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Foreword

Dr. George Spanos, Guest Editor, Materials Science
and Technology Division, Naval Research Laboratory

Dr. Steve Fishman, Guest Editor, Materials Science
and Technology Division, Office of Naval Research

Dr. Ralph Wachter, Guest Editor, Manufacturing Tech-
nology Division, Office of Naval Research

A challenge in manufacturing is to invent new pro-
cesses for the rapid production of complex functional and
structural components. One very promising class of manu-
facturing processes, descriptively called Layered Manufac-
turing (LM), has been made possible through recent advances
in several fields of science and technology including materi-
als science, mechanical engineering, and information tech-
nology. LM offers unique capabilities, important for agile
manufacturing and logistics, to create rapidly on-demand
manufactured components of complex design.

The essential characteristic of a LM process is its suc-
cessive building up of a part layer-by-layer by precise com-
puter-controlled deposition of materials. This process is
roughly analogous to stacking masonry bricks to form dif-
ferent brick wall designs. Since LM is a material additive
process, it differs from traditional manufacturing approaches
of machining, which involve removal of material. LM pro-
cesses also differ from traditional laminate composite manu-
facturing where, for instance, layers of composite tape are
shaped and bonded together.

The Office of Naval Research in cooperation with the
Defense Advanced Research Projects Agency and the Na-
tional Science Foundation has been advancing the science
and technology for LM. Through joint efforts, the range of
materials has been expanded considerably from, e.g., plas-
tics, to metals and ceramics, and towards functionally graded
materials. Methods for selective precise deposition of mate-
rials in LM are now quite varied and include, e.g., high in-
tensity light sources, hot extrusion, and metal droplet
deposition; a few hybrid approaches are even combining LM
with machining and cutting. These processes have moti-
vated new materials science research into solidification,
bonding between layers, and evolution of microstructure and
residual stress in LM components.

This issue of Naval Research Reviews provides an
overview of the science, technology and applications of LM.
Our first article, by Mr. Patrick Bergan of the Naval Under-
sea Warfare Center, highlights Naval applications of LM and,
in particular, their use of selective laser sintering technology
from DTM Corporation, a spin-off company from the Uni-
versity of Texas at Austin. The article describes where LM
technology can significantly affect affordability.

Professors Emanuel Sachs and Michael Cima at the
Massachusetts Institute of Technology (MIT) developed a
method for forming parts from metal powders by an ink-jet
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like process, which they aptly named “3D Printing.” The
article discusses advantages of the process for making parts
with highly complex external and internal geometries such
as internal cooling channels for injection mold tooling. Their
research has been licensed by MIT to the company, Soligen
Technologies, Inc.

Professor Fritz Prinz at Stanford University and Dr.
Lee Weiss at Carnegie Mellon University describe a novel
approach for making complex metal, ceramic and plastic
parts. Known as Shape Deposition Manufacturing, it involves
combining techniques of material deposition with material
removal, e.g., using 5-axis machining for precisely shaping
individual layers to a specified tolerance during the layering
process. They discuss several applications relevant to the
Department of Defense (DoD) including a composite steel/
copper injection molding tool, a miniature turbine wheel as-
sembly, and a rugged casing with embedded wiring for a
wearable computer for underwater use.

A multidisciplinary research team at Rutgers Univer-
sity, lead by Professor Steven Danforth of the Ceramic and
Materials Engineering Department, present a LM method
known as Fused Deposition of Ceramics (FDC) in which
hot extruded ceramic-loaded organic filaments are used to
deposit the layers. Their paper surveys FDC for structural
ceramics, bio-ceramics, and piezo-electric transducers.

Dr. G. Allen Brady and Professor John Halloran at the
University of Michigan describe a technique for producing
ceramic parts, based on conventional stereolithography,
which uses a laser to scan an outline of a shape on a layer of
photosensitive polymer. They developed new ultraviolet-
curable polymers with a suspension of ceramic powder to
produce ceramic parts. The authors show examples of fully
dense ceramic parts with excellent microstructures.

Dr. Susanna Ventura and her collaborators in the Elec-
trochemical and Polymer Technology Center at SRI Interna-
tional have developed an innovative technique for producing
ceramic parts using digital, pixelated visible light projected
on a photocurable ceramic dispersion. Their process, known
as “Direct Photoshaping,” uses digital micromirror technol-
ogy, developed by Texas Instruments, Inc., to expose and
cure specific regions of each layer all at once to rapidly build
up a part with embedded ceramic powder. The polymer can
subsequently be burned off and the resulting “‘green” ceramic
object sintered to final density. A silicon nitride turbine vane
for a gas turbine engine has been produced by this method.

Professor Harris Marcus of the Institute of Materials
Science at the University of Connecticut and his colleagues
describe a very different LM process that uses lasers to de-
compose locally reactant gases in a controlled manner. Their
process is known as selective area laser deposition. The au-
thors show how to build ceramic parts and how to join sepa-
rate ceramic pieces together with this process.

Professor Debasish Dutta and his colleagues at the
University of Michigan are investigating digital representa-
tions of parts with graded materials and microstructures, for



LM computer aided design. A distinct advantage of LM is
the conceptualization of a part as a stack of layers, which
actually simplifies computation, design, and manufacturing
processes.

The articles in this issue of the Naval Research Re-
views provide insight into tomorrow’s manufacturing capa-
bilities. These capabilities have important implications for
production and productivity. LM will advance affordable
manufacturing technologies without the need for conven-
tional or specialized tooling and without the need for part
fixturing. LM will replace some traditional manufacturing
processes but not all. LM will complement some conven-
tional high-volume manufacturing processes by enabling the
rapid production of machine tooling, e.g., from durable, ero-
sion-resistant, high temperature materials.

