ADDITIVE MANUFACTURING, SLICING & LOW
COST FDM STUDY

Eric N. Wooldridge, PE, RA
As. Professor, Somerset Community College

May 2, 2017



TABLE OF CONTENTS

N I @ 151 L@ I 1 ] ) PSSR 1
EXISTING RESEARGCH ...ttt sttt tae st e st e e et nnn e s s se e e snneesnneeans 1
(O ] =81 L O I Y e RS 2
SHCING SEIINGS ...eveeteeieee ettt e bt e b e besae e sbeebeeseesbeebesneesreenbesneans 5
SHCING SEING RESUILS ...ttt st be et e sreenae e 8
N 0TS oo TSP 10
ANNEAIING RESUILS ... ettt re e b et et be et s re e 12
DIffICUITIES TN TESHING ..evteeeieiteeieee sttt sttt st e et e s e beesbesneesreeneennnans 16
L@ ] =8 L O I Y SRS 17
[ SR = | = PSPPSR 17
(@00 1Sl @001 0= 1o o PSRRI 20
HES FUNNELS ..ottt bbbttt ettt b e b 22
HES FUNNEIS RESUILS ...ttt s 30
CONGCLUSIONS ...ttt sttt sttt et et et e se et e s e e st e sesb e e e sesaeneenensentenen 30
CONSIDERATIONSAND THE FUTURE ..ottt 32
REFERENGCES........coo oottt st sa et be st et seebe st et e sesee e enenseneenen 33
ACKNOWLEDGEMENTS ...ttt sttt sttt sae e snenaeneas 33

APPENDIX L. 34



INTRODUCTION

Although Additive Manufacturing (AM) technology e®ntinually making headlines in a variety
of media, and showing significant trends of adaptithin custom based industries such as
aerospace and biomedical, rifts of AM adoptionewen consideration, are beginning to appear.
For example, AM application hotspots typically indé highly industrialized, metropolitan
regions, where enterprise level companies cancind implement expensive equipment.
However, regions not showing AM growth or even ¢desng AM applications in general are
regions where significant manufacturing exists,lbaél companies are generally smaller, based
on contract manufacturing for larger enterprises, are less likely to consider incurring
significant expense for AM application exploratioklanufacturing entities set in rural regions
where labor costs are typically lower, are espbcpbne to such limitations or management
mental blocks, even though they are often alreadyi@ying forms of advanced conventional
manufacturing systems.

This project incorporated a two-fold research/cstsely approach. The one objective was to
evaluate the cost savings and payoff potentiakofgusmaller desktop AM machines (typical
FDM/FFF systems) for the purpose of rapid productbcustom tooling, equipment, and jigs
for internal maintenance/repair, production, andligg control use. Such effective use could
then be a justification for AM resistive companiesonsider some form of AM integration, and
thus pave the way toward their own preparationsrfore robust AM applications.

The other objective was to evaluate the productpertbrmance of items produced with such
low-cost, desktop AM systems, but where additiageahniques are applied to enhance the
product performance or optimize it. Such techegjincluded the use of custom slicing/coding
software and additional post processing techniguel as annealing.

Essentially both objectives focused on the dematistr that low cost AM desktop systems and
techniques can be used to effectively produce tigedccustom tools and parts for internal
manufacturing operations. Thereby saving time, egoand improving operational efficiency
for those companies that embrace the technolodhie@small scale.

Positive results from this project, through preagaons and dissemination, could then lead to an
increase of AM process adoption within rural or ememote manufacturing regions, and thus
lead managers to consider other and more advankedpplications within their own

operations.

EXISTING RESEARCH

Searches were made for any existing research #henges of annealing parts made via fused
deposition modeling (FDM). Unfortunately, otheathgeneral videos found on Youtube.com by
enthusiasts, only two brief sources were locatethduhe search. One of these sources was a
single page document found to be provided by arrgrdduate team from Arizona State
University (ASU), but their results were quite lhrgad limited in quantitative results. The other
was a brief website posting with even less inforamat There were however, several published



articles found regarding annealing metal AM produetk, but both FDM and fused filament
fabrication (FFF), another term for the target fatrof production, were lacking.

However, the research provided by the ASU teamestgins that parts produced by typical
desktop AM systems with typical thermoplastics,hsas Polylatic Acid based plastic, may be
subject to performance improvement due to anne@Begenson, 2014). As this concept was
obviously still new and with little research anccdmentation being present, proceeding with
this objective was considered appropriate, evém @nly collect more quantifiable data.

Other initial searches were made regarding ther atbjectives for this project involving
maintenance based AM integration, and the slicatgted goals of this project, but no
publications were found using the search parameters

OBJECTIVE 1

The primary goal was to explore methods in which émst FDM produced parts could be
enhanced and optimized for practical applicatioBpecifically, enhancement through annealing
and optimization through production settings ughigd party slicing software.

For reference, the term “slicing” is a common AMerence to the process of automated g-code
generation that will provide the overall tool patbtructions to the equipment to produce
physical versions of a 3D computer model. The ephof slicing is based on the fact that the
software essentially “slices” a model in layers gederates the tool path g-code for each layer.
These instructions include motor speeds, tempeastdistances, X,Y,Z coordinate locations,
etc. The g-code language is decades old and tlypiba same commands as those used for
modern CNC equipment.

Starting Script | Lawver Change Scripk I Retraction Scripk T

GZ6 ; clear probe Fail condition

M1i40 5[bedd_temperature] ; skart heating bed
M104 5170 ; start heating extruder

G253 ¥ ; home % and ¥

a1 ¥-19 ¥253 F1000 ; move ko safe homing position
1109 5170 ; soften filament For Z homing

G258 Z ; home 2

G92 B0 ; zero extruder

a1 E-1Z F100 ; retract 1Z2mm filament

1 x-15 ¥100 F3000 ; move above wiper pad
a1 71 ; push nozzle into wiper

G1 2-17 ¥95 F1000 ; slow wipe

1 ¥-17 %90 F1000 ; slow wipe

Gl ¥-17 ¥85 F1000 ; slow wipe

1 ¥-15 %30 FLO00 ; show wipe

Gl ¥-17 ¥80 FLO000 ; show wipe

a1 ¥-15 ¥95 F1000 ; slow wipe

a1 ¥-17 ¥75 F2000 ; Fast wipe

a1 ¥-15 ¥65 F2000 ; Fast wipe

a1 ¥-17 ¥70 F2000 ; Fask wipe

Figure 1: Example of FDM g-code

What is incredibly unique about AM versus subtraetinanufacturing is the ability to control the
slicing settings such that internal structuresartgcan be modified to be hollow, honeycombed,
diaphragmed, etc. Likewise, part wall thicknesbestom layers, and top layers can be



thickened or thinned based on design or operatjpar@meters. AM also allows for complex
internal part designs as well as one-run multi patthes, a concept that is nearly impossible for
conventional subtractive manufacturing.

