spread around the point of impact
instead on penetrating into the bed. The kinetics of how the binder spreads into the powder
bed will affect dimensional accuracy, green strength (poor vertical penetration leads to poor
layer adhesion), and surface finish. The topics and references mentioned above is a fraction
of the scientific literature on 3DP binder effects. There has also been efforts in producing
accurate computer simulations of binder kinetics, studying curing, droplet impact and
formation behaviors.13–16
For 3DP ceramics, perhaps the biggest challenge is densification after curing the
printed part. As mentioned in the Section I of this work, there is an intrinsic dichotomy
between powder flow and sinterability. 3DP requires large granules or particles to form a
uniform powder bed, without any method of breaking apart the granules into individual
particles. In order to get around this severe limitation, many alternative densification
methods have been attempted. One of the more studied of these methods is metal or glass
melt infiltration.9,10,17–23 Infiltration is popular since the formation of porous green bodies
with 3DP is simple; binder burnout results in high levels of porosity which can then be
infiltrated with a melt. Infiltration allows for the creation of ceramic/glass or ceramic/metal
composites that can provide improved chemical and wear resistance over a traditional
metal and/or better toughness than a normal ceramic. Combined with the ability to create
complex geometrical shapes, the 3DP infiltration route is an enticing opportunity for
creating improved technical components such as turbine blades. The other side of the
argument is that 3DP ceramics can’t densify on their own and that sacrificing some
theoretical strength, chemical durability, and thermal properties is worth the improved
12

relative densities achieved with a glass or metal infiltrated preform as the theoretical
properties would never have been reached due to low relative densities of sintered 3DP
ceramics. While melt infiltration has created fruitful results, it does require additional
processing steps and the final material properties may not be as suitable to the final
application as a dense ceramic produced with a more traditional forming method.
While melt infiltration takes advantage of the porous green bodies generated by
3DP after binder burnout, cold isostatic pressing (CIP) or hot isostatic pressing (HIP) of
3DP parts seeks to eliminate porosity of printed parts without the addition of foreign melt
phases.24,25 CIPping/HIPping leads to large linear shrinkage values, Sun et al.24 reported
shrinkages of 20-30% in CIPped green Ti3SiC2, with some of the binder forced out of the
printed samples.24 The main concern with pressing is distortion. While CAD drawings
can be enlarged to adjust for consistent shrinkage; distortion can’t be designed around and
will lead to more severe defects including cracking upon firing. Designs can also be limited
when using CIPping. Green parts don’t have enough strength to support hollow features
like holes or channels and require support inserts. Depending on the design, such inserts
may not be feasible with complicated internal features. However, CIPping or HIPping can
result in excellent end densities, as pressing is a common forming method for ceramics on
its own and can break apart the large granules required for particle flow in the printing
process.
Perhaps the most interesting approach to the sintering problem is to avoid sintering
altogether. While most applicable to civil engineering and biomaterials (especially bone
scaffolds and reconstruction), the 3-D printing of cement has seen some attention.8, 26–30
Printing cement has some advantages. Since cement obtains its strength through curing
reactions, no sintering is required for strength, however this does come at the cost of curing
times that can take days or longer. Printing cement also allows the use of simpler, water
based binders (or simply water) as the jetting agent. Using 3DP on cement allows for the
formation of complex shapes that would be extremely difficult to do traditionally, and in
the case of bio-cements, tailored for each individual patient. Reviewing the literature for
3DP architectural cements, the printed cements tend to have lower strengths compared to
traditionally mixed counterparts. This will drastically limit the use of 3DP cement unless
new strength enhancing breakthroughs are achieved.
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Currently, the biggest focus for 3DP is the printing of hydroxyapatite and bone
cements for tissue engineering and a variety of implant applications.6,14,31–39 3DP provides
an important new opportunity for these medical devices; the ability to easily design an
implant for each specific patient, quickly, easily, and accurately using scans of the implant
site. Compared to structural applications, the mechanical strength requirements of the
implanted ceramic biomaterials are low. Surface roughness inherently generated during
the 3DP process may not necessarily be a hindrance as long as it doesn’t pose a threat of
causing damage or irritation at the implant site. While most of the ceramic industry regards
3DP as an interesting novelty with potential, the biomedical field is immensely interested
in the possibilities 3DP presents to solve the unique challenges faced in their industry.
Another area of interest for 3DP is the printing of ceramic composites such as
Ti3SiC2.9,17–21,23–25,36,40

Many ceramic composites are difficult to machine, requiring

expensive tooling or designs that prove challenging to shape with CNC machining. 3DP
provides a means to create near-net shape parts of any complexity from these composite
materials if shrinkage rates are known and consistent. The porous green bodies after binder
burnout provide an excellent “sponge” for melt infiltration of materials. The melt
chemically reacts with the green body to produce the desired phases in situ while
preventing shrinkage (nearly all pore volume is filled with the melt).

While some

machining will still be required (mainly for surface finish) the end processing costs can be
more economical even with the high cost of 3DP as a forming method. Other areas of
interest for 3DP include large scale construction and sensors/sensor components.
B.

Powder Flow and Packing
As already mentioned, powder flow and the forces and processes that affect it, are

vital for 3DP. There are five factors that affect particle flow and compression: particle
size, particle shape, roughness of particle surfaces, chemical nature of the powder
(specifically cohesion), and moisture content.41 While the necessity of granulating the 3DP
feedstock material has already been discussed, flow rate due to particle size generally
follows a parabolic function. Particles over a certain size (partially dependent on the size
of the orifice) will also experience reduced flow due to particle interlocking and friction
(this will be discussed later in this section).41 Particle shape can be “quantified” by
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determining the shape coefficient as demonstrated by Ridgeway and Rupp (Equations 35).42
𝑆𝑆 = 𝛼𝛼𝑠𝑠,𝑎𝑎 ∗ 𝑑𝑑𝑎𝑎2

𝑉𝑉 = 𝛼𝛼𝑣𝑣,𝑎𝑎 ∗ 𝑑𝑑𝑎𝑎3

𝛼𝛼𝑠𝑠𝑠𝑠,𝑎𝑎 =

𝛼𝛼𝑠𝑠,𝑎𝑎
�𝛼𝛼𝑣𝑣,𝑎𝑎 ∗ 𝑑𝑑𝑎𝑎2

(3)
(4)
(5)

Where S and V are the surface and volume of the particle, da is the projected mean
diameter, αs,a and αv,a are the surface and volume coefficients, and αsv,a is the shape
coefficient. For a sphere, αs,a equals pi (π) and αv,a equals π/6, meaning that for a sphere,
αsv,a equals 6. The less spherical the particle, the larger the shape coefficient. In general, a
doubling of the shape factor results in a 20% drop in flow rate relative to the original
particle.41
This section will focus on other aspects that affect powder flow and packing. The
problem in discussing particle flow is that there is no accepted universal test method or
metric used to label “good” or “poor” flow behavior. For example, some industries use the
Carr Index or Hausner Ratio, while others may use the Hall flow test or angle of repose.
This means that a powder deemed to have “good” flow with one test may return a different
result with another. In order to make their work more relevant to more people, it’s common
to find papers focused on powder flow to use a wide variety of test methods and summarize
the results of all of them. The following is a summary of some of the more relevant works
on powder flow in relation to 3DP.
As mentioned earlier, with Lu et al.’s5 work, the packing of a 3DP particle bed does
not directly correlate with loose packing results.5 Unfortunately, there are still very few
studies on the effects of the roller in a 3DP process on the packing efficiency of the powder
bed. Works by Parteli and Pöschel43, Haeri et al.44, and Mindt et al.45 studied how the roller
affects the resulting powder bed in different ways.43–45 Simulations of a roller on complex
shaped particles (not perfect spheres) by Parteli and Pöschel43 found that increasing roller
velocity increases surface roughness of the powder bed with a quadratic scaling
relationship while also decreasing powder packing. They also found that roughness
actually increased with increasing polydispersity of the powder. Their explanation for this
is due to the formation of agglomerates of fine particles that are then dragged by the roller
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and deposited on the powder bed surface.43 Simulations by Haeri et al.43 further supports
the notion that roller translational speed had the greatest effect on powder bed surface
roughness.
Unlike Parteli and Pöschel43, Haeri et al.44 used non-spherical pellet-like particles
in their simulations and testing. While the particle shape used does not accurately represent
the shape of real particles, it revealed that particle alignment is a function of particle shape.
The longer the particle, the more alignment occurred. Two different alignments were
observed, the first projects particles from z-x plane (with z being the vertical direction) to
the x-y plane while maintaining planar isotropy. The second projects particles onto the flow
direction of the roller; particles with more extreme aspect ratios (less spherical) experience
more extreme alignment in the direction of the roller compared to more spherical particles.
Haeri et al.44 also demonstrated that rollers produce smoother powder beds compared to a
static blade. This is because a blade has essentially a single interaction point with the
spreading powder while a roller has enough contact area to facilitate particle
rearrangement.44
Mindt et al.45 studied the effect of powder packing and processing inputs on the
resulting layer thickness and powder distribution for SLS powder beds using simulation
and experiments. Their work found that the layer thickness evolves over time. With an
assumed bed packing efficiency of 50%, a stable powder layer thickness equal to twice the
build table displacement (the height the build table lowers before dispensing a new layer,
often shown as input layer thickness) occurs after seven layers.45 It was also found that the
lower the bed packing efficiency, the greater the difference between the table displacement
height and the actual powder layer thickness. Lower packing efficiency also increased the
number of layers needed to reach a stable thickness. With an assumed table displacement
height of 50 µm, a powder with a 35% packing efficiency would reach a stable powder
layer thickness of approximately 140 µm after fifteen layers. At 65% packing efficiency,
the final powder layer thickness was approximately 80 µm and reached that value after five
layers. On top of this, Mindt et al.45 found that for systems that use a spreader arm to coat
the next layer of a powder bed, there is a large difference in fine particle concentration at
the beginning and the end of the build table. In other words, segregation based on particle
size occurs and the farther away from the powder source, the lower the fine concentration.
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Part of what contributes to this, especially during the first few layers, is the cornrowing
effect caused by particles larger than the gap size blocking particles from being dispensed
onto the bed. Cornrowing tends to disappear when dispensing a new layer of powder on a
stable bed. The new layer of powder induces motion in the old layer causing openings to
allow large particles to pass under the coater, but can also lead to more particle segregation
by size. Rough powder beds can increase drag on the particles causing some areas of the
powder bed to not be coated with the new layer of powder, and smaller particles fill in
depressions leading to packing efficiency gradients in the powder bed.45 It’s important to
note that all three of these studies needed to make many assumptions and admit that more
research needs to be done to improve the models used and that actually testing these models
are difficult.
Not only is powder flow and packing due to the roller important, understanding the
interactions between the powder hopper and the powder is also vital. Ketterhagen et al.46
outlined four mechanisms that can cause powder segregation in a wedge shaped hopper.46
The four mechanisms are as follows:
1.) Percolation, where the net movement of the fines is through the matrix of large
particles by gravity is enhanced by strain.
2.) Angle of repose segregation, where better flowing powder (lower angle of repose)
flows over the poorer flowing material.
3.) Fluidization, where differences in drag forces on particles cause the fines to
“fluidize” and be swept away, leading to segregation.
4.) Trajectory segregation, where friction more effectively reduces the velocity of
finer or more angular particles in a thin layer moving down the hopper end with
different trajectories upon discharge.
For granules that are large in size, and uniform in shape and characteristics, the
dominant segregation factor is percolation.46 Scott and Bridgewater47 demonstrated that as
the size ratio between large and small particles, the system strain, and the strain rate in a
shear cell the increases, the amount of segregation by percolation increases.47 Hopper
geometry can adversely affect segregation.46,48,49 High angled walls (approaching a square
corner instead of an incline) equate to a low angle of repose and generate higher frictional
forces, impeding flow for particles in contact with the wall. With respect to wedge shaped
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hoppers, discharging shows a common trend with all fill heights and hopper width ratios.
At first the discharge is of uniform composition, followed by a period of fines depletion,
and ending with a period of fine-enrichment. However, simulations show that with a larger
hopper fill the duration of the fine depleted period is shorter and begins later.46 Increasing
the hopper width while keeping fill height constant however, causes the fine depleted
region to occur sooner and last longer. This indicates that segregation mainly occurs near
the end of discharging the powder from the hopper. Ketterhagen et al.46 proposed that once
the aspect ratio (height to width) of the powder in the hopper is below 1, the surface of
powder begins to deflect from being flat to a “V” shape. This “V” shape causes an inclined
flow that promotes the segregation of fines towards the hopper walls. The coarse particles
flow down the “V” and are discharged leading to the fine depleted portion of discharging
and leaving an excess of fines in the hopper.46
In order to prevent segregation, both modifications to a hopper and to the powder
can be undertaken. On the powder processing end, reducing the size ratio between the
coarse and fines, avoiding small concentrations of the minor species in the powder mix,
and using particle sizes that maintain a large hopper opening to particle diameter ratio will
all reduce segregation. Modifying the hopper with conical, cone-in-cone, or bullet inserts
can convert unwanted funnel flow to mass flow and multiple symmetrically placed outlets
can avoid concentrations of fines in different sections of the hopper.48 Improving the
mixing of the powder while filling with the use of distribution cones or sieves, filling
chutes, or inserts like “eggbox” or cylinder-in-cylinder inserts, improving the hopper
environment such as reducing humidity (which leads to agglomeration) or controlling
internal air currents (to prevent fines from flying away from coarser particles) will also
prevent segregation.48 Studies like the ones mentioned above clearly demonstrate the
importance of hopper design on particle segregation, which can greatly affect the resulting
powder bed in a 3DP process.

