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Lecture — 30
Extrusion of AM for Industrial Application

Welcome again to the NPTEL course on the future of manufacturing business and the role of
additive manufacturing. | am Chandrashekhar from Wipro 3D Bangalore and along with my
collaborator from IIT Madras professor R K Amit. We are presenting this program with
primary focus on the future of manufacturing business and also the role of additive
manufacturing in this metamorphosis.
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Fundamentally in the initial classes, we understood the categorization additive manufacturing
technologies and we got to describe the characteristics of these 7 verticals encompassing
extrusion, lamination, binder jetting, material jetting, vat polymerization and power bed
fusion and the special technique called directed energy deposition which is connected with

the repair and refurbishment scenario.

Most of our conversations were connected with the metal additive manufacturing technology
of powder bed fusion with a primary focus on laser power bed fusion and we also got to
briefly discuss the technique of stereolithography which works on the principle of
instantaneous curing of photosensitive polymers using lasers.

(Refer Slide Time: 01:48)



Additive Manufacturing Technologies

+ Stereolithography (Polymers)
+ Laser Powder Bed Fusion (Metals)

+ Extrusion (Fused Deposition Modelling)
+ Vat Polymerization (Digital Light Processing)

* Process Chain, Materials and Industrialization

In today's discussion, we will focus on two techniques or two processes which have found
favor with numerous industrial contexts as well as individual uses. One is connected with
extrusion technology; other one is connected with vat polymerization.
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Sectoral Spread of AM Technological Interventions

d O ¥ =
8 4 %X 2

Diversity of Applications - Prototyping, Rapid Tooling and Low-volume Production

It is very important to note that these technologies though they are primarily connected with
non-metallic materials that is that their primary application is connected with thermoplastics,
they have formed an array of applications in sectors connected with aerospace, defense,
transportation and healthcare specifically. These applications range from prototyping, part
substitution, indirect use like a rapid tool and also low-volume production .
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Extrusion based Additive Manufacturing

The technology which has gained widespread acceptance among the user groups from
academy, research labs, design groups, small scale units and also large industrial enterprises
is the one which is based on the principle of extrusion. What is shown in this particular
picture is the operational principle of this technology which is widely known in the

commercial context as the fused deposition modeling or FDM in short.

The original patent is credited to Scott Crump who started the premier AM company called
Stratasys. If you look at the operational principle of this extrusion-based AM process, the
feed stock typically is in the form of a filament, a thermoplastic filament and it is drawn into
an extrusion by an extrusion head. The extrusion head consists of a driver gear, an idler, and a

stepper motor. Fundamentally, the movement of the stepper motor influences the feed rate.

The thermoplastic filament which is being drawn by the extrusion head enters the hot end and
it is drawn out in a liquefied state through a nozzle. The deposition of the material which is
being delivered through the nozzle happens on a platform which is also known as print bed
and the print bed has got provision for movement in the z direction and the cartridge
consisting of the extrusion unit and the nozzle has got the provision to move in the x-y

direction.

I am talking about typical configuration which is illustrated here. Indeed, there is going to be
a pressure drop. There is a pressure drop across the extruder and the pressure drop depends
on the viscous properties of the fluid, geometry of the nozzle and the geometry or the
configuration of the liquid liquefied.
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Direct & Bowden Extrusion: Accuracy & Throughput Aspects
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There are two popular methods of extrusion. One is the direct extrusion wherein the extrusion
element is directly connected to the nozzle or hot end. The other one which is known by the
name Bowden extrusion and this extrusion head is mounted on the machine frame. There are
certain pros and cons of each of this configuration. In case of direct extrusion, the retraction
response of the extruding unit is much better, but it has got one inherent disadvantage. The
mass of this entire unit consisting of extruder as well as the hot end is much higher compared

to the Bowden unit.

Because of this higher mass or higher inertia, they got problems connected with vibration and
this may in turn adversely impact the accuracy, especially if you are talking about high speed
printing. The Bowden extrusion has got inherent advantage of lower mass and hence high-
speed printing is facilitated, but there is a problem since the filament has to move through this
cable many materials including the abrasive materials cannot be handled in the Bowden
extrusion.
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FDM ABS parts for design communication

The primary application connected with FDM process in the initial stages was largely
confined to design communication. The example what | have shown in this specific slide is
relevant to an aeroengine accessory drive gearbox housing. As you can see the shape is
extremely complex, the realization of the actual part which is made out of aluminium alloys
or magnesium alloys takes extraordinarily long time in the conventional context. In this
specific case after the concept was made ready, immediately the concept was converted into
full scale FDM replica to facilitate design communication among the groups. It was also
translated into a stereolithography model for enabling experimental tests.

