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1. Introduction

The importance of manufacturing is now recognized by all sections of our society. It
influences the GNP, international trade and employment. In India the manufacturing
scenario is wundergoing major changes due to two reasons- revolutionary
advancements in technology and opening up the economy to the world. This will
force our industries to be more competitive. It is expected that there will be substantial
changes in the manufacturing industries of our country. So, awareness regarding the
trends of development in manufacturing is essential. A number of revolutionary
concepts have emerged in the recent years. The most significant and the newest among
them being Rapid Prototyping—a technology which has the potential of directly
converting the CAD (computer aided design) data into the real object which has been
the ultimate dream of the manufacturing technologists. This monograph is intended to
provide a rudimentary introduction to the subject which is expected to play a major
role in manufacturing in the coming century.

Manufacturing Processes: Recent Developments

Manufacturing processes could be classified into three major classes-(i) forming
processes, (ii) removal processes and (iii) joining processes. In forming type of
processes, the required amount of work material is given the required shape by
‘deformation’. This deformation can be a plastic deformation of the solid work
material or the required shape is given to the liquid work material as in casting and
injection moulding. In removal processes, the required shape and size are obtained by
removing the excess material from the workpiece (whose original volume is obviously
more than that of the required object). Such removal type of process is called
machining. The forming processes are generally used in the primary stages of
manufacturing. In many cases the material has to undergo secondary processes like
machining to achieve the final result. Machining is very often the secondary process
and is needed to provide the final result. This is usually needed because of the
following reasons:
@ The finish and accuracy acquired by parts produced by machining are much better
than by other processes.

) A higher degree of geometric complexity can be imparted to the work.
(i) Force and power involved in machining are independent of the overall work size.
(v) Bulk material properties of the workpiece are not affected by machining.

Joining processes like welding, brazing etc., are primarily used for fabrication and are
not of much relevance for shaping of objects.

A fundamentally new concept in shaping of objects has emerged in the recent
past and a fourth group can now be added to the previous three classes of
manufacturing processes. They are the ‘material increase’ or ‘material grow’ or
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‘material incress’' manufacturing processes. In



these recently developed processes the final object is obtained by either gradual
addition of material (like construction of buildings) or by gradual binding or
solidification of material according to requirements. This development is considered to
be as important as the emergence of numerical control machine tools in the fifties and
the development of non-traditional machining processes (ultrasonic machining,
electrochemical machining, electric discharge machining, electron beam and laser beam
machining etc.) in the sixties and seventies. Since the development of these processes
based on gradual build up by material addition (or by gradual solidification, binding
etc.) is still going on the terminologies have not stabilized. Researchers have used
different names to identify this class of processes. In this book we will use the term
‘generative manufacturing processes’ (GMP), as all these processes are based on
gradual generation of the overall shape. This group is considered by many to be the
ultimate development in manufacturing, as these processes represent ‘free-form’
manufacturing without the need of any tool, die or mould. When fully developed these
processes will be capable of directly generating parts from computerized data - the
ultimate dream of the manufacturing engineers. Figure shows the different classes of
manufacturing processes.
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All the processes are divided into four groups of which joining processes involve
joining different components to realize a final part. The three others are classified
according to the primary -characteristics of shape generation (i.e. by material
conservation, by material removal



and by material addition). Further subdivision of each group, shown in the tree
diagram, is self- explanatory. Figure below indicates the product development cycle
and the prototypes for different stages. In the early stages of product development a
‘design model’ and a ‘geometric prototype’ are prepared. The ‘design model’ is made
primarily to decide the overall appearance and it is used for er- gonomic analysis.
Some early market analysis is also carried out using this model. Since there is no
functional requirement these models are easy to process; non-inetallic materials can be
used for making these models. On the other hand in ‘geometric prototypes’ the
dimensional features of the product, accuracy and tolerances are of primary
importance. These prototypes are also made of model making materials as functional
aspects are of secondary importance. These prototypes are used primarily for process
planning. Usually two to five ‘functional prototypes’ are prepared to ensure the
functional principle and optimize the functional parameters. Appearance and many
geometric features are not considered at this stage. In these prototypes, of course, some
of the materials used can be same as those intended in the final product. But still there
is no one to one correspondence with the final product so far as the materials are
concerned. In the next step three to twenty ‘technical prototypes’ are made using the
same material and the same manufacturing processes as the intended final product.
The technical prototypes are useful in assessing various product qualities like
reliability, product life etc. After the necessary final modifications the ‘first series’ of
the product (usually up to 500) is manufactured and marketed.

e ey _ T

Fig 1.1 Types of prototypes at different stages of product development

Rapid Prototyping

Though the principle of CE is quite clear and the advantages of the concept for
improved quality and reduced cost are implicit it is not possible to incorporate CE
effectively in the absence of some technique for quick development of prototypes. To
reduce the development time and adopt



concurrent engineering in its true spirit, quick and inexpensive fabrication of prototype
parts is essential and ‘rapid prototyping (RP)’ technology has made that possible. By
rapid prototyping processes a solid object with prescribed shape, dimension and finish
can be directly produced from the CAD based geometric model data stored in a
computer without human interventions. Conventional methods for producing parts
(e.g., casting, forming, machining, etc.,) are not suitable for this purpose and a host of
new processes for shaping objects directly from the CAD data have been developed
during the last decade. Some of these processes are well developed and machines are
in the market. Some RP techniques are in the stage of research and development and
have not yet been marketed.

The RP cycle begins with the CAD design, and may be repeated inexpensively
several times until a model of the desired characteristics is produced.

Rapid prototyping can be of two types. The part obtained by RP technology can form
the prototype directly, without requiring any further processing. Else the parts obtained
by RP technology can be used to make moulds for casting the prototype components.
The second type is needed because till today, the commercially available RP machines
use non-metallic materials with low strength and low melting temperature. Research to
develop RP technology which will be able to deliver metallic components that may be
directly used for making the functional prototype is being actively pursued. Since the
technology is very recent the terminologies used in this area have considerable
variation and it will take some time to stabilize. In the previous chapter we have used
the term ‘generative manufacturing processes (GMP)’ for the processes used to
produce solid parts from CAD data



directly. Among the other names given to the group of these processes, the prominent
ones are ‘free- form manufacturing processes’, ‘material incress manufacturing’,
‘material grow manufacturing’. In all generative manufacturing processes, the shape of
the workpiece is not obtained by removal of chips or forming, or casting. It is
achieved by addition of material without any prior recognizable form or shape and no
tool is necessary.

In all types of GMP’s, the CAD model is split into layers as indicated in Figure 1.2.
The slice thickness and the slicing direction can be varied for convenience of
generation. To generate an object of the same shape as that of the sliced CAD model,

the distance between the slicing planes () must be equal to the thickness of the
corresponding layers during the actual generation process.
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CAD Model Slicing Generation

Fig. 1.2 Basic principle of the generative manufacturing processes

Different manufacturing processes have been developed for the generation of the solid
object. The general procedure for obtaining a solid component from a CAD file is
shown in Figure 1.3.

Steps involve in RP



Till now in all the commercially developed and technically demonstrated methods
of GMP’s, the development of the part is done by the slicing technique. However, a
direct 3-dimensional building up technique is also under serious consideration. In this
technique it will not be necessary to define the part in terms of thin layers, and the
process will not require the generation of the lower parts before the upper part is
generated. Thus, the freedom and flexibility in shape creation are enhanced, but it puts
a great burden on programming the generating equipment. In the next chapter more
detailed discussion on this technique will be presented. Figure 1.4 shows the whole
process chain of rapid product development using RP technology. The conventional as
well as new procedures for beginning the design work are indicated at the start of the
whole process. Even though CAD is an essential feature in most modern
manufacturing industries, many aspects of the classical technology for design are still
useful and still play an important role in design. However, as mentioned earlier, CAD
data are converted to the required prototype components. Only on some rare occasions
can the part produced by RP technology be directly used as the prototype. In most
cases such objects are used as the patterns for making the prototype with the help of
various processes commonly grouped under the heading ‘follow up technology’. Once
the prototypes are studied
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Figure 1.4: Process chain for rapid prototype development

and evaluated, modifications in the design are suggested. Some minor modifications
may be incorporated manually, but in general a redesign is carried out by ‘reverse
engineering’ of the functional and technical prototypes. The data obtained from this
operation is fed to the CAD database and a new CAD design is arrived at. This then
becomes the starting point of the next iteration cycle. Once an acceptable prototype
is arrived at, it undergoes quality and reliability



analysis, valuation and cost analysis. Even at this stage some less drastic modifications
may be necessary and there may be one more iteration cycle before the design is
frozen. It emerges from the previous discussion that the key element in making such an
iterative design procedure technically and economically feasible is the successful conversion of CAD data into a
solid object. Thus, the generative manufacturing processes are of great importance. The next chapter presents the
basic schemes and the technological aspects of the GMP’s developed so far.