Proper design of both the hopper and the coating

mechanisms are essential for 3DP; if improperly designed, any attempts at improving the
packing efficiency and/or quality of the powder bed through powder processing routes may
be ineffective or not as impactful as anticipated.
As mentioned in Section I of this work, one of the methods taken in this work to
improve the sintering performance of 3DP ceramics is through mixed particle size. While
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mixing particle sizes improves packing efficiency by having the smaller particles fill in the
space between the larger ones, the ratio of coarse to fines ideal for packing is not ideal for
particle flow.50 This is because at the optimal ratio for packing efficiency, the large
particles still have essentially zero spacing between them and will thus still interlock with
each other during flow. Further increasing the fine content not only creates more space
between the coarse particles, but completely blankets them with fines. While this does
reduce the packing efficiency, the blanket of fines allows the coarse particles to rotate via
the ball bearing effect and avoids particle interlocking.50 The calculation for the thickness
of excess fines between coarse particles is:
𝑇𝑇𝑒𝑒𝑒𝑒 =

�𝑅𝑅𝑓𝑓 ⁄𝜔𝜔𝑓𝑓 �−𝑅𝑅𝑐𝑐 (1−𝜔𝜔𝑐𝑐 )⁄𝜔𝜔𝑐𝑐
𝑅𝑅𝑐𝑐 𝑆𝑆𝑐𝑐

(6)

Where Rf and Rc are the fine and coarse content (as a ratio of the total aggregate),
ωf and ωc are packing densities of the fine and coarse particles, and Sc is the specific surface
area of the coarse particles. The excess fine thickness varies with the size of the coarse
and fine particles. The ideal ratio of the excess fine thickness to the sizes of the coarse
and/or fine particles for flow specific to the powder system since it is dependent on particle
shape. Even so, maximum powder flow is where the minimum ratio of excess fines
thickness to fine and coarse particle size ��𝑇𝑇𝑒𝑒𝑒𝑒 ⁄𝐷𝐷𝑐𝑐 � and �𝑇𝑇𝑒𝑒𝑒𝑒 ⁄𝐷𝐷𝑓𝑓 �� where Dc and Df are

the coarse and fine particles sizes respectively.50

The above summary of powder flow and packing shows the importance of not just
the powder system to be 3-D printed, but also the processing parameters used and the
design of the machine (which if purchased from a third party and not custom built is
unfortunately out of a researcher’s control). For mixed particle size systems, consideration
must be given between maximum packing versus the potential for segregation and flow
behavior based on particle size. Processing parameters (especially) roller translational
speed) can effect surface roughness which in turn can cause segregation and reduce powder
packing. In other words, while the concept of forming a flat powder bed with a roller may
seem simple, the reality is rather complex and the topics discussed above should be taken
into account when trying to create a dense 3DP ceramic component.
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III.

EXPERIMENTAL PROCEDURE

A. 3-D Printing Parameters
All 3DP samples were printed with a lab scale printer (Innovent, ExOne Co. North
Huntingdon, PA, USA). The 3-D printer used in this work was the number of machine
variables that can be adjusted before (and in some cases during) printing. Since every 3-D
printer on the market varies in design (and many works cited in the literature review used
unique handmade printers), the parameters used by one researcher won’t necessarily apply
to another. Because of the variables, the optimal printing parameters were obtained
through trial and error. Changing one parameter often lead to a chain reaction of sorts,
requiring adjustments to several other printer parameters in order to get consistently
smooth powder beds. The key identified printing parameters were the hopper vibrational
frequency and travel speed, the roller rotational speed and traverse rate, and binder
saturation level. The binder used in this work was a commercial aqueous based resin of
unknown composition.
Table I. 3DP Factory Settings, Parameter Ranges, and Used 3DP Parameters
Factory Settings

Range Tested*

Used Settings

Hopper frequency

3000 Hz

0 to 4000 Hz

2000 Hz

Hopper Travel Speed

70 mm/sec

1.0-50 mm/sec

20 mm/sec

Roller Rotational Speed

300 rpm

1-300 rpm

20 rpm

Roller Traverse Speed

3.0 mm/sec

1-50 mm/sec

10 mm/sec

Binder Saturation

80%

50-250%

100%

Layer Thickness

100 µm

50 µm minimum**

100 µm

*3-D printer user manual did not provide minimum and maximum parameter values. The
factory settings were the default settings in the printer software.
**Maximum layer thickness is powder dependent, only the minimum layer thickness was
provided.
1. Hopper Frequency
The hopper vibrational frequency required for a particular powder is controlled by
its flow properties; the better the powder flows, the lower the required frequency, a
situation complicated by the design of the hopper chute (Figure 5). While the main hopper
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is a vertical wedge design, the bottom has an angled, thin chute that can be manually
widened or thinned. It was found to be better to keep the gap width of the chute constant
and adjust the hopper frequency as it can be changed with the printer software on the fly.
Manually changing the chute width is a cumbersome process, often resulting in either
making the gap too wide, which causes powder to constantly flow out of the hopper, or
causing excessive clogging. The only time changing the chute width was truly effective
(and not a headache) was when changing the powder from smaller micron sized particles
to much larger particles like sand or large granules. The printer used in this work has a
wide frequency range; from 0 rpm (no vibration at all) to 4,000 rpm. Frequencies
approaching the upper limit are not advised for long printing jobs, as motor overheating
can occur; and while it is better to dispense too much powder than too little, it is possible
to dispense so much powder that making a smooth, flat bed is difficult. Frequencies that
approach the lower limit for a particular powder also can lead to clogging in the hopper
chute, and the frequency of the hopper will not be high enough to dislodge it, leading to
the formation of “valleys” or scars in the powder bed. These clogs require the printing job
to be paused to remove the clog with a thin brush or similar tool by hand.

Chute

Figure 5. 3DP hopper (left) and hopper chute (right).
2. Hopper Travel Speed
The hopper travel speed dictated the total amount of powder dispensed on the
powder bed but is influenced by the hopper vibrational frequency. A slower traverse speed
results in more powder dispensed on the bed and vice versa. The ideal case is to find the
frequency that dispenses enough powder to make the hopper travel speed as high as
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feasible, as it is one of the parameters that impacts the total printing time. The travel speed
is set in mm/sec, and like the hopper frequency, can be varied greatly with a minimum
speed of essentially 0 mm/sec and a practical upper limit of about 30 mm/sec. While the
maximum possible travel speed was not investigated, it was found that speeds of about 30
mm/sec is simply too fast to be practical and cannot dispense sufficient powder to make a
high quality powder bed. Slow travel speeds results in similar problems as high vibrational
frequency: too much powder is dispensed, drastically increasing the total printing time and
even forcing manual pauses during printing to manually scoop powder out of the overflow
portion of the build box and/or refill the hopper with more powder.
3. Roller Rotational Speed
Similar to the hopper vibrational speed, the roller rotational speed is set by selecting
a number of revolutions per minute, adjusted for powder flow. With well flowing powders,
it was discovered that slower rotational speeds was better. Excessive roller speeds ends up
kicking up additional powder and can create features similar to barchans and aeolian bands
in desert sand dunes (though on a much smaller scale of course). A rotational speed that
is too slow results in a buildup of excess powder at the bottom of the roller which is then
dragged over the bed, which can create divots or other bed defects, especially if
agglomerates are present. This dragging effect can also lead to “smearing” of a printed
layer as the roller drags across the bed, negatively impacting part resolution.
4. Roller Traverese Speed
Roller traverse speed is one of the other key factors that influence printing time. While
slower traverse speeds ends up creating more consistent and smooth powder beds, it also
can dramatically increase printing time. Fast roller traverse speeds (again dependent on
powder flow characteristics) results in uneven powder beds and with the case of large
granules or agglomerates, creates bed defects such as scratches resulting from dragged
particles. It was also discovered that the environment of the printing chamber can affect
the required roller rotational speed and traverse speed; high humidity can impact the static
forces between particles enough to force a reduction in roller rotational speed and traverse
speed from the spontaneous formation of temporary “soft” agglomerates, as well as
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resulting in powder sticking to the roller. Powder sticking can also be caused by an
improper binder set time and/or bed temperature, which causes some of the powder stuck
together by the binder to be picked up by the roller.
5. Binder Saturation
The binder saturation level is undefined and only displayed as a percentage. No
information is given on this binder saturation value or how it is calculated. It is unknown
if the value is based off of a voxel (3-dimensional pixel) from the droplet volume or a
surface area pixel, if it assumes a bed packing efficiency or not, or a combination of any or
all of these things. Unfortunately, this is the most vital variable of the 3DP process. Too
little binder leads to green bodies with insufficient strength to be handled or even removed
from the bed while too much binder leads to excessive “smearing” of features and tacking
on the roller causing frequent pauses to clean the roller. Combined with the additional
parameters of heating lamp output (based on power) and binder set time per layer, only
adds additional complications to the ideal binder saturation level.

Overall, it was

discovered that having a powder bed temperature as high as the printer could get, as well
as drying the powder before printing gave the best results as it aided in the initial cure of
the binder per layer as well as preventing atmospheric moisture from being absorbed by
the powder. However, it should be noted that there can be an upper limit on the bed
temperature (dependent on the binder used) that leads to excessive curing between layers
leading to delamination. This was not experienced in this work, where the average powder
bed temperature range was between 50 and 100°C, with the bed temperature increasing
over time during the printing process.
6.

