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Abstract

Improvements in existing materials and the deveklpnof new materials for use in
selective laser sintering are continually beingsped in the industrial and academic
domains. This research will focus on the possieditavailable for improving the
mechanical properties and geometric accuracy etcteé laser sintered parts produced
from non-commercial polyamide 12 (PA12) compositébe specific material of
interest is PA 12 filled with glass beads. Thisstealescribes a study of the relationship
between filler particles, the polymer matrix andogassing parameters and their
influence on the mechanical properties and geomatcuracy of the composite. The
aim of the study is to better understand the eftéctoupling agents on the above

mentioned properties as there is a lack of infoioman this area.

Most of the experiments described in the thesievparformed with PA 12 filled with
coated and uncoated glass beads. The productitesibofamples was carried out on a
selective laser sintering machine (DTM Sintersta000). Knowledge about different
machine-material combinations has been extendegdsiorming additional PA 12
composite experiments. The accessible informatiomfPA 12 and glass-filled PA 12
(PA12/GF) manufacturer's data was used as a referencomparison and assessment

of the results obtained from the new machine-mateombinations.

This research has shown that adding coated glastskie PA 12 improves the tensile

strength and elastic modulus but reduces the impaiehgth and ductility of the



resulting material. Under suitable processing coonk, the geometrical accuracy of
sintered parts also improves with the addition lakg beads. The work has also shown
that good interfacial bonding between the polyamimdatrix and the glass beads,
particularly when a coupling agent is used, is kelyi cause for the observed

improvements.
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Chapter 1 - Introduction

In today’s highly competitive global market, indystis looking for cost savings,

improved product performance and reliability, fedlprevention, longer product life and
better environmental protection. Global competitierforcing companies to not only
look for new ways to improve their business proesdsut also to focus on important
factors such as product features, quality, costtemel to market to remain competitive.
In response, new production techniques and advamegerials have to be established

for the manufacturing of robust, complex and aceuparts.

Rapid Manufacturing Technologies (RMTs) offer ogpaities to make products faster
and usually at lower costs. In general, they cam Iselution for the issues mentioned
above, as they show advantages, such as freedatas@n and tool-less fabrication,
compared to conventional production methods. Howdhe limited range of materials
that can be processed by RMTs represents one amang limitations, and despite
many materials being investigated for use with RMMhsre is still a need for research
into new material systems, which are likely to benposed of combinations of existing

materials [1].

This thesis studies the relationship between tlopgties of such composite materials
properties and processing parameters and theueinde on the mechanical properties

and geometric accuracy of parts produced usingctbedelaser sintering (SLS). The



study began on a DTM Sinterstation 2000 machiné vaeit composite material of

polyamide 12 filled with glass beads (PA12/GB).

1.1. Background of common rapid prototyping and manfacturing (RP&
M) technologies

Historically, the first commercially available rapiprototyping (RP) system was
introduced in the late 1980s. RP systems, as thmensuggests, were originally
employed for producing prototype models. RP wasmted as a method to manufacture
concept prototypes which may be used in processel as design, testing and
assembly. In this section, a basic overview of difeerent methods of (RP&M) is
presented. The section proceeds with a brief dssonsand comparison between these

techniques.

In order to create a part by any rapid manufactupirocess, it is first necessary to create
a 3D drawing of the part using CAD software. Thenpater then divides the drawing
into layers and gives the rapid manufacturing maefa description of each individual
layer. The machine then creates these layers, orepoof another, to produce a whole
part. Generally, the RM process relies on the dtscslicing of a CAD model, which is
then built up in layers from a base material (ofigpowder or a resin), finally producing
a full three-dimensional part without the aid of utds, substrates or any hard tooling.

Fig (1.1) shows the process of data transfer betwaD and the RM system [2], [3].



CAD system

CAD File
(3D)

—
. |

Faceted model
(STL file)

RM system

Layered
Model

Physical
Model

Fig (1.1) Data transfer between CAD and a RM sy$&m




However, the success of this new technique markegaution in product development
and manufacturing. Nowadays, it is evolving rapidigm prototyping towards the

manufacture of functional end-user products [4], [5

RP&M is an important technology and is also knows laayered Manufacturing
Technology (LMT), Solid Freeform Fabrication (SFRAdditive Fabrication (AF),
Direct CAD Manufacturing, Instant Manufacturing akd Manufacturing. The term
that is commonly used now in the literature is “RaPrototyping and Manufacturing
(RP&M)”, which denotes the route of rapid prototypibut also explains the extension

of where these techniques are trying to go in metufing [6].

Virtually, all RP & M technologies provide the abylto fabricate parts with unbounded
geometric freedom, which is their most importantaadage over subtractive methods
and the main reason why they exist. For the timeadyahere are about thirty rapid
prototyping techniques, but only few of them aredely used and dominant in the
market, and these are:

« Stereolithography (SLA)

* Selective Laser Sintering (SLS)

» Fused Deposition Modelling (FDM)

» Laminated Object Manufacturing (LOM)

* Inkjet-based systems and three-dimensional pgnt8DP).

Each of these technologies has its varying strengtiud weaknesses depending on the

manufacturing details, type of material and pospssing [4], [7].



The main advantage of RP&M processes is the abditgpidly produce net or near-net
shape parts with varying geometries using a simgéchine with no part-specific
tooling. Among all of its features, the most import is that this technology is fast and
flexible in the whole forming process as inferregg s common name, Rapid
Prototyping and Manufacturing [4], [8], [9]. New m&#acturing technologies offer
alternative means of producing prototypes, pattenmlels and low volume parts faster
and at reduced costs compared to traditional matwifag processes [10]. However,
none of the processes excel in all respects; eamtegs has restrictions imposed by

costs, accuracy, materials, geometry and size.

Researchers have conducted detailed research oy mgortant rapid prototyping
technigues, which they grouped together based @msithilarities of how the materials
are added and bonded together. Furthermore, they égplained the basic principles
and compared them by considering the cost effigiematerials used, process time and

accuracy [11], [12].

The main difference between these techniques, whrehdescribed in some detail
below, is the method they use to create the layenihermore, RP&M technologies use
different types of materials to produce parts, udailg thermoplastics, wax, ceramics,
metals and most commonly polymers. Fig (1.2) gi@esoverview of selected RP&M

processes available at the moment, whereas a cmopaf selected additive processing

technologies is presented in Table (1.1).



[ RP&M processes ]

Solid [Liquid ] [Gaseous ]
Filament Powder Foil

Melting Consolidation Melting Melting Blanking ( Blanking Polymerisati Chemical
and trough binder and and and and on reaction
freezing freezing freezing joining polymerisati
on
\§

Fused 3D- Selective Selective Laminated Solid foil Sterolitheo- Laserjet
deposition printing laser mask object polymeri- graphy chemical
modelling (3DP) sintering sintering manufacturing sation (SL) vapour
(FDM) (SLS) (SMS) (LOM) (SFP) deposition
(LCVD)

Fig (1.2) Overview of additive processing technoésd13]



Table (1.1) Comparison of selected additive praogsdgchnologies [13]

SLA SLS LOM FDM SMS 3DP
foils
thermoplastics
photopolymers| metals, sand, | (paper, thermoplastics,
(ABS, PC, thermoplastics
Materials (acrylic and thermoplastics | polymers, cement, cast
ABS-PC-blend, | (PA12)
epoxy resins | (PA12, PC, PS) metals, sand
PPSU)
ceramics
Part size (mm)| 600x600x500 | 700x380x550 550x800x500 600x500x60( Xx297x600 508x610x406
0.1/600x540
Accuracy <0.05 mm 0.05-0.1 mm 0.15 mm 0.1 mm 0.05-0.12 mm
dpi
Cooling-off no cooling-off | depending on depending on
depending no cooling-off no cooling-off
time/ or curing time | geometry and geometry and
on geometry or curing time or curing time
curing time up to 30 min bulk bulk
Commercially
1987 1991 1990 1991 2005 1998
available since
Costs (T) from 130 from 150 from 150 from 50 fras0 from 25
Relative
medium medium-high low—medium low—medium mediurgkhi | low

sample costs*

a) Costs depend on the number, size and complefggmples.




1.1.1. Stereolithography (SLA)

SLA was the first RP&M technique developed andilstee most widely used process.
It was developed by 3D systems of Valencia, CalitgrUSA, founded in 1986. This
process is based on a photosensitive liquid resirchyw when exposed to ultraviolet
(UV) light, solidifies and forms a polymer. An SLkachine consists of: a build
platform, resin bath, recoating blade, ultravidéeter and a scanning device. A bath of
photosensitive resin contains a vertically movitagfprm. The part under construction
is supported by the platform which moves downwaydhe layer thickness for each
layer. A laser beam traces out the shape of egehn End solidifies the photosensitive
resin. Fig (1.3) shows the SLA process. The sudmgnresin gives no mechanical
stability to the built part; hence, a support dtnoe is indispensable for the creation of
overhanging layers. In a subsequent process, giasgures are removed and the part

is completely cured in a UV cabinet [13], [14].

Since it was the first technique, SLA is regardedaabenchmark by which other
technologies are judged. In the beginning, SLA @yqtes were fairly brittle and prone
to curing-induced warpage and distortion, but récemprovements have largely
corrected these problems. To broaden the applicadi@a of SLA, research and
technology development efforts are being directmdatds process optimisation. In
general, SLA is inexpensive compared to other RR&bhniques; it exclusively uses a
light-sensitive liquid polymer which has considdyapoor mechanical properties, and
so the fields of application are limited to the guwotion of prototypes with reduced

functionality [14].
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Fig (1.3) SLA system [15]




1.1.2. Fused deposition modelling (FDM)

Fused deposition modelling is an additive manufaetutechnology commonly used
for modelling, prototyping and production applicats. It was developed by Scott
Crump in 1988 and was commercialised in the 1990Stkatasys of Eden Prairie, MN,
USA [16]. The system consists of a build platforextrusion nozzle and control
system, which is in its entirety contained withinchamber which is held at a
temperature just below the melting point of thespta The overall arrangement of

FDM is illustrated in Fig (1.4).

In this technique, filaments of heated thermoptaste extruded from a tip that moves
in the x-y plane. The extrusion head deposits t@rybeads of material in a controlled
fashion onto the build platform to form a layer.eTinaterial is heated just above its
melting point so that it solidifies immediately eftextrusion and cold- welds to the
previous layers. The platform is kept at a lowenpgerature, so that the thermoplastic
quickly becomes firm. After deposition of a laydre platform lowers and the extrusion
head deposits the next layer onto the previous Sapports are built alongside the
deposition where required. These are fastenedet@aint either with a second, weaker

material or with a perforated junction [17].

The FDM process creates functional prototypes,ngand manufactured goods from
commercially available engineering thermoplasticsiich as ABS, sulfones,
polycarbonate, elastomers, and investment castagag well as medical versions of
these plastics. Unlike some additive fabricationcpsses, FDM requires no special
facilities or ventilation and involves no harmfuhemicals or byproducts. FDM

machines range from fast concept modellers to sighigh-precision) machines [14].

10
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1.1.3. Laminated object manufacturing (LOM)

Laminated Object Manufacturing is a process basethe principle of lamination. By
definition, laminated object manufacturing (alsamwm as laminated object modelling
(LOM) or layer laminated modelling (LLM)), is a hyd prototyping method, where an
additive layer laminate process generates the fpam paper, ceramic, polymer or
metals followed by a subtractive step which cuts ditline with a C@ laser cutter

[13]. Fig (1.5-a) demonstrates the mechanism cD&Lmachine.

In this technique, shapes are built with layerpaber or plastic. The binding together
of the laminates is brought about by means of enthlty activated adhesive. A heated
roller is used to glue the laminate to the previtay®r. The outline of the part cross-
section for each layer determined by the computireadesign (CAD) file is then cut
using a CQ laser beam. The laser also cuts the excess mateaiaross-hatch pattern.
The excess material provides support for subseqieydrs. Finally, an overall
rectangular outline is cut, freeing the cross-sectrom the paper roll. The platform
moves down and the feed paper advances. The sexjuepeats itself until the final
layer is completed. The excess material, whichrsady sectioned into cross-hatched
columns, is removed manually at the end of thegs®¢18]. Fig (1.5-b) shows the part

building sequence of the LOM process.

LOM is used extensively for tooling and manufactgriby producing patterns and
masters for sand casting, investment casting, }cavdulds for injection and tools for
thermal forming and prototype stamping (Helisys, IBA USA), [18]. At the present,
the commercially available machines for LOM are LQRIL5, LOM 2030 and LOM

2030E.
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1.1.4. Selective laser sintering (SLS)

Selective laser sintering (SLS) is a powder-basapidRPrototyping & Manufacturing
method developed at the University of Texas. It widisally commercially available
from the DTM Corporation but was later bought oyt3D Systems in 2001. Needless
to say, the SLS process, with a humble start irv1B8s grown to become synonymous

with Rapid Manufacturing [19].

In SLS, a fine powder is heated with a &ser which causes sintering of the powder
particles and as a result they are mutually bodimng. process itself is a very simple,
repeatable one. The building of parts, as illusttah Fig (1.6), is a repeatable two-step
process: first; a roller is positioned beside ohehe feed beds. This feed bed then
raises a set amount and the roller pushes thedrpm&der across, covering the part bed
with a powder layer. Second; with the layer of pewgdresent, the laser starts to etch
out the desired shape of the part in the powdegffact melting the powder. Once this
is done, the part bed drops down a set amount laadgiocess continues from the
opposite side with the other feed bed raising &edroller distributing another layer of
powder over the part bed, followed by the lasehiatg out the shape. The part is built
up in slices with each layer of powder represenaingingle slice of the part. As the
laser sinters the powder, each layer fuses togéthgive a full solid part. However, the
process is self-supporting and parts can therdberenested together. The selective
nature of the laser process enables complex geeseto be achieved without
compromising functionality. Finished parts are surded by, and often contain,
unsintered powder; this loose powder is simply telhsaway with an air gun and any

post-processing work is then carried out [20], [21]
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1.2. Motivation

Currently, Additive Manufacturing Techniques areedismore and more in many

industrial branches, such as aerospace, automatidebiomedical, to manufacture

functional parts and end-use products rather thatofypes. Therefore, the parts are
required to possess sufficient mechanical proper@ad quality to meet the

requirements needed of their applications. In ncases, however, material properties
and functional life of parts made by currently datdlie layer manufacturing techniques
seldom meet those of their counterparts producedrdmitional polymer processing

techniques such as injection moulding. In orddsridge this gap, research efforts have
been made to develop existing materials and torigw materials, as these will play a

major role in opening access to new fields of aggpion [13], [22], [23].

In this context, traditional pure materials no lengatisfy all the requirements and
there is a real need for new composite materidds.development of new polymers is a
time-consuming and expensive project. By compoundiriending and reinforcing
existing polymers, it is possible to obtain matepi@perties that are not available with
conventional single polymer materials, and suchperies may be key factors in
achieving improved properties and better qualitgetective laser sintered components.

The latest trend of research includes:

the development of new materials,

- advancements in laser technologies, software andnpeter integrated
manufacturing support to Rapid Prototyping and Maciuring (RP&M),

- development of new methods of layer deposition,

- improvement of the mechanical properties of comptsas well as their surface

guality and geometric accuracy [8], [24].
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1.3. Aim and objectives

For Rapid Prototyping (RP) applications, the medatanproperties of the parts
produced are often of low importance, as partsiatended simply for short-term
visualisation purposes, as well as form, fit andcfion testing. As the move towards
Rapid Manufacturing (RM) continues, with the protime of functional end-use
components, achieving improved mechanical properéied better quality in SLS

components has become increasingly important.

The aim of this research was to study the mechbprogerties and geometric accuracy
of laser sintered non-commercial composites forrhgdthe incorporation of glass
particles into polyamide 12. The primary objectioéshis research were:
1. To study the effect of filler content and surfaceatment on mechanical
properties.
2. To infer the effect of filler content and its swéatreatment on geometric

accuracy.

1.4. Research questions and hypotheses

In order to produce suitable products (in termspdperties and quality), the main
aspects to be considered in SLS technology arerihygerties of the powders used in
the process and the processing parameters. Tleviog research questions for this

work were centred on the two major research aw#/inentioned above:
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Research question 1How can the general properties of polyamide $2a @olymeric
material for selective laser sintering, be imprd¥ed

Hypothesis 1 The properties gbolyamide 12 can be improved by creating blends and
composites.

Sub-research question 1.1What is the role of the interfacial adhesion lesw the
filler and the matrix in improving the mechanicaloperties of glass bead-filled
polyamide 12 composites?

Hypothesis 1.1 The condition of interfacial adhesion controlg tlocal elastic fields
and the overall properties of composites.

Research question 2:How can the geometric accuracy of sintered compiobe
improved?

Hypothesis 2 The geometric accuracy of SLS parts could be avgd by controlling
the properties of the material and optimising thecpssing parameters and conditions.
Sub-research question 2.1:Under what conditions is it possible to improve the
geometric accuracy of selective laser sintered ayapts from PA12?

Hypothesis 2.1:Geometric accuracy of selective laser sinteredspaah be improved

by creating blends.

Table (1.2) lists the correlation between the pryimeesearch tasks, the research
guestions, the corresponding hypotheses and whererdsearch questions were
addressed in this research. Answering these rdsegurestions is documented in

different chapters of the thesis.
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Table (1.2) Correspondence between research tagkstheses, and chapters.

Thesis Chapter 3 Chapter 4 Chapter 5

Chapter

Task Characterisation of | Study of the effects | Investigations on the
materials and of processing influence of processing
determination of conditions, filler parameters and material

process parameters. content and coupling| properties on the curling
agents on mechanicalphenomenon in selective

properties. laser sintering.

Hypothesis Hypothesis 1 Hypothesis 2
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1.5. Research approach
After conducting a literature review, which is prated in detail in chapter 2, four tasks
were undertaken to help reach the goal of evewtuafiproving the mechanical
properties and geometric accuracy of parts prodused SLS, namely:
1. Compounding pure PA12 with glass beads, witfediht ratios and surface
treatment.
2. Carrying out pre-processing studies for the attarisation of composite
materials and the determination of process parasiete
3. Production of test samples using the SLS prooadsr varying parameters
and conditions.
4. Conducting experiments, measuring and detergpinine mechanical

properties and geometric accuracy of the composite.

1.6. Thesis outline

The specific goal of this research was to studyntieehanical properties and geometric
accuracy of selective laser sintered parts in ronfoercial glass bead-filled
polyamide 12 composites with filler particles offéient ratios and surface treatments.
This thesis is divided into six chapters. A briekoview of the topics covered in each
chapter is presented in Fig (1.7). Chapter 1 semgesn introduction to the thesis. The
research aim and objectives, as well as researestiquns are presented in this chapter.
In Chapter 2, the literature review, the theorétlmackground and existing research
activities are summarised. The working principlehibd the SLS process, apparatus
and materials are outlined. Chapter 3 includesildetan material preparation and
characterisation, such ase-processing studies, design and fabricatiorstf samples,

characterisation of laser sintered samples.
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Chapter 4 represents the backbone of this work,ravitee effects of processing
conditions, filler content and coupling agents oachmanical properties of PA12/GB
composites are detailed. Chapter 5 describes agstigation into the influence of
processing parameters and material properties erculing phenomenon which is a
major cause of geometric inaccuracies. In this wraphe Taguchi method and
ANOVA technique were implemented. Finally, Chapéeprovides a brief conclusion
of this thesis as well as the contributions resgltfrom the research work and

recommendations for future work.
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Chapter 2 - Literature review

In this chapter, basic information for the SLS @®x is presented. The chapter
proceeds with outlining the nature of the SLS psscas well as the machines and
materials involved, and it continues with a revidésading into determining of a

research gap in the existing literature relateglis.

2.1. Basic information and principles of selectivéaser sintering

Selective laser sintering is an additive manufactuprocess, in which layers of
preheated powder are spread and laser radiatissed to partially liquefy and fuse the
powdered material. Sintered material forms parts|sivunsintered material remains in
place to support the structure. During recent yesatective laser sintering has evolved

from a RP technique to a promising RM technique.

As with any machine tool, it is important to undargl the capability of the selective
laser sintering (SLS) process, the equipment antkmaés in order to produce high
quality parts. The SLS systems are intended fdesimg a wide range of materials with
greatly different properties. This is mainly dueit® suitability to process almost any
material, such as polymers, metals, ceramics amy itypes of composites, provided it
is available as a powder and that the powder pestiend to fuse or sinter when heat is

applied [19].

Fundamentally, selective laser sintering repressmtfi a complex physical process in
which many single mechanisms affect each other. Sl process needs several steps,

such as energy input, energy absorption, heatinth@fpowder bed, sintering and
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cooling of the sintered part to be complete. Theegtigation often requires creating
submodels which enable a better understanding iapaspects, then merging these
submodels into an integrated model, representimg bilise for process simulation.
Modelling the entire SLS process is very difficdlie to the many different physical
processes involved and as depicted in Fig (2.1 Trhegrated model of Sun is
composed of three different submodels, whereasdbmposed of five in the modified

model of Wagner [25].

2.1.1. Thermal-physical issues in the SLSrocess

The thermal nature of SLS process influences, watgextent, the bulk powder
properties as well as the properties of the sidtgrarts, such as the mechanical
properties, geometric accuracy, surface roughnes$ ather properties; hence,
investigating and studying the thermal behaviour tbé process, in particular
temperature distribution within the build bed, wéhd to a better understanding of the

problem [26].

Although several physical phenomena are involvethénprocess, and coupling exists
between them, the SLS process is mainly dominaydtslihermal nature. It belongs to
a three-dimensional unsteady heat transfer problgmch requires the application of
several numerical and computational techniqueslaghe unsteady state heat transfer
equations. However, SLS is a complicated processplving several physical
phenomena, including:

- Heat generation and transfer, including the heatihthe powder bed and the

cooling of the sintered sample;

- Microstructure evolution, including porosity evalrt and phase changes
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(melting and solidification of the binder);
- Fluid problems (molten binder flowing in the soladtice);
- Mechanical problems (lack of uniformly distributdtermal strains during the
cooling stage may cause residual stresses anditdisoof the produced parts).
Accordingly, knowing the temperature distributiamaevolution is essential to suitably
describe the SLS process. During the SLS procksspdwder mixture is irradiated by
a moving laser beam. This is an energy transfoonagirocess, in which the light
energy of the laser beam is converted into themnakgy that causes heating of the
powder bed. Understanding the interaction betwkenaser beam and powder bed will
help not only to more easily control the procesading to more accurate parts with
enhanced mechanical properties), but also to dedirset of requirements for new
sintering powders (leading to easier developmentnmire powders suitable for

sintering) [27].

The laser-powder bed interaction can be initialljid®d into three stages: preheating;
melting (with shrinkage) and resolidification. Dugithe preheating period, the powder
bed must absorb a significant amount of heat tmgbthe powder bed surface
temperature up to the melting temperature of the rwelting point powder () [30].
The influence of the laser on the powder matenaludes two stages: first, powder
surface reflection and absorption to the laserpsécheat conduction in the powder
material. All existing models of heat transfer da divided into three subcategories
according to the physical phenomenon they take antmunt. These subcategories are
conduction, radiation and convection [28]. A refieity model of powder beds

developed by Sun assumes that the absorbed erseegiier conducted into the powder
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bed or lost through radiation and convection at shegace. Fig (2.2) schematically

depicts the interaction between laser irradiatiot the powder bed.

2.1.1.1. Heat absorption of the powder bed duringie SLS process

In SLS, the processing medium is composed of poywdsdicles, not a continuum. The

thermal properties of the powder bed change as pibwder is heated and as
coalescence between particles occurs. During thangtg process in SLS, material
properties change due to their dependence on taoperand degree of fusion taking
place. Powder changes from the solid phase toiduéd|phase and then back to the
solid phase. These phase change processes arepacied by both absorption and
release of thermal energy. Therefore, the thermmapgsties are a function of the

powder bed properties, temperature and time. Thedpo under the laser absorbs the
energy where the temperature rises. It conducts éxzhange with the surrounding

sintered powder as well as loose powder accordinthé thermo- mechanical law,

which consists of conduction, radiation and coneecf28], [29].

The laser beam is a moving heat source, whoseioratine with the powder is less
than 1 ms. During the heating process, the thephwgs$ical properties and parameters
of the powder, such as specific heat and thermaldwuctivity change with the
temperature, which is changing with time. The lasettering process of polymer

composite powder is dynamic and unsteady [29].
During selective laser sintering (SLS), the optjmalperties of the powder material will
influence the heat transfer within the powder bed laence its fusion behaviour. When

the laser beam strikes the powder bed, part dbger energy is reflected and
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the rest is absorbed by it. The transmittance & powder affects the energy
distribution within the powder bed. For powdershnat low transmittance, most energy
will be absorbed near the surface, and the thegradient along the z-axis, into the
powder, is large. It has been reported that themmam absorption takes place near, but

not exactly on, the powder bed surface [31].

2.1.1.2. Thermal diffusivity, thermal conductivity and specific heat

The aim in this section is not to evaluate the exhermal property values of the
processing material, but to understand if those@spcan be technologically important
in the definition and control of a selective lasertering process, where it is generally
believed that thermal properties play a centra chiring SLS of composite materials.
The thermal diffusivityo. [m?/s], thermal conductivity k [W/mK] and specific heg
[J/kgK], namely the thermal properties, are theéhmost important physical properties
of a material that are needed for heat transfeutations. Those properties are evident
when heat is added or removed from a material emdetated by:

= K (2.1)

m,
Thermal diffusivity () is a measure of the rate of heat propagatiorugir@a material.
It is an important property in all problems invaigi non-steady state heat transfer,
which happens during heating and cooling of a natérhe thermal conductivity (k) is
described as a measure of the ability of matemaltransfer thermal energy by
conduction. The specific heatp(ds the amount of heat per unit mass required to
increase the temperature by one degree Celsiusthanefore is associated with the

energy consumption in the heating processes [32].
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It is a well-known fact that the thermal condudivof a powder bed can vary from

point to point depending on the local temperatweavall as the conditions of contact
between particles and the local density [33]. Penmedia are most frequently met in
many engineering fields and, in particular, in daprototyping and manufacturing. The
thermal conductivity of porous media is one of timgportant properties for numerical

simulations. The various heat transfer mechanismsulti-porous bodies have been
identified and discussed by Yagi and Kunii and bynK and Smith, who have

developed a simplified equivalent physical struetand a corresponding mathematical
expression for the apparent conductivity in terrharous-structure parameters and
the conductivities of the solid and gas phases.fél@ving heat transfer mechanisms,

shown schematically in Fig (2.3), exist in a mplirous body:

1. Direct solid conduction through areas of acpaticle-to-particle contact
2. Direct gas conduction through areas of pore-to-poramunication

3. Series conduction through solid and gas

4. Particle-to-particle radiation across a gas layer

5. Pore-to-pore radiation by passing particles

Of these mechanisms, 1, 2,8hd 5 may be considered to be in parallel, atal l#e in
parallel with the gas part of. nce these heat transfer mechanisms have been
identified and their relationships noted, it is gibke to formulate a simplified physical

model of a multi-porous body and its resulting heatsfer properties [34].
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Fig (2.3) Heat transfer mechanisms in a porous (ja4dly

1,2,3 ... Conduction
45 ... Radiation

31




The prediction of the thermal conductivity of he@eneous or composite materials
comprises a significant portion of the heat traniferature, and a significant number
of effective thermal conductivity models have begrmoposed. Thermal property
evaluation is very important in the prediction loé tmelting process of the powder bed,
where there are three components in the powderlbedmelting point powder, high

melting point powder and gas (or gases) [35], [36].