For this study, a slicing software known as Siny3lid (S3D) was used to evaluate the impact on
part performance given specific slicing paramet&38D was selected due to its low cost,
approximately $150 for 2 seats of the softwarejifitant amount of optimizing setting controls,
and its near universal compatibility for most msiream low cost FDM machines. The software
also provides an extremely useful simulation maxterisualization of the fabrication process
and for evaluation. This feature greatly helpsdtch mistakes or make programming changes

prior to the machine executing the g-code. A stipture of the simulation has been provided
below.

SNS— 1= =

Figure 2: Example of S3D simula

The primary FDM machine selected for this study tesUItimaker 2 (U2), a widely accepted
FDM machine with a price range of approximatelys$®,to $3,000. The U2 is known for its
reliability and quality, and is internationally @&ssible for purchase. A backup machine, the
Lulzbot TAZ 6 (TAZ) was used for the final two bha&s due a minor mechanical issue on the
u2.

Figure 3: Pictures of U2 (left) and TAZ (right)



The test filament for this study was a single oflPolylactic acid or Polylactide (PLA)
thermoplastic, polymer filament, approximately 1&gth a filament diameter of 3mm with +/-

of 0.05mm. This particular FDM filament is commyibnsidered a “bioplastic” as it is derived
from renewable resources such as corn starch capomts, or sugarcane depending on
international region, and is quite biodegradaldlae cost of the filament also was relatively low,
with a typical purchasing cost of $18 per kg witlipping included in this price. Granted this is
a significantly higher material cost per unit mtsmn pellet extrusion systems, but given the
current nature of most low cost FDM machines, peléage is not an option at this time. The
filament density was sampled, and determined tb.B& kg/cm”3.

ORYGWTAAN ?F\\J\E.
.

Figure Picture of PLA filament used for ting

Unfortunately, due to lack of budgetary optiong tlsting equipment used for the majority of
this project was of low quality, including a typideusehold toaster oven, a 5 pound weight
from the campus gym, a steel ruler, and a luggeae tell. Initially, a wooden testing fixture
was used, until the campus welding/fabrication dapent was able to provide a steel testing
fixture.




Figure 5: Pictures of initial testing equipmentidmeak test procedure

Given the limited testing equipment, the desire wdseep the testing processes as simple and
linear as possible. Therefore, the testing proaedwuld progress in the following stages:

1. Establish the desired slicing settings per batch
2. Batch FDM fabricate all of the test parts, one bajoup at a time
3. Perform the deflection tests on that batch, init=w@r condition
4. Break test one or two parts at most of that batcbantilever condition
5. Anneal the remaining unbroken parts in the batch
6. Perform the deflection test on the annealed batatantilever condition
7. Break test one or two parts at most of the anndazdéch, in cantilever condition
8. Repeat with the next batch
Slicing Settings

A variety of slicing settings were applied to e&elich of test parts, and a portion of the primary
settings associated with each batch are providieavbe

Batch & [Infil % Laver Height |5, 5hell Count [Top/Bottam Shell Count |&verage Speed mm/min  |Batch Quantat
| | yer Heig P 28 5p ¥

1 20% 1500mm 2 3 3e00 9
2 20% 1500mm 3 3 3600 7
3 20% 1500mm 1 3 2600 7
4 20% 1500mm 4 3 3200 7
3 20% 3200 7
G 20% 1500mm 2 2 3200 7
7 10% .2000mm 1 2 2800 7
2 10% .2000mm 2 3 2600 g
9 30% 0.15 4 4 2400 g

Figure 6: Primary batch slicing settings



The setting differences for the batches includethipdayer heights, infill values, and sh
counts. Although speed factors were also adjusitednaximum range for these adjustme
were only 20 mm/sec, with the majority only beingghly 7mm/sec of system travel, therefc
speed considerations and their impoverall were initiallyassumed to not likely provide tr
much of a contributing factor.

To understand the concepts of wall shells, verspsahd bottom shells, see the sketelow
regarding Batch 4 andaich 6 (B4 an6 respectively). Though, their infill settings \weof
equal 20% values, the sidewalls of Batch 4 werghbu0.16mm thick with top and bottom w.
thicknesses of 0.12mm, whereas Batch 6 had equivaddies of0.8mm and 0.8m. To further
explain, most slicing softwares address walls @&sgogerpendicular to the build plate, wh
top/bottom walls are parallel. In all the casethaf study the parts were printed in their sic
therefore, the testing loadowld be applied parallel to what the slicing sofie would conside
the top/bottom, if viewed from the front of the rhate
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Figure 7 Sketch of part cross section showing shell cc
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Figure 8 Sketch of part if viewed from the front of tmachine




With this printing orientation, part layers weradated perpendicular to the direction of the force
that would be applied by the weight during testifidne theory was that the test would primarily
involve flexural stresses, therefore, the layersewan parallel to that internal tensile and
compressive stress direction and act more in a-fibe form. The cross sectional sketch below
visually describes this approach.

LOAD WALL SHELLS (STACKED)

|

INFILL REGION

Figure 9: Conceptual cross section related to &atllayer orientation

Additionally, to better understand layer heightsiessentially the distance (height) of the
extruder nozzle above the previously layer, seeviel

Ma,’\'er'\a\\
Eﬁruder
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Figure 10: Conceptual sketch of FDM process layaght

In most FDM applications, speed is sacrificed whiggiher number of shells, increased infill
values, or decreased layer heights are used. WmaLigh layer height does not contribute to
increased wall thickness or significant part volurhange, it does affect surface finish and
possibly layer to layer adhesion.

For this study not only were multiple settings dte but so was the design model. For example,
B1-4 were designed on an angle design model foveadance of setup and testing. However, it
became apparent early in the testing that the ategign was not a good design for testing of
this nature. Although relatively easy to set ug prepare a fixture for this scenario, the settings
could not be truly evaluated due to the stress@ainations of the load and the non-
homogeneous nature of the AM created parts. Aghaomparisons could still be made for the
annealing tests, a better design was needed tangkelections. Therefore, a redesign was



performed such that B5-9 were designed simplyfés &ar plate, with an opening to facilitate
the connection of the load bearing wire, as weli@s for connecting it to the testing fixture.

Figure 11: 3D models of B1-4 shape (left) and B&h8pe (right)
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Figure 12: S3D simulation preview mode of B3 ptmprinting

As shown in the previous figure of slicing settintigere was an issue with data recording on B5
in that one specific screen capture of the tygldaimage group showing all of the options and
settings per batch was lost. And unfortunately thissing image was not discovered until after
the testing of that batch had been completed. €fbi, the results were added to the study, but
with the knowledge that the layer heights and stmlints would not be determinable. However,
it is most likely that B5 layer height at least via$5mm, as that was the primary setting for the
majority of the prints. Likewise, it was assumbdttB5 had shell count settings to close to that
of B9 based on the recorded mass values.