The capability of LM to produce nearly arbitrary shapes
lends itself to rapid, flexible, customized production.! LM
technology is often capable of producing more kinds of parts
with less lead time, setup time, production time, assembly,
and effort than, e.g., by comparable machining. Moreover,
as greater precision is achieved with LM, part size and not
geometric complexity will be the dominant factor in part cost
and time whereas in comparable conventional machining both
part size and complexity are significant factors. And with
lower costs of small-lots and reduced production time,
customization of commodity parts on-demand with LM will
become an alternative to traditional mass production of stan-
dard machined parts and stockpiles of inventories.

Layered Manufacturing also has important implications

for repair and replacement of parts for which engineering
designs are no longer available or where designs never ex-
isted. The capability to reverse engineer, e.g., using x-ray
tomography or coordinate measurement machines, can pro-
vide geometric information necessary for replicating a part
with LM. Moreover, complex part designs stored on a com-
puter can be electronically transferred to sites such as ship-
yards and potentially directly on-board ships or submarines,
where LM would be used. With these capabilities, LM will
be well suited for engineering service bureaus engaged in
online/Internet commerce.

Industry is adopting today’s commercial LM technolo-
gies but mostly for use in early product design models and
for nonfunctional prototyping of parts. This will change as
commercial LM technologies improve, are certified, and can
manufacture complex parts with more materials and better
dimensional accuracy than with the plastics that are widely
and commercially available today. Traditional machine shops
with their hazards and noise may be replaced by LM tech-
nologies in quiet environments with less exposure to haz-
ardous materials and less waste. LM will move rapid
prototyping to rapid manufacturing.

We expect future LM research to achieve part features
down to micron scales with specified microstructural and
materials properties. This capability will enable fabrication
of complex components in one operation with minimal
postprocessing and assembly. And someday, we anticipate
LM will find its way into the office as your desktop “3D”
fax machine.

'For these reasons, LM is also referred to as “solid freeform fabrication (SFF)" for its ability to produce complex parts
and as “rapid prototyping” because often LM can produce a part more quickly than other means.
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Profiles
in Science

Joseph J. Beaman

Dr. Joseph J. Beaman is the Andersen Consulting En-
dowed Professor in Manufacturing Systems Engineering at
the University of Texas, Austin, where he has been on the
faculty since 1979. His particular interest in manufacturing
is Solid Freeform Fabrication, which is also known as desk-
top manufacturing. Itis a technology that produces freeform
solid objects directly from a computer model of the object
without part-specific tooling or human intervention. Pro-
fessor Beaman has been a principal investigator of the Of-
fice of Naval Research.

One of his successful desktop manufacturing ap-
proaches is selective laser sintering, where components are
built by material addition rather than by material removal.
In selective laser sintering, a directed laser beam is used to
consolidate individual powder particles in selected regions.
Compared to manual manufacturing methods, selective la-
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ser sintering is inherently fast. In addition, this process has
the potential to produce accurate, structurally sound three-
dimensional renditions of objects designed in a computer
and to make such objects available to the user in minutes or
hours. The benefits of this new process include greatly re-
duced prototyping cost and design time, and the capacity to
achieve, in one operation, shapes that would otherwise re-
quire multiple operations or in some cases shapes impos-
sible to manufacture with standard techniques

Professor Beaman is also a founder of DTM Corpora-
tion, which specializes in selective laser sintering. This tech-
nology is a freeform fabrication technology developed in
Beaman'’s laboratory at the University of Texas at Austin and
is the first private commercial venture with the University
of Texas’ Center for Development, Technology and Trans-
fer.



Potential Navy
Applications for
Selective Laser
Sintering (SLS)
Technology

Patrick Bergan, Naval Undersea Warfare Center - Division Keyport, Keyport, WA

Abstract

Maintaining Navy weapons systems and support equip-
ment is a continuous process, requiring periodic repair and
replacement of parts. Procurement of spare parts is becom-
ing increasingly difficult as fewer of the traditional defense
suppliers exist. This problem is especially prevalent in the
procurement of low quantity, high value, complex metal parts
which are traditionally machined, forged or cast. These types
of parts have long supplier lead times and high unit costs
because of the need to produce complex tooling, forming
dies, casting molds and perform Numerical Control (NC)
programming. To help maintain equipment and improve
lifecycle support in Navy ship and shore facilities, new tech-
nologies are needed to reduce the cost and lead-time associ-
ated with producing high value metal parts. Selective Laser
Sintering (SLS) is a cutting edge, rapid manufacturing tech-
nology intended to address this problem. SLS uses a high
power laser to fuse metal powder in a layer-by-layer buildup
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process to produce a part on demand. Potential applications
include production of metal spare parts, fabrication of metal
molds for plastic parts and creation of complex tooling. SLS
technology is still in its infancy, but initial results have been
promising and the process clearly has a large number of po-
tential Navy applications.

Introduction

The mission of the Naval Undersea Warfare Center
(NUWC)-Keyport is to test and maintain weapons for a va-
riety of undersea warfare programs. As a part of this func-
tion, NUWC depots must repair or replace components from
weapons systems damaged by corrosion, wear and other prob-
lems. Due to the complexity of the parts and difficulties in
finding sources of manufacture, procurement of new replace-
ment parts is often a time consuming and costly process.

To help meet this challenge, NUWC-Keyport is con-
stantly looking at new technologies and processes to improve
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Fabricating Metal
Tooling and Metal
Parts by 3D Printing

Emanuel Sachs, Samuel Allen, Michael Cima, Xiaorong Xu, Javier Baiios, James Serdy, David Brancazio, and
Honglin Guo, Massachusetts Institute of Technology, Cambridge, MA

Abstract

Three Dimensional Printing is being used to create
metal parts directly by repetitively spreading a layer of metal
powder and then selectively joining the powder in that layer
by ink-jet printing of a binder material. The printed green
part is then removed from the powderbed and furnace post-
processed to yield a fully dense metal part which can be used
as a tool for subsequent forming operations or can serve as
an end-use metal part. This paper focuses on the application
to injection molding tooling.

