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Abstract

The atomic force microscope (AFM) is capable ofraixang material properties on the micro- and naatesthat
can affect performance, durability, and reliability materials used in the process. The Durafornygolde (PA)
nylon powder used in the selective laser sintef81gS) machine is exposed to temperatures as higd2&C during
a build. SLS is a form of rapid prototyping, buildian object a layer at a time, which uses lagesiter each layer
out of powder and fuse it to the previous layerglaze point, the point when the powder just beginsnelt, is
established prior to each build and is used totlsettemperature of the entire machine. Exposurthése high
temperatures for extended periods can cause thdgraw be physically altered and affect the quaditghe finish
on a build. Expensive new powder must be addedtealiyito ensure the quality of a build. Use of thEM in
tapping mode can provide a detailed image of sarfd@racteristics of the powder without damagiregshmple.
Analysis of the powder used in SLS will provide theachine operator with information on how the high
temperatures of the process affect the physicalifes of the powder. This information could alldve tpowder life
to be extended by careful control of the laser paavel glaze point determination.
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1. Introduction

Selective Laser Sintering (SLS) is one of the psses used in rapid prototyping to design or buittiqiype parts
that can be tested for aesthetic value, ergonoraitd,other relevant characteristics depending ematiplication.
The SLS process can be ineffective when weak or goality parts are generated and have a negatigadt on the
production process. These defects are often cauystte powder used in the SLS machine being altafted reuse.
Only a portion of the powder present in the SLS Imae is used to build the object but the entirepbus exposed
to the machine’s environment. After each build ¢éixeess powder is sifted through a fine mesh and uséuture
builds. Over time, the constant exposure to thisrenment causes the powder to produce lower qugditts both
in appearance and strength. The defects includghrou rippled finishes and weaker mechanical priggr This
research examines what material properties areedltduring the powders life as well as to what degusing
primarily an atomic force microscope. The inforroatiwill provide an explanation of why part qualdiggrades
over time from a physical perspective.

1.1. selectivelaser sintering

SLS is a process that builds a 3-dimensional olgeetlayer at a time. For each layer a platformd®ipowder to
the build area and a small amount is deposited thepowder bed by a roller. A scanning systema@, laser
trace over the powder surface and fuse the powalticies together to make another layer of the abjgfter each



layer is sintered the powder piston moves up toveleinore powder and the build piston moves dowdrtap the
object the thickness of one layer (Figure 1). Evamer is a uniform depth but the cross sectiont @fan vary
greatly. The powder bed is maintained at two déffértemperatures during the building process. Tiikl larea,
where the sintering occurs, is kept at a highempemature than where the powder is brought to thedeo bed.
These two areas are separated by a thin piecetaf taéhelp maintain the temperature gradient.
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Figure 1 Diagram of SLS procéss

When the object is complete it is located at th&dmo of the build chamber. The surrounding powdeaviges

support for the entire structure so complex paats lme made without the need for support struct8ES. parts are
made from a variety of materials. In addition te turaform Polyamide (PA) nylon powder small amswftglass
or metal can be added to this powder to yield déffié material characteristics. The powder focusedoo this

research is the PA because it is the most commasey and therefore experiences the most problethspebr

surface finishes and weaker mechanical properties.

1.2. problems associated with SLS

A primary cause of powder alteration is the higmperature of the SLS machine. Prior to each buithae point,
when the powder just begins to melt or look massgstablished for the powder. The build areaés thet to 12C
below the glaze point and the powder trays aret®e?5 C below the glaze point. The SLS machine at the
Milwaukee School of Engineering, where research emslucted, was run at 142 in the build area and 12#

the powder trays. During a build only a small pmntdf the powder is used in the build but the ods¢he powder is
still subjected to these conditions.

Excess sintering is also a problem in the SLS. [Bser is guided by a scanning system that has the
computer design loaded into it. However, even iliik precise method powder near the object beirily tan be
partially or completely sintered since it is sosgoto its melting point. This accidental sintericauses larger
particles to form. After each build the powderiftesl through a fine filter but sometimes partictasnot be broken
apart. Even if the particles are broken apart ihd$ clear what effect this sintering has on therall physical
properties of the powder and what effects if argsthhave on object finishes and mechanical pregserti