Slicing Setting Results

Although there was also an issue with Batch 3, ble&itg an inability to determine the breaking
point using the video recording, overall there wasy unique data to be observed. For example,



the different design and settings resulted in sewahge of untreated (un-annealed) part
performances in terms of deflection.

Untreated Deflections

E1z

208 | Deflection

1 2 3 4 5 ¥ 7 B o
Batch Number

Figure 13: Results of test deflection values fantg prior to annealing

Again noting that B1-4 were of the angle design B&eb were of the rectangular bar/plate
design, there were obviously significance perforogachanges achieved by the simple
manipulation of slicing settings.

After changing the design to a typical plate forB5ettings could be better evaluated, although
again B5 shell settings were lost, B6-9 gave gandparisons. Of interesting note was the
differences in deflection and break loads betweérmil 7. The given the change of one less
wall shell, 0.05mm layer height difference, and)&olinfill difference a significant deflection
value was observed. Which in most line of thoughkes sense, less material in critical moment
of inertia regions would yield a greater deflectioghnd the setting changes from B6 to B7
resulted in physical material volume reduction lodat 32%. However, the change in break load
capacity was unproportionally more significant,uléeg in an ultimate strength reduction of
nearly 50%, or roughly half of its ultimate loadeaity.



Untreated Break Loads

61 Break Load

1 2 3 4 5 =] 7 g =]
Batch Number

Figure 14: Results of break test values for parits to annealing

Likewise it was noted that B6 had roughly 15% mmaerial compared to B8 but faired
significantly worse in break tests, achieving rdygh38% lower value, with setting changes
only to the infill percentage and top/bottom slwellint in slicing settings. Although of note,
unfortunately B8 was printed using the TAZ by ne@tigsand B6 the U2, therefore, a new
variable was introduced in the comparison. Howgter units do not vary that greatly in
mechanical process, and it is likely that the eongipt differential is not that dramatic.
Surprisingly though, the B8 deflections were obedrio be both better and worse than B6 in
terms of range, and at this point, the reasons@eertain.

B9 had the highest amount of material consumedadyxtion and resulted in the obvious best
deflection resistance and ultimate capacity. H@vematerial consumption from B8 to B9 was
roughly increased 60%, but ultimate capacity insegla74% and average deflection was only
reduced by roughly 46%.

Therefore, one consideration that can be estalligbey early is that there is a significant
amount of performance control and time/materialrsgs/represented in the slicing controls
related to the internal structure of a componétdwever, it is much more complex that
considerations for products made through conveatioranufacturing where the materials are
much more homogenous in structure. Componenttatien during layering and the distinction
between wall shells versus top/bottom shells iapaunt. Likewise, it would appear the
interaction of infill density to the part deformati and failure modes clearly is just as complex.

Annealing

To establish a target annealing temperature, sktesta were performed on existing FDM parts
that were produced for other projects. The goa tealetermine what approximate temperature
and time would be appropriate for the annealing@se without resulting in deformation of the
part. The determined values resulted in roughB d&grees F (78.3C) for a time period of 15
minutes, and an unassisted cool down period to rieomperature. The idea of quenching the
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parts immediately after annealing was consideratiwas discarded given the number of
variables already present and again lack of prigieratory equipment and conditions.
Additionally, it was also feared that quenchingldoesult in warping due residual stress.

Given the variable controls of this typical toasigen, a thermal camera was used to determined
what the actual temperature was being achievethperontrol setting, and this setting was not
changed for the duration of the study. Howeves fiossible due to an equipment error, B1 may
have had a slightly higher annealing temperatussiply closer to 190 degrees F, though no
deformations were observed. Reaching temperatwess180 degrees F are always a concern
due to the fact that PLA typically begins to becao® malleable and deforms under its own
weight, especially when dealing with uncolored PL@oloring agents typically modify the
mechanical properties of PLA, including thermalatefation resistance.

Figure 15: Pictures of annealing oven temperaests and sample parts
that deformed during annealing due to higher teatpegs
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Figure 16: Example of test parts being annealed

Each of the part batches would be annealed aftavitzad deflection test was provided of the
part. All of the parts of each batch would be aee at the same time, and allowed to cool
passively before the second deflection tests werpned, as well as the break tests.

It is to be noted that moisture content of thenfidant was not evaluated as part of this study, and
could somewhat play a factor in fabrication perfante. However, from experience it is
anticipated that unless under extremely moist enwvirents, it would not be a significant issue
for this project.

Annealing Results

As can be seen from the data below, the anneatimaeps provided a mixture of unanticipated
results. The working theory was that annealing Fpavts would have similar results to that of
conventional part annealing results, and that altexstrength would increase compared to its
original state, and ductility would likely increask was also anticipated that the annealing
results would be comparatively uniform across tateles regardless of the slicing settings
involved in their production or the part’s shape.

However, this was not the case as there were atyan results, both anticipated and
unanticipated. The resulting data has been praviddow.

12
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% Ductility Increase due to Annealing
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Figure 17: Results of parts after being annealed
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For the most part, the data reflected the factdahaealing did increase the ultimate strength of
the parts, however, the percentage of improvenvastwidely varied. B9 which was likely the
strongest of the parts with the largest concemtnadif infill and shells had a significantly higher
increase in strength in break testing. Howeverh&d settings similar to B6 and significantly
outperformed B6 in terms of annealing strengthegase. Granted, B1 and 6 were shaped
differently but this comparison is based on bataak tests for the same shape, therefore, it
would be anticipated that performance would belamilt was noted that the only differences in
settings between B1 and 6 was that B1 had a sligigher print speed and a top/bottom shell
count of 3 versus 2 in the B6 settings.

Likewise B6 and 8 were similar in slicing settiregscept for a 10% decrease in infill and a
top/bottom shell count of 3 for B8, but yet B6 radignificantly positive annealing result
whereas B8 actually had a strength decrease fromading. B8 was noted to also have been
running around 10mm/s slower in print speed fromaB6vell. The mass difference between B6
and B8 individual parts was roughly 1.2g which wasghly a 20% mass reduction from B6 to
B8 parts, but obviously something was significanthie difference between the two.

For the majority of the parts, the annealing dict@ase the ultimate strength of the part, but
there were some unique instances even in thatisituaFor the bar design, both B7 and 8 had
an actual reduction in tested strength, and th@®jk shell counts were not that abnormal, both
B7 and 8 had only 10% infill and a layer heighOdtmm, the only batches in the project of the
bar design to use those settings. This genergeduestion regarding the impact of larger layer
heights in terms of annealing recyrstallizatiamj &hether or not the distance between layers
possibly inhibited this process, especially ongkzeme perimeters of the parts.