The in situ fabrication of cooling channels within an
injection mold which are conformal to the molding surface
has been shown to result in 15% shorter cycle time while
yielding parts with 10% less distortion as compared to a con-
ventional production tool. A *‘Conformal Cooling Criterion”
has been developed to facilitate the design of such cooling
channels. Printed textures on the interior of cooling chan-
nels have been further shown to be capable of an 8-fold in-

Google

crease in heat transfer coefficients as compared to smooth
channels.

With the present materials system, dimensional vari-
ability is introduced during the furnace processing and data
taken on a set of 20 tools shows that the current tolerance is
approximately +.25%. Surface finish improvements due to
improved drop placement accuracy have been demonstrated,
allowing for hand finishing of tools. Materials systems are
under development with the goals of hardness higher than
the current system (30 HRC) and lower shrinkage (better
dimensional control).

Introduction

Three Dimensional Printing

Three Dimensional Printing (3DP) is a process for the
rapid fabrication of three dimensional parts directly from

Three/1998 9
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Figure 8 Figure 10
Pressure drops as a function of Reynolds Number for control  Data on dimensional control of 3D Printed tooling within the

and textured channels. print plane.
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ke
of our tooling is not sufficient for net shape tooling inserts on

(perhaps by a full order of magnitude). Thus, materials sys-
tems with substantially improved dimensional control are a ment represents a combination of new printhead hardware,
major thrust for this project. The primary thrust is to de- new software used to create the printing instructions from
velop systems which have less shrinkage, on the assumption an .STL model and the integration of on-line measurement
that the uncertainty in shrinkage will scale with the magni- used to characterize and adapt to changes in the performance

tude of the shrinkage. of the printhead [8].

Figure 9 Figure 11, . . . .

Ilustration of the specification range for 3D Printed tooling. gztsa on dimensional control of 3D Printed tooling in the vertical
Uncentainty 1n shrinkage scales with vz
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Figure 12b shows a detail area of the cavity geometry
of Figure 12a created with two different printing approaches.
The detail to the right illustrates a significant improvement
in surface finish which has been achieved by control of the 3
droplet landing position with 10 micron resolution in each “arder TOOIlng
of the two in-layer axes (contrast this with 10 micron x As noted earlier, the current tooling materials system
150 micron resolution in the detail at the left). This achicve- is 420 stainless powder, infiltrated with bronze, a system
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velopment of new materials systems. Work is under way on
the development of low shrinkage systems in order to im-
prove dimensional control and on the development of alloy
systems with higher hardness. 3D Printing of tooling and
metal parts is being commercialized by ExtrudeHone Cor-
poration of Irwin, PA.
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Novel Applications
and Implementations
of Shape Deposition
Manufacturing

Fritz B. Prinz, Stanford University, Stanford, CA

Lee E. Weiss, Carnegie Mellon University, Pittsburgh, PA

Abstract

Shape Deposition Manufacturing (SDM) is a solid
freeform fabrication (SFF) process that incrementally builds
up complex parts by systematically combining material ad-
ditive processes with material removal processes. The ad-
vantages of each type of process are thus combined such
that novel structures can be fabricated with SDM that could
not be practically fabricated with either material additive or
material removal processes alone. Examples of such struc-
tures, which are relevant to Navy/DOD applications, are
described in this paper including a waterproof wearable com-
puter with embedded electronics, a composite steel/copper
injection mold tool, and a miniature turbine wheel assem-
bly. In addition, this article presents a novel implementation
of a SDM system based upon the integration of deposition
apparatus (i.e., material additive process) with an existing
computer-numerically-controlled (CNC) milling machine
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(i.e., a material removal process). Such an implementation
is a cost-effective way to create high-quality SFF machines.

1. Introduction

Most solid freeform fabrication (SFF) systems are
based upon a material additive, layered manufacturing
method. Computer-aided-design (CAD) models are first de-
composed into thin cross-sectional layer representations, then
physical parts are built up in custom automated fabrication
machines, layer-by-layer, using material additive processes
(1). Layers of sacrificial structures are simultaneously built
up to fixture and support the growing shapes. While layered
manufacturing facilitates rapid prototyping (e.g., quickly
fabricating “models”, as opposed to production parts) of ar-
bitrarily complex shapes, the resulting surface finish and
accuracy, which are critical factors for being able to fabri-
cate functional parts, are compromised by the *“stair-steps”
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Solid Freeform
Fabrication (SFF) of
Functional Advanced
Ceramic Components

S. C. Danforth and A. Safari, Ceramic and Materials Engineering, M. Jafari, Industrial Engineering, N. Langrana,
Mechanical and Aerospace Engineering, Rutgers, The State University, Piscataway, NJ

Abstract

Solid Freeform Fabrication (SFF) technologies are now
being developed for functional ceramic components. SFF
offers unique manufacturing opportunities, free from con-
straints imposed by the part’s external geometric complex-
ity, or the internal complexity resulting from the presence of
multiple phases, porosity, etc. This paper gives a brief over-
view of novel SFF techniques under development for: struc-
tural ceramics, bio-ceramics, and electroceramic components.
Parts were made directly by Fused Deposition of Ceramics
(FDC). Fused deposition modeling (FDM™) and Sanders
Prototyping (SPI) methods were used to form a variety of
complex shaped molds (some with very intricate graded in-
ternal structures) for the indirect (or lost mold) method of
fabrication. Current research is directed at developing the
processing and manufacturing science needed for layered
manufacturing of multi-material, multi-functional ceramic

Google

components for electromechanical as well as structural ap-
plications.

Introduction

Solid Freeform Fabrication (SFF) refers to methods
that fabricate freestanding solid objects. While many of these
techniques do not require the need for tooling or machining,
some do. SFF methods are computerized (CAD file driven)
material additive processes, originally applied to form and
fit polymer applications which allow dramatic reductions in
the time and cost of each component design iteration. [1-4]
Several SFF technologies are under development at Rutgers
University to make structural ceramic, bio-ceramic, as well
as electronic ceramic components and devices. The electronic
ceramic components under investigation are piezoelectric
ceramics and ceramic-polymer composites for use as trans-
ducers, actuators, vibration control devices, etc. All SFF tech-
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nologies share the same general approach; they start with a
surface tessellated .stl file, that is then sliced mathematically
into discrete layers, and then sent to a fabricator which builds
the object in a layerwise additive fashion. Solid freeform
fabrication methods differ in the details of the materials, ma-
terial deposition, etc. For SFF of ceramics and some SFF
techniques for metals, the techniques use powders as the raw
material, and therefore require post-SFF processing (binder
removal, sintering, or infiltration) of parts to achieve the
desired fully dense microstructure and desired properties.
Some SFF techniques are able to make fully dense metal
parts without the need for post-processing steps.