General Features and Classification of GMP or RP

The generative manufacturing processes represent a major breakthrough in manufacturing. In fact, the
GMP’s do not fit in with the basic concepts of manufacturing processes which have remained prevalent since the
beginning of the history of technology. One important aspect which makes these processes so eminently suitable
for the future is its basic nature being so amenable to computer control. The conventional processes did not
develop with the basic aim of using computers for control-ling the processes and consequently the introduction
of flexible automation has remained plagued with serious difficulties. On the other hand, GMP’s do not face
many of the traditional problems because these processes ‘create’ material where it is needed. At present, the
materials used for these processes are mostly non-metallic and do not possess the requisite amount of density
and strength needed for functional purposes. Hence these techniques of part production are employed primarily
for proto- typing. However, the ongoing research indicates that in the near future it may be possible to produce
actual parts made of materials suitable for functional components. Hence, the day is not far off when these
processes will make desktop manufacturing possible and the ultimate dream of the manufacturing technologists
will be realized. Table 3.1 presents the major advantages of these processes as compared to the conventional

methods of manufacturing.

A large number of techniques and machines have already been developed in
the area of GMP and, therefore, classification/grouping of these processes will be
used in presenting the descriptions in a structured format. Classification of these
processes can be done from two perspectives - (i) the way material is
created/solidified and (ii) the way the shape is generated. A number of processes are
still in the R&D stage and some are only in the conceptual stage. The state of the
material! used for shape production by a GMP can be (i) liquid, (ii) solid or (iii)
powder. Table 1.2 shows the different possibilities and the processes classified

according to the state of the raw material.



Table 1.1: Advantages of the generative manufacturing processes

Task/ Activity Nature of
advantage
Design 1. Need for feature based design is eliminated. A three-dimensional surface or

solidmodel is adequate.

2. Manufacturing process is quite independent of the part features and, so,
there isno need for conversion from design to manufacturing features.

Planning There is no need to define a blank geometry as no blanks are required.
Minimum operation or process planning. GMP’s are based on one operation
only.No complicated scheduling and routing problem. The part is made in one
set up.
Tooling/Jig- 1. GMP’s are tool-less processes and the whole complex tasks of tool selection
Fixtures and tool management are not needed.
2. No clamping required. Complex jigs and fixtures are also eliminated.
3. Mould dies and tool design, die design are eliminated.
Automation 1. Introduction of flexible automation is very convenient as the whole shape

generation process is generalized in character.

2. The shape generation is done using a computer and interfacing the
manufacturing unit with the whole system is very simple.

The beginning of GMP’s started with liquid photopolymers, and even today the
processes based on liquid polymers are most well developed and more numerous. For
reasons already stated earlier the processes based on solid material (like the
conventional and unconventional removal type processes - i.e., machining processes)
are very few and are limited to thin foils only. Process classification based on the
techniques in which the shapes are generated is shown in Table 1.3. Development of
three-dimensional objects can be done either by direct three- dimensional technique or
by depositing layer upon layer. Layers can be either developed as an agglomeration of
points and lines gradually or the full layer be created simultaneously. When shape
building is done by solidification of a liquid polymer, two- dimensional layer-by-layer
technique is appropriate. In this approach all lower layers have to be created as the
next layer has to be deposited on top of it. Though it is conceptually possible for a
layer to be solidified in one go as a single layer, most processes create a solid layer
by scanning and solidifying it in a point-by-point or line-by-line manner. Direct three-
dimensional techniques do not require creation of the lower layers first, and therefore,
grant more flexibility in shape creation. However, the burden on programming the unit
is more. In direct three-dimensional techniques, a whole surface can be created in one

go as a layer or it can be produced in a point-by-point or line-by-line manner.



Table 1.2: Classification of the GMPs/RP based on the state of raw material

State of material| Type  |Mechanism Energy type  |Energy source Process
Liquid Photo-  [Liquid photo-Monochromatic[Lamp Solid ground curing (SGC)
polymers|polymerization  [light
[Laser beam Stereolithography (STL)
Holography Holographic interference solid (HIS)
Light(two Two laser beams|[Beam interference solidification
frequencies) (BIS)
Thermo |Liquid thermal  [Heat Laser beam Thermal stereolithography (TSTL)
Non—l Melting and |Heat E:;thg Fused deposition modelling (FDM)
metals solidification
Ballistic particle manufacturing
(BPM)
Metals |Melting and (Heat Electric arc Shape melting
solidification

Laser beam

Fused deposition modelling (FDM)

Electrochemical

discharge

Fused deposition modelling (FDM)




Table 1.2: Classification of the GMPs/RP based on the state of raw material (continued)

State of|Type Mechanism Energy Energy Process
material type source
Solid Thin sheets{Selective gluingl Adhesive  |Glue and laser (Laminated Object
and foils and cutting ) beam manufacturing (LOM)
bonding
and
Semi-  fFoil Light Lamp Solid foil polymerization (SEP)
polymerized [polymerization
plastic foils
Powder Single S.elect.ive Heat laser beam S~elect~ive laser
component sintering sintering (SLS)
Coated S.elect.ive Heat laser beam S.elect.ive laser
powder sintering sintering (SLS)
One com-Selective powder | Chemical  |gjne droplet|3D-printing or, MIT process,

ponent and|binding bond

one binder

beam of binderlor, selective powder binding
liquid (SPB)

Table: 1.3 classification of GMP/RP based on shape building approach

Development of
soild object

Nature
connectivity

Basic element of
creation

of] Processes

T

wo-
dimensional layer-by-
layer technique

Point Discrete

* Stereolithography

Thermal polymerization

Foil polymerization

Selective laser sintering

Selective powder binding

Ballistic particle manufacturing

Continuous

* Stereolithography

Fused deposition modelling
* Shape melting

Layer

Laminated object manufacturing

Solid ground curing

Repetitive masking dnd depositing

Direct

Point Discrete

Beam interference solidification




three- * Ballistic particle manufacturing

dimensional . | Fused deposition modelling
technique Continuous )
d * Shape melting
Surface _ » Holographic interference solidification
Volume — * Programmable moulding

Issues Related to CAD and GMP Software

Modelling

Since the generation of a part using any GMP is primarily a conversion of CAD data
to the real object the computer representation and its accuracy are of significance.
Most RP systems receive their data from CAD systems in either 3D surface models
or 3D solid models. RP systems require data in a particular format. Since the 3D
Systems Inc., who first marketed a GMP based on Stereolithography (STL), developed
an STL file forrrat, and such machines far outnumber all other types of machines, the
STL format has become the de facto standard for all RP technologies. This system is
based upon creating a mesh of connected 3D triangles (actually triangular laminae
oriented three-dimensionally) whose vertices are ordered to in dicate which side of
the triangle



contains material and needs to be created in the process. Figure 1.5 indicates how
triangles can be used to create surfaces and objects. Of course, the number of

Figure 1.5: Representation of surfaces by connected triangles

triangles has to be very much larger in an actual STL file for accurate representation
of the object to be created. It is also important to keep the orientations of the vertices
correct to represent which side of the triangle the material of the object exists. Figures
1.6 (a) and (b) show the correct and incorrect triangle orientations, respectively.

