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Abstract

Through temperature measurement and thermal asalf/thhe DuraForm™ polyamide nylon powder usedn t
sintering process, it is possible to find a systi#arapproach to the operation of the selectiverlasgering (SLS)
machine. A process can be established to find ldmegoint of the powder, control the surroundihgraber
temperature, and set the carbon dioxide sintedagrlwattage to appropriate levels. This researabives
obtaining appropriate instrumentation for tempaatueasurement in the harsh operating conditiotiseof
Sinterstatiofi 2506™° system, and finding exact temperatures for whiehdarbon dioxide laser melts the nylon
powder over a range of laser powers. This temperatata will be useful for making higher qualigris, and will
allow the SLS machine operators to follow a preditd and proven pattern when adjusting settingh@machine.
By measuring the temperature gradient of the powtdeorrelation with the laser power, this set xperiments
may be extended to different materials used irddodieform fabrication, as well as other technadsgnvolving
micro applications

Keywords: Selective Laser Sintering (SLS), polyamiel (PA) nylon powder, temperature measurement,
infrared thermocouple

1. Introduction

Selective Laser Sintering™ (SLS) is one of manydsioeeform fabrication (SFF) processes used byerons
companies for preliminary samples, and sometimesudstom manufactured parts. Therefore, it is wenyortant to
these firms that they obtain accurate prototypeguaskly as possible. Some complications that th® Brocess has
encountered, which can hinder a manufacturer, declueak or low quality parts. These characteristiesmost
commonly placed in association with the reuse ofger. Each time a 3-D object is built there is tafer material,
which is sifted through and reused to make otheispAs the powder is reused, the appearance offattS
becomes progressively poorer. Some qualities irepedbjects display include visible flaws, suchippling
surfaces, and weaker material properties as at @gobor sintering, or densification processedsTasearch
examines the imperfections of reused powder art$ fanthermal solution for making parts with recgg®wder
through variation of environment temperature aséigower.

1.1. Selective Laser Sintering™

Selective laser sintering is an additive processthiith 3-D objects are made layer by layer. Fohdager, a small
amount of nylon powder is deposited over the paittilichamber, and then a carbon dioxide laser ftteepowder
particles together to make another layer of theatjl]. Each layer is of the same thickness ang thie cross-



section of each layer is sketched into the powaledensified with each pass. When the entire pstheen sintered
together it is contained in the bottom of the fmaitd chamber, and needs to be broken free frontotbee powder
around it. Since there is constant support fronstirveounding powder, the parts made in the SLS maatan be
very intricate, yet need no support structures.

There are also several different materials usadake SLS parts. Some include DuraForm™ polyarfidg
nylon powder, and the DuraForm™ glass filled (GBlypmide nylon powder. Others are SOMOS, a flexible
rubber, and metals such as aluminum with plastitiegs around each powder particle for sinterirtge powder
used in this research is the PA since it is thetrmmmmonly used and has the most problems with padace
finishes.
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Figure 1 SLS process chamber [2].

1.2. problems addressed in SLS process

The current process used to build SLS parts atfieaukee School of Engineering (MSOE) Rapid Prgping
Center (RPC) was arrived at, for the most partriayand error. The powder cartridges are filleithwmew powder,
then a small amount of powder is placed on topefdart build chamber and the temperature in tieet s raised
until the powder just starts to melt or look ‘wekhis temperature is recorded and set as the glain¢, which is the
minimum temperature that the powder needs to Iseddb in order to sinter the part together. Thenpart build
chamber is lowered to a temperature that RCIlow the glaze temperature, because it is thiahghthe laser
will raise the temperature of the powder just abitveglaze point, creating a perfect part.

There are many problems with assuming that thig Inesthe correct procedure. One factor that make$t S
environment not very optimal is that the infraretisors in the machine are not accurately meastireng
temperature, and the heaters are not evenly hetgngart build chamber. This causes the lasenterghe part at
different temperatures at various layers, and éw@n one end to another of the same layer. Tresperature
differences cause rough surface finishes and waugfiparts. One solution to this problem has beeraty the
laser power for different layers of a part. Thisates more uniform parts through keeping more aohst
temperatures at various layers.