Direct & Indirect SFF
Processes

Two different approaches are under development for
manufacturing functional ceramic components; referred to
as the “direct” and the “indirect” technique, Fig.1. In the
direct method: Fused deposition of ceramics (FDC), based
on fused deposition modeling (FDM™) developed by
Stratasys, Inc., uses ceramic (or metal) particle loaded ther-
moplastic filament wound on a spool as the material feed-
stock, fed via counter rotating rollers into a heated extruder
referred to as a liquefier.[5,6] The filament acts as the pis-
ton to extrude the molten ceramic loaded polymer material
out of a (250 micron to 635 micron diameter) nozzle onto a
z-stage platform, where the material cools rapidly and bonds
to adjacent layers, Fig. 2. The material deposition rate and
liquefier x-y position, etc., are controlled by the computer.
For ceramic (or powder metal) parts, the binder is subse-
quently removed followed by sintering to full density. In the

Figure 1
Schematic of direct and indirect routes of layered
manufacturing.

CAD File vt:f Object
Sliced C‘D File

Indirect Route
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Figure 2
Schematic of the fused Deposition of Ceramics (FDC) SFF
process.
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indirect method, Fig. 1, components are manufactured by
first making a polymer or wax mold, using either FDM™ or
Sanders Prototyping (SPI) techniques. The FDM™ or SPI
mold is then infiltrated with a ceramic (or metal) powder
suspension, dried (or gelled), followed by thermal or sol-
vent mold removal, binder removal, and finally sintering.
Processing details, as well as further physical and electro-
mechanical characterization of structural and electroceramic
components processed via these direct and indirect SFF
methods, are reported elsewhere.[7-12]

Structural Ceramics

The FDC process was initially developed for
AlliedSignal’s GS-44 insitu-reinforced (ISR) silicon nitride
(GS-44 Si,N,). The process steps for FDC of GS-44 Si N,
are: ball mlllmg the powder with a surfactant, drying, gnnd-
ing and sieving, compounding with the multi-component
binder system (RU9) in a high shear torque rheometer, fol-
lowed by cooling and granulation. The material is then ex-
truded into 1778 micron diameter filaments in a single screw
extruder fitted with a high shear tip screw and a breaker plate
and screen that insure removal of large agglomerates. Parts
are built using a liquefier temperature of 185°C in a cham-
ber at 40°C. Typically, 381 micron diameter extrusion nozzles
are used, building parts with 254 micron layer thickness.
Ceramic part build times have ranged from 1 hr., for small
simple shapes, to greater than 16 hr. for large, or very com-
plex shapes. Figures 3 a,b show complex shaped GS-44 Si N,
parts, made at Rutgers. by the FDC process. The typical den-
sities of sintered FDC GS-44 Si N parts are >99 % of theo-
retical density.[10] The average mcasured four-point bend
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Figure 22
Process signature of the image from Figure 20, of silicon
nitride sample made by direct LM (FDC) process.
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will yield the input data and intelligence tools to assist in
image signature determination.[19,20] In particular, one
should be able to define an Ideal Process Signature that is
uniquely defined by a specific LM process and material. At
the same time, one can also define image process signatures
from the image. Figure 22 illustrates the process signature
for the sample in Fig. 20. The peaks in Fig. 22 signify the
three-edge pattern, that we noted in Fig. 20. For a given layer,
there may be several process signatures corresponding to the
various uniform segments in that layer. In a perfect FDC
process the ideal and the image process signatures must be
the same within a given tolerance. Any significant differ-
ence between these two sets of signatures will signify poten-
tial defects in a given layer, requiring repair.

Summary & Conclusions

This paper presents a brief summary of recent progress
at Rutgers in the development of novel SFF techniques for
functional quality advanced structural, bio-ceramic, and elec-
tronic ceramic components. For direct fabrication of ceramic
components, green ceramic filaments of Si,N, or PZT pow-
der loaded thermoplastic binder were used for fabrication of
complex ceramic structures by the FDC process, followed
by binder removal and sintering. Parts made by FDC exhibit
properties that are the same as those of components made by
traditional manufacturing methods. Fused Deposition of
Ceramics has several advantages as a prototyping and manu-
facturing technique: (1) the technique can be used with nearly
any ceramic, metal or composite powder, (2) the technique
produces parts with high density and functional properties,
etc. (3) FDC can make complex shaped components with
fine features and complicated internal structures, and (4) the
technique can be used with multiple materials. Fused depo-
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sition modeling (FDM™) and Sanders Prototyping (SPI)
methods were used to form a variety of complex shaped
molds (some with very intricate graded internal structures)
for the indirect (or lost mold) method of fabrication. Once
built, the wax molds were infiltrated with a PZT, or hydroxya-
patite ceramic slurry, followed by drying, mold and binder
removal and sintering. One can readily see the advantages
of manufacturing multi-material, multifunctional compo-
nents, such as Moonie and Dome actuators, where one can
now design and manufacture both the component as well as
the internal macro- and microstructure for optimized perfor-
mance. These actuators have great potential as transducers
(sonar, vibration sensing) and actuators (motion and vibra-
tion control, and smart skin) for Naval and other DoD plat-
forms and systems. Current research is directed at developing
the processing and manufacturing science needed for lay-
ered manufacturing of multi-material, multi-functional com-
ponents for electromechanical, as well as structural
applications. These novel ceramic manufacturing methods
show tremendous potential for affordable manufacturing of
functional quality structural ceramics and piezoelectric ce-
ramics (and composites) and bio-ceramics with freedom from
the traditional design and manufacturing constraints.
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Solid Freeform
Fabrication of
Ceramics via
Stereolithography

