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Abstract

Solid Freeform Fabrication technologies have thbtalbo produce parts with complex geometries tigkly

quickly without the need for costly tooling. Advaas in the field are creating a market in whicts¢hparts can go
directly into a service environment, thus evolving Digitally Driven Manufacturing (DDM). Howevethe
limited material strength that DDM parts possedeiping DDM from seeing its full potential. Althgh parts
produced using DDM can be built with uniform deigsifion, they are not fully densified. The appiioa of a
densification process used in metallurgy known aslbbstatic Pressing (HIPing) to polymer-basedsyaroduced
through the Selective Laser Sintering processdaddhus of this research. The HIPing process plaoeobject
under heightened isotropically applied pressuresuih a pressure-conveying medium at an elevateddeature in
order to more fully densify it via creep and plagtbw. An internally applied vacuum facilitatdsetremoval of any
gasses trapped inside the part and aids to furtbherase its density and ultimately improve itchamnical
properties.

1. Introduction
1.1. solid freeform fabrication

Solid Freeform Fabrication (SFF) (often referreéisoRapid Prototyping (RP)) is the term used teriles the
process of producing solid parts, models, and pyp&s without the use of tooling. A computer gened solid-
model is used as the basis for these parts andkgib down into two-dimensional horizontal slicasieth, when
stacked, form the third dimension of height. Thelsgcts are then produced via an additive protegsuilds
subsequent layers upon one another to form thelgotut. Different machines produce these laysisgua variety
of techniques ranging from the controlled depositib adhesives into a powder media to the useld¥ daser to
cure a thin film of a photopolymer. The SFF pracakows for the construction of parts with inctaglicomplex
geometries both internally and externally that wido impossible to make in a single build usinditranal
manufacturing techniques. These parts can thersée as prototypes, mold plugs, or finished ongaiffs.
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1.2 selectivelaser sintering

Selective Laser Sintering (SLS) is one of these fBEesses and was the one used to produce patissfo
research. The SLS process uses a @Wered laser to precisely fuse thin layers obagered polymer together to
form the individual slices. The temperature indige machine is raised to a point where the lageibe run at a
low wattage and only has to increase the temperatithe powder a small amount (between 10-15°@)4e it
together. After each pass of the laser a rollesharism (Figure 2) spreads the subsequent laybeqfowder
across the build bed. Then laser then fuses ehisstice in the exact pattern of the solid modwl the heat from
the process also fuses it to the previous layére drocess repeats itself until the completedipgnoduced. The
part is then removed from the build bed and anysadypowder is removed from the part. These partghleen go
directly into final usage but may require secondamgcessing to seal their otherwise porous surface.
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Figure2 SLS Machine Components



1.3 hot isostatic pressing

The Hot Isostatic Pressing (HIPing) process istbaéwas developed for use in the Metallurgy indusi fully
densify parts made using the powder manufacturinggss and to remove the microporosity found orsthiace
of parts made using other manufacturing proceRarts that go through the HIPing process are exbimselevated
pressures via a pressurizing medium, either liguigas, at an increased temperature. The pressuks to
collapse internal voids and more fully densify gasts by way of creep and plastic deformation efrifaterial.

1.4 applications

Potential applications for HIPing as a secondaogess in SFF are almost endless. As was stather gtire ability
to build products that are not possible to manuf&ctising conventional methods and without the dadst and
time of tooling are the two biggest advantageski.SWith a significant increase in mechanical prtips, SFF
could make the following possible: one-of-a-kindingpzed structures for the aerospace and medidaisinies
would go from concept to feasible end-user prodwutsicial joints could made to perfectly fit afentbefore
surgery, significantly reducing surgical time afdoce of infection by eliminating the time currgrapent
modifying the implants during the surgery, andligaghe ability to build replacement parts for amymber of
machines on-site without the down-time that comemfwaiting on a vendor to supply parts or the ewst space
spent stocking a large variety of replacement ghgsmay never be used would be a serious benefie
manufacturing community at large. The other bérefan effective method for mechanical propertpliavement
would be lower operating costs on the SLS machifparts that are made at lower laser powers eamade
stronger using a secondary process such as HIfRieg, providing the HIPing process is time and edfsctive,
there is an incentive to run the SLS machine attdaser wattage which has been linked to loweratigion of
the SLS powder and subsequently longer powder Egsentially, this process could decouple thedpélrameters
from the final mechanical properties.

