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ABSTRACT

Tensile properties of laser sintering grade Polgeiil are processed using laser
sintering, compression molding, and injection maddand the resultant mechanical properties
are reported. The primary contributor to the ewledmmechanical properties of injection molded
specimens is a fully healed polymer melt with pnefé polymer chain orientation. It can be
shown that laser sintering and compression moldpegrimens have comparable to compression
molding specimens Ultimate Tensile Strength (UTi®) Blongation at Break (EOB).

INTRODUCTION AND THEORY

1.1: LASER SINTERING

Additive manufacturing is a family of relatively wemanufacturing processes utilizing
integration techniques of digital solid models ahé layer-by-layer addition of materials to
create a three-dimensional solid. Selective L&etering®, developed at The University of
Texas at Austin, utilizes three major steps toteréize three-dimensional solid.

1. The first step of the process is the computatiomaluation of a solid model and a
subsequent creation of a set of cross-sectionabwéelds referred to as “slices.” Each slice
has a field of x-y vectors that represent the ceesdional area of the model, with the
aggregate total of these slices making up the ceta@-dimensional object. Each slice is
prepared based upon a predetermined “layer thisknekich is typically 0.004 inches to
0.010 inches. Figure 1 illustrates the slicingalpm process.
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Figure 1: lllustration of CAD model slicing and anindividual 2-D Slice

2. The second step of the process is to preheat afi@mivder, commonly a polyamide (nylon)
material with an average particle size of 50 misronOnce the powder is heated to a
sufficient temperature and the slice file is crdate directed energy beam (usually a,CO
laser) scans the vector field on the prepared lhgubwder. The fused layer reproduces the



cross-section generated by the vector field (are$li A system schematic is illustrated in
Figure 2.
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Figure 2: Schematic of Laser Sintering Process

3. The final step is to add raw material to the precss that subsequent “slices” can be fused
together. A layer of powder equal to the predeteech layer thickness that was used during
the slicing process is added, heated, and substyfesed to prior layers to create a solid
physical model, illustrated in Figure 3.

Figure 3: Photograph of bEWder bed being scannedDarker areas have been scanned by
the laser while the lighter sections are unaffectedowder.

1.2: ADAPTATION OF LASER SINTERING FOR END-USE PARTS

The use of additive manufacturing and laser singenn particular for low and medium
volume production has become more important dubdaost savings associated with bypassing
expensive tooling. (Ruffo, Tuck and Hague 2006)e Taser sintering process has become more
common in the production of end-use parts in variapplications. This technique has allowed
for streamlined design, decreased time to prodeictianimal cost on engineering changes, and
the ability to design for function rather than miuurability. While there may be many
benefits for certain applications, there are sigaiit challenges that must be addressed prior to a
broad acceptance of this technology. The key ehgé# is the limited amount of theoretical or



experimental science as well as detailed mated@iabases specific for the use of laser sintering
as a manufacturing process. The use of lasersthfwrts for end-use production has increased
the scrutiny of the process but has channeled catpdunding towards the end of creating a
stronger knowledge-base.

1.3: FORMATION OF LAYERS IN LASER SINTERING

Figure 4 is a graphical representation of the raatemal powder bed. While the average
particle size of the polyamide material is 50 migothere is a distribution range of fine and
coarse particles in a randomly packed bed. Thvgdeo bed is preheated to a point just below
the melting temperature. If the particles are tmi they will pool, and there will be no
distinction between the scanned area and the poeter If the particles are too cold, they will
not have sufficient internal energy to allow fofud melt. In a region heated solely though laser
energy will have significant dimensional distortiaa the fused layer rapidly cools and shrinks
due to the temperature gradient between the pdrtr@nsurrounding powder bed. Part warping
and in-build curl is created when the processeedrlay/fused to previous layers that have already
undergone shrinkage. This adhesion will createluas stresses as the processed layer shrinks at
a different rate than the previous layers.
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Figure 4: Cross Sectional lllustration of a LaselSintering Powder Bed

Once the powder bed has been pre-heated, thevidsecan the subject cross-section
using a field of x-y vectors at a prescribed spepacing, and laser power. These settings are
optimized to yield an ideal melt pool such thatréhes sufficient energy to have a full melt
without losing precision, seen in Figure 5. If thser energy applied is too great, detail and
precision are lost (analogous to writing on tispaper with a large permanent marker). There is
a corresponding depth of penetration directly propoal to the total energy applied.
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Figure 5: Melt Pool Generated on the Laser Sinte Powder Bed

1.4: PROCESSVARIABILITY AND PROCESSL IMITATIONS

A significant limitation to any layer-based addgivmanufacturing process is the
anisotropic nature of the process. In this casngle layer (typically 0.004” thick) is fused to
the previous layer. The properties within thiselagre fairly consistent, but the bond between
layers is typically viewed as weak. Intralayer 8imig is achieved as the laser passes across the
pre-heated powder causing particles to melt ana ftagether in the creation of a molten region
defined by the slice. Interlayer bonding is mohallenging for three primary reasons: the
previous layer that is being adhered to has had toncool, the thin layer of powder that has
been added serves as a thermal insulator and b#ititaser penetration, and laser energy is
absorbed and dissipated at a higher rate nearuti@ce. This is discussed by Caulfield in
“Dependence of mechanical properties of polyamidenponents on build parameters in the
SLS process’and illustrated in Figure 6. (Caulfield, McHugh ahdhfeld 2006) This work
showed fracture lines in the x-y plane in z-axigemted specimens followed the layer lines
where the bond was weaker between layers.
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Figure 6: Part-build orientations. Black lines indcate layer interfaces.