1.3. atomic for ce microscopes

The atomic force microscope (AFM) is a type of swahproximity microscope. Unlike traditional micoopes the
AFM does not use light and lenses but rather ihdge like a blind person reading Braille becausarilever and
tip raster scan across the sample’s surface. Thexperiences attractive and repulsive forces with sample



surface and causes the cantilever to deflect ftsroriginal position. Deflection of the cantilevisrmeasured by a
position sensitive detection system (Figure 3)fddénces in the signals determine the verticallatetal deflection.
The image produced is a topographical map and eamsbd to generate a 3D surface plot. Two modeasa in
AFM: contact and tapping. Contact mode drags @osiaty tip directly over the sample where as tappirode has
the tip oscillating at a high frequency and onljefly comes in contact with the sample surface ryra scan.
Tapping mode has the advantage of not damagingrssdimples and will not disturb particular samglesh as the
ones examined in this research. Tips used in tgppia made of silicon, have a higher spring congtean those
used in mode (60-80 N/m >> 0.06 N/m), and a higlonant frequency (~282 kHz). The microscope locatate
Milwaukee School of Engineering is a Multimode Sdag Probe Microscope (SPM) made by Veeco (Figlrel?
performs a full range of both atomic force micrgegand scanning tunneling microscopy.
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Figure 2 Veeco Multimode SPM Figure 3 AFM diagram

1.4. material properties

The AFM has software, Nanoscope Version 5.30r31tbi8, is able to determine many material propetizsed on
captured data and images. Histograms, roughnesacsiwarea, and particles size are all determinedi$ software.
Other parameters are obtained by selecting a sedfica captured image and running the desired lzdion.
Results are displayed in the viewing area.

1.5. chemical properties

Using infrared (IR) spectroscopy the chemical cosiian of a material can be determined and diffeesrbetween
samples can be seen. The covalent bonds in orgawigcules vibrate upon absorption of infrared radimat the
frequencies specific to the types of atoms involivethe bond. In IR spectroscopy a sample is hibwght waves
in the infra red spectrum and reading is obtaingavbat energy levels are absorbed and which aoevall to pass
through. Readings are composed of peaks and vateyscorrespond to different functional groups aodalent
bonds which can be identified using predetermireatts.

Melting range is determined experimentally in a lesing a capillary tube filled with the material ian is
then placed on a heating source and the tempesatdren the material first starts to melt and whés finished are
recorded. A melting range is obtained instead ohelting point which is common in polymer samplescesi
multiple elements are involved. Melting range testye run several times to ensure accurate anedapible
results.



2. Objective

The aim of this project is to determine what matesind chemical properties of the PA powder arecad during
the SLS process and to what degree. The extentesietalterations related to time is also importanbetter
understand what factors of the powder are causowg finishes and weak mechanical properties. Tédglires
taking images of powders that have been in the Bia8hine for varying amounts of time and comparing t
readings.

3. Method

To accurately measure how the physical and cherpicglerties of PA powder change over time samplest e
taken that have been exposed to build type comditio different amounts of time. Physical charasters were
determined with the AFM and chemical bonding chiendstics were examined via IR spectroscopy. Mgltiange
determination will provide insight into contamirati or chemical changes. For each of theses tastsl i
experiments compared virgin (or unused) powderawder used for 20 hours. If a difference was obsibrin a
physical or chemical property, then samples abwarbuild times were collected and analyzed.

3.1. sample collection

In order to replicate the build environment of 8leS machine powder samples were placed in a digveg that
was maintained at a nearly constant“1@2 the build temperature in the SLS machine. Tdme@es were taken out
of the oven at 25 hour increments up to 150 hotine. cutoff point was set at 150 because this iptiiat where
powder that has been in the machine must be raeplacmixed with virgin powder. Samples were corgditin heat
resistant containers but not covered to allow fonvection and radiation and more accurately model $LS
environment. Samples from the SLS machine wereab$ained that had gone through several build syated had
build times of 20 and 35 hrs.

3.2. sample preparation

For both the AFM and IR spectrometer the samplet imei€ompacted into a flat disc. This proceduteeiseficial to
the AFM because it ensures the sample stays ineaifgplocation which is especially important whesing
landmarks to take multiple images of a single sigfadowever, when compacting samples it is importamot
exert too much pressure as to avoid crystallizafiiwrAFM samples. Polymer samples for the AFM werepared
in two ways. In one case the samples were prassed pellet between two stainless steel cylinderder 1000
pounds of pressure from a hydraulic press. Therathee placed loose powder directly on to the vigwdisc
similar to the process of applying glitter to gl#esmall amount of adhesive was placed on the vigwdisc and
powder was placed directly on top of this. The atlreewas allowed to cure and the excess powderasvasved.
For IR spectroscopy the disc must be nearly tramegpaTo do this 25 mg of powder was mixed with @bt mg
of KBr and compressed at high pressures. For tkégnaation the material properties are not impdrtm the
pressure can go as high as is necessary to pradgeality sample. The polymer powder is expectelatee peaks
in the regions of 1720-1640 wave numbers tEfor the amidé The structural formula for the primary compound
of Duraform PA powder is related to nylon and cargaan amide group that is highlighted in FigureThe R in
the structure refers to the structure that for fgetary reasons is unknown to users.
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Figure 4 Nylon Structural Formdla