The slicing of the CAD model is done by using a ray-tracing algorithm which
scans through a particular z-level of the model. The resulting cross-section would be
one or more closed paths and a complete representation of the area filled with
material. Cross-hatching algorithms create paths for quick development of the material
(either by solidification or by deposition). The orientation of the object has to be
judiciously chosen for optimization of the process time and accuracy. The software
needed for slicing and generation of data to control the GMP system movements is
not a general one and depends on the specific GMP system. The new file (SLI) pilots
the movements of the processing unit. Figure 1.7 indicates the pre-processing of data
diagrammatically.

The resolution of the CAD model depends on the accuracy desired i.e. the
maximum deviation of the desired surface from the chords generated in the CAD
model. Allowing smaller deviation makes the model more accurate, but the STL file
size increases which leads to increased slice time and slice file size. Scaling the part
geometry to take care of shrinkage (which is an unavoidable phenomenon in
Stereolithography and a number of other GMP’s) can be accomplished in the RP
software.

The smallest feature size depends on the specific process used for RP. In processes
where a laser beam is used (either for curing or for sintering or cutting) the beam
diameter plays a crucial role in deciding this. It is usually in the range 0.175 mm to
0.3 mm.
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Figure 1.7: Pre-processing of CAD data

Choice of part orientation is important as the orientation within the processing
chamber influences the build time, part resolution and surface finish. Higher
resolutions can be obtained in curved surfaces by orienting them in the horizontal
plane (normal to the direction of layer deposition). Figures 1.8(a) and (b) show
clearly how the ‘stair-step’ appearance can be avoided by a proper choice of
orientation. In cases where formation of curved surfaces in the direction of layer
deposition is unavoidable multiple layer thickness within a building cycle is feasible.
Surfaces with large slants should be developed by using thinner layers to reduce the
‘stair-step’ effect. The orientation can also affect the trapped volume in case of
liquid-based GMP’s. The trapped volume is represented by that space which holds
liquid that is completely separate from the liquid in the main vat. Figure 1.9 shows
how a correct choice of orientation can eliminate (or reduce) the problem.



Figure 1.8: Effect of orientation on accuracy and finish
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Fig. 1.9: effect of part orientation on trapped volume.

Slicing

The slice programme converts the three-dimensional object in the STL file into two-dimensional cross- sections.
The slice axis is defined as the normal to the plane created by slicing and this is also the build direction while
creating the part by GMP. The thickness of slice dictates the texture, accuracy and build time. The layer thickness
is normally in the range 0.0625 mm to 0.75 mm. It is, however, not correct to assume that using thicker layers
(and reducing the number of layers) leads to reduced build time in all cases. In many processes the speed of
scanning of the activating element (laser beam in many processes) depends greatly on the layer thickness. So, the
time required for creating individual layers increases greatly when large thickness is used. Figure 1.10 shows the
typical characteristics of how the build time changes when the layer thickness is gradually increased for three
different power levels of the beam used.It is seen that the range 0.125 mm to 0.25 mm is the optimum irrespective
of the beam power.
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Figure 1.10: Effect of layer thickness on build time

Internal Hatching and Surface Skin Fills

NANNN/N/

To solidify (or to create) the area inside the part surrounded by the outer boundaries, internal hatching is used to
reduce build time. Initially the boundary lines are created and then the interior is criss-crossed with lines, giving
the part adequate internal stiffness. The style of hatching can vary. The pattern may consist of parallel lines making
0° 60° and 120° with the x-axis resulting in an internal structure which consists of equilateral triangles as
indicated in Figure 1.11. The spacing between the consecutive lines is about 0.625 mm, and this common hatching
pattern is called Tri-Hatch. When liquid photopolymers are used in the process, the material trapped inside the

triangles remains liquid till the part is post cured following the completion of the shaping process.
Recently, a new pattern has been introduced which is called WEAVE™., In this, the
scanning lines are parallel to the x- and y-axis, the spacing being about 0.28 mm when
the layer thickness is about 0.25 mm. When the layer thickness is 0.127 mm, the
spacing is made to be 0.229 mm. In the Tri-Hatch system too much (« 50%) liquid
material remains trapped and this leads to considerable post curing distortion. Attempts
to reduce the fraction of trapped volume in the Tri-Hatch system by reducing the
hatch spacing lead to increased curl distortion. With the WEAVE™ system, a
reduction of the fraction of trapped residual volume without resulting in large curl
distortion is possible.

Figure 1.11: Tri-Hatch pattern



It is obvious that the outer surfaces of the generated solid cannot end up being
porous. Thus, skins are created by skin fills which consist of closely spaced scan lines.
The spacing between the scan lines is in the range 0.0762 mm to 0.127 mm. The
skin fills are scanned after the borders and internal hatch. However, with the
introduction of WEAVE™ the importance of skin fill has been greatly reduced since
very little residual liquid remains trapped inside.

1.4. 5. Support Design

While slicing the CAD model into layers isolated islands may be produced as shown in
Figure
1.12. The sectional view in plane 1-1 shows an isolated island which belongs to a projection

from

Progress
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Sectional view in plane 2-2

Figure 1.12: Formation of isolated islands

the main object. The connection of the projection to the parent body is from the top
and while generating the shape by a GMP it will be built later. Thus it becomes
essential to de sign a support for the isolated islands to prevent their fall under
gravity, as they are created if the process is liquid- based like Stereolithography. When
the whole object is formed the extra supports are removed. Due to similar reasons,
supports are essential for long cantilevered projections also. Though isolated islands
are not formed, the thickness of the projection may be too thin to support the weight
of the cantilever. Thus, supports in a GMP system are analogous to job holding

devices for conventional machining. In addition to preventing the fall of isolated



islands, supports are generally provided to hold the main part body also. In future

suitable materials for GMP may be developed to eliminate the



need of supporting the main object. At present supports are essential to hold the
material during operation even if the component is devoid of cantilevers and

projections. Figure 1.13 shows different types of supports.

Island

Gusscls

Ceiling

1.13: Various types of Supports



2. Stereolithography (SL) with Photopolymerization

This is the first GMP developed, and one of the most commonly used and the most
investigated one. Stereolithography machines use curing of a liquid photopolymer (or
monomer) by an ultraviolet laser beam, point-by-point or line-by-line. The Chemistry

behind photo polymer.

Photo-Polymer Chemistry

Photo-Polymerization is basically a light based process. It requires three chemical
components: a monomer, a photo-initiator and a reaction terminator. The mor and the
photo-initiator are mixed in the initial liquid resin. The terminator normally comes
from the oxygen in atmosphere. Impact of light activator the photo-initiator, which is
decomposed in radicals having free electors. Those radicals react with a monomer
chain to form a larger molecular chain still having a free electron, further reaction
with monomer molecules, lengthens the chain causing polymerization to proceed. The
reaction can be stopped by binding the free electron with an oxygen atom. As large as
the light remains the formation of radicals will super side the availability of free
oxygen molecules in the liquid. As the light disappears, the lack of new radicals will
leave free way to the oxygen to react with the remaining free electron and prohibit
further polymerization. The presence of oxygen of the liquid’s surface and its diffusion

within the surface layer are thus essential for controlled solidification.
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2.1 1. Process details

The basic unit is shown in Figure 2.1. The generating vat contains a UV
sensitive liquid photopolymer. An elevator platform, which is driven vertically by
an NC drive system, is



initially positioned along the top surface of the liquid. A suitable UV laser beam
is reflected on to the liquid surface with the help of mirrors mounted on a pair of
orthogonally scanning galvanometers whose position is controlled by the computer.
A computer controls the movement of the reflecting mirror so that the beam traces
the required paths on the surface to generate the cross section of the first layer of
the object (usually the support structure for the real