As a quality assurance step during the productibenal-use parts, it is common to
qguantify build performance through the placemenstahdard ASTM D638 tensile specimens
oriented in the x-axis (left to right), y-axis (fioto back), and z-axis (vertical build directiort).
is generally observed that there is little to noatéion between the x and y axes and that the z-
axis will yield a significantly lower elongation bteak (EOB) than the x and y axis specimens.

The primary cause of the lower mechanical propeitiethe z-axis can be attributed to
layer-to-layer adhesion (interlayer bonding). Salverapers have been dedicated to the
characterization and optimization of the laseresing process in relation to z-axis anisotropy.
Several key factors that contribute to poor intggtabonding (layer-to-layer adhesion):

Large layer size — The powder insulates the theenalgy and prevents the energy of the
beam from penetrating to the prior layer.

Poor powder quality — Used powder will yield a higlklt-flow and higher molecular weight.
This is primarily caused through thermal aging amass-linking of the polymer. The result
of the high melt-flow is a polymer that is slowrteelt with a high viscosity. The result is the
creation of voids between layers.

Poor thermal control — If the powder bed is proeds®s a way that the temperature is too
low or is cooled at a high rate, it will inhibiteHormation of a melt pool that penetrates the
previous layer. The result can be weak layer-ye#laadhesion as well as dimensional
distortions.

Low laser energy — High scan speed, low laser poaed large spacing between scan
vectors (scan spacing) can lower the overall lasergy delivered to the powder bed. This
decreased energy will not yield sufficient energypenetrate the current layer and create
strong layer-to-layer adhesion.

1.5: PREVIOUS WORK ON PROCESSOPTIMIZATION AND CHARACTERIZATION

Laser sintering became a broadly used additive faaturing process in the early 1990s
with the introduction of Duraform® PA, a Polyamid2 material. Christian Nelson published
an article in 1995 speaking to the need for proeesk material optimization to improve part
accuracy. (Nelson, McAlea and Gray 1995) The prnapplication of laser sintering in the
early stages of development was functional protegypnd concept models with the chief
competitor being 3D Systems™ Stereolithography (fiocess. While laser sintering held an
edge over the SL process in material properties,3bh had become the de facto standard in
prototyping and held an edge in accuracy. The logians that Mr. Nelson made at the time
were:

Use of better galvanometers to control the laser stanners will increase accuracy and
repeatability.

Optimization of scanning parameters can improvéasarfinish, accuracy, and repeatability.
Optimized powder particle distribution can yieldrfage finish comparable to those made
with liquid based techniques.

With increased utilization of the laser sinteringpgess in the 1990s, there became a
focus on process optimization and repeatabilityeigards to the use and re-use of raw material.
Poor accuracy, surface finish, and overall partlifuavere seen in parts being made with
Duraform® PA due in large part to inconsistent naaterial and a thermal degradation of the
material. There were several schools of thoughitwere proposed to mitigate this issue:



David Keith Leigh of Harvest Technologies developeork done to create a steady-state
mixture of used and virgin based on quantified naeatal properties and qualified visual
inspection of the parts. (Leigh and Gornet n.d.)

Timothy J. Gornet of the University of Louisvilledeloped work done on quantifying the
melt flow rate and correlating this measuremerd tgsable standard. Virgin powder would
be added to the powder feedstock based on a gedntikelt flow reading. (Leigh and Gornet
n.d.)

John Choren proposed varying manufacturing parasidiased on the powder age or
thermal degradation. (Choren, et al. 2001)

Based on a paper written by Choren in 2001, it wated that thermal processing
parameters were stable but that laser power hae increased over time. (Choren, et al. 2001)
The mechanical properties achieved are shown iar€&ig@ with the elongation at break absent
from this data. In addition to this work, a 200&ppr by Yusoff showed the effects of powder
degradation on surface finish. (Yusoff and Thom@@8 These two published reports as well as
work done by Leigh and Gornet illustrate the effecpowder melt flow (molten viscosity) on
material properties, machine parameters, and patitg. (Leigh and Gornet n.d.)

Figure 7: UTS Data taken from 2001 Choren powderifie study. (Choren, et al. 2001)

Further research in quantifying the effect of pomaelt and mechanical properties was
performed by Majewski at the University of Loughbogh in 2008. (Majewski, Zarringhalam
and Hopkinson 2008) This article was able to deitee both visually and with Differential
Scanning Calorimitry (DSC) that there were two iddt melt peaks representing areas in the
processed part that had not been fully meltedvak proposed that the Degree of Particle Melt
(DPM) had an overall impact on mechanical propsrtid key conclusion in this research was
stated:

This work has shown that the percentage crystglliof a two-phase SLS part, as
calculated from a DSC chart, has an appreciabéziedfin the Tensile Strength and Elongation at
Break, whereby a decrease in crystallinity leadsamoincrease in the mechanical property.
(Majewski, Zarringhalam and Hopkinson 2008)



Figure 8: Laser Sintering Morphology taken from Paticle Melt Study (Majewski,
Zarringhalam and Hopkinson 2008)

In work that has yet to be published at the Unitersf Louisville, Thomas L. Starr and
Timothy J. Gornet have research that further helparacterize the correlation of process
settings, material morphology, and resultant meicia&properties. Starr correlates the amount
of energy that is delivered to the part bed dutasgr sintering (Energy Density) to the resultant
material properties. The formula for energy denstshown in Equation 1 and a plot of Yield
Stress and Elongation at Break are in Figures 9l&ndespectively. (Starr, et al. 2008) The
energy to melt is shown to be insufficient for apzed material properties and it is proposed
that there is an effective Energy to Melt RatiohisTexcess energy is necessary for stronger
layer-to-layer adhesion. In addition, Gornet shawseparate work that the use of microtoming
is a practical tool in analyzing laser sinteringrptwmlogy. (Gornet 2010) Figure 11 shows a
microtomed cross-section of a specimen with laiyersl being apparent in both magnifications.
Correlating these images with those from Majewsklrigure 8, it can be seen that the particles
that are not fully melted are colinear in the plgoégphs which is a result of the coplanar
phenomenon of decreased energy density at thenbattthe sintered layer.