As shown in Figure 4 the amine group is a carbomatouble bonded to an oxygen atom and also sbwieed to
a nitrogen atom. Since this functional group repd#atough the molecule it is sometimes referreasta polyamide.
Multiple strands of nylon are connected by hydropemding between the oxygen of one amide groupthad
hydrogen attached to the nitrogen of another. Thgdeogen bonds are where nylon gets its strenuihdarability.

These bonds will also be indicated by the IR maehiith strong and wide peaks in the region of 33860 wave
numbers (cil)*. A comparison of peak location and size will shdvemical changes in the powder.

3.3 microscope calibration

Ensuring the microscope was scanning accuratelyofvaital importance in this research. When takimgges of
samples that range in size from 50-90 microns aging error of one micron represents a ten pereeaot in data.
Calibration of the microscope is performed in cohtaode rather than tapping. A contact mode prasefbur tips,
only one used while imaging, and is made of silio@nde as opposed to a single silicon tip usethpping mode.
The tip used for the calibration had the highesingpconstant of the four tips, 0.58 N/m. Durindilzation silicon
grating of known dimensions (Figure 5) is imagedcontact mode using specific scan parameters givahe
manual. Using a captured image the distance bettve®points is measured by the computer.
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Figure 5: Silicon grating calibration image

If the measured distance is wrong the correct valust be entered into the calibration menu. Thie@ss must be
repeated for all viewing axes until the microscegpeeading proper dimensions at all times. After ¢alibration
process is complete a final image is taken ankinaiivn dimensions are checked for accuracy.

4. Reaults

The first image taken by the AFM was of virgin p@awdompressed into a thin disc using the methodealieigure
6). A surface plot was generated from the scantlamdcan parameters are shown in the upper rigiat barner.
The image of the powder was different than expeafst optical examination of the powder. Compagtedder
samples did not provide accurate and reproduaibégyes. The pressure required to adequately corttpapbwder
sample to avoid loose particles also pushed thedpoabove its melting point and caused it to chatsgehysical
properties. In the figure below this can be seendyisible particles only a flat surface with raggthroughout.
Compacting powders for imaging would usually bealuable method but with this particular sample prov
ineffective.
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Figure 6 Image of PA powder (148.3 micro meter siae)

Images, after the original, were taken using Iqueeder mounted directly on viewing discs. Imaged there of
high quality and reproducible took a number of scarne type of adhesive used on the viewing didmdi always
hold the particles in their exact location and whamrking on such a small scale movement of a gdartiat is not
even visible with the naked eye can dramaticalfgafresults. Additionally, placement of the tipsvimportant.
The AFM has a height factor that is entered prathe scan with a maximum value of 5601 nm (5.6@kan
meters). Therefore, is was necessary to find ioeaton the sample surface that displayed partigidsn this
range otherwise the tip would strike the partidassing the cantilever to deflect greatly whichutemm large
interferences on the image.

Scan frequency was set at 0.25 or 0.5 hertz. Léwguencies were necessary to get quality images
avoid disturbing particles of powder. A scan freqey of 0.5 hertz produced quality images with Hadf scan time
of the 0.25 frequency. However, the 0.25 frequallmwed for greater details in the images andirequess
movement of the tip to find good sample surfacé® 3can size was kept at 150 micrometers for ncasissto
ensure entire particles were present in a scaalsalations could be run effectively.

Only the three different samples from the SLS nraelwvere used in the imaging. Placing samples in a
drying oven at 143 °C resulted in the powder oxidjz In the SLS machine nitrogen is pumped intohlihild area
to prevent this and this was not done in the drgimgn. The oxidation made comparisons between pogaimples
unreliable due to the added layer on the samplacair
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Figure 7 Image of PA powder with 20 hrs build ti(@&0 micro meter scan size)



4.1. physical properties

Images that were captured, like Figure 6, wereyaedl using the nanoscope software. Particle sideshape
varied greatly during scans and between differemider samples. The volume distribution alreadg@néin the
powder made quantification of the particle sizengwadifficult to characterize. Overall the shapearticles
became less uniform with powder being exposed ® &hvironment.

The roughness of particles decreased overall wsigrowas exposed to the SLS environment. This held
true for individual particles and scans contairsegeral particles. A specific reduction was ndtasal but the
roughness calculations did decrease.