Also of note was the fact that B9 parts, beinggraup with the most rigid settings of shells and
infill, deformed slightly in the direction perperdiar to their long dimension during annealing.
As far as is known, no annealing settings wereatdteso the deformation was unexpected. It is
possible that B9 was cooled too fast and uneveméytd the toaster oven door being opened
prematurely after annealing and the residual steesssulted in warping. And although the
change in shape was perpendicular to the direcfidesting deflection, it did likely impact the
deflection and break tests at least to a smallesegr

14
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Figure 18: Pi(':ture{c;ic B9 parts curling after arlimeg

The ductility changes were even more unanticipatethe results were quite surprising. Many
of the batches suffered from a loss in ductilitst@ad of an improvement. B1 and 9 both of
which benefitted from annealing in strength, did lbath significantly benefit in ductility. All of
B1's parts showed significant ductility improvememat B9 actually had both positive and
negative ductility changes. Most of the samptesafl the batches were below 10% ductility
increase, with a combined batch average of 29%edserin ductility from annealing. Again,
granted the testing equipment was rudimentarythmigeneral numbers of the results were most
surprising.

Also of interest was that the ASU team documertedtthat their results loosely demonstrated
that annealing resulted in stiffer PLA parts, whvesas actually reflected more so by more than
half of this project’s subjects (Sevenson, 2014).

Additionally, a comparison was made between theahchass of the individual parts and the
annealing ductility/strength results in hopes thate was some correlation between the amount
of actual PLA material present and the effect efdhnealing process on each part. However, no
obvious patterns emerged. As can be seen on¢h@ps % Strength Increase due to Annealing
chart and the chart below, B2 and 5 had compaltgthigher mass than B1 and 6, yet were
below both B1 and 6 in terms of percentage of gttemcrease.

Individual Part Mass

-
*
7
*
-6 +
0 e
§ > .
Eq * * * Mass
3
2
1 2 3 4 5 6 7 8 9

Batch Number

Figure 19: Individual part mass per batch
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Also of note was the fact that the B1 group, wipolssibly was annealed at a slightly higher
temperature, had positive results in increasedldy@nd strength while being of average
settings and mass.

Granted that the testing equipment was subpapiodllaboratory standards, the results were
still significant enough that that lack of precisiequipment could not have been the only cause
of the varied results. The combinations of vaskcing setting changes and annealing definitely
had results that created new questions on perfarenan

Difficultiesin the Testing

As mentioned, the testing equipment was less thecige, and the breaking tests specifically
were most precarious. Using the low-cost digltajgage scale was challenging due to its lack
of locking or retaining maximum values on the sore&herefore, the break tests were video
recorded to allow the maximum value to be esséytalught on tape, and determined later. A
screen capture of one of the videos right befoeebtieaking point can be seen below. In the case
of untreated B3 break test sample, the value iwvitheo imagery simply could not be

determined, and this was not discovered until dafterBatch 3 group had been annealed.

Figure 20: Screen capture of break test videordatg

Likewise in the B9 untreated group, the part wasb#e of withstanding the average range of
break loads previously experienced and one ofrttiwiduals could simply not pull down
enough in his seated position to create the exgdxtmaking load. This part could not be re-
tested as in the test it was partially damagedvesuld not provide accurate results if reused.

Attempts were made to use campus microscopes te amsely evaluate the structural breaks
and make comparisons, however, the microscopesdstipn were not designed for these
applications, and images that were generated frenptocess were not useful. The Appendix
contains an example of the best image that wastalile obtained.

16



OBJECTIVE 2

The primary goal was to demonstrate that low-c@¥¥iFelesktop units could effectively be used
within existing manufacturing/production industriesenhance their existing operations or
generate cost savings. Initially, the goal wasétude at least two companies in this study,
however, one of the two companies was unable ticpaate in the time span allotted for this
work, therefore only results from the one partitipg company, Hearthside Food Solutions
(HFS), located in London, KY has been provided.

The HFS work included two categories, one was tivagry goal of creating AM parts for their
maintenance operations, including both small réqgatacement parts and fixture mounting
parts. The other category was more specificalbted to a funnel-like part used on 16 of their
systems within their operations. The funnel congmrspecifically would represent the most
significant cost savings potential of the studyj@cy as this particular part is very expensive,
and is replaced 8 times year at minimum. This &ipart can also be responsible for a
significant amount of failed product batches ofdstuffs as it begins to degrade due regular
service life. According to HFS, an ideal situatisould be that this part be replaced as an item
of a regular maintenance plan which could be asyraar?4 times a year. However, the current
cost of the conventionally manufactured part makasimpossible given their operational
budget.

HFS Small Parts

During the study, HFS provided several componesigths of their own making for AM
fabrication. It is to be noted that none of thesmponents were for production or sales
applications, only for internal maintenance tespugposes. The components were designed by
HFS using a typical computer aided design (CADkpge, and stereo lithography (STL) files
were exported and emailed for the purpose of tligwIt is important to note that although
CAD skills are typically required for AM integratothe level of CAD skill does not necessarily
need to be that significant. For the HFS work,@# package used was a fairly low-level 3D
modeling application, not even parametric, and guate sufficient to produce the necessary
work. In fact, a training course of less thanmaixdules, or perhaps three weeks, would be
sufficient to generate enough introductory CAD Iskilfulfill the basic need for industries where
CAD is not a part of their workforce applicationsnages of some of the part models provided
for this study can be seen below. The parts rafrged small sizes of 50x12mm to larger sizes
of 260x50mm.

17



Figure 21: 3D models of HFS small parts

The HFS files were typically then sliced and theogle generated for FDM part production. As
the goal was to generate parts that were to be thoable that just example models, the slicing
settings included a higher number of shells anitl irdlues. For the majority of such parts, the
wall, top, and bottom shell counts were set ati8) an infill percentage of 30%. Where
multiples of parts were required, the parts in tjoaswvere batch printed, typically overnight, to

optimize time and equipment usage, below is a satapture of a batch of Dorner Photoeye
Brackets being batch sliced for overnight fabrimati

18
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Figure 22: S3D batch print of HFS small parts

PLA was the only material used for these parts,dw@r, the suppliers varied, as well as the
filament size, therefore, no specific informaticastbeen provided in that regard. Likewise,
several different FDM machines were used for tipgs@cular HFS parts. The machines
included were the U2, Original Prusa I3 Mk2, and@e custom built, large format FDM
system that is a joint project with another compaltys to be noted that this large format FDM
system does not qualify as a low cost example; kewét was used due the size of a particular
set of HFS files for convenience. All of thesedfie parts could have been produced on the
TAZ, however that system had not arrived by theetsmall part production was scheduled to

begin.

S

Figure 23: Pictures of Prusa I3 Mk2 (Ie ndtouslarge format FDM (right)

Other than removal of support material, no postessing work or finishing was performed on
these parts. They were essentially placed intogdiate service testing.
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Cost Comparison

For simple comparative cost analysis, all FDM pmtiiparts were based on a simple material
cost plus a predetermine rate factor. As mosttdpsdkDM units operate on power supplies
similar to those in capacity to desktop computsgsically 600 watts or less, electrical costs
were nearly negligible, however a cost factor pmirtcan easily account for such usage.
Likewise maintenance costs of the FDM machineswastacost factor were also not included
due to the fact that such costs are typically Veny and necessary part replacement is rare for
the active FDM machines used in this project. &fwe, a value of 30 cents per hour was used
to account for FDM energy consumption and possbier operational costs, a FDM material
cost of 0.018%/g was used which is the equivaleittaost of a roll of common filament ($18 per
kg) used for this project, which does include shiggrosts.

