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Executive summary

Additive manufacturingAM), commonly referred to aireeDimensional (3D) printing, is the
process of joining materials, usually layer by layer, to produce an object f8@ne@mputer

model. This technology has seen increased use within the aerospace industry due to the unique
advantages it provides compared to traditional manufacturing me8gsinted parts have
already been utilized in limited instances within the interior ofaftsuch as fold down trays

and arm chair rests. However, the use of AM produced parts is expected to grow substantially
within the near future. New variables present during the AM production process present
additional challenges that must be examitoeekrify that an AM part does not present any
greater flammability hazard than a traditionathanufactured componenfestingis required to
determine the effect that alterations in print variables have on the flammabili8bgbrnted

part.

This studywas focused on one patrticular type of additive manufactiirfigsed Filament
Fabrication (FFF) a type of material extrusion based AM method. Tested samples were
manufactured with an esite FFF machine generated from 3D computer models. Flammability
teging was conducted according to the procedures presented within Chaptbe Federal
Aviation Administration Aircraft Materials Fire Test HandbaoKertical Bunsen Burner Test

for Cabin and Cargo Compartment Material¢hich is one method of showirgmpliance with

14 CFR 25.853 Fire Protection for Compartment InteiG@empartment Interiors, 2020)he
effects of variations in the followingrint parameters were evaluatedaterial, sample thickness
(number of inner lays), infill percentage, infill pattern, raster width, raster ayeyhel print
orientation.

Several seriesf experimentsvere conducted in which a select few of the parameters were

varied and the remaining parameters were kept constant. This aflaweadadcomparisonso

be made by comparing the flammability test resastparameters were changed. Following these
tests, a Design of Experiments (DOE) analysis was conducted to evaluate the interaction effects
among different parameter combinations.

Testresults indicat¢hat all evaluated parameters had some impact on flammability. The three
parameters found to have the largest impadtasnmability data were the material type, sample
thickness, and infill percentage. Other parameters such as infdtmattint orientation, raster
width, and raster angleere observed to produce only interaction effects in conjunction with the
other print variables listed
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1 Introduction

Additive manufacturingAM), commonly referred a8D printing, is the process of joining
materials, usually layer by layer, to produce an object fr@mD model. AM differs from

traditional subtractive manufactugmmethods, in that material is addager by layer to produce

a 3D product, whereas in subtrae manufacturing, material is subtract@dremoved to create a
part. Many different AM types have been developed including material extrusion, powder bed
fusion and binder jetting. However, AM is still a rapidly developiaghnology so additional
methodsmay bedevisedn the future. Initially, additive manufacturing was primarily utilized for
production of parts used in prototyping or testing. Recently thAldghhas seen increased use

in the production of final paristended for eneuse

There is significant interest frothe aerospace industry to use AM to produce aircraft cabin
componentsas AM allows the creation of parts with complex geometries or structures to be
designed and produced quickly compared to traditiovadufacturing methods. Furthermo3®
printing allowsfor the production of lighter and stronger components for aerospace applications
(GAO, 2015) This is particularly promising within the aerospace industry, as reductions in
weight provide potential for fuel savings, decreases in &fssions and total primary energy
supply (TPES) demanddoshi & Sheikh, 2015)

AM produced parts have already seen limited use within the interior of aircraft. Eesaofphis
include arm chair rests, video monitor frames, and overhead bin spacer panels, which have all
been used within the cabin of aircrdftgurel displays tvo examples 08D printed components
previously/soon to be installed in aircraft cabins; an overhead bin spacer panel and a video
monitor frame used in a Finnair A320 and an Etihad Airways aircraft, resped®ejyrinting
technology is now taking on airplane interiors, 2017; Molitu, 2018)



Figurel. Overheardgpacer panel (left) and video monitor fraright)

Growth in the utilization 08D printed parts is expected to increase significantly within the near
future. The global AM market was valued at 13.8 billion dollars in 2021 and is projected to grow
at a compound annual growth rate (CAGR) of 20.8% from 2022 to @a0d View Research,

n.d.) The aerospace industry is expected to be a considerable portion of this market. With this
growth, the amount @D printed parts utilized within the cabin of aircraft will increase
substantially. Therefore, reseatisimeedd toverify that an AM part does not present any

greater flammability hazard than a traditionathanufactured component

A study was conducted to determine the effects of different parameters used in the printing
process on a mat e foliowingpasamétersavermi@died; Imaterigl type,T h e
sample thicknesgumberof inner layer}, infill percentage, infill pattern, rastendth, raster

angle and print orientation (XY, YZ, ZX)These parameters were defined as follows:

A Material type: the sulstance that th&D printed part is composed of.