G. Allen Brady and J. W. Halloran, Department of Materials Science, University of Michigan, Ann Arbor, MI

Abstract

Solid freeform fabrication of ceramics can be accom-
plished with stereolithography by using a stereolithography
apparatus (SLA) to build a ceramic-loaded polymer object
from an ultraviolet (UV) curable suspension of ceramic pow-
ders in an acrylate monomer. Objects are later sintered in a
separate furnace to remove the polymer and densify the ce-
ramic. Fully dense ceramics with excellent microstructure
are achieved. Like conventionally fabricated ceramics, di-
mensional accuracy is limited by sintering shrinkage, which
is anisotropic but repeatable within about 0.7%. Higher re-
fractive index materials, which scatter the UV radiation more
strongly, require longer build times. Examples are drawn
mostly from aluminum oxide, but are related to other ce-
ramics.

This research was supported by the US Office of Na-
val Research under grant N0OOO14-95-1-0527, through Drs.
S. Fishman and R. Wachter.

Google

Introduction

Solid freeform fabrication (SFF) techniques provide
two significant benefits to the engineering design cycle. First,
layer-wise fabrication allows unique and otherwise cumber-
some and uneconomical designs to be fabricated easily. Sec-
ond, these designs can be fabricated directly from the
computer-aided design (CAD) or other data file, even at re-
mote sites, reducing design time and other costs. The time
and cost savings using these processes in the design and
manufacturing cycles are evident in the growth of the rapid
prototype industry.

Fabrication of ceramics via solid freeform fabrication
methods has been an area of active research in the past sev-
eral years. The ability to directly fabricate ceramic bodies
into complex shapes without the time and expense of tool-
ing (which can take months to procure) would be a unique
and important advance in solid freeform fabrication tech-
niques. Specifically, the investment casting design cycle is
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Figure 8

Build time for “Cerbone” part as a function of laser power.
Dotted line: equation 3. Solid line: Build Time Estimator
Simulation (Ref.5).
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powers of up to and exceeding 200 mW. So, if a 200 mW
laser was used, the build time for the Cerbone part would be
reduced from 40 hours to about 10 hours.

Conclusions

Highly loaded ceramic suspensions have been devel-
oped to produce ceramic parts via stereolithography. A vari-
ety of alumina parts have been successfully fabricated
possessing excellent microstructures and very smooth sur-
faces. The ceramic particles in suspension serve to scatter
the UV radiation. The effects of scattering can be understood
by a modified Beer-Lambert law and are incorporated into
the resin parameters, D, and E . Furthermore, the effects of
the different resin parameters on the build time for a part can
also be accurately quantified.

[ ] o
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Direct Photo Shaping

of Ceramic

Components

Susanna Ventura and Subhash Narang, SRI International, Menlo Park, California

Abstract

This paper describes a new multilayer solid freeform
fabrication process (“Direct Photo Shaping”) where visible
digital light projection is used as a maskless tool to build
images on photocurable ceramic dispersions (ceramic pow-
ders in photopolymerizable liquid monomers) by flood ex-
posure. For each layer the projected image is changed
according to the CAD data describing the object being built
and solidification takes place by photocuring of the exposed
areas. Multiple layers are dispensed and photocured to fabri-
cate the object of interest. A final rinse with a suitable sol-
vent allows the removal of any uncured ceramic dispersion.
The porous free formed *“green” ceramic object can then be
fired and sintered into a highly dense ceramic part. This
ceramic forming process is based on visible-light photo
gelcasting. The photocurable ceramic dispersion is prepared
from a mixture of ceramic powder and organic monomers
containing a visible light photoinitiator. Upon photoexposure
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the monomers solidify into a polymer thus forming a gelcast
green body. Digital Light Processing™ technology (devel-
oped by Texas Instruments) enables us to project digital, high
resolution, high brightness, high contrast visible light to
photocure and form components with a good degree of ac-
curacy. In this paper Direct Photo Shaping is applied to the
fabrication of ceramic gas turbine components for military
and commercial applications. Silicon nitride specimens with
flexural strengths in excess of 1 GPa were fabricated by Di-
rect Photo Shaping. A first-stage silicon nitride turbine vane
for the Allison Model 501K industrial gas turbine was fabri-
cated by Direct Photo Shaping and tested in a gas-burner
test rig at 1204°C.

Introduction

The main advantage of desktop manufacturing is the
ability to move directly from the design stage on the work-
station screen to a physical model, without having to wait



for a machine shop to set up a machine tool to custom-build
the model; thus, this approach gives unprecedented power
and flexibility to system level designers. By allowing the
system level designer to produce an instant functional pro-
totype, desktop manufacturing promises to slash the design
cycle time for many applications, thus helping to bring a
product from design to production to marketplace faster and
more cheaply. In addition, the ability to generate models
easily will enable designers to experiment, trying out a vari-
ety of design options and comparing them side by side.

Rapid prototyping was initially applied to the fabrica-
tion of nonstructural materials by means of computer-aided
design/computer-aided manufacturing (CAD/CAM) technol-
ogy, wherein computer files descriptive of the object were
used to create parts made from materials such as UV-curable
polymers. The components fabricated in this fashion were
considered nonfunctional, and their main application was for
iterative design evaluation. During the past few years there
has been an increasing demand to extend rapid prototyping
technology to the fabrication of functional components with
engineering properties and dimensional tolerances compa-
rable to those of conventionally produced components. To-
day the promise is that advanced solid freeform fabrication
(SFF) manufacturing technology will allow the fabrication
of functional prototypes from advanced ceramic, metallic,
and multiphase materials for structural and electronic appli-
cations. The SFF approach to net shape forming holds great
promise for rapid prototyping of ceramic components through
simplification of the processing cycle, including the elimi-
nation of the time consuming steps of pattern making and
mold fabrication. SFF of ceramics will allow fast turnaround
design validation of new advanced ceramic components for
gas turbine engines. In comparison with conventional spark
ignition engines, gas turbine engines offer greater fuel effi-
ciency, lower particulate levels, and multiple fuel capability.
Turbine engine technology is critical not only to maintain-
ing US military superiority but also to continuing commer-
cial prominence in the aviation, marine and industrial sectors.