Laser source

Generating vat

Platform

Polymer bath
[~ran ah e

2.1 Scheme of stereolithography (SL)

object). The interaction of the beam with the liquid cures (and, thus, solidifies) the
liquid by photopolymerization to a depth of a few tenths of a millimeter which is
adjusted to be the thickness of a layer between two consecutive slices. Once the first
layer is cured the platform is lowered by a distance equal to the thickness of a layer
and the liquid is allowed to cover the generated layer. Then, the laser beam scans the
next cross section. The cycle is repeated till the topmost layer of the object is
generated. Subsequently the generated object is removed from the vat and ultrasonic
cleaning removes excess material from crevices and openings. An alcohol bath is used
to clean any unused polymer. The process of post curing is carried out by applying
intense long wave UV radiation to solidify an uncured liquid trapped in the
honeycomb like structure. In most stereolithography machines solidification occurs in a
point-by-point fashion. In some cases, solidification takes place curing lines at a time.
A laser beam scans the liquid surface so that a series of voxels (volume picture cells)
get solidified as shown in Figure 1.2(a). The voxel size should be adequate to ensure
connection with the neighboring voxels (Figure 4.2(b)) and also with the layer
solidified prior to the current one (Figure 4.2c¢). When a low power laser is employed,
voxel formation is obtained by a point-to-point NC control of the mirror that causes
the laser beam to stop at each voxel point. The beam is not switched off in between
voxels. The traversing speed being high, polymerization during the traversing period
between two consecutive voxels does not occur. High power lasers require shutting off
of the laser between two voxels. The parameters which control the voxel overlap are
the distance between voxels, the laser power, the stay time and the layer thickness.
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1.2 Generations of line and layers using voxcals

1.1.2 Laser-induced polymerization

A locally limited polymerization can be started by one of the two processes:

Reproduction of entire layer by a smaller scale mask with the aid of a powerful
ultraviolet light source.

Exposure to an ultraviolet laser beam, which ‘“writes” the desired contours into the
resin surface by means of certain scanning strategies.

Although there are also processes that work with masks, laser Stereolithography is the
most important with respect to industrial implementation.

In the following passage some specialities are discussed which result from the use of
laser- radiation sources for photo-polymerization.

1.Depth of the Cure Track:

The local degree of polymerization and the rate of polymerization depend on the
number of photons that pass through a certain activation cross section of the resin,
thereby potentially reacting with the initiators.



From a critical surface energy (critical energy) onward so many photons react with the
resin that it is transformed from a liquid to a solid state. This transformation point is
called the gel point. At first the resin does not have any mechanical stability; only
after the surface energy is increased the resin sufficiently polymerized to cary
mechanical strain. The boundary surface inside the resin between the solid and liquid
state is formed by that surface in which the surface energy exactly corresponds with
the critical energy.

For the surface energy irradiated on average onto the resin surface (z=0), which is also
the maximum energy affecting the resin surface, the following applies:

Erax = (1)

vghy

With E_.= Surface energy on the surface at z = 0

P, = average laser-performance

Ve

= speed of the laser beam
h, = hatch width

The absorption within the resin follows the Beer-Lambert equation:

E(z) = E,. -€%p (— Di) 2)

3

With E(z) = Surface energy in depth z.

E...= Surface energy on the surface at z = 0

D,

= optical penetration depth of the resin.

The optical penetration depth D, of a material is defined as the path lenth after which
the intensity of a transmitted beam has dropped to the 1/e-fold part, or its energy to

the 1/e>-fold part.

With the aid of the Beer-Lambert equation and the definition of critical energy E. the
cure depth Cq4, down to which the resin is cured, is given as.

;= z(E,) = D, .ln(’:";—;“} (3)



With the first relationship between the laser performance and energy on the surface it

follows:

(3a)



As ¢, is proportional to the logarithm of E,., a straight line results if logarithm
representation is employed. The gradient of the straight line is defined by the value
of p,. The critical energy

density, at which the cure depth is zero, is defined by the intersection of the straight
line with the abscissa. As the curve is dependent only on the resin constant and is also
called a working curve (Figure 1).
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Figure 1: Curve depth as a function of the surface energy and the resin parameters,
working curve for the resin HS 660.

Given the resin parametersE,, D, and a constant laser performance P, the cure depth of
the resin can be established on the basis of the speed of laser.

Counter of the Curve Track

In addition to the cure depth, the width and the shape of the curved track are
significant. This calculation cannot be based on an average surface energy; the energy
distribution of the Gaussian beam must be taken into account. For this purpose a
system of coordinates is fixed with its x-axisin the direction of laser speed vector and
its z-axis in the direction of the beam. The surface fixed by the x-axis and the y-axis
coincides with the resin surface. A cutting plane is laid through the



zero point onto which the counter of the cure track is to be calculated. The distance
between the midpoint of beam and a point Q on the cutting plane is called r (Figure
2).

Figure 2: System of coordinates for calculation of track geometry.

For the intensity distribution in the Gaussian beam and with the relation between the
intensity in the beam midpoint Io and the laser performance P at a Gaussian beam.

=22 (4

T aidy

With 0 = beam radius on the resin surface. It

follows:

z

I(r,0) = :'f; .exp(_:; } (5)

.

The surface energy at a specific point on the section (y, z = 0), over which a laser
beam runs with the intensity I(r.0) , equals the temporal integration over intensity. By
replacing I, according to equation (4) the surface energy on the resin surface
results.the periphery is to be found exactly

where E(y, z) equals the critical energy E.. By equating E(y", z*) = Ec and transforming,
we

arrive at the following equation:

()= + @)= -u[ (2] (©)

Equation (6) is the definition of parabola. The cure track therefore has the geometry of
a parabolic cylinder as shown in Figure 3.



Figure 3: Parabolic shape of the curve track under the influence of a Gaussian-beam
on a photo- polymer.

Optimization of the layer thickness

Knowing the geometry of the cure track enables a layer thickness to be determined in
which the time needed for curing a certain volume is minimal. For a reasonable
coverage of the volume with parabolic cure tracks it is assumed that the cure track has
a distance of 0.02 mm to both the lower layer and the adjoining layer.

With d as layer thickness for the curing time of a certain volume, the following
proportionality results:

o

1

Vs. d (Ly+euoz mmd)

T ()

With the cure depth Ca= d — 0.02 mm and insertion of the relation for the track
width L, it follows:

T -1

" — "' la— 2
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The minimum of the function is d = 0.3706 mm for an assumed optical penetration depth
Dp =

0.25 mm. As only proportionalities were investigated there are no resulting absolute
values for the ordinate.

The penetration depth D, of 0.2 to 0.3 mm of different resins lies within the
technically sensible dimension of 0.1 to 0.5 mm. if deeper layers are required, the
surface energy needs to be increased, which simultaneously lowers the scan speed.
Therefore, attempts are being made to



produce resins that have a greater penetration depth. As shown in the following
subsection, the alteration of the penetration depth also influences the stability of the
components.
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Figure 4: The time needed for curing in relation to layer

If resins with a greater optical penetration depth are used it should be taken into
account especially in combination with higher powered lasers — that leakage radiation
can result far more easily in undesired polymerization than previously and thereby
have a negative influence on the accuracy of the components and above all on the
aging of the resin.

Effect of the penetration depth and stability of the component

By increasing the penetration depth D, of the resin with a constant cure depth C4 the
required surface energy on the surface of the resin is lowered. Accordingly, fewer
photons are absorbed and the rate of polymerization decreases, which results in less
stability of the component. The relevant value excess energy Ex is introduced here.
This is a measure for the amount of energy available for the polymerization in
addition to E.. a useful definition for Eyis given in equation (9).

E, = (Cij JEEGD-E)dz (9)

After implementing equation (2) it follows that

(10)



This function is illustrated graphically

The following fundamental relationships derive from equation (10) and Figure 5:

The excess energy is directly proportional to the critical energy Ec. a reduction of E.to
achieve shorter build times will result in a direct decrease of stability during the green
phase.

By reducing the penetration depth or raising the layer thickness, the stability in the
green state is increased. The defect is especially prominent with values of €D, > 3.
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Figure 5: Excess energy relative to the curve depth and the optical penetration.

The fundamental relationships discussed are wvalid for all photopolymerization
processes, especially for laser-supported Stereolithography processes.