2.1.2. Processing parameters and operating cyclethie SLS process

The most important factors of the laser sinteringepss can be classified into material,
machine, part, laser, environment and exposurereftre, these factors have to be
taken into account for the system and materialyoBe this, process-specific factors
and the selection of the material components esginnaensity or optical characteristics
have to be considered and possibly adopted. The mmportant process-controlled
variables are:

* Laser energy

 Layer thickness

» Scan velocity

» Beam offset

» Exposure strategies

The laser energy is one of the most important @®e@riables, since by increasing the
laser energy higher temperatures in the powdebeaachieved. Thus, the proportion of
the liquid phase, the density and the mechanicahgth of the laser sintered part
increases. The beam offset and the scan velocity Aecrucial influence on the build

speed, the strength of the part and, beyond thalso determines together with the
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particle size of the applied powder the surfaceghmess of the horizontal surfaces

[37].

The operating cycle of the SLS process is almasisdme in all SLS machines. A full
build cycle of the SLS process consists mainlyhoé¢ stages:

(1) Warm up stage: The chamber is inerted wittogen gas, the process chamber and
feed material are warmed up and a number of lay@spread without being sintered.
Depending on the material being used, this stdgesthetween one and two hours.

(2) Build stage: The part is built. The time toldwa single layer using the SLS process
is influenced by two time elements: the time takespread a layer of powder and the
time taken for the laser to scan and sinter theauate area. The first element
remains constant through a build cycle, while theosd factor is a function of the size
of the area to be scanned.

(3) Cool down stage: The chamber is returned toi@mlbemperature in a controlled

way. This stage takes between one and three h88Js [

2.1.3. Selective laser sintering machines

In this section, some general information about riechine that was used for the
research is presented. Along with that informatithe purpose of the machine and
what it lends to the research is explained. Athbart of this research work is the SLS
machine that processed the material from whichptrés were made and produced the
numerous test parts to be measured. The first fyp®cselective laser sintering (SLS)
machine was created at the University of Texas wadtiA, Texas, USA in 1986. In
1987, the DTM Corporation was founded and produited SLS Model 125 [38].

Nowadays, SLS machines are produced by two majarufaaturers; EOS GmbH
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based near Munich, Germany and DTM (now owned by S@tems Inc. of
California). Commercial SLS machines (DTM and E@%3 all equipped with CO
lasers with maximum power ratings between 50 ar@i\20Besides the HQ 2500, the
EOSINT P 700, a production version from DTM, knoasithe Sinterstation 2000, was
installed in the Department of Manufacturing Engimeg Centre at Cardiff University

in 1997. This machine was used in the current wiookh) for study and research.

In general, a typical SLS machine includes a laserce, optics, a powder laying unit
(recoater), powder bins and a platform all withibuald chamber (Fig. 2.4). The main

units of Sinterstation 2000 are [38]:

1- Powder engine/process chamber/laser scannehichwhe SLS build process is
carried out

2. Atmospheric conditioning unit (ACU) containiniget cooling, air conditioning and

gas insertion systems required by the process atramb

3. Controls cabinet containing the computer, prognable logic controllers, power

systems, modem and Ethernet connections

4. Rough breakout (RBO) station for breaking owt $imtered parts from the cake of

unsintered powder at the end of the run, Fig (2.5)
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Fig (2.5) Breakout station
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2.1.4. Materials available for the SLS process

There are various grades of materials used in 8&&h with their own characteristics,
but each is used in the same way within the SLShimacIn order to produce suitable
products the main aspects to be considered, fidtfaremost in SLS technology, are

the properties of the powders used in the procedpeocessing parameters.

Polymers were the first material to be processe&b$, and this is because there are
several properties of polymers that make them edsig@rocess by SLS than other
materials. Polymers have a relatively high visgosit the liquid state, relatively low
surface energy, low reactivity with most gases lamdthermal conductivity. However,
the effect of the properties of the polymer mateyiauch as molecular weight, molten
viscosity, crystallisation rate and the particleesof the powder, on the mechanical
properties and the quality of selective laser satigarts is one among many important
factors which should be highly considered when atigrising polymers in selective
laser sintering [39], [40]. Hence, the requiremefds maximum suitability of a
polymer for laser sintering should be:

1- A very high difference between melting point antidsfication point.

2- A very high enthalpy of fusion.
The explanation is that, since in pure polymer pensdthe solidification point is
determined by basic physical data, an increas@emitelting point by forming a new
crystal modification implies a great advantage. Tenger the difference, the smaller the
shrinkage on solidification, leading to more preciachievement of the desired
dimensions of the shaped article. A very high dpthgrevents powder particles
located in the neighbourhood of the particles affiédy the laser beam from beginning

to melt as a result of unavoidable conduction @thehich results in sintering outside
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the desired area. The suitability of polymer powdesr a function of their physical
characteristics as well as their chemical natudg. [Materials currently available for

SLS include:

Polycarbonate (PC)

Powders of polycarbonate are able to produce paitts very good dimensional
accuracy, feature resolution and surface finish tihey are only partially consolidated.
As a result, the parts produced from PC are ongfulidor applications that do not

require part strength and durability [42].

Nylon

Nylon (polyamide PA) is an aliphatic polyamide waHow monomer content in melt-
equilibrium, low moisture absorption and low depsibmpared with other polymers. It
IS not sensitive to stress cracking and has extellapact strength at dry or low
temperatures, which makes this material desiraifedpid prototyping purposes. It is
the most commonly used material in SLS, producimgtsp with good long-term
stability, strength and durability required for &ilonal testing and end-use. It can be
sintered to fully dense parts with mechanical probge that approximate those of

injection moulded parts [43].

Glass-filled nylon

Glass-filled nylon powder is characterised by ebecel stiffness in combination with
good elongation at break. Still better parts ataioled by using glass bead-filled nylon
powderfor use in deep drawing dies and within the engirea of cars. Glass bead-

filled nylon provides greater rigidity and is pesfewhen prototyping rigid parts
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intended for production in advanced engineeredibptastics. Adding the filler (glass
beads and not fibre) to nylon predominantly incesa$e stiffness, but not the strength

of the part [44].

Alumide™:

Alumide is a metallic grey aluminium-filled polyada 12 powder, which is
characterised by its high stiffness, excellent disnenal accuracy, metallic appearance
and good post-processing possibilities. The susfaxfeAlumide parts can be refined
very easily by grinding, polishing or coating. Timachining of Alumide laser-sintered
parts is simplified through the cut breaking effettthe aluminium filling. A typical
application for Alumide is the manufacture of sptirts for applications in automotive
manufacture, for tool inserts for injecting and raing small production runs, for

illustrative models, for education and jig manufset among other aspects [45], [46].

Windform™:

This is a light grey composite polyamide-based nedtevith added aluminium and
glass, with improved heat deflection temperature aoperior stiffness, excellent
surface finish, wear resistance and first-rateideggaroduction. It offers an attractive,
gleaming metallic look, appreciable in many appgiaas, such as in wind tunnels, in
design and functional applications. Moreover, is@bs slightly less liquid and is

particularly suitable for applications which requa superior surface finiga7].
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2.2. Fillers

Although the use of fillers in the plastics indydtias been popular for several decades,
there is still a very large interest in all fielids the development of composite materials
with enhanced properties. Especially, high techdpets accelerate the research of
advanced composites, which demand extensive kngelexf all the factors that

determine the final properties of polymeric composnaterials.

Modification of organic polymers through the incoration of fillers yields, with few
exceptions, multiphase systems containing therfidenbedded in a continuous
polymeric matrix. The resulting mixtures are chéedsed by the unique
microstructures or macrostructures that are resplenfor their properties. The primary
reasons for using fillers are:

- property modification or enhancement

- overall cost reduction

- improvement and control of processing charactessti

- reduced shrinkage

- improved crack resistance

control of viscosity

Particle-filled polymer composites have becomeaative owing to their low cost and
widespread applications in the household, autoraobitd electrical industries. In
general, the mechanical properties of particuldliedf polymer composites depend
strongly on the size, shape and distribution ¢érfiparticles in the matrix polymer, and

good adhesion at the interface surface [48], [49].
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2.3 Coupling agents

Improving the interfacial adhesion between the gaoic particles and the polymer
matrix by modifying the filler surface is essentialachieved toughening of polymer-
matrix composites. The adhesion between polymeaternals and particulate fillers is
usually weak due to poor compatibility of the pogmwith the mineral surface. In
order to increase the adhesion between these tlike surfaces, it is logical to use a
third material containing special functional growpisich can adhere to both surfaces.
To improve compatibility, adhesion promoters arenownly required [50] [51], [52].
The main role of coupling agents is to promote adime which will result in
developments in mechanical properties. The coupiggnt functions as a molecular
bridge at the interface of dissimilar polymer birdeand fillers, resulting in the
formation of covalent bonds across the interfackiciv subsequently improves the
properties of the composite system [52]. The madely used coupling agents are the

silane coupling agents.

2.4. Interfacial adhesion

Adhesion is a complex phenomenon related to phlysibacts and chemical reactions
at the interface. Interfacial bonding conditions ane of the most important factors
that control the local elastic fields and the ollgoeoperties of composites. Imperfect
interfacial bonding may be due to damage in a Wairyinterfacial layer known as the
interphase or interface. The term “imperfect irded’ is used to characterise a situation
in which the displacements are discontinuous atritegface between the inclusion and
the matrix. However, adhesion can be defined asnaecrtion between two materials
which can transfer forces. This adhesion can sonestibe achieved or improved by the

use of an adhesive or coupling agent [53], [54)].[5
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Basically, the properties of heterogeneous polymermsposites are determined by four
factors, namely: component properties, compositigructure and interfacial

interactions. Interfacial adhesion is extremely ami@nt in all composites used in load-
bearing applications. Improper adhesion leadseal#tbonding of the components and
the development of voids which may merge into langeks and lead to the premature

failure of the part.

The importance of interfacial adhesion is showntly fact that a large number of
surface modification techniques are used in practmr all kinds of composites.

According to some authors, interfacial adhesiahésdecisive factor in determining the
properties of composites. Appropriate adjustmentsinbterphase properties and
adhesion strength are the most important condifienachieving acceptable properties.
The debate also continues on the most proper adhesiength in composites. Very
strong adhesion is claimed to lead to stiff andtlbricomposites, while in the case of
weak adhesion, the components de-bond under tleetedf external load with the

consequences mentioned above. Medium or approwiegagth is claimed to be the

most advantageous; however, a quantitative valonevsr assigned to this claim [56].

In this context, an enhancement of mechanical ptiggecan only be achieved by the
addition of a rigid filler if sufficient interfaclacoupling exists for stress transfer
between the matrix and the particles. The intesfaeidhesion can sometimes be
improved by the use of coupling agents. Great numbkfillers are already provided
during fabrication with a coupling agent develogedthe adhesion with a particular

matrix polymer.
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2.4.1. Wettability

When two dissimilar materials are brought intornmdie contact, a new interface is
formed at the expense of the two free surface#.ifhe nature of the interaction at the
interface determines the strength of the bond, wkicms between the matrix and the
filler. The extent of these interactions is greatBtermined by the wettability of one
phase by the other. The first criterion for goodhesion is intimate contact, which is
good wetting of the surface. However, wetting isnecessary, but not sufficient,

condition for good adhesion [57].

2.4.2. Mechanisms of adhesion

Adhesion is a phenomenon by which two materialsifarcontact region that is able to
sustain or transmit stress. There are a varietyethanisms or factors that contribute
to the adhesion between two materials. These iecluigrfacial Van der Waals forces
that lead to adsorption; interdiffusion of moleaulacross the interface; interfacial
chemical bonding and/or hydrogen bonding; mechamtarlocking and electrostatic

interactions [50].

However, mechanisms of adhesion are only operdtibaad only if effective wetting
is present between the phases. Adhesion gene@ly®when the filler and the matrix
are held together by interfacial molecular contacsuch a way that a unit is formed.
Following the outline of the review articles on teeience of adhesion, four main
mechanisms of adhesion can be distinguished [53]; [

1) Mechanical

2) Chemical

3) Diffusion
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4) Electronic

Basically, mechanical interlocking action occurs ewhthe matrix bonds both
mechanically and chemically, onto the surface efftler which contains pores, holes,
crevices and voids and solidifies during the sbtidtion stage. In this manner, it acts
as a mechanical anchor. The penetration of thenpalynelt or the coupling agent into
the irregularities of the filler surface can esistbimechanical interlocking, where the
surface roughness greatly affects the interfacied detween the matrix and the filler.
However, the fact that good adhesion is also olesebetween smooth surfaces shows

that this theory is not generally applicable [434].

The adsorption theory of adhesion is the most gdéiyesiccepted theory in the field of
composite materials. This theory proposes thatithterials will adhere because of the
forces acting between the atoms in the two surfate® types of forces may be
present. The strongest or primary interfacial boads of a chemical nature (ionic,
covalent or metallic bonds). The formation of cevdl chemical bonds across the
interface takes place between the matrix and fillefaces. This type of bonding is the
strongest and most durable. The secondary, weakwtsb also referred to as physical
interactions, cover the ever-present Van der Waalses, dipole-dipole interactions
and hydrogen bonds which are the strongest of éberglary bonds and may play an

important role in the case of a polyamide 12 md&8.

The diffusion theory of adhesion explains adhesibhigh polymers to themselves and
to each other by mutual diffusion of polymer molesuacross the interface. This
theory could only be applicable to the couplingrdafeatrix interface if the coupling

agent is a macromolecule or becomes one duringdhging or extrusion process by
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auto-condensation. Moreover, this theory requinesttvo components to be mutually

soluble and to have sufficient mobility [58].

The electronic theory suggests that adhesion caobkened by electrostatic forces
arising from contact or junction potentials betweem components with different
electronic band structures. This theory seems tdebs useful for explaining the
interfacial adhesion in particle-reinforced compesibecause at least one of the two

components should have metallic properties.

2.5. Previous work on the relationship between parproperties, fillers and
process parameters in SLS

Processing parameters and composite material giepevere the two issues which
were initially explored to study the influence dfefr content and its surface treatment
on the mechanical properties and geometric accuvédgiser sintered polyamide 12
with glass beads. Previous attempts to improvertbehanical or physical properties of
polymeric laser sintered parts have involved remifg them with micron-sized
inorganic fillers, such as glass beads, siliconbida; hydroxyapatite, aluminium
powder, or even nano-sized fillers such as claposéica and nano-AD; [4], [24].
However, the mechanical properties of the prodym=atl were not solely controlled by
the base material itself; they were also influenlogdhe production process. Likewise,
to produce a high quality selective laser sintegpad (in terms of dimensional and
geometrical accuracies), the process parameteid toebe tuned up and optimised

according to powder properties and the requiremarapplication [59], [60], [61].
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The issue of achieving geometrically accurate amtthanically robust parts by the
SLS process has been studied by a number of résgsaiin an attempt to enhance their
mechanical properties and quality and to enable tlse in wider RP&M applications.

In conjunction with the development of the reseaprhsented in this thesis, the

following research areas were reviewed.

Several attempts have been made to study the iégirocess parameters and filler
content on the mechanical properties of selectagerl sintered parts. This work is
concerned with the mechanical properties and getaktccuracy of parts sintered

from non-commercial glass bead-filled polyamidecbthposites (PA12/GB).

2.5.1. Mechanical properties of selective laser sered parts

The influence of fabrication parameters on the medt@roperties of SLS parts has
been investigated by Gibson and Shi [62]. In adhgpwhis, they have carried out
experiments measuring the tensile strength anditgemissintered samples produced
from fine nylon in different orientations with déffent fabrication parameters. They
showed that mechanical properties vary when diftepowders are used if similar
process parameters are selected. The porosity ad®seand mechanical properties
increase when laser power increases and the scaspp@ed and scan spacing decrease.
They concluded that, besides powder material ptiggerfabrication parameters,
orientation and building position also influence tinechanical properties, where some
of these can be improved with post-processing esngpensation for some limitations

of the SLS process.
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Wong et al. [63] studied the SLS of blended powftem PA12 and organically

modified rectorite (OREC). The effects of OREC de tsintering parameters and
mechanical properties of the sintered samples wmaestigated. Compared with pure
PA12, the results showed that the laser power meéatesintering greatly decreased
and the mechanical properties of the sintered sssnpére considerably improved with
the addition of OREC (0-5 wt%). Moreover, they doed from the XRD and SEM

results that rectorite was intercalated by PA12 RAA2/ORCE nanocomposites were

formed.

Experimental investigations into the production pafrticulate silicon carbide (SiC)
polyamide matrix composites using the selectiveerlasntering process have been
conducted by Gill et al. [64]. SIC grit was blendedah Duraform polyamide to

produce a powder blend at a composition of 50 bigkteof grit to polyamide. A full

factorial experimental approach was applied to erarthe effects and interactions of
key fabrication parameters, with regard to the itenstrength and porosity of the
composite SLS produced samples. Their investigaterealed that the optimum
energy density for producing samples of maximurergjth was independent of the
initial powder blend composition. In another papgrthe same authors [65], dealing
with the same composite, they showed that the leeissiength of the samples was
dependent not only on individual parameter settibgs also on the interaction and
combination of fabrication parameters. Furthermdthney reported that the effects of
parameter changes are related to the initial povidend composition and energy
density, with lower polyamide content resulting gneater sensitivity to process

parameters.

a7



For SLS applications, Mozzoli et al. [66] developetid characterised a new
aluminium-filled polyamide powder from a rheolodigmint of view. They reported
that the new material allowed SLS manufacturingnafdels with considerably high
dimensional accuracy, strength and resistance twhamecal stresses. Moreover, the
aluminium-filled polyamide material promised a sriwoy surface, better finishing
properties, excellent accuracy and high stiffnaghe direct manufacturing of metallic-

looking plastic parts.

A study of mechanical anisotropy due to build ai@tion and the end-of-vector effects
in the laser sintering process was presented bkuAgh al. [67]. In their investigation,
they used tensile, flexural and compression testiathods to assess the changes in the
mechanical properties of laser sintered nylon I®pdas. The results from the tests
showed that the build orientation of the sampled ha effect on the mechanical
properties obtained. They reported that differenodbe tensile strength, modulus and
flexural strength of samples built in the X, y andxes were observed. They concluded
that the orientation of a part in the laser simigrnachine is the primary variable which
affects its mechanical properties and the end-ofereeffect is a secondary factor

which is more prominent in parts with small x diraems.

Another paper investigating the mechanical propertf parts produced via SLS has
been published by Caulfield et al. [59]. They imgasted the influence of process
parameters (such as energy density, distance betsezan lines and the speed of the
laser beam) on the physical and mechanical pr@sedf polyamide 12 parts. They
performed tensile tests with a video extensometerdétermine the mechanical

properties according to the standard ASTM D638a@dpared all the results for 0 and
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90 degrees of orientation of the parts. They tamkes SEM pictures to visualise the
fracture surfaces. The results of the tests shavat] as they related to the energy
density level, the material properties of samplesegated at lower energy densities
were porous, weak and anisotropic, but became msoteopic, solid and stronger as
the energy density level increased. They genershgpwed that the mechanical

properties of parts are highly dependent on propasameters and part orientations.

Salmoria et al. [68] investigated the processingplehds of polyamide 12 (PA12) and
high-density polyethylene (HDPE) by selective |lasiaetering using a COlaser. They
studied the effect of components on elastic/plastitaviour and evaluated the mixture
composition, processing conditions and their infke2 on the dynamic- mechanical
properties of the fabricated samples. The studyahstnated that the average value of
the elastic modulus of PA12 samples was higher thah of the HDPE samples.
Moreover, it showed that the low values of ultimsteength were an indication of low
chemical affinity between matrix and filler. On tbéher hand, the creep and fatigue
behaviour also changed as a function of the conmmogeantities and the viscous-
dissipative behaviour of HDPE phase was observedyiging significant plastic

deformation and toughness.

Majewski et al. [69] have studied the effect of tiegyree of particle melt on mechanical
properties in selective laser sintered nylon 12spdihey investigated the use of a novel
method of interpreting a DSC curve to indicate tbeel of melting within semi-
crystalline selective laser sintered parts, or degree of particle melt (DPM). They
confirmed that changes in build parameters in th® frocess can cause variations in

the DPM. Furthermore, the results shown that, & DM increases, the tensile
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strength and elongation at break also increasdsthiere is no significant effect on
the Young's modulus. They concluded that their ifigd will enhance the ability to
optimise and predict the properties of the SLS g@seg furthermore, they showed that
the measurement of DPM has potential for use a®latd enable the analysis of new

materials and machines by indicting how the matéaa melted.

Majewski et al. [23] proposed a method of off-licesting, where the tensile strength of
parts produced (from Duraform GF, which consista ahixture of 50% nylon 12 and
50% glass filler) using this method were compareth \the properties achieved in
selective laser sintered parts produced with theesaaterials. For materials tested, the
results demonstrated that the casting method pedvah acceptable correlation with
the properties of the selective laser sinteredspamd the use of a manual casting
method can provide a relatively good indicationsofme tensile properties and help
with assessing the properties of selective lasetesng material without the

requirement to produce a full build.

Experimental investigations have been made by &iaal. [70] to understand effect of
delay time on part strength in selective laseresing. Tensile samples of polyamide
(PA 2200) material as per the ASTM standard welwidated on an SLS machine
while keeping the delay time range constant fothalsamples. An optimum delay time
range was found experimentally. They successfullyetbped an algorithm and
implemented it to predict part orientation for iraped part strength by considering
delay time. They concluded that comparatively higbeength can be achieved by
orienting the part so that the maximum area otagérs falls within the optimum delay

time range.
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The relationship between strength and the varicosgss parameters, namely layer
thickness, refresh rate, part bed temperature atchlpattern have been investigated
by Jain et al. [21]. Experiments were conductectas the Taguchi method using an
L16 modified orthogonal array. Tensile samplesafamide (PA2200) material as per
the standard ASTM D638 were fabricated on an SL8hma with constant energy
density and tested on a universal testing maclunéehsile strength. The experiments
revealed that there was small range in part begdeamture within which parts with
desirable quality could be produced. They concluthed the results of their work will
help to understand the consequences of varying thasameters in an SLS process on

the quality of parts, production costs and procegssme.

An experimental investigation was carried out by & al. [71] to study the feasibility
of processing blended powder of polyamide (PA) arghnically modified nanoclay
using selective laser sintering. The effect of rdanp on the sintering parameters and
mechanical properties of the sintered samples wterdied. The relationship between
the mechanical properties and a few important g®parameters, namely beam speed,
laser power and scan spacing, was studied usingchdg L9 orthogonal array. The
authors found that the addition of clay did not roye the mechanical properties of the
laser sintered polyamide; rather, it resulted inrdased mechanical properties. These
results suggest that it is feasible to process PB2Z2ay blended powder using an SLS
process; however, for improving mechanical propertising such materials in an SLS
process, further investigations need to be madiedcsuitable conditions in view of the
partial melting of polyamide particles and the vehort period of time involved in

processing.
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Yang et al. [72] have developed a dissolution-gi¢aiion process to produce
polyamidel2/potassium titanium whisker (PTW) conigssfor applications in SLS.
They reported a new method for preparing polyanmi@e(PA12)/PTW composite
(PPC) powders for applications in SLS that usessaotlition-precipitation process.
The sintering characteristics and mechanical pteggeof the PA12 powder, the glass-
filled PA12 (GF-PA) and PPCs were compared. Basedheir results, they reported
that the sintering characteristics of PPCs wergg@sd as those of PA12 and the
mechanical properties were greatly improved by PTWe tensile strength, bending
strength and bending modulus of the compositesagung PTW were much higher
than those of PA12 and GF-PA. PTW was much bétter glass as a filler material for
PA12 in SLS. They concluded that fillers signifidgncontribute to improving the
tensile strength, bending strength and bending tasdaf PA12 composites with little

effect on the impact properties.

Goodridge et al. [24] have presented initial resleanto the reinforcement of laser
sintered polyamides with carbon nanofibres (CNH)ey investigated the effects of
CNF addition on the processing parameters and mexdigroperties of laser sintered
parts and demonstrated that CNF can increasertragst of a base polyamide 12 laser
sintering polymer prepared using a melt-mixing teghe. After the characterisation of
the polymer nanocomposite parts and dynamic mechhatesting, they reached the
conclusion that the nanofibres were well-dispersethin the polymer matrix and

increased the storage modulus compared to the rbaserial. Improvements to the
production of the nanocomposite starting powderewequired to use these materials

effectively with laser sintering.
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2.5.2. Geometric accuracy of selective laser sintat parts

Raghunath and Pandey [73] studied the effect afga® parameters on the process and
material shrinkage. They investigated the relatgm¥etween shrinkage and various
process parameters, namely laser power, beam spesdh spacing, part bed
temperature and scan length in SLS. Cuboids frolyapade with suitable dimensions
were fabricated rather than fabricating long paitsg the X, Y and z directions in
order to study shrinkage, as it was expected tmatshrinkage along the X, Y and z
directions is not independent. They found that deagth influences shrinkage in the x
direction. They derived empirical relationships feercentage shrinkage in terms of
scan length using the Taguchi method. However, tiseyg scaling factors based on the
maximum dimensions, not on the individual scan tflesgvhile compensating using the
model developed by them. The obtained results walidated and they were found to
be in good agreement with other experiments. THeg showed that the shrinkage

model led to the development of more accurate parts

The main goal in the study carried out by Sentimikuan et al. [74] was to understand
the nature of shrinkage occurring in the SLS pred¢esmprove the accuracy of parts
produced from polyamide 12. They focused on thenklge behaviour by subjecting
the shrinkage calibration samples to varying coowdt. They investigated the
variations in error patterns due to different stgéts in building the calibration part and
reported that certain compensations other thamlsige were needed to get an accurate
estimate of the shrinkage. They also found thatrbe#fset, inertia of the scanning
mirror and positioning errors in hatch generati@ftected the shrinkage pattern.
Moreover, the results showed that the exposuretegiess and part orientation

influenced the accuracy of the part to be produ@éey concluded that investigations
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on the shrinkage behaviour of plastic parts areljyikto make the process of

compensation efficient and hence aid in improvimgaccuracy of the process.

Finite element analysis was used by Dalgarno ef7&l. in an attempt to model the
development of the curling phenomenon in the SLBabycarbonate. They reported on
the use of finite element techniques to model rgrliThe model has been validated
through a comparison of the finite element resofitexperimental builds, and extended
to allow the influence of bases on the developnwnturling to be examined. The
result from their analysis of the effect of bases aurling showed a qualitative
agreement between the analysis and the experimd@imsy concluded that the
characteristic shape of components exhibiting egrlis thought to arise from the
interaction of strain developed in the layer of gaet during the build process and the

force of gravity.

Jamal et al. [76] have presented an analysis dfngudevelopment in the SLS of
polycarbonate. They reported on the use of finkenent techniques to model curling
development in polymer materials, and particulamythe influence of viscoelasticity
on how curling develops. Their aim was to developrioved finite element models in
order to provide greater understanding of curliegaedlopment using a coupled thermal
analysis. The development of time-dependent matewnaels was reported. The results
of the implementation of these models were presetagether with a comparison of
the results with experimental data. The analysigega qualitative insight into the

development of curling and the effect of viscoettst on this phenomenon.
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In their study of the curling phenomenon in selexiaser sintering of polycarbonate,
Berzins et al. [77] identified that the curling emtls with different radii, particularly
closer to the edge regions of the part. Furthermibiey observed that curling occurs
with the sintering of the first layer and devel@ssfurther layers are added. The results
showed that densification, shrinkage and thermedsses were the main factors

affecting curling.

2.6. Research gap addressed

None of the abovementioned studies considered tbehamical properties of laser
sintered plastic parts by investigating the reladtup between surface pre-treated filler
and, in particular, the effect of coupling agents the mechanical properties of
selective laser sintered glass bead-filled polyai@ composites. Currently, to the
best of our knowledge, no such studies have begwortesl for PA 12/GB composites
processed using the SLS technique. In the preseri, \a first attempt has been made
to address this by experimentally analysing théu@rfce of coupling agents on the

mechanical properties of sintered components iggmoide 12 composites.