‘Build Statistics.

Build time: 0 hours 46 minutes
Filament length: 1303.6 mm
Plastic weight: 10,03 g {0.02 Ib)

Figure 24: S3D data used FDM for cost estimates

HFS provided their own cost estimates for the pastociated with this work based on their own
previous experiences and internal data. HFS rtbidhey used the most minimum costs
possible for this comparison where parts were cotimeally fabricated by their own

technicians, and that such parts are most likebetbigher than what was listed. Parts that are
purchased by HFS are simply the actual documerusid c

Cost comparisons are provided below.
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Hearthside/SCC 3D Printing Project Data: SCC AM Costs

Item Description FDIA (hrs)  FDIA mass (g) Quantity Total (hrs)  Op cost Mat cost Total Cost
Reflector Bracket 0.55 10.46 12 6.6 51,98 22,26 54,24
YE-022-01 Top 0.7a 13.50 1 0.78 50,23 50,24 50,48
W(GE-022-01 Bottam 0.7 13.50 1 0.78 50,23 20,24 50,48
Piab Mount 0.77 10.03 4 3.08 40,92 20,72 81,65
DarnerLeg Caver oem 0.25 4,71 8 2 50,60 20,68 81,28
Fhotoeye Bracket oem 1.42 23,69 12 17.04 45,11 25,12 510,23
Hubbell Disconnect Tabs aem 0,25 4,32 8 2 50,60 20,62 81,22
Daorner Reflectar Bracket-Mose End 167 32,42 2 3.34 51.00 21,17 82,17
Darner Photoeye & &ir Cylinder Mounts LH 3,87 74,28 1 3.87 51,16 81,34 52,50
Dorner Photoeye & Air Cylinder hounts RH 3,87 74,16 1 3.87 51,16 31.33 42,50
Totals: 4336  $13.01 $13.72 $26.73

Figure 25: FDM cost data for HFS small parts
Hearthside/SCC 3D Printing Project Data

Item Description HFS Costfea Quantity HFS Cost SCCTotal Cost savings
Reflectar Bracket 810,00 12 8120.00 84,24 2115.78

WG-022-01 Top 83,30 1 83,30 80,48 43,82

WG-022-01 Bottom 83,30 1 83,30 80,48 43,82
Fiah fount 35,00 4 140.00 81.65 413835

Dorher Leg Cover oem 55,00 8 540,00 51,28 538,72
Fhotoeye Bracket oem 59,07 12 2108.84 210,23 598,61

Hubkell Disconnect Taks oem 510,00 8 580,00 51,22 578,78
Dorner Reflector Bracket-Maose End 240,00 2 580,00 52,17 577.83
Dorher Photoeye & Air Cylinder Mounts LH 5120.00 1 2120,00 52,50 S117.50
Dorner Photoeye & air Cylinder Mounts RH 5120.00 1 2120,00 52,50 S117.50
Tatals: $815.43 $26.73 £788.70

Figure 26: Cost comparisons between conventiorgtkco
and FDM costs for HFS small parts

As can been seen, the difference of FDM costsadystion versus conventional are
exceptionally dramatic. Especially when considgtimat HFS did not account for shipping costs
for materials for conventional fabrication or whearts could be purchased from vendors.
However, the FDM produced parts did account fopgimg in the material costs, and included a
30 cent/hr equipment operational cost. Therefiie savings are likely to be even greater than
what is calculated by a significant margin. Tisi®f additional consideration when noting that
the majority of the FDM machines that can be usgardduce these FDM parts all cost less than
$2,600. The Prusa I3 MK2 kit specifically only t0$805 with shipping included, and the fully
assembled version only $1200, with shipping inctud&nd the majority of the HFS parts for
this work could be produced by the Prusa.

What is not considered is the lifespan of FDM partd potential part replacement in
comparison to equal parts produced by conventimeans and may be capable of providing a
longer operational life cycle. If the FDM partdl far need to be replaced sooner, those are cost
factors potentially associated with down time agchnician labor. However, counter to this
would be an integration of regular maintenance delweg and FDM part replacement.
Especially considering the extremely low cost nafrthe FDM produced parts, making their
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actual production cost nearly a negligible factegreif replaced several times over a reasonable
amount of time.

Also not considered as a cost factor for this miojeere the shipping costs of sending FDM
parts to HFS, approximately 35 miles from the FDidduction location. This was omitted due
to the understanding that this project was baseti®idea of FDM integration, therefore,
eventually HFS would have its own FDM unit to paeithis work and obviously no shipping
costs would thereby be incurred, other than FDMemiatshipping which is already included in
the material cost.

Regardless, the results clearly show that low EG8¥l desktop equipment has a significant
potential for existing operational cost savings aptimization. And further benefits include the
24-7 operational profile of FDM units. Granted #guipment must be maintained and
occasionally monitored, but with a knowledgeabtdtecian and a good understanding of initial
calibration techniques, these machines can runipraitiays without flaws. Yielding a low cost
production machine that can be located virtuallyvéimere within a facility and be associated
with nearly negligible overhead or labor costskelwise, if the parts are well designed with
minimum support material included, then post prereswork can be of only minor
significance.

As an interesting side note, both the Prusa and ti#iZused for this project, have a significant
number of their own manufactured parts producechhiching FDM units. The Prusa especially
is composed of over 50% of structural FDM produpads, and those parts are produced by the
same model of Prusa, note the orange parts inréweops picture of the Prusa. To explain in a
more general way, 50% of the structural Prusaigmtoduced by its siblings so to speak. This
essentially means that the manufacturer is usiwgclmst FDM units to manufacturer a
significant portion of low cost FDM units. Whick of great benefit because both the Prusa and
TAZ are capable of re-producing their own FDM reglaent parts in advance should the need
arise. Or as the Prusa manufacturer issues upalatiesign changes, these units are capable of
producing their own updating or upgrading part@seinating concept that likewise could be
considered for further study.

A separate concern in this study was the sourtieedfiles that were provided by HFS, and
potential copyright infringement. To the best of kmowledge, the files did come directly from
HFS and were their own CAD creation, and not basesome form of copyrighted part model.
Given the nature of the part designs, it is considenlikely that this would be the case, and
furthermore, HFS would obviously not be resellihg productions, and therefore not violating
or infringing on any copyright or patent. Suchtpation does not cover internal fabrication for
private use. But given the ease at which thess pan be fabricated using a low cost FDM unit,
it does raise the question of this issue for futtmesideration.