Advantages of Stereolithography

Stereolithography, also known as stereography, is at present the most accurate of all
rapid prototyping construction processes. Its accuracy is limited by the machine, but
not by physical limits. For example, the minimal depictable land widths are in
principle a function a function of the laser beam diameter. The tenuity of the z-
stepping is not limited by the process. It is limited by the wettability of a solid layer
by the following liquid monometer layer, expressed as the relationship of volume
force (proportional to the layer thickness) and the surface tension. Thin



layers consequently tend to “rip”. These physical obstacles can be overcome if the
layer thickness is limited by solids such as glass plates rather than a free surface.

It is in principle possible to contour the boundary of the x-y planes in the z-direction
by appropriate control (five-axis) and exposure strategies (variation of pulse-pause
relationship and laser performance) and thus to achieve a quasi-continual z-modelling.
Stereolithography not only allows the production of internal hollow spaces, as do
nearly all the other rapid prototyping process, but also permits their complete
evaluation as a result of the process technology. For this a drainage opening I
necessary this should be clearly much smaller than the diameter of the hollow space.
Together with the further advantage of the materials being transparent or opaque, these
facilities the visual judgement of internal hollow spaces as is, for example, necessary
for medicinal use (e.g., mandible, mandibular nerve channel). Complex model, or those
of larger dimensions than the build chamber, can be assembled from single partial
models into arbitrary complex complete models. If the same photosensitive resin is
used as binder and UV radiation sources for local curing, the section points are
unnoticeable in respect to their mechanical- technological properties and they are also
invisible to the eye.

The model can be finished by sand blasting and polishing and, to a certain extent, by
machining and coating. Non-cross linked monomers can be reused, and completely
polymerized resin can be treated as household garbage.

Disadvantages of Stereolithography

Owing to its process technology, stereolithography is restricted to photosensitive
material. When developing resins, therefore, this property is the most important. The
usual primary properties such as resistance to extension, elasticity, temperature
stability, and so forth are of secondary importance. Further, material development is
limited to stereolithographic usage and in view of the costs apportion able to the
product it is correlated only with this market.

Stereolithography is in principle a two-stepped process in which the models are first
solidified to a high percentage (° 95%) in the actual stereolithography machine;
afterwards the finished model is placed into an oven to build up further crosslinkages
until it is cured completely ( this does not apply to printing processes or mask
processes, SGC).

The green product must be cleaned with solvent (TMP, isopropanol). This requires the
storage, handling, and disposal of solvents and is another time — consuming process.
When making stereolithography models unsupported structures and certain critical
angles of over-lapping model parts cannot be realized without support, as during its
generation in the resin bath the model is still a relatively soft green product. On the
one hand these supportive structures need to be fitted when the model making is in
preparation, and on the other hand they have to be removed manually from the green
product or from the cured model.



To a small extend, photosensitive acrylates absorb oxygen, whereas epoxy resins are
hydroscopic; this has to be taken into account when storing and processing the
material. The models tend to creep even after being completely cured. After a few
days or weeks unsupported walls show saggings that disappear if the model is turned
over or supported. The newest epoxy resins show these characteristics less
prominently.



MODULE II

Selective laser sintering
Type of machine Principle
of operation Process
parameters
Data preparation for SLS
Applications

Fusion Deposition Modeling
Principle
Process parameter Path
generation Applications

Solid ground curing
Principle of operation
Machine details
Applications

Laminated Objective Manufacturing
Principle
LOM materials Process
details Application



Selective Laser Sintering

History of Selective Laser Sintering

The Selective Laser Sintering (SLS) process was developed by The University of
Texas in Austin, and was commercialized by DTM, Corporation out of Austin, TX in
1987 with support from B.F. Goodrich. Since DTM is now essentially a subsidiary of
B.F. Goodrich, the company has a strong parent to help absorb any financial burdens
that may be incurred. The first SLS system was shipped in 1992, and there are
currently several systems in use worldwide.

Selective Laser Sintering Technology

SLS is a rapid prototyping (RP) process that builds models from a wide variety of
materials using an additive fabrication method. The build media for SLS comes in
powder form, which is fused together by a powerful carbon dioxide laser to form the
final product. SLS currently has 10 different build materials that can be used within the
same machine for a wide variety of applications. The SLS technology is housed in the
Sinterstation line of systems by DTM. The current model is the Sinterstation 2500,
which has various improvements over its predecessor, the Sinterstation 2000. Figure
11.1 shows the Sinterstation 2500. The SLS process begins, like most other RP
processes, with the standard .STL CAD file format, which is exported now by most
3D CAD packages. The DTMView software can import one or several .STL files, and
allows you to orient or scale the parts as you see necessary. The 2500 systems have
"auto- nesting" capabilities, which will place multiple parts optimally in the build
chamber for the best processing speed and results. Once the .STL files are placed and
processing parameters are set, the models are built directly from the file.



Figure 1.1 The DTM Sinterstation 2500 (Courtesy of DTM Corp.).

The Sinterstations have a build piston in the center and a feed piston on either side.
The models are built up in layers like other RP processes, so the build piston (15" X
13" x 16.7") will beginat the top of its range, and will lower in increments of the set
layer size (0.003" through 0.012") as the parts are grown. With the build piston at the
top, a thin layer of powder is spread across the build area by a roller/sweeper from
one of the feed pistons. The laser then cures in a raster sweep motion the cross-
sectional area of the parts being built. The part piston then lowers, more powder is
deposited, and the process continues until all of the parts are built. Figure 11.2 shows
the SLS system process chamber.

When the build media is removed from the machine, it is essentially a cake of powder
with the parts nested inside. This cake is taken to the Break Out Station (BOS) table,
where the excess powder is removed from the parts manually with brushes and hobby
picks. The BOS has a built- in air handler unit to filter any airborne dust particles
from the area, so no respiratory equipment is needed. Also, the BOS has a sock tube
that attaches to a sieve on the table and to a powder canister underneath, so that the
excess powder being removed from the parts can be kept for recycling and reuse.

At this point, some materials will require additional finishing, whereas others will be
in end-use form. Some finishing techniques include glass-bead grit blasting (equipment
can be purchased from DTM with the Sinterstation unit); sanding and polishing;
drilling and tapping; and coating or infiltration.

Excess powder from each build for most materials can be recycled through a Vorti-
Sieve for reuse in the system, therefore practically no material is wasted on support
structures or the like.



The Sinterstation” 2500 System Process Chamber

Figure 11.2 The SLS build chamber (Courtesy of DTM Corp.).

Purpose of Selective Laser Sintering

The SLS technology was developed, like other RP technologies, to provide a
prototyping tool to decrease the time and cost of the design to product cycle. The
strong point of the SLS process is that it can use a wide variety of materials to
accommodate multiple applications throughout the manufacturing process. SLS was
marketed early with three main applications: conceptual models, functional prototypes,
and pattern masters. Since then they have added

on an extra module, which incorporates rapid tooling.

Since the Sinterstation products are high end and require a large amount of up-front
capital, the market range they targeted were large manufacturing industries with the
capability to handle such specifications. DTM was looking to provide a cost-effective
alternative for prototyping to these larger industries that spend millions of dollars to
develop mass-produced products.

Current State of Selective Laser Sintering

The SLS technology currently has a high-quality product in the Sinterstation line, with
their three main advantages being a wide range of build materials, high throughput
capability, and the selfsupporting build envelope. These advantages make the
Sinterstation products better suited for industries with a wide range of needs and a
demand for higher output. The main disadvantages lie in initial cost of system;
peripherals and facility requirements; and maintenance and operation costs of the
systems.

Advantages

Wide Range of Build Materials



The SLS technology currently employs 10 main build materials, which were
previously grouped for sale into 3 central modules. Any or all of the build materials
can now be purchased for use in the same Sinterstation machine, without requiring
separate licenses. The modules are described as follows.

1. The Casting Module. The casting module include 5 different materials. All of
the materials in the casting module are obviously directed at the metal
casting/foundry industry, from investment shell casting to conventional sand
casting. These materials are Polycarbonate, TrueForm, CastForm, and
SandForm Zr Il & Si.

Figure 1.3 Polycarbonate material for the SLS system (Courtesy of DTMCorp.).