The same applies to warpage and curling phenonmlenmost studies which have
reported on investigating curling, the finite elemyebased on thermal stress and heat
transfer analyses, was used to predict the devedoprof curling on SLS polymer
materials, in particular polycarbonate. Furthermareeview of the literature has shown
that the majority of research has been focusedhonkage compensation, as well as
modelling the impact of thermal stresses and heauster on geometrical accuracy.
These investigations have mainly been based oneprep of pure materials (rather

than composites) and processing parameters. Ndt nesearch work has been done to
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examine the effect of material composition on agrlivhich occurs in selective laser

sintered polyamide 12 parts.

In carrying out this work, tangible tools (suchthe SLS process, testing equipment
and machines) as well as intangible ones (suchhasdésign of experiments and
ANOVA) have been used to complete the researchs&heols and the decisions

behind choosing them are a matter of discussiaifi@rent parts of this work.

In chapter 1, a summary of the most important rapitotyping and manufacturing
technigues was given; however, selecting availd®d®&M process for a specific
application is a challenging task, which requireswledge not only of the currently
available RP&M processes, but also an understanafitigeir capabilities, advantages
and drawbacks. In this thesis, the RP&M technoldigid is the broad table that
contains the area of concern. Within this largeaart diverse processes, which vary
mainly in their respective deposition methods arademals, selective laser sintering is

the first step in narrowing the focus.

The availability of SLS machines (Sinterstation @0BIQ2500, and EOSINT P 700),
materials (PA12, PA12/GF) and well qualified perssin at the Manufacturing
Engineering Centre (MEC) at Cardiff University wtee first and foremost reason
which drove the selection of selective laser sintetechnology for the work described

here.
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2.7. Summary

This chapter has surveyed previous work relatethéoimprovement of mechanical

properties and geometrical accuracy of selectiserlaintered parts in order to establish
the foundations necessary to carry out this rebearc

The literature review reported in this chapter leakto the identification of a research

gap, which has been the guiding principle and etmggoal of this research project. In

addition to this, the methods, tools, materials smohe related factors which can affect

the mechanical properties and geometric accuraey haen described.

In subsequent chapters, the possibilities for imipigp the mechanical properties and

geometrical accuracy of selective laser sinteretspall be presented.
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Chapter 3- Selective laser sintering of glass beddled polyamide

12 composites

For any manufacturing process, the accuracy andhamézal properties of the

components produced by the process will increastheagprocess and its parameters
become understood. The SLS process is no diffemethis respect. In order to master
well the SLS technology for sintering glass bediédipolyamide 12 composites and to
optimise the process through the processing andrrabparameters, each new material

combination requires extensive testing.

Despite many materials which have been successfaig with the SLS process, there
is still a need to investigate new materials frone tpoint of view of improved

properties and qualities. However, this can be esipe and time-consuming. The
development of analytical and numerical tools tmsate the SLS process can be

helpful to address the time and cost issue [27].

When developing a new material system for use vaéthective laser sintering
technology, optimisation of the process must beetma#fen. It is also important to
understand the effects and interactions that fabon parameters have on the material
properties of the final parts. A series of expenitseaimed at achieving this goal,
focusing on the mechanical properties and geometcicuracy of SLS-processed

composite samples, are described in this work.
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This chapter provides the background needed forsespent chapters on the
investigation of mechanical properties and geomettcuracy of glass bead/polyamide
12 composites. It introduces the topic of determnoma of material and process
parameters, describes the pre-processing studiesred and methods used, reviews
the factors influencing the process, and commentthe latest advances in the SLS of
polymer composites. The main focus is on polyanti@efilled with hard inorganic

glass particles. To investigate the feasibility psgbducing sound parts from these

composites using the SLS process, an experimdnth) sad to be carried out.

3.1. Materials details and characterisation

When developing a new material system for use with SLS process, certain pre-
processing studies are required in order to chkeekfe¢asibility of the material to be
used on the SLS machine. Before producing test esngf glass bead/ polyamidel2
(PA12/GB) blends, a systematic study was carrigd The relevant material properties
of PA12 and PA12/GB powders were determined usied-kmown characterisation

techniques, such as differential scanning calommgDSC), scanning electron

microscopy (SEM) and powder packing analysis.

Samples of unsintered and sintered PA12/GB congmsiere examined by Scanning
Electron Microscopy (SEM; ZEISS XB 1540 workstadiaand Differential Scanning
Calorimetry (DSC 1 STAR System/ METTLER TOLEDO AG) to assess any

morphological, physical or chemical changes thdtth&ien place during processing.

59



3.1.1. Glass beads

Glass beads (GB) are one of many types of filledus prepare polyamide composites.
Glass beads have been widely used as fillers iimiby@lastics for various industrial
applications because they can enhance load-bearappbility in the elastic
deformation range. This has motivated many resesscto investigate the effects of
glass beads on the mechanical properties and geonaeicuracy of many filled
engineering polymers. As shown in Fig (3.1), thasgl beads or microspheres are
classified into solid and hollow spheres with déasivarying from 2.5 [g/cfj to 0.1
[g/cm®]. Spheres clearly have no aspect ratio to prowéieforcement properties, but
their geometry affords important advantages in @ssig. They have the smallest
surface area of any shapes and therefore theythavemallest influence on viscosity
and melt flow. The unique shape of glass spheres aecreases high stress
concentrations associated with regularly shapedshadp-edged particulate fillers that

result in severely reduced mechanical properties.

Depending on the specifications of the glass betidstreatment (surface treated or
untreated) to which the beads are subjected bdfeneg mixed with the polymer
material and the bead/polymer quantity ratio, tmesence of the glass beads can
facilitate processing of the composite material aad, in various respects, enhance
some mechanical properties and accuracy of thes gartned from the composite.
Additionally, due to the isotropic character of twnposite, the mechanical properties

are more reproducible and more suitable for a nmadieal description [54], [78].
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Fig (3.1) Scanning electron micrograph of soda-lgtess beads (3000 solid sphere

[79]
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However, the effects of glass beads on the mechldnehaviour of the composites are
highly dependent on the quality and the level diemibn between the glass beads and
the polymer matrix. Fillers are mainly added irtte polymer matrix for one or more of
the following reasons

* reduced cost

« increased modulus (stiffness)

* reduced shrinkage

* improved crack resistance

« controlled viscosity

In this work, both surface-modified glass beadsO(DP03) and surface untreated
(3000CP00) with a diameter of 3fam] supplied by Potters Industrial Inc/Omya UK
Ltd. were used. The treated glass beads were gl@adided with a coating during

their production. This coating contained a silaoepting agent.

3.1.2. Silane coupling agents

Generally, the inorganic glass bead particles ekholv interaction with the organic

PA12 matrix, which leads to poor adhesion of tHeerfito the matrix. Therefore,

improving the interfacial adhesion between the gaoic particles and the polymer
matrix by modifying the filler surface is essential polymer composites [49]. The
adhesion between polymeric materials and partieuidlers is usually weak due to

poor compatibility of the polymer with the minerslirface. In order to increase the
adhesion between these two unlike surfaces, itoggcal to use a third material
containing special functional groups which can adhe both surfaces. To improve

compatibility, adhesion promoters are commonly negL[30], [31].
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To make glass beads miscible with PA12 matrix, eoivg the hydrophilic silicate
surface to an organophilic surface is needed. Gdmsbe done by replacing the charge-
balancing interlayer cations (typically sodium)egent on the glass bead surface, with
alkyl ammonium cations. Alkyl ammonium cations mganosilicates lower the surface
energy of the inorganic host and improve the wgttharacteristics (organophilicity)
of the polymer matrix, and results in a larger iilager spacing. Additionally, the alkyl
ammonium cations can provide functional groups ttet react with the polymer
matrix, or in some cases initiate the polymerisata monomers to improve the

strength of the interface between the inorganicmmment and the polymer matrix [71].

The main role of coupling agents is to promote adire which will result in

developments in mechanical properties such asléeasd flexural strength, fracture
toughness and tensile modulus. The coupling agemtibns as a molecular bridge at
the interface of dissimilar polymer binders andefs, resulting in the formation of
covalent bonds across the interface, which subsgiguenproves the properties of the

composite system [32].

Silane coupling agents are widely used silicon-badeemicals that contain two types
of reactivity, inorganic and organic, in the samaeuule. A typical general structure is
Y — R— Si— (X)3, where Y denotes a functional group that linkshwetganic

materials, while X is a functional group that urgtes hydrolysis and links with
inorganic materialsSilane coupling agents are effective for improvdtiesion at the

interface between the organic and inorganic mdseaiad have been frequently utilised
to enhance the strength and to improve the perfocmaf glass bead- reinforced

plastics [80], [81]. Fig (3.2) shows an idealistiew of a silane-treated surface.
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Among all kinds of coupling agents used to modifhe tsurface of glass beads,
organofunctional silanes have been chosen becdiiseiocommercial availability and
the good results they offer. Silane coupling agpnesent three main advantages:

1. They are commercially available at a large scale

2. At one end, they have alkoxy silane groups dapalb reacting with OH-rich
surfaces.

3. At the other end, they have a large number attfanal groups which can be

tailored as a function of the matrix to be used.[50

In addition, many investigations have shown tha #ilane coupling agent did not
significantly change the morphology of the sintersamples; however, it slightly
improved the strength of sample due to better adhest the filler/polymer interface

[82].

The silane coupling agents have little effect om packing fractions of the glass
microsphere-filled composite$his is not surprising as the surface treatmerdsndi
significantly change the size and shape of therfilNevertheless, the silane treatment
had little effect on the reflectance of the glassraspheres. This phenomenon can be
attributed to the fact that the silane layer isyvérin and it does not significantly
change the surface morphology of the glass micergsh Silane treatment of glass
microspheres had little effect on the reflectantdéath the filler and the composite

powder as a whole [83].
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Fig (3.2) Idealistic view of a silane-treated sug483].
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Mode of action

A silane coupling agent acts at the interface #iskabetween an inorganic substrate
(such as glass, metal or mineral) and an organtemah(such as an organic polymer,
coating or adhesive) to bond, or couple, the twssidiilar materials together. In the
cross-linking process, the first step is generly grafting of the silane to the polymer
backbone; second step is linking the polymer chaogether via condensation of

silanols. Fig (3.3) reveals a simplified picturetioé coupling mechanism [83].

Methods of applying silane

Since different materials are used for differenplaations, methods of applying
silanes to fillers should be chosen appropriately dach case. In the integral blend
method, silane is added to the mixture of filled ggolymer followed by mixing. The
simplest and most effective laboratory treatmematiculate fillers is to mix the filler
with a dilute solution of silane in an organic saiv. In another method, silane is
submerged in water by stirring and after hydrolgssilane, glass beads are added to
the solution. This method is very effective for fillers. However, a
monomolecular layer of silane on the filler resuftsoptimal adhesion to the matrix

[52]. The optimum amount of silane can be calcdate follows (Eq. 3.1):

filler weight(g) x filler specificarea(m?®/ g)
wettingspecificareaof silane(m?/ g)

silang(g) = ... (3.1)
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Fig (3.3) Coupling mechanism of a silane coupliggra [83]
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Operating temperature

Silane coupling agents can withstand temperatur@baut 200 1C] and laser powers

of 50 [W]. These agents do not degrade, particuliarla nitrogen atmosphere, with a
short time of exposure to energy, which is the casé¢éhe processing chamber of
selective laser sintering machines. The physical ahemical data of the silane
coupling agent (according to the manufacturer) were

- Boiling point > 68 [C] (DIN 51356)

- Flame point < 93 [C] (DIN 51758)

3.1.3. Nylon 12

Nylons are an important thermoplastic silky materighey were first prepared by

Wallace Hume Carothers in the 1930s at Dupont,fasidused commercially between

1938 and 1940. They are made of repeating unikedirby peptide bonds (or amide
bonds) and are frequently referred to as polyam{ég. Polyamides are crystalline

polymers with a number of advantages, such as highedulus, strength, impact

properties, good processing properties and low. ¢atts fabricated from nylon have
excellent mechanical properties, very smooth sedaand high accuracy. Nylon

usually used for the production of housings andntiadly stressed parts. However, its
drawbacks (such as dimensional instability, shgekand notch sensitivity) are also
outstanding. Therefore, the modification and toughg of polyamide have received

close attention in recent years. Several methad®tmhening PA have been proposed,
among which the usual methods making use of inacgagid particles such as glass

beads, mica, etf62], [57], [84].
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Today, the production of prototypes (RP) and fuoral parts (RM) by SLS is basically
limited to nylon, the most researched polymer (polide PA), which has become
synonymous with SLS plastics. The base materiatl usethis study was nylon 12

(polyamide 12, PA12) with an average patrticle siz80 [um], commercially known as

fine polyamide powder (PA2200), which was usedha ELS process (supplied by
EOSGmbH Germany). The chemical structure of nylonslgiven below:

[NH — (CH)1.—— COj

According to the properties required for selectager sintering materials, nylon is well
suited for selective laser sintering, due to itatreely low melting temperature and low
heat conductivity, which facilitate a local limitat of the sintering process. This
material shows a large distance between its melimdj crystallisation temperatures,
low melt viscosity and high surface tension. Theadt spherical particle shape and
narrow particle size distribution of commercialligtibuted powders maintain good

flowability and a high packing density of the pow{&5].

At present, four nylon materials are commercialisailable for the SLS process,
namely standard nylon, fine nylon, fine nylon madligrade and nylon composite. The
production of nylon parts is generally cost effeetivhen a small number of parts is
required. The material with best mechanical progeror producing functional parts
with the SLS process is a nylon composite. SLSsgl#led nylon can be processed to

near density and has a high modulus and good hdatreemical resistance [86].
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3.2. Powder mixing and blend preparation

Mixing of powders is a common operation in the Si®cess. In the production of
laser sintered parts, the distribution of partisiees in the polymer powder is highly
important for producing parts of good quality. Imetcase of polymer blends, the
particle size distribution becomes even more ingmrto assure that good mixing
occurs before the polymer melts. In the presenkwamechanical mixer was used for
blend preparation. The dispersion of glass beadserpowdered PA 12 was achieved
by the blending process using a portable drum miyee BS 125 (speed of mixing

drum:26- 30 [rpm/min]) for 30 minutes to produce the asites.

Mixtures of PA12/GB powders were produced by phalsycblending pure PA 12 and

glass bead powders in different weight percentdggs.oducing the blends, PA 12 was
the matrix material and the glass bead powders agded and dispersed into the PA
12 powder to achieve composite blends having 10,3B0and 40 wt% glass bead
contents. Accordingly, eight powder blends (plusepBA 12 powder) were prepared,
namely four blends of PA 12 with untreated glassdsgPA12/3000CP00) and another
four blends with surface-treated glass beads (FFII®CPO03) in weight percentage.

Table (3.1) shows the mix ratios of the glass beadsPA 12.

The prepared powder blends were then processedcommercial SLS system (DTM
Sinterstation 2000) to produce the test samplexeiixfor changing the process
parameters on the operating software of the SL&sysno modifications were made
to the SLS system for processing the PA12/GB coitgmsAll of the experiments
described in this work were performed with PA 12 &A 12 filled with glass beads.

This combination has been chosen as a model cotapgiace it shows a number of
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experimental advantages. Glass beads are easierdges in polyamide 12 by a

portable drum mixer. The spherical form of thedlers gives rise to distinct functions

and properties compared with other directionagffdl These include [74]:

1.

2.

high packing fractions, little effect on viscosignd high attainable levels
better flow characteristics than high aspect rftiers

more uniform stress distribution around the spla¢riaclusions and better
dimension stability

no orientation effects and enhanced isotropy

reduced uniform and predictable shrinkage andiespage

3.3. Powder and processing acquisition

3.3.1. Differential scanning calorimetry analysis

Differential scanning calorimetry (DSC) is a theftranalysis technique that is used to

investigate thermally-induced phase transitionaniSgystalline polymers exhibit a

first order solid/liquid phase transition; diffetexi scanning calorimetry can be used to

determine the melting temperature range, the guyhal latent heat of melting, the re-

crystallisation temperature range and the enthapyfusion for semi-crystalline

polymers. The temperature at which the phase transiccurs and the breadth of the

transition are both heating rate-dependent; theédnighe heating rate, the higher the

transition temperature and the wider the tempegatamge of the transition [10].

DSC measures the heat flow into or out of a mdterdnen it is heated, cooled or kept

at a constant temperature. The signal from the D#@surement is heat-flow and it

can be calculated by multiplying the sample masthbysample specific heat capacity

and the heating rate. The equation is written as:
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Table (3.1) Contents of glass beads (coated andated) blended with PA 12 by
weight

Glass beads [wt%] PA12 [wt%] Ratio [wt%]
0 100 0:100

10 90 10:90

20 80 20:80

30 70 30:70

40 60 40:60
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Q=m..p .(3.2)

Where Q is heat flow
m is sample mass
C, is sample specific heat capacity
B is heating rate.

Therefore, an increase in the sample mass or giengeate will, in turn, increase the

heat flow signal.

In this work, DSC analysis of PA12/3000CP0O0 and PBQO0CPO3 blends was
carried out on the DSC1 STABystem/METTLER TOLEDO AG. Samples weighing
11-18 [mg] were heated from 20 to 20C][ at a heating rate of 10dmin™]. The

heating and cooling were carried out under the seomelitions. Heating and cooling

curves are presented in Figs (3.4a; b) for the atlm@ntioned systems.

It is well-known that a polymer powder with a sloecrystallisation rate, with non-
overlapping or slightly overlapping endothermic aexiothermic peaks during the
heating and respective cooling phases of the D3(ysin, might result in nearly fully
dense parts with minimal distortion, while highlyeslapping peaks will yield bad
results. As depicted in Figs (3.4-a; 3.4-b), botstams have almost similar melting and
re-crystallisation peaksompared to normal PA12 powder Fig (3.5). A larger
temperature difference (dT) range between thos&spallows for a larger process
window in term of fluctuations of temperature imé and space within the processing
chamber and build part. The window of sinterahilthat is, the difference between the
melting temperature and the crystallisation temjpeeaof a material, is crucial in the
SLS process because sintering is completed in w sfeort period of time and the

difference in the two temperatures should be largrugh [71], [87].
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It was found from the DSC analysis that the diffeeein the melting and crystallisation
temperatures for PA12/GB was within the prescriliad and was almost same as that
found for PA12. From the DSC results, it was codehtl that the PA12/GB blends
could be sintered using the SLS process. The mgetemperature of the polymer,
around 170°[C], was taken from this graph and used with, gla@et (the temperature
at which the powder glistens as it starts to melis@aid in the determination of the

required pre-heat and build temperatures for tivedeo bed.

DSC analysis showed that the melting temperatur&A@2 and PA12 with 40% glass
bead content, that is, PA12/CP00 and PA12/CP031blaespectively, were almost the
same. However, the heat of fusion (the area urdemeelting peak) was comparatively
higher for the PA12 blend with 40% glass beadss Thight be the possible reason for
the slightly higher part bed temperature requirdsintering in the case of PA12/GB
blends, despite the almost identical melting terajpees. It has also been observed in
the DSC analysis presented in Fig (3.4a; b) that dtystallisation temperature for
PA12/GB was slightly increased with a narrowed @iise peak. This shows that the
glass beads increased the crystallisation ratédh@fcomposites. The majority of the
energy for fusing the matrix (PA12) was providedtbg heaters located directly over
the powder bed. The powder temperature in thelpaid area should be slightly lower

than the melting point of the PA 12 (10-1€] below the PA 12 melting temperature,

Tm).
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Fig (3.5) DSC plot of a virgin PA 12 powder [89]
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3.3.2. Patrticle size; shape and distribution

Controlling the particle size distribution of powsdds vital in order to deliver a final
component with the required properties. Particke silso affects the SLS process as
fine powders tend to exhibit poor flowability, ggrbecause of their packing behaviour
(the particles interlock). The primary effect ofrfiele size and shape on part accuracy
is on the trueness of features. Smaller particiés avhigh degree of sphericity produce

parts with sharper edges and corners and impros&al desolution.

Fig (3.6) shows a general view of PA 12 powdehal$ particles in the size range of 20-
80 [um] with near spherical shape and smooth serfdégs (3.7) present the
micrographs taken for powder blend containing 3@4\glass bead. GB patrticles in all
four powder blends were observed in increasing amsowith increased percentage of
GB content in the PA 12. It is worthwhile to notet regardless of the composition,
Optical Microscope observation of GB particles hsamples indicated that mixtures

with good dispersion and distribution of GB werdanted.

The PA 12/GB composites, PA12/CPO0 and PA12/CPG8] hverage particle
diameters of approximately 32-63 [um]. The shapbéaih the PA 12 and glass beads
particles was to a large extent spherical. A unifonixture of the glass bead particles
with polyamide was clearly observed in all blendibe impact of filler content was
more subtle but, in general, parts built with asgldbead content of 10 [wt%] had
improved definition compared to parts build witHlefi contents of 40 [wt%]

composites.
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Fig (3.6) SEM micrograph showing unsintered PAl1®&/¢er (Source FHSG-St.

Gallen)
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Fig (3.7) General view of blended powder of PA1#WA0 [wt%] glass beads content
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For SLS technology, it has been reported that thegss resolution is proportional to
the inverse of the particle diameter cubed. Thisamsethat the resolution increases
substantially as particle size is reduced. Partslemaith smaller particles have
improved definition as characterised by the shaspnaf edges and corners; this is
particularly true for materials which undergo ligdt densification and melting in the
SLS process. For such materials, particle shapetigreatly altered in the SLS process

[90].

Further, it is generally believed that the effedtshe filler particle size and distribution
on the mechanical properties of composites are wapprtant, in addition to the filler
surface treatment. Fig (3.8) shows the distribubbthe glass beads obtained by sieve
analysis (Analysette 3 Pro, Fritsch, Germany)al be seen that the majority of glass
beads were in the 32-63 [um] range which is théepred range for SLS processing

[78].

3.3.3. Tapped bulk density of glass bead-filled pphmide 12 composites

For precise property control of sintered produittss important to know the powder
characteristics, especially the packing densityth&f powder. In the selective laser
sintering process, one important characteristidajgped bulk density, that is, the
maximum packing density of a powder or blend of dekg achieved under the
influence of well-defined, externally applied foscét mainly depends on a number of
factors including particle size distribution, trdensity, particle shape and cohesiveness
due to surface forces, including moisture. Therftre tap density of a material can be

used to predict both its flow properties and itsipoessibility.
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The tap densities of the composite powders weresared to quantify the packing
characteristics of the powders. In powder procgssirethods, the initial packing
density of the particles being consolidated isighificant importance; the higher the
initial packing density, the smaller the changevalume and the amount of energy

required to reach the desired relative density.

The density of a composite material can have drametfects on the global
performance of the component during use. The aofditif a high-density filler will
subsequently increase the overall composite denBitg composite samples used in
this work consisted of a PA 12 matrix loaded widrying amounts of solid glass bead
filler. The solid glass spheres were obtained fi@atters Industries Inc., under their
registered trade name Spheriglass. The bulk demditiPA12/GB composites was
measured using a simple method in which a measaugjligder of a certain mass (157
[g]) was filled with water and weighed. After detening the mass of water using a
sensitive scale, the measuring cylinder was emptiesth was filled again with a
composite powder and weighed. Raising and dropgiegcylinder 20 times from a
height of about 25 [mm] onto a hard surface willmally give a consistent value of the
tapped density. This will align with the lightesindition of powder that is spread by
roller movement on the part bed in the selectiwerdasintering machine. After each
measurement, the sample was poured out of thedeyliand the cylinder was filled
again. The volume and weight were recorded andapped density was calculated.

Table (3.2) presents the measurement data of ppedadensity of the composites.

One of several stages of composite analysis, hawevas the determination of the

effect of the weight content of the filler to thergity of the composite. Fig (3.9) shows
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the relation between filler ratio and composite dapsity and, as expected, the density

of the composites increased with increasing weigt of the glass beads.

3.4. Processing system

Processing of the composite powders was carriedoouda DTM Sinterstation 2000
Laser Sintering machine, as described in chaptdn 2his commercial system, the
powder bed is pre-heated to a temperature justbtle melting point of the composite
material. The laser is then used to tip the powalegr this point and sinter the
composite material into a solid mass. The powddénénfeed chambers is also heated to
a temperature below that of the powder bed sowhen it is spread over the build

area, minimal provision of thermal energy is regdif91].

The default operating parameters in commercial S§Sems, recommended by the
manufacturer for a specific powder, do not satisfg demand of all applications.
Therefore, a trial-and-error method is often addpte obtain suitable operating
parameters to satisfy the demands of a specificlicappn. Several operating

parameters are critical for the SLS manufacturingcess. Careful controls and
extensive empirical testing are usually requiredafmew material. In order to achieve
this, a number of parameters can be changed amebvan this machine to meet the
requirements and conditions of the processed coibepogterial. The relevant machine
parameters to this work are defined as follows,[f83] and [93]:

- Bed temperature ¢]: Temperature of the powder in the build cham(asrrecorded

by an infrared optical pyrometer).
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Table (3.2) Measured and calculated data of theeidplensity of the composites

materials Ratios [%] Maross [G] Myet [O] plg/cm’]
Water - 378.0 221 1.000
PA 12 - 268.9 111.4 0.504
PA 12/CP03 | 90:10 279.1 121.6 0.550
80: 20 287.3 129.8 0.587
70:30 298.9 141.4 0.640
60:40 308.9 151.4 0.685
PA3200/GF | (EOS) 310.7 153.2 0.693
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Fig (3.9) The relation between filler ratio and quosite tap density
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- Feed temperature]: Temperature at which the powder is stored ia fhed
chambers before being spread across the build(ase@ecorded by an infrared optical
sensor).

- (Fill) Laser power [W]: Applied power of the lasas it scans the area of each layer.

- Roller speed [mm/s]: Velocity at which the roltesivels as it spreads the powder over
the build area.

- Rotate scan order: when selected, it sets tleg tzsam to alternate between the parts

every other layer, rather than just at the first pasted in the build bed.

3.4.1. Laser sintering trials

It is a well-known fact that for every new materiall parameters of the SLS machine
need to be tuned. Therefore, the material neette ttharacterised before building the
SLS parts. Certain common characters of the mateoiader are also needed for the
successful and good SLS processing. In order tabksh suitable parameters for
processing glass bead-filled polyamide 12 compsségange of processing conditions

were attempted as outlined in this section.

Basically, laser scan speed is one among many iamtgparameters in laser sintering.
The operating system of Sinterstation 2000 doesalhoiv for varying scan speed, and
thus this was kept constant at 914 [mm/s]. Otheampaters, including a laser scan
spacing of 0.15 [mm], a roller speed of 127.0 [njiddayer thickness of 0.1 [mm] and

laser beam diameter of 0.4 [mm] were also kept temhs
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3.4.1.1. Preheating process and part bed temperater

In the selective laser sintering process, the povalieised and processed into a part by
applying heat energy. Preheating of the powderenstrface of the powder bed is an
important process which guarantees that parts eaubcessfully fabricated and which
influences the accuracy of parts fabricated usih§ &chnology. The uniformity of
temperature on the powder bed influences the acgwad performance of parts. It is
necessary to understand the influences of the peas of preheating set on the
uniformity of the temperature on the surface of pogvder bed. The initial step in the
process was to determine the best operating pagesrfer the composite powder: laser
power, feed temperature and part bed temperatineseTlcritical parameters were kept
constant for all of the future builds to providenswtent heat input to the powder.

However, these parameters can vary from machingathine [94], [95].