Layer Thickness

The last key parameter is layer thickness. A thinner layer thickness results in better
green strength and better part resolution (smaller step sizes) but increases the printing time
since there are more layers to print. The printer used in this work has a minimum layer
thickness of 50 µm, with a “factory recommended” thickness of 100 µm. However, the
layer thickness used should be based on the used particle size (as it’s pointless to create a
layer thickness thinner than the size of the largest particles in the powder to be printed) as
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well as a compromise between part resolution and strength and printing time. The goal is
to form handleable green bodies in the shortest period of time for 3DP to be competitive
with traditional forming techniques.
For the powders used in this work, which had relatively similar flow behaviors, the
used printing parameters are as follows. Powder was dispensed from the hopper at
vibrational frequency of 2000 Hz with a hopper travel speed of 20 mm/sec. The powder
bed was smoothed at a roller traverse rate of 10 mm/sec with a roller rotation of 20 rpm.
Binder saturation was kept at the default 100%. The powders dried overnight in a 100°C
drying oven and the curing lamp set to 90% output (to prevent blowing out the bulb) to
keep the powder bed as hot as possible. Layer thickness was kept constant at 100 µm, the
size of the large granules used in this work. After printing, the parts were cured at 180°C
for 9 hours (instead of the factory recommended curing time of 3 hours). It was found that
the longer curing time led to a more complete cure of the binder and thus stronger green
bodies. After curing, samples were removed from the powder bed. Samples were cleaned
by hand brushing followed by blowing with compressed air at 20 psi. All samples printed
in this work were of the same design, shown in Figure 6. The original intent of the part
design was to study printer resolution of various features, including holes, hemispheres,
and free hanging pegs. Through trial and error, it was discovered that the smallest feature
that could be successfully printed was dependent on particle size, in a 10:1 size ratio of
feature size to particle size.
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Figure 6. 3DP Part design (left) and a fired printed part, 80% fused alumina, 20%
glass frit(right).
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B. Granulation
Slurries prepared for spray drying were dispersed by method of electrostatic
stabilization through the addition of 1 M hydrochloric acid (diluted from a 6 molar stock
solution) to a pH of 4.0. The spray dried slurry was fed into the atomizer nozzle through a
peristaltic pump. Slurry feed rate was adjusted to maintain a constant outlet temperature
of 110°C. Inlet temperature was kept at 275°C and the blower speed was kept constant at
50 Hz. Particle size distributions of the resulting granules were collected by sieve analysis
as described in Section E. Slurry dispersion with 0.4 mg/m2 ammonium polymethacrylate
25% aqueous solution (Darvan C-N, Vanderbilt Minerals, LLC., Norwalk, CT, USA) was
attempted, but electrostatic dispersion with acid proved to be more effective for spray
drying.
C.

Binder Burnout and Sintering of Samples
The binder used in this work was an aqueous organic resin of unknown

composition. Samples were fired in resistance heated box furnaces. Samples fired at
1600°C used a furnace equipped with molybdenum disilicide heating elements. All other
firing temperatures used a furnace equipped with silicon carbide heating elements. Heating
rates in all cases were 5 K/min, and samples were allowed to cool to room temperature
naturally. To ensure all binder burned out prior to reaching firing temperature, samples
were heated to 300°C and held for three (3) hours followed by a two (2) hour dwell at
400°C. Samples were held at firing temperature for one (1) hour before cooling to room
temperature.
D.

Milling of Raw Materials
The goal of this work was to increase the packing efficiency of the 3DP powder

bed. Cross sectional images of initial attempts of mixed particle size granules revealed the
presence of agglomerates of fine particles in the granules, greatly reducing homogeneity
and particle packing of the granules (Figure 7). This made it apparent that simply shear
mixing the slurry was not sufficient for breaking up agglomerates and vibrational milling
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was required. However, due to the importance of maintaining the size ratio between the
coarse and fine powders, a milling schedule that sufficiently broke apart agglomerates of
fine powder without reducing particle size of coarse powder was required. Milling was a
greater concern for the coarse particles, further reduction of particle size of the fines was
improbable due size of the milling media relative to the size of the fine particles. After
each milling time, slurries of the coarse and fine particles, as well as mixed particle size
slurries were analyzed (Figures 8-11).
As milling time increased, the “tail” on the upper particle sizes indicative of
agglomerates became less apparent until it disappeared after milling for 16 hours. While
this time could be reduced with smaller milling media, doing so would increase the risk of
reducing the particle size of the coarse particles, and thus moving away from the ideal 10:1
particle size ratio. Figure 9 compares the size of the smallest and largest particles in the
distributions for the coarse and fine particles before and after milling. The size of the
largest “particles” detected in as received fines (A-16 S.G.) were the same size as the
largest coarse particles due to the formation of agglomerates. After milling, particle size
distribution of the fines smallest was ten times smaller corresponding coarse particles,
represented as a shift to the left in Figure 9, achieving the desired 10:1 size ratio between
the coarse and fine particles.
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Agglomerates

50 μm

500 μm
Figure 7. Mixed particle size granules containing hard agglomerates of fine
particles.
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Figure 8A. Particle size distributions of fine particles as received and after milling
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Figure 9. Particle diameter comparison between A-10 (circles) and A-16 S.G.
(triangles). The as received A-16 S.G. maximum diameter particles detected was
the same as the A-10 due to agglomeration.
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Figure 10 illustrates the shift in average particle size with a shift in coarse to fine
particle ratio. When properly milled and agglomerates are broken apart, the size of the
finest and largest particles in the system are the same as long as both the fine and coarse
alumina particles are present. This results in a clear bimodal distribution. However, with
increasing fraction of coarse alumina particles, the location of the d50 point shifts to the
right, (increasing particle size), which was expected. Specific surface area measurements
taken after various milling times (Figure 11) shows an intial increase in surface area in the
fine particles as agglomerates are broken apart then levels off and remains relatively
constant. The specific surface area of the coarse particles remained constant at all milling
times indicating that the milling didn’t reduce the average particle size.
Glass was used as a viscous sintering aid to improve the sintering behavior of
printable alumina. Glass frit used as fines for 100 µm granules and for the “printable”
fused alumina powder was first passed through a 400 mesh sieve to scalp the distribution
(remove large individual particles and/or agglomerates). In order to maintain packing
behavior, the particle size distribution of the glass needed to be in range of the coarse
alumina powder to maintain the size ratio between the spray dried granules and the fine
particles of the powder bed. Both the as recived and the 400 mesh sieved distributions of
the commerical glass frit maintained the 10:1 size ratio (Figure 12). The presence of large
particles in the sieved distribution is likely due to agglomeration from van der Waals forces.
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Figure 10. Particle size distributions of mixed particle size slurries after vibratory
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Figure 12. Particle size distributions of as received and -400 mesh sieved
commercial glass frit powder.
E.

Analyses
1. X-Ray Sedigraphy and Sieving
Two different particle size distribution (PSD) methods were used in this work,

depending on the size range of the powder in question. The PSD of spray dried granules
was determined with sieve analysis following a standard method.51
The PSD of fine particles was obtained using X-ray sedimentation (Sedigraph III
Plus, Micromeritics Instrument Co., Norcross, GA, USA). Eighty (80) mL samples with a
solids loading of three (3) volume percent in deionized water were dispersed with 0.4
mg/m2 ammonium polymethacrylate 25 % aqueous solution (Darvan C-N, Vanderbilt
Minerals, LLC., Norwalk, CT, USA). Slurries were mixed for twenty (20) minutes then
ultrasonicated for one (1) minute prior to analysis. A particle size range of 150 µm to 0.1
µm was collected for each sample.
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2. Dry Packing Efficiency and Powder Flow
Powder packing efficiency was conducted in two ways, by tapping and vibration.
Samples were tapped on an a tapping device (Quantachrome Instruments Co., Daytona
Beach, FL, USA) following a standard method.52 Packing efficiency measurements were
taken ranging from 1 to 30,000 taps. Packing through vibration was done on a twin parallel
motor vibration table (St. Louis Vibrator Products, St. Louis, MO, USA). Two (2)
vibrational frequencies were used; 60 Hz and 100 Hz to compare packing efficiency
between vibration and tapping as well as different vibrational intensities.
Powder flow was determined by calculating the Carr Index and the Hausner Ratio
from the tapping packing efficiency, outlined in Equations (7) and (8).
𝐶𝐶(%) = �

𝜌𝜌𝑓𝑓 −𝜌𝜌𝑖𝑖
𝜌𝜌𝑓𝑓

� ∗ 100

(7)

Where C is the Carr Index, ρi is the starting packing density, and ρf is the final packing
density. Under the Carr Index, “good” flow is an index value less than 15% and powders
classified as non-free flowing have index value greater than 20%.53 The Hausner Ratio,
while similar to the Carr Index, uses a simpler ratio of the final packing efficiency divided
by the initial packing density.
𝐻𝐻 =

𝜌𝜌𝑓𝑓
𝜌𝜌𝑖𝑖

(8)

Where H is the Hausner Ratio, ρi is the starting packing density, and ρf is the final packing
density. When using the Hausner Ratio, any value less than 1.25 is deemed “good” powder
flow.
3. Wet Packing Efficiency
Slip cast samples were made from 35 volume percent solids loading slurries. All
slurries were dispersed with 0.4 mg/m2 ammonium polymethacrylate 25% aqueous
solution (Darvan C-N, Vanderbilt Minerals, LLC., Norwalk, CT, USA) and mixed for one
(1) hour prior to casting in a gypsum mold. Slip cast samples were dried overnight in a
100°C drying oven prior to immersion density measurements in kerosene following a
standard method.54 The resulting green density was then divided by the skeletal density
obtained using a He-pycnometer to determine the packing efficiency.
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4. Powder and Immersion Density
Powder densities were obtained using a pycnometer method (AccuPyc II TEC,
Micromeritics Instrument Co., Norcross, GA, USA). The instrument was calibrated with
a volumetric standard prior to analysis and the chamber temperature was stabilized to 20°C.
The helium gas inlet pressure was kept at 20 psi. All samples were dried overnight in a
100°C drying over prior to analysis. Ten (10) density measurements were taken for each
sample.
After sintering, samples were held in a 100°C drying oven overnight. Sample
density was measured via the immersion method, following a standard method corrected
for small samples sizes.55 Instead of boiling samples for two (2) hours and soaking for
twelve (12) hours after, samples were instead boiled for four (4) hours and allowed to cool
to room temperature naturally while soaking in water. All other aspects of the standard
method were followed as written.
5. Specific Surface Area
Specific Surface area measurements were conducted using the Brunauer–Emmett–
Teller (BET) method with N2 gas (TriStar II, Micromeritics Instrument Co., Norcross, GA,
USA). Prior to analysis, samples were dried in a 100°C drying oven overnight then degassed under N2 at 150°C for one (1) hour and allowed to cooled to room temperature
before loading into the instrument. Data collection used an 11 point method over a relative
pressure (p/p0) range of 0.05 to 0.3. Table I contains a summary of the measured powder
densities, specific surface areas, and D50 particle size for the raw materials used in this
study.
Table II. Powder Properties of Raw Materials
3.94±0.01

Ferro 3134 Glass
Frit

Fused Alumina

4.01±0.01

A-16 S.G.
Alumina

2.70±0.01

3.96±0.01

0.540 ± 0.004

9.56 ± 0.01

-

0.129

8.088

0.345

7.536

25.39

A-10 Alumina

ρ (g/cm3)
SSA
(m2/g)
D50 (µm)
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6. Imaging
Granules fabricated through spray drying were initially viewed with a stereo
microscope with a magnification of 20x for empirical shape confirmation. Microstructures
of granules, slip casted samples, and 3DP samples were observed with a scanning electron
microscope. Images were taken in both secondary and backscatter electron modes at
various magnifications. SEM images of cross-sectioned spray dried granules were prepared
by cold mounting a layer of granules in a self-curing two part epoxy mixture. Trapped air
bubbles in the epoxy were removed by placing the sample in a vacuum chamber for 30
minutes immediately after pouring the epoxy into the mount mold. After curing, the
samples were removed from the mold and ground with 180 grit SiC sand paper (lubricated
with water) to remove any excess epoxy that infiltrated below the granules. The samples
were then polished first with 6 µm diamond suspension, followed by 3 µm diamond
suspension, and finished with 1 µm diamond suspension. Samples were washed with deionized water after each step to prevent sample contamination and to remove any excess
grit or polishing suspension. The final washing cycle was three parts: a de-ionized water
wash with 10 minute ultrasonication, followed by a rinse with isopropyl, and finished with
another de-ionized water wash. The samples were then dried in a drying oven in a covered
beaker to prevent stray particles from settling on the sample surface.
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IV.