Polycarbonate was one of the original SLS casting pattern materials, but has now been
discontinued from use. It is a fairly porous material, which allows for easy burnout
from an investment shell for casting and a low 0.025% ash residue. The minimum
feature size and wall thickness for polycarbonate parts is around 0.060", due to the
brittle nature of the material and a 0.010" accuracy capability. The polycarbonate does
run at a higher oxygen level, ~ 5.3%, therefore less nitrogen is used in keeping the
build chamber inert. The porosity of the material also allows for the infiltration of
epoxies or other thermosets to have stronger models, but some of the other materials
are better suited for direct applications. Figure 1.3 shows a Polycarbonate part.

TrueForm is an acrylic-styrene polymer that was released after the polycarbonate
material as casting pattern media. It has about a 1 % ash residue on burnout, but can
maintain a higher- dimensional accuracy, at 0.005", and can build thinner walls and
features down to 0.030". The TrueForm has high feature and edge definition, and can
therefore be used as secondary tooling patterns as well. Figure 1.4 shows a TrueForm
part prior to removal from the SLS machine.



Figure 1.4 TrueForm material for the SLS system (Courtesy of DTM
Corp.).

A new material in the casting module, and a successor to True Form, is called Cast
Form. The Cast Form material is deemed to be more "foundry friendly" than even
True Form, in that it requires less effort to burn out the pattern in the investment
shell-firing process. Figure 11.5 shows a sample part fabricated from Cast Form.

Figure 1.5 Sample casting pattern made with CastForm.



Figure 1.6 SandForm material for the SLS system (Courtesy of DTM Corp.).

SandForm Zr II and Si are direct Zircon and Silica foundry sands. They are for use as
sand casting cores and molds and can maintain accuracy to 0.020". The sands can be
used directly for casting, and provide the advantage of building complex cores that
could not be produced using standard cope and drag techniques. Finally, the SandForm
materials are compatible with both ferrous and aluminum casting processes. Figure 1.5
shows SandForm patterns.

2.The Functional Prototyping Module. The functional prototyping module consists of
5 different materials that are intended for direct-use applications as concept models,
secondary tooling patterns, or functional hardware components. The materials
licensed under the functional prototyping are DuraForm, Nylon, Fine Nylon,
ProtoForm, and Somos 201.

DuraForm is a polyamide material recently released for creating highly detailed
concept models. DuraForm has good surface quality, heat and chemical resistance, and
can be polished for use in secondary tooling applications. Finally, it can be used to
create features down to 0.030", and holds dimensional tolerances of 0.010". A
DuraForm part is shown in Figure 1.7.

Figure 1.7 DuraForm material for the SLS system (Courtesy of DTM Corp.).

Nylon, Fine Nylon, and ProtoForm composite are the three nylon products used in the
SLS process, that were essentially replaced by DuraForm. The nylons exhibit good
toughness



qualities, making them ideal for functional prototyping. The dimensional tolerance of
the nylons is around 0.010", with a minimum feature size of 0.030". Finally, the
ProtoForm composite, which is a glass-filled nylon, has strengths capable of
withstanding high stresses in wind-tunnel type applications.

Somos 201 is a thermoplastic elastomer, marketed by DuPont, that has properties
similar to some rubbers, which allows for flexible components (Shore A hardness =
81) to be directly rapid prototyped. This material is advantageous in applications such
as seals, moldings and shoe soles where a functional flexible prototype is needed
before expensive extrusion dies are created. The Somos 201 gets dimensional
tolerances down to 0.010" and has elongation properties over 100%. Figure 1.8
shows a Somos 201 part.

Figure 1.8 Somos 201 material for the SLS system (Courtesy of DTM Corp.).

2. The Rapid Tooling Module. The rapid tooling module currently consists of three
materials, which are RapidSteel, Copper Polyamide, and LaserForm. As more
innovative direct application materials are introduced they will become part of
this module.

Figure 1.9 RapidSteel material for the SLS system (Courtesy of DTM Corp.).

RapidSteel is a polymer-coated 1080 carbon steel powder that is fused in the SLS
process to create a green part. This green part must then be fired in a furnace to
remove the polymer binder,



and the porous steel part is infiltrated, or wicked, with copper to produce the final
metal component. The final product has strength and hardness properties much like
aluminum, therefore it can be used to produce short-run tooling for preproduction
plasticinjection molding or similar applications. The quoted tolerance is 0.010", before
the fire and infiltration steps occur, wherewith after tolerances can range up to 0.030".
Figure 1.9 shows a RapidSteel part.
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Figure 1.10 Copper Poly amide tooling inserts made with SLS process.

Copper Polyamide is a polymer-coated copper than can produce directly usable soft
tooling without the postprocessing time and costs associated with RapidSteel.
Unfortunately, strength and durability are sacrificed by going this route, so the
application will ultimately choose with tooling material to use.

High Throughput Capability

The Sinterstation systems have high throughput capability compared to other RP
machines due to several advantages. These capabilities will vary between the different
build materials, but overall can be described as follows.

1. Scanning Speed. The scanning speed is essentially the velocity of the laser
movement across the part surface while it fuses the build material together. Since
the systems are equipped with a powerful 50 watt carbon dioxide laser, the
scanning speed for most of the build materials is very fast, so that large-part cross
sections can be scanned in seconds. This high rate allows for multiple parts to be
built in a short turnaround time.

2. 3D Part Nesting. Since the SLS process builds parts in a powder-bed media,
multiple parts can be "nested" throughout the build chamber in all axes. This
allows the user to maximize the build output by completely filling the build
chamber side to side and top to bottom with parts if necessary. This way the
start-up and shut-down time is reduced as it is divided among many parts instead
of just those that would fit in the -x, -y build plane. A second advantage to this
system 1is that each part can be built with separate parameters, i.e. laser power,
and if trouble occurs with one part in a batch it can be terminated without
affecting the rest of the build.



3. Large Build Envelope. In conjunction with the high scan speed and three-
dimensional nesting capabilities, a large build envelope (15" X 13" x 16.7")
provides for a high part throughput in that many small parts or several larger
parts can be fabricated in a single build run.

Self-Supporting Build Envelope

To cap off the exclusive advantage of the Sinterstation systems, a self-supporting build
envelope provides several key bonuses over other RP technologies. Not only are parts
faster to complete due to the lack of postprocessing, but they also stand less of a
chance of being damaged during mechanical- or chemical-support removal. Also, as
mentioned earlier, this self-supporting powder bed also eliminates any waste materials,
so that only the material needed to create the part is used and the rest is recycled for
building more parts.

Disadvantages

Initial Cost of the System

The initial cost of the Sinterstation systems range from $250,000 to $380,000,
depending on the options and peripherals acquired and excluding facility modifications.

Peripherals and Facility Requirements

There are various peripherals necessary for optimum operation of the Sinterstation
systems, including a BOS Table; air handler and sifter; and a glass-bead blaster for
finishing. Combined, these components take up about 30 square feet of floor space. In
addition, a Hydrogen Lindbergh furnace for firing and infiltration of the metal parts is
necessary for the rapid-tooling module, which requires special facility and safety
requirements for operating gases and general maintenance. All of these systems have
various facility requirements in addition to the hard- wired 240V/70A power
requirements of the Sinterstation itself, which also requires a large amount of floor
space on the order of 200 square feet. Finally, the Sinterstation weight combined is
6,275 pounds, which will require a sturdy floor to accommodate it.

Maintenance and Operation Costs

Since the Sinterstations are large and complex systems, the maintenance contracts
currently run in the $35,000 annual range. Also, the powders must be properly stored
and recycled for further use. The power consumption of the system and all its
peripherals can be high and must be taken into account, along with the smaller costs
of expendable inerting gases, build materials, and part finishing supplies.

Impact of the Technology

Although there are only a few hundred Sinterstation systems installed worldwide, the
SLS process has had a significant impact on the prototype manufacturing industry.



Mainliy due to the



wide range of build materials and higher output rates, the SLS systems have mainly
been used in the RP job shop and production manufacturing arenas.

