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Abstract. Selective Laser Sintering (SLS) is close to beepted as a production technique (Additive Manufaict).
However, one problem limiting employment of SLS &atditive manufacturing in a wide-ranging industseope is the
narrow variety of applicable polymers. The commoapplied SLS powder to date is polyamide 12 (PA P& 12 or
ccompounds of PA 12 (dry blends) are approxima®@y% of complete industrial consumption. The renmgirsmall
quantity is distributed on polyamide 11 (PA11l) awmne other ‘exotic’ polymers (TPU, PEBA, P(E)EK)dustry is
awaiting commodity polymers like polypropylene (R®)polyethylene (PE) crucial to open new markefsents. But
several approaches launching those polymers falatiwhat are the reasons for the difficulties @veloping new SLS
powders? The contribution is to answer this andiligbts the combination of intrinsic and extringiclymer properties
necessary to generate a polymer powder promisingf& application. Particle shape, powder distidsytthermal,
rheological and optical requirements must be cameitl and only a particularly controlled propertyntination leads to
successful SLS implementation. Thermal behaviortigga shape and —distribution is discussed initjeathough the
other properties can't be disregarded for providiewr commercially successful SLS powder finally.

Keywords: Additive Manufacturing, Selective Laser Sinterilglymer powders, 3D-Printing
PACS: 81

INTRODUCTION

Selective Laser Sintering (SLS) manufactures magtirts by adding consecutively material layersS S&
allocated thus to the field of Additive Manufachgi (AM) which is considered as part of the nextustdal
revolution [1]. AM summarizes about one dozen dfedent layer-by-layer technologies, frequently dfied as
‘3D-Printing’ in newspapers and other common putilans. Additive Manufacturing is contrary to sulative
manufacturing. E.g. traditional machining like tinig, milling and grinding, where material is rengalvto achieve a
desired shape. In the entire field of currentlyilmde AM-technologies SLS is regarded as the niagbrable
approach as a sincere production technique fotiplparts appropriate for industry. However, onelppem limiting
employment of SLS for additive manufacturing inemeral scope is the narrow variety of applicablgrpers [2].

Polyamide 12 (PA 12) is the major and almost exetusption. Either pure PA 12 or PA 12 compoundy (d
blends) are actually used in almost all commersigtems [3]. Polyamide 11 (a near relative of PAi$2also
subjected to SLS systems with moderate successuglthsome remarkable part properties. Other ‘exptitymers
like PE(E)K, elastomeric types (TPE, TPU, PEBA) arider polyamides (PA 6) are commercialized witbvging
but still limited achievement. Especially a breatigh in direction of semi crystalline commaoditylyuers like
polypropylene (PP) or polyethylene (HDPE, LLDPE)dpen new market segments for SLS technology lis sti
missing [4]. Facing the well know ‘plastic pyramitiiere should be numerous other options. Whatese¢hson for
this restricted material selection? What about gnous polymers like polycarbonate (PC) or ABS? iideo to
answer these questions and to deliver a guidetinprbduction of successful SLS materials undeditanthe very
specific property combination, necessary to transfegular polymer into a successful SLS powdecrucial.

COMBINATION OF PROPERTIES OF SLSPOWDERS

In order to understand the most influencing paremeh material characteristics an improved conatitsr of
the most important parameters on SLS powder isssacg [5]. Figure 1 sketches five main factors lirs t
connection: powder and particle as well as optittedymal and rheological behaviour. It can be ustded from
Figure 1 that it is a complex system of interraelatessets. The different properties can be diviged iintrinsic
(thermal, optical and rheology) and extrinsic ofgeaticle and powder). Intrinsic properties areidgfly given form



the molecular structure of the polymer itself aad’tbe influenced easily, whereas processing iraade controls

extrinsic properties.
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FIGURE 1. Interconnection of different polymer propertiesoe organized for providing promising SLS mateial

Intrinsic Properties

Thermal properties

Identifying the challenging aspects of the desitestmal properties it is necessary to understaacctiurse of
action during SLS processing. In a SLS system ¢isdlgra CO; laser beam is used to selectively fuse or melt the
polymer particles deposited in a thin layer. Logdillll coalescence of polymer particles in the papvder layer is
necessary as well as an adhesion with previousreihtayers. For semi crystalline polymers usuafigd in SLS
processing this implies that crystallization)($hould be inhibited during processing as long@ssible, at least for
several sintered layers. Thus, processing temperatust be precisely controlled in-between mel{iiig red line,
Figure 2) and crystallization gTblue line, Figure 2) of the given polymer. Thistarstable thermodynamic region
of undercooled polymer melt is called ‘sinteringhdow’ of SLS processing for a given polymer. Fig@rdepicts a
DSC run (DSC = Differential Scanning Calorimetry)[®r commercial PA 12 SLS-powder. The natureinfezing
window between onset points of and T, is obvious.
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Typical DSC-Thermogram with nature of ‘sinteriwghdow’ as SLS process temperature;



However it must be indicated, that the scheme guifé 2 is just an idealized representation of tlatmeality as
it is received with fixed heating and cooling ra(@8°C/min) never be applied during SLS processindact there
are undefined and hardly controllable temperaturange rates and especially the sintering temperaflyr =
process temperature during sintering) close totalliation onset means, that stimulation of crijtation shifts to
higher temperatures for SLS processing. Figure @ Rigure 4 indicates what can occur usually forypur
powders with a too small sintering window. If i§ too close to crystallization (left side in Figu3) curling due to
premature crystallisation is induced and parts @distorted after releasing from surrounding powded.blf
temperature is just slightly higher during procegsiright side of Figure 3) an early crystallizatican be avoided
but in this case the temperature is too close ttimgeand leads to a loss of exact definition oftfaatures. Powder
particles in the direct neighborhood of the lagace stick on the molten surfaces (lateral grovethdl prevent
desired resolution of part topography. Figure 4spngés another extreme example for premature cligstadn for
an unsuitable SLS powder. In this case crystalmabccur that rapid that different laser tracesearen separated.

growth and
curling trade |
off with part | <=

bed

temperature ’
[N
oy
[
[
PPN
3%/
Loy
TS T ——L
Curling 140 160 180
FIGURE 3. SLS Processing problems for too FIGURE 4. Premature crystallization
small ‘sintering window’: curling or lateral growth during SLS processing with tracetspli

Additionally to the very critical point of suitabllermal transitions (f, T.) there are farther intrinsic factors
like optical properties, melt viscosity and surfaeesion that needs to be very specific for sudakagpplication of
polymer powders to Selective Laser Sintering.