1.5 research objective

The primary objective of this research was to stildypossibility of improving the mechanical prapes of
polymer-based parts created on the SLS machinedhrthe application of a HIPing process. The dveatf a
specific process was not the goal so much as pfabis process’ potential through a substanti@h gamechanical
properties (greater than 10%).

2 Propertiesof Polymer-based SL S Objects

When the polymer powders used in the SLS processsh, its individual grains are spherically stthp&epeated
exposure to the elevated temperatures inside tlehingitself and in the powder bed when in proxynbit
previously built parts clumps individual partickegether to form larger particles with irregulappbs. To account
for this, all powder is sifted through a sieve betw processes to get a more homogenous mixtumnitdrdy sized
particles within the powder bed before a buildrdea individual particles require more power tasirand their
irregular shape scatters the laser in a less gedd@cmanner and reduces the layer thickness dmabe used and
still maintain the degree of accuracy requirechigse builds. Also, these larger irregularly shgpedicles cannot
fit exactly next to one another and will trap a@tlween themselves and any adjacent particles. tidpped air
remains even after the build is completed. Thipped air inside of objects produced using the ®is8lts in brittle
parts with incomplete densification and poorer nagital properties in the finished parts. It istincomplete
densification that is the primary focus of thisgasch and the improvement of it to improve the raedtal
properties of parts produced using the SLS process.

The specific material used for this research wasaBorm® PA Polyamide powder made by 3D Systems,
Inc., specifically for use in SLS machines. 3Dt8yss, Inc. provided the following material data:

Density 0.59 g/cc

Avg. Particle Size 58 um
Specific Gravity 0.97
Melting Point 184°C




Tensile Strength 44MPa
Tensile Modulus 1600MPa
Elongation at Break 9%

3 Method

3.1 part build parameters

The parts used for this experiment were built dg 1@, 2004 on a DTM, Inc. SinterStation 2p06 SLS

apparatus. The part shape is a modified versiatheoASTM D638 tensile bar. The primary differemeas that the
part has a thickness of ¥2” and has a 0.190” diam&teleep hole in one end. This hole was designidthe part

to allow for a vacuum line to be inserted during HiPing process. All parts were built using aefgsower of 8
watts, one of the lowest settings available onSimterStation 25Qflus. A lower outline power was also chosen as
well as a layer thickness of 0.004”. These settingre chosen because they produce parts thassrdénse and
have a higher amount of porosity. The mentalitg teat improvements would be more noticeable ihgdrom a
weaker part to a stronger part as opposed to tigirsirengthen an already relatively strong pHrthese results can
be mapped then the process would only need to toepexated to work with parts that already haversjer
mechanical properties.

3.2 density measurements

To quantify the amount of densification a simple ggcnometer (Figure 3) was constructed using sueticen of 1
14" ID steel pipe, a series of fittings and valvasg an argon gas cylinder. Equations based dffeofdeal Gas Law
(Equation 1) were used to derive the volume oftéise samples. A high-accuracy pressure transduaeused to
monitor the pressures (P) within the pycnometer@mhected to a computer to record and graph thétieg data.
The pycnometer is a dual chamber device with thietpde measured in one chamber and a predetestrameunt
of an inert gas in the other. The volume (V) afteaf the two chambers was determined by meastimgmount
of water each displaced. Using the ideal gas lamagon (shown below) the change of pressure thairs when
the valve that separates the two chambers is oparete used to derive the amount of volume displdy the
actual part. The Ideal Gas Law formula is showrehe

PV=nRT (1)

The temperature (T) inside the pycnometer was raggdtusing a K-type thermocouple connected to iadlig
thermometer, the universal gas constant (R=82.0&®L3atm)/(K*moles)) was used, and the n-value waswkd
using basic algebra. Traditional methods of meéagudensity such as water displacement were nat insthis
study because the water absorbed by the test ssndpie to the hygroscopic nature of the Nylon powsed in
these parts, would have affected their mechanicgienties.