An impact directly on the RP industry was the release of the RapidSteel metal build
material. Although it still has some drawbacks in that it is a multistep process that
makes it much less "rapid," it was at least the first metal released for any RP system,
which will more than likely lead to significant advances of this and other technologies
in the future.

Interrelation with Other Technologies

The Sinterstation systems rank as one of the high-end RP systems due to the
advantages listed previously. The part build times are on the average faster than many
of the other systems, and thus the build times are used more effectively. The wide
range of build materials is not seen in other RP systems as well, but there are
disadvantages to deal with partially because of the advantages.

The capital investment for a Sinterstation 2500 system, as well as its large physical
size and the extensive installation required are all characteristics not imposed by
smaller RP systems. Also, the high cost of routine maintenance, expendable inerting
gases used high electrical power usage can damper the effectiveness of the systems if
they aren't used frequently and resourcefully. Otherwise, the network capabilities, ease
of use and repeatability rank about the same as other RP systems used for similar
applications.

Future of the Selective Laser Sintering Technology

The future of the SLS technology has high possibilities due to the robust systems
designed from the start. With recent advances in powder metallurgy and ceramic
powder technology, the SLS systems could be making quality ceramic and metallic
hardware in the near future.

The first advancement will probably be in the metals realm, as DTM already has a
head start with the RapidSteel system. Modifications to the RapidSteel, or alternative
metallic powders that will result in fewer steps and more repeatability will provide a
strong base for the future of SLS. The recent advent of LaserForm material may be
the breakthrough the process is needing, as time will tell. Currently, several
institutions and universities are vigorously working to evelop metal powders directly
compatible with the SLS systems, and similar development is underway regarding
ceramic powder sintering as well, so the horizon is looking pretty bright for the
technology as a whole.

One interesting use of SLS in the future is the possible application of Sinterstations on
lunar or Mars surfaces as manufacturing devices during and after colonization.
Preliminary studies are underway with NASA using lunar simulant as a build material
in a Sinterstation. The idea is that there would be an endless supply of build material
(i.e., lunar dust) for fabricating parts as opposed to interplanetary shipping of building
supplies.



System Update

Since the initial writing of this chapter, DTM Corp. has released the Sinterstation
25QQplus, which has optimized operating parameters over the 2500, along with a
Windows NT® software platform.

Key Terms

Self-supporting envelope. A unique feature of powder-bed RP systems, the workpiece
does not require physical supports to be constructed for overhanging surfaces. The
uncured powder-bed acts as the support material for such features.

Multiple build materials. A strong feature of SLS technology, many different materials
can be used in the same machine without hardware modifications. Three-dimensional
part nesting. A bonus feature of powder-bed RP systems, parts can be placed in full
three-dimensional space to optimize the per-part build time and postprocessing.



Fused Deposition Modeling

Fused deposition modeling (FDM) is an extrusion-based rapid prototyping (RP)
process,
although it works on the same layer-by layer principle as other RP systems. Fused
Deposition Modeling relies on the standard STL data file for input, and is capable of
using multiple
materials in a build/support relationship . FDM was developed by Stratasys, Inc. of Eden
Prairie, MN, in the early 1990s as a concept modeling device that is now used more for
creating casting masters and direct-use prototyping.

Fused Deposition Modeling System Hardware

The FDM systems have evolved through several models, beginning with the original
3D Modeler, a floor unit, and progressing through the various "desktop units",



including the 1500, 1600, 1650, 2000, 8000, and Quantum. Basically, the 1500
through 2000 models are capable of building parts in the 10" x 10" X 10" range,
whereas the 8000 and the Quantum can build 24" x 20" x 24" parts. Figure 2.1
shows an FDM 2000.

Since the beginning of this writing, Stratasys has released the FDM 3000 system,
which has a unique Water Soluble Support (WSS) material. The WSS allows for the
construction of more complex geometry and internal structures. Complicated support
structures that would have previously been difficult to remove can now be flush away
with a water-based solution. The FDM 3000 system also offers a larger build envelope
than the 1500 through 2000 systems.

Figure 2.1 The Fused Deposition Modeler 2000 by Stratasys, Inc.

Software

All of the machines use the powerful QuickSlice (QS) software, manufactured by
Stratasys and SDRC, to manipulate and prepare the incoming STL data for use in the
FDM machines. The software can be operated on various types of workstations,
from UNIX to PC based, and the



modelers can either be operated directly from the workstation or by a "dummy" PC
whose sole purpose is to free up time and space on the workstation.

Build Materials

The FDMs can be equipped to build with investment casting wax, acrylonitrile
butadiene styrene (ABS) plastic, medical grade ABS thermoplastic, and/or Elastomer,
although the ABS is currently used the most. The build and support materials come in
filament form, about 0.070 inches in diameter and rolled up on spools. The spools
mount on a spindle in the rear or side of the machine, and the filament feeds through
a flexible tube attached to the back of the extrusion head. Figure 2.2 shows build
material spools loaded on the FDM.

Figure 2.2 The build materials for FDM are stored on spools.

The Extrusion Head

The extrusion head is the key to FDM technology. The head is a compact, removable
unit (good for materials changeover and maintenance), and consists of the following
crucial components. Figure 8.3 is a schematic of the extrusion head that shows the
various components described.m_




Figure 2.3 The key component of FDM technology is the extrusion head shown here.

Drive Blocks

The drive blocks are the raw-material feeding mechanisms, and are mounted on the
back of the head. The drive blocks are computer controlled and are capable of
precision loading and unloading of the filament. They consist of two parallel wheels
attached to a small electric motor by gears. The wheels have a plastic or rubber tread,
and are spaced approximately 0.070 inches apart and turn opposite to one another.
When the wheels are turning and the end of the filamentis placed between them, they
continue to push or pull the material, depending on the direction of rotation. When
loading, the filament is pushed horizontally into the head through a hole a little larger
than the filament diameter, which is the entry to the heating chamber.

.1.3.2 The Heating Chamber

The heating chamber is a 90-degree curved elbow wrapped in a heating element,
which serves two primary functions. One is to change the direction of the filament
flow so that the material is extruded vertically downward. Secondly, and most
important, is to serve as a melting area for the material. The heating element is
electronically controlled, and has feedback thermocouples to allow for a stable
temperature throughout. The heating elements are held at a temperature just above the
melting point of the material, so that the filament passing from the exit of the chamber
is in a semimolten state. This allows for smooth extrusion as well as tight control on
the material placement. At the end of the heating chamber, which is about 4 inches
long, is the extrusion orifice, or tip.

2.1.3.3 Tips

The two tips are externally threaded and screw up into the heating chamber exit, and
are used to reduce the extruded filament diameter to allow for better detailed
modeling. The tips are heated by the heating chamber up to above the melting point of
the material. The tips can be removed and replaced with different size openings, the
two most common being the 0.012 and 0.025 inch sizes. The extruding surface of the
tip is flat, serving as a hot shearing surface to maintain a smooth upper finish of the
extruded material. The tip is the point at which the material is deposited onto a foam
substrate to build the model.

2.1.4 Build Substrate

The foam substrate is an expendible work table onto which parts are built. The
substrate is about one-inch thick and is fastened into a removable tray by one-quarter-
inch pins. The pins are inserted horizontally through holes in either side of the tray,
and pierce about two inches into the substrate to stabilize it during building. The



substrates can sometimes be used several times for smaller parts by selectively placing
them on unused sections, and by flipping them over to use



the other side of the foam. The foam wused is capable of withstanding higher
temperature, as for the first few layers of the part the hot extrusion orifices are
touching the substrate.

Modelers higher than the 1500 model have two drive blocks, heating chambers, and
extrusion orifices in the head with independ ent temperature and extrusion control to
accommodate two different materials. This allows for a build material, of which the
part is made, and a support material. The support material is used to support
overhangs, internal cavities, and thin sections during extrusion, as well as to provide a
base to anchor the part to the substrate while building.