Selective laser sintering [1], 3-D ink jet printing [2],
laser stereolithography [3], fused deposition [4] and layer
object manufacturing 5] are examples of rapid prototyping
processes applied so far to the fabrication of ceramic com-
ponents.

Direct Photo Shaping

At SRI we have developed a new multilayer fabrica-
tion process called Direct Photo Shaping [6]. The process is
based on the layer-by-layer photocuring of polymerizable
compositions curable by visible light. Each layer is selec-
tively photoimaged by digital light projection via a Digital
Micromirror Device (DMD) array that performs the func-
tion of an electronic maskless tool. While Direct Photo Shap-

ing promises to be generally applied to the fabrication of
polymer, ceramic or metal components, the focus of this paper
is to describe its application to ceramics.

We refer to the Direct Photo Shaping ceramic forming
process as photogelcasting, since the “green body™' is formed
by photocuring of a slurry of the ceramic powder in a solu-
tion of photopolymerizable monomers. Photogelcasting
closely relates to the gelcasting process [7] which is used for
forming ceramics from molds and has been shown to pro-
duce complex-shaped, near-net-shape parts with high reli-
ability. While in gelcasting a thermal initiator is used to
promote polymerization upon heating, in photogelcasting the
polymerizable ceramic slurries are cured by exposure to ra-
diation in the presence of a photoinitiator. As in the
gelcasting process, the formed green bodies are generally
strong and machinable, and after sintering, highly dense ce-
ramic parts are obtained. The potential advantages and en-
hancements offered by Direct Photo Shaping, relative to other
rapid prototyping processes, are described in the next sec-
tion.

Process Description

The Direct Photo Shaping process is described in Fig-
ure 1. CAD slice images are projected on the photocurable
composition which is dispensed and leveled on a build plat-
form. Each layer is photoimaged by digital light projection
through a digital micromirror array which modulates the
image with a switching time of less than 1 msec. After each
exposure, a new layer of photopolymerizable dispersion is
applied on the build platform. When the fabrication is com-
plete, the formed ceramic green part is removed from the
platform and rinsed with a suitable solvent to dislodge any

Figure 1
Schematic representation of the Direct Photo Shaping
process.

Green Ceramic Pant

'Green body refers to the formed porous ceramic part before densification.
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Table 1
Summary of Mechanical Property Data for Tiles Formed by Uniaxial Pressing, Thermal Gelation and Direct Photo Shaping

Sample | Forming |Density| Hardness Kic Modulus of Rupture| Weibull
method | (g/cc) (GPa) (MPa \/m) (MPa) parameters
Indent| Indent | 3x4x50 | 1.5x2x |beta n
Fracture mm 25 mm
a Press 3.22 17.0 4.0 59 844 937 23 30
b Press 322 15.5 4.0 6.1 832 976 24 30
c Gelcasting | 3.22 - - 52 839 - - -
d Gelcasting | 3.10 15.8 3.8 4.1 580 779 13 13
Direct

e Photo 3.21 16.5 4.5 - - 1018 16 15
f Shaping 1052 25 15

Notes:

1. Specimens ¢ and { were cut from the same sample. Specimens ¢ were cut so that the casting planes were parallel to specimen
faces; specimens f were cut so that the casting planes were perpendicular to the specimen faces. In both cases the lamination

direction was parallel to the long dimension of the specimen.

2. Some sample properties were not determined because of insufficient number of specimens.

After binder removal, the samples were initially
presintered to improve their handling strength and then den-
sified by HIPing using glass encapsulation. After HIPing
the samples were >98% dense, as shown in Table 1, and no
evidence of the original layers was observed by SEM ex-
amination of cross-sectional surfaces of the SFF tiles.
Samples for microstructural evaluation were prepared by
polishing fracture surfaces and then plasma etching using a
95% CF,/5% O, carrier gas [11]. This etching technique
removes the Si,N, and effectively marks the Si)N, grain
boundaries. Figure 3 shows representative etched surfaces
for a sample prepared by the SFF method and for a tile formed
by dry pressing. Both samples show a pronounced bimodal
distribution of grain sizes and as is typical of in situ rein-
forced Si,N,, show a pronounced acicular microstructure.

Table 1 summarizes the mechanical property data for
tiles formed according to the three different methods. Speci-
mens for flexure testing were machined either to 1.5 mm x
2 mm x 25 mm or 3 mm x 4 mm x 50 mm size. Flexure
strength was measured by four-point bending in accordance
with ASTM method C1161 [12]. Hardness was measured
with a Vickers diamond indenter at a load of 0.5 kg [12].
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Fracture toughness was measured by both the indentation
method and the controlled flaw method [12]. Sintered den-
sities were measured in deionized water using the Archimedes
method [12].

The mold gelcast samples showed lower densities and
strengths than the dry pressed and layered samples; this was
attributed to slight differences in the HIPing cycles which
were used for these samples. The sample formed by Direct
Photo Shaping showed similar properties to the dry pressed
samples with modulus of rupture (MOR) values slightly in
excess of 1 GPa. The flexure strengths for the layered tiles
were not dependent on the orientation relative to the casting
direction. Fracture toughness measured by Vickers indenta-
tion was 4.0 MPa m'”? for the dry pressed samples and
4.5 MPa m'” for the solid freeform sample. Fracture tough-
ness as measured by controlled indentation was slightly
higher, as is typically observed, and was comparable to val-
ues previously reported on optimized slip cast material of
the same composition [7].
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Gas Phase Solid
Freeform Fabrication
and Joining of

Ceramics

K.J. Jakubenas, J.E. Crocker, S. Harrison, L. Sun, L. Shaw, H.L. Marcus, Institute of Materials Science, University of

Connecticut, Storrs, CT

Abstract

Structural ceramic materials are finding growing use
in a wide range of applications, particularly advanced power
generation and propulsion systems. Yet, applications of ce-
ramics are being limited by the very properties that make
them desirable, high temperature stability and high hardness.
Conventional forming techniques are severely tested by
materials that do not melt, are harder than tool bits, and are
not ductile. Even techniques specifically devised for form-
ing ceramics, such as hot isostatic pressing, have strong limi-
tations. Gas phase Solid Freeform Fabrication (SFF)
technologies offer the potential to form complex shapes from
ceramics and other materials without the restrictions of con-
ventional forming techniques.