RESULTS AND DISCUSSION

A. Flow Properties of Raw Material Powders and Slip Cast Packing Efficiency
1. Flow Behavior of Raw Material Powders
Spray drying uniform granules requires a well dispersed slurry without
agglomerates of fine particles. The theoretical optimal packing of spheres occurs at a 10:1
size ratio of large to small spheres at an 80:20 weight percent split between large and small
spheres, supported by work done by McGeary.56 Work by Bubb56 demonstrated that this
holds true for real particles, though exceeding the 10:1 size ratio makes little difference
unless one goes to extremes.57
In order to find the optimal conditions for spray drying mixed particle size granules,
the properties of the constituent powders was required. Table III is a summary of the
powder flow properties of the powders used in this work. Both the Carr Index and the
Hauser Ratio are indirect powder flow measurements calculated from ratios of the poured
and final packing densities and thus makes the assumption that well packing powders flow
well. The Flowdex test determines the smallest diameter hole opening required for a
particular powder to flow by gravity, similar to a silo. All the raw material powders
exhibited “bulk flow” where the powder falls through the hole in one quick burst, not in a
steady stream. Spray dried granules, on the other hand exhibited “laminar flow” or in a
steady stream through the hole in the Flowdex.
Table III. Powder Flow Properties of Raw Materials
Carr
Index
Hausner
Ratio
Flowdex

A-10 Alumina

A-16 S.G.
Alumina

Frit 3134

Fused Alumina

33.68%

20.99%

37.36%

29.89%

1.51

1.27

1.60

1.43

22 mm
opening;
bulk flow

24 mm
opening;
bulk flow

24 mm opening;
bulk flow

18 mm opening;
bulk flow

The data in Table III and empirical observations of powder flow during printing do
not correlate. For instance, the measured Carr Index and Hausner Ratio for A-16 S.G. (0.5
µm d50) are lower than that of the 25 µm fused alumina, and approach the values designated
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for free flowing powder (less than 20% for the Carr Index and less than 1.25 for the Hausner
Ratio). Empirically however, the fused alumina passes through the 3DP hopper while A16 S.G. as a raw material does not. While this is reflected with the Flowdex test, it is not
with the other two methods used in this work to measure powder flow.
The Carr Index is essentially a measure of the compressibility of a powder and the
Hausner Ratio has often been used as a metric of particle cohesion, and a decrease in the
Hausner ratio can be seen as a drop in particle cohesion.58, 59 For both the Carr Index and
the Hausner Ratio, the difference between the initial and final packing efficiencies are
evaluated and used rather than the actual values. As particle size increases, the influence
of van der Waals forces and other cohesive forces decreases relative to the influence of
gravity. When these forces become insignificant compared to gravitational forces, particle
size no longer has much effect on the poured density (aerated density). For the powders
tested in their work, Abdullah and Geldart57 found that powders above 25 µm in diameter
showed no further reduction in the Hausner Ratio due to particle size.58 In his original tests
on copper powder, Hausner59 found that the more the particle shape deviated from a perfect
sphere, the higher the ratio of the tapped density versus the poured density became.60 Since
the Hausner Ratio is a measure of the difference between the poured and the final tapped
bulk density, this indicates that particle morphology plays a role in the effectiveness of
particle rearrangement and packing. Flat or flake-like particles will experience a greater
increase in packing compared to a sphere since these particles have a preferential
orientation for packing while spheres do not.
Particle size has the greatest effect on poured (initial) packing efficiency. As
particle size decreases, there are more particle interactions per unit volume increasing the
static and van der Waals forces. This results in low poured densities as the gravitational
forces that drive rearrangement are unable overcome the cohesive forces. Imputing
mechanical energy through tapping or vibration can (somehow) overcome these forces,
leading to rearrangement and packing. A possible explanation of the data in Table IV is
the spontaneous agglomeration of the 0.5 µm particles during tapping and vibration as well
as the morphology of the fused alumina particles, with are elongated and plate-like (Figure
22). Due to the smaller particle size of A-16 S.G. (0.5 µm compared to 25 µm) the van der
Waals forces experienced are much greater, reflected by the lower poured packing
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efficiency shown in Figures 15-18 in the next section.

Spontaneous agglomeration

artificially increases the particle size of the system, and thus it begins to resemble the
behavior of 50 µm granules at higher number of taps (Figure 18). At the same time, the 25
µm fused alumina particles are large enough to not spontaneously agglomerate, but the
plate-like morphology results in large increases in packing efficiency, (Figures 15-18)
greatly surpassing the amount of packing observed in the A-16 S.G. As already stated, the
Carr Index and the Hausner Ratio are indirect measurements of particle flow dependent on
the difference between initial and final packing densities. The end result is that the fused
alumina appears to flows worse than the finer A-16 S.G. powder, when a more direct flow
measurement such as the Flowdex test indicates improved flow. These results demonstrate
that both the Carr Index and the Hausner Ratio should not be used as an indicator of particle
flow behavior for fine powders.
Since better flowing powders lead to smoother powder beds and more even powder
coverage, but fine particles are necessary for sintering, Lexow and Drummer60 attempted
to improve powder flow in polymer selective laser sintering powder feedstock by adding
an antistatic agent, a process commonly done in industry in with other forming methods.
Even small additions of the antistatic agent led to improvements in flow behavior, resulting
in the powder flow through a funnel opening that was 15 mm smaller in diameter than the
unmodified powder.61 This work demonstrates that potential to improve powder flow
behavior by modifying the static forces at work without resorting to granulation as well as
the effect of the static forces on powder flow experienced by fine powders.

2. Slip Cast Packing Efficiency for Mixed Particle Size Granulation
Slip casting trials were performed in order to determine the optimal ratio of large
and small alumina particles to form mixed particle size granules with the least porosity.
Slip casting was the chosen method because of reliability, the ability to use smaller batch
sizes, and the ability to make many samples at once. It was assumed that the packing
behavior of spray drying mimics slip casting; that the optimal ratio of coarse to fine
particles would be the same for both methods but the overall packing of the granules would
be lower than the slip cased samples. The data indicates the packing behavior between the
methods are not identical but are similar It was found with the alumina powders used in
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this work, a ratio of 70% coarse particles (by weight), 30% fine particles achieved the
greatest packing efficiency and was the ratio used when spray drying.

Figure 13

summarizes the slip casting results and Figure 14 shows a cross section of a mixed particle
size granule. The rather large standard deviations in the data are due to sample loss
(handling damage).
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Figure 13. Slip cast packing efficiencies.
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Figure 14. SEM micrographs of spray dried granule cross sections.
B. Packing Efficiency and Powder Flow
Powder flow is essential for 3DP ceramics. One of the goals of this work was to
tailor a powder system that maintained the flow behavior required for printing while
improving the packing of the resulting powder bed. If the powder bed is packed more
efficiently, then two of the biggest challenges facing 3DP of ceramics can be tackled at the
same time; improving the pressureless sintering performance of the green samples while
also reducing shrinkage. While high relative densities can be achieved with 3DP with
methods such as hot isostatic pressing, the poor packing of the particle bed will result in
unmanageable shrinkages no matter the firing method. As a side note, the high pore
volume of a poorly packed bed increases the amount of binder required during printing to
produce green bodies with enough strength.
Two different packing methods were used in this study, tapping (4.3 Hz) and
vibration (at 60 Hz and 100 Hz). This gave the opportunity to compare packing behavior
from different packing mechanisms. As mentioned in the literature review, segregation by
particle size during dispensing from a hopper is not only possible but can be a severe
problem. The only powder system to show segregation was 80% 500 µm granules, 20%
50 µm granules, both of which are dominated by gravitational forces. Segregation of the
granules occurred faster and to a greater degree with increasing vibrational frequency with
the small granules migrating towards the bottom of the graduated cylinder, as was
expected. Vibrational packing at 60 Hz resulted in packing behavior that was similar to
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tapping, though the middle region of faster packing was not as pronounced due to the
greater packing rates at the beginning of the tests. Final packing efficiencies were similar
for tapping and at 60Hz.
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Figure 15. Vibrational packing efficiency of alumina powders at 60 Hz.
Increasing the vibrational frequency from 60 Hz to 100 Hz increased the packing
efficiency at each measurement step by 5%. The packing density increases varied slightly
between powder sets, with the exception of A-16 S.G. alumina (d50 = 0.5 µm) which saw
an average increase in packing of 24% at each measurement step. When the vibrational
data is normalized to number of cycles, the split between the 60 and 100 Hz data remains.
This seems to indicate either difference in packing mechanisms between the two
frequencies, or a more “efficient” particle rearrangement with a higher frequency. The
data indicates that mono-sized fine particles are more greatly affected by the vibrational
frequency. The dramatic results between the 60 Hz and the 100 Hz vibration data suggests
a harmonic frequency that will lead to the “best” packing behavior that may be powder
specific.
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Figure 16. Vibrational packing efficiency of alumina powders at 100 Hz
Another indication of a different mechanism between the frequencies was dome
formation during vibration at 100 Hz that was not present at 60 Hz. At lower number of
cycles, the dome would completely collapse once vibration ceased, but as the number of
cycles increased, so did the size of the residual dome.
The data indicates that tapping and vibration result in different packing behavior,
not just between intensity of vibration, but also with packing method. The slopes of the
regression lines in Figure 17 indicate that for fine particles after the transition region,
vibration at 60 Hz and tapping increase packing efficiency at a similar rate while the slope
of 100 Hz vibration is about double that of tapping and 60 Hz. As average particle sizes
increase (moving from fines to 500 µm granules) the tapping slope increases while the
slope at 100Hz vibration decreases to approximately the same slope as 60 Hz vibration.
When plotted with respect to time, the rate of packing for fine particles and 100 µm granule/
-400 mesh frit after the transition region is the same for 100 Hz vibration and tapping. For
large easily packed granules, the 100 Hz packing reaches steady state at 6,000 seconds
while tapping and 60 Hz vibration still show an increase in packing. This is further evidence
of a difference in packing behavior between tapping and vibration. For the powder systems
evaluated in this study, tapping was more effective than vibration, ending with higher
packing efficiencies, except for fine particles on their own where 100 Hz vibration was the
most effective.
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The loose packing efficiencies are as equally important as the final packing. This
is because of the roller system used by the 3D printer, which only provides enough
compaction force to form a flat powder layer. The powder bed is not vibrated or tapped,
so the roller is the only mechanism present for particle rearrangement and packing and thus
the powder bed is at (or near) the poured packing efficiency.
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Figure 17. Tapping and vibrational packing normalized to number of cycles (left)
and time (right).
43