Another setback that the SLS process encountéhs iseuse of heated powder. After a part has begacted
from the loose powder that surrounds it, that Iqoeeder is sifted and put back into the powder dienmito make
more parts. After so many heating cycles the poydeticles start to fuse together permanently aedsifter
cannot break them apart [3]. This creates a prolaen sintering these new particles because tgergarticles
require a higher laser power to fuse together pipp8ince these particles are not sintered cdyretttey create
rough surface finishes from not being raised tdr thew, higher glaze temperature. One solutiothi® problem has
been to mix new, or virgin, powder in with the alg@wder [4]. This creates a more uniform mixtwewhich the
glaze temperature is not significantly higher thizat of the original virgin powder. Although thiasisignificantly
increased the amount of parts that can be madereased powder, it is still more costly than jusing able to
reuse the powder without adding any virgin powaén the mix.



1.3. infrared thermocouple

Infrared thermocouples (IRt/c) operate like a thecouple where the temperature output is determyeal voltage
potential created at a junction. However, they teadperature like infrared thermometry, by meagyradiation
emitted from a surface. This creates a very aceuteser-friendly non-contact temperature sensofIBis device is
perfect for measuring temperature changes in ti& r8achine because it is non-contact, maintainsracguhas a
high degree of repeatability, and data can be atdpa conventional thermocouple data acquisitisiem.

The model chosen, microlRt/c.4 from Exergen Caaifion, is a small cylindrical unit (3 inches longda3/8
inch diameter) which allows simple integration ithe SLS machine. It also has a 4:1 field of viallgwing
mounting on an angle and at a greater distanceutitlosing the small spot size from which it measuhermal
radiation. Other characteristics of this sensoluithe a high degree of repeatability within 1%, améaneous update
time, and temperature measurement up téG0Dastly, even though the sensor must be connégtadairly long
cable, it will not lose accuracy [6].

One disadvantage of this particular sensor far dipiplication was that it required cooling to pmbypesad
temperatures. The best way to cool it was to feedirline to the sensor, and constantly pumptali7a/min and
5psi around it; this will allow the sensor to ogerim temperatures of up to 1°T5[6]. The problem for this specific
application was that the atmosphere of the SLS madaieeded to stay inert at 94.5% nitrogen or highlee
solution found was that the nitrogen fed into thechine had several different lines; one of thasesliwas not being
used so it could be used and regulated to pumpgsitr to the sensor at the rate needed to cool it.

To calibrate the IRt/c, the voltage readings andesponding temperatures from the data acquistystem
were compared to those values of the factory cailiton tables. From that analysis a graph and tledgiation was
obtained (below) to convert the recorded tempeeatimto actual temperatures, accurate withitC+A linear graph
was chosen to simplify the conversion process veratyzing data. Also, please note that this eqonasi@nly valid
for this specific device, and for temperatures leem116-170°C.
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Figure 2 Calibration graph and equation.
2. Objective

The goal of this study was to find a systematicrapph for the operation of the SLS process. Thikides mapping
a procedure to find the glaze temperature of thitgodar material used (PA), setting the laser eédain power,
and then controlling the part bed temperature atiogly so that the laser sinters the powder to enafpires just
above the glaze point. This approach also invotiesrmining the exact temperature gradient crelayadarious
laser powers, and setting the part bed temperaaoeadingly to make optimal parts with the besfase finishes.



3. Approach

To find a set procedure by which to operate the Bla8hine, thermal analysis was done on the l@&er and the
part bed chamber. This was done by mounting ar iRt the SLS machine while operating. After fimglia
temperature gradient for several different lasevgrs while controlling part bed temperatures, theseperatures
could be varied according to the gradient for aatelaser power.

3.1. air temperature

To determine if the IRt/c needed to be cooled wiilthe SLS machine, an initial air temperaturé vess
conducted to find the exact range of temperaturdéise machine. Up until now, the only thermal regditaken
from inside the machine were through existing irdficasensors, and a test run with conventional tbeonples
while no part was being made in the machine. Tédgtrun was preformed to check if there were viarnatin
temperature from uneven heating of the SLS chamitdch led to the variation of laser power oveaayé part due
to temperature differences.

To test the air temperature, thermocouples wereedlanto the machine. They were held in place bgiiting
them through the slots for the swinging doors #egiarate the part bed from the powder beds. Tloiwed the
thermocouples to measure the air temperature inghee area that the IRt/c would be located. Thertbeouples
were then connected to a data acquisition systeithwhcorded the temperature once every minutegduisix
hour build. This was sufficient because only theegal air temperature was needed to tell how mhehRt/c
would have to be cooled when inside the SLS machine

3.2. mounting device

A mounting device was fabricated to hold the terapee sensor above the part bed, but not direetipthe
laser. This meant that the IRt/c had to be mouintestich a way that it was angled toward the partgoproduced.
Another consideration was the ambient temperatiteeomachine, and what material could withstamdperatures
of up to 206C. These considerations, along with detailed memsents of the SLS machine made it possible to
create a mount and parts of the SLS machine iDar®deling program. The drawing simulated the danechine
(below), which was very helpful in the design stagéthe mount and also helped to illustrate tipeexental
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Figure 2 SLS machine with IRt/c sensor mount.