Before sintering the samples, approximate bed aetl ftemperatures should be
determined by observing the flow of powder acrb&shuild area as it is spread by the
roller. This was carried out initially at five degr intervals between 80 and 98][for
feed temperature and at two degree intervals betwie® and 178 °C] for bed
temperature, and then at one degree intervalseatethperatures became closer to the
optimum. The most appropriate combinations of leedperature, feed temperature and
laser power that could produce good parts in teofsnechanical properties and
geometrical accuracy, as determined by uniform movildw and a smooth powder bed
coupled with an unhardened powder cake, were teed to produce test samples and

conforming parts.
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During this investigation, several key SLS opematparameters had to be tuned to
produce parts of sufficient quality and improvedchmnical properties. The glass bead-
filled polyamide 12 composites were given a 2-4 {karm-up period, similar to that
recommended for commercial polyamide 12 materikgelve millimetre layers were
then rolled over the build area prior to sinteriaglding further heat to the system.
During this first stage, the process chamber waslually preheated and the part bed

temperature was increased.

Five cross-shaped parts (Fig 3.10), four at the fpadrants and one at the centre of
the build cylinder, were fabricated on the SLS niaehThe process was started at a
temperature of 170°C] and a laser power of 6 [W], where the initiaydes were
carefully observed for curling. If curling occurtethe part bed temperature was
increased by 1-2°C] and the whole process was repeated until thatsei part bed
temperature was found. In the case of glass bdad-polyamide 12 powders, the part
bed temperature was found to be slightly highercaspared to that for the pure
polyamide powder. Table (3.3) shows the modificatiomits of the composite
materials and the SLS process parameters and susesi#iie observations and results

while finding suitable part bed and feed tempegegdor various powder mixtures.

The temperature in the areas of the two powderidges was held at a low enough

temperature between room temperature and the tetopein the part build area so the

powder remained free-flowing and could be spreathbyoller during SLS processing.
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Table (3.3) Modification limits of composite matdd, SLS process parameters and the

effects of part bed temperature

Bed temp. Feed temp. Laser power | Rotate scan order [ Material [wt%)]
[C] [cl W]
170-180 80-95 6-18 1 (On) 0-40

0:100 | 10:90 | 20:80 | 30:70 | 40:60

Observations Powder bed temperature (Feed temp.yC]

Parts warp seriously and shift when the powderaspng | 170 170 170 170 170

recoater passes over (80) (80) (80) (80) (80)
Parts warp and shift 172 172 172 172 172
(85) | (85 | (85 | (85 |(85)
A slight warp, no shift 174 | 174 174 | 174 174
(90) (90) | (90) | (90)
Satisfactory parts with smooth surface 176 176 176 177 177

(90) [ (90) | (90) [ (90) | (90)

Powder surrounding parts agglomerates slightly rduril78 178 180 180 180
sintering, and it is difficult to remove unsinteneowder (95) (95) (95) (95) (95)
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Fig (3.10) Cross-shaped test samples used to timabde bed and feed temperature
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If the powder temperature was set too high in theder cartridge areas, the powder
clumped together and did not spread evenly durib§ $rocessing. Moreover, the
surface of the part or powder bed cracked operherstirface and was streaked with
lines as the roller moved across it due to an esxeedieating rate or temperature from
the heaters and due to partial melting of the powdech resulted in short feed or no
feed, Fig (3.11). The measures to be taken indhse were a gradual reduction to the
heater setting and waiting for the system to addwva layers. The temperature was
repeatedly reduced until the cracking disappedfedvever, to produce geometrically
accurate and mechanically robust parts by SLS,lanba must be struck between
maximising the temperature to increase part demsithminimising the temperature to

maintain geometric accuracy.

In order to minimise thermal distortion and faalé fusion to the previous layer, the
entire bed is heated to a temperature just belewrtélting point of the material which

is done prior to the commencement of sintering. Eser is modulated in such a way
that only the grains which are directly exposeth®beam are affected, and heating is
done to a level such that the surface tensionep#rticles is overcome and they fuse

together [96].

Too high bed temperature (above 17&]] caused growth of the part as the
surrounding powder bonded to the desired boundafiése part. Growth is caused by
heat transfer from the consolidated part to theosmding support powdeGrowth

(Fig. 3.12) occurs as powder sinters on the pautribg features and altering part

dimensions. It is particularly apparent with snf@fitures or small holes.
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Fig (3.11) Cracks and lines on the powder surfaceéd due to excessive bed/fee

temperatures
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The sintered parts become difficult or even impassto break out due to a caking
phenomenon in which the powder particles stick #togreand a large amount of the
powder forms as a lump. Reduction of the part mesdé point parameter and laser

power parameter was necessary to eliminate gromdlpeevent powder from caking.

On the other hand, too low a bed temperature (bel@® [C]) caused the lased
composite to shrink significantly from the surroimgl bed, which resulted in
movement of the part on the subsequent pass abtlee. Moreover, the phenomenon
of curling was observed in this case when the pad temperature was too low.
Curling is a phenomenon in which the sintered Isy®mcome non-planar due to a high
thermal gradient between the sintered and unsiohgogvder material. In-build curling
occurs when the edges or corners of the part beeeathe powder bed surface, mainly
due to uneven temperature distribution in the pad when the part temperature dips
too low after the feed powder is added (chapterAS)shown in Fig (3.13), in-build

curling can cause the part to shift when the rgdkesses over the part bed.

The investigation of pre-heating and part bed teatpee showed that, when the
powder bed temperature was kept close to the pomedting temperature, relatively
low heat input from the laser beam was sufficiensinter the powder. Therefore, the
sintering process must be performed at a partéragerature as close as possible to the
melting temperature of the composite material. T$hews that the selection of a
suitable part bed temperature is very importarfatditate successful sintering as well
as to ensure the reuse of the unsintered powdeeriaatA suitable part bed

temperature was found by conducting a typical ctests[71], [97].
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Fig (3.12) Growth on sintered samples
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Fig (3.13) In-build curling causes the part to shfien the roller passes over the p3
bed
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3.4.1.2. Shrinkage scale factors and laser beam sét values

Beam offsetcalibration and shrinkageompensation are two of the most important
parameters that affect the part building accuratyhe SLS process. Beam offset
includes the diameter of the laser spot, the hi#atted area and the deflection angle

during the laser scan. It differs from one sintgiio another [98].

It is not difficult to conclude that accuracy is texal- and also machine-dependent.
During the whole fabrication process, the samplesnk along the X, Y and Z
directions. In order to compensate for this shmygkathe input part geometry is
modified applying scaling factors in the X, Y and directions correspondingly.
Shrinkage depends very much on part geometry amdorientation during laser
sintering. The inside and outside surfaces areebffs compensate for the size of the
sintering spot of the laser beam (beam offset).[98 right selection of the scaling
factors and beam offset determines the extent ichMhe systematic factors due to
input data can be compensated; Table (3.4) presemtexperimentally obtained scale
factor and beam offset for PA12/GB composites, wherg (3.14) illustrates the

calibration procedure of beam offset and shrinkagapensation.

Selective laser sintered part accuracy is infludnbg a number of machine and
material characteristics. Crystalline or semi-aifste materials exhibit high shrinkage
associated with both the material phase changetrandhigh degree of consolidation
obtained during processing, but the amount of gnostusually limited by relatively

low laser powers which are required to completegjtriine materig81].
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Table (3.4) Scale factor and beam offset for PARMBmMposites

Shrinkage scale factor [mm]

X, Y offset & Z compensation [mm]

fill outline
X 1.01809 0.194 0.000
Y 1.02304 0.160 0.000
Z 1.02000 0.127 -
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Laser sintering
Input dimension process

Output dimension

Sample break
out & cleaning
process

3

Measuring
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Fig (3.14) Flow chart of beam offset and shrinkegkbration procedure
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Nonetheless, some of the most significant souréesrror are associated with laser
beam positioning on the part bed surface and uamiogytin the calibration factors used
to compensate for material shrinkage and growtledkas the finite width of the laser
beam. Another source of error is the minimum resmiuof the process, which is
dependent on the particle size and the shape oh#terial. However, it is well-known
that there are dimensional changes associated mtterial shrinkage and growth

during the fabrication of SLS parts.

Software is available to compensate for these &ffggven the proper scale and offset
values. The scale and offset procedure includesbthieling and measurement of
purpose-built parts, (Fig 3.15) that contain norhidanensions. However, while
software is used to compensate for the dimensionahges associated with material
shrink and growth, the best accuracy is usuallpioled when these compensations are
small. From a practical standpoint, the effectgmwth and finite beam diameter on
part accuracy are indistinguishable since they loailise a constant increase in part

dimensions [90].
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Fig (3.15) Calibration standard part built and nueed to calculate shrinkage scale
factor and beam offset values for the compositeenas.
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3.5. Characterisation of laser sintered samples

Process parameters are the pre-defined valuesdhtibl the sintering of the powders
during the SLS process. The mechanical propertidsggometrical output of the laser
sintered parts are all influenced by the quantityemergy delivered to the powders.
Selective laser sintering part accuracy has beparted in a number of studies. In
nearly all of these studies, accuracy has beenrtezp@as the deviation of measured
dimensions from the desired dimensions. Howevédrerocomponents of accuracy are
also important to users of these technologies. drtiqular, trueness of features as
characterised by the sharpness of corners and emtgkgletail resolution is quite

important as is the ease of part fit and assembly.

3.5.1. Geometric definition

Process parameters are the defined variablesniznce and control the SLS process.
A number of parameters (some user-defined and ©ttefmed by geometry or material
consideration) affect the quality of parts fabrechtThe response of the SLS process is
usually described by the geometry and mechanicgigsties of the object produced.
Geometric problems such as curling, shrinkage, tiraamd poor edge definition and
the physical properties such as density, strengthdegradation are all influenced by

the quantity and timing of energy delivered to plagt surface.

Processing PA12/GB composites with laser powersvb@ [W] was not sufficient to

provide enough structural integrity for the padsbe handled. They did not sinter the
particles sufficiently to a degree that would alloemoval from the machine. At the
optimum bed temperature, in terms of ease of rehfoma the powder cake, spreading

of powder, etc., a laser power between 8 and 10§ found to be suitable. Laser
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power above 18 [W] caused the lased material toadiegsignificantly. However, even
for parts built in the 16-18 [W] range, poor defioin was seen around the outline of the

parts due to the conduction of heat into the sumdg supporting powder, Fig. (3.16).

To investigate the geometric and dimensional aogrpurpose-designed parts were
manufactured. Two pairs, male and female, of sagtgrarts were fabricated from
PA12/GB composites using various bed temperatlassy powers and filler content.
As shown in Fig (3.16-a) one pair of the parts aors a series of small ribs, slots and
hols, while the other pair (Fig 3.16-b) possesdess,sbosses, ribs, circular and
rectangular shapes. After the parts were fabricagadh part was measured using
digital calliper. Furthermore, the suitability ftre facility of assembly, the geometric
accuracy after assembly and the manufacturabilitysub-milliscale features were

checked.

The assembly process of pairs fabricated using Bvjé carried out easily without
any post-working; the parts were fitted in with leather firmly. Milliscale features on
pairs produced applying a laser power of 10 [W]enirly fitted in with each other,
while the sub-milliscale features were not presentdifficult to assemble. The
dimensional accuracy first decreased with increpdaser power and reached the

lowest level at a laser power of 18 [W].
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Fig (3.16) Parts for investigating the manufactuitgiof small-scale features in the
SLS process:
a) A pair with series of small ribs, slots and Isole
(b) A pair with slots, bosses, ribs, circular ardtangular shapes
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3.5.2. Visual observation and evaluation

A visual observation was made to describe the sarigeometrical accuracy with

comparison to the CAD files. After the samples wa@ken out from the powder cake,
cleaned up and sandblasted, they were visuallyeoisd and photographically

recorded. A subjective evaluation was used to deter the quality of parts produced
under varying conditions (bed and feed temperatwe® kept constant, laser power
was varied) on a run-by-run basis. The evaluati@s wsed to judge the effect of
processing parameters on glass bead-filled polyarhidcomposites in terms of surface
finish and features definition. The evaluation wperformed as a qualitative

assessment.

As the first look, the parts fabricated applyingda powers of 8 and 10 [W] were
complete and almost identical to the CAD model.sTimeans that these laser powers
and the corresponding processing parameters (begetature of 176 °C], feed
temperature of 95C]) were generally suitable in producing accuraet The other
samples fabricated using relatively higher lasevgrs (12-18 [W]) had many missed
details and blurred features, as shown in Fig (3.Edrther, an effect of glass bead
content and shape on part accuracy (the truenetsatires) was observed. A lower
content of glass beads (0-10 [wt%]) produced paitis sharper edges and corners and
improved detail resolution compared to similar paxith a relatively higher content
(40 [wt%]). In addition, visual evaluation of parfidm the builds indicated that the
surface finish was excellent for the builds fronmgmsites containing 0-20 [wt%] glass
beads, and was acceptable for the builds with 3pam%)] glass beads. However, the
glass beads had a small average patrticle size((88) [compared to the commercial

PA12 laser sintering powders (50-60 [um]), whick Banominal effect
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Fig (3.17) Samples for visual inspection of feasulefinition based on bed

temperature, laser power and filler content
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on the surface finish of the produced parts, oleskhby the naked eye. Fig (3.18) shows

parts with good and acceptable surface finish.

3.5.3. Density measurements of sintered density splas

It is well-known that the density of selective las@ntered components has an
important influence on the mechanical propertiesgiBns in the material which are not
fully consolidated have a lower mass/volume rag@ding to lower absolute strength at
stiffness values. Also, stress concentrations aseertikely to occur in these regions,

leading to crack initiation and failure [100].

A nearly full relative density is one of the mostportant properties required for
functional parts. The aim of SLS is to attain hgnsity parts, which need suitable
SLS process parameters. Many parameters affecuiley of sintered parts, including
sintering material properties, powder propertigg, g$pecifications of the SLS machine
and process parameters, such as laser power, pesul, sscan spacing and layer
thickness. But once the SLS machine is certain tAedsintering powder has been
selected, the main factors affecting part dengigythe process parameters. It must be
pointed out that the sintered part from powderasops and its density represents its
quality. Though part quality should be evaluated ébyombination of mechanical
properties, sintered part density is the most igmrfactor. In comparison of a half-
density part to a full-density part, the former imderior to the latter in terms of
mechanical properties and surface quality. Theegefdensity prediction of SLS parts
provides suitable guidelines in the selection oprapriate process parametefs

mentioned above, sintered part quality can be etaduby its

106



Fig (3.18)Comparison of part surface finish and appearantedas parts with
different glass bead contents. a) Part contair{svt®®]; b) part contains 10 [wt%]
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density and SLS process parameters, include laseernp scan speed, scan spacing and

layer thickness [101]

The density of the PA12/GB composites was foundbiniding density samples under
the same conditions as the other testing samplies. density samples were small
square prisms with the intended dimensions 20 x 2B [mnT]. Once the density

samples were built, their dimensions were deterchimanually by measuring with a
digital calliper and they were weighed as shownTable (3.5). Subsequently, the
apparent density was found by dividing mass by mauThe average density of the
sintered samples was 0.92 [gfrobtained from six measurements. Fig (3.19)

illustrates the dependency of the weight of thesdgrsample on energy density.

The addition of glass beads with different fractido the PA 12 matrix affected the
density of the PA 12, which could be varied systgrally in accordance with other
processing parameters. The densipy @sually increases during sintering and the
density of the produced part is usually higher tihe powder density, but it is
generally believed that the porosity of the powdsaterial can not be completely
eliminated. Furthermore, it is often occurs thatvger temperature within the area of
the part cylinder of the SLS machine is not unifdrecause of the nature of the powder
bed heating temperature system. As a result, tfasta the density of the sintered parts
being produced, which in turn also affects the raadaal properties and the accuracy

of the parts.
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Table (3.5) Measured data of sintered density sasnpl

Energy density I w h m \% p
[I/mm?] [mm] | [mm] | [mm] | [g] | [mm?] | [g/cm’]
0.058 20.64 | 20.64 |5.74 2.2 |2445.3 | 0.90
0.073 20.46 | 20.46 | 5.56 220 2327.% 0.94
0.087 20.24 | 20.24 |5.40 2.1 | 2212.1 | 0.95
0.100 20.04 | 20.04| 5.17 20 20763 0.96
0.117 20.40 | 20.40 |5.48 2.0 | 2280.5 | 0.88
0.131 20.43 | 20.43| 5.75 21 24000 0.87
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Fig (3.19) Weight of density samples sintered usigous energy densities
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As it illustrated in Fig (3.20), the density incsed with increasing energy density. This
can be explained by the fact that higher energysitlea cause a better fusion of the
powder particles, resulting in a more solid parhgdormed. Applying too high a laser
power not only causes heat to be conducted into pihveder bed, melting the
surrounding powder particles in addition to thostually targeted by the laser, but it
also leads somewhat to degradation of the mateoimposite. However, it was found
that the relationship between energy density amtdensity was not linear. This may
possibly be due to the inconsistent variation cdtheonditions in the part bed and

sample position/location [91].

Part density has been found to increase with bexbeéeature, so the aim was to keep
the part bed temperature as high as possible. Xperienentally obtained results show
that at a powder bed temperature of 17%8][ a nearly full density, 0.92 [gA} can be
obtained at an energy density of 0.058 [JAlnrwhile it decreased by powder bed
temperature below 172(], at same energy density. This means that thedpowed
temperature, beside other factors, affects theityeoisthe sintered samples. From the
result of these experiments, it can be concludatigbwder bed temperature affects the
density of sintered parts. The lower the powder teeaperature, the lower the sintered
part density. However, even with the abovementiomegsures, it is very difficult to

produce parts with exactly the same densities.

3.6. Design and fabrication of test samples
A switch to test samples production can first bendewted when preliminary
experiments are complete and the various procedaes been established. Based on

the above discussed pre-sintering studies, thesaasples were produced as described
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Fig (3.20) Influence of energy density values andensity of sintered density samples
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in chapter 4. The test samples were designed aoga different British standards for
the examination of mechanical properties and aastigation on geometrical accuracy.
The CAD model of the test samples was generatedgusiandard CAD software
(Magic software, version 7.5) and exported in tAd Sle format for uploading into
the SLS system. Prior to experimenting with PA12/&hposites, pure PA12 was first
subjected to laser sintering at different laser @@wand bed temperatures. The aim was
to establish a set of suitable processing paramébersubsequent processing of the
PA12/GB composites. Experiments were carried oushiain the optimal parameters

of SLS and the composition of the composite foicessful fabrication.

Using the parameters determined previously, teshpkss of polymer blends
comprising GB and PA 12 were then fabricated on$h& machine to be used in
comparison with pure PA 12. By varying the progeasameters (laser power and part
bed temperature) and filler ratio, nine groupsarhples comprising different blends of
PA 12 and GB were fabricated. The nine groups wenme PA 12 and physically
blended PA12/GB composites (uncoated and surfaatedp consisting of 10, 20, 30
and 40 [wt%] GB. The range of laser power and tae bed temperature settings for
fabricating the various samples are tabulated iblelr43.6). Testing of samples for
mechanical properties was carried out on a Testwrdaterials Testing Machine AX

(M350- 5kN) and a Pendulum Impact Test Machine T¥W&T AVERY Ltd.).

113



Table (3.6) Process parameters used in manufagtutest samples from the
PA12/CP00 and PA12/CP03composites

PA12/GB [wt/wt%)] 100/0 | 90/10 | 80/20| 70/30 60/40
PA12/CP00; PA12/CP0O3
Laser power [W] 8
10

Energy density [J/mfh 0.058

0.073
Scan Speed [mm/s] 914
Powder bed temperaturg]] 176
Feed Temperature°Q] 95
Layer thickness [mm] 0.10
Roller speed [mm/s] 127.0
Rotate scan order [-] 1
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3.7. Summary

This chapter has provided a description of the amsitp materials and process
parameter data, obtained from preliminarily expents, needed for the subsequent
chapters on the investigation of the mechanicapg@mies and geometric accuracy of
glass bead/polyamide 12 composites. Material ptmseplay an important role in
determining fabrication parameters and affect tleelmanical properties and geometric
accuracy of SLS components. The glass transitionpégature § and melting
temperature J are two important factors for determining part bethperature and

laser power.

In this chapter, different powder bed temperatuteser power settings and powder
constitutions were applied to determine the mosakle processing temperature for the
PA12/GB composites. A higher bed temperature artggndensity generally result in

better fusion of the polymer matrix particles. Thayable the production of a more
compact structure and near fully solid, dense paitis a smooth surface. However,
when these parameters become excessively high, rousi@henomena, such as

curling, caking, growth and polymer degradationgbeans are accordingly observed.

A DTM system Sinterstation 2000 machine was usedcémducting experiments on
PA 12 and PA12/GB composites with different weigbintents of glass beads (10-
40%) with and without surface treatment. The optipgrameters for selective laser
sintering of these composites were experimentadtgmnined. Optical Microscopy and
Scanning Electron Microscopy (SEM) were used farahterising the powder material

and the resulting sintered parts.
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Chapter 4- Effects of processing conditions and c@ling agents on
mechanical properties of selective laser sinteredlags

bead-filled polyamide 12 composites

For any given application, certain mechanical prope will be of more importance
than others. It is therefore essential to ideraifg rank the most relevant properties and
formulate or purchase the least expensive compasigderial that satisfies the
requirements. The mechanical properties of intdigsiost applications are modulus

(tensile or flexural), yield strength, impact sigémand fracture toughness [102].

Due to their unique attributes including ease ajdpiction, light weight and often

ductile nature, polymer systems are widely usethe industry. However, polymers
generally have lower mechanical properties (mod@nd strength) as compared to
metals and ceramics. In order to improve the machbproperties of polymers, the
forming of polymer matrix composites by the inctusiof fillers is one among many

ways for achieving this goal [80].

Polyamide-based composites have proven to havet goetential for rapid

manufacturing in fabricating functional parts; hawe the mechanical properties
(strength, in particular) of classic sintered polyde 12 are only approximately 80% of
that of an injection moulded polyamide specimen.sétective laser sintering, the
mechanical properties of the part are largely milced by many factors such as
powders, processing parameters, fabrication pos#ial orientation. For these reasons,

significant research efforts have been directedatdwfinding SLS materials with
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improved mechanical properties. To this end, it bagn well established in the
literature that material properties are directlyated to process parameters in the
Selective Laser Sintering process and hence carvabed by changing process

parameters [62], [72]104].

4.1. Experiments

4.1.1. Materials and sample preparation

Materials and Processing
The polyamide 12 (Nylon 12; PA12; PA2200) usedhis tvork as a matrix material

was a commercial fine polyamide PA2200 for EOSIN3upplied by EOS GmbH. The
density according to DIN 53466 was 0.435-0.445rf’k Two types of A-glass beads
(Spheriglass 3000: CP0OO with no surface pre-tremtraad CP03 surface pre-treated
with a silane coupling agent) with mean diameteB®fum] were selected as the filler.
The glass beads, small solid spherical particle$ wi density of 2.5 [g/cth were

supplied by Potters Industrial Inc/Omya UK Ltd.

Sample preparation

In the sample preparation process, the polyamided2compounded with glass beads
with 10, 20, 30 and 40 [wt%] ratios, using a ratgtdrum mixer type BS 125 for 30
minutes to produce the composites. Selective Er&ring (SLS) was performed using
a DTM Sinterstation 2000 System to manufacture ispats from glass bead-filled
polyamide 12 composites with a fill laser power @PB or 10 [W], a laser beam speed
(BS) of 914 [mm/s], a scan spacing (SCSP) of Or\tn], layer thickness (L. of 0.1

[mm], beam diameter (d) of 0.4 [mm] and powder bemperature (J) of 176 PC].
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The energy density (ED), regarded as the relappypdied laser energy per unit area, can
be calculated as follows [59],

P

D=———— L1
BSxSCSP o

therefore, the corresponding laser energy densaieged from 0.058 to 0.073 [J/rfim
In addition, some samples were prepared for thpqaer of comparison from the pure
polyamide 12 powder. Table (4.1) summarises thecga® parameters used in

manufacturing the test samples from the PA12/CP@OPA12/CP03 composites.

4.1.2. Equipment and methodology

Mechanical testing plays an important role in eatihg the fundamental properties of
engineering materials as well as in developing meaterials and in controlling the

quality of materials for use in design and congtounc If a material is to be used as a
part of an engineering structure that will be sotgd to a load, it is important to know
that the material is strong enough and rigid enaagtvithstand the loads that it will

experience in service. As a result, engineers kbaveloped a number of experimental
techniques for mechanical testing of engineeringensls subjected to tension,

compression, bending or torsion loading.

In the testing step, the tensile, flexural, 1zogh&rat SEN samples with BS EN ISO 527
and 178-180/1A standards, respectively, were predlusing an SLS machine (DTM
Sinterstation 2000). The direction of the sampieshe build chamber was on the X-
axis parallel to the front of the machine and i@ ¥aY plane of the build chamber, Fig

(4.1).
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Table (4.1) Process parameters used in manufagtuest specimens from
PA12/CP00 and PA12/CP03 composites

PA12/GB [wt/wt%)] 90/10 80/20 70/30 60/40
Laser power [W] 10

Energy density [J/mfh 0.073

Scan Speed [mm/s] 914

Powder bed temperaturg]] 176
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Fig (4.1) Orientation of samples in the build bédhe® SLS machine
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The fabrication of specimens was carried out fothbsystems under the same

conditions. While the weight ratio varied, the lhethperature was kept fixed.

After production, the samples were removed fromphe cake and cleaned manually.
Sandblasting and pressurised air were used to renmwder remnants. The
dimensions of the specimens were obtained usingatignicrometers and callipers.
Each dimension was taken three times and an avefatjese values was associated

with each part.

The tensile, flexural and fracture toughness tegiie carried out using a Testometric
materials testing machine AX (M350 — 5 kN). To measthe elastic tensile modulus,
an extensometer was installed with a cross-headdspe 1mm/min. The test results

(tensile and flexural properties) were the meaneslbf six specimens.

The impact test was carried out at room temperatigreg a pendulum impact test
machine type W&T AVERY Ltd. The tensile strengtlastic modulus, elongation at

break, impact strength and flexural strength weoered and obtained.

To observe the morphological structure of scanasad and the fracture cross-section
of tensile bars, a Scanning Electron Microscopel$&EXB 1540 workstation) was
used. Samples were taken from the fracture zotteealumb-bell bars and were coated

with gold before observation.
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4.2. Mechanical properties

Several figures of merit are used to charactehsariechanical properties of materials.
Young's modulus is a measure of stiffness, the amaof stress needed to create a
small recoverable (elastic) deformation. Yield sgth is the stress needed to create an
irrecoverable (plastic) deformation. Flow stresshis stress needed to steadily stretch
the material beyond the yield point. Toughness esg®s the amount of energy needed
to fracture a specimen of the material, which ighhi dependent not only on the
material’s properties, but on strain rate, tempgegtsample geometry and pre-existing

flaws [104].

4.2.1. Tensile strength

The tensile strength of a material is defined asnlaximum stress that the material can
sustain under uniaxial tensile loading. For paléti composites, this relies on the
effectiveness of stress transfer between the matrik the filler. Factors like particle
size, particle/matrix interfacial strength and mdet content significantly affect the
composite strength [105]he tensile properties of glass bead-filled polydenil2
composites were determined according to BS EN IS0 S&tandards. The testing
machine, the shape and the most important dimesnsibrthe tensile specimen are

summarised in Figs (4.2) and (4.3).

Tensile curves
The stress-strain curve is a graphical represemtatf the relationship between stress
and strain. The nature of the curve varies fromendtto material. Stress-strain curves

can not only be used to identify some mechanicapprties such as
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Fig (4.2) Testometric materials testing machine exténsometer installed

{3

h L, -
s )
| \ ‘[
% . : —
Lo
(a) .
Specimen type 1A
I3 Overall length >150
Iy Length of narrow parallel-sided portions 80+2
r radius 20...25
I Distance between broad parallel-sided portions 4 .10113
b, Width at ends 20+0.2
b, Width of narrow portions 10+0.2
h Preferred thickness 4.0+0.2
Lo Gage length 50+0.5
L Initial distance between grips 1151

(b)
Fig (4.3) Shape and dimensions of the tensiles@siples

123



Young’'s modulus, yield strength, fracture strengtid elongation at break, but they

also allow for making statements and predicatiditaiaa material’s behaviour.