(Refer Slide Time: 08:29)

FDM ABS parts in a mock assembly of an aero gas turbhine

ABS - General purpose extrusion
material (Concept models)

Yield strength ~ 28 MPa,

Elastic Modulus ~ 2.4 GPa

| Elongation at Break ~ 1.78% and
Notched Impact ~ 100 J/mm

There are any number of applications of this particular technology connected with assembly
integration studies and the original material which was synonymous with the extrusion

technology was and is ABS material, a thermoplastic material, ABS stand for acrylonitrile



butadiene styrene. It is an engineering plastic which has got adequate yield strength, good
elongation at break, adequate modulus.
(Refer Slide Time: 09:16)

FDM ABS parts for assembly trials of an aero gas turbine

Source : Stratasys India - GTRE Case study, 2005

So many applications connected with the design visualization and assembly trials are greatly
facilitated by this workhorse material of extrusion technology. This is one of the case studies
corresponding to assembly integration of the entire aero gas turbine engine. You can see in
this slide the mock unit of, a scaled down unit of aero gas turbine engine consisting of the fan
module, the compressor, the combustor, the turbine, exhaust, the casing, several line

replacement units.

They were all made using ABS parts and assembled together and fundamentally the scaled-
down assembly was extremely useful not only in terms of design communication, but it was
also used as a tool as a facilitator for optimizing the location of LRUSs.
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Extensive use of PLA Parts by Designers and Makers

PLA - High stiffness and good detail (Highly affordable

concept models)

Yield strength ~ 37 MPa

Elastic Modulus ~ 4 GPa

Elongation at Break ~ 6% and Glass Transition Temp is ~ 60 deg C

The other material which has become synonymous as the workhorse material of the extrusion
technology is PLA. PLA stands for polylactic acid. It can be made from starch and it is highly
affordable. The PLA parts come with adequate stiffness and good detailing and if you look at
the strength and yield properties, they are adequate enough to take care of the prototyping and
also to take care of the testing. Especially in those situations and contexts where the max
stress could be limited to less than 30 megapascal.

In this specific case, what is shown as the direct application of a PLA. FDM usage is
fabrication of a transmission gear assembly of an ornithopter a mechanical bird and
fundamentally this mechanism assembly is responsible for converting the rotary motion into
the flapping motion of ornithopter. So, because of the affordability of this material and
because of the adequate strength which is associated with PLA, the extrusion based additive

manufacturing technology has become a favorite among the design groups,

Startups who are into the development of devices and most importantly the academia which
are interested in conducting optimization studies on new products. So, in this specific case,
about half a dozen variants of the mechanisms were designed, developed and tested in less
than 2 months time without the usage of time-consuming injection molding options by virtue
of integrating the extrusion-based item manufacturing into the development of ornithopters.
(Refer Slide Time: 12:49)



FDM-ULTEM® part for fixed wing drone testing

ULTEM T™™ - High performance
applications

Yield strength ~ 70 MPa, Elastic
Modulus ~ 2.4 GPa

Elongation at Break ~ 5.40% and
Notched Impact ~ 240 J/mm

This is one more example connected with the drones, a fixed wing drone and what is notable
in this case is high strength offered by the FDM material called ULTEM developed by
Stratasys. The yield strength is close to 70 megapascal and it has got necessary notched
impact characteristic also. In this case, the structural component connected with a fixed wing
aircraft or drone was realized out of ULTE.

All the electronics including the motors and the sensors were directly integrated into this
FDM structure and the resultant drone was successfully flown in the field drives. So, the
newer materials have enabled the parts which come from extrusion manufacturing not to be
confined only to the prototyping but also for field applications similar to the one which I have
shown in the slide.