105

Figure 18 shows the tapped packing efficiencies of key powders and granules used
in this study. When packed, the powders and granules followed a three stage packing trend.
The first stage, up to approximately 30 taps was slow and steady increase in packing
density. The second region is a transition region with a significant increase in packing
density which was completed by 300 taps, depending on the powder tested. The third
region is similar to the first region and was another period of slow, but steady packing,
continuing to 30,000 taps. A notable observation of the tapped density data is that while
the overall trend is similar for nearly all the powders, the location of the transition region
in packing behavior varies with the powder tested.
The transition regions in the packing data are critical. The time/number of cycles
at which the transition occurs, as well as the duration of the transition, not only depends on
the method of compaction (tapping or vibration and intensity of vibration), but also on the
powder composition (monomodal or bimodal) and particle size. The transition region is
where the majority of the packing density increases occur. Once the transition region ends,
packing efficiency increases are minimal, and in an industrial perspective, not likely worth
the time investment required for further packing density improvement.
There are several possible causes for the packing behavior observed in this work.as
follows:
•

Formation of large pore structures when pouring powders

•

Plastic deformation of granules during compaction

•

A change in particle size distribution due to agglomeration of fine particles

•

“Unwedging” of trapped fines between large particles due to a change in Hamaker
constant and overcoming van der Waals forces
The formation of large pore structures when pouring the powder is possible but

unlikely. If these pore structures are formed, the first few taps/vibrations begin to break
down support arches constructed of individual particles, leading to rapid packed density
increases as the large pores collapse (the transition region). After these large pores are
filled, the only improvements to packing density can only be achieved through particle
rearrangement to fill the smaller spaces between the granules which takes long periods of
time. Vibrating at a higher frequency results in more particle reorientations in the same
period of time. This would explain the higher packing efficiencies between the two
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frequencies on a time basis, but does not explain the difference based on the total number
of cycles.62 Eventually, the system will reach a steady state where no more improve of
packing will occur .62 This explanation, however, does fully not explain the differences in
the number of taps required to reach the different transition points, and there was no
observable voids in the poured powder samples prior to tapping or vibration.
Plastic deformation of the granules upon tapping or vibration (similar to dry
pressing) and a change in particle size distribution due to agglomeration of fine particles is
also unlikely. However, if deformation of the granules was present, it would allow more
rearrangement to occur and lead to more favorable packing orientations. If agglomerates
of fines were present, they would act as large particles, which are more heavily influenced
by gravitational forces over van der Waals forces and as already discussed, flow and pack
more readily. SEM images of microstructures do not indicate the presence of granule
deformation due to particle packing or the presence of fine agglomerates.
The most probable explanation is that fine particles become trapped in-between
larger particles by van der Waals forces after pouring. The stuck fine particles then act as
a wedge, preventing particle rearrangement. Introducing mechanical energy into the
system through tapping or vibration overcomes the van der Waals forces and reduces the
Hamaker constant in the system, and the fines are free to move out from between the large
particles causing a large increase in the packing efficiency in the transition region. When
all the fines are no longer trapped, the rate of packing slows down. The reason for the
reduction of van der Waals forces due to mechanical agitation is unknown and
unprecedented in the literature. This phenomenon is seen over and over again in the
packing data and can only occur with the presence of fine particles, which means that the
commercial printable fused alumina must contain fine particles.
The particle packing behavior of printable powders has serious implications for
3DP. The packing efficiency of the powder bed during printing could be dramatically
improved through the addition of a tapping mechanism to the 3DP stage. Dome formation
during vibration at 100 Hz rules out vibration as a feasible method for 3DP due to dome
formation which would result in uneven powder beds, and even result in the printhead
colliding with the dome. Improving the packing efficiency of the powder bed past the
poured packing would result in less shrinkage after firing, improved printing resolution,
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reduced binder usage and faster binder burnout with less residual burnout products, and
improved mechanical properties of both the cured and fired parts.
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Figure 18. Dry tap packing of base powders (top) and mixed particle size powder
systems (bottom).
Based on the granule packing efficiency and the relative densities of green parts
after binder burnout as the system packing efficiency, the resulting bed packing efficiency
(PEbed) is 70%.
𝑃𝑃𝑃𝑃𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝑃𝑃𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏 ∗ 𝑃𝑃𝑃𝑃𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔
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(1)

This value is remarkably high and exceeds the maximum packing efficiency seen by both
dry tapping and vibration. The packing model of Equation (1) solved for the bed packing
efficiency does not accommodate several factors. For instance, it ignores any change in
packing from dispensing of the powder to binder burnout. In other words, it does not take
into account the effect of adding a liquid binder to the powder bed. As discussed in the
literature review, there have been many studies on the interaction of binder droplets on a
3DP powder bed.11–16 However, the extent of the effect of the binder, from droplet impact
to curing is unclear. Measuring the packing efficiency of the powder system for Equation
(1) is easy but determining the packing efficiency of the spray dried granules is not trivial
(see Subsection C).

If a bed packing value of 70% is correct, then the bed packing

resembles that of the slip cast samples with similar particle size and coarse to fine particle
ratios. Based on the dry packing data and the density of samples at low firing temperatures,
the simple packing model presented in Equation (1) may be insufficient for describing the
actual packing behavior of the particle bed.
Equation (1) assumes that the packing efficiency of the bed is constant and is not
affected by bed depth. In reality, this is unknown and if a packing gradient exists,
illustrated in Figure 19, and if one does, it has severe ramifications for packing theory,
which is built on the assumption that depth does not affect the packing efficiency, as well
as 3DP. A packing gradient in the powder bed will lead to a density gradient in the green
part which can result in warping or cracking on firing and anisotropic shrinkage.

43% Packing
Increasing
packing
efficiency

Average packing of 53%

Near/at
theoretical

Figure 19. Packing efficiency with respect to sample depth using packing values
of 500/50 µm granules from Figure 18.
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C. Determining the Packing of Spray Dried Granules
In order to calculate the packing efficiency of individual particles in the powder
bed, the packing efficiency of the granules must be known. This is not a trivial process
and cannot be done with simple methods such as immersion density. Granule density was
obtained using mercury porosimetry (AutoPore IV, Micromeritics Instrument Co.,
Norcross, GA, USA, using AutoPore IV 9500 software). In order to determine granule
density using Hg-porosimetry, many assumptions including no compaction of the granules
occurs, assigning a cut-off pore diameter for the space between granules (assigning the
intragranular region), and assuming the granules don’t break apart during the measurement.
The mixed particle size granules were dried overnight prior to analysis, a fixed mercury
contact angle of 130° was used with an equilibration time of ten seconds per step. Intrusion
measurements were taken from 0.5 psia to 30,000 psia with the low to high pressure
chamber transfer pressure of 30 psia. No extrusion measurements were taken. Figure 20
illustrates the pore size distribution based on log differential mercury intrusion volume.
The y-axis of the plot is calculated by dividing the intrusion volume of a given range by
the difference between the logs of the boundary particle diameters. For example, the
increment between 500 µm and 400 µm would use the divisor 𝑙𝑙𝑙𝑙𝑙𝑙(500 µ𝑚𝑚) −
𝑙𝑙𝑙𝑙𝑙𝑙 (400 µ𝑚𝑚) (this is done to eliminate compression in the data for large particle
diameters).63 There were two pore size regions; the first, ranging from a pore diameter of

approximately 50 µm to 3 µm, was due to granular packing. In this region, the intruded
mercury was filling in the space between the granules but not yet filling the open pores

inside the granules. The second region, ranging in pore dimeter from approximately 2 µm
to 0.03 µm was attributed to the actual porosity of the granules themselves.
Porosity of the granules was calculated at a pressure of 57.52 psia (a pore diameter
of 3.14 µm), the point where the void space between the granules had been filled by
mercury. The calculation of porosity required the envelope volume of the granule sample,
shown in Equation (9).
𝑉𝑉𝑒𝑒 = 𝑉𝑉𝑐𝑐 − 𝑉𝑉𝐻𝐻𝐻𝐻

𝑉𝑉𝑒𝑒 = 4.1077 𝑚𝑚𝑚𝑚 − 3.6957 𝑚𝑚𝑚𝑚
𝑉𝑉𝑒𝑒 = 0.4120 𝑚𝑚𝑚𝑚
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(9)

Intragranular region

Intergranular region

Figure 20. Mercury porosimety pore distribution of mixed particle size granules.

Where Ve is the envelope volume, Vc is the chamber volume, and VHg is the volume
of intruded mercury. Using the sample mass and the calculated envelope volume, an
envelope density is calculated. With the measured skeletal density of the granules, 3.96
g/mL, Equation (10) can be used to determine porosity.
𝜌𝜌
𝜀𝜀 = �1 − � 𝑒𝑒�𝜌𝜌𝑠𝑠 �� ∗ 100

(10)

2.38 𝑔𝑔⁄𝑚𝑚𝑚𝑚
�3.96 𝑔𝑔⁄𝑚𝑚𝑚𝑚�� ∗ 100

𝜀𝜀 = �1 − �

𝜀𝜀 = 39.88 %

Where ε is porosity, ρe is the envelope density, and ρs is the skeletal density. With
a porosity of 39.9%, the granules are 60.1% of theoretical density, which for the sample,
equals 2.38 g/cm3. This value could vary by up to 10% of the calculated value due to the
powder nature of the sample as well as the pressure required to fill the intergranular space
being near the transition from the low pressure chamber to the high pressure chamber (30
pisa). Using a powder sample, a relatively short equilibration time, and the change of
environment from air to oil all introduce error in the measurement, and therefore reflected
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in the resulting calculations. As anticipated the Hg-porosimetry results shows a granule
packing efficiency below the measured packing efficiency of slip casted samples with the
same alumina powders and coarse to fine ratio.

Statistical analysis using ANOVA

produced a p-value of 0.01 with an α of 0.05, and the F-value was greater than the critical
F-value, meaning the packing differences between the slip casting and spray drying are
significant.
D. Printing Results
1. Printability of Granules
Based on the packing studies, simple circular and square samples made from a
granule mixture of 80% 500 µm 20% 50 µm was the primary printing candidate due to the
high packing efficiency of the mixture. However, the large granule clogged in the hopper
chute and resulted in defects due to roller drag. These issues greatly affected the quality
of the powder bed and as illustrated in Figure 21 (A), resulted in extremely fragile green
parts.
The large gash in the circular part in the lower left of Figure 21 (A) is an example
of some the powder bed defects that were produced by using such a large particle sizes as
the printing feedstock. The cured parts were weak because of poor binder saturation. The
500 µm granules on the top layer of the cured parts were not even “attached” to the rest of
the parts and the granules could be brushed off or blown away. Increasing the binder
saturation parameter on the printer to 200% had no effect; the pore space between the
granules was simply too large to evenly saturate with resin.
Mixed alumina granules consisting of 80 weight percent 200 µm granules, 20
weight percent 20 µm granules yielded better results, though the cured parts could still be
damaged with the brush used to remove the parts from the surrounding powder bed, as
illustrated in Figure 21 (B). Defects such as gashes or valleys were not present in the
200/20 µm granule powder system, though poor binder saturation remained for the same
reason as the 500/50 µm granule powder system; the pore space could not be filled
sufficiently for strong powder bonding.
The poor green strength of these two larger granule powder systems, (which could
be printed at or near the factory default settings) eliminated them for further testing and
analysis. 3DP trials of the sinterable powder systems of 80% 100 µm granules, 20% -400
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mesh glass frit and 80% 25 µm fused alumina 20% -400 mesh glass frit at the factory
settings resulted in poor bed quality from uneven powder coverage on the bed generating
the defects seen with the 80% 500µm, 20% 50 µm granule powder system. The final key
printer parameter settings were found with these powder sets through trial and error,
starting with the hopper vibrational frequency to dispense powder evenly then fine tuning
the hopper traverse speed to dispense the right amount of powder.