A Samplethickness (number of inner layer3: the number of inner layers of the test
coupon.

A Infill percentage the density of the material inside tBB printed part, or the amount of
material used on the iite of a part divided by the amount of material used if it were
solid (Figure2).



%

20% 60% 100%

Figure2. Infill percentage comparisons

A Infill pattern: the pattern of the interior of the 3D printed g&igure3).

Sparse Sparse Double Hexagram
Dense

Figure3. Infill pattern comparisons



A Rasterwidth: the width of each extrusion deposited by the nozzle.

A Rasterangle the angle between the path of the printing nozzle and-thésxof the
printing platform(Figure4).

45° 67.5° 90°
Figure4. Raster angle comparisons

A Print orientation: the inclination of a part on the build platform with respect to the X, Y,
and Z axigFigureb).

< Upright (2X)

/ On-Edge (Y2)
7 £ ‘, Flat (XY)

Figure5. Print orientation comparisons

1.1 Objective

The objective of this study was to determine the impact, if any, that the print parameters of an
AM produced @rt have on the flammability of a sample. The results from this study will be used
to develop guidance and help simplify future certificatioB@fprinted parts. For the scope of

this study, onl\8D printed samples produced usifuged filament fabricatio(FFF) were

evaluated.



1.2 Experimentprocedures

All testing was conducted using the guidelines within the Aircraft Materials Fire Test Handbook
(FAA, 2023) Test procedures followed either thesegtond or 6&econd VerticaBunsen

Burner (VBB) test method. The burn length, flame tiared drip flame time for each sample

was measured and recorded. The definitions of each measurement are asdaliicave

displayed visually in Figure:6

A Burn length: the distance from the original specimen edge to the farthest evidence of
damage to the test speciimtudingdreasofpadialt hat ar
consumption, charring, or embrittlement but not including areas sooted, stained, warped,
or dismlored nor areas where material has shrunk or melted away from the heat. This
was measured using a ruler to the nearest tenth of an inch.

A Flametime: the time in seconds that the specimen continues to flame after the burner
flame is removed from benedtie specimen. Surface burning that results in a glow but
not in a flame is not included. This was measured using a stopwatch to the nearest tenth
of a second.

A Drip flame time: the time in seconds that any flaming material continues to flame after
falling from the specimen to the floor of the chamber. If no material falls from the
specimen, the drip flame time is reported
also reported. In the event that multiple drips fuel a flame, then the longest continuous
flame shall be recorded. This was measured using a stopwatch to the nearest tenth of a
second.

All samples throughout this study were created via a Stratasys Fortus 450mc industrial 3D
printer. Produced parts from this printer have an achievable accura®/@05 inches.



Figure6. Burn Length flame time and drip flame time measuremermsspectively

2 Singlevariable testing

Initial testing was conducted in whiamdividual parametersvere isolated and evaluatedth the

VBB test In this stage of testinghé flammability impact of the followingarametersvas

evaluated; materidype, sample thicknes;umber of inner layers)nfill percentage, infill

pattern, rastewidth, raster angleand print orientation (XY, YZ, ZX)Testing in this phase was
performed according to both the-Hhd 60second VBB test procedures. The number of

samples evaluated varied throughout testing, but a minimum of four samples were tested for each
variable corbination.