(Refer Slide Time: 14:05)

Build Considerations in Extrusion based AM Parts

Build Parameters

Raster width and gap, Raster angle, Contour width and gap, Layer
thicknass, Infill density

Support Structures
Build System

Nozzle diameter, Type of extruder, Preheated build plate

Build Qrientation

Post processing

Surface finishing, plating, machining, micro peening

Filament Material

Raster anghé




But it is very important to understand that there are several parameters which impact the
strength of the part. The parameters could be connected with the build process like raster
width, the air gaps, the angle, the contour width and the gap, the infill density that you use
and the layer thickness. Several studies have been conducted by contemporary research
groups through various methodologies.

So as to improve the strength of the part corresponding to the usage of ABS, nylon,
polycarbonate and PLA material in extrusion additive manufacturing systems. It is also very
important to plan the support structures and some of the characteristics of parts are also
dependent upon the characteristics of the build system, the type of extrusion that we use, the
nozzle diameter and whether there is a provision for preheating the build plate.

So, all these parameters connected with the build system also influence the properties and
performance characteristics of the FDM parts. It is important to consider the extent of post
processing to make these parts usable for induced context. A significant amount of time and
effort is required corresponding to improving the surface finish and, in some cases, you may
have to resort to secondary processes like plating and micro peening to improve the surface
quality and to improve the surface integrity.

Incidentally, many parts made out of ABS when they are used for aesthetic purposes in the
context of industrial design. They are subjected to electroless plating procedures by virtue of
which nickel, copper, thin foils of nickel and copper are plated on the surface to improve the
aesthetics.
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Stringing of molten filament & support structures

Source : Stratasys.co.in, 2020

In case of the extrusion based additive manufacturing, it is important to consider phenomena
called stringing or unwanted oozing of the material out of the nozzle. So, the speed of the
extrusion head is controlled in such a manner that the oozing of the molten filament through
the hot end does not lead to the creation of unwanted structures called strings. The other
important consideration is about support structures. In all those instances where you have got
thin overhang features, it becomes imperative to make use of support structures.

But thanks to water soluble support structures which have been brought to the forefront by
Stratasys, removal of the supports no longer is a functional issue. So fundamentally in these
cases, the extrusion-based AM systems are provided with two print heads, one corresponding
to the build material, other one corresponding to the support material. In all those spatial
locations where support structures need to be present, the supports are deposited out of water-
soluble materials and these support structures are removed without considerable effort in the
post-processing stage.
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Typical Engineering Materials for Extrusion Process

Nylon - High elongation at break (Panels and snap-fit parts)
Yield strength ~ 50 MPa, Elastic Modulus ~ 1.5 GPa
Elongation at Break ~ 6. % and Notched Impact ~ 140 J/mm

Carbon Filled NyILf)n - High strength-to-weight (Tooling)

Polycarbonate (PC) - High strength and dimensional stability
(Industrial use)

Yield strength ~ 60 MPa, Elastic Modulus ~ 2,25 GPa
Elongation at Break ~ 5% and Notched Impact ~ 75 J/mm

The world of materials connected with extrusion-based additive manufacturing has seen
several innovations. The current list is impressive ranging from thermoplastic polyurethanes
to high impact polystyrenes, nylons, the carbon filled nylons especially in case of high
strength-to-weight applications that are necessary in tooling context, the polycarbonates,
polyetherketoneketone popularly known as PEKK and polyetheretherketone. All these
materials have enabled the scope of applications to get enlarged.

(Refer Slide Time: 19:33)

FDM ABS parts for casting of an automotive housing

ource : Stratasys India Casting Case study, 2005

I would like to pick up some applications in the automotive sector to illustrate the importance
of the wide range of materials in terms of accelerating the use of the additive manufactured
parts in conventional context. What you see in this case is the sand casting of an automotive
housing. The CAD model of the same is indicated here, I think the longest linear dimension is
about 680 mm. In a conventional scenario, this part could have been realized through



carpentry and it could have taken easily about 12 to 16 weeks.

But thanks to the introduction of extrusion-based additive manufacturing the pattern in this
case has been realized with a modular approach. You can see the bottom and top hunch here
and the entire fabrication was done in less than 2 weeks time and the casting of the
automotive housing was done using the engineering material of the need by using the master
patterns that are realized through ABS material.

So, this is an indirect use of additive manufacturing wherein you recognize the fact that the
eventual part needs to be in a certain engineering material and the pattern is made out of
thermoplastic material. Either you can use this pattern in the context of sand casting as is
illustrated in this case or it can also be used in a sacrificial manner in the context of
investment casting. So, the applications of this kind which are plentiful in industrial context
are known as the rapid tooling cases wherein you are making use of the parts indirectly for
meeting the functional needs.