The two roller

parameters (rotational speed and travel speed) were the next set of parameters adjusted.
Binder saturation and layer thickness were kept constant. Green strengths of the printed
parts were increased by increasing the binder cure time from the recommended 3 hours to
8 hours.

(A)
1 in.

1 in.
(B)
Figure 21. Cured 3DP parts using 80% 500 µm 20% 50 µm granule powder (A)
and 80% 200 µm 20% 20 µm granules (B) All part damage occurred during
excess powder removal. All samples are made from alumina; the coloration is
caused by the cured binder and different extent of pore saturation.
2. Binder Saturation Effects
51

Figure 22 illustrates the effect of manipulating binder saturation. As already stated
in the experimental section, binder saturation is given as a percentage value, though how it
is calculated is not clear. It is assumed that the manufacturer of the printer assumed a
specific bed packing efficiency and droplet volume of binder from the printhead to
calculate the binder saturation but this was not tested.
(A)

(B)

1 in.
Weakly bonded
Surface damage
from excess
powder removal

extra powder

(C)

(D)
Excess powder

Shape Deformation
Powder bonded
to surface

Roller drag crack
Extra powder

Figure 22. Effect of binder saturation on green part quality. Saturation values of
50% (A), 100% (B), 150% (C), and 200% (D). 80% 100 µm, 20% -400 mesh frit
powder. Roller direction was top to bottom.
Of all the binder saturations tested, 50% (Figure 22 A) resulted in the best shape
resolution of the printed parts. However, the cured parts were too weak and could not be
handled. Even light brushing to remove excess support powder from around the parts
resulted in surface damage and generated roughness around the edges of the part. The low
green strength is the result of open pore volume inside the parts; not enough binder was
dispensed on each layer to fill all the pore space leading to pore powder bonding.
100% binder saturation (Figure 22 B) yielded the best printing results. Printed parts
displayed handleable green strength, good shape resolution and low surface roughness
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though some excess support powder sticks to the edges of the parts. Loosely bonded extra
powder can easily be trimmed off without damaging the cured parts. Crack formation
perpendicular to the roller direction did occur in one of the parts due to roller drag.
At binder concentrations of 150 and 200% (Figures 22 C and D respectively), the
printer’s curing lamp failed to adequately dry the binder before the next layer was
dispensed. This results in powder sticking to the roller which then either falls off or is
deposited on the powder bed in small clumps in the following layers. The end result is
increased surface roughness of the parts. Streaking and horizontal spreading of the binder
also occurred (due to the vertical pore volume of the layer being filled but binder still
remains), both of which harm part resolution and cause bulging around the edges of the
parts, particularly on the flat sides. The most extreme case of this at 200% binder saturation
actually caused all the parts to cojoin together into one mass. Similar to the 100% binder
saturation defects, some parts displayed cracks from roller drag at 150% binder. 200%
saturation made the dragging forces worse, as wet binder on the part surface caused
excessive sticking to the roller. Occasionally, some parts were completely torn apart as the
roller moved past. Interestingly, the samples shown in Figure 22 D don’t show obvious
signs of these problems, possibly due to them being “filled in” by excess binder and/or
covered by extra powder stuck the sample surfaces. The oversaturation of the vertical pore
space beginning at 150% binder also glued the cured the parts to the steel 3DP building
stage, leading to part damage and breakage while trying to remove the parts. Table IV
summarizes the printing defects seen in different powder systems and binder saturations.
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Table IV. Printing Defects Seen During Printing

•

Coarse
Particle

Binder
Saturation

500 µm

200%

✔

-

✔

-

-

-

-

✔

200 µm

150%

✔

-

-

-

-

-

-

✔

100 µm

100%

✔

✔

-

-

-

-

-

25 µm

50%

-

-

-

-

-

-

-

✔

25 µm

100%

-

✔

-

-

-

-

-

-

25 µm

150%

-

✔

-

✔

✔

✔

✔

-

25 µm

200%

-

✔

-

✔

✔

✔

✔

-

HC RDC GD BS CP PS SD WGB

Hopper Clogging (HC): Powder gets stuck and forms a clog in the chute in the
powder hopper leading to uneven powder coverage on the powder bed. In general,
the larger the particle size the more likely a clog will occur. Poor flowing powders
that form agglomerates can also form hopper clogs. Leads to gash defects.

•

Roller Drag Cracks (RDC): Cracks perpendicular to the roller direction created
when part of the printed part is pulled in the same direction as the roller as it moves
across the bed when excess binder causes the part to stick to the roller.

•

Gash Defect (GD): When a clog in the hopper creates a “dead zone” on the powder
bed where new powder is not deposited, a valley-like defect forms on the bed or
the surface printed part. The longer the clog remains, the larger the defect becomes
and in extreme cases can lead to a cured part to split apart.

•

Binder Smearing (BS): A less extreme case of roller drag, excess binder on the
bed surface is smeared in the same direction as the roller as it flattens a new layer
of powder. Binder smearing leads to shape deformation, worse part resolution, and
even cause parts to merge together into a single mass.

•

Conjoined Parts (CP): Caused by oversaturation of binder, cojoining is when two
or more parts in close proximity merge together into a single mass as binder spreads
in the x-y plane after all the pore space in the z-direction is filled.
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•

Particle Sticking (PS): When new powder deposited on the powder bed surface
preferentially sticks to the printed parts due to excess binder on the part surface.
Results in an increase in surface roughness of printed parts.

•

Shape Deformation (SD): Stretching or bulging of a printed part due to binder
spreading in the x-y plane from oversaturation or from binder smearing. Shape
deformation caused by binder smearing occurs in the same direction as the roller
movement direction. Deformation from binder spreading in the x-y plane can either
be isotropic or unpredictable depending on how the excess binder diffuses through
the powder bed.

•

Weak Green Body (WGB): Caused by inadequate binder levels, weak green
bodies are cured printed parts that are easily damaged, even by brushing/blowing
away excess powder and are not able to be handled without causing damage or
breaking apart. Weak green bodies are extremely difficult or impossible to transfer
from the build platon to a furnace for firing.
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3. Particle Orientation
Due to the layer-by-layer nature of 3DP, the particles in a cured part are oriented
in both “stripes” by layer but also in length-wise in each layer from the roller. This is the
primary cause of anisotropic strengths seen in 3DP parts, which was discussed in the
Section II. The more asymmetric the shape, the more apparent the effect in the X and Y
axes (the length and width axes). Particle orientation is the most visible after binder
burnout, as illustrated in Figure 23.
(A)

(B)

(C)

(D)

Figure 23. SEM images of 3DP parts made with 25 µm fused alumina. (A) shows a
square peg, (B) shows the connection point from the part body with a circular hemisphere
and(C) and (D) are the flat side of the part body before and after firing
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E. Sintering and Densification
Printing trials with the stock alumina powder supplied with the 3D printer (fused
alumina) showed no densification after sintering at 1600°C. While the samples held shape
after firing, they were fragile and difficult to handle, demonstrating the dichotomy between
the required flow properties for printing versus the powder requirements for sintering. An
example of both the as received powder the and post firing microstructure is illustrated in
Figure 24 (A) and (B) respectively.
The powder system composed of 20% fines (5 µm A-10 alumina) and 80% 50 µm
alumina granules (which were composed of 70% A-10 alumina and 30% 0.5 µm A-16 S.G.
alumina) also failed to densify.
These poor sintering results were also observed with the powder system with the
highest loose packing efficiency (80% 500 µm granules 20% 50 µm granules). Clearly,
requirements for flow drastically impacts the sintering performance of a 3DP powder
system.
A glass frit additive acting as a replacement for the fine particles provided a dual
purpose; with approximately the same size as the A-10 fine alumina, the packing efficiency
of the powder system improved and the glass acted as a viscous sintering agent upon heat
treatment (Figure 25 A-D). Densities and linear shrinkages of mixed powder systems
composed of either mixed particle sized granules or fused alumina with the frit addition
sintered, shown in Figures 26 & 27 and Table V.
(A)

(B)

Figure 24. SEM images of as printed fused alumina part surface (A) and the
resulting microstructure after firing at 1500°C (B).
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(A)

(B)

200 µm

200 µm
(D)

(C)

200 µm

200 µm

Figure 25. SEM images of fired microstructures of 100 µm granules/frit at 1300°C
(A) and 1500°C (C) and 25 µm fused alumina/frit at 1300°C (B) and 1500°C (D).
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Figure 26. Relative density and linear shrinkage of 100 µm alumina granules and
glass.
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After firing, a sample chosen at random was crushed and skeletal density
measurements of the 3DP samples were determined for each firing temperature. Ten
samples were used for immersion density measurements for each firing condition.
Between temperatures of 1300°C and 1600°C, the skeletal densities of the samples
increased from 3.53 g/cm3 to 3.66 g/cm3 for 80% 3D printable 25 µm alumina, 20% frit
(from 10.9% to 7.6% below the skeletal density of pure alumina, due to the lower density
of the glass compared to alumina). Likewise, 80% 100 µm granules, 20% frit samples
experienced an increase from 3.52 g/cm3 to 3.62 g/cm3(11.1% to 8.6% blow the skeletal
density of pure alumina).

XRD patterns showed no mullite formation at all firing

temperatures. Both compositions experienced a decrease in relative density between
1500°C and 1600°C. Water absorption of the fired samples (Figure 28) decreases with
firing temperature until 1500°C, where it then increases, much like the linear shrinkage
data. This suggests that not only is there still open porosity at 1500°C, but the open porosity
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Figure 27. Relative density and linear shrinkage of fused alumina and glass.
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Table V. Immersion Densities of Printable Alumina/Glass Powder Systems
Firing Temp.

Granule/Frit Density

Fused alumina/Frit Density

(°C)

(g/cm3)

(g/cm3)

1300

2.08 ± 0.05

2.06 ± 0.01

1400

2.73 ± 0.08

2.35 ± 0.04

1500

3.09 ± 0.01

2.56 ± 0.05

1600

2.15 ± 0.06

2.37 ± 0.03

25

Water Absorption (%)

20
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10

5

0
1200

80% 100 µm granules,
20% frit
80% 25 µm fused
alumina, 20% frit
1300

1400

1500

1600

Temperature (°C)

Figure 28. Water absorption of sintered 3DP samples.
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V. SUMMARY AND CONCLUSIONS
This work shows that the packing efficiency of a 3DP powder bed and the
packing efficiencies of spray dried granules can be improved through mixed particle
sizes. Printable mixed powder size feedstocks reached maximum packing efficiencies of
approximately 50% with loose packing efficiencies of approximately 35%, the maximum
seen with sinterable with the sinterable powders. Granule packing efficiencies of 60%
were achieved through mixed particle size slurries; however, this result is approximately
10% lower than obtained in slip casting trials. The data indicates that packing behavior
depends on the packing mechanism, with tapping being more effective than vibration, but
both methods improve packing efficiency. There may also be a difference in packing
behavior between vibrational frequencies as well; when the vibrational packing data is
normalized to the number of cycles, the packing efficiencies don’t match at the same
number of cycles. In all cases, the 100 Hz samples achieved a higher packing efficiency
after the same number of cycles. It’s also possible that the higher frequency simply
makes the particle reorientations more “efficient” in finding orientations the lead to
improved packing; both the 60 Hz and the 100 Hz data sets show the same general curve
shape. This is speculation and further testing is required to confirm a difference in
packing mechanisms between packing method and/or frequency.
The addition of a glass frit enabled improved sintering of the 3DP green bodies by
acting as a viscous phase. When the scalped frit powder was added, it was also used as
the fine particles of the powder feedstock in order to maintain the packing efficiency
benefits. Between the alumina/glass frit powder systems tested, the data clearly shows
that using granules composed of mixed particle sizes that are sinterable on their own
greatly improves the final relative density. Powder systems that used printable fused
alumina and glass achieved a maximum relative density of 72% while the alumina
granules and glass frit system achieved a maximum relative density of 85% (a 13%
improvement).
Improving the packing efficiency with the powders in binder jetting 3DP is still not
enough on its own to facilitate pressureless sintering of the green bodies (thus the
addition of a glass frit). However, there is still room for improvement in this approach;
61

the 3DP bed is not tapped during printing leaving the powder bed at or near its loose
packing state. The addition of a tapping stage of the powder bed in a 3DP process may
provide several benefits: improve the packing efficiency of the powder bed and facilitate
pressureless sintering, reduced linear shrinkage upon firing, and reduce the amount of
binder required to fill the pore space of the green body, thus driving down binder usage.
The data presented in this thesis suggests the design of ceramic powder systems
specifically for 3DP, which in itself indicates the potential for designing powders for
other specific methods of additive manufacturing. While the powder systems tested in
this work are not yet ideal for 3DP, they are much improved over a standard powder such
as the fused alumina which is sold as a “printable” alumina powder. The mixed particle
size approach maintains the flow properties required for printing, with no observed
segregation based on particle size, while showing improved sintering behavior and less
linear shrinkage.
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VI.