2.1 Material

Within this study, several different thermoplastic polymers printed via FFF were evaluated.
Materials were categorized and renamed based on the composition of their polymers. Examples
of different polymer compositions inclugelyethermide (PEI),polyethersulfone (PES),
polyetherketoneketone (PEKKpplycarbonate (PCycrylonitrile butadiene styrerend

(ABS), and Nylon 12. Several tested materials were a blend of different polymer compositions.
The evaluated thermoplastic materiaisre named as follows:

1. PEIT PC: A Polyetherimide/Polycarbonate blend
2. PEI: An unreinforced amorphous Polyetherimide
3. PES: A Polyethersulfone

4. PEKK: A Polyetherketoneketone based thermoplastic



5. Nylon 12: A Nylon polymer thermoplastic
6. PCABS: A Polycarbonad/acrylonitrile butadiene styrene blend
7. PC: A Polycarbonate based thermoplastic

Testing was conducted on samples with the same thickness but different material types. Samples
within this test series were composed of 6 inner layers (0.06 inches thibkutény exterior
solid layers.

A direct comparison of recorded burn lengths and flame times betwedn@Paid PEI samples
is displayed irFigure7 andFigure8, respectively.

PEI-PC vs PEI Avg. Burn Length 12s VBB
6.0
<@
5.0 @ PEI-PC
c @ & PEI
= 40
&
3 30
=
= @
o 20
1.0 e ¢
0.0 © © @ @ &
0% 10% 20%  30%  40%  S50%  60%  70% BO% a0%  100%
Infill %

Figure7. 12s VBBi1 Burn length comparisons



PEI-PC vs PEI Avg. Flame Time 12s VBB
B0.0
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Figure8. 12s VBBi1 Flame time comparisons

As expected, the material type was determined to be one of the most important parameters in
predicting the flammability of the tested samples: these tests, the two materipisduced

similar burn lengths at higher infill percentage5@+%). However, more substantial differences

in measured burn lengthereobserved at lower infill percentages. The PEI material recorded
average burn lengths exceeding 4.0 inches at infills less than 20%. Contrarily,- A€ Biehd
material at a similainfill had an average burn length less than 3.0 inches.

Disparities between recorded flame tsmeere also substantial. The PEI material recorded much
higher flame times at low infill percentages compared to theP€Eblend Significantlyless
disparity ketween the wo ma flaene tima Was 6bserved at higher infills.

Testingwas also performed according to thesg@ond VBB test procedure. A graph showing
the average burn lengths and flame times for thee®@nd test is shown Figure9 andFigure
10, respectively.



PEI-PC vs PEI Avg. Burn Length 60s VBB

6.0
5.0 @ PEI-PC
E & PEI
= 4.0 <>
B
i ¢
= 30
=
5
[=a]
20
o
@
10 &
© o e g )
0.0
0% 1055 20% 30% 40%: 50% 60% T0% B0% 0% 100%
Infill Percentage
Figure9. 60s VBBI Material burnlength comparisons
PEI-PC vs PEI Avg. Flame Time 60s VBB
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Figurel10. 60s VBBi Material flame time comparisons




Similar trends in measured burn lengths were observed for thedd®d tests performed.
However, a significant discrepancy in recorded flame timeobaerved between the-$2cond
and 60second VBB tests.

Throughout the 6@econd VBB testing, a problem would often occur that impacted the recorded

flame times. Frequently, the sample material would either melt away prior to the end of the test

or drip davn and block the Bunsen burner flame. Therefore, the Bunsen burner would be unable

to make direct contact with the sampleds rema
time, possibly producing misleading results. Samples with less total madadhlas thinner

samples or those with a lower infill percentage would most often melt away. Conversely,

samples with more material, such as those with a higher infill percentage or more inner layers

would occasionally drip and partially block the burflame. Images of both of these phenomena

are displayed ifrigure11. This issue was observed to occur during othesegdnd tests

throughout this study as well.

Figurell Sample melted away (left) and melted material blocking Barmirner flame
(right)
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Resultsndicate that flame times for the 60 second tests were much lower than the 12 second
tests for both materials. However, this is most likely not a realistic scenario and the reasoning for
this disparity is most likely dut® the problem described above.