(Refer Slide Time: 22:03)

Packaging trials of an electronic device with FDM parts

Here is an example corresponding to the packaging trials of an electronic device with FDM
parts. As you can see here, the small electronic device with an outer diameter of about 65 mm
and a wall thickness of about 3 mm consists of several integral parts including the heat pipes,
including the PCB mounts. So, all these components from the CAD are directly translated
into ABS parts and these parts are assembled and were tested not only to check the assembly

integrity.



In this specific case one more important functional application which was fulfilled was
availability of the cooling air in such a way that the max temperature within this module does
not cross stipulated limits. So, this particular mock assembly was used repeatedly by
introducing certain refinements in the parts and in an experimental rake the trials were
conducted in terms of ensuring the availability of the cooling air for the electronic circuitry.
(Refer Slide Time: 23:30)

Material Class Examples Typical applications

These are used for general
PLA, ABS, Nylon, HDPE, PPSF, PC, PETG, , | engineering applications and
Thermoplastic Polymers | PTFE, PEEK, PEKK & ULTEM TM industrial  applications  that
& High strength plastics demand high strength & high
temperature resistant materials

Polymer matrix

‘ GFRP, CFRP Structural applications

composites

Ceramic slurries and : 7 Kaolir Insulation, consumers objects,
Alumina, Lirconia, kaolin

clays dental applications

Green ceramic/binder Zirconia. Cal Structural ceramics, piezoelectric

mixture — components

Bronze, Copper, IN 625 & IN 718,

Tooling, fixtures, Mechanical
Stainless Steel, Aluminium 6061, High e, T :

Metal-Polymer

i Part P
SRS Carbon Iran, Ti6242, Cobalt e Produstion
Food pastes Chmltﬂate, sugar Food industry
Biological materials Bioink Bio printed organs and scaffolds

Source : Wiki Article on Fused Filament Fabrication, October 2020

This busy slide shows cases the choice of materials that are prevalent in the world of
extrusion-based additive manufacturing. Right on the top you see the thermoplastic polymers
and high-strength plastics and the other one is the polymer matrix composites, could be
GFRP or CFRP. They are used in the aeronautical and automotive sectors for structural

applications.

The ceramic slurries and clays based on alumina and zirconia kind of solutions they are
widely used in dentistry as well as for the purposes of insulation objects. The metal-polymer
composites providing solutions based on pure metals like Copper, Cobalt and also alloys,
high performance super alloys like in Inconol 718, Inconol 625, Aluminum 6061, Ti6242
have actually enabled the parts from extrusion based additive manufacturing to be directly
used for tooling applications, for fixture development and also for series production.

Some of the esoteric applications of this particular technology are connected with food
industry, even chocolate solutions or chocolate slurries have been tried out to make bespoke
chocolates using the technology of extrusion. In the recent times we have also seen flurry of

activities connected with bioprinting and fabrication of minute scaffold structures using



bioinks. So, the entire facilitation of the applications in context ranging from bio sector to
consumer goods to aeronautical to automotive and medical have been propelled to some
extent by the technology related improvements and to a large extent by the material
innovations.

(Refer Slide Time: 26:21)

AM tooling based on AM extrusion for sheet metal forming

+ Sheet metal (0.4 to 2.50mm) of Al alloys, steel,
titanium and nickel alloys are formed

+ Up to 600 cycles of forming and pressure up to
70 MPa with no significant surface degradation

* Stratasys reported use of FOM parts of ABS, PC
& ULTEM for sheet metal forming tools

* PC and ULTEM ® do not adhere to metal and
provide inherent lubricity

+ Fabricated parts such as Engine cradle, radiator
and instrument panel support beam,
suspension component for auto sector &
airframe components for aero sector

Source: Stratasys White Paper, 2020
Here is an interesting case study connected with sheet metal forming using FDM tooling.
This is one of the favorite applications in the world of auto sector for making parts such as
engine cradle, radiator and instrument panel, support beams, suspension components and in
few contexts, it has also been used for making the airframe components. The sheet metals
with the thickness ranging from almost half mm to 2.5 mm out of aluminium alloys, steels,
titanium, and nickel alloys are formed using the AM tooling.