FUTURE WORK

While the work presented here made progress, 3DP of ceramics is still in its
infancy and is nowhere near its potential. So far, the two main approaches in improving
the additive manufacturing of ceramics have been tailoring the technology to the current
ceramic powders or tailor the powders to the additive manufacturing method on a case by
case basis. While both approaches have made advancements, in reality, success will most
likely require the marriage of both approaches; some tailoring of the ceramic powders to
the additive technique along with tailoring the technology specifically to ceramic
powders, which behave differently than metal powders. Improving the packing
efficiency of the powder bed through graded particle size is effective, but further
improvements can and should be made for the goal of improving the performance of
additive manufacturing technology. Refining the packing efficiency models for a 3DP
powder bed should be the first step to this process. The simple packing equation of
Equation 1 ignores a wide variety of variables by assuming the packing of the system is
unaffected by the roller and from binder addition. While work from Lu et al. indicates
that larger particles in a 3DP powder bed will behave like loose packed particles, the
same can’t be said for small particles and thus makes the effect of the roller on mixed
particle size powder beds even more complex than either case of monosized particles.5
Potential particle rearrangement and other colloidal effects from binder droplet impact
and saturation should also be investigated; as shown with the slip casting data in this
work compared to the dry packed data, the effect of suspending particles in liquid
compared to dry packing is clear. Differences in particle morphology might also play a
role; while the spray dried granules are spherical, the fine particles are not, and it’s
possible that preferential particle orientations develop from the roller and/or the liquid
binder. It should be noted that if particle morphology does play a role, it most likely is a
minor one compared to the other factors mentioned above and thus not as critical in the
powder packing model refinement.
It is recommended to pursue other methods of measuring the density of spray
dried granules. While Hg-porosimetry, as used in this work and many others, can
provide relative density data, it is an indirect measurement and requires several
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assumptions and data conversions. Each step of the process can introduce error on top of
the existing error from the base measurement. There was an exploratory attempt to
measure granule density during the duration of this thesis to measure granule density via
immersion and He-pycnometry at various levels of pore saturation and plotting the results
on a specific volume diagram (refer to the appendix). All the data sat on the theoretical
rule of mixture line, which prevented the discovering the saturation point of the glass
granules. Even so, the method has the potential of simplifying the process of measuring
granule density and should be examined further. The first step of which should be to
centrifuge oversaturated granules to accurately determine the pore volume between the
granules. In order for the method to work, the point where the data deviates above the
theoretical rule of mixtures line must be located to determine the granule density.
Besides refining the powder packing model, there is ample opportunity to further
study the packing behaviors described in this work. For example, confirming the cause
of the two region trend in the tapping and vibration data, as well as finding the cause for
the shifts in the transition points depending on the powder being tapped. A more in-depth
study of packing through vibration would also be beneficial and should investigate a
much wider range of frequencies that are systematically selected, not chosen at random as
was done in this work. Frequencies as low as possible and reaching hundreds of hertz
should be investigated, and plotted on a logarithmic scale to get a better picture of the
effects of vibrational frequency. The data indicates a harmonic frequency that will result
in the best packing behavior and this frequency may have some relationship with particle
size and/or mixed particle size compositions. Finally, studying the effect of 3DP bed
depth on the final tapping packing efficiency/relative density would be highly beneficial,
as of the time of this work, the author has found no studies on this particular topic, and
could be a highly influential factor if tapping or vibration mechanisms are added to 3-D
printers in the future.
The effect of depth could be determined by taking samples from the top of the
graduated down to the bottom, ensuring all samples are of the same volume. It will be
important to determine if the packing efficiency increases linearly with depth, or follows
another trend. If packing does indeed pack linearly with bed depth that would mean that
the top of the graduated cylinder would show a packing efficiency equal to (or close to)
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the poured packing efficiency while the bottom would be near the theoretical density of
the material (and thus exceeding the theoretical maximum presented in work by
McGeary.56

Little to no packing
Increasing
packing
efficiency

“Average”
packing efficiency

Near/at theoretical
density

Figure 29. Packing efficiency with respect to sample depth.
Solving for the amount of fines required for densification in 3DP powder systems
would be greatly beneficial. While 20 percent fines by weight is the optimal amount of
fines for powder packing, it still does not provide enough surface area to assist in
sintering. Besides optimizing the coarse to fine ratio of the powder system, more studies
should be done to tailor the glass phase used for 3DP powders. The glass frit used in this
work is a stock borosilicate frit, and on top of a low melting temperature, readily allows
for the dissolution of alumina forming even more glass phase, which will impact
mechanical and thermal properties of the final ceramic. Luckily, a wealth of
glass/viscous phase sintering research of ceramics is already available and will be of
great assistance in this endeavor. The goal should be to reduce the required viscous
phase as low a level as possible, or at least to levels comparable to what is already used in
industry (which for alumina is usually around four weight percent glass/viscous phase).
Incorporating the glass phase into the spray dried granules should also be investigated.
The end goal should be to be able to produce 3DP ceramics that are fully dense without a
glass phase and without resorting to expensive sintering methods such as hot isostatic
pressing.
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APPENDIX
A.

Literature Review of Other Additive Manufacturing Methods
1. Robocasting
Robocasting works by extruding a high solids loaded ceramic paste (filament)

through a nozzle. While 3DP is controlled by powder properties, robocasting is dominated
by rheological behavior of the paste. Proper control is required to prevent deformation and
sagging of the extrudate (a particular concern with spanning features) and to prevent
clogging of the nozzle.64 In air, the nozzle diameter is limited to a minimum size of about
500 µm, any smaller and clogging occurs. In order to reduce the nozzle diameter and thus
increase the part resolution, work has been done in order to develop inks that have a
reversible gel transformation. As the viscous gel is extruded through the nozzle, the gel
structure breaks apart which decreases the viscosity, in some cases, by several orders of
magnitude. After deposition, the gel structure reforms, through controlled flocculation,
preventing deformation/sagging.64,65 Flocculation methods include pH or ionic strength
control, or adding polyelectrolytes. The most effective flocculation method will depend
on the material to be robocasted. For example, pH and electrolyte control is difficult with
glass systems due to glass dissolution and ion leaching in water. Along with new gel inks,
drying in air is getting phased out in favor of depositing the extruded gel into a non-wetting
oil bath, further controlling the drying rate. Besides gel inks, the other common option is
colloid filled thermoplastic polymers.64–67 One of the biggest advantages of robocasting is
the high relative green densities, up to 60% of theoretical. The filaments used are
composed of small, sinterable particles, allowing easier densification using traditional
methods compared to 3DP. However, unlike 3DP, a secondary ink, usually carbon black,
must be used for support structures, and must be removed/burned out after or during firing.
Much like 3DP, robocasting has seen a lot of use in research on the development
of porous components including lattices, arrays for sensors, and most frequently, bone or
tissue scaffolds using bioceramics.64,66,68–74 Due to the high green and fired strengths
achievable with robocasting, monolithic ceramic components have been attempted.
However, the surface qualities of such parts are poor and highly textured due to the stacking
of the extruded filaments. This unfortunately affects the mechanical strength of the
75

robocasted piece, and just like 3DP, strength is anisotropic based on printing direction.75
The extent of the texturing is dependent on the diameter of the nozzle, and should be
mentioned that it’s possible to pair robocasting with precise numerical controlled
machining to smooth out the surface.64,76 While surface finish is often important for
ceramic components, it’s not always a problem, and some monolithic ceramic parts such
as alumina crucibles made by Robocasting Enterprises, USA, have been made and seen
some success in industry.
2. Stereolithography
One of the oldest and most used additive manufacturing methods is
stereolithography. The technique is based on curing a slurry composed of a high solids
loading of ceramic particles (40-60 volume percent) in a liquid resin that can be
photopolymerized with UV light.64

Much like 3DP, components created through

stereolithography are constructed layer by layer, require curing with heat or UV light, and
must have the organics burnt out before/during the firing. Unlike 3DP, the liquid medium
surrounding the polymerized part during fabrication does not provide support. Additional
support structures must be included in the design for construction and must then be
removed later.64,77 The most important factors that affect stereolithography is the viscosity
of the resin slurry, the curing laser speed and power (which along with scattering effects
due to particle size affects the effective penetration and curing depth of the laser beam),
and of course the debinding of the cured piece.64,76 Slurry viscosities in the range of 105000 mPa*s have proven to be effective. Lower viscosities enhance surface wetting to the
polymerized part being built, reducing surface distortions and improving surface finish
while also making it easier to remove the finished part from the liquid.76,78,79 Due to the
high amount of binders, debinding must be handled with care, and done very slowly to
allow the formed gasses to diffuse out of the system while keeping the pressure inside the
part low enough to prevent void formation and/or cracks. In this respect, the debinding
step of stereolithography is comparable to ceramic injection molding, and the wealth of
information generated by the injection molding community has no doubt aided
stereolithography research. For monolithic parts created by Stereolithography, the biggest
restriction on part design is the wall thickness/total wall volume. The thicker the walls of
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the part, the longer the debinding process must be. Parts with a wall thickness of 1 cm can
take several days for complete debinding, and must still be sintered afterwards.64
The high precision offered by stereolithography has made the technique popular for
the production of scaffolds and lattices for a wide variety of applications, as well as
microtechnology such as microelectro-mechanical systems (MEMS).64,76,80–87 As the push
to miniaturize devices of all types continues, new solutions need to be found, and
significant modifications to the older, “macro-sized” lithographic equipment was required
to meet the challenge. In order to achieve the resolution necessary, the curing beam
diameter needed to be reduced, leading to stationary focused beam systems that use highly
precise movable build stages. The biggest drawback of this is a drastic increase in
processing time and upscaling to industry required production.88

Even with recent

improvements, resolution and layer thickness continue to be the limiting factors for
microlithography.
Not only is stereolithography attractive for microcomponents, it has also seen some
of the greatest success with complex monolithic components, compared to other additive
manufacturing methods. This is due to high green densities (potentially up to 55% of
theoretical after debinding) of the cured parts and the opportunity to use very fine particles
in the slurry, leading to full densification upon firing.64 Wu et al.89 were able to produce
zirconia-toughened alumina gears with relative densities of 99.5% of theoretical with
strengths comparable to traditional forming methods. Zhou et al.90 were able to create
dense, defect free alumina cutting tools.89, 90 One of the most popular applications of
ceramic stereolithography is in the production of turbine blades. Lu et al.91 demonstrated
the technique is capable of directly producing complex shaped carbon fiber reinforced SiC
turbine blades.91 However, the more common approach is in the design of integrally cored
ceramic molds for investment casting.92–95