Fused Deposition Modeling Operation

Computer Aided Design File Preparation

Before building a part, the STL file has to be converted into the machine language
understood by the FDM. The aforementioned QS software is used for this purpose.
The STL file is read into QS, and is displayed graphically on screen in the Cartesian
coordinate system (-x, -y, and -z). Also shown is the bounding box, a dashed three
dimensional box representing the maximum build envelope of the FDM. QS gives you
options on the FDM system being used, the slice layer thickness, the build and support
materials, as well as the tip sizes. Figure 2.4 shows an STL file as viewed by QS.

.
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Figure 2.4 The STL file is viewed and manipulated by QuickSlice.

Part Size

First it must be affirmed that the part will fit into the bounding box; if not, it will
either have to be scaled down to fit, or be sectioned so that the pieces can be built
separately and then bonded together later. It is good practice for the designer to add
alignment bosses and slots so that proper alignment of the subsections is achieved with
ease. In some cases, for instance if the part fits in —x and -y but is too tall in the -z,
QS can be used to section the part by slicing to a certain height, then starting a new
build later at that height and finishing the part. This technique results in flat mating
surfaces with no alignment bosses or slots, therefore it is up to the post processing
person to align the subsections properly during bonding.



Orientation/Positioning

Once the part (or parts) has been deemed an appropriate build size, the part should be
oriented in an optimum position for building. The shape of the part plays the major
role in this, in that some orientations may require less supporting of overhangs than
others. Also, rounded surfaces tend to turn out smoother if built in the plane of
movement of the extrusion head (x,y), as curvatures in the z direction are affected by
the layering build technique.

Example: Orientation of Table for Optimum Build.

Say you want to build a scaled model of a round patio table. If you were to build the
table standing on its legs, as in Figure 2.5, the round top will come out nicely, but it
will require an extremely large amount of support material to serve as a bridge for
building the "floating" surface of the table top. (Basically, it is hard to extrude material
into thin air and then expect it to stay there.)

Large
floating
surface
area

z

-

Figure 2.5 The upright table requires excessive supports for the top.

Secondly, you could build the table on its side, as in Figure 8.6, which would require
much less support material than before, in that it now only supports the thin floating
sections of the legs. Now, however, the rounded table top will lose its definition due
to the layering affect of the build process. You can see in the diagram that the layers
create small "stair steps" as the curvature increases in the z plane.

The final, and best, option, is to build the table upside down (Figure 8.7). Again, the
rounded top will have good definition due to the precision control of the head. Now
the necessary support material has been minimized, as there are no floating surfaces
that require support. Essentially, the only support material used will be for the
anchoring base layers. This simple change of orientation has saved material, time, and
accuracy! There is less support material required, which also cuts down on the build
time, and the desired definition will be obtained. Of course, parts are usually never
this simple, but nonetheless much time and cost can be spared if the build orientation
is well thought out before the part is built. This applies to most all of the RP
techniques currently available as well.
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Figure 2.6 Orienting the table sideways reduces the necessary supports, however the
definition of the circular area is lost due to the stair-stepping effect.

Figure 2.7 Upside down, the table requires minimal support material, gets finer
definition on curvature, and also reduces the build time.

Slicing

Once the part(s) has been properly oriented and/or scaled, it must be sliced. Slicing is
a software operation that creates thin, horizontal cross sections of the STL file that
will later be used to create the control code for the machine. In QS, the slice thickness
can be changed before slicing, the typical slices ranging from 0.005 inches to 0.015
inches. Thinner slices may be used for higher definition models, but this increases the
time required to complete a part build. Likewise, less accuracy-sensitive parts can be
built much faster using a thicker slice value. There becomes a tradeoff between the
desired accuracy and the time needed, with the optimum value determined by the user.

In QS, the slicing is shown graphically, and you can actually flip through the slices
individually if you need to examine or edit them. Figure 8.8 shows a sliced aerospace
vehicle from the front view in QS. (Resolution is low to protect software propriety).



Figure 2.8 QuickSlice slices the three-dimensional solid into horizontal cross sections.

QS allows you to perform simple editing functions on the slice files, so for example if
you want to offset a set of slices to make a hole smaller by a given dimension, you
can do so quickly without having to return to the original computer aided design
(CAD) program. Also, the editing function allows the repair of minor flaws in the STL
file, with the options of closing and merging of curves. Finally, a graphical
representation allows you to inspect possible problem areas of the part for building.
For instance, you may be able to detect surfaces that will be difficult to support in the
current orientation. Once the slice file is in satisfactory condition, the file can be saved
for future manipulation or reference.

Build Parameters

QS typically has optimum build parameters set as default for the slice thickness and
material you chose, but it will also allow manual intervention so that you can vary
several different settings. Some of the parameters later discussed can be tweaked to
decrease build time, model weight, and the amount of material required for the build.

Sets

QS uses sets, or packages of build parameters. Sets contain all of the build instructions
for a selected set of curves in a part. Sets allow a part to be built with several
different settings. For example, one set may be used for the supporting structure of the
part, one for the part base, another for the thicker sections of the part, and still another
for exposed surfaces of the part. This allows the flexibility of building bulkier sections
and internal fills quickly, while getting finer detail on the visible areas of a part. Sets
also allow chosen sections of a part to built hollow, cross hatched, or solid, if so
desired. Two of the build parameters commonly worked with are the road width and
fill spacing.

Road Width



The road width is the width of the ribbon of molten material that is extruded from the
tip. When the FDM builds a layer, it usually begins by outlining the cross section with
a perimeter road, sometimes followed by one or more concentric contours inside of
the perimeter. Next, it begins to fill the remaining internal area in a raster, or hatch,
pattern until a complete solid layer is finished. Therefore, the three types of roads are
the perimeter, contour, and rasters. Either of these can be turned on or off by QS.
One good is example is for support structures. Typically, the perimeter and contours
are turned off on supports, leaving a set of thin vanes that are easier to remove during
post processing. Another example is to turn off the rasters, which allows you to build
a hollow part, because the only material being extruded is for the walls of the part.

The road width can be as small as the diameter of the tip opening to approximately
twice that size. The width is controlled by increasing or decreasing the extrusion rate
in conjunction with the speed of the head, but dont worry, the software calculates all
of that. Basically the user changes the width values to get a faster (if larger) or
smoother (if smaller) part. Nominally, to maintain good surface finish on a part, the
exposed surface road widths are best kept at a minimum, regardless of the interior
road-width values.

Fill Spacing

Fill spacing is the distance left between the rasters or contours that make up the
interior solids of the part. A fill spacing set at zero just means that the part will be
built solid. But, QS allows the user to set values, therefore a bulky part can be
significantly reduced in time and material cost by leaving air gaps between each
consecutive road. Keep in mind that to make sure the part appears solid, all exposed
surfaces need to be built with zero fill, or else you will be able to see the open
spacing.

NOTE: Generally, an air gap of one to three times the width of the rasters works well,
and about 10 layers of zero fill should be used when approaching exposed surfaces.
This will effectively reduce the build time, while still maintaining a solid feel and
appearance.

Creating and Outputting Roads

Once all parameters have been set, the roads are created graphically by QS. The user
is then allowed to preview each slice, if so desired, to see if the part is going to build
as required. Figure

2.9 shows a slice with roads as depicted by QS. The software actually shows the path
of the extrusion tip for each individual road, there- fore one can check for errors in
the build sequence. For example, a wall may have been too thin for the chosen road
width and QS left it blank. The operator must then go to the set that the wall is
included in and lower the road-width values to make it fit. After satisfactory roads
have been created, the data is written out as an SML file (Stratasys Machine
Language), which is essentially a numerical control text file that can be read by the
FDM.



Figure 2.9 A close-up of a road slice in QS. Note the outline perimeter and raster fills.

Getting a Build Time Estimate

QS has a very good build-time estimator, which activates when an SML file is written.
Basically, it displays in the command window the approximate amount of time and
material to be used for the given part. A build estimate can also be acquired for
previous SML files by opening them and simply clicking the Build Estimate button.
Estimating the build times for parts is an important aspect in any industry that
produces components on a schedule. This allows for efficient tracking and scheduling
of the FDM system workloads.

Building a Part

The software setup requires most of the operator's time. Once the SML file has been
created, it can be downloaded to the FDM through the paral