(Equation 1)



Figure 9: Plot of Yield Stress vs. Energy Densitysed from (Starr, et al. 2008).

Figure 10: Plot of Elongation at Break vs. Energy Bnsity used from (Starr, et al. 2008).
There is no correlation between strength in Figuré® that guarantees ductility.

Figure 11: University of Louisville Laser Sintering Microtoming Sample (Gornet 2010)

Based on the various research and characteriztlietnhas been done previously and
discussed in this section, there are several keyat@ays that will impact this research:
Intrinsic raw material properties have an effecpoocessing in laser sintering.
The Degree of Particle melt study and the microtmmspecimens appear to indicate a
morphology that justifies weak layer-to-layer adbes
Correlation of energy density to mechanical prapsrshows a strong correlation of energy
density to tensile strength but with significantighility with respect to elongation at break.



1.6: FRACTURE MECHANICS

Based on the previous research done on the failmeehanisms in laser sintered
polyamide (Starr, et al. 2008), the yield stressl aftimate tensile strength are relatively
consistent among reported results and are comgatableported material properties in other
processes. The key deficiency in the laser simjeprocess is an elongation at break that is
significantly lower than other manufacturing preses If there is no significant degradation in
the intrinsic material properties, this fast fraetof tensile specimens contributes to a decreased
elongation. Fracture mechanics is the study otildumaterials failing due to brittle failure.
There are three modes of failure with the primaijufe mode in tension being Mode I, seen in
Figure 12.

Figure 12: Fracture Mechanics Failure Modes takerfrom (Twisp 2008).

The critical yield stress, or fracture streg,(of polyamide is significantly greater than
what is observed in laser sintering while the fnaettoughness remains the same. The
correlation of fracture toughness to critical yisldess is shown in Equation 2. This correlation
assumes that there is a crack within a part (8pecimen and that the geometry of the crack and
specimen can be quantified which produces a sheqierf(Y). A sampling of shape factors is
shown in Figure 13.

$oe () F, (Equation 2)

Figure 13: Fracture Mechanic Shape Factors (RoesleHarders and Baeker n.d.)

1.7: PROBLEM STATEMENT

This work will investigate the primary contributots the mechanical failure of laser
sintered nylon polyamide specimens. It is theakitet poor layer-to-layer adhesion, a primary



culprit in additive manufacturing anisotropy, cae bttributed to intralayer porosity. The
relative porosity of the interfacial boundary layeontributes to decreased ductility and fracture
stress.

EXPERIMENTAL PROCEDURE

2.1: PRODUCTION OF L ASER SINTERING SPECIMENS

All specimens in this study were built on machiregned and operated by Harvest
Technologies in Belton, TX. The specific machinesed were 3D Systems™ sPro 60® or
equivalent seen in Figure 14. These machineshareame as the base Sinterstation® 2500 with
a 70 W CQ laser, the addition of digital scanning, and activermal control through the use of
a black-body reference heat source. Samples wade im both PA 12 (Duraform® PA) and PA
11 (Duraform® EX and ALM FR-106).

Figure 14: 3D Systems™ sPro 60® Laser Sintering Maine

A total of 24 PA-12 specimens were produced anduated. These specimens were
segregated based on the tensile results as debanit&ection 2.5, with selected samples being
evaluated using SEM. After tensile testing, specimmwere sputtered with gold particles for
increased resolution and evaluated using SEM. tExghthe 24 specimens were used with
redundant specimen data being discarded. Figushd®%s an array of 8 tensile specimens with
4 being oriented primarily in the z-axis, and 4nigeoriented primarily in the x-axis. Three total
builds were used with varying laser powers from 1@46100% of optimized parameters to
illustrate the full range of failure mechanismsitgtly seen.



Figure 15: Tensile Specimen Location in Build

2.2: MODELING |INTERFACE BOUNDARY LAYER TENSION SPECIMEN

The custom tension specimen used for characteriniaegnterface boundary layer was
created in STL on an IBM PC with Magics 15 Rapi@tBtyping Software from Materialise.
The native ASTM D638 specimen was scaled and semdido insert a closed pack array of
hemispheres to simulate a layer of powder, sedfigare 16. The spheres were modeled at
0.100” diameter with the cross-section at the fats¥ measuring 0.300"x0.500”. The half of the
tensile bar that had a flat surface was combindtl Whie specimen having the hemispheres to
create a single tensile specimen STL file, sedfignre 17. This operation was repeated for h/r
Ratios of O to 1 at 10% increments, with h repréegnthe depth of penetration of an
intersecting plane with r, which represents the iephere’s radius. With the hemispheres
measuring 0.050” radius, the interface was move09.for each subsequent sample. The h/r
ratio dimensions are detailed in Table 3. Specsneeare labeled with the software to qualify
the resultant h/r ratio of each.