The material type was observed to be a critical factor in determining the drip flame time. Many
of the tested materials did not record a drip flame time as no flaming material fell to the bottom
of the test chamber. Amongbie materials in which a drip flame time was observed, the type of
material affected the way in which the sample fell to the bottom of the test chamber. Materials
such as Nylon 12 were observed to drip in a liquid like manner, in which many drips ofgflamin
material would occur sporadically. Conversely, materials such as PEI were observed to have
single solid pieces of the samples fall to the bottom of the test apparatus and burn continuously.

2.2 Sample thicknesgumber of inner layers)

Testing was conducted to determine how variations in the thickness of a sample affected data.
Throughout this study, all printed samples had a layer thickness of 0.01 inches, therefore, the
number of layers directly correlated with the thickness of thekaror example, a sample

with six layers would have a thickness of 0.06 inches. The thickness of an extruded layer can be
altered slightly, but that parameter was not evaluated within this study.

It was found thathickersamples recorded significantlywer burn lengths and flame times.

Within these tests, two PES samples of different thicknesses (0.10 and 0.25 inches) were printed
and testedrigurel2 andFigure13 show the data averages of the recorded burn lengths and

flame times, respectively, at various infill percentages.
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Figurel3. PES inner layer comparisérFlametime
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Samples 00.25incheswere observed to record much lower burn lengths and flame times at low
infill percentages. This was particularly noticeable for the recorded flame times. At 20% infill,
0.10inch samples recorded average flame times exceeding 40 seconds. Convers&y, the O
inch samples recorded flame times of less than 5 seconds with the same infill percentage.

Typically, a negative correlation between the infill percentageband length and flame time
was observed to occur as infill percentage increases. Howevagniiicant differences
between the burn lengths and flame times of the- @b samples were observed as infill was
varied between 20% and 45% infill samplesrthertesting of0.25inch samples withgreater
than 45% infill was not conducted as burngmand flame timeverealready near minimum
values

Lastly, a significant difference in recorded drip flame times were observed between the two
sample thicknesses. At low infill percentages, the-ihth samples recorded average drip flame
times rangindgrom to 12 seconds. However, 040ch samples with higher infill percentages

did not record any drip flame time. All 0.28ch samples did not record drip flame times,
including the samples with lower infill percentages. This suggests that the thiokiaesample

and the infill percentage are important factors in predicting if a sample will record a drip flame
time.

2.3 Infill percentage

Infill percentage is the percent of the interior @&@printed part that is composed of material.

Testing was conduatieon 0.06inch thick PEIPC blend samples that were composed entirely of
Ainfillo and were not printed with solid oute
between the rasters was altered to produce samples with various infill perceniigésstihg

of 12 and 60 seconds was performed for these samples. The average recorded burn length and
flame times of these samples for the 12 second test series is displ&yguar@ils.

13



PEI-PC 0.06-inch 12s VBB Infill Percentage - No Outer Layers
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Figurel4. Infill comparisons PEFPCi 12s VBBtests

A clear trend in burn length was observed as infill percent was varied. Generally, as infill percent
increased, the measured burn length decreaseslinverse correlation between infill percentage
and burn length was observed throughout other tests as well.

Figurel4 above indicates that recorded flame timekpdaat 40% infill and samples within the
10-30% range experienced low flame times. However, samples within 1{88%0nfill range

may have produced misleading flame time results. Frequently, the material of the samples within
this infill range would melaway prior to the end of the test. Therefore, the Bunsen burner flame
was unable to make direct contact with any of the remaining material and would record a low
average flame time.

The recorded burn length and flame time of the 60 second test sehewrsiselow inFigure
15.

14



PEI-PC 0.06" 60s VBB Infill Percentage - No Outer Layers
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Figurel5. Infill comparisong PEFPCT 60s VBB tests

Similar trends in burn length were observed in@iesecond VBB testing. The average burn

length gradually decreased as infill percentage increased. Samples with low infill (< 20%)
recorded average burn lengths exceeding 3.5 inches, whereas burn lengths for higher infills were
observed to range betwee® 0.2.0 inches. The measured flame time of the 60s VBB samples

were inconsistent and a specific trend was not clear. Tests within this series experienced a similar
problem to the 12 second tests, in that samples with lower infills would melt away gher to
conclusion of the experiment.