Two similar yet distinct gas phase SFF techniques are
being investigated as well as a related spinoff technology
that complements both SFF and conventional forming tech-
niques. The techniques are Selective Area Laser Deposition

Google

(SALD), SALD-Vapor Infiltration (SALDVI), and SALD
Joining. The common thread linking the techniques is the
use of a laser to create a localized reaction zone which de-
composes a reactant gas to deposit material in a spatially
controlled manner.

Development and control of gas phase SFF techniques,
including shape, composition, and material properties, re-
quires an understanding of the governing physical processes.
This paper begins with a description of the underlying physi-
cal processes of thermodynamics, kinetics, and heat / mass
transport and then shows the experimental effects of these
processes. The goals and continuing development of gas
phase SFF technology are discussed in light of the govern-
ing physical process and experimental results.

Introduction

The advantages of structural ceramic materials in high
temperature, high wear, corroding environments such as gas
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Table 1
Relationship between SALD Properties and Physical and
Chemical Processing Factors

SALD
Composition

De\:rminin} Factor
Reactant Gas Composition
Thermodynamics
Temperature

Species Deposition Rate
Chemical Kinetics
Temperature

Diffusion

Convection

Species Deposition Rate
Temperature Distribution
Diffusion

Convection

Electrical and Mechanical Propert Composit
Microstructure
Morphology

Interlayer Bonding

Deposition Rate

Microstructure and Morphology

K

transport, and chemical reactions. This grouping scheme is
far from ideal because of the high level of interconnectedness
among groups, but the scheme does provide an overview of
the salient factors. The groupings are also useful in evaluat-
ing the effects of changes in the controllable process param-
eters as summarized in Table 2. Each of the groups is
described briefly in the following sub-sections.

Table 2
Externally Controllable SALD Parameters and the Associated
Affected Physical and Chemical Factors

Externally Controllable SALD Parameter Affected Factors
Moy SRSl R DLl —

Reactant Gas Mixture Heat Transport
e Composition *  Absorption of Laser Wavelength
e Pressure o Gas Thermal Conductivity
Mass Transport
o Diffusion Rates
e Convection Effects
Chemical Reactions
e Thermodynamics
* _Kinetics
Laser Beam Properties Heat Transport
e Power o Heat Flux Intensity
o Intensity Distribution e Heat Flux Distribution
e  Wavelength * Absorption of Laser Wavelength
o Spot Size/Shape e Reflection, Absorption, T: issi

Mass Transport

e 1-Dvs. 3-D Diffusion

e Temperature Gradient Driven Flow
Chemical Reactions

¢ Rates

e By-products

o Potential Photolytic Reactions

Laser Beam Scanning Heat Transport
e Speed e Transient Effects
e Pattern e Boundary Conditions

Mass Transport
e Boundary Layers
¢ DitTusion Distances

Go

gle

Heat Transport in SALD

The effects of the temperature distribution caused by
a laser beam directed incident to a substrate are key to un-
derstanding SALD. The temperature distribution underlies
the occurrence and extent of chemical reactions and con-
trols convection in the reactant gases. As a result, the com-
position, morphology, microstructure, and deposition rate of
SALD deposits are directly linked to heat transport.

In many conventional thermal processing operations,
the part being manufactured is isothermal for time periods
of hours. In SALD, temperatures can vary from more than
1500°C to room temperature over fractions of a millimeter
and change over that range in seconds. This variation in
temperature is inherent and essential to the process for spa-
tial selectivity. Therefore it is clear that an understanding of
the determining factors of the temperature distribution is
necessary. Existing models of laser induced temperature
distributions are being enhanced using a finite element ap-
proach for use in SALD process planning, incorporating sub-
strate and reactant gas properties.

Mass Transport in SALD

Mass transport in SALD involves the motion of reac-
tant gas molecules into the localized reaction zone created
by the laser and the motion out of that zone of by-product
gases. Diffusion in and out of a small localized reaction
zone has been modeled using a range of techniques'?. All of
the techniques emphasize the difference between one-dimen-
sional mass transport seen in conventional wide area chemi-
cal vapor deposition (CVD) and the three-dimensional mass
transport occurring in highly localized processes such as
SALD. In conventional CVD, reactions occur throughout
an entire plane of deposition. This means that mass trans-
port that is uniform over the plane can only occur perpen-
dicular to the plane and thus in only one dimension. SALD
reactions occur only in a small, localized area, so mass trans-
port can occur over a fully 3-D hemisphere.

The three-dimensional effect occurs when the reaction
zone size is of the same order as the characteristic diffusion
distance of the reactants. A 1000-fold increase in deposition
rates is seen for localized processes such as SALD in com-
parison to conventional chemical vapor deposition. This
phenomenon is attributed to the difference between the 3-D
mass transport in localized deposition and the 1-D, wide-
area mass transport of conventional CVD.