Figure 16: Model of Close Packed Hemispheres on iigion Specimen
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Figure 17: ASTM D638 Tension Specimen with Visiblénterface Boundary

2.3: PRODUCTION OF INTERFACE BOUNDARY LAYER SPECIMENS

Interface boundary specimens were produced in agniproduction builds and oriented
primarily in the x-axis. Orientation of these sipeens in the x-axis eliminates the possibility
that layer-to-layer adhesion will impact test résulThese tensile results were used to quantify
the geometry effect of the interface boundary layeBpecimens were built in the same
orientation as the x-axis specimens shown in Figdreising PA-11 (ALM FR-106) so that the
testing could capitalize on the contrast affordgalmaterial that typically achieves greater than
50% elongation in the x-y plane.

2.4: TENSION TESTING

Tensile properties were measured using an MTS hhsi§@ at Harvest Technologies,
shown in Figure 19. The specimens produced weréMAB®638 specimens with a cross-
sectional area at fracture of roughly 0.125” X @50 The procedure for pulling the specimens
was to use a 0.20 inch/minute rate with an exteesenthat conforms to ASTM E83 class B2
with a range of at least 50%. The extensometdimged to 50%; thus, no quantifiable
measurements exceeding that limit are recorded.

2.5: SCANNING ELECTRON MICROSCOPY (SEM)

The fracture surfaces were evaluated using a JESM 5610 Scanning Electron
Microscope (SEM) at The University of Texas at Awstith a tungsten filament, 3 nm
resolution, and magnification up to 300,000.



Figure 18: MTS Insight 10, Extensometer, and Spetien

2.6: CORRELATION OF PHYSICAL AND VISUAL PROPERTIES

The objective of this part of the research was daetate the mechanical properties
observed with visual inspection to obtain a bettederstanding of the failure mechanisms of
laser sintered parts. The material was 3D Systersitaforn? PA, a Nylon 12 polyamide.
Tension specimens were added to a production boil@valuate the surface of a tension
specimen and the fracture surfaces of both X amtirettion tension specimens. The process
settings and build location of test specimens vseich that three failure modes typical for laser
sintering would be present for this experiment:

1. Delamination — A special type of brittle fractureat is characterized by very weak layer-to-
layer adhesion. The fracture of a z-axis oriergpdcimen will break exclusively in the
region between layers. Delaminated Z-directioncspens were processed at standard
thermal parameters with laser power at less th&h 60recommended parameters.

2. Brittle Fracture — Failure of a laser sintered spea in tension within the elastic
deformation range of a standard stress-strain cufw@cture stress is less than yield stress
with strains less than 10%. Typical fracture stefahave a £shear fracture.

3. Ductile Fracture — This is the desired failure mod& ductile fracture will yield nearly
isotropic parameters. Processing parameters hase bptimized for build quality with a
sacrifice in efficiency and cost. There are twaregterized ductile failure modes:

a. Fracture Limited Ductility -- A fracture that occuafter the onset of strain hardening and
typically before UTS and the onset of significaatking. Strains are typically 15-25%.

b. Full Plasticity Failure — Fracture occurring aftee onset of necking at UTS. If this level
of strain is reached, it is very common that falwill not occur until 40-60% strain.



2.7: EVALUATION OF MELT FLow RATE ON SPECIMEN FAILURE USING INJECTION M OLDING

It has been observed that a primary contributopdor mechanical properties of laser
sintered components is the thermal aging, or degi@d of the material. Continuous exposure
of the unsintered material to the elevated thersralironment causes cross-linking in the
polymer chain and contributes to decreased phyai@lmechanical properties. As the material
undergoes thermal aging, the viscosity of the neltes seen to increase and can be evaluated
using a melt-flow measurement tool.

A key consideration in evaluating specimen failigrevhether this material degradation is
an intrinsic material defect or whether this chamgeiscosity has an effect on process specific
layer-to-layer adhesion. Unusable polyamide powekes segregated from production at Harvest
Technologies and its viscosity (melt flow rate) leiaded. This used polyamide powder was then
processed in a BOY laboratory injection molding mae at The University of Texas to produce
several tension coupons.

2.8: MELT FLOW AND INJECTION MOLDING DEVICE

Previously used powder was measured in Dynisco N Indexer at Harvest
Technologies and then used as feedstock to rudatMSTM D638 tension specimens at The
University of Texas. The melt flow indexer was dise conjunction with a drying oven, a
calibrated balance scale, and Dynisco’s Polymet THEVORKS melt index test database in
order to quantify the Melt Flow Index (MFI) of prieusly used powder compared to unused
(virgin) powder. This device is designed to meétoh ASTM D1238 melt conditions. The
BOY Laboratory injection molding machine was usegiocess the feedstock with standard PA
settings using an ASTM D638 mold. Resultant temso@rs were then tested at Harvest
Technologies in the device described in section 2.4

2.9: COMPRESSION AND INJECTION M OLDING COMPARISON

An outside laboratory (Polyhedron Laboratories) wasimission to make ASTM D638
tensile coupons in both compression molding anectign molding. A G-100T Model Morgan
Press was used to create the injection moldingisess and processed at 450F with 40 hr
conditioning. A PHI 50 ton press was used to erdht compression molding specimens at
430F and 40 hr conditioning. The laboratory usednstron Model 1114 tensile tester with an
Electronic Instruments Research laser extensometer.