Fig. (4.4) demonstrates the tensile stress-strairves of the PA12/CP00 and
PA12/CP03 systems under uniaxial tension at roanpégature. Generally, it can be
seen from these figures that the maximum tengsissis) and tensile straire) tended

to decrease with increasing weight ratio. Howevee, samples of glass bead- filled
polyamide had a different maximum stress compavetthdt of the unfilled polyamide
12, where the elongation at break of the neat P&dg&significantly higher than that

of the composites. Each curve shows a maximumsstwsich is assumed to be the
yield strength of the material. After 30 [wt%] beadhe stress decreased noticeably
with strain for both systemslhe stress-strain curves of the PA12/CP03 system

remained slightly above these of PA12/CPOO0.

Stress calculation

The tensile specimens had a nominal thickness[ofrd], width of 10 [mm] and other
dimensions were determined with reference to BSIEN 527-2 Type 1A, (Fig 4.3).
The as-sintered specimens were tested under amtmewlitions and at a crosshead
speed of 1 [mm/min]. The average tensile strength @btained from six tests.

The tensile stress is calculated according to énué4.2) [BS EN ISO 527]:
o=— ... (4.2)

where :0 is the tensile stress value in question [MPa]
F is measured force concerned [N]

A is the initial cross- sectional améahe specimen [mfih
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Fig (4.4) Stress-strain curves: (a) Polyamide1PP@12/CP00 (90:10 [wt%]), (c)
PA12/CP03 (90:10 [wt%]); laser power: 10 [W]
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Fig. (4.5) displays the variation of tensile strgngf the polyamide composites with
glass beads by weight percentages for both systémssclear that the tensile strength
increased to some extent with increased glass Wweayht percentage, namely, from 48
[MPa] at 10 [wt%] to 55 [MPa] at 20 [wt%], whereetinfluence was quite remarkable.
Above 20 [wt%], the addition of increasing amouatglass beads led to a decrease in
the tensile strength. The composite strength dsetkavith increasing glass bead
content and was lower than that of the polymer malwut better interfacial adhesion
gave higher composite strength. In accordance thifl) the strength of the composites
containing treated glass beads (CP03) was sligjtdater than that of the composites
filled with the uncoated glass beads (CP00). Theams that the interfacial adhesion
between the glass beads and polyamide plays anrtampagole in the improvement of
the strength of filled polyamide. However, the sgth of glass bead-filled polyamide
composites is determined not only by the energysitien particle size and

particle/matrix interfacial adhesion, but also bg particle contents.

The reduction in strength with the addition of beathy be attributed to the reduction
of aggregate bonding strength of the matrix contpodue to less polyamide and
increasing structural microporosity. The tensileersgth increased at first and then
became slightly constant in the interface-treatechmosites, and decreased in the
composites filled with untreated glass beads. lditamh, it can be seen that the figs
(4.5a, b) are not quite similar and the curvesofelldifferent pattern; however the
calculated values of tensile strength using EQ)(#nd to be slightly different to those

recorded by extensometer asipresented in Table (4.3).
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Fig (4.5) The variation in tensile strength of tR&2200/CP00 and PA2200/CP
systems. (a) by calculation; (b) by extensometer
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4.2.2. Young’s modulus

Young's modulus, in general, is the stiffness ahaterial at the elastic stage of the
tensile test. It is defined as the ratio of theawral stress over the uniaxial strain in the
range of stress in which Hooke’s law holds. Youngdulus is markedly improved by
adding rigid particles to a polymer matrix since thgidity of inorganic fillers is
generally higher than that of the polymers. The posite modulus consistently
increases with increasing particle content.

The strain can be calculated using equation (lB8,EN ISO 527]:

. (4.3)

where:€ is strain [%] ;AL is the elongation [mm] ; Lis measurement length of the
specimen.

The modulus of elasticity in tensile stress is glted according to the equation (4.4):

o (4.9)

where:o; ando; are tensile stress; = 0.0025 and,= 0.0005 are strains

Fig. (4.6) shows the variation of the modulus @fsétity with the glass bead weight
ratio. It can be observed that increasing the weaigincentage of glass beads led to an
increase in the Young’s modulus of the test speegn@oduced for both systems. The
calculation results show that an increase in gbesgls from 10 to 40 [wt%)] led to an

increase in the modulus of elasticity from approatiety 1700 to 6500 [MPa].

Generally, the increase in the modulus of elagtist explained by the percolation
theory, which states that a matrix zone around qzaticle is affected by stress
concentration. Therefore, if the distance betwesigles is small enough, these zones

join together and form a percolation network, whictreases the modulus.
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Fig (4.6) The variation of the modulus of elastiaf PA12/ glass bead composites
with glass beads content [wt%]: (a) by calculatig);by extensometer.
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On the other hand it is well-known that for rigidrpculate-filled polymer composites

(in addition to the difference in modulus betwebe particles and polymer), some
physical cross-linking points might be generatedrtitermore, the movement of the
molecular chains of the matrix polymer could exgece a blockage, to some extent,
due to the addition of the glass beads, leadirgntonprovement in the stiffness of the
composite. However, the Young’'s modulus of the mi@ieincreases correspondingly
with an increase in the particle content regardiédssterface treatment, because it is

determined from the initial elastic deformationhaitit damags5], [106].

However, since one of the project goals was tceeithaintain or increase the modulus,
or stiffness, the particles must carry part of tbad at small deformations. If the
particles are completely loose from the matrixnthigey effectively act as voids within

the material, and the modulus will be diminished dy amount proportional to the
particle weight ratio. If they do bind tightly ahsll strains, then they will carry part of
the load, and since they are stiffer than the mathe overall modulus will increase.
Moreover, the better the dispersion of the paiahethe matrix and interfacial bonding
between the matrix and the glass beads, the lb#estiffness of the composite. For
these reasons, the adhesion between the particidstlee matrix must be of

intermediate strength in order to accomplish thal gd simultaneous stiffening and

toughening [104].

The values of modulus for the PA12/CP03 system sbghtly higher than those for
the PA12/CP0O0 system having the same filler contéfiten the weight ratio was >
20%, the difference in modulus between the twoesyst was more evident. This

indicates that the enhancement of interfacial adhdsetween the matrix and the glass

130



beads is helpful in improving the stiffness of fliked PA12 composites. Furthermore,
it can be seen that the Figs (4.6a; b) are siméaslightly different. The curves follow
the same pattern; however the calculated data ahy's modulus using Eq. (4.4) tend
to be higher than those recorded by the extensoragtghown in Table (4.3). However,
when comparing calculated values (using the stmessined by crosshead movement)
for tensile strength and Young’s modulus, to thossorded using the extensometer
differences have been observed. These differeremese explained by the following
factors. Firstly, measuring imprecision and thecpca of sliding a ruler along a graph
in order to determine the above mentioned properteave plenty of room for
inaccuracies. Secondly, the calculations of thesstare based on the force the
crosshead applies and the preset dimensions focrdss-sectional area. If the actual
dimensions do not accurately represent the argaeobample, it will result in stress
values that are higher or lower to those of themsometer. Thirdly, if the specimen
slips at all, while in the grips of the testing rhexe, it can alter the collected data. The
same holds true if the sample extends in the tiansregion rather than just in the
gauge region. The extensometer is used to prehesettwo issues. Lastly, a plastic
stress curve versus strain curve most often cantilmear elastic region, as well as a
non-linear plastic region. Very little strain ocsuwithin the linear region. Because
modulus is measured within this region, an exterstemwith a high resolution is
necessary. The mechanical transverse extensomsdr typically has limited travel
and must be removed from the specimen during aTastinaccuracy of recorded data
for elastic modulus is most likely due to the fdwt it is difficult to determine strictly

the exact point at which the extensometer shouletbmved from the specimen.
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4.2.3. Elongation at break

Elongation at break is an important parameter ef témsile fracture toughness of a
material. Fig (4.7) presents the variation of thengation at break value with the ratio
of glass beads. The results show that the elongati®reak decreased drastically with
increased glass bead ratio. The measured elongattimeak with 10 [wt%] glass beads
was 3.17% and decreased to 0.13% at glass beaght@ht40 [wt%)]. This is generally

explained by immobilisation of the macromoleculbaios by the filler which increases
the brittleness of the polymer. On the other hdhd,increase in deformability of the
PA12/CP03 system due to the presence of a couglgent indicates that silane
coupling agents probably provide a plasticising I(dorication) effect because of the

formation of physisorbed layers in the interph&aj,[[107].

The calculation of percentage elongation at bremkeilation to the original gauge
length can be carried out using the following etpmat

E ='|_I x100 B

p
0

where

E, isthe percentage elongation at break
I is the distance between reference marks, at breaff [

lo is the original length [mm]

Evaluation of elongation at break showed that schiffibrences at a lower filler content
are the consequence of a small impact of fillethenpolyamide matrix due to the small
interfacial area. In this case, the elongationratk values were primarily influenced
by the decrease in specimen cross-section durimggation or strain hardening. At

higher filler contents, the effect of the filler tdme polyamide matrix
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Fig (4.7) The variation of the elongation at breath glass bead content.
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was much more extensive due to the enlargementefiriterfacial area and the

formation of increased interfacial interactionsvibetn the filler and the matrix.

However, as it can be seen from Fig (4.7) thatuvhleies of elongation at break of
composites increased with silane coupling agemttritent compared to the untreated
cases at a constant glass bead content due tdasteciger effect of silane coupling

agents.

4.2.4. Flexural strength and modulus

In many applications for particulate-filled plastic especially particulate-filled

thermoplastics such as polyamides, the product matstnly be strong, but also stiff or
rigid to perform as designed. The flexural strergjtla material is defined as its ability
to resist deformation under load. The flexural muodus the ratio of stress to strain in
flexural deformation, or the tendency for a matet@ bend. Adding glass beads
increases the stiffness or flexural modulus of ygraide composite. Generally, the

more glass beads used, the greater the increélsguinal modulus.

Flexural strength and the modulus of elasticity evebtained through a three-point
bending test. Most commonly, the sample was placed support span and the load
was applied to the centre by the loading nose, ymod three-point bending at a
specified rate. The parameters for this test agestipport span, the speed of loading
and the maximum deflection for the test. These matars are based on the test
specimen thickness and are defined by ISO 178. @Bi®) summarises the shape,

dimension and arrangement of the test samples.
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Stress calculations
For a rectangular sample under a load in a thre®-pending setup:

s = FFL
" 2ph?

... (4.5)

where: oy  flexural stress [MPa]
F the load (force) at the fracture point [N]
L the length of the support span [mm] , L = 16 h6x4 = 64 [mm]
b width [mm]

h thickness [mm]

The flexural properties are presented in Table)(4ldble (4.2) reveals that the glass
bead-filled polyamide exhibited a lower flexuralestgth and higher modulus than that

of the uncoated system.

Fig. (4.9) demonstrates the variation of the flekstrength and flexural modulus with
glass bead content. The results from the expersnshbw that flexural strength
increased gradually, whilst the flexural modulutuea increased steadily as glass bead
loading increased from 10 to 40 [wt%)]. However ftexural strength and flexural
modulus values of the PA12/CP03 system with cogtasls beads were slightly higher
than those of the PA12/CP00 system, where is giydralieved that the coupling
agent would soften the PA12 matrix around the glassds, which have a smooth

spherical surface and should not initiate fine ksao the matrix around them.
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L2

Loading and supports

Dimension

Loading radius

R; =5+ 0.1 [mm]

Support radii

R, =2 + 0.2 [mm] — for test specimens of thickn&s3 [mm]

R, =2 + 0.2 [mm] — for test specimens of thicknes3 [mm]

Test specimen

Length =80 + 2 [mm]
Width b=10% 0.2 [mm]
Thickness h=4+ 2 [mm]

Fig (4.8) Shape, dimension and arrangement oktesples
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4.2.5. Impact strength

The impact strength of notched samples was measirathbient temperature by the
notched Izod test. Izod impact tests were carrigdba 80x10x4 [mm] rectangular bars
with a single-edge 45V-shaped notch (tip radius 0.25 [mm], depth 1.5 The test
was performed at room temperature using a penduhyact test machine type W&T

AVERY Ltd., with a pendulum speed at impact of 2[dvs], Fig (4.10).

The Izod fracture test was carried out to charasdhe impact strength of glass bead-
filled polyamide 12 composites. The samples usetk wiee notched rectangular bar
described above. The average values were calculabed six samples and the

measured results for impact strength are listélthinles (4.2) and (4.3).

The impact strength of different PA12/GB compositeth different filler content is
shown in Fig. (4.11). It is clear from this figutieat the impact strength increased to
some extent with increased glass bead weight pexgenAs the weight ratio of glass
beads increased, the impact strength of the pobj@mvas reduced. With loading tg
20 [%wt], the significant drop in impact strengthasv readily apparent. This
degradation in impact properties can be attributedthe immobilisation of the
macromolecular chains by the glass beads, whicltslitheir ability to deform freely

and makes the composite less ductile.

From the impact experiment, it was found that thpact strengths of composites filled
with uncoated glass beads decreased monotonicatty 13.97 to 9.84 [kJ T with
increasing particle weight ratio, probably duehe poor interfacial adhesion between

polyamide and glass beads.
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(a) Avery Izod pendulum impact machine

22 £0,2

by

N
W, D

(b) (©)
Method Specimen Notch | Notch base radiug,Remaining with,
designation type N by, at notch base
ISO 180/A | Length | = 80t 2 [mm]
Width b = 10.0+ 0.2 [mm] | A 0.25+ 0.05 8,0+ 0.2
Thickness h = 4.@ 0.2 [mm]

Fig (4.10) Impact test arrangement: (a) testinghima; (b) Notch type; (c) Sample
geometry and loading arrangements.
1 striking edge; 2 notch; 3 vice jaw; 4 face of gaw contact with the sample; 5 fixed vice jaw;
6 movable vice jaw;premaining width at notch base
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Fig (4.11) The variation of impact strength witlagg bead weight ratios
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Table (4.2) Mechanical properties of SLS sample&1@ PA12/CP00 system; PA12/CPO03
system) by calculation

PA12/ CPOO ratios [%] 100/0 | 90/10 80/20 | 70/30 60/40 Max percent

Laser power [W] 10 [W] variation

Properties; Material: PA12/CP00

average| 52.89| 52.39 52.40 | 48.40 40.85 22.76

Tensile strength [MPa]
SD* 0.81 0.70 0.53 1.40 1.13

average| 1721.9 2716.55| 3399.6( 4675.32| 6250.1¢ 72.45

Tensile modulus [MPa]
SD 214.09 | 383.57 | 493.75| 275.77 | 232.56

average 4.18 3.27 2.36 0.55 0.17 95.93

Ultimate elongation [%0]
SD 0.53 0.64 0.42 0.11 0.08

average| 69.97| 75.43 80.41 | 84.38 87.20 19.75

Flexural strength [MPa]
SD 3.07 1.01 1.90 1.95 3.14

average| 2262.9] 2252.98| 2675.1§ 3280.86| 3870.03 41.78

Flexural modulus [MPa]
SD 361.15| 222.16 | 115.58| 150.47 | 366.19

average 9.14 | 13.97 13.65 | 13.41 9.84 34.57

Impact strength [kJ/fh
SD 0.58 0.65 1.06 1.43 0.65

PA12/ CPO3 ratios [%] 0/100 10/90 20/80 | 30/70 40/60 Max percent

Laser power [W] 10 [W] variation

Properties; Material: PA12/CP03

average| 52.89| 53.59 54,61 | 52.23 51.54 5.62

Tensile strength [MPa]
SD 0.81 0.99 0.74 0.47 2.36

average| 1721.9 2800.95| 4190.34 4820.07| 6470.73 73.39

Tensile modulus [MPa]
SD 214.09| 571.72 | 477.71| 498.21 | 375.54

average 4.18 2.74 1.70 0.48 0.18 95.69

Ultimate elongation [%]
SD 0.53 0.48 0.39 0.08 0.03

average| 69.97| 77.07 78.61| 86.14 90.70 22.85

Flexural strength [MPa]
SD 3.07 1.59 3.43 1.10 0.89

average| 2262.9] 2460.51| 2549.9¢ 3208.68| 3849.13 41.21

Flexural modulus [MPa]
SD 361.15| 99.75 | 226.96| 203.27 | 273.62

average 9.14 | 14.40 13.18 | 11.46 10.29 36.53

Impact strength [kJ/fh
SD 0.58 1.18 2.16 1.09 0.74

©) SD ... Standard deviation
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Table (4.3) Mechanical properties of SLS samplesonded by an extensometer (PA12;
PA12/CP0OO0 system and PA12/CP03 system)

No. | LP Stress at Peak Stress at Upper Young'’s Modulus Stress at Break
[MPa] Yield [MPa] [MPa] [MPa]
Material: PA 12
59.720 55.480 2050.3 42.897
10W | 58.812 54.875 1974.4 39.885
60.400 57.147 2302.4 45.995
Material: PA12/CP0O; 90:10
57.128 54.833 2666.8 42.222
10W | 56.655 55.430 2377.2 53.480
57.583 56.267 2521.2 48.591
Material: PA12/CP00; 80:20
53.257 52.815 3081.5 48.230
10W | 52.515 51.97 3091.7 49.042
53.290 53.073 3086.6 49.722
Material: PA12/CP00; 70:30
10 39.257 39.208 3187.9 35.308
11 10W | 38.655 38.120 3110.0 36.692
12 34.390 32.890 3255.0 32.495
Material : PA12/CPO0O ; 60:40
13 39.683 39.537 3925.7 38.99
14 10W | 38.320 38.287 4160.8 37.987
15 37.270 37.245 4210.5 36.698
Material: PA12/CP03; 90:10
16 57.612 55.720 2504.5 44.755
17 10W | 56.355 53.160 2233.8 48.042
18 55.628 54.000 2233.8 42.498
Material: PA12/CP03; 20:80
19 48.153 48.787 2582.8 48.140
20 10W | 49.995 49.715 2811.2 47.905
21 51.260 51.105 2395.7 48.623
Material: PA12/CP03; 70:30
22 49.002 48.955 3366.5 46.820
23 10W | 48.592 48.025 4178.4 47.517
24 47.933 47.873 3279.8 47.125
Material: PA12/CPO03; 60:40
25 48.147 48.140 3625.0 48.110
26 10W | 41.055 41.055 3992.8 41.010
27 47.740 47.545 3627.2 47.158
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The impact strength of PA12/CP03 composites fillth treated glass bead particles
decreased from 14.40 and 10.29 [KJmHowever, with treated glass beads, the impact
strengths were somewhat higher than those of uastteamposites. This indicates that
the impact strength of the PA12 composites camipedved by coated glass beads. As
discussed above, the silane coating agent on thes dhead surface improves the
interfacial adhesion between the glass bead andPth&2 matrix. The improved
interfacial adhesion is favourable for transmittithg@ impact force and absorbing the
fracture energy. On the other hand, reducing tke sif glass beads is helpful for

improving the toughness of composites [108],[109].

4.2.6. Fracture toughness

Fracture toughness is a property which describeshlility of a material containing a
crack to resist fracture, and is one of the mogtortant properties of any material for
virtually all design applications. Fracture tougbsés an indication of the amount of
stress required to propagate a pre-existing flave. & very important material property
since the occurrence of flaws is not completelyidafole in processing, fabrication, or
service of a material/component. Flaws may appsacracks, voids, metallurgical
inclusions, delamination, weld defects, design ahsiouities, or some combination

thereof [110].

The aim of this section was to experimentally iriiggde the fracture toughness of the
glass bead-filled polyamidel2 composites under iegtaic load. In the case of the
simpler mechanical properties such as Young's madok yield strength, the testing
techniques are simple and require little thoughhtarpretation. However, toughness is

a more difficult property to characterise.
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Basically, the fracture mechanics concept to matetesign considers the effects of
cracks and defects on strength. To determine fradtbughness, which is a material
property, there are two approaches: the stressigitye approach and the energy
approach. The first approach yields a fracture hoegs (K) which relates the crack

size to fracture strength. The energy approachigesva critical energy release rate

(Gc) which is the work dissipation required to spraeagtack of a unit area.

Linear elastic fracture mechanics (LEFM) is ondh#f most frequently used methods
to characterise polymer fracturBhe fracture toughness in LEFM may be represented
in terms of the stress-intensity factor (K) or teain-energy release rate (G). However,
fracture toughness characterisation using LEFM imeso difficult when ductile
polymers, especially polymer blends with high fuaet toughness to yield strength
ratios are involved. The formation of a large ptastone prior to crack initiation

violates the limit of small scale yielding, whichsaires the validity of LEFM [111].

The expression for Kand its relation to Gwere originally derived for homogenous,
isotropic materials. However, these equations can applied to particle-filled
composites provided that the heterogeneities arg small compared to specimen

dimensions and notch length. Under these conditiGnand K; are connected by:

G, =—¢ ... (4.6)

where E is the effective composite modulus.
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4.2.6.1. Single-edge-notched three-point bendingaftture toughness tests
Toughness tests were also performed on the compoaita slower rate than impact
conditions by drawing out the notched rectangukar samples. For this purpose, five
sets from which five replicate samples of each wam@duced and tested at room
temperature on a Testometric materials testing machX at a cross-head speed of 1
[mm/min] using a span of 64 [mm]. Single-edge-nettl{SEN) type specimens were
prepared for the determination of the critical s¢réntensity factorKc) in the three-

point bending (3PB) test.

The fracture toughness specimens were produced @inSLS machine under the
same conditions applied to other testing speciméhs.length (L), thickness (B) and
width (W) of the specimens were 80, 10 and 4 [mm], respagti Fig (4.12). The

single-edge V-shaped notches of’ 4With a tip radius of 0.25 [mm] and different
depths, were introduced using the SLS machine. fHseilting load-displacement

curves of glass bead-filled polyamide compositesgaren in Fig (4.13).

The load-displacement curves allowed for making statémabout the behaviour of
the composites. Looking at the effect of glass beauent on the load-displacement
curves of the specimen, as presented in Fig. (4itLB) clear that as the filler content

increased, the load and the displacement decreased.

Calculation of fracture toughness:

TheK|c values were determined using the relationshipJf112

IC

_ 3PS/a f[aj

T2BW?2 W
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f(ij = 193- 3.07(% 45{% - 2511[% 4 ZSB(EJ e (47)
w f f f f

where f(%j is a shape factoP is the load at failureSis the length of the span aad

is the notch depth.

Critical strain energy release rat€sd) were calculated from the stress intensity values

using the following relationship:
K2
Gic :.%(1—V2) (48)

where E is the modulus of elasticity obtained fréime tensile tests and is the
Poisson’s ratio of the polymer, taken to be 0.38]1

Shown below is an example for the calculation f End Gc for the CP03/PA12
composite, weight ratio 40:60 and laser power of\i/{:

Span: S = 0.064 [m]; Thickness: B = 0.004 [m]; WidW = 0.010 [m]; Young’s
modulus: By = 3364500000 [N/A),

Crack depth: CD = 0.001 m; load: F = 189 [N]:

1 — Shape factorf [%j =1.74578

2- Kic = 2504162.80 [Pa.fff] =2.50 [MPa (7

3- Gc = 1863.82 [J.i] = 1.86 [kJ/M]

The results of critical stress intensity factic) and critical energy release rated)G

are summarised in Table (4.3).
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Table (4.4) Test

results of fracture toughness operd on

Polyamide 12/ glass bead

composites.
Material: PA12
Crack Depth [m] Laser Power [W} K[MPa nm'j Gic[kI/nT]
0.001 3.17 4.46
0.002 3.97 6.97
0.003 10 4.63 9.51
0.004 4.32 8.26
0.005 4.24 7.96
Composite material: PA12/CP00; 90:10
0.001 3.14 3.62
0.002 3.93 5.70
0.003 10 4.54 7.59
0.004 4.42 7.19
0.005 4.58 7.74
Composite material: PA12/CP00; 80:20
0.001 3.11 3.14
0.002 3.84 4.78
0.003 10 4.68 7.12
0.004 4.51 6.60
0.005 4.41 6.31
Composite material: PA12/CP00; 70:30
0.001 2.82 2.73
0.002 3.71 4.72
0.003 10 4.15 5.91
0.004 3.98 5.42
0.005 4.07 5.69
Composite material: PA12/CP00; 60:40
0.001 2.49 1.61
0.002 3.23 2.69
0.003 10 3.72 3.58
0.004 3.63 3.42
0.005 3.39 2.99
Composite material: PA12/CP03; 90:10
0.001 3.08 3.80
0.002 3.80 5.78
0.003 10 4.78 9.14
0.004 4.19 7.04
0.005 4.88 9.51
Composite material: PA12/CP03; 80:20
0.001 3.11 3.73
0.002 3.82 5.63
0.003 10 4.37 7.36
0.004 4.23 6.89
0.005 4.41 7.50
Composite material: PA12/CP03; 70:30
0.001 2.74 211
0.002 3.49 3.42
0.003 10 3.74 3.93
0.004 3.59 3.59
0.005 3.73 3.92
Composite material: CP3/PA12; 40:60
0.001 2.50 1.86
0.002 3.21 3.06
0.003 10 3.86 4.43
0.004 3.57 3.78
0.005 3.69 4.05
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4.2.6.2. Correlation between fracture toughness anglass bead content

The dependency of plain strain fracture toughnessthe critical stress intensity factor
(Kic), of glass bead-filled polyamide 12 is given irg K4.14). The most distinctive
feature in this figure is that the fracture tougtmef two composite systems did not
show any significant increase with increasing glasad content. In fact, it decreased
with the increase in glass bead content. It was,sepon increasing the glass bead
content that the | decreased. In other words, the addition of glasadb led to

composites with brittle behaviour.

The critical strain energy release ratég) calculated from thel(c) and modulus data
can be found in Fig (4.14-b). The general trenthdf figure is the same as that of Fig
(4.14-a): fracture toughness decreased with inorgagass bead content. Nonetheless,
in all systems, as glass bead content increasedjebrease in fracture toughness per
unit increase of glass bead content became greeey rapidly in Fig (4.14-b) than in
Fig (4.14-a). This difference betwe&p: andG,c values can be easily understood by
considering how they are relate@jc depends orK,c and modulus under the linear

elastic fracture assumption.

From the abovementioned figures, it can also bermksd that the influence of surface
treatment, i.e. coupling agents, on fracture toegkns insignificant, therefore a little
bit of energy can be damped via de-bonding. Besalesack can propagate through an
interface easily because of a weak interface. iEhighy fracture toughness decreased
with increasing glass bead contehbwever the interfacial-treated composites were

superior in tensile strength.
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4.2.6.3. Effect of V-notch depth on fracture toughess

In fracture toughness testing it is common, fosaes of simplicity and reproducibility,

to use notches to approximate sharp cracks. Hemeeause of the lower stress
concentration ahead of a notch, as compared tolyagharp crack, a greater force is
required to cause a notch tip crack to extend. @higation increases with increasing
notch width and results in the commonly reportegetielence of fracture toughness
(Kic) on notch root radius. This can be explained esrsequence of the interaction of
a distorted stress field with material flaws inrdtaf a notch. In conventional impact
testing, the required notches are usually mechbyiicdroduced into the test samples
in accordance with the relevant ISO Standard. Hewewith RP/RM processes, it is
entirely possible to include the notch into the CAR and manufacture this design

detail as the part is being built [112], [114].