HFS Funnels
This objective also included a separate projegreat interest to HFS. The goal that HFS had in

mind was to use FDM machines to produce a spquditthat is a crucial component within
their quality control process, specifically theietal detection process. Essentially, a large
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funnel component is used to vertically funnel bagedds through a metal detector sys
designed to inhibit any shillings or metal machiragments possibly being packaged up v
the baked goodsA sketch of the system is provideclow. The funnel therefore, must be me
of a polymer, in this case a formFederal Drug Administration (FDA) approvNylon, to
facilitate this process. The funnel shape idyfample, but approximately 280mm wide &
220mm tall, and costs HFS apgimately $800 to repla, plus shipping.

PRODUCT CHUTE
FUNNEL <5
WRAP-AROUND \, )
METAL DETECTOR @@@

>

D)
@]

PRODUCT BAG
O

Figure 2": Conceptual sketch of the HFS funnel
and metal detection system

As mentioned previously{FS has 16 machines that incorporate this funnglaaminimum
must replacat least 8 of them per yeare to wear. Resulting ia minimum annual cost «
$6,400 plus shippinfpr a part that is generic in shape, protecteddgpplication of patent
copyright, ancturrently fabricated by combination of milling mple parts, and assembly \
plastic welding.HFS has also noted that the cost of this part &fyigoes up approximate
$75 every year as well.

Thereforejf HFS could produce ts part internally and at lower cogten they would be able
optimize foodstuff production by producin4 of these funnels annually and reducing
number of failed foodstuff batches. With this imoh HFS was very interested in determinini
the part could béabricated using a low cost FDM system given tigmigicant potential cos
savings. Taexplore this possibility, HFS purchased , single extruder Lulzbot TAZ ¢
machines with a typical unit cost of approximat®®/500 eacl The operating sicifications for
the equipment angrovided below
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Printing Specifications

(all specifications subject to change without natice)

Print Area: 280mm x 280mm x 250mm (11.02in x 11.02in x 9.8in)
Print Surface: Heated Borosilicate glass bed with PEI surface

Top Print Speed: 200mm/sec (7.9in/sec)

Average Print Speed: 30 - 50mm/sec(Using default nGen profile)
Average Volumetric Output: 300 mm3/min(Using default nGen profile)
Print Tolerance: 0.1mm (0.0039in) in X and Y axes;

Z axis tolerance dependent on layer thickness

Layer Thickness: 0.050mm — 0.50mm (0.002in — 0.02 in),
Dependent on nozzle size

Usable Filament Size: 3mm (0.1in)

Figure 28: TAZ FDM unit specifications

This selection was based on the machine’s buildmel capacity, reliability rating as provided
by various online sources, its heated build platfogxtruder thermal capacities, and its approval
for various acceptable filaments, including variguades of Nylon.

Unfortunately, the testing of the machines coultibegin as early as desired, as it took several
months for the various agreements and purchasipgagls to make it through HFS
administration system. And as a result the firathine arrived so late that only about 3 to 4
weeks of experimentation, calibration, and testiogld be achieved. However, after initial
calibration periods the optimized slicing settingsing S3D slicing software, were determined
using PLA filament. Then the Nylon filament waslered and testing began on producing the
actual funnel in desired material.

Suited for Advanced Users

Sale: Nylon 618 by Taulman 3D

3mm, 1lbreel

Flexibility meets strength with 618 nylon from Tzulman 30. Not
only Is 618 nylon stronger than PLA and ABS, it's more chemically
resistant and has a lower coefficient of friction. Since objects
printed in 518 nylon are so strong, sturdy, and flexible you can
replace existing components, Custom washers, wearing surfaces,
and weight-bearing surfaces work well when printed. 518 nylon 30
printed parts will change the way you look at breakdowns and
upgrades on the job.

Printing Specifications

Special Tool Head Requirements: LulzBot Hexagon Hot End recommended

Hot End Temperature Range: 238°C

Print Surface: PEI film is recommended with a glue stick {such as LIHU® prand) applied to the
print surface prior fo powering on your LulzBot 30 printer. Maintain the print surface by

powering off your LulzBot and cleaning the glue stick residue with a soft cloth and water.

Print Surface Temperature: 110°C

Figure 29: Initial filament used for funnel prodion
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The process went surprisingly quickly and it ordghk a few small funnel prints to get the TAZ
calibrated and set up for a full sized Nylon funnel

Figure 30: Test FDM Nylon parts

One consideration with the funnel design was tletfaat STL files that were generated using
HFS’s simple CAD 3D software package resulted stightly more angularly-edged funnel
versus a typical rounded curvature. This issuesshsed by remodeling the same funnel design
with a more advanced CAD parametric software paekagthough the design model
parameters and dimensions were identical, the &g&TL no longer resulted in a multi-edged
polygon curvature and was more circular. At thiset the only theory regarding this problem is
based on the exportation/triangulation method efsimple CAD package versus the more
advanced parametric package.

Figure 31: Test funnel shO\}vinQ an{:]ular-edged isdue to original CAD model

Another issue in the equipment setup was the reeadd extra “hold-down” pads to the design
in the slicer software. These pads are typicahdgs that are approximately 175mm in
diameter and 0.4mm thick. They were modeled patrarally and imported as separate STL
files within the slicing software. These pads dyrgerve as adhesion footpads to help hold an
object down as residual thermal stresses in teedaveral layers of fabrication typically cause
those first layers to curl off of the build plat&his is a common problem in many AM systems,
particularly FDM systems. The pads however arégdes to be very thin and can easily be cut
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away from the final part, typically with a pair s¢issors. Likewise their addition to the model
does not affect the model design as they mergethatlinitial model design.

TEAc eyt e s fokele dccart ek

Figure 32: Hold pad applications on HFS funnel

It is to be noted, however, that even though fager curling is a common problem in FDM
systems, some shapes, such as cylinders in tresdeasot suffer as greatly during production
due to the nature of their shape, compared to meatangular designs. Although, there is some
edge lifting from the build plate, it is typicallyniform across the part and the part remains
stationary.

To also increase first layer adhesion, a small arhotitypical common adhesive, in the form of
a glue stick, was applied in a circular patterroasithe building plate prior to fabrication to
improve adhesion. This is a common desktop FDMriepie as well, and probably could be
eliminated with a few more adjustments; howevethinterest of time it was applied for
funnel production.

The first full size funnel production was initiaéid and estimated to last approximately 36 hours.
It was monitored during normal business hours andquite smoothly. The settings for the first
full size production are provided below.
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LulzBot Taz 6- Crucial Settings for HFS Funnel

Tab

1.

2.