Optical Properties

Obligatory is obviously a sufficient capability tife material to absorb energy at present laser leagth (CQ-
Laser: 10.6 um). This is apparent for most polynaershey consist of aliphatic compounds (C-H). Ehpslymers
have, in the majority of cases, some group vibratim the ‘fingerprint’ infrared (IR) region suffent to absorb
relevant portions of 10.6 um radiation. Furthermanecase of a poor absorption capability, an iasesof laser
energy power can compensate the effect. This nteahabsorption is the less critical of the intiéngroperties.

Viscosity and Surface Tension

Besides infrared absorption capability a low zeszasity (o) and a low surfaces tensioy) of polymer melt is
necessary for successful SLS processing. Thisdispensable to generate an adequate coalescemuayafer
particles. Especially a low melt viscosity withaltear stress is of high importance, as, unlikectiga molding,
SLS cannot provide an additional compacting dugag generation (holding pressure). Figure 5 indigshe effect
of inferior melt viscosity clearly visible. The hgside image (Figure 5) depicts a lot of impeiifatt in the part
morphology and a poor surface quality as well.

The required low zero viscosity is also the reasdty attempts to process amorphous polymers with SLS
usually ends with brittle and instable parts. Doghe fact that viscosity of those polymers abolasg transition
(Tg) is still very high in general a proper coales@edoes not take place usually.
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FIGURE 5. Cross section of PA 12 parts made from PA 12melg with different melt viscosity;

Following Figure 1 it is palpable that besides plé/mer related properties also properties maiefednined by
production of the powders are important. Here it ba distinguished between the desired properfies single
particle and the obtained powder prepared frometipesticles.

Extrinsic Properties
Particle

Shape and surface of the single particles deterthiméehavior of the resulting powder to a greé¢mix In case
of SLS powders the particles should be at leafta@sible formed spherical. This is in order to ioel@n almost free
flowing behavior and is necessary as SLS powdergdistributed on the part bed of an SLS machineoligr or
blade systems and will not be compacted additignallsimple approach to access the flowability ofwders is the
determination of bulk and tap density. Determinatad bulk and tap density gives a good indicationtioe one
hand regarding powder density which is correlatéth the final part density and on the other hanghrding the
flowability by calculation of the so called Hausmatio Hs [7]. Regarding literature agk 1.25 means free flowing
powder behaviour and agF 1.4 means fluidization problems (cohesive pries).

HR = ptap/pbulk (ploose: bulk denSityptap = tapped denSity)

The achievable SLS part density is directly linkegoowder density in part bed and is thus coufetie shape
of particles and their free flowing behavior. Figus depicts some particle forms achievable by wiffe powder
generation processes. Spherical particles arelyseakived from co-extrusion processes with sa@irmn-soluble
material mixtures, like oil droplets in water. Rotahaped particles are typical for the today adéd commercial
PA 12 powder confected by precipitation processtid?@s obtained from cryogenic milling are inadetpiin the
majority of cases and fail for SLS processing. Bagpis that inferior powder flowability generatemp part bed
surface in SLS machine and a reduced powder deamsityell. Thus, cryogenic milled powders finallydan weak,
less condensed SLS parts with low density and poaperties usually.

spherical particles potato shape particles  cryogenic milled particles

FIGURE 6. Particle shapes attainable by different productézhnologies;



Powder

For SLS powders a certain particle size distributipSD) is necessary to be processable on SLS requip
This distribution is favorably between 20 um and80 for commercial system. The PSD is usually messby
laser diffraction systems. However, as a mattefaof, with this measurement the fraction of smalttigles is
neglected frequently. But particularly the amouf$mall units is often responsible if a powder dépa reasonable
SLS processing behavior or not. Figure 7 illussaech a case. Both, ‘Powder 1’ and ‘Powder 2’ sormme good
and acceptable PSD looking at volume distributigigyre 7, middle column). From that point of viewtt powder
should be processable on SLS equipment. Howeveegdllity, the trial to do so with ‘Powder 2’ faile@he reason
can be recognized form number distribution (Figtyraght column). ‘Powder 2’ consists of an extrelnigh portion
of small particles which may induce stickiness owders. The enhanced adhesion between particlesgsdhe
free flowing powder behavior and prevents SLS pseirgy. As especially cryogenic milled powder repres often
a high amount of fine particles this is anothesogawhy these powders are usually unsuccessful$hpBocessing.
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FIGURE 7. Distribution of powders with similar volume digmtion and dissimilar number distribution;

SUMMARY AND OUTL OOK

The presentation summarizes in a brief manner thet important key factors and their meaning for SLS
processing. It is highlighted the combination dfimsic and extrinsic polymer properties necessargenerate a
polymer powder likely for SLS application. Only aegific combination of indicated assets leads pobb#o
success. This is one reason for fewer materialsrancially available to date. In future a signific@anlargement of
polymer powder portfolio particularly for olefin ymners (PP, PE) is required to boost SLS technology
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