Figure3 GasPycnometer



3.3 pressurizing medium

Compressed air was chosen as the pressurizing mdditthis test. Availability, convenience, andstwere the
primary deciding factors in using it over any aitaives. Other products considered for use indwd®w melt
bismuth alloy produced by the Cerro Metal Prod@spany and Argon gas. The use of bismuth wayeatiel
because of problems with it adhering to and irdtlon into the SLS parts even at lower pressuiidé® argon was
not used for lack of a proper argon compressore ddmpressed air was provided by a standard aildespressor
and was piped into the pressurizing chamber usimgarced high-temperature silicone tubing. Tovprd
infiltration from the pressurizing medium and tetdbute the pressure in a more isostatic manngr part was
coated using a two-part high-temperature RTV silcbefore HIPing. Each part also had a brassnsetted
approximately 1” into one end and had latm of vatapplied to it though a manifold to evacuate thpped
gases inside the part.

3.4 pressurechamber

A stainless steel pressure chamber was built adliffimg chamber for this project. The chamberisven in Figure
4. Stainless steel was chosen for its corrosisistance at the higher temperatures this vessdbvoperate in.
The primary chamber has a volume of approximat&Bn7L with a depth of .248m. A pair of tubes, eadth a
0.190” ID, extend approximately16” from either siofethe chamber’s base. The first was used asdbece line
for the pressurizing medium and the second was esfbd a K-type thermocouple into the chambendmitor
temperatures internally. The lid was held in pthbg a set of 8 bolts and was sealed from the wizimber using
a high-temperature silicone gasket. A single ks drilled and tapped in the center of the liddcoommodate a
%" NPT fitting that allows the vacuum line to accdss parts inside the chamber.
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Figure4 HIPing Chamber

3.5 mechanical testing

The mechanical properties of the parts used inekperiment were measured on the MTS Tensile tpsfaparatus
along with a 2" extensometer. The resulting daés autputted to a Microsoft® Excel spreadsheetchvhias then
used to create the stress-strain curve and cadctilatultimate strength (§ yield strength (9, tensile mModulus,
and Elongation at Break.



3.6 optical comparison

A small section (about” long) at the end of each tensile bar was milledvd approximately 1/16” and a series of
5 holes was drilled into this thinner section usingtraight pin as a drill bit (figure 5). The mi@ter of each of the 5
holes was measured before and after the partswadethe HIPing process using a Scherr-Tumico @ptic
Comparator. These measurements were recorde@dgaezrand compared to one another to determinecargage
of change as a result of the HIPing process. Dheshwere made in a thinner section to prevent tliem being
deformed during tensile testing.

Figure 5 Example of Part Notch

4 Conclusion

4.1 ineffectiveness of low pressure HIPing

After conducting a series of HIPing processes ertéist samples, examination of the physical anchargcal
properties of the first batch of parts caused tit@eseries of tests to be aborted. Density ankgte diameter
changes were along the magnitude of .5-1.5%, wigtiinvthe expected margin of error for the measuets
themselves. These minimal changes in the partitglatisectly correlated with negligible changesnmechanical
properties and an essential re-evaluation of tbeqss. Essentially, the use of HIPing pressurlessiEs50psi has
proven ineffective.

4.2 process improvements

The basic premise of improving the mechanical priiggeof a polymer-based part through the appbeatf a
secondary HIPing process remains valid. The sipauiéthod and equipment used in this research & wiust be
modified to prove the validity of this process. efirst step would be to use a combination of higiressures and
temperatures to force the material closer to arsdipty higher than its melt temperature. In essetie part should
become soft, without becoming molten, and thereflore and densify better all while maintaining #lsape.
Additionally, the HIPing chamber should be modifitednclude an internal heating element. Tempeeatu
monitoring during the HIPing trials showed that thternal temperature of the HIPing chamber dideéch the
target temperature for almost four hours in thee@fghe higher temperature tests and for just twee hours in
the lower temperature test.
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