4.2. melting range

Table 1 Melting Range

O hrs 20 hrs 35 hrs
build build build
Trial Start* Finish* Start* Finish* Start* Finish*
1 181 184 185 188 185 189
2 180 185 185 189 184 189
3 182 185 184 188 185 190
4 180 184 185 189 184 190
Avg: 180.7 184.5 184.7 188.5 1845 189.5

* - in degrees Celsius

Table 1 shows the melting ranges of the differentigier samples examined in this research. The nnasticd
change is seen between 0 hours build time and @stuild time. The starting point for the 20 hobuild powder
is higher than the finishing point of the 0 hrsldyowder. The temperatures for the 35 hrs buildigier does not
make a major change but the finishing point is grée higher than the 20 hrs build powder. Theferdnces in
melting point help suggest changes in physical @riigs that may explain the uneven sintering tieatics with the
powder despite the thermodynamic testing differsrafamelting point determination and the sintefimgcess.
Changes in melting point occur at different ratesaghout the powder. Therefore, some powdersivilier
completely while other powder has not even beguwirter. Additionally, if the glaze point was rdgtermined
again prior to the build the laser would not hamewgh power to push the powder over its meltingipand
incomplete sintering would occur.

4.3. infrared spectrum
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Figure 8 IR spectrum



The spectrum above represents a virgin powder sanigte blue band is a background sample whil@tingle and
red bands are two different samples. Absorbancthéotwo different samples is different but thedsdo parallel
each other. A peak occurred around 3200 esiwas expected for the hydrogen bond to joingtnands of nylon.
However, the peak at 1720-1640tmas not present to indicate the amide.

5. Conclusions

This research has determined a method for meastivénghysical properties of PA powder using AFM #nel IR.
The information gained will allow operators to leettinderstand how the powder is being affectedutitrout the
build process and hopefully allow them to extenel life of the powder through careful adjustmentdoild area
temperature and laser power. The difference in ingeltanges shows that the powder is being alteted a
microscopic level, not just at the macroscopic lleve

6. Further Work

A great deal of research is still needed in thisaaThe cost of the different forms of powder dnes look to

decrease anytime soon so an understanding of hewdivder is altered during builds and what affait has on

surface finish and mechanical properties is cliticaorder for accurate comparisons to be drawtveen different

powder samples a standardized mounting procedust Imeudeveloped. The most logical approach woeltbtuse

a high powered optical microscope to place the mowearticles and then use the AFM to image diffesamples.
Other work should include extending this set orcpdures to other powders used in the SLS machine.

Powder samples should also be directly exposeddoSLS environment for different periods of timenmre

accurately model how the powder is affected anavtmid the layer of oxidation that develops withthé presence

of nitrogen.

7. Acknowledgments

The author would like to thank the National ScieRoeindation for making this program possible thfoagtensive
funding as well as the Milwaukee School of EngiimggenMSOE) for providing an excellent location awidal
equipment. He would like to thank his all the advisand the other REU participants for their enagament and
great ideas. A special thanks goes to his advi3orAnne-Marie Nickel, for her excellent guidanaedaDr. Matey
Kaltchev for his extensive help with the AFM. LawWallack in the chemistry department and Roger Hgie the
machine department also provided a great deal lpf heinally, a great amount of gratitude is givenAnn Bloor,
Betty Albrecht, and Dr. Subha Kumpaty for providmdighly organized and educational program.

This material is based upon work supported byNha#&onal Science Foundation under Grant No. EEC-
0139142. Any opinions findings, and conclusiongemommendations expressed in this material areetbbshe
author and do not necessarily reflect the viewshefNational Science Foundation.

8. References

(1) Organic Chemistry Resources Worldwide, “IRR&pscopy,”
http://www.organicworldwide.net/indexnew.html?infed.html&boven.html&onder.html.

(2) David Baselt, “Atomic Force Microscopy — Meésg intermolecular interaction forces”, How AFMoYKs,
http://stm2.nrl.navy.mil/how-afm/how-afm.html

(3) ArpTech — Rapid Prototyping Service, “How S{Slective Laser Sintering) process works,”
http://www.arptech. com.au/ slshelp.htm

(4) Extremis, “Nylon,” http://www.extremis.be/emgtremis/materials/nylon/nylon.htm.

(5) “TappingMode AFM,"SPM Training Notebook, 2003: 10.

(6) Gernot Friedbacher, Paul Hansma, Emannuel iRand Galen Stucky, “Imaging Powders with the Atom
Force Microscope: From Biomaterials to Commercialtdfials,”Science, (Sept 13, 1991): 1261-1263