It has been reported that the AM tooling was able to sustain pressures up to 70 megapascal
and up to 600 cycles of forming with no designable surface degradation. Incidentally, the
materials like polycarbonate and ULTEM provide one more functional advantage. They do
not adhere to metal, so they have got inherent lubricity. So, especially in case of low volume
manufacturing, it has been proven that there are several advantages connected with the cost
reduction and time compression by using the forming tools through materials like
polycarbonate and ULTEM based on the extrusion additive manufacturing technology.
(Refer Slide Time: 28:16)



Special Purpose Materials for Extrusion Process

* PETG - High impact resistance (Sterilizable parts)
* Thermoplastic Poly Urethane - High elongation

(Flexible hoses and ducts)
Yield strength ~ 16 MPa, Elastic Modulus ~ 15 MPa
Elongation at Break ~ 550% :

+ ASA - Heat resistant and UV Stable (Electrical '
housings)
Yield strength ~ 28 MPa, Elastic Modulus ~ 2.4 GPa
Elongation at Break ~ 1]3%'“5[10 Notched Impact = 100 J/imm Source : Stratasys FOM TPU 924

+ PEI (Polyetherimide)- High mechanical performance
(Flame retardant parts)

The other materials which are connected with the extrusion process are the thermoplastic
polyurethanes similar to what you see in the insert diagram here. They are typically used in
case of flexible hoses and ducts and the elongation at break is close to about 500 percentage
and the handling of this thermoplastic polyurethanes is slightly different compared to more

viscous materials.

It has been proven in multiple contexts that the making of customized solutions connected
with flexible hoses can be done by integrating TPU into extrusion based additive
manufacturing. PETG has also been configured for the extrusion based additive
manufacturing and there are special materials which are connected with the flame-retardant
performance as well as electrical housings using the polyetherimide and ASA options.

(Refer Slide Time: 29:35)

Extrusion AM Parts for Medical Application
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One important application which has found favor with orthopedic surgeons as well as
maxillofacial surgeons is about developing patient specific tools using the technology of
extrusion based additive manufacturing. In this case, the input data could come from an x-ray
or a CT scan and using special purpose pre-processing software. This data is converted into a
CAD model, a 3D CAD model and this data in turn is used as the input for 3D printing on an

extrusion based additive manufacturing system.

It has been proved in different contexts that development of patient specific surgical tools and
planning of implants are greatly facilitated because of these parts which come out of
extrusion based additive manufacturing system and they can also be sterilized. They can be
used for the purpose of patient communication, also communication with the peer medical
practitioners.

(Refer Slide Time: 31:12)

Cartesian, Delta and Robotic Arm Extrusion - Functionalities

Source: 3Dsourced.com, 2020 and Aldar Robotics, 2020

It is important to understand that the configuration of the extrusion-based additive
manufacturing system has also undergone certain changes, certain refinements in the recent
times. The original configuration was based on the cartesian model. So, we had the extrusion
head moving across or along the orthogonal axis, but in course of time we had new

configuration called the delta configuration wherein typically the build plate is stationary.

It does not move in the z direction and if you see it is circular in its shape and the extrusion
head is mounted on three articulating arms. So fundamentally the extrusion head can move in
any direction in xyz space and the z height in this specific configuration is substantially
higher compared to the configuration connected with cartesian coordinate system. We have



also seen the emergence of polar 3D printer wherein just need to use two engines.

One connected with r, other one connected with theta. So, in case of 3D printers which are
based on polar configuration, you have a rotary table and you got a gantry system which
moves in a radial direction. So, the advantage of the polar coordinate-based 3D printer is that
you just need to use only two engines instead of three engines that are synonymous with the
cartesian 3D printer.

The simplest form of extrusion based additive manufacturing is the usage of a robotic arm. A
single robotic arm with mobility in xyz direction and connected with an extrusion source is
found to be adequate enough for realization of the parts. Needless to mention in this case the
surface finish as well as the part fidelity will be significantly inferior to what you see in case
of systems that operate on cartesian coordinates.

(Refer Slide Time: 33:54)

Variants of the process

Hot extrusion of rods - Feedstock is pushed towards the hot end by piston or rollers, applying
a greater force as compared to conventional FFF,

Hot extrusion of pellets - Thermoplastic granules of thermoplastic are to nozzle by a piston
or a rotating screw, which are contained by an extrusion barrel. In this case the whole
extrusion barrel is heated, along with the nozzle.