2.10: GEOMETRIC CONSIDERATION OF THE INTERFACE BOUNDARY LAYER

When laser sintered specimens are observed ogtith#re is a visible boundary layer
between subsequently fused layers. This boundamr lis exclusively seen with X-Y plane
orientation. This interface boundary layer appetrsbe a primary culprit in decreased
mechanical properties and can be characterizedlagernof coplanar voids. Therefore, tensile
specimens were created using CAD to simulate tbisndary layer with varying degrees of
severity. These specimens were then processéeé strionger X-direction to isolate the effect of
the decreased z-direction mechanical propertigbisrexperiment.

Figure 17 illustrates the CAD model that was create simulate coplanar powder
particles. The tension bar was scaled up fronamdstrd ASTM D638 tension bar. The particle
diameter was modeled at 0.100".



The two halves of the tensile bar were createdpaddently to allow for a variation in
the interface interference between a plane on affeahd coplanar spheres on the other. This
interface was defined by an h/r ratio seen in FBg20. An h/r ratio (described in Section 2.2) of
0 had the spheres just touching the plane asrgitest in Figure 17. A ratio of 1 will have no
effective interface boundary and is equivalent teold tensile bar. Eleven tensile specimens
were produced with an h/r Ratio from O to 1 at acrement of 0.1. The material used was a
polyamide 11 in an optimized production build. @pted polyamide 11 production builds
typically yield the highest mechanical propertiesl should provide the greatest contrast for the
varying h/r ratio specimens. This coplanar voigation is analogous to a “paper-towel”
perforation with varying degrees of perforatiorvord density.

Figure 19: Schematic of h/r ratio

RESULTS

3.1: TENSION SPECIMEN CHARACTERIZATION

The tension testing performed yielded the resutisws in Table 1. Data from 8
specimens are listed in this table and illustratethe SEM photographs. Tension specimen
nomenclature identifies the geometric location led sample in the build as well as the build
orientation. A “zx” specimen would be orientedrpairily in the z-axis with the secondary axis
oriented in the x-axis, consistent with ASTM F2924n “x” or “y” specimen would be oriented
flat in the x-y plane with the primary length alotige x or y-axis, respectively. The x and y-axis
specimens yielded better mechanical propertiesnamigk consistent results. The three primary
failure mechanisms discussed in section 2.8 antherated in Table 1 can be seen in Fig. 21.



Table 1: Tensile Properties and Fracture Mode of R-12

Sample Energy Density Ultimate Tensile Elongation at Fracture
J/mn? Strength (UTS) | Break (EOB) % Mode
psi

ZX 12.0.3 0.1 494 1 Delamination
ZX 0.0.3 0.1 2969 1 Delamination
ZX 0.12.3 0.1 1278 1 Delamination
ZX 13.11.3 0.2 5164 3 Brittle
X4.2.8 0.2 5886 7 Brittle
X 4.3.8 0.2 5991 6 Brittle
X4.4.8 0.2 5763 7 Brittle
+Y 1.4.1 0.3 6099 44 Ductile

! Ductile fracture taken from independently optingizwiild.

Delamination Brittle Fracture Ductile Fracture
Figure 20: Photographs of Tensile Specimen FailurBlechanisms. Specimens pictured are
1.50 inches in width. The right specimen is 0.5@¢hes thick with the left two being 0.25
inches thick.

3.2: MORPHOLOGY OF PA-12TENSILE SPECIMEN FRACTURE SURFACES

The SEM image shown in Figure 22 shows an x-y sampth layering in the z-axis
shown vertically. When inspected, the photographew clear patterns for the layers with
elongated horizontal voids between layers. Apprately energy density is approximately 0.10
J/mn? with an energy-to-melt ratio of 1.0. Figure 23aisnagnified region of the same sample.
It illustrates a single layer with voids both abaed below the fully melted layer. There are
also fully dense regions where there was sufficer@rgy to melt the layers together, creating a
more homogeneous region.

The surface of a Duraform PA (PA-12) XY tensionagpeen is illustrated in Figures 24
and 25. This shows the upper facing surface aadtinface to which the loose powder must be
bonded by the laser. The average particle simeuighly 50 microns and individual particles can
be seen to be melted in Figure 25, appearing likg pad or pancake structure. Some particles
can be seen to have melted with other particlesewdthers appear to be isolated with voids
between particles. Of particular interest in Feg@b is the 250m boulder looking particle in
the center of the micrograph.

The fracture surfaces of Duraform PA (PA-12) Z tlenspecimens are shown in Figures
26 through 31. These specimens were evaluatedtingtbamera parallel to the z-axis looking at



a fracture generally in the x-y plane. Delamimatis illustrated in Figures 26 and 27, brittle
fracture in Figures 28 and 29, and ductile fractureFigures 30 and 31. The surfaces
photographed in Figures 26, 27, 30, and 31 wereistamtly parallel to the x-y plane. The
fracture surfaces photographed in Figures 28 ansle2@ evaluating a 45° shear surface.

3.2.1: Morphological Observations

When evaluating the image of the fracture surfdmeve in Figure 22, a periodicity can
be observed. With the understanding that the z4axike primary direction for added layers, a
pattern of voids between layers is apparent. $inaification contributes to anisotropic material
properties and significant weakness if a tensiesstis exerted parallel to the z-axis. In additio
these patterns of voids contribute to a significaduction in elongation and ultimate tensile
strength.

When looking at the upper facing surface of thecspen shown in Figure 25, it appears
that the 250m particle was formed when several particles metoggether but did not fully
adhere to the surface. When the particles cotiedle became a condensed grouping of several
melted particles with a surrounding void. Thisdexd region may contribute to voids in the part
unless sufficient energy is used to re-melt theségbes and bond with the surrounding surface.