Owing to the effects of the manufacturing methgucsmens with sintered-in notches
do not give results comparable to those obtaineth fspecimens with machined
notches. It has been shown that to measure tramufeatoughness, sharp notches with
the size of microstructural features are requifedcture toughness values determined
with sharp-notched specimens are compared withréisalts of experiments with
conventional sawn-in notches. It has been showrt #farp notches deliver
considerably lower, more accurate and reproduaiblaes of Kc, for materials with
fine microstructures. In this sense, in order toimise the staircase effect of the build
process on the notch profile, all the specimensumyestigation were built in the flat
orientation, as shown in Fig (4.2). Fig (4.15) skawptical photomicrographs of SLS-

introduced notches.
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(@) | (b)

(©) (d)

(e)
Fig (4.15) Optical photomicrographs of the V-notetioduced using the SLS process
(a) notch depth 1 [mm]; (b) 2 [mm] ; (c) 3 [mm];) @ [mm]; (e) 5 [mm]
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V-notches are one of the simplest and most freqgeainetries that appear in testing
samples and in notched structural components. @kyanotches concentrate stress for
purely elastic responses and they generate enhatest strain rates at the notch root
when local yielding occurs. Therefore, experimentye performed to explore the
effect of non-standard SEN-3PB type samples witheased notch depths. Fig (4.16)
shows the dependence ofcKand Gc on notch depth. Most of the composites,
including unfilled PA12, absorbed less energy a&srtbtch depth increased, i.e. as the
stress or strain-rate concentration increased. bléeds with a higher weight ratio of
glass beads, however, maintained essentially thee 9§c and G¢ independent of

notch depth in the range investigated.

In fact, the data on the fracture toughness ofctigte laser sintered glass bead-filled
polyamide 12 are roughly comparable with those standard injection moulded
samples from nylon, rubber-modified polymethyl nasttylate (PMMA-RT) and

polyvinylchloride (PVC), [BS ISO 17281:2002].

4.3. Morphological observation

The morphological study in this work included therinsic microstructures of the

blends of the sintered and fractured surfaces a&ftesile tests. A scanning electron
microscope (ZEISS XB 1540 workstation) operatingaatacceleration voltage of 30

[kV] was used to analyse the micrographs of scafases and fracture cross-sections
of tensile bars. Prior to observation, the surfagese coated with a thin layer of gold

to make them conductive and to avoid the conceaoftraif electron emission on the

surface during examination. The SEM micrographghefglass bead-filled polyamide

12 composites sintered at two different energy ities§ED) and different glass bead
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Fig (4.16) Dependence ofkand Gc on notch depth (the standard notch depth is
mm). (a) PA12/CPO0O0 system; (b) PA12/ CP03 system
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contents with different surface treatments are showFigs (4.17) and (4.18). For the
PA12/CP00 system, it can be noted from Fig (4.1%aj the particles on the scan
surface formed at an ED of 0.058 [J/Ainvere only slightly fused together at points of
contact and a number of voids could also be sesmpaced to those formed at an ED of
0.073 [J/mrﬁ], Fig (4.17-b), where the particles were stronfilged together. This
indicates that the flow of the composite was feaitid by relatively higher energy
density. Fig (4.17-c;d) shows the morphology otmstle fracture cross-section of the
PA12/CP00 system with a glass bead weight rati@legu20%. One can see that the
connection between the glass beads and PA12 wagenfect, that many glass beads
had been pulled out and that PA12 was stretchedglbreakage, resulting in a rough
spongy surface. However, the tensile fracture serfaf the un-treated glass beads in
the composite after de-bonding was very smooths Tindicates that the interfacial
adhesion was poor and therefore its tensile stheragt lower than that of the

PA12/CP03 system (see Fig 4.5).

Fig (4.18a;b) is an SEM micrograph taken of thenssarfaces and the tensile fracture
cross-sections of the PA12/CP03 system with a gbessl weight ratio of 20% at
energy densities of 0.058 [J/rfnand 0.073 [J/mA]. In general, it can be observed that

there is not a significant influence of the couglagent on the scan surface.

The treated glass beads, Fig. (4.18-c;d), wereumlfy distributed in the PA12 matrix,

and their surface became very rough. Hence, theibgrbetween the glass bead and
the matrix was strengthened. These results inditattethe silane agent coated on the
surface of glass bead enhanced the interactioneleetwhe glass beads and PA12, and

improved both the adhesion and morphological stinecdf the PA-
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Scan surfaces pictures

(a) LB=8 [W]; ED = 0.058 [J/m%

Tensile fracture surfaces

(c) LB=8 [W]; ED = 0.058 [J/mnj

Fig (4.17)SEM micrographs of scan surfaces: (a); (b) andleefracture surfaces: (c);
(d) of selective laser sintered PA12/CP00 compssitaitaining 20 [wt%] glass beads

built at two different energy densities
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Scan surfaces pictures

T NEA =
(a) LB=8 [W]; ED = 0.058 [J/m b) LB = 10 [W]; ED = 0.073 [J/m

Tensile fracture surfaces

(c) LB=8 [W]; ED = 0.058 [J/mfj

Fig (4.18)SEM micrographs of scan surfaces: (a); (b) andleefracture surfaces: (c);
(d) of selective laser sintered PA12/CP03 compssitetaining 20 [wt%] glass beads
built at two different energy densities
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matrix composites. Therefore, the tensile stremgdls higher than that of the former,

(see Fig 4.5).

4.4. Summary

The results presented in this chapter have showh thver the range tested, an
increasing proportion of glass beads will causemesponding increase in stiffness.
The notable increase in strength and modulus, aabie with a relatively small
decrease in tensile strength, is promising whersidening the requirement to tailor the
stiffness of SLS parts and components. Howeverfdiny large decrease in elongation
at break may prevent the use of very high ratiosglaks beads. Different from
elongation at break, the flexural strength and nelincrease steadily with increasing

glass bead content.

From the impact experiment, it was found that thpact strengths of glass bead-filled
polyamide composites decreases monotonically, meige, regardless of the surface
treatment applied on the glass beads, where tlss dgeads are thought to make the

composite less ductile.

In terms of fracture toughness, both compositeesystdo not show any significant
increase with increasing glass bead content. Ity faclecreases with an increase in

glass bead content.

The results have shown that it is possible to ey properties of selective laser

sintered parts by adding controlled proportionglags beads to standard PAd@&vder

besides surface treatment and process parameters.
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Generally, high impact strength coupled with a d¢argnsile modulus suggests a tough
composite material; high impact strength and stealsile modulus indicate a ductile,
flexible material; low impact and large tensile mabg typify a brittle composite
material. However, the interface-treated compositessuperior in tensile strength, and
inferior in fracture toughness to the interfacereated composites. The SEM
micrographs showed that the silane coupling agaptaves both the adhesion and the

morphological structure of PA12 composites.
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Chapter 5- Experimental investigation of the influece of
processing parameters and material properties on #

curling phenomenon in selective laser sintering

5.1. Background

It is a well-known approach that, to be able teeinthe science behind the observed
phenomenon, researchers have to plan and conduetabeexperiments to obtain

enough relevant data. This can be done by the-andterror approach, design of
experiments and the Taguchi method. Experimentsjelier, are necessary for the
development of new materials, for the introductioh new technologies, for

optimisation of processing parameters and for img@noents to known techniques.

Indeed with more manufacturers using the SLS processdpid manufacturing, it is
vital that designers understand the propertieb®htaterials that are being used. In this
direction, much work has been focused on determitiie most appropriate parameters
for the SLS process. Selective laser sintering |SES®ne of the most popular rapid
manufacturing techniques. It has the capabilitprioduce a part in hours without any
tooling, which is a powerful advantage for many usudies. However, the parts
produced tend to shrink and warp from its desigioech and dimensions, forcing the
user to run several trials of a part to reachdeal dimension or settle for a slightly
inaccurate part. Improvement of geometric accurdxyy optimising processing

parameters in selective laser sintering has begmeanains a major concern.

Basically, part accuracy is one of the main chaiénin layered manufacturing

techniques. Compared to conventional manufactupragesses, the parts produced

161



using SLS or any other additive manufacturing psecare generally poor and inferior
in terms of accuracy, where shrinkage and warpepgesent the most common sources
of inaccuracy in SLS process. In selective lasetesng there are four major elements
that may affect part accuracy, namely the CAD meaghgiroximation, distortion caused
during building, the stair-step effect on curvedates and surface roughness resulting
from the process. Distortions such as curling, igaizand bonus- Z are common
problems in the SLS machines. These problems cametlaced as a result of

improvement in the properties of SLS materials [$105].

Distortions are changes of geometry during or dfterbuilding process. In this sense,
geometric distortion in selective laser sinteringagly affects the accuracy of the
shaped parts by SLS. One of the main sources efasid shape variations of selective
laser sintered parts is shrinkage during procesShgnkage is strongly influenced by
the processing parameters (such as laser paramétgid chamber temperature,
cooling rate) and the geometry of the part. Theltslirinkage in the SLS process is a

result of material shrinkage, process shrinkagethednal shrinkage.

It is well-established that materials chosen taubed for SLS have a large difference
between the melting and crystallisation temperatlfréhis temperature range is too
narrow, warping can occur in the SLS part aftenas been sintered. If the range is
large enough, warping will not be as serious ol mok occur at all. When the material
has been sintered, the melted powder will stayhaliquid phase as it cools down.
While in the liquid phase, the material does natuatulate stress, so the cooling
process should be slow and gradual. If the partscdown too quickly, then stress

points can accumulate on the part which causes ivdrp once it has hardened.
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Therefore, polymer materials which have a largéedkhce between the melting and
crystallisation temperatures are desired [64]. Dwrcrystallisation, the molecules
arrange themselves and occupy less volume, thdspéo material shrinkage. During
processing, the powder particles fuse togetherrtalyre dense parts, leading to a
decrease in porosity and volume. During heating pidgrt expands due to the coefficient

of thermal expansion and then shrinks during cgolin

The result of shrinkage and warping is the curlpigenomenon, which is identified
when the downward-facing surface of a part, intentte be flat, exhibits a curved
profile close to the free edges (in which the stefprofile of a specimen that was
designed to be flat becomes concave in shape sifteering). In general, curling is
caused by uneven shrinkage between the top andnbatt the part. Fig (5.1) shows

shape distortion in the SLS process.

However, adequate thermal control is necessary revept accuracy problems
associated with curling. Curling can occur at thet fped surface or in-build, or as the
part is cooled from the build temperature to ro@mperature or post-build. In-build
curling is caused by thermal stresses and layershsikage stresses. These stresses
can be minimised by maintaining the part bed aemaperature near the melting
temperature of the material. At this temperature,thermal gradients between the part

and surrounding powder are minimised [93].

In the build stage, in-build curling occurs wher #dges or corners of the part rise
above the powder bed surface. This is mainly dush&ven temperature distribution in

the part bed. In-build curling develops when the pemperature dips too low after the
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feed powder is added. However, strong curling ughefpart can cause the part to shift
when the roller passes, Fig (5.2). On the othedhan excessive cooling rate and
thermal gradients produce unbalanced stresseg isittered part, causing the final part
to become curved. If the part is not allowed toldnaa controlled environment for a
long time, the part will tend to warp due to fasteoling in the outside environment. In
addition, during faster cooling, the part develsjgmificant stresses causing post-build

warpage.

Additionally, curling has also been reported toyvaccording to the location of the part
in the part bed. Surfaces of the part bed and dgtinvall are typically cooler than the
sintered part and its surrounding powder. Therefoaets placed close to these surfaces
were seen to experience more curling than otheitipas in the part bed due to the
heterogeneous cooling taking place within the gdowever, in order to decrease the
differential shrinkage, minimise the thermal distur and facilitate fusion of powder
particles, the SLS machine manufacturer (DTM) rec@mds, as a corrective measure,
that the entire machine bed be heated to a temyperbelow the melting point of the
material before the laser scans. To this end, deroto improve the accuracy of the
sintered parts, the shrinkage behaviour of partsxgumanufacture needs to be better
understood. Considerable research has been pedoonedeveloping methods to

investigate this issue.
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Curled part after
solidification

Side view of a part

i

Ideal part

Fig (5.1) Curling of SLS part
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Fig (5.2) Curling up of parts during the SLS praces

166




The present investigation is concerned with impnosets to the geometrical accuracy
in producing plastic parts by the SLS process. iBusvstudies in this direction have
concentrated primarily on the effects of heat tlanand thermal stress analysis on part
curling. There has been no detailed study on tlectebf other important process
parameters such as laser power, powder compospionder base thickness, layer
cooling time, etc., on the curling phenomenon. hrs tchapter, the effect of these

parameters is investigated.

It is evident from the review of the literaturedhapter 2 that the understanding which
has developed on variations in curling due to nmteproperties and process
parameters is useful for finding an optimum setpodcess parameters to produce
accurate parts. This experimental study was amattéo enrich the existing knowledge
about the influence of processing parameters antkerrab properties on shape

distortions in SLS of polyamide 12 composites.

For a given composite material, it is possible toderate shrinkage and growth by
adding a reinforcement or filler to the systdmis also possible to achieve near-zero
shrinkage with multiphase coated particle morphie®@93] Table (5.1) and Fi¢5.3)

show the relationship between percentage shrinkagefiller content. It can be seen

that the shrinkage amount decreases significantlytive increase of glass beads ratio.
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Table (5.1) Dependency of percentage shrinkagleanength of tensile bars on glass

beads content

Materials PA12 PA12/CP03 composites [wt%)]
0:100 90/10 80/20 70/30 60/40
Measured length L [mm]
154.09 154.40 154.94 155.36 155.49
154.40 154.69 155.11 155.51 155.72
154.36 154.74 155.11 155.54 155.85
154.12 154.65 155.03 155.40 155.58
154.14 154.65 154.97 155.46 155.52
154.10 154.52 154.95 155.43 155.44
Percentage shrinkage [%]
0.59 0.39 0.04 -0.23 -0.32
0.38 0.20 -0.07 -0.33 -0.46
0.41 0.17 -0.07 -0.35 -0.55
0.57 0.22 -0.02 -0.26 -0.37
0.55 0.22 0.02 -0.30 -0.33
0.58 0.31 0.03 -0.28 -0.28
Average 0.51 0.25 -0.01 -0.29 -0.38
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Shrinkage [%

Glass bead content [wt%)]

Fig (5.3) Dependency of percentage shrinkage cssdlaad content
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5.2. Implementation of Taguchi method in the optinmsation of curling in
SLS

Optimising parameter design problems is routinetyfgrmed in the manufacturing

industry, particularly in setting final optimal mess parameters. Previously, trial-and-
error processes were used, depending on experacmtuition, to determine optimal

process parameter settings. However, the trialeana- process is costly and time
consuming, and thus it is not suitable for compteanufacturing processes [115],
[116]. Subsequently, the Taguchi parameter desigthod was applied in the current

study to determine the optimal process parametenge.

Since curling has a direct impact on the accuracythe qualities of the produced part,
the design of experiments (DOE) method was propaseitiis study to identify an

optimal process parameter setting that can reduesem eliminate curling on sintered
parts [117]. The Taguchi method involves reducimg ¥ariation in a process through
robust design of experiments. The overall objectivéhe method is to produce a high

guality product at a low cost to the manufacturer.

The experimental design proposed by Taguchi inwlusing orthogonal arrays to
organise the parameters affecting the process lamdetvels at which they should be
varied. Instead of having to test all possible covations as in factorial design, the
Taguchi method tests pairs of combinations. Thiswa for the collection of the
necessary data to determine which factors mosttgbi®duct quality with a minimum
amount of experimentation, thus saving time anduees. The Taguchi method is best
used when there is an intermediate number of Vasa(8 to 50), few interactions

between variables, and when only a few variablesritute significantly [118].
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The major steps of implementing the Taguchi mettard: (1) to identify the
factors/interactions, (2) to identify the levelseafch factor, (3) to select an appropriate
orthogonal array (OA), (4) to assign the factotefiactions to columns of the OA, (5)
to conduct the experiments, (6) to analyse the aatiadetermine the optimal levels and
(7) to conduct the confirmation experiment. FigH{5llustrates the scheme of the major
steps of implementing the Taguchi method. Taguclethaod is a technique for
designing and performing experiments to investigatecesses where the output
depends on many factors (variables, inputs) withbaving to tediously and

uneconomically run the process using all possibtalmnations of values [119], [120].

In Taguchi methodology, the desired design is ifseal by selecting the best
performance under given conditions. Basically, Taguchi method uses two important
tools, namely orthogonal arrays (OA) and signatoise (S/N) ratios. OA is the matrix

of numbers arranged in columns and rows. It haalanbing property in which every

factor setting occurs in the same number of tineg¥ery setting of all other factors in
the experiment. Orthogonal arrays allow for studyimany design parameters
simultaneously and can be used to estimate thetef®é each factor independent of the
other factors. Therefore, information about theigteparameters can be obtained with
minimum time and resources. The signal-to-noise liatsimply a quality indicator by

which the effect of changing a particular designapeeter on the performance of the

process or product can be evaluated.
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Identify the factors/interactions

\/
Identify the levels of each factor

iL Phase 1

Select an appropriate orthogonal
array (OA)

Jl

Assign the factors/interactions to
columns of the OA

Il

Conduct the experiments Phase 2

~

Analyse the data, determine the
optimal levels (software) Phase 3

~.

Prediction the performance and
Conduct the confirmation Phase 4
experiment

Fig (5.4) Scheme of the major steps of implementtiegTaguchi method [120]
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The Taguchi method employs a signal-to-noise (S#éip to quantify the present
variation. These S/N ratios are meant to be usechemsures of the effect of noise
factors on performance characteristics. S/N rati&e into account both the amount of
variability in the response data and the closenésise average response to the target.
Generally, there are several S/N ratios availabpedding on the type of
characteristics, such as smaller is better, nommadlest and larger is better [120],

[121].

Advantages and disadvantages

An advantage of the Taguchi method is that it emmjgsles a mean performance
characteristic value close to the target value erattihan a value within certain
specification limits, thus improving the productatjty. Additionally, the Taguchi
method for experimental design is straightforwamd aeasy to apply to many
engineering situations, making it a powerful yehgie tool. It can be used to quickly
narrow down the scope of a research project adeatify problems in a manufacturing
process from data already in existence. Also, thguthi method allows for the
analysis of many different parameters without ahgmtively high amount of
experimentation. In this way, it allows for the mii@cation of key parameters that have
the most effect on the performance characterigtiopesso that further experimentation
on these parameters can be performed and the parantieat have little effect can be

ignored [118].

The main disadvantage of the Taguchi method is ttatresults obtained are only

relative and do not exactly indicate what paraméias the highest effect on the

performance characteristic value. Taguchi parantdsign method however, can only
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find the best specified process parameter levelbomation, which includes discrete

setting values of the process parameters. Alsaesomthogonal arrays do not test all
variable combinations, this method should not kedushen all relationships between
all variables are needed. The Taguchi method has baticised in the literature for

difficulty in accounting for interactions betweerarpmeters. Furthermore, since
Taguchi methods deal with designing quality intodarcts and processes rather than
correcting for poor quality, they are applied meBectively at early stages of process
development. After design variables are specified,use of experimental design may

be less cost effective [115], [118].

5.3. Experimental procedure

5.3.1. Description of experimental set-up

The SLS process involves a large number of propesameters that are carefully
controlled by the operator. Most of the processapeters are decided by the

knowledge and experience of the machine buildemaachine operator.

The experimental study presented in this chaptas dbased on the Taguchi method, to
investigate the curling behaviour of polyamide/glagad composites sintered using a
DTM 2000 laser sintering machine with changes irtema compositions, part bed
temperature, powder base thickness, laser powefaged cooling time. Experiments
based on the DOE method were utilised to deterrmmeptimal parameter setting for
achieving a minimum or zero amount of curling ore@mens fabricated using the

selective laser sintering (SLS) process.
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Selection of process parameters and fabrication

Notably, there are many factors that should beidensd in the fabrication of sintered

parts. Some of them are straightforwardly relatethé fabrication process itself, while

others are more difficult to control, related toperties of the material and machine
condition. Scan speed, layer thickness, scan spaleiser power, powder particle size,
powder size distribution, scanning strategy andt gsed temperature represent
important parameters which affect the SLS procels.effect of several combinations
of these parameters on the accuracy of SLS pavis been investigated by numerous
researchers. In this present experimental studgudfng five controlled parameters,

with two levels for each factor, including part btsnperature, laser energy, powder
base thickness, layer cooling time (whishiaken into account by varying the number

of specimens contained in the build) and filleracatere adopted.

Although the variation of scan speed and layerktiess could affect sintered parts in
terms of the quality and the production speed,efiiect of these two parameters was
not considered in this study. They were kept corista default settings recommended
by the manufacturer of the Sinterstation 2000 nreehAdditionally, the installed SLS
software in this machine does not allow changestlmn two above mentioned

parameters to be applied.

In fact, many specimens were made and measuremvergsconducted before using the

Taguchi method to find a parameter range in whiiébcve processing takes place

with reasonable stability and consistency of th& &tachine.
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Details of the material

The specimens used in this study were producedguBiA12/CP03 composites.
Polyamide 12 (PAl12, PA2200) is a semi-crystallindymer which represents a
modification of nylon 12 developed for use in SL@&amines. However, in the SLS
process, it is common to use composite materidlssgeads 3000 (CP0OO: coated and
CPO03: uncoated) were blended in different ratio$ wefreshed polyamide 12 (mixing

ratio of 50% fresh powder and 50% used) to prodobeeomposites.

Geometry of the test specimens

Since curling was to be studied, a test bar wagyded as shown in Fig (5.5). In this
section, the geometry of the specimen and the ShE&hime parameters used in its
fabrication are introduced. The specimen was agpolgie/glass bead test bar 250 [mm]

in length and 10x4 [mfhin cross-sectional area.

As previously mentioned, the SLS process consistdtiree stages, namely warm-up,
build and cool-down. In the warm-up stage, laydrpawder were deposited onto the
part piston. The overall thickness of the powdeeag in that stage was approximately
25.54 [mm] (default). This was then followed by thald stage, where the temperature
of the powder in the feed cartridges was maintasie®b [C]. Layers of powder were

spread by the roller, with the part heater raisiregtemperature of the top surface of the
added layer to a set point temperature prior ttesimy taking place. The test bar was
produced, in the centre of the part bed, in anngement illustrated in Fig (5.6). The

SLS machine parameters selected in fabricationlaser power (P), beam speed (BS)

and scan spacing (SCSP) were 8 or 10 [W], 914 [inamt 0.25 [mm], respectively.
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Fig. (5.5) Test bar used for curling investigation
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Fig (5.6) Position of the test bar with respedh® part bed and neighbouring parts

178



5.3.2.Design of experiments

A design of experiment is a methodology of experitagon by which the total
information from a system can be obtained by domgimum number of experiments.
Although the technique is well-known and has beedely used in manufacturing

processes, few of these studies have been reportied case of SLS.

The main objective of the present investigation waspply the Taguchi method to
establish the optimal set of control parameters th@ minimising of curling on

selective laser sintered parts from polyamide caitps. The Taguchi method was
employed in this work to determine the optimal cambon of design parameters,
including part bed temperature, laser power, povbdee thickness, layer cooling time

and filler ratio.

Selection of control factors and noise factors

Before designing the experiments, an exhaustivéuatian of the factors that could
influence the optimisation of the quality charaistis was carried out. Previous studies
indicated that part bed temperature, laser powayerl cooling time and part
location/position/orientation have an influenceaomling in the selective laser sintering
process (SLS). In this study, as controllable fes;tpart bed temperature (A), laser
power (B), powder base thickness (C), layer cootinge (D) and filler ratio (E) were
selected. Based on experimental trials and expazignth the SLS process, five main
parameters were chosen. These parameters are emukiés control variables.
However, besides these parameters, which are dledirohere are also uncontrolled
factors that have an effect on the SLS process. cbmrollable and uncontrollable

factors generate signals and noise. Signals arefaitters that work in favour of
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sintering process performance and noise is theorfadhat work against sintering
process performance. The goal of the experimensstavancrease the signal within the
chosen factors and to reduce the noise from unaitadite factors [122]. Tables (5.2)
and (5.3) list the variable factor levels and nd&sors, respectively. The model of the

SLS process is shown in Fig (5.7).

In order to achieve the abovementioned goal, thewiong guidelines were taken into

consideration for the DOE:

The design and analysis of the experiment mussIstnaple as possible.

- The inputs of the SLS process are defined on thseshaf theoretical and
practical knowledge.

- Itis important to distinguish between the pradtarad statistical significance of
the results

- The physical and engineering knowledge about thblpm, because a

statistical evaluation is not enough if the resatts not evaluated properly

[123], [124].

Selection of the orthogonal array

The arrays were selected by the number of paramétariables) and the number of
levels (states). However, the effect of many ddfgrparameters on the performance
characteristic in a condensed set of experimemtdeaexamined using the orthogonal
array experimental design proposed by Taguchi. Sétection of the orthogonal array

is based on the number of parameters and the lefe&iation for each parameter.
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Table (5.2) The factors that may have an effedherSLS process

Controlled factors Uncontrolled factors

- Part bed Temperature , T - Chamber temperature variation
- Laser Power, LP - Composite homogeneity

- Powder base thickness, BT - Moisture in the material

- Cooling time , CT - Optical properties

- Filler ratio FR - Machine condition

- Layer thickness L - Building position

- Scan speed ... etc. - Size of building part ... etc.
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Table (5.3) List of SLS experimental parameters thied factor levels

Parameters Number Description
of levels | 1 2
Part bed temperature , (] 2 170 172
Laser power, LP [W] 2 8 10
Powder base thickness, BT [mm 2 20 40
Layer cooling time , CT [s] 2 One part Group oftpar
Filler ratio, FR [w%] 2 10 40
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SLS processing
parameters
Ty, LP; LT; SS ...etc

SLS System
DTM sinterstation
2000 machine Part accuracy
Material properties: 2 Dimensions
T Ty P Distortion
composition; particle e Surface finish
size; etc ' ‘

Noise factors
Machine related
Material related
Part related
Process relate

Fig (5.7) The model of the SLS process in the Thgoethod
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Determining what levels of a variable to test reggsiian in-depth understanding of the
process, including the minimum, maximum and currealue of the parameter.
Therefore, knowing the number of parameters andntiraber of levels, the proper

orthogonal array can be selected [118].

As mentioned above, there are many SLS paramdiatshave some effect on the
geometric accuracy of sintered parts. In this vgayce five control factors were studied
in this investigation, two levels of each factorrev&onsidered, the lowest array that
can represent this design is a modifigdatray, as shown in Table (5.4). The number of
levels for all parameters in the experimental desigs chosen to be the same to aid in

the selection of a proper orthogonal array.

An orthogonal array of thegl(2°) type was selected to be used for these experiment
This design required eight experiments with fiveapaeters at two levels of each. In
the notation &k (2°), L indicates that the information is based on tin square
arrangement of factors. A Latin square arrangenseatsquare matrix arrangement of
factors with separable factor effects. The numbef #e notation states the number of
experiments required when using the orthogonalyawhile the number 5 of the
notation is the maximum number of factors that banstudied using the array. The
number 2 of the notation indicates the number ofofalevels. The interactions were
neglected. Table (5.5) shows the filled-ing ffor experimental runs and level
combinations. This setup allows the testing offial variables without having to run
32 [= 2= (2 temperatures)(2 laser powers)(2 powder baskrtiasses)(2 layer cooling
times)(2 filler ratios] separate trials. With thetwal variables and states (levels), the L

array should look like the one represented in Té&hls) which shows
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Table (5.4) Layout of the L8 orthogonal array

Exp. No A B C
1 1 1 1
2 1 1 1
3 1 2 2
4 1 2 2
5 2 1 2
6 2 1 2
7 2 2 1
8 2 2 1
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Table (5.5) The filled in §.for experimental runs and level combinations

Exp. No Part bed Laser power | Powder base Layer cooling Filler
temperature (A) (B) thickness (C) Time (D) Ratio (E)
[°C] W] [mm] (s] [wt%]
1 170 8 20 O 10
2 170 8 20 G 40
3 170 10 40 O 10
4 170 10 40 G 40
5 172 8 40 O 40
6 172 8 40 G 10
7 172 10 20 O 40
8 172 10 20 G 10
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the five control factors and their level settindues. The values of the parameters were

chosen to comply with the manufacturer’'s recommeods.