Cold extrusion of slurries - Feedstock is viscous suspension of solid powder particles and it is
pushed towards a nozzle by a piston. The nozzle is not preheated. Build material (Example -
ceramic slurry, clay and liquid chocolate) is dried after deposition

Source: 3Dprintingmedianetwork, 2018

There are also other variants of the process. In some of the cases the feedstock comes in the
form of rod, so it is not a filament but it is a rod. So, to push the rod we need to use greater
amount of force, maybe this is facilitated by piston or rollers. In other cases, we have also
seen usage of pellets. The pellets are small granules of thermoplastic. They are driven to the
nozzle by a rotating screw or a piston and the entire unit is contained within an extrusion

barrel.

So, the whole extrusion barrel is heated along with the nozzle, but the advantage of this

particular variant is the cost of pellets is significantly less compared to the cost of the



filaments and hence realization of large structures becomes economical. It has been reported
that pedestrian bridges with a length of almost 24 meters with a width of almost 4 meters
have been successfully printed by hot extrusion of pellets.

The other opposite of hot extrusion of the pellets is the cold extrusion of flurries. The
feedstock in this case is a viscous suspension of solid powder particles and it could be
ceramic slurry, it could be liquid chocolate or clay and you do not make use of hot nozzle in
this case and after the material is deposited, we need to wait for certain time for the drying to
happen.

(Refer Slide Time: 35:56)

Open Source Extrusion Based 3D Printers

* RepRap - Dr Adrian Bowyer, University of Bath - Free and Open Source Hardware Printer
(FOSH 3D Printer) - 2014

+ Fab@Home - Open Source hardware project for DIY 3D printers

* LulzBot3D Printer - AlephObjects

The technology of extrusion based additive manufacturing has seen several new phenomena
emerging and one of the most important things is the development of free and open source
hardware. Dr. Adrian Bowyer from University of Bath started this movement called RepRap
in 2014. Fundamentally, RepRap stands for self-replicating rapid prototyping systems. The
entire configuration corresponding to the hardware and software of this extrusion based
additive manufacturing system saw active contribution of volunteers from several parts of the

world.

This particular model also got repeated again in the projects connected with the Fab at Home
and LulzBot3D printer and they were all associated with open source hardware projects for
DIY 3D printers and these moments connected with open source hardware has led to
emergence of several startups and also to reduction in the prices of the extrusion-based AM

systems in a significant manner so much so that there are tens of thousands of extrusion-



based additive manufacturing systems that are operating currently in high schools. In
elementary schools and also in the tinkering labs spread across the length and width of the
country.

(Refer Slide Time: 37:44)

Metal-Polymer Composite Parts with Extrusion AM

Extrusion based Additive
Manufacturing

E Green Part
Catalytic Debinding
Brown Part::

Sintering

Metal Part for Functional

y ‘
/ - it Application

Industry-grade Extrusion Based Hyrel AM
System of AMS India and S5 316 AM Part

Coming to the industrial context, one important innovation which has marked the emergence
of the usage of metal polymer composite parts needs our attention. In this case, the metal
could be any of the choices like Bronze, Copper, Nickel, Aluminum, Inconel, titanium as I
described a few minutes ago and the metal polymer composite is extruded akin to the process

that | have described already.

It requires industry grade printers which have got provision for operations at high
temperature and in many of the cases even the print bed on which the part is printed is
preheated. So, what happens in handling metal polymer composite parts is the realization of a
green part at the end of the extrusion site. So, the green part is not dimensionally stable and
the green part consists of nearly 20% binder and approximately about 80% metallic material.

It has to be subjected to catalytic debinding so that we can get rid of the binder in the quickest
turnaround time. The strength of the part may not see significant improvement, but after the
catalytic debinding what you get is a brown part which is dimensionally stable and the brown
part is subjected to sintering and post sintering it is subjected to series of post processing of
operations making the part amenable for functional applications.