Figure 33: S3D slicing settings for initial Nyléunnel

Extruder—

Extrusion multiplier- 0.75
Layer-

Primary layer height- 0.2
Top solid -3

Bottom Solid- 3
Outline/Perimeter Shell- 4
Additions-
skirt/Brim- yes

Layers-1

Offset-0

Outlines-3

Infill-

Interior percentage- 20%
Temperature-

Primary Extruder- 245*
Heated Bed- 80%

There was however an issue due to human errdnairttiere was not enough Nylon filament left
on the roll to complete the part. Since only amlewas ordered, and several test runs had been
performed prior to the full production, the funioelly reach approximately 82% of completion.
This was an error that could have been avoideddmatds of the amount of mass of filament
already consumed been kept and tabulated befdratimg the full production. Given that the

slicing software provides all of this informatiahwould have been a simple matter to

determine.

Figure 34: PLA test funnel version (left), Nylon%2
complete funnel version (right)
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Fortunately HFS believed that it was a successfaugh fabrication to begin some preliminary
testing, and more filament has been ordered todater more complete funnels.

With regards production accuracy, measurementh@first funnel, omitting height due to the
fact that the part was not completed, resulteddenaation from model design to physical part
by only a maximum of 0.22mm (0.0087 inches) omitsst deviation from the average of
measurements, that being the bottom outside diaroktke funnel. For reference, given the
funnels geometric shape, the measurements wene #&keur points around the perimeter.
Although, it is to be noted that these measurema&ate made with manual tools such as a tape
measure and a digital caliper, these were extrepuaditive results in terms of production
accuracy.

FUNMEL 1 DATA (**Funnel not complete full height not valid)

Inches Millimeters
Height Base vl hght
Bottm a0 Wiall thek
A B C D A B C D

Measured 7.080 3.988 0.747 0.202 179,832  101.321 18.974 5.156
3.982 0.744 0.204 101.1432 18,898 5.182
3,994 0,745 0.206 101.448 15,923 9,232
4,001 0,745 0.206 101.625 15,923 9,232
Average 7.080 3,992 0,745 0.205 179,832 101,384 18,929 5,201
Mlaxirmum 7.080 4,001 0.747 0.206 179,832 101.625 158,974 9,232
kin 7.080 3,982 0.744 0.203 173,832  101.142 18,898 2.156
Range 0.o00 0,019 0.003 0.003 0.000 0,433 0,078 0.076
3td Dew 0.008 0.001 0.001 0.204 0.03z2 0.038
Target 8,500 4,000 0.730 0.200 215,900  101.e00 153,050 5,080
Difference| 1,420 0,008 0,005 -0.005 36,068 0.216 0.121 -0.121

Figure 35: Dimensional comparison between 3D model
values and Nylon 82% funnel

One oddity that occurred related the material vieeesmall “bubbles” that only occurred on
inside wall of the funnel, not on the outside. Yinere easy to remove, and minor post
processing and finishing work was already anti@gdor each funnel, but it did create a
guestion of material processing. One possiblertheas the presence of moisture in the
filament and that these bubbles were more of dtrebavaporation during the FDM process, the
fact that outside of the funnel does not have thes a curiosity. A potential solution to this
problem which has yet to be explored for this jgattr case is known as “filament baking”
where the filament will be placed in an oven aretipeated to set temperature for a period of
time to essentially remove the moisture. Theidde a possibility to remove the bubbles with a
change in slicing settings, specifically changing way that the extruder is directed to move in
the production of the outside curves. This isrticdled feature where the extruder would
typically start from the same place to begin thet feyer, but can be randomized to create a
completely different layering start point. Thisuld likely increase production time, and
therefore, be of no significant benefit, but onendérest for future research.
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Figure 36: Nylon funnel interior face bubbles

Again as the bubbles are easily removed by theipated interior-finishing work, they were a
non-issue as far as HFS was concerned.

Another problem that occurred on the first largieatpof the funnel that did not occur on any of
the test prints was a pattern of delaminationsiger separations on the part. These
disconnections were very well defined and althodighnot occur at uniform intervals, did
appear to have some form of pattern. To solveptublem, slicing settings have been altered to
correct for this problem, however due to time craaists, the full revised production will not be
completed in time to include in this document, urrent partial test runs have eliminated the
delaminations thus far. The specific setting clesngcluded a lower layer height to potentially
increase layer adhesion, a slight increase in dgtrtemperature to facilitate additional layer
adhesion, and a reduction of layer cooling fan dpééhe fan speed reduction specifically will
be to reduce the “cold layer” adhesion affect. drafgns are very useful in producing higher
quality FDM prints, however; in this case as thd gaometry is very simple, does not involve
any openings, overhangs, or bridging situatiors faims do not create a significant benefit that
would be sacrificed due to their lack of use.

Figure 37: Nylon funnel delaminations
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HFS Funnedl Results

Although, testing and evaluation will be ongoind;$is currently and tentatively considering
the project a success and will soon be relocatiregad the TAZ 6 units to their facility to begin
continual, on site funnel production. Considermogt of the flament and factors for energy
consumption and minor maintenance, a very conseevaalue places the funnel production cost
at $48 per funnel. With this in mind, the costisgs result in approximately $750 per funnel, a
very significant value. Therefore, given the amisthe machine being approximately $2,500,
HFS stands to recoup its equipment investment entii roughly 140-160 hours of operation.
Given the machines can operate 24 hours a dayniess that the machine could pay for itself
in its first week of operation. Comparatively skieg, given the significantly higher cost of
automated, conventional, subtractive manufactuemgpment such as a CNC unit, it is very
unlikely that such equipment could achieve thissaecomplishment, and pay for itself in its
first week of actual production.

Figure 38: Charlie Gist from HFS and the
Nylon 82% funnel leaving the lab for service tegtin

HFS goal with this experience is to begin to dissate the results of this study with its 23 sister
plants, located throughout the United States apldt2s in Europe. With the intent of leading
the way for additive manufacturing integration iigrentire international system, and providing
further research and leadership with the technoldgis anticipated that this will be an ongoing
project for a significant period of time with maead more AM integration as new ideas and
innovations present themselves, with many additiopportunities for research.

CONCLUSIONS

OBJECTIVE 1

The results of this objective were not nearly asctasive as desired. The implication with the
majority of the results is that slicing settingsldhe resulting internal structure had more
unpredictable effects on performance and even déingeasults than was expected. Although
from these results, a case can be made that angéalv cost FDM produced parts can result in
positive increase in strength, it is clear that en@search and testing is necessary to generate
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predictive quantities. Likewise, as this objectiwseused only on using PLA filament, it is
possible that of the many other materials availédlEDM production, such as thermal
polyurethane (TPU) or high impact polystyrene (HIRfy respond more uniformly or possibly
even more erratically given the internal structwatrols associated with slicing settings.

It was obvious during the collection of data thestd broad slicing setting adjustments should
have been made and more single variable changds ugeswise for the annealing, the part
designs should have all been the same and nogkeittings made until a clear set of uniform
results emerged. The original idea was that tbadrhanges in slicing settings would have
distinct results and patterns from which to honatia later point, but clearly there is more
tradeoffs between shell counts and infill perceesatipan was considered. Additionally, the
infill pattern itself was never changed as a sticgetting, and with at least 5 different varietiés
infill patterns available within S3D, that in o$dlf is whole other avenue of potential research
and testing.