5.4. Curling measurement procedure

According to the experimental plan shown in Tabfe4) several samples were
fabricated in pure PA12, PA12/CP0O0 and PA12/CPO3tlmn Sinterstation 2000
sintering machine. Figure (5.5) shows the test Wsed in curling study. In this
particular case, the problem to be solved is tcerd@he the optimal processing
parameters that lead, as much as possible, to ianaiiamount of curling on sintered
parts. Curlingis generally defined as a departure from a desil&td shape of a
produced part. A method to measure curling on sdt@arts has been proposed. The

method is based on measurement of the out-of-@dges of a curled specimen.

In order to determine the amount of curling, measwents of the thickness of the
cleaned and sandblasted test bars were requirezkeTivere carried out by using a
digital micrometer. The test bar for which curlimgs to be measured was first placed
with its top surface facing upwards onto a flat swgang table, as shown in Fig (5.8).
The measuring table was taken as the referencemfasurements. Curling was
examined by measuring the upward edges of the peatibars. The measurements
were performed using a Mitutoyo HDS digital heigiaiuge (Fig 5.8). The procedures
of curling measurement were as follows: (a) thdirtgsbar was placed on the flat
surface of the measuring table; (b) the height gangs moved down until its stylus
touched the edge of the testing bar to measurendeémum vertical distance of the
point on the edge of the bar from a flat refereplame; (C) the curling amount was

then calculated by the formula: C 7k — t, as a difference in height between the
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average thickness at the centre and maximum haighe outer edges of the specimen.
The measuring principle is shown in Fig (5.9). Eagh would have two data values
collected. Therefore, a total of 8 x 2 = 16 datéues were collected per trial. The
measured values obtained from test bars showedctiiliig amount on the samples
sintered in PA12/CP03 system was notably small @etp to that observed on
samples produced from pure PA12 or PA12/CP00 sysB&oambased on this fact the
measured data of PA12/CP03 system were adoptedntdysis in this investigation.
The results of measurements of curling are showralrle (5.6). These data were used
in the statistical analysis by employing main effecignal-to-noise ratio (S/N) and

ANOVA analyses as explained in the section below.

5.5. Statistical analysis of experimental data
To this point, the experimental design has beeergehed and the trials have been
carried out. The measured performance charactefistm each trial can be used to

analyse the relative effect of the different pararseon curling.

Selection of the quality characteristic

Basically, there are three types of quality chaastics in the Taguchi methodology
such as the-smaller-the-better, the-larger-theebeind the-nominal-is-best. Smaller
curling values represent a better or improved ¢yaharacteristic. The formula for the

three types are given as follows [115]:

o2
Nominal the best: S/N 10x|og(y j

s?

Larger the better: S/N ElOXIog(%zizj
i=1 Y]
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" Test sample

Reference table

Fig (5.8) Measurement arrangement of curling

189




Fig (5.9) Definition for symbols: Cythmax
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Table (5.6) Values of thickness and curling for d&thogonal array from three sets of

experiments

Run Trial 1

No. Sample Thickness [mm] Height [mm] Curling [mm]
Left Centre Right digm1 | Diett hright Navg Cn

1 10.049 | 10.029 | 10.011 | 10.03| 11.84 11.63 11.735 | 1.705

2 10.139 10.137 10.052 10.11 11.84 12.07 11.955 451.8

3 10.167 | 10.338 | 10.352 | 10.28| 10.48 10.39 10.435 | 0.155

4 10.166 10.450 10.168 10.26 11.29 11.29 11.290 301.0

5 10.186 | 10.396 | 10.300 | 10.29| 10.36 10.67 10.515 | 0.225

6 10.218 10.319 10.331 10.29 11.01 11.17 11.090 000.8

7 10.180 | 10.118 | 10.140 | 10.15| 11.79 12.27 12.030 | 1.880

8 10.200 10.329 10.232 10.25 11.36 11.59 11.4f5 251.2

Run Trial 2

No. Part Thickness [mm] Height [mm] Curling [mm]
Left Centre Right digT2 | Niett Pright Navg Cr

1 10.054 | 10.059 | 9.900 10.00| 11.71 11.34 11.525 | 1.525

2 9.640 10.068 9.500 9.71 11.65 11.78 11.715 1.715

3 10.069 | 10.170 | 10.141 | 10.13| 10.85 10.92 10.885 | 0.755

4 10.137 10.136 10.094 10.12 10.84 10.64 10.740 200.6

5 10.193 | 10.285 | 10.221 | 10.23| 11.36 11.68 11.520 | 1.290

6 9.983 10.283 10.021 10.09 10.97 11.44 11.205 50.23

7 10.268 | 10.569 | 10.009 | 10.28| 11.56 11.89 11.725 | 1.445

8 10.090 10.116 10.064 10.09 11.57 11.71 11.640 501.5

Run Trial 3

No. Part Thickness [mm] Height [mm] Curling [mm]
Left Centre Right dig13 | Diett hrignt Navg Crs

1 10.040 | 10.027 | 9.939 10.00 | 12.17 11.99 12.080 | 2.080

2 9.754 10.118 9.731 9.8 1245 12.06 12.2%5  2.255

3 10.015 | 10.137 | 10.166 | 10.11| 11.46 11.46 11.460 | 1.350

4 10.206 10.400 10.342 10.32 11.21 11.39 11.3p0 800.9

5 10.112 | 10.236 | 10.148 | 10.16| 10.73 11.41 11.070 | 0.910

6 10.177 10.313 10.198 10.23 10.72 11.19 10.955 250.7

7 10.179 | 10.109 | 10.125 | 10.14| 12.43 11.88 12.155 | 2.015

8 10.252 10.214 10.228 10.23 11.88 11.52 11.7p0 701.4
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Smaller the better: S/N ElOX|Og(%z yfj
i=1

The nominal-is-best characteristics include the lofsfunctions that the system output
should reach; larger-the-better characteristics nmigat when the output becomes
larger, it should better; smaller-the-better chamastics are such that the smaller the

output of the system, the better the charactesistie [116].

The study of distortion of a flat part is very inmnt because the distortion will affect
part stability, especially when the part is to Isedifor tooling. Therefore, in order to
have accurate parts, the amount of curling musisbemall as possible. Curling is an
undesirable phenomenon in the SLS process andsittdide minimised. The most
desired value is zero. In terms of geometrical ey less curling is the indication of
better performance of the process. Therefore, dlemthe-better quality characteristic
was selected in this investigation for obtainingimpm processing parameters for

minimum curling.

5.5.1. Main effects

These are separate effects of each factor andaamenonly called main effects. The
primary goal in conducting this type of experimento optimise the parameter level
for each factor, so that the output performancesoeagives a low amount of curling.
The average value of curling for each factor (A,D and E) at each level (level 1
and level 2) was obtained and the results are suisedain Table (5.8). Fig (5.10)
presents the main effect graph for the average abaficurling. This graph is based on
the average curling presented in Table (5.7). Tledity characteristics investigated in

this study was “the-smaller-the-better” owing te fact that smaller
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Table (5.7) Experimental results for curling measuents (PA12/CP03 system)

Exp | Part bed Laser Powder Layer Filler Cn Cr Cr Cavg
No | temperature| power base cooling | Ratio (Mean)
[°C] [W] thickness | Time [wt%]
[mm] [s]
1 170 8 20 @] 10 1.705 | 1.525 | 2.080 | 1.895
2 170 8 20 G 40 184 1.715 2.255 1.938
3 170 10 40 @] 10 0.155 | 0.755 | 1.350 | 0.753
4 170 10 40 G 40 1.030 0.62p 0.980 0.877
5 172 8 40 @] 40 0.225 | 1.290 | 0.910 | 0.808
6 172 8 40 G 10 0.80Q 0.235 0.725  0.587
7 172 10 20 (@] 40 1.880 | 1.445 | 2.015 | 1.780
8 172 10 20 G 10 1.225 1550 1.470 1.415

193



Table (5.8) Level averages for main effects

Symbol | Parameters/Factors Average curling [mm]
Level 1 Level 2

A Part bed temperature, T(] 1.366 1.147

B Laser power, LP [W] 1.307 1.206

C Powder base thickness, PBT [mm] 1.757 0.756

D Layer cooling time, LCT [s] 1.309 1.204

E Filler ratio, FR [w%] 1.162 1.351
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Fig.(5.10)Main effects graphs for average curling

A Part bed temperature
B Laser power

C Powder base thickness
D Layer cooling time

E Filler ratio
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curling represents higher quality of parts in teohgeometrical accuracy. Thus, for the
smallest curling, the best parameter levels weaet Iped temperature at level 2 (A2),
laser power at level 2 (B2), powder base thicka¢dsvel 2 (C2), layer cooling time at

level 2 (D2) and filler ratio at level 1 (E1).

5.5.2. Analysis using signal to noise (S/N) ratio

To determine the effect each variable has on theubuthe signal-to-noise ratio (or the
SN number) needs to be calculated for each expetimenducted. In the Taguchi
method, the S/N ratio is a measure of quality dattaretic deviation from the desired
value. The term signal represents the desirablgev@hean) and the noise represents
the undesirable value (standard deviation fromntlean) for the output characteristic

[118].

The signal-to-noise ratio is used in evaluating ¢juality of the product and is an
objective measure of quality that takes both thanmand variance into account. The
signal-to-noise ratio measures the level of pertoroe and the effect of noise factors
on performance and is an evaluation of the stgbdit the performance of output
characteristics. As mentioned above, for deterngiriire signal-to-noise ratio for the
curling response, a smaller-the-better type S/i naas implemented and introduced.
In the case of minimising the quality charactecisthe SN ratio is calculated using

equation (5.1):

SIN = —10x|og(lz yfj Wher{lz yf} =MSD ... (5.1)
n n

i=1 i=1
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In the equations above, n is the number of triafsekperiment i, yis the value forth
trial in that experiment, i is the experiment numlaed MSD is the mean square

deviation.

In this study, three trials for each experimenteveonducted. The S/N ratios for eight
experiments were calculated for the target valuegusquation (5.1). The data obtained
are presented in Table (5.9). Shown below is amelafor the calculation of the SN

ratio:

3
SNL= —10Iog( > 1705 + 1525 + 20802] =-5033 .... (5.1-a)

1
33
After calculating the S/N ratio for each experimetiie average S/N value was

calculated for each factor and level (equation$. 9.Ris was done as shown below:

4

2SN

SN, = iN wherej=A;B;C;D;E and =2 ....(5.2)
j

SN,, = SNL+ SN2 + SN3+ SN4 _- 503- 581+ 094+ 096 - _2236  ...(5.2-3)

SN, = SN5+ SNGZ SN7+SN3 _ _ 0881 (5.2-b)

Significance of each source

From Table (5.9), it can be seen that experimenthar 6 yielded the highest S/N ratio
and the smallest MSD. For this experiment, the doatlon of parameters and their
levels was A2, B1, C2, D2 and E1 as indicated ibl@45.5). This result was different
from that obtained from the main effect analysisl @nd not represent the optimum
combination of parameters and their levels. Howetlds shows that in the present

investigation, the combination of parameters amd fevels A2, B1, C2, D2

197



Table (5.9) The S/N ratio results for curling

Exp.No| A B | C|D| E| T1 T2 T3 | MSD SN [db]
1 170 | 8 | 20| O | 10 | 1.705[1.5625 |2.080 | 3.186 | -5.033
2 170 | 8 | 20| G| 40 1.845 1.715 2.252 3.805  -5.809
3 170 | 10 | 40 | O | 10 | 0.155|0.755 |1.350 | 0.805 | +0.939
4 170 | 10 | 40| G| 49 1.030 0.620 0.980 0.802  +0.959
5 172 | 8 | 40| O | 40 |0.225]1.290 |0.910 | 0.848 | +0.718
6 172 | 8 | 40| G| 10 0.80p 0.235] 0.721 0.407  +3.904
7 172 | 10 | 20 | O | 40 | 1.880| 1.445 |2.015 | 3.227 | -5.089
8 172 | 10 | 20| G| 10 1.226 1550 1.470 2.021  -3.056
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Table (5.10) The range of each parameter

Level A B C D E
1 -2.236 -1.555 -4.747 -2.116 -0.811
2 -0.881 -1.562 +1.630 -1.000 -2.305
A 1.355 0.007 6.376 1.116 1.494
Rank 3 5 1 4 2
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and E1 yielded the optimum quality characteristithwninimum variance around the

target value, and it could serve as a possiblaimptimal process parameter setting.

The range (delta)) of the SN for each parameter was calculated fegumation (5.3)

and then entered into Table (5.10). The largedkalue for a parameter, the larger the
effect the variable has on the amount of curlingisTis because the same change in
signal causes a larger effect on the output vagidleing measured. The effect of the

factor was then calculated by determining the rdad8]:

Difference(A,) = highestvalue-lowestvalue (5.3)

It can be seen that powder base thickness haditeskt effect on the amount of curling

and that laser power had the smallest effect olingur

5.5.3. Data analysis by the ANOVA technique

The data coming from the experimental trials nedddae evaluated by the analysis of
variance (ANOVA). The main objective of the anadysias to determine the influence
of every parameter on the variance of the reseffarding the total variance of all the

parameters.

Analysis of variance is a method of partitioningi&hility into identifiable sources of
variation. In this work, ANOVA was conducted to dirthe significance factors that
affected the amount of curling on a selective |asetered specimen. This analysis was

performed on the S/N ratios to obtain the percentamtribution of each of the factors.
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The relative percentage contribution among theofactvas determined by comparing

their relative variance.

Basically, ANOVA helped with computing quantitiasch as degrees of freedom, sums
of squares, variancds-ratio, pure sum of square and percentage coniwiuilhe
example calculations of these quantities, basetherANOVA analysis of the data in
Table (5.9), are shown below and the results amnsarised in Table (5.11). The
following were the ANOVA terms used for analysiig texperimental results [116]:

- Sum of squares $S): It is the sum of squares of all the trial runules
N

SS=) 1yl +yi, +..+ Y i is experiment number ; j is trial numbe
1

- Total sum of squares £Sy): It is the difference between the sums of squafed the

trial run results and the Correction FactGFj.
N
S§ =)y’ -CF yis the value of each result
i=1
- Correction factor (CF): the term that reduces the variation of the preces

CF=— T is the sum of all results; N is the total numbgresults

- Degrees of freedom € ): the number of degrees of freedom for a factaqgsal to
one less than the number of levels of that factor.

- Variance (V): the variance of each factor is determined bysilna of the squares of
each trial sum of results involving the factor detl by the degrees of freedom of the

factor.
V. =—— S$is the sum of squares of the factor; f is the degrof freedom

- Variance ratio (F): it is the ratio of variance of each factor to #reor variance.
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- Percentage of contribution P): the percentage of the contribution of each faigor

the ratio of the factor sum of squares to the tatiah of squares.

o _SS
SS

- Degree of freedom )

Total degrees of freedom:

fr=N-1=8-1=7

where N is the total number of results.

For factor A,

fa=la-1=2-1=1

wherela is the number of levels for factor A.

For error:
fe=fr—fa—fg—fc-fp—-fe=7-1-1-1-1-1=2
- Sum of squares (SS)

Total sum of squares:

_ (1895+...+ 14152
8

N
S§ =)y’ -CF = (1895 +...+ 1415) =2.218
i=1

sg = ZAS ZA) T
N o N, 8

_ (1895+ 1938+ 0753+ 0877)° . (0808+ 0587+ 1780+ 141572
4 4

_ (1895+...+ 1415?
8

=0.095
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For error:
S§=S5-S5-S§$-S%-S5S%-S&%
=2.218 - 0.095 - 0.020 — 2.003 — 0.0220¢D= 0.007

- Variance (V):

_SS
I

For factor A:

For error:

v =SS _ 0007_

. = 0003
fe
- F-ratio (F):
For factor A:
N V—A = —0095 = 31667
V 0003

- Percentage contribution (P)

For factor A:

=35 00—£95x100 428%

P
A7 ss 2.21¢€

Table (5.11) shows the results of the ANOVA for theling investigation. Based on
the main effect, the optimal combination of parareiand their levels for achieving
the minimum amount of curling was determined toA2e B2, C2, D2 and E1, i.e. part

bed temperature at level 2 (£, laser power at level 2 (10 W), powder base
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Table (5.11) ANOVA table

Source SS \% F P [%]
Part bed temperature (A) 0.095 | 0.095 | 31.667 4.28
Laser power (B) 0.020, 0.020 6.667 0.90
Powder base thickness (C) 2.003 | 2.003 | 667.667 90.31
Layer cooling time (D) 0.022| 0.022 7.333 0.99
Filler ratio (E) 0.071 | 0.071 | 23.667 3.20
Error 0.007 | 0.003| 1 0.32
Total 2.218 100%
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thickness at level 2 (40 mm), layer cooling timdeael 2 (G) and filler ratio at level 1

(10 wit%).

The results reveal that the powder base thicknedghe maximum contribution, which
was 90.31%, to the quality characteristic. Thedestpart bed temperature with 4.28%
followed by filler ratio with 3.20%, layer coolingme with 0.99% contribution then
laser power which was 0.90% were not significarfeaing factors for minimum

curling. Fig (5.11) reveals the percent contribwitod the factors.

In the three previous subsections, several toashnigues and equations were
discussed. Each of these tools is well-known andrskvely used in the scientific and
engineering professions. Just as with any tool,itient and the results need to be
compared and grounded with process knowledge. Hewmystatistical methods cannot
prove that a factor (or factors) has a particufégct. They only provide guidelines as
to the reliability and validity of results. Propgerapplied statistical methods do not
allow anything to be proven experimentally, butyttoe allow the likely error in a

conclusion to be measured or to the attached lefvebnfidence to a statement. The
primary advantage of statistical methods is thal tadd objectivity to the decision-
making process. Statistical techniques coupled wittod engineering or process

knowledge and common sense will usually lead tonda@onclusions [124].
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Error
Filler ratio 0.32%

3.20Y% Part bed temperature
. 0,
Layer cooling 4.28% Laser power
time 0.99% 0.90%
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90.31% 03
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Fig (5.11) Percentage contributions of processmatars on the amount of curling or

sintered parts
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5.6.Summary

This study applied the Taguchi method to establise optimal set of control
parameters for minimising curling on selective tasmtered parts from polyamide
composites. On the basis of the results obtainenh fthe present investigation, the
following can be concluded:

- The combination of parameters and their leveldiie optimum amount of curling is
A2B2C2D2E1, i.e. part bed temperature (172°C),rlgsmver (10 W), powder base
thickness (40 mm), layer cooling time (G), ancefiliatio (10 wt%).

- The contributions of part bed temperature, |lgsever, powder base thickness, layer
cooling time and filler ratio are 4.28%, 0.90%, 3%, 0.99% and 3.20%, respectively,
where it was found that the powder base thicknedha most effective factor in the

occurrence of the curling phenomenon.
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Chapter 6 - Conclusions and Suggestions for Futurd/ork

This research has examined the effect of filleteohand its surface treatment as well
as two of processing parameters with the aim ofwshp their influence on the

mechanical properties and geometric accuracy afcBee laser sintered parts from
GB/PA12 composites. In this chapter, the resultsiobd are summarised and then

possible future directions are discussed.

6.1. Conclusions
This work has demonstrated the effect of diffeqgamMameters, such as weight ratio and
surface treatment of filler particles, part bed penature and energy density on the

mechanical properties and geometric accuracy ssdead-filled PA12 composites.

The addition of coated glass beads to polyamidani@oves the tensile strength,
elastic modulus, flexural strength and flexural mlod, but generally reduces the
impact strength and the ductility of polyamide 1Rhwincreasing weight ratio of the

glass beads under the experimental conditionsexppli

Beside laser power, part bed temperature and ofpenating parameters covering the
SLS process, the improvements achieved in the meigproperties and geometric
accuracy of glass bead-filled polyamide 12 compssiould be attributed to the good
interfacial bonding between the polyamide matrixl @he glass beads. Furthermore,
this study clearly demonstrated, from SEM microgsapaken of the surfaces of the
tensile fracture cross-sections, that the incotpmmaof the coupling agent to glass

beads improves the mechanical properties of the2FRa8 composites.
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A higher energy density of the Gaser beam results in better fusion of the polymer
particles, enabling a more compact structure wgmaother surface to the build. When
the energy density becomes excessively high, hawdegradation of the polymer will
occur, leading to a slight drop in the density iotered test parts and blistering of the

polymeric material at the surface.

Furthermore, the work presented in this thesisdemonstrated that rigid fillers can
generally be used to increase the mechanical pgrepesind improve the geometric
accuracy of sintered components in PA12/GB comessiln chapters 4 and 5,
experimental evidence for these improvements isgmed for PA12/GB composite
systems. Chapter 4 provides evidence for the hgstghmade in chapter 1 on the
importance of interfacial adhesion. In particulris was investigated using silane

surface-modified glass beads.

There is very little information from previously Ipiished work on the influence of
coupling agents on curling. The results of stat@tanalysis and analysis of variance
presented in chapter 5 provide evidence for thecaffeness of filler content and its
surface treatment on reducing the amount of curli@g the basis of the results
obtained, a combination of parameters A2B2C2D2HE] their levels the have been
shown to yield an optimum amount of curling (withnfmum variance about the
target) on selective laser sintered parts in PARB& composites. The effect of the
processing parameters applied on curling differenf one parameter to another,
however, the contribution of powder base thickreesmmed to be the highest, whereas

other considered parameters had a negligible edfecurling.
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In general, the addition of glass particles to polide 12 improved the behaviour of
curling of PA12/GB composites. The comparison betwsamples fabricated in pure
PA12, PA12/CP0O0 and PA12/CP03 revealed that theplesnirom PA12/CP03 were

significantly flat and more accurate.

As mentioned in chapter 1, this research was driwean effort to answer the main
research questions that surrounded the improveofettie mechanical properties and
geometric accuracy of selective laser sintered comapts. The research questions of
this thesis were answered by mapping the reseatohtias to the research questions,
where the testing of the hypotheses was accomplisheinly by physical
experimentation. Those questions and hypothesethandethods described for testing

these hypotheses are explained as follows:

Testing of hypothesis 1The background information for this was preseritesection
2.3 of chapter 3. This task was executed by midAgl2 and glass bead powders in
different weight percentages. This combination slassen as a model composite since
it showed a number of experimental advantages.

Testing of hypothesis 1.1Interfacial adhesion is a decisive factor in deiaing the
properties of composites. Appropriate adjustmentigfrphase properties and adhesion
strength is a very important condition for achigvimcceptable properties. This issue
was experimentally examined in chapters 4 by mdachhtesting of sintered parts in
PA12/CP00 system (uncoated) and PA12/CP03 systeate().

Testing of hypothesis 2In chapter 5, the experiments performed to testgeometric
accuracy of the selective laser sintered parts vestablished with DOE using the

process parameters and material properties thatceegh to have some influence on
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curling. Curling was measured by building a numtiietest bars. Data were collected
and statistically analysed for factors influencangsS/N ratio, main effects and
ANOVA technique.

Testing of hypothesis 2.1 chapter 5 has documented this issue. The inzsiig
shows that, beside the processing parameterspdssible to reduce the shrinkage and

hence, the amount of curling by adding glass b&a@slyamide 12.

6.2. Suggestions for Future Work

Some of the new directions that future researchi@lemare as follows:

Materials

This work investigated the effect of composite mateproperties and processing
parameters on mechanical properties and geometauracy. The preliminary
investigation of the composite system has showrmgiog results. The present
investigation could be expanded to explore:

- other fillers such as wollastonite, talc, mica &aolin

- different particle sizes and shapes

- interface adhesion using other modifiers sucktearic and titanate coupling agents

Experiments

There are several interesting aspects of this relse¢at can be pursued further, among
the following:

- conducting experiments on the current materiedosite with other SLS machines in

order to compare the results and determine whethapot the achieved improvements

are common
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- conductingexperiments with other geometries, various sizéferdnt positions and
locations to widen the knowledge base of SLS genoa&tcuracy, particularly warping

and curling phenomena

Machines and equipment

Automation in rapid manufacturing techniques idl sih open area to researchers. A
selective laser sintering machine working in prdsiucmay need an automated process
for mixing, cleaning and re-feeding unused matefiaiegration and combination of
SLS machines with conventional machine tools (itdkls robots, manipulators,
fixtures from a flexible system for handling of fsarremoval of waste material,
removal of the part from the machine and partsshimg) is one of challenges facing

researchers, engineers and designers alike.

Additionally, the development of a versatile laliorg-scale SLS machine which can
be employed to produce standard testing samplemebeking powdered material in
main production could be beneficial for accuratelgd quickly predicting the

mechanical properties and accuracy of SLS processes

Continuation of this experimental work by othere@xhers will be beneficial for
materials development and accuracy characterisaiionrapid manufacturing
techniques. The experimental techniques are readdysferable to virtually any

material system used in rapid manufacturing.
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7. Appendix

1- Polyamide 12 (PA 12, PA 2206)

PrimePart
PA12 EOS GmbH - Electro Optical Systems

Product Texts

PrimePart, a whitish polyamide 12 powder, is duitstoeduced material usage an economical altemétir PA 2200.

Apart from that PrimePart and PA 2200 have idehtitaterial properties.

Laser-sintered parts made from PrimePart possesfiext material properties:

« high strength and stiffness

» good chemical resistance

« excellent long-term constant behaviour

« high selectivity and detail resolution

« various finishing possibilities (e.g. metalligatj stove enamelling, vibratory grinding, tub calog, bonding, powder coating,
flocking)

* bio compatible according to USP/level V1/121 °C

« suitable for food contact in compliance with 8 Plastics Directive 2002/72/EC (exception: hid¢pholic foodstuff) Typical
applications of the material are fully functionetonomic plastic parts of highest quality.

Due to the excellent mechanical properties the nahtées often used to substitute typical injectiamoulding plastics. The
biocompatibility allows its use e.g. for prosthes#®e high abrasion resistance allows e.g. theisegan of movable part
connections.

Mechanical properties Value Unit Test Standard

Mechanical properties Value Unit Test Standard
Flexural Modulus, 23°C 1500 MPa ISO 178
Flexural Strength 58 MPa 1ISO 178

Izod Impact notched, 23°C 4.4 kJ/m? ISO 180/1A
Shore D hardness (15s) 75 - ISO 868 ISO 868
Ball indentation hardness 78 MPa ISO 2039-1

3D Data Value Unit Test Standard

3D Data | value [ Unit | Test Standard

The properties of parts manufactured using additamufacturing technology (e.g. laser sinteringresilithography, Fused
Deposition Modelling, 3D printing) are, due to thiayer-by-layer production, to some extent directidlependent. This has to be
considered when designing the part and definindptlile orientation.

Tensile Modulus (X Direction) 1700 MPa ISO 527-1/-2
Tensile Modulus (Y Direction) 1700 MPa ISO 527-1/-2
Tensile Strength (X Direction) 50 MPa ISO 527-1/-2
Tensile Strength (Y Direction) 50 MPa ISO 527-1/-2
Strain at Break (X Direction) 24 % ISO 527-1/-2
Charpy impact strength (+23°C, X Direction) 53 Kd/m I1ISO 179/1eU
Charpy notched impact strength (+23°C, X Direction) 4.8 kJ/m?2 ISO 179/1eA
Thermal properties Value Unit Test Standard

Thermai properties Value Unit Test Standard
Melting temperature (10°C/min) 176 °C ISO 11357-1/-3
Vicat softening temperature (50°C/h 50N) 163 °C ISO 306

Other properties Value Unit Test Standard

Other properties Value Unit Test Standard
Density (lasersintered) 930 kg/m3 EOS Method
Characteristics

Processing Delivery form Chemical Resistance Ecological valuation

Laser Sintering White General Chemical Resistance US Pharmacopeia Class VI Approved

*

® Last change: 2010-10-15 Source: www.materialdataceom Page: 1/1

The data correspond to our knowledge and experiahtige time of publication. They do not on theimorepresent a sufficient
basis for any part design, neither do they prowdg agreement about or guarantee the specific grepef a product or part or
the suitability of a product or part for a specéigplication. It is the responsibility of the pragu or customer of a part to check its
properties as well as its suitability for a partécupurpose. This also applies regarding the cemnattbn of possible intellectual
property rights as well as laws and regulationse Tata are subject to change without notice as @aEOS' continuous
development and improvement processes.
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PA 2200 Balance 1.0
PA12 EOS GmbH - Electro Optical Systems

Product Information

This whitish fine powder PA 2200 on the basis dfjamide 12 serves with its very well-balanced propprofile a wide variety
of applications.