Stereolithography can potentially reduce

investment casting mold cost and time by simplifying the process with the removal of the
middle steps and enable direct mold production, as well as opening avenues for rapid
prototyping new designs.
Even though stereolithography is less in its infancy compared to some of the other
additive manufacturing methods, it still faces challenges. Common problems include
shrinkage during drying, and cracking during debinding from uncured photocuring liquid,
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which creates a region of higher shrinkage relative to the rest of the green body.76 While
these challenges still exist, stereolithography shows great potential and the technology still
has plenty of room for refinement. As stated earlier, the current push is toward the
fabrication of microcomponents, and strides in that direction will also improve the quality
and accuracy of macro-scale components. However, like 3DP, it will still be awhile before
the technology is practical for mass production, though the technology has a foothold;
niche, small scale markets and rapid prototyping applications already exist.
3. Laminated Object Manufacturing (LOM)
Laminated object manufacturing (LOM), or sometimes referred to simply as sheet
lamination, is in a sense related to robocasting because both of these additive
manufacturing methods evolved from traditional forming methods. While robocasting can
be related to extrusion, ceramic LOM has its roots in tape casting. LOM uses tapes made
through casting or special papers as the feedstock material. The tape is then laid on the
build bed and cut into shape, typically with a laser, based on the CAD design. Another
layer of tape is then placed on top, laminated to the previous layer with a heated press or
roller and the process repeats. Since high quality tape casts are free of bubbles, cracks, and
other defects, parts fabricated through LOM have a better surface finish compared to other
additive manufacturing methods. The green parts also have low internal stresses and good
strength. LOM is also cheaper than most additive manufacturing methods thanks to the
(relatively) more simple machine technology and lower process costs.96 Since LOM is in
essence tape casted sheets stacked on each other, less research work was required on
determining effective binder burnout and sintering schedules, since most of those
challenges have already been addressed in the literature on tape casting. That’s not to say
LOM is free of problems; delamination of sheets, waste removal (and recycling it) from
the build chamber, the presence of the stair-step effect, differential shrinkage, and
separating the part from waste (decubing), and anisotropic mechanical strengths are still
problems that need to be addressed.64, 76
Like all layer-by-layer fabrication methods, LOM struggles to make smooth curved
parts due to the stair step effect. Removing the stair step effect not only improves final
part quality, it also comes with economic incentives: lower raw material costs and less
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machining to improve the surface finish.97 Klosterman et al.97 outlined the challenges in
creating a LOM process free of the stair step effect. New algorithms were needed to create
a support mandrel (in essence a negative from a master copy) in addition to programming
the process of generating curved cross sections and redesigning directions so the laser could
properly cut the curved contours in three dimensions. The use of a heated, deformable
sheet bonding apparatus was necessary to properly hold the feedstock material while it was
laminated to previous layers and cut to shape with a 3D laser system.97 While this work
did greatly reduce the stair step effect, it didn’t address the other challenges facing LOM.
Low strengths or complete structural failure in LOM is most commonly the result
of delamination of layers, which typically occurs during binder burnout or firing.
Delamination can be caused by many factors including, incomplete melting of the binder,
insufficient or uneven pressure preventing intimate contact of the sheets, and
inhomogeneous distribution of binder in the tape/paper.98 The bottom layer of ceramic
tapes can be rich in polymer due to the nature of the tape casting process, and while the
initial sheet bonding may appear sufficient, if the binder does not migrate from the tape
surface into the bulk powder, a high concentration of voids will be formed between layers
on binder burnout. These voids create an obviously layered structure with low strength, or
even complete layer separation.98 Solutions include spraying a solvent on the tape surface
immediately before lamination to remove excess polymer, apply light pressure on the entire
part before removing excess waste support material (decubing) to enhance layer bonding,
or use a different tape/paper that doesn’t contain binder and spray binder on the tape surface
immediately before lamination.98
Problems can be exacerbated in LOM due to the inability to maintain constant
processing parameters throughout the lamination process. Key parameters are the roller
margins, the heater temperature and speed, cross-hatch size, and the laser power and speed.
Some of these key parameters need to change during the LOM process in order to keep the
stress states and temperature of the entire part uniform as the laminated part becomes
thicker.99, 100 Sonmez and Hahn99 found that larger diameter rollers are preferable for
proper sheet bonding. Larger rollers provide a less concentrated stress profile on the sheet
over a longer period of time, which enables better bonding.
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However, the roller

temperature may need to be lower compared to a smaller roller to prevent heat degradation
of the material.99
LOM ceramics, like stereolithography, has been used in the casting industry to
make molds. LOM has been used for master patterns or molds in plastics processing,
foundry technology, including vacuum forming and investment casting, for die and
pressure casting as well as injection molding in the ceramics industry, as master patterns
for artificial limbs, and even as terrain models for civil engineering.101 LZSA glass
ceramics created through LOM for substrate applications showed higher bending strengths
compared to those formed through injection molding, extrusion, and roll pressing while
maintaining dielectric properties comparable to other commercial LZSA products.102,103
SiC and SiSiC composite components have been a popular material choice for LOM. This
is due to the availability of commercial preceramic or ceramic SiC paper for the creation
of biomorphous ceramics, which show good electrical properties, thermal shock resistance,
and corrosion resistance with high permeability. Tape casting of high quality SiC tapes is
also common and LOM provides another avenue for constructing SiC components with
complex geometries.76,104–106 LOM has also been used for the production of complex of
silicon nitride (Si3N4), alumina, glass-fiber reinforced polymer systems, and aluminum
nitride components, and for internal structures electronic components made out of lowtemperature co-fired ceramics (LTCCs).76,107
4. Selective Laser Sintering (SLS)
Selective laser sintering/melting (SLS or SLM) is perhaps the most attractive
additive manufacturing method for both ceramics and metals. This is the case because it’s
the only additive manufacturing method that does not require the use of a binder and the
only one that can create fully functional parts directly from powder. In essence the only
difference between SLS and 3DP is the powder consolidation method. 3DP uses a binder
while SLS sinters/melts the powder. Kruth et al.108 outlined the four binding mechanisms
of SLS: solid state sintering, chemically induced binding, liquid phase sintering (partial
melting), and full melting.108 The technique is currently more prominent with polymers
and metals than ceramics; the poor thermal shock resistance of ceramics continues to cause
problems and the interaction time between the laser and the powder bed is too short for
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proper diffusion of atoms, leading to poor sintering.64,109,110 In the case of full melting,
impurities in the raw materials, and even oxygen from the air, can prevent wetting of the
melted material on the consolidated solid below it and/or fail to form a flat surface for the
next layer of powder to evenly spread across it.109 On top of these issues, ceramics tend to
have poor optical coupling with the laser beam, preventing the absorption of heat energy,
further reducing sintering effectiveness. This problem can be circumvented leading with
the addition of a laser absorption additive to get enough thermal energy into the powder
bed to facilitate sintering.110,111 Sintering problems are further exacerbated due to the same
dichotomy of powder flow versus sinterability present in 3DP. In order to form a smooth
homogeneous, well packed powder bed, large particles or granules are required, which only
make sintering by laser harder. Not only this, but having a well packed bed is even more
critical in SLS than 3DP since the goal is to directly sinter or melt the bed and porosity
adversely affects both of these processes.
Not surprisingly, finding solutions to the sintering challenges posed by SLS has
been the main focus of research in ceramic SLS, including the influence of the laser and
the machine parameters. In order to prevent defects caused by thermal shock, including
warping and cracking, several studies have attempted to preheat the powders or keep the
processing chamber of the SLS at an elevated temperature. While keeping the processing
chamber at high temperatures does reduce thermal shock effects and enables an increased
scanning speed of the laser, it also decreases powder flowability and hampers process
repeatability.111 Wilkes et al.110 found that for SLM ZrO2-Al2O3 components, a very high
preheated temperature of 1600°C was required to prevent crack formation, though cracks
still formed on larger parts due to rapid cooling when applying the new powder layer.113
In the case of a polymer binder addition instead of direct sintering of the ceramic powder,
the preheated powder temperature was found to affect the wetting and spreading of the
binder once melted by the laser beam.114 These studies show that while preheating the
powder does provide some benefits, it’s not a be-all-end-all solution, and in a purely
economic sense, might not be viable for industry as furnace costs are typically the most
expensive in the ceramic industry.
Another route to improving the sintering performance of SLS ceramics, and often
used in tandem with preheating is the addition of an absorption additive such as graphite
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or a polymer powder that when melted acts as a binder.64,109,111,113–115 The use of polymer
additives is more common as it allows for less powerful lasers and/or a lower power output
from the laser in order to melt the polymer. However, just like 3DP the binder must then
be burned out before sintering to full density and thus adds additional processing steps.
Absorption additives optically couples with the incoming laser much better than the
ceramic and thus provides more thermal energy to the powder bed, improving sintering
performance or even allow melting to occur. The absorption additive must be chosen with
care; if an additive that can chemically interact with the ceramic is used, the formation of
undesired phases can occur upon laser sintering.110
Understanding the effects of the laser parameters is vital to the success of SLS. In
order to obtain layer cohesion, the laser must penetrate through the powder layer as well as
the previous one in order for the layers to bond together.111 The thickness of the sintered
layer is dependent on the laser power and scan speed, and Shishkovsky et al.116 found that
at the same laser power, scanning speed needed to be adjusted with a change in the
atmosphere of the processing chamber.116 Interaction between the incoming laser beam
and the powder is a function of the laser wavelength, the particle size of the powder, and
the porosity of the bed.110 Finally, the orientation and length of the laser vector must also
be taken into account. Short vectors can lead to droplet formation in SLM. Changes in the
laser vector length leads to variations in energy input and heat transfer to the powder bed
and must be accounted for by adjusting the delay time between adjacent vectors.111
The popularity of SLS has increased over the last ten years, especially in the
ceramic industry where the technology is not nearly as mature as it is for metals and
polymers. Like other additive manufacturing methods, SLS has been used to create porous
or monolithic components like scaffolds and other biomaterial implants.64, 113, 117–118 While
robocasting is more suited for scaffold structures, SLS is much more capable of producing
dense monolithic implants while still being able to produce complex scaffolds or porous
structures. This has made it popular not only for bone implants, but also for dental
applications. SLS is also an attractive option for complex monolithic parts made from a
wide variety of materials, though for ceramics, alumina and zirconia appear to be the most
popular.114,116,119–121 Highest densities are achieved through SLM; Wilkes et al.121 was able
to produce ZrO2-Al2O3 with comparable strengths and nearly 100% density through
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melting.121 It must be noted however, that post processing may be ineffective with SLM
because melting consolidates the microstructure and “fixes” it in place.111 Tang et al.119
were able to produce dense alumina parts through a slurry based SLS process, where the
slurry was spread with a blade and then sintered with a laser layer by layer. The resulting
alumina parts had a relative density of 98% with an average flexural strength of 363.5
MPa.119 While many challenges must be overcome, SLS may be the only additive
manufacturing method of ceramics that could become a one-step processing method and
the current advances are promising.
B.

Additional Data and Images

Figure 30. Segregation of 500 µm granules during vibration.
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Figure 31. Dome formation of ExOne alumina powder during 100 Hz vibration.
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Figure 32. Specific volume diagram of glass granules saturated with varying
amounts of water.
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