It is apparent from the analysis of these samlasthe cracks propagate through voids
created by a lack of full melt between layers. Teeeral observations for each fracture mode
are listed below:

Delamination fracture surfaces can be seen in Egg@6 and 27. These images show a
fracture of the Z specimen that is parallel to g plane. Three distinct layers are
represented as the crack propagation followed ttha laetween two parallel layers and then
migrated to neighboring layers. This pattern, wegamined in Figure 27 shows that the
particles are roughly 50 microns in diameter, whtohresponds to the average patrticle size
of the raw material. When compared to the morpiplaf the top layer (Figures 24 and 25),
it can be seen that the bottom layer has verg liitinding to the previous layer.

Brittle fracture surfaces can be seen in Figurear&829. Voids are isolated and somewhat
periodic, with similar size and spacing. Fractwarfaces show a ductile tear with
transgranular fractures or river marks. Thesetdracsurfaces are similar to the ductile
specimen (Figure 30) but with void fraction on thigure surface higher.

Ductile fracture surfaces can be seen in FigurearD31. With an elongation of 44%, it
may be observed that there is void nucleation wtterenaterial tore apart from itself. From
Figure 31 shards of material and a very dense seidee observed.



Figure 21: SEM of X Tensile Bar Fracture Surface(35x) PA-12, 0.1 J/mm

Figure 22: SEM of X Tensile Bar Fracture Surface(250x) PA-12, 0.1 J/mm

Figure 23: SEM of X Tensile Bar Top-Facing Surface(35x) PA-12, 0.2 J/mm



Figure 24: SEM of X Tensile Bar Top-Facing Surface(250x) PA-12, 0.2 J/mrh

Figure 25: SEM of Z Tensile Bar — Delamination. (8x) PA-12, 0.1 J/mnj

Figure 26: SEM of Z Tensile Bar — Delamination. (80x) PA-12, 0.1 J/mm



Figure 27: SEM of Z Tensile Bar — Brittle Fracture (35x) PA-12, 0.2 J/mm

Figure 28: SEM of Z Tensile Bar - Brittle Fracture. (250x) PA-12, 0.2 J/mrh

Figure 29: SEM of Y Tensile Bar - Ductile Fracture (35x) PA-11, 0.3 J/mm



Figure 30: SEM of Y Tensile Bar - Ductile Fracture (250x) PA-11, 0.3 J/mrh

3.3: INJECTION MOLDED TENSION SPECIMENS

Standard injection molding parameters from a maleriandbook were used to create
fully dense ASTM D638 tensile specimens in-houseahie Engineering Teaching Laboratory
facility at The University of Texas at Austin. (ASEhgineering Materials Handbook n.d.) This
particular machine was not in the greatest statewdir, but was sufficient for creating several
tensile specimens from used PA-12 material. Thedeo was poured directly into the feed
hopper of the injection molder and processed méynualhe results of the tensile tests are
presented in Table 2. Both specimens exceederthtige of the extensometer (50%) with one
specimen pulled until it reached the mechanicaitéirof the load cell.

Table 2: Injection Molded Tensile Results of Prewusly Used PA-12

Sample .1 (psi) UTS (psi) EOB % Fracture Mode
1 3884 5572 psi >50% Ductile
2 3937 5530 psi >200% Ductile

Figure 31: Photograph of Injection Molded Specimen



3.4 EXTERNAL INJECTION AND COMPRESSION MOLDING SPECIMENS

Polyhedron Laboratories, Inc. of Houston, TX pr@adolastics, polymers, and rubber
testing. Laser sintering grade raw Nylon-11 matewas provided to them for testing. The
results reported can be seen in Table 3 below.

3.5: H/R RATIO TENSION SPECIMENS

Two builds of 11 samples each were built and evatijavith one set of samples having
a finished surface and the other set having no fimshing done. There was no difference in
ultimate tensile strength and elongation betweeitdb&u The data presented in Table 3 and
Figure 32 are from the unfinished tensile specimeRfsere is a definite grouping of parameters
for h/r ratios of 0.6 to 0.9 that corresponds witie strain hardening during necking of the
specimens.

It can be seen that all h/r ratio specimens follbiee same stress-strain curve seen in
Figure 33. The data collected was graphed in Ei@4 to illustrate the patterns observed in
three primary regions of fracture. Note that defeation is a special case of brittle fracture.

Table 3: Injection and Compression Molded Tensil&esults of PA-11



Table 4: h/r Ratio Tensile Results of XY OrientedPA-11

Sample| h/r Ratio . (psi) UTS (psi) EOB %
1 0 2772 2954 4
2 0.1 2854 3124 4
3 0.2 3028 4021 6
4 0.3 3056 4976 7
5 0.4 3163 5312 9
6 0.5 3047 5468 9
7 0.6 2824 5882 17
8 0.7 3090 6130 17
9 0.8 3225 5994 16
10 0.9 3214 6133 18
11 1.0 3015 7391 >50*

" Specimen exceeded extensometer limit of 50%.

Figure 32: Stress-Strain curve for h/r Ration Speitcnens



Figure 33: Trends in h/r ratio tension properties

3.5: X-RAY DIFFRACTION

Another mode of decreased mechanical propertissaa in specimens that are near the
build extent boundaries. Parts and specimensatieanear the boundaries undergo a higher rate
of cooling. It has been observed in productiondsuat Harvest Technologies that the placement
of specimens up to 0.5” deeper in a build yieldgdoenechanical properties. Table 4 illustrates
this with a clear increase in elongation with aoré@ased depth that corresponds with a slower

cooling rate.