Laser-sintered parts made from PA 2200 posses$ientceaterial properties:

« high strength and stiffness

» good chemical resistance

« excellent long-term constant behaviour

« high selectivity and detail resolution

« various finishing possibilities (e.g. metalligatj stove enamelling, vibratory grinding, tub colog, bonding, powder coating,
flocking)

« bio compatible according to EN ISO 10993-1 andPllSrel VI/121 °C

« approved for food contact in compliance with Ei¢ Plastics Directive 2002/72/EC (exception: higtoholic foodstuff)

Typical applications of the material are fully faional plastic parts of highest quality. Due to theellent mechanical properties
the material is often used to substitute typicg@dtion moulding plastics. The biocompatibilityals its use e.g. for prostheses,
the high abrasion resistance allows e.g. the egadis of movable part connections.

120um layer thickness

The advantage of the Balance parameter set isileguih. The layer thickness of 12 offers a perfect balance between
production costs, mechanical properties, surfaagityuand accuracy. It is therefore suitable fortpavith varying geometries,
dimensions and requirements.

Mechanical properties Value Unit Test Standard
Flexural Modulus, 23°C 1500 MPa ISO 178

Izod Impact notched, 23°C 4.4 kJ/m?2 ISO 180/1A
Shore D hardness (15s) 75 - ISO 868 ISO 868
3D Data | value [ Unit | Test Standard

The properties of parts manufactured using additamufacturing technology (e.g. laser sinteringresilithography, Fused
Deposition Modelling, 3D printing) are, due to thielyer-by-layer production, to some extent direetdependent. This has to be
considered when designing the part and definindptlile orientation.

Tensile Modulus (X Direction) 1750 MPa ISO 527-1/-2
Tensile Modulus (Y Direction) 1750 MPa ISO 527-1/-2
Tensile Modulus (Z Direction) 1750 MPa ISO 527-1/-2
Tensile Strength (X Direction) 48 MPa ISO 527-1/-2
Tensile Strength (Y Direction) 48 MPa ISO 527-1/-2
Tensile Strength (Z Direction) 42 MPa ISO 527-1/-2
Strain at Break (X Direction) 18 % ISO 527-1/-2
Strain at Break (Y Direction) 18 % ISO 527-1/-2
Strain at Break (Z Direction) 4 % ISO 527-1/-2
Charpy impact strength (+23°C, X Direction) 53 kd/m ISO 179/1eU
Charpy notched impact strength (+23°C, X Direction) 4.8 kJ/mz2 ISO 179/1eA
Thermai properties Value Unit Test Standard
Melting temperature (10°C/min) 176 °C ISO 11357-1/-3
Vicat softening temperature (50°C/h 50N) 163 °C I1ISO 306

Other properties Value Unit Test Standard
Density (lasersintered) 930 kg/m3 EOS Method
Characteristics

Processing Delivery form Chemical Resistance Ecological valuation

Laser Sintering White General Chemical Resistance US Pharmacopeia Class VI Approved

*

® Last change: 2010-03-21 Source: www.materialdataceom

The data correspond to our knowledge and experiahtiee time of publication. They do not on theimorepresent a sufficient
basis for any part design, neither do they proeidg agreement about or guarantee the specific gregp®f a product or part or
the suitability of a product or part for a specéigplication. It is the responsibility of the pragu or customer of a part to check its
properties as well as its suitability for a paré&upurpose. This also applies regarding the cenattbn of possible intellectual
property rights as well as laws and regulationse Hata are subject to change without notice as gfaBOS' continuous
development and improvement processes.
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PA 2200 Performance 1.0
PA12 EOS GmbH - Electro Optical Systems

Product Information

This whitish fine powder PA 2200 on the basis dfjamide 12 serves with its very well-balanced propprofile a wide variety
of applications.

Laser-sintered parts made from PA 2200 posses$ientceaterial properties:

« high strength and stiffness

» good chemical resistance

« excellent long-term constant behaviour

« high selectivity and detail resolution

« various finishing possibilities (e.g. metalligatj stove enamelling, vibratory grinding, tub colog, bonding, powder coating,
flocking)

« bio compatible according to EN ISO 10993-1 andPllSrel VI/121 °C

« approved for food contact in compliance with Ei¢ Plastics Directive 2002/72/EC (exception: higtoholic foodstuff)

Typical applications of the material are fully faional plastic parts of highest quality. Due to theellent mechanical properties
the material is often used to substitute typicg@dtion moulding plastics. The biocompatibilityals its use e.g. for prostheses,
the high abrasion resistance allows e.g. the egadis of movable part connections.

100um layer thickness

Performance is the parameter set of choice fospeith high demands on mechanical properties aaxtifre behaviour, especially
when the part is going to be subjected to multlaldading in all three directions. Performance pate characterized by the
highest degree of isotropic strength and rigiditye choice of 100m layer thickness results in fine resolution arsbalery high
surface quality and detail resolution.

Mechanical properties Value Unit Test Standard
Flexural Modulus, 23°C 1500 MPa ISO 178

Izod Impact notched, 23°C 4.4 kJ/m? ISO 180/1A
Shore D hardness (15s) 75 - ISO 868 ISO 868
3D Data | value [ Unit | Test Standard

The properties of parts manufactured using additamufacturing technology (e.g. laser sinteringresilithography, Fused
Deposition Modelling, 3D printing) are, due to thiayer-by-layer production, to some extent directidependent. This has to be
considered when designing the part and definingptlile orientation.

Tensile Modulus (X Direction) 1800 MPa ISO 527-1/-2
Tensile Modulus (Y Direction) 1800 MPa ISO 527-1/-2
Tensile Modulus (Z Direction) 1800 MPa ISO 527-1/-2
Tensile Strength (X Direction) 50 MPa ISO 527-1/-2
Tensile Strength (Y Direction) 50 MPa ISO 527-1/-2
Tensile Strength (Z Direction) 50 MPa ISO 527-1/-2
Strain at Break (X Direction) 20 % ISO 527-1/-2
Strain at Break (Y Direction) 20 % ISO 527-1/-2
Strain at Break (Z Direction) 10 % ISO 527-1/-2
Charpy impact strength (+23°C, X Direction) 53 kd/m I1ISO 179/1eU
Charpy notched impact strength (+23°C, X Direction) 4.8 kJ/mz2 ISO 179/1eA
Thermai properties Value Unit Test Standard
Melting temperature (10°C/min) 176 °C ISO 11357-1/-3
Vicat softening temperature (50°C/h 50N) 163 °C I1ISO 306

Other properties Value Unit Test Standard
Density (lasersintered) 930 kg/m3 EOS Method
Characteristics

Processing Delivery form Chemical Resistance Ecological valuation

Laser Sintering White General Chemical Resistance US Pharmacopeia Class VI Approved

*

© Created: 2011-02-23 Source: www.materialdatacemter.

The data correspond to our knowledge and experiahtige time of publication. They do not on theimorepresent a sufficient
basis for any part design, neither do they prowdg agreement about or guarantee the specific grepef a product or part or
the suitability of a product or part for a specéigplication. It is the responsibility of the pragu or customer of a part to check its
properties as well as its suitability for a paréupurpose. This also applies regarding the cenattbn of possible intellectual
property rights as well as laws and regulationse Tata are subject to change without notice as @aEOS' continuous
development and improvement processes.

215



PA 2200 Speed 10
PA12 EOS GmbH - Electro Optical Systems

Product Information

This whitish fine powder PA 2200 on the basis dfjamide 12 serves with its very well-balanced propprofile a wide variety
of applications.

Laser-sintered parts made from PA 2200 posses$ientceaterial properties:

« high strength and stiffness

» good chemical resistance

« excellent long-term constant behaviour

« high selectivity and detail resolution

« various finishing possibilities (e.g. metalligatj stove enamelling, vibratory grinding, tub calog, bonding, powder

coating, flocking)

« bio compatible according to EN ISO 10993-1 andPllSrel VI/121 °C

« approved for food contact in compliance with Ei¢ Plastics Directive 2002/72/EC (exception: higtoholic foodstuff)

Typical applications of the material are fully faional plastic parts of highest quality. Due to theellent mechanical properties
the material is often used to substitute typicg@dtion moulding plastics. The biocompatibilityals its use e.g. for prostheses,
the high abrasion resistance allows e.g. the egadis of movable part connections.

150um layer thickness
The Speed parameter set applies the classipm8@yer thickness which is popular and widespreadhe market due to its
allround qualities. This parameter set offers glighigher surface quality than Top Speed.

Mechanical properties Value Unit Test Standard
Flexural Modulus, 23°C 1500 MPa ISO 178

Izod Impact notched, 23°C 4.4 kJ/m2 1ISO 180/1A
Shore D hardness (15s) 75 - ISO 868 ISO 868
3D Data [ value [ Unit | Test Standard

The properties of parts manufactured using additnanufacturing technology (e.g. laser sinteringresilithography, Fused
Deposition Modelling, 3D printing) are, due to thielyer-by-layer production, to some extent direetdependent. This has to be
considered when designing the part and definingptlile orientation.

Tensile Modulus (X Direction) 1700 MPa ISO 527-1/-2
Tensile Modulus (Y Direction) 1700 MPa ISO 527-1/-2
Tensile Modulus (Z Direction) 1650 MPa ISO 527-1/-2
Tensile Strength (X Direction) 48 MPa ISO 527-1/-2
Tensile Strength (Y Direction) 48 MPa ISO 527-1/-2
Tensile Strength (Z Direction) 42 MPa ISO 527-1/-2
Strain at Break (X Direction) 18 % ISO 527-1/-2
Strain at Break (Y Direction) 18 % ISO 527-1/-2
Strain at Break (Z Direction) 4 % ISO 527-1/-2
Charpy impact strength (+23°C, X Direction) 53 ka/m I1ISO 179/1eU
Charpy notched impact strength (+23°C, X Direction) 4.8 kJ/mz2 ISO 179/1eA
Thermai properties Value Unit Test Standard
Melting temperature (10°C/min) 176 °C ISO 11357-1/-3
Vicat softening temperature (50°C/h 50N) 163 °C ISO 306

Other properties Value Unit Test Standard
Density (lasersintered) 930 kg/m3 EOS Method
Characteristics

Processing Delivery form Chemical Resistance Ecological valuation

Laser Sintering White General Chemical Resistance US Pharmacopeia Class VI Approved

*

© Created: 2011-02-23 Source: www.materialdatacemter

The data correspond to our knowledge and experiahtige time of publication. They do not on theimorepresent a sufficient
basis for any part design, neither do they prowdg agreement about or guarantee the specific grepef a product or part or
the suitability of a product or part for a specéigplication. It is the responsibility of the pragu or customer of a part to check its
properties as well as its suitability for a partéupurpose. This also applies regarding the cenattbn of possible intellectual
property rights as well as laws and regulationse Tata are subject to change without notice as @aEOS' continuous
development and improvement processes.
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PA 2200 Top Quality 1.6”
PA12 EOS GmbH - Electro Optical Systems

Product Information

This whitish fine powder PA 2200 on the basis diyamide 12 serves with its very well-balanced propprofile a wide variety
of applications.

Laser-sintered parts made from PA 2200 posses$ientceaterial properties:

« high strength and stiffness

» good chemical resistance

« excellent long-term constant behaviour

« high selectivity and detail resolution

« various finishing possibilities (e.g. metalligatj stove enamelling, vibratory grinding, tub calog, bonding, powder coating,
flocking)

« bio compatible according to EN ISO 10993-1 andPllSrel VI/121 °C

« approved for food contact in compliance with Ei¢ Plastics Directive 2002/72/EC (exception: higtoholic foodstuff)

Typical applications of the material are fully ftiooal plastic parts of highest quality. Due to éxeellent mechanical properties
the material is often used to substitute typicgdtion moulding plastics. The biocompatibilityadis its use e.g. for prostheses,
the high abrasion resistance allows e.g. the egadis of movable part connections.

60um layer thickness

The parameter set TopQuality is used for very sihoathedium-sized parts with extremely fine, fragilometries and geometric
elements and the strictest requirements in surfaeéity are best served by this parameter sepplies a layer thickness of &,
which is approximately the thickness of a grairiha plastic powder normally used today. The typstalr-step effect on upward
and downward-pointing geometry elements can prbticio longer be seen on TopQuality parts. Thehaeical attributes of
TopQuality parts are satisfyingly close to the Is\af Performance parts.

Mechanical properties Value Unit Test Standard
Flexural Modulus, 23°C 1500 MPa ISO 178

Izod Impact notched, 23°C 4.4 kJ/m2 1ISO 180/1A
Shore D hardness (15s) 75 - ISO 868 ISO 868
3D Data [ value [ Unit | Test Standard

The properties of parts manufactured using additnanufacturing technology (e.g. laser sinteringresilithography, Fused
Deposition Modelling, 3D printing) are, due to thielyer-by-layer production, to some extent direetdependent. This has to be
considered when designing the part and definingptlile orientation.

Tensile Modulus (X Direction) 1900 MPa ISO 527-1/-2
Tensile Modulus (Y Direction) 1900 MPa ISO 527-1/-2
Tensile Modulus (Z Direction) 1850 MPa ISO 527-1/-2
Tensile Strength (X Direction) 52 MPa ISO 527-1/-2
Tensile Strength (Y Direction) 52 MPa ISO 527-1/-2
Tensile Strength (Z Direction) 52 MPa ISO 527-1/-2
Strain at Break (X Direction) 20 % ISO 527-1/-2
Strain at Break (Y Direction) 20 % ISO 527-1/-2
Strain at Break (Z Direction) 7 % ISO 527-1/-2
Charpy impact strength (+23°C, X Direction) 53 kd/m I1ISO 179/1eU
Charpy notched impact strength (+23°C, X Direction) 4.8 kJ/mz2 ISO 179/1eA
Thermai properties Value Unit Test Standard
Melting temperature (10°C/min) 176 °C ISO 11357-1/-3
Vicat softening temperature (50°C/h 50N) 163 °C ISO 306

Other properties Value Unit Test Standard
Density (lasersintered) 930 kg/m?3 EOS Method
Characteristics

Processing Delivery form Chemical Resistance Ecological valuation

Laser Sintering White General Chemical Resistance US Pharmacopeia Class VI Approved

*

) Created: 2011-02-23 Source: www.materialdataceter.

The data correspond to our knowledge and experiahtiee time of publication. They do not on theiamorepresent a sufficient
basis for any part design, neither do they proegidg agreement about or guarantee the specific gregp®f a product or part or
the suitability of a product or part for a specéigplication. It is the responsibility of the pragu or customer of a part to check its
properties as well as its suitability for a paré&upurpose. This also applies regarding the cenattbn of possible intellectual
property rights as well as laws and regulationse Hata are subject to change without notice as gfaBOS' continuous
development and improvement processes.
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PA 2200 Top Speed 1@
PA12 EOS GmbH - Electro Optical Systems

Product Information

This whitish fine powder PA 2200 on the basis diyjamide 12 serves with its very well-balanced propprofile a wide variety
of applications.

Laser-sintered parts made from PA 2200 posses$ientcenaterial properties:

« high strength and stiffness

» good chemical resistance

« excellent long-term constant behaviour

« high selectivity and detail resolution

« various finishing possibilities (e.g. metalligatj stove enamelling, vibratory grinding, tub calog, bonding, powder coating,
flocking)

« bio compatible according to EN ISO 10993-1 andPllSrel VI/121 °C

« approved for food contact in compliance with Ei¢ Plastics Directive 2002/72/EC (exception: higtoholic foodstuff)

Typical applications of the material are fully ftiooal plastic parts of highest quality. Due to éxeellent mechanical properties
the material is often used to substitute typicgdtion moulding plastics. The biocompatibilityadis its use e.g. for prostheses,
the high abrasion resistance allows e.g. the egadis of movable part connections.

180um layer thickness

TopSpeed is a very economical parameter set fés pdth medium to high requirements of quality anelchanical load and high
cost pressure. Particularly large and relativelgkthwalled parts can usually profit from this layhickness, mostly without any
noticeable impairment from the fast build-up rates.

Mechanical properties Value Unit Test Standard
Flexural Modulus, 23°C 1500 MPa ISO 178

Izod Impact notched, 23°C 4.4 kJ/m?2 ISO 180/1A
Shore D hardness (15s) 75 - ISO 868 ISO 868
3D Data | value [ Unit | Test Standard

The properties of parts manufactured using additamufacturing technology (e.g. laser sinteringresilithography, Fused
Deposition Modelling, 3D printing) are, due to thielyer-by-layer production, to some extent direetdependent. This has to be
considered when designing the part and definindptlile orientation.

Tensile Modulus (X Direction) 1600 MPa ISO 527-1/-2
Tensile Modulus (Y Direction) 1600 MPa ISO 527-1/-2
Tensile Modulus (Z Direction) 1600 MPa ISO 527-1/-2
Tensile Strength (X Direction) 45 MPa ISO 527-1/-2
Tensile Strength (Y Direction) 45 MPa ISO 527-1/-2
Tensile Strength (Z Direction) 38 MPa ISO 527-1/-2
Strain at Break (X Direction) 18 % ISO 527-1/-2
Strain at Break (Y Direction) 18 % ISO 527-1/-2
Strain at Break (Z Direction) 3 % ISO 527-1/-2
Charpy impact strength (+23°C, X Direction) 53 kd/m ISO 179/1eU
Charpy notched impact strength (+23°C, X Direction) 4.8 kJ/mz2 ISO 179/1eA
Thermai properties Value Unit Test Standard
Melting temperature (10°C/min) 176 °C ISO 11357-1/-3
Vicat softening temperature (50°C/h 50N) 163 °C I1ISO 306

Other properties Value Unit Test Standard
Density (lasersintered) 930 kg/m3 EOS Method
Characteristics

Processing Delivery form Chemical Resistance Ecological valuation

Laser Sintering White General Chemical Resistance US Pharmacopeia Class VI Approved

*

© Created: 2011-02-23 Source: www.materialdatacemter.

The data correspond to our knowledge and experiahtige time of publication. They do not on theimorepresent a sufficient
basis for any part design, neither do they prowdg agreement about or guarantee the specific gregpef a product or part or
the suitability of a product or part for a specéigplication. It is the responsibility of the pragu or customer of a part to check its
properties as well as its suitability for a partécupurpose. This also applies regarding the cemnattbn of possible intellectual
property rights as well as laws and regulationse Tata are subject to change without notice as @aEOS' continuous
development and improvement processes.
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PA 3200 GF”
PA12-GB EOS GmbH - Electro Optical Systems

Product Information

PA 3200 GF is a whitish, glass-filled polyamided®vder, which is characterised by an excellentnsts in combination with
good elongation at break.

Laser-sintered parts made from PA 3200 GF possesdent material properties:

« high stiffness

« high mechanical wear-resistance

« good thermal loadability

« excellent surface quality

« high dimensional accuracy and detail resolution

* good processability

« excellent long-term constant behaviour

A typical application for PA 3200 GF is the usagg éor final parts within the engine area of cdos,deep-drawing dies or any
other application which requires particular stifaghigh heat distortion temperature and low abeasear.

Mechanical properties Value Unit Test Standard
Flexural Modulus, 23°C 2900 MPa ISO 178
Flexural Strength 73 MPa 1ISO 178

Izod Impact notched, 23°C 4.2 kJ/m? ISO 180/1A
Shore D hardness (15s) 80 - ISO 868 ISO 868
Ball indentation hardness 98 MPa 1ISO 2039-1

3D Data [ Value [ Unit | Test Standard

The properties of parts manufactured using additnanufacturing technology (e.g. laser sinteringresilithography, Fused
Deposition Modelling, 3D printing) are, due to thiayer-by-layer production, to some extent direectidependent. This has to be
considered when designing the part and definingptlile orientation.

Tensile Modulus (X Direction) 3200 MPa ISO 527-1/-2
Tensile Modulus (Y Direction) 3200 MPa ISO 527-1/-2
Tensile Modulus (Z Direction) 2500 MPa ISO 527-1/-2
Tensile Strength (X Direction) 51 MPa ISO 527-1/-2
Tensile Strength (Y Direction) 51 MPa ISO 527-1/-2
Tensile Strength (Z Direction) 47 MPa ISO 527-1/-2
Strain at Break (X Direction) 9 % ISO 527-1/-2
Charpy impact strength (+23°C, X Direction) 35 kd/m I1ISO 179/1eU
Charpy notched impact strength (+23°C, X Direction) 5.4 kJ/mz2 ISO 179/1eA
Thermai properties Value Unit Test Standard
Melting temperature (10°C/min) 176 °C ISO 11357-1/-3
Vicat softening temperature (50°C/h 50N) 166 °C ISO 306
Other properties Value Unit Test Standard
Density (lasersintered) 1220 kg/m3 EOS Method
Characteristics

Processing Delivery form Features

Laser Sintering White Low Coefficient of Friction

*
) Created: 2011-02-21 Source: www.materialdataceater.

The data correspond to our knowledge and experiahtiee time of publication. They do not on theiamorepresent a sufficient

basis for any part design, neither do they proeidg agreement about or guarantee the specific gregp®f a product or part or

the suitability of a product or part for a specéigplication. It is the responsibility of the pragu or customer of a part to check its
properties as well as its suitability for a paré&upurpose. This also applies regarding the cenattbn of possible intellectual

property rights as well as laws and regulationse Hata are subject to change without notice as gfaBOS' continuous
development and improvement processes.
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2. Glass beads

SPHERIGLASS® Solid Glass Spheres: A Glass

Potters A glass spheres are manufactured fromaalsod glass composition, like
window glass. The refractive index of A-glass iS11- 1.52.

SPHERIGLASS® solid A glass spheres are availableean particle sizes from 7 to
200 microns. The 3000 and 4000 grade products, amvyipical mean particle size of
35-25 microns, are the product most commonly usedeksin extension in polymer
applications. The 5000 and 6000 grade productsast commonly used in paints and
coatings.

In general, smaller spheres improve impact strerigttger spheres tend to improve
flow properties.

Typical Particle Size

Product Grade Mean Value
1922 203
2024 156
2227 119
2429 85
2530 71
2900 42
3000 35
4000 25
5000 11
6000 7

220



3. Coupling Agents Coatings

High performance Glass Microspheres coatings for icreased adherences in
Thermoplastic and Thermoset applications.

Spheriglass® solid glass microspheres are extdgsiged in most thermoplastic and thermosettinmregstems as
an inorganic functional filler and reinforcementh®v the microspheres are used, processabilityesild composite
performances are enhanced, while overall manufagtwosts are reduced.

Coatings

Interfacial Bonding, between the glass beads andptihgmer can be enhanced by the use of a couplijmmta
(coating). These agents are being applied to tleospheres during manufacture, in molecular layersbtain
maximum adhesion. This improved bonding manifesdelfi in improved properties of the moulded section
Accordingly, elastic modulus and strength are $icgmtly improved. Surface treatment has also b&®mwn to
improve melt viscosity, most likely due to improvedtting.

Benefits of using Spheriglass® with coupling agents
0 Lowers viscosity of filled resins
o Increase overall reinforcement loading capacity
0 Reduces processing equipment wear and energy usage
o Provides excellent flow-out in intricate and tkiall designed moulds
0 Provides final product with improved hardnessmetisional stability, surface finish and
machinability
o Improve composite properties by improving disjper®f other fillers and additives

Coated Uncoated

The effect of the coupling agent on the interfabiahd can be seen by the contrasting figures allow@e figure on the right, on
can shows the pulling away of a polymer from anoated microsphere as the test specimen is stretth&dure on the left, resin
is strongly adhered to the microsphere and no aéparbetween the resin and the microsphere igdigde.

Coupling Agents Improve properties of resins filleith Spheriglass® glass microspheres

Polyamide 6
Properties [ Unit | Unfilled |  Spheriglas® 3000 (30% by wt.)
No Coupling Agent [ CP03
Tensile Strength MPa 47.3 32.0 50.8
Tensile Elongation % 66.7 23.6 30.3
Izod Notched K/ 7.0 3.2 4.9
Izod Un-Notched 2 61.2 36.6 254
Flexural Modulus KJ/m 1712 2152 2686
Flexural Strength MPa 69.8 70.1 89.2
HDT Mpa 51.4 67.6 60.0
Mould Shrinkage (;3 [J1.5 1.3 1.2
0
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Spheriglass microspheres are available with costirighree different coupling agents — CP01, CRGRG@PO03; all

are formulated for optimum performance within sfiecesin systems.
In certain resin systems, such as fluorocarbonssiednes, coupling agent are les effectives.
Consult the charts below for recommended usage.

Recommended Coupling Agents For Use With Sphei@las

FOR USE IN THERMOPLASTIC RESIN SYSTEMS

Resin Type Coating Resin Type Coating
Acrylics CPO1 Polyethylene CPO1
Acetal CPO02 - CPO3 Polyimide CPO3
ABS CPO1 Polymethyl Methacrylate CPO1
Cellulostics CP02 - CP0O3 Polyphenylene Oxide CPO3
Fluroplastics None Recommended| Polypropylene CPO3
lonomer CP0O2 - CPO3 Polystyrene CPO1
PBT / PET CP02 — CPO3 Polysulfone CPO3
Polyamide CPO3 Polyvinyl Chloride (PVC) CPO3
Polycarbonate CP02 - CPO3 Styrene Acrylonitrile (SAN) | CP0O1
FOR USE IN THERMOSETTING RESIN SYSTEMS
Resin Type Coating Resin Type Coating
Alkyd CPO1 Polyester CPO1
Epoxy CPO02 - CPO3 Silicones CPO1
Melamine CPO02 - CPO3 Urea-Formaldehyde CPO3
Phenol-Formadehyde CPO3 Urethanes CPO3
Phenolic CPO3 Vinyl Ester CPO1

Spheriglass® microspheres benefits
Spheriglass® solid glass microspheres are availaldizes ranging from 5 to 250 microns in diamelteaddition
to the benefits outlines earlier, Spheriglass®rsffe

« Solid smooth transparent shape Non flammability
» Lowest surface-to-volume ratio Uniform dispersion
 High Abrasion resistance Low uniform shrinkage

« High compressive strength High Flexurus modulus

Other products

* Luxsil® Cosmetic Microspheres
« Spheriwhite® Colour-Enhancing Solid Glass Microgeke

« Q-Cel® Ultra-Light Hollow Glass Microspheres

« Spericel®Ultra-Fine Weight Reducing Hollow Glassckéispheres
* GlassFill® Ultra-Fine Powdered Glass

Safety Information

Glass composition and coatings used with Pottersgumicrospheres are non-toxic and present nordhaza
with regard to ingestion, inhalation or contact.tétal Safety Data Sheets are available upon réques

Information contained in this publication (and athise supplied to users) is based on our general
experience and is given in good faith, but we arable to accept the responsibility in respect ofdies
which are outside our knowledge or control. SpHasis; SpheriWhite, Luxsil, Q-Cel, Sphericel,
GlassFill are registered trademark of Potters ItréassInc. and affiliated companies. Ref: 3-03-007-
09.doc
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