Chemical Reactions in SALD

Chemical reactions in SALD are viewed in two terms,
reaction kinetics and thermodynamics. Kinetics describe the
rate at which various reactions occur to deposit material from
the reactant gas. Kinetic calculations are applicable over a
wide range of SALD conditions. Unfortunately, reliable ki-
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netic data is not widely available, especially for the reactant
gases used in SALD. Kinetic data can also be difficult to
obtain experimentally. For that reason, thermodynamic equi-
librium calculations are often used in modeling SALD reac-
tions. Thermodynamic data is much more widely available
than kinetic data, but thermodynamic calculations are lim-
ited by an equilibrium assumption and do not convey depo-
sition rates. Equilibrium may be reached in all, part, or none
of the SALD reaction zone depending on the temperature
distribution. Therefore, thermodynamic equilibrium calcu-
lations can only provide a limit on the potential reactions
occurring.

Equilibrium calculations for SALD are carried out to
create “deposition maps” which show potential solid phases
as a function of the externally controllable parameters of tem-
perature and gas mixture. Figure 2 shows an example depo-
sition map. The deposition maps are useful in planning
strategies for depositing various materials such as pure ma-
terials and composites. Their usefulness has been verified
in reducing excess carbon in silicon carbide deposits by the
addition of hydrogen and in varying the fraction of silicon
nitride in silicon nitride-silicon carbide composites.

Figure 2

Deposition Map for Tetramethylsilane (TMS) (Si(CH,),) -
Ammonia (NH,) System showing the regions for which various
deposits are expected. Calculated using CET89.
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Experimental Results

SALD Results

Deposition by SALD has been demonstrated for a num-
ber of oxide and non-oxide ceramics as shown in Table 3.
Both pure compounds and composites have been formed.
SALD processes are not limited to the compounds listed in
Table 3. Other SALD researchers have reported deposition
of additional ceramics and metals'*'*. Additionally, approxi-
mately 80 elements and compounds spanning the periodic
table have been identified as potential SALD/SALDVI ma-
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Table 3
SALD Maternials
Material ited Gas Reactions
Carbon CHyg = Coy + 2 Hyy
CiHug = 2 Ciy + 2 Hyg
C,H!m = C, Ohd H,, ™
Silicon Carbide / Carbon Si(CHj)ug — SiCy) + Cry) + CHagy + Hagy
Si(CHy)Clyp + 372 Hyg = SiCyy + 3 HClyy
Silicon Nitride 3 Si(CH,)ﬁu+ 4 NH“ - Si’NSH +12 CHg"
Silicon Carbide / Silicon Nitride | 4 Si(CH;)ug) + 4 NHayg) — SiyNey) + SiCy) + 15
CHyy
Cobalt Cyclopentadienyl Cobalt Dicarbony!
Silicon SiCl._’Il +2 H!ll — 55' 5+ 4 HClm
Silicon Oxide SiClﬁn + %ﬂ - Sigm +2 Cl!ll
Titanium Oxide TiClug + Oy — TiOyy +2 Clyg
Silicon Oxide / Titanium Oxide | SiCly, + TiClyg) + 2 Oygy = SiOzy) + TiOzpy + 4
Clig

terials'®!’. The governing factors of SALD discussed above
are applicable to all of these compounds.

One of the most interesting capabilities of SALD is
the ability to mix reactant gases to modify the material de-
posited. This is especially useful in forming composites. In
order to understand composite deposition from gas mixtures,
the interrelationships outlined in Tables 1 and 2 must be un-
derstood. One example of this is the microstructure that de-
velops from SALD of a mixture of TiCl,, SiCl,, and O,
reactant gases. The deposit is a layered mixture of silicon
oxide and titanium oxide as depicted schematically in Fig-
ure 3. The layers are the result of both the temperature dis-
tribution created by a scanning laser beam and the chemical
reaction occurring over a range of temperatures. The lead-
ing and trailing edges of the beam create a temperature suf-
ficiently high to form silicon oxide but insufficient to deposit
titanium oxide. At the center of the beam, the temperature is
sufficient to deposit both oxides resulting in a composite layer
sandwiched between the silicon oxide layers. A three-lay-
ered microstructure is therefore created by a single pass of
the laser beam'®. The layer thickness can be controlled by
varying the beam scan speed, reactant gas ratios, and laser

Figure 3

Muilti-layered titanium oxide - silicon oxide composite resulting
from a mixture of reactant gases and the temperature
distribution caused by a scanning laser beam.

Reactant Gas Mixture Scanning
Laser
Silicon Oxide Beam

Silicon Oxide + Titanium Oxide
Silicon Oxide

o~
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Process Planning
Issues in the Layered
Manufacture of
Heterogeneous

Objects

Debasish Dutta, Prashant Kulkarni and Vinod Kumar, Department of Mechanical Engineering and Applied Me-

chanics, The University of Michigan, Ann Arbor, MI

Abstract

A novel feature of Layered Manufacturing, an emerg-
ing manufacturing technology, is that it enables fabrication
of heterogeneous objects — multi-material and functionally
graded interiors — directly from a CAD model. To fully ex-
ploit this capability, it is necessary to create CAD models
which capture both geometry and material information. We
describe our ongoing research in this area. Also, we con-
sider process planning issues and provide details on adap-
tive slicing, a fundamental process planning task.

1.0 Introduction

Layered manufacturing (LM) is a new method of fab-
rication. Unlike the traditional manufacturing techniques, in
LM a part is fabricated directly from a computer model by
successively depositing raw material in layers. A distinct

58  Naval Research Reviews
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advantage of creating a part layer-by-layer is that its geo-
metric complexity has significantly less impact on the fabri-
cation process. Furthermore, different materials, in varying
proportions, can be deposited to form a single layer. Such
heterogeneous objects, made from materials such as tough
ceramics, advanced metallized ceramic composites, and
materials with graded chemistries and microstructures, are
being designed to provide enhanced structural and mechani-
cal properties in naval systems as well as in other commer-
cial applications. Figure 1(a) shows the cross-section of a
model of a turbine blade reinforced with a hard material (in
gray) to improve the structural strength of the thin part of
the blade. Figure 1(b) shows a simplified model of a valve
seat composed of three regions — Aluminum (outer), Brass
(inner) and a graded composition in between. While com-
mercial LM systems today are used for rapid prototyping
applications, fabrication of heterogeneous objects represents
the true potential of layered manufacturing.
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