Since MSOE has such an extensive rapid prototypémger, the conclusion was easily made to constinect
mount from a very durable plastic that is usechanEused Deposition Modeling SFF machine. The mavastthen
designed according to the dimensions of the SLShmacand made to fit into the opening that alldknes laser to
sinter parts (where mount is inserted in drawingvad. Although the mount was designed for thisipaldr set of



experiments, possible changes were consideredpi€be that holds the mount to the heater handlevés)made
separately to be able to adjust the mount arrn(2arious places in the machine. The sensor sk&weas also
produced unattached to accommodate any movesedbded to be made, but also to feed the IRt/c winelsair
hose out of the holder. The two places in whichsieeve attaches to the mount arm allow for mooenrto make a
larger part or to position the sensor closer tmalker part. Lastly, an air cavity was added tosleeve to allow air
to flow through the plastic mount to partially cdbé sensor.

F-Air Cavity

Figure 3 Sensor mount.
3.3. controls

To control these experiments, the test part madeeirSLS machine was a small solid disc. This essstivat the
sensor was measuring the same cross-sectionageeeatime the laser was sintering the part. Chagpaithin disc
(3 inch diameter) as the cross-section also elitethtéhe need for varying laser power, required beskl time, and
did not allow the unused powder to be heated fadended period of time. The height was .1 inch#swing for
enough layers to be measured, but keeping the tiilto a minimum to permit many parts to be miadbe same
build with identical powder.

The powder properties also remained constantpbiagler age was kept at around 320-330 part boiloish
and only PA was used so that the powder in questi@neating poor parts was tested. Although tiseilte will
most likely vary for different powder ages, thiady, for lack of time restricts the tests to just powder in this age
range.

3.4. variables

The laser power remained constant during eachmpart experimental build to ensure that the tentpegachange
created from the laser could be measured accurdietyexperiment was repeated several times ardiff laser
wattages, to find a correlation between the tentpsgalifferences of the powder as it was beingesétt and the
laser setting. With each experimental trial thet pad temperature was held constant so that tfereiifce in
temperature could only be attributed to the sintgtaser.

4. Results and Discussion

Each of the areas measured, air and powder terpesatvere recorded via a data acquisition systefrcamputer.
The results are analyzed graphically and analyyichtough data manipulation. A graph was madestrh test to
show the general trend of the temperature chamgelsthe data was used to find averages of difféeenperature
gradients for various laser powers.

4.1. air temperature

The results from the air temperature test indicéttatithe chamber was quickly heated to abouf@4td reached
maximum temperatures of 1%Dduring the build. The results were very consistand the temperature did not



change much during the build. Since the IRt/c aalg accurately measure temperatures in ambienvsaodings of
100°C or less, the sensor will have to be cooled apprately about 58 with nitrogen air flow.

4.2. powder temperature

Analysis of the powder test results had to be ared carefully, since there were 25,000-30,008 gaints in
each set. First, the data was evaluated in aniequadtablished for calibration. Then a graph waseof the entire
run, and from this it was clear where the partsewmging sintered. A new graph could be made likeotie below,
focusing on just the data in question. From thesglywdeveloped graphs, general sintering tempezatand
gradients could be found, and the general timeesffigr each part were obtained. With these timgeaneach
layer could be analyzed. To do this, the tempeeatbefore sintering, during sintering, and afterenseseraged for
each layer and compared for each individual lasarep. Since the temperatures in each of these madsgvere
similar for a given laser power, the condensed daisaveraged before, during, and after the shgenf a part to
find the general gradient for each laser power.

The results from the powder temperature tests geite amazing, when they worked correctly. A clear
temperature change was seen from the graphs, arudh#imges increased with increasing laser powesm Eest
one it is clear when the roller went over the jpa&d (1), when the laser sintered the part (2),vaemete each of the
three parts that were built with different lasentsiing powers.
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Figure 4 Sintering temperatures for 8W, 12W, and/28ser parts.