(Refer Slide Time: 39:58)



Metal-Polymer Composite Parts with Extrusion AM

Build Parameters for Metal-Polymer Composites with
Extrusion AM

* Print Bed Temperature ~ 80°C i ;
* Nozzle Temperature ~ 250°C "‘ S\ )
* Nozzle Diameter = 0.6 mm

* Print Speed = 50 mm/sec

* Retraction Distance = 1.50 mm (Direct)
* Infill Density = 100%

Mechanical Properties of Extrusion 55316 Parts

* Tensile Strength ~ 550 MPa :
* Yield Strength ~ 240 MPa
* Elongation ~ 45%

* Charpy Notched Impact ~ 100 J/cm? Source : ANS incte 4
| 3Dprint.com

So important to note that in this case the nozzle temperature could be as high as 250 degree
centigrade and the print speed could be limited and the print bed temperature need to be
somewhere between 50 degrees centigrade to 80 degrees centigrade and we have to deploy
100% infill density, but after going through the necessary post-processing operations of
debinding and sintering what you get are the metallic parts, in this specific case the properties
corresponding to SS316 are shown. As you can easily infer the tensile strength, the yield
strength, the elongation and the impact characteristics of what you get through a metal
polymer-based composite are adequate enough for meeting the needs of wide area of
industrial usages.

(Refer Slide Time: 41:05)

Industrial FDM - Low volume batch production

* Desktop 3D printers (layer thickness of 0.20 mm, minimum wall thickness of 1 mm, build
envelope of about 250 x 250 x 250 mm? and accuracy of about 1%)

* Industrial 3D printers (layer thickness up to 0.50 mm, minimum wall thickness of 0.80 mm,
build envelope of about 900 x 600 x 900 mm? and accuracy of about 0.15%)
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Image Courtesy : Stratasys.com & Deed3d, 2020 i

It is because of the phenomena of this kind that there are many instances which are emerging

in the aeronautical, automotive, manufacturing and tooling sectors wherein the low volume



batch production is being attempted through industry grade 3D printers. What do you mean
by industry grade 3D printers? Typically, if you are talking about the desktop 3D printers, the
build envelope is limited to about 250 mm in xyz directions.

The accuracy could be about 1 to 1.5% and layer thickness is just limited about 0.2 mm. So
all these parameters contribute to two important characteristics. The accuracy could be
limited and the throughput could also be limited, but if you look at the industrial 3D printers
similar to the ones which are shown in this slide as the options, then the parts could be built
with higher layer thickness and the build envelope in sometimes could be as high as about a

meter in Xyz directions.

The accuracy could significantly increase to about 0.15% to 0.2% which are commensurate
with the expectations of a designable engineering user so it has been observed that low
volume batch production in manufacturing and tooling industry has been facilitated with the
parts made out of nylon and polycarbonate using these industry grade 3D printers. One more
technology which has been used with the similar kind of felicity for low volume batch
production in the context of dentistry and hearing aid industry is the digital light processor.
(Refer Slide Time: 43:04)

VAT Polymerization

Steriolithography Digital Light Processing

So, we did spend some time in understanding the operational principle of stereolithography.
In case of stereolithography, what happens is the CAD data governs the movement of a UV
laser beam on the surface of photosensitive polymer which is put in a VAT and because of
the interaction between the laser beam and the UV curable resin, the resin undergoes

instantaneous transformation from liquid phase to solid phase, but the fundamental element in



this case happens to be a laser.
(Refer Slide Time: 44:06)

Digital Light Processing

Build Platform

Printed Part

Lens

Light Source

DMD X -

+ Convert photosensitive liquid into 3D solid plastics in a layer-by-layer

+ Expose to UV light of wavelength between 300nm to 420nm.

+ Materials: Rigid, Tough & Durable, Clear Transparent, castable, Composite & High Temperature
* Applications: Series Production, Dental crowns & aligners, Jewelry, Jig and fixtures, Moulds.
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In recent times, the process of stereolithography has been substituted by a technology called
digital light processor. What do you mean by digital light processing is there is no usage of
any laser beam. You have got a light source and you have got micromirror assemblies.

(Refer Slide Time: 44:30)

Digital Micromirror Devices (DMD)

Micromirrors

* Developed by Texas Instruments in the
1987

* Microscopic mirrors arranged in a
rectangular array

* Each mirror of 8 x 8 Micrometers

* Made out of aluminium

* Electrodes controlled by electrostatic
attraction allowing to rotate by £12°
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Fundamentally the light source, it was developed way back in 1987 by Texas Instruments,
consists of tens of thousands of micromirrors of the dimensions of 8 by 8 microns which are
arranged in a rectangular array. Each of this micromirrors is pivoted and depending upon the
electrostatic attraction it can be made to swivel by about 12 degrees in either direction and the
movement of this micromirror fundamentally leads to the curing of that small area which is in
the line of focus. So, the introduction of this technology of the micromirrors has led to an



emergence of new process of VAT polymerization and this process is known as digital light
processing.
(Refer Slide Time: 45:33)