Note: Two different individuals performed testing for the 60 second tests. Disparities between
burn length data for the 30%, 50%, and 70% samples compared to the rest of the data were most
likely due to this.

There was noecorded drip flame time for any of the samples of this material, regardless of the
infill percentage.

Additional testing was conducted with the PEI material and similar results were obsegued.
16 andFigurel7 show the average burn length and flame time data for the 12 and 60 second
tests, respectively
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PEI 0.06 inch 12s VBB Infill Percentage
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Figurel7. Infill comparison$ PEIT 60s VBB
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PEI burn length and flame time trends were comparable to th@@Edsting flame time and

burn length decreased as the infill percentage increased. However, recorded drip flame time
values differeccompared to the PERC test series. For the PEI tesiamples with infill

percentages lower than 20% had material fall to the bottom of the test chamber and flame for an
average of three secondiggure18 shows the drip flame time data for the 12 second tests.

The data indicates that samples produced at lower infills may be more likely to record drip flame
times compared to higher infill samples. However, the material of the sample itself is still the
main contributing factor.

PEI Drip Flame Time 12s VBB
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Figurel8. PEI drip flame time 12s VBBests

2.4 Infill pattern

Samples of the PEPC material with a thickness of 0.10 inches were evaluated according to both
the 12second and 68econd VBB test procedures. Each sample was composed of six inner
layers with various infill patterns and two solid outer layers on edeh Ail infill patterns had

an infill percentage ranging from 20 to 35%, with the exception of the solid samples, which had
a 100% infill percentage. The average recorded burn length and flame time for the samples in
both the 12and 60Gsecond tests are®in in Figure19 andFigure20, respectively. There was

no drip flame for ap of the recorded samples.
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PEI-PC Infill Pattern Data Averages - 12s VBB

Infill Pattern

6.0 16.0
140
. H Burn Length
OFlame Time 12.0
— 4D -
= 100 m
= 3
E"' 3.0 80 o
d 3
- ]
= 6.0 —
5 20 M
23]
4.0
1.0
2.0
0.0 —|_| i_| i_| J_| i_| oo
Solid Sparse Hexagonal Hexagram Permeable
. Triangle
Infill Pattern
Figure19. 0.10inch PEIi PC infill comparisons 12stest data
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Figure20. 0.10inch PEIT PC infill comparisons 60s test data
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Within the 12second test data, minimal differences in average recorded burn lengths were
observed when infill patterns were varied. Average burn lengths varied from 0.10 inches to 0.25
inches depending on the infill pattern. The solid samples recordéuinest average burn length

and hexagram recorded the highest. Similar results were observed for flame time data.

Similar to the 1Zecond tests, very little change in results was observed as infill patterns were
altered throughout the 68cond tests.le solid infill pattern was once again found to have the
lowest recorded burn lengths and flame times, while the permeable triangle infill pattern
recorded the highest burn length and flame time within this test series. Overall, only minimal
differences beveen recorded data were observed as infill patterns were altered for tREPEI
material.

2.5 Rastemwidth

In the next phase of testing, samples of thePEIblend with a thickness of 0.06 inches were
tested. All samples were printed withaster angle of 3°/45° and composed of either solid or
sparsenfill patterns at varying infill percentages. Raster widths were then altered to three
different levels (0.016, 0.022nd 0.030 inches) and evaluated. A minimum sample size of four
for each raster width/infibercent combination was tested. Recorded burn length and flame time
of the resulting data is shownkigure21 andFigure22 for the 12second tests.
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PEI-PC 0.030 vs. 0.022 vs 0.016 inch Avg. Burn Length 125 VBB
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Figure22. Raster width flame timé 12s VBBtests
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Similar to previous tests, the infill percentage was found to be the biggest determinant in
predicting flammability. However, it was evident that variability between raster widths was most
prevalent at lower infill percentages. Although variations in ragigth were observed to cause
disparities in recorded data at low infills, no direct trend from alterations in raster width was
observed to affect test results directly.

For example, the 0.01i@ch raster width samples were observed to have the lowest time at
20% infill. However, at approximately 50% infill the 0.0kf:h samples were found to have the
highest flame time of all three raster width levels. More variability was observed in recorded
flame times compared to burn lengths.