Table 5: Effect of Recrystalization on Tensile Prperties of XY Oriented PA-11

Specimen |Depth (in) ., (psi) |UTS (psi) EOB %

1 -.125 2906 4757 11
2 -.461 2933 4749 12
3 - 797 2872 4876 14
4 -1.133 2891 5007 15




Figure 34: Stress-Strain curve for x-ray diffraction specimens

It was theorized that the rate of cooling couldrespond to a degree of crystallinity in
the resultant specimens. Figure 36 shows x-rdyadifon results for four specimens listed in
Table 5 and Figure 35. The periodicity in the x-tiffraction figure is a function of the base
material and the width of the peaks and valleysasgnt the level of crystallinity of the material.
When observing these plots, periodicity and sloggsear equivalent. Based on these results,
there appears to be no functional difference istediinity that could contribute to an increase or
decrease in mechanical properties. Therefors, mare likely that there is an optimal thermal
processing dwell time above the recrystallizatiomppromoting a stronger inter-layer adhesion.

Figure 35: X-ray diffraction results showing equialent periodicity and crystallinity.

DISCUSSION

4.1: MORPHOLOGY OF PA-12TENSILE SPECIMEN FRACTURE SURFACES

It is apparent that the material properties obskiveTable 1 can be correlated to the
extent of voids present between sintered layersith Wery little adhesion between layers,



delamination and elongation values near 1% are. Sééth sufficient energy to melt through the

target layer into the previous layer, a fully depsaet will yield elongations well above 10%. As

the layer has a higher degree of melt, the voidsdecrease through the brittle range until the
voids no longer contribute to the fracture.

Figures 22 and 23 are photographs of specimen vbieisg created between
subsequently built layers through the lack of catgparticle melt to the previous layer. Figure
37 shows a larger separation between layers amds@mnts the sample seen in Figures 26 and 27
(delamination). Since the voids are coplanar, they analogous to pre-existing cracks. The
crack propagation in this example will cause a shetween layers resulting in delamination.

Figure 38 represents the sample seen in Figuren@&9 (brittle fracture) with voids
present, but with the voids being isolated andqakei The crack propagation in this example is
much less directional since the voids are no lomgausively coplanar. A fracture may
originate between specific layers, but will typigairavel through voids in neighboring layers
since the distribution of voids is much less ordere

Figure 36: Lightly adhered layers contributing todelamination.

Figure 37: Incomplete fusion contributing to brittle fracture.

Figure 38: Initial Layer of Sintered Powder

Figure 39 is a graphical representation of anahityer created in the laser sintering
process. The depth of this layer is dependent tipetaser energy, but regardless of the amount
of energy on the first layer, the downward facingface will be defined by the raw material
particle size as seen in Figure 26. The top ofdker is flat and will look like the surfaces seen
in Figure 24 and 25. This irregular downward fgcsurface is the impetus for void creation.

To insure the best properties of a part createdghdhe laser sintering process, layers
must be processed in such a way as to minimizdiminate voids between layers. Voided
regions between layers define the fracture modee M/r ratio experiment discussed in section
2.11 is illustrated again in Figure 40. The irded boundary layer created with the h/r ratio



shown in Figure 39 illustrates the close proximdyhe coplanar voids illustrated in Figures 37
and 38.

Figure 39: Simulated interface boundary ratio usirg an h/r ratio

4.2: EFFeCT OF REUSED POWDER ON PARTICLE MELT IN INJECTION MOLDING AND
COMPARISON OF LASER SINTERING TO COMPRESSION M OLDING

Based on the tensile data acquired, it was appdnantdegraded powder did not yield
poor mechanical properties when injection moldethis test provides us a good degree of
confidence that the degradation of mechanical ptwgsein the laser sintering process is not an
intrinsic material property defect but a propertyatt affects the processing of the polyamide
material in laser sintering. The melt flow indedKl) of new powder is generally a value of
30g/10sec which corresponds to a low viscosity r@atively high melt flow rate. An MFI of
1g/10sec is a very low flow rate with a high vistps The material used in the injection
molding tension specimens was previously used antMFI of 1g/10sec.

When comparing the mechanical properties measarser sintering, it is apparent that
laser sintering is comparable to compression mglduhile exhibiting limited ductility when
compared to injection molding. The fact that coeggion molding and laser sintering do not
have the benefit of shear and complete mixing dmunties to weaker specimens due to polymer
melt surfaces that are not sufficiently healed.eréhcan also be a presence of voids in these
melts that is not typically seen in injection maoigliwhich can contribute to fast fracture.

4.3: COPLANAR VOID (H/R RATIO ) BEHAVIOR

The existence of an interface boundary layer caiustrated in Figures 22 and 23 from
the SEM images. In addition, work done at the @rsity of Louisville with microtoming and
optical microscopy of samples shows evidence obunbary region between layers. The work
cited here and in Figure 11 is not published atithe of this writing. (Gornet 2010)

The images obtained from the University of Louievdhow a cross section in a sample
that is oriented the same as the fractures showigimre 22. The samples were created by using
a microtoming technique common in medical pathologhyhe samples were sliced in layers
roughly 5 microns thick to evaluate individual lese It can be seen in Figure 11 that the fused
layers (lighter color) are fully dense and the igtas at the bottom of the layer (darker) are nylon
particles that were not sintered. It can also lieoved that there are several tears in the sample
shown in Figure 11 that correspond with these ddikemelted) regions.

When analyzing the graph in Figure 34, there are distinct trends present with an
outlier at an h/r ratio of 1.0. An h/r ratio oft® 0.5 represents fracture during elastic strach an
before strain hardening. There is also a groupinthese regions observed in the stress-strain
curve in Figure 33.