Digital Light Processing using Liquid Crystal Display
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The other option is connected with LCDs.
(Refer Slide Time: 45:39)
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In this case you have got a backlight, there is a polarizer, you have got analyzer and between
the polarizer and analyzer you have got a quarter wave plate. Fundamentally through optical
elements, you are able to translate the movement of the light wave in such a manner that the
light is enable to pass only in those zones where you want the polymerization to happen. In
all other instances, the analyzer cuts off the signal and there are no moving parts.



The entire motion of the light waves is only enabled through optical elements. This particular
technology which is devoid of the usage of laser beams and moving elements has led to mass
customization of the products in medical industry, both for dentistry as well as the hearing
aids.

(Refer Slide Time: 46:56)

Intraoral scanner device

Dental CAD software (Model Builder, Dental
A data mining extensions (DMX) file is created Systems; 3Shape) was used to create the STL file

e

Typically, in a dental context, the data is generated by usage of an intraoral scanner device
and you have got special purpose dental CAD software which converts the scanned data into
a CAD model.

(Refer Slide Time: 47:21)
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DLP Slicing Software

Part: Dental
Print Time: 12hrs
Layer Resolution: 50 microns

Exposure Time: 30s/layer

* Define the print speed, layer height

and support material positioning in

the slicer.

Slicer virtually slices the 3D model

into hundreds of layers.

* If a part is 100mm tall, there are
100mm/S0um = 2000 layers

So when you do the necessary pre-processing, we set up parameters such as exposure time
and the layer thickness and if fundamentally let us say the part is about 100 mm tall and if

you use a layer thickness of about 50 microns, you are talking about 2000 layers, but unlike



the case of stereolithography where the laser beam has to move discretely point to point, here
entire layer is exposed at one go. So, the processing time is phenomenally compressed. So,
we are able to make parts of this kind in few hours.

(Refer Slide Time: 48:05)

Printing Process
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DLP 3D Printing Removed the object Cleaning

Post Curing N Support Removal

So, post printing on a DLP system, cleaning of the parts has to be done in terms of removing
the support structures, in terms of getting rid of unqueued resin if any and then the parts are
ready for applications in dental context connected with both maxillofacial applications as
well as orthodontic aligners.

(Refer Slide Time: 48:35)

Application - Dentistry

Part: Dental Aligners

Material: 30 RAPID Dental Resin (3DDR-
3818B6)

Viscosity: 400cps @ 25°C

Hardness: 80 Shore D

Print Time: 12.5 Hours

Post Processing: 1hr curing under 50W

405nm UV Layer Resolution; 10 micros

As you have seen in this specific case a part with Shore D hardness of about 80 has been
realized in less than 13 hours of time.
(Refer Slide Time: 48:51)



Mass Customisation

Material: BioMed Amber Resin (1SO
10993-1:2018)
s e Viscosity: 400cps @ 25°C

, \.‘1‘{ — : .'.,gq;‘ Hardness: 67 Shore D
£ A L - "‘:; pos Print Time: 6 Hours
an A -l

Post Processing: Autoclave at 134 °C for
20 minutes

Layer Resolution: 10 micros

What has been remarkable in extending the usage of this technology is connected with mass
personalization or mass customization in case of hearing aid industries. You can see in this
case in just about 6 hours time, dozens of these mass customized casings for hearing aid
industry have been realized through the application of digital light processing and
successfully used in such a way that the eventual customer gets an experience of superior

fitment.

So, the applications of this kind have come to the forefront in a significant manner both in the
national and international context and several and several models are connected with gifting
solutions, packaging solutions and device solutions are taking advantage of making these
parts out of the technologies of digital light processing for providing mass customized
solutions. So, | just described the applications of two important technologies connected with
plastic materials in the world of additive manufacturing.

One connected with extrusion process, other one connected with VAT polymerization. The
purpose of describing these two processes and the pertinent applications is to showcase the
possibility of new business models that are based on the digital manufacturing technologies
in providing timely solutions and delivering the products at the point of care without the
tooling penalties that are associated with conventional manufacturing. Thank you so much.
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