Unfortunately, not all the tests worked this sniyotDuring tests 2, 3, and 4 the disc being boitte above the
powder level as it was being made. This causedi@mbbecause the powder being distributed ovepahiebed
chamber was not covering the part or creating ¢éaxggrs. Eventually the part rose too far abovepihwder level
causing the roller to push the part across thehmatt and the process had to be terminated. Sosshp®reasons
for this problem include incorrect part bed tempanes, a bad IR sensor not regulating the heatersatly, or the
air that was cooling the sensor may also have beeling the part. After changing the part bed terapge and
replacing the IR sensor controlling the heatensigis very easy to see that the problem was caystlair cooling
from the sensor; it was also cooling the part,rayit fully before needed. To solve this problemrentesting was
done to determine if the air flow could be turnedvd so that it was still cooling the sensor enotomgyimeasure
properly, but not cool the part being built. Intféiee air flow could be turned down because trat fest worked
very well, and there was a lot of air leakage fiomproper setup of the airflow. Also, the nitrogenwas also cool,
so the air flow was turned down to 5L/min, and ¢keasor still operated correctly.



After the air flow was turned down, one more vadédt was preformed, but the results from thisdabnot
fully match the valid data from tests 1 and 2. \hidwe temperature rise from tests 1 and 2 increfasédcreasing
laser power, the temperature differences for tetaped relatively the same for increasing lasevgroThis
discrepancy may be contributed to the parts beirifydn an angle. After tests 2, 3, and 4 the pas built on a
slight angle to help with the problem of the p&sing above the powder. Therefore the data from3esay have
been affected by this change because the crossrscirea being measured varied with each layis means
that the sensor was taking an average of the twesmsimeasuring, which may have included surfaea where the
part was not being sintered. Test 5 was therefoténeluded in the analysis of a general tempeeattiange trend.
Please note that even though the problem occurredgitest 2, some valuable data was obtainedyadh overall
temperatures were low from the air cooling. Nodalata was collected from tests 3 and 4.

Table 1 generaktemperature for various laser wattages, separatederiment.

Laser (W) |[Temp. Before fC)|Temp. During (°C)| AT (avg) |Gradient (°C/W)
Test 1 8 151.7 158.2 6.5 0.81
12 152.8 162.3 9.5 0.79
20 153.9 167.7 13.8 0.69
Test 2 7 140.5 146.0 55 0.79
9 140.8 147.5 6.7 0.75
10 141.3 148.4 7.1 0.71
11 141.3 148.7 7.4 0.68
Test 5 9 154.3 161.2 6.9 0.77
10 154.9 162.0 7.1 0.71
11 154.7 161.8 7.1 0.64
12 154.1 161.0 6.9 0.58

When the temperature differences from tests 12amwdre put together to form a general trend fozrig@®wer,
the correlation was quite high. Test 5 was notudel in this trend because the results were inasivel being that
they were all about the same and did not matchebglts from tests 1 and 2. Although the generadiignt, .64
°C/W, was a little lower than the individual gradiefound for each run, with more testing these esishould
become closer, creating one number or a chart stgptlie temperature rise for each watt the laseicieased.

A Temperature vs. Laser Power (Tests1 & 2)
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Figure 5 Graph oAT from tests 1 & 2 with trend line.



With this data, it may be possible to set up a 8lg&hine through a systematic procedure ratherttirangh
trial and error methods. First the user would haveonsider the part to be made and chose an afgefaser
setting. Then by determining the propér for the laser power, the user could find a tapget bed temperature by
finding the difference between the glaze pointhef powder being used and the gradient. This taaetbed
temperature should raise parts to the appropemtgeratures for optimal sintering, which produdestiest parts.

5. Conclusion

Although more thermal analysis needs to be donth®Sinterstatioh 2500, this research has started the process
for finding a systematic approach for setting up LS process. Since temperature analysis durengititering of a
part in the SLS process has never been accomplistfede, this research has explored ways to do dndt has
investigated many possible problems with this tgptesting. Now, with a few valid tests from thisdy, a general
trend for temperature differences according torlpsever is known so that part bed temperatures beaset
accordingly for older powder. Through further tegtithis process will hopefully save SLS operatonge and

money when making polyamide (PA) parts.

6. Further Work

More work will be required to make the SLS setugtegnatic. Further tests are required to provettwat
temperature differences which were found in thislgtare in fact accurate. Also, alternate ways éoim the sensor
in the machine may need to be examined, as wélbasto control the air cooling of the sensor togkéavorking
properly but not allow the air to cool the partéingemade. One solution may be to find new sensabriques,
although this study exhausted many of the optionistware currently available.

Other work may include extending this set of ekpents to other powders found in the SLS machiseyeall
as to test a larger variety of PA powder ages. @ar step would be to test this theory on a laage to
determine if it in fact works to enhance the praipsrof SLS parts and increases the number of gaad obtained
from one cycle of polyamide powder.
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