One slicing setting in particular may have moresigance that was previously considered, that
being layer height. Initially layer height was gilya concern of finish quality versus
production time, however from both Objective 1 a&wdn Objective 2, layer height may have a
more significant structural performance value, dpatly layer to layer adhesion or binding. It
is now believed that the difference in layer heigiaty even possibly affect the annealing
process, as the layer to layer connection may itrtpaaecrystallization process.

A key takeaway point from this slicing testing e tsignificant need to design and slice products
for their operational performance, more so thahygsg a standard set of slicing settings as was
used in the HFS small parts section of this studlyhough AM creates a completely new
opportunity to shape designs for specific applarai it is has become obvious that there are
optimum slicing settings unique to specific prodioetd direction, stress flow, and post
processing treatments.

Therefore, if AM technology to be used to its fatlpotential, designers and technicians need to
fully understand what their products will be expbse in terms of loads and stresses, and will
need to have a strong understanding of materiadipgyo slice and produce the best AM
products. With such technical understanding, tA&rproducts could reach new levels of
optimized performance in terms of mass, shapeyemviental impact, and functional lifespan.

OBJECTIVE 2

Granted the results are only preliminary and sifigalj but they do make a strong case for the
economic benefits of AM process integration, efenis only a small scale. In the case of the
small part maintenance production, there is amylgeace of potential savings, especially
considering the low cost of entry. Assuming thastng staff, skilled in CAD 3D modeling
were available or even remotely available for staming, a company could begin
experimenting with AM integration at an extremedylrisk threshold. Likewise, the funnel
project demonstrates a significant potential savingooth purchasing comparisons and overall
operational improvement. In the case of HFS, pcodp24 funnels a year should allow them to
reduce product loss due to process failures, bidhwie something that has never been tried
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before due to the potential cost of nearly $19&ually. If the new AM integration process
fully succeeds the cost for 24 units annually wauitly be roughly $1,200, a price that could
easily be managed with their current operating letidand will likely result in other additional
savings.

One issue that must be resolved prior to full pobida is obtaining Nylon 680 or some other
FDA approved filament in more significant quanstispecifically in 1kg rolls or more. The
current format of 0.5kg Nylon rolls leave little ngan for error in funnel production and either
results in a great deal of waste or exhaustingrtaeerial supply prior to completion. There is a
PLA FDA approved filament that may be an alterratption, but has not been explored at this
time.

CONSIDERATIONSAND THE FUTURE

Over 150 FDM print hours were associated with ginggect over a course of roughly 3.5
months. Likewise, approximately 90 to 100 man bauere associated with the modeling,
coordination, meetings, equipment set up, datacidin, FDM experimentation, processing, and
document drafting of this project. And as the pobjcontinues, we anticipate another 2 months
of coordination, training, and testing, as welbaseast another 150 hours of FDM print time
before HFS is self sufficient in their own funnebgduction. From this information and
experience, it is anticipated that low cost FDMegriation on small part fabrication could be
achieved with roughly 30 hours or less of printfsp@and likely 40 man hours or less related to
training and practice. The man hours especiallyld/be reduced from this value if the
technician or operator already had moderate 3D tmgd€AD skills. For larger projects or
continual production, such as with the HFS funtred, FDM print hours for preparation should
be anticipated to be between 100 to 200 print hours

Also from this experience, it is recommended tHakMFequipment integration include the
installation of an equivalent power back up uniP@&J, given the lengthy uninterrupted
operational potential of these FDM units, such messwould be well worth the cost. Likewise
for that same reason, FDM units are recommendéd ton on secure digital (SD) cards instead
of USB connection to laptop or desktop computékhough connection to a computer is
desirable for equipment set up, communication sswer long periods of process time are
likely to occur which will cause a production runkie essentially lost. Therefore, the g-code for
a production run should be saved to an SD cardressiited into the FDM equipment for long
prints to avoid failures. This experience haspesmged on more than one occasion, and it is
highly recommended that if an FDM unit does not eamith an SD card interface it should not
be considered for integration.

This project also demonstrated the ease at whgad tmplications could arise for AM
maintenance integrators. As it creates a new piatessue in terms of intellectual property,
especially when part shape or design is considelPeeviously, replacement parts for equipment
were typically not cost effective to internally fatate by conventional means, and therefore
such copyright issues were not typically a conagreven noticed when produced by others for
maintenance replacement applications. Most equipmeanufacturers do not take the time to
copyright their designs associated with commonpaeeable parts. But now, with the ease of
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recreating complex or even simple parts with lifdlerication effort or expensive equipment, the
issue of design copyright and infringement is lkiel become a serious legal and political issue.
Equipment manufacturers are likely to begin to iecin revenue on aftermarket or replacement
parts as more and more equipment owner maintergapaatments integrate AM. Thus, such
manufacturers will be likely seeking ways to inh#ch actions by beginning to copyright
individual design components or find new ways g@ulation.

Going forward, given the preliminary results thisrk;, another company has recently requested
a similar AM integration project. A regional conmyeknown as Gorilla-Lift produces patented,
trailer tailgate lift assisting devices, and iemsted in evaluating FDM for internal operation
purposes, as well as considerations toward full F@diuction of specific parts they are having
difficulty in producing using conventional manufadhg methods. The company has already set
aside an allotment of funds toward the purchases#parate FDM unit that is capable of
reaching higher operating temperatures. Such dépeowill allow the FDM unit in question to
produce parts in more engineering grade materiadsice inventory needs, decrease
development time, and provide an excellent casiystu

Likewise, two grant applications have been subittethe USDA and GE Additive for

potential equipment expansion. The USDA applicainvolves acquiring more appropriate
testing equipment and other resources to facilitatee low cost FDM product testing.
Therefore, if the USDA grant is approved, suchaede will likely be able to be provided and
help to potentially address the issues found ire€tbje 1. The GE Additive grant is specifically
focused on obtaining metal AM production equipmémtd although the specifics of the
equipment are not available at this time, one awidirective will likely be the training and
curriculum development necessary to prepare a wor&ffor AM metal production. As well as
help to prepare the regional manufacturing indestior the AM product demands that are likely
to begin growing, especially in the defense, aaaospand medical markets.
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APPENDIX
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Appendix Figure 1. Part Test Data
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FILAMENT

PLA

Blue

2.89mm diameter

length 302 luly!

frass 2.45 ka

dia 2.9 luly!

area 6.61 i
volume 1994711 rim3 1.99 o3
density 0.001228  (kg/mm3) 1.23 kafom3

Appendix Figure 2: Filament data

Appendix Figure 3: Test related pictures
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Appendix Figure 4: Test related pictures (contdjue
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Appendix Figure 5: HFS small parts installed fernce testing
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