The use of an h/r ratio helps quantify the failoredes in a macro scale and can help in
identifying material process improvements that rhaip on a micro scale. This correlation is
significant.



4.3: PART DENSITY OR CRITICAL CRACK SIZE

One metric that is commonly used to evaluate las#ering parts is the density of the
specimen. The boundary layer density was calalilageng a slice taken from the CAD file of
the periodic layer and interface boundary (r-hhe TTAD file volumetric density data is plotted
with the corresponding h/r ratio in Figure 41. dfigure shows the density of a single layer
based on the corresponding h/r ratio. If layees@msistent throughout the build, the resultant
part density would be the same as an individuarayhe issue with this assumption is that the
mechanical properties do not show the same trermhwbmparing the elongation data in Figure
34.

Figure 40: Correlation of effective part density ad h/r ratio.

It is possible that the jump in elongation datavetan Figure 34 when going from an h/r
ratio of 0.9 to 1.0 is that the effective crackeshits a critical value. The critical crack siznc
be calculated using the formula shown in Equati@m@ reduced to Equation 3. To calculate the
smallest critical crack sizedait is assumed that there is a simi-infinite plahd a single crack,
using a value of 1 as a shape factor (Y). Thecatitrack size is assumed to be critical at the
point the plate would yield vs. fail due to fasadture. Therefore, the yield stress would be used
as the fracture stress. The data and resultsh®cittical crack size calculations for injection

molded polyamide are shown in Table 6.
08:g

T 2567 (Equation 3)

Table 6: Theoretic Critical Crack Size of PA-11 ad PA-12 (CES Edupack n.d.)

Material . (psi) | : .. (psk =) Y a (in) - min
PA-11 8300-8700 3330-7310 0.051
PA-12 3000-6110 1840-5530 0.1197%

When evaluating the relative porosity of the iraed boundary layer and disregarding
the porosity as a whole, more intuitive results al¢ained. The failure of any specimen in
additive manufacturing will happen at that one tage layers that are the most porous locally
(largest @. Given that fact, the relative porosity of theuhdary layer in the h/r ratio



experiment was calculated and the results werageploh Figure 42. The general form of the
equation given by Haynes is shown in Equation 4rethes the relative porosity and C is a
constant. (Haynes 1977)

. . 0?2@"° .
Relative Elongatior— (Equation 4)
R2C@D

Figure 41: Relative porosity of interface boundarylayer vs. relative elongation.

When correlating fracture stress to the morphologgerved, it is apparent that there is
sufficient intralayer porosity for one or more w# cracks exist in the specimen prior to loading
in the “delamination” examples shown in Figures &8l 34. As the specimen undergoes a
tensile load and starts to elongate, fast fractw®urs due to a pre-existing crack equal to or
greater than the critical crack size)(@overned by Equation 3.

The intrinsic cracks in samples that fail after tmset of strain hardening (again seen in
Figures 33 and 34) are less tharbat are of sufficient density to inhibit the onsétsignificant
necking. For those specimens that fail at straeen after the onset of necking at UTS the
relative porosity is greatly reduced. It is veaye to see z-axis strains approach 50% as shown
in Figure 34 for the h/r ratio of 1 due to the ahryer porosity.

CONCLUSIONS

Laser sintered specimens are comparable to conmas®|lding specimens in modulus,
ultimate tensile strength, and elongation at brdadser sintering exhibits a significantly reduced
elongation at break when compared to injection mgld

Intralayer porosity is responsible for decreasedlmarical properties in laser sintered
polyamide. Ductility measured in the z-axis istatarly susceptible to the degree of porosity
seen between layers and tends to segregate faihmdes of specimens into three broad
categories: brittle fracture, fracture limited dlity, and full plasticity failure.

Thermally degraded powder does not affect the lensioperties when used in the
injection molding process. These degraded powg@e (low) viscosity. Poor viscosity



powders negatively affect the laser sintering psecelt is assumed that the high viscosity of
thermally degraded powders contribute to poor lgdayer adhesion.

Poor layer-to-layer adhesion contributes to thengtion of an interface boundary layer.
This is evident in both SEM and optical microscofyased on the experiments run, it can be
concluded that the primary cause of the lower meiclh properties in the z-axis can be
attributed to layer-to-layer adhesion and the gddmeharacteristics of the interface boundary
layer.

There are three distinct modes of failure in lasiatered specimens: brittle fracture,
fracture limited ductility, and full plasticity faire. It is apparent from the analysis of these
samples that the cracks propagate through voidderidy a lack of full melt between layers.

The use of an h/r ratio and the relative densitythaf interface boundary layer help
qualify the regions of fracture. An h/r ratio of6é0demonstrates a shift between brittle and
ductile fracture modes. When the h/r ratio appneacl.O, there is a major jump in mechanical
properties when the interface boundary layer igi@antly minimized. This phenomenon may
correlate to a unique coplanar shape factor ottiaalrcrack size that instigates fast fracture.

More work is necessary to understand the lackyadrko-layer adhesion in laser sintered
polyamides. Similar materials when molded will balongation at break (EOB) values of 200-
400% while the laser sintered specimens rarely exk&®%. There is a need to quantify the
degree of crystallinity, the existence of microeks or voids that correspond to a critical crack
size, the fracture toughness of laser sinteredgooige, and the degree of cross-linking between
powder particles in the melt pool. These furthed®s may allow insight into unique polymer
chemistry that will aid in the processing of lasartering polymers and yield a higher degree of
confidence in end-use laser sintered parts.
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