Additional tesing was performed on samples according to thedgwnd VBB test method.
Similar trends to the 18econd tests were observed for the recorded burn lengths. However,
there was no clear trend in recorded flame time, as the average flame time for all sanubdées
exceed 0.50 seconds, despite changes in the raster width/infill percent combinations.

Theonly samples that recorded any drip flame time within this phase of testing were the 0.016
inch samples at the lowest tested infill % (18.6%). A graph shaothengecorded drip flame

times of the 0.014nch samples for the 12 and 60 second VBB tests is shoigume23 and
Figure24.
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Figure23. Raster width drip flame timie 12s VBBtests
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PEI-PC 0.016-inch Drip Flame Time 60s VBB
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Figure24. Raster width drip flame timie 60s VBB tests

For this combination, the averadep flametime was 0.22 seconds and 0.72 seconds for the 12
and 60second VBB test, respectively. This suggests that thinner raster widths at lower infills
may be more susceptible to dripping.

2.6 Raster angle

In order to evaluate raster angles, an experiah@etup similar to the raster width testing was
performed. Three different raster angles were evaluated (90°/0°, 60°/30°, and 45°/45°) at various
infill percentages. A minimum sample size of four samples for each combination was tested. The
raster widthof all samples was kept constant at 0.022 inches. Furthermore, the tested material,
PEFPC, was used throughout all testggure25 andFigure26 show the average burn length and
flame time results for the igecond tests, respectiveligure27 andFigure28 displays the

average data results for the-6€cond tests.
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PEI-PC 90/0 vs. 60/30 vs 45/45 Avg. Burn Length 12s VBB
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Figure25. Raster angle burn lengthl2s VBBtests
PEI-PC 90/0 vs. 60/30 vs 45/45 Avg. Flame Time 125 VBB
9.0
B.0
= )
®50/0 Raster Angle
7.0
¢ B0/30 Raster Angle
- 80 m45/45 Raster Angle
=]
£ 50
=
1] 4.0 ')
5 @
T 30 8
20
1.0 4 m
° 8
0.0 ®
0% 10% 20% 30% 40% 50% 60% 70% B0% o0%  100%
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PEI-PC 90/0° vs. 60/30° vs 45/45° Avg. Burn Length 60s VBB
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Figure28. Raster angle flame tinie60s VBB tsts
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Testing from thel2-second experimentation produced similar results to the raster width results.
High amounts of variability between raster angles was observed at lower infill percentages for
both burn length and flame time. There were no clear trends displayed betweeangle and

the recorded flame time. On the contrary, burn length data produced fromgsbed@@l test did
provide a clear trend in data. For these tests, th@°9@ster angle consistently produced a

higher burn length for all tested infill percentéggand the £4M5° angle samples had the lowest
recorded burn lengths. However, this trend was only evident for burn length data, no discernable
trend was observed for flame time.

Within this test series, none of the samples had any flaming material fall to the bottom of the test
chamber. Therefore, no drip flame time was recorded.

2.7 Printorientation

Samples 00.06inchescomposed of the PERC blend material were printed at different
orientations (XY, YZ, and ZX). Charts comparing the burn length and flame time data for both
the 12 and 60second VBB tests are shownkigure29 andFigure30, respectively. For the
PEFPC material, none of the samples had a recordable drip flame time
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Figure29. PEFPC print orientation comparisoinsl2s test
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PEI-PC 60-Second VBB Average Comparison
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Figure30. PEFPC print orientation comparisoin$0stest

Results indicate alterations in the print orientation produced very little impact on the

flammability of a 3D printed PEPC sample. For the 1second tests, the Zdirectionsamples
recorded the lowest average burn length of 0.8 inches. The YZ samples had the highest average
burn length of 1.0 inches. Disparities in flame time foisé2ond amples were similar as well.

The YZdirection samples recorded the lowest average flame time of 0.3 seconds, whereas the
XY samples recorded the highest average flame time of 0.8 seconds.

Similar relationships were observed within thes@@ond test dat®isparities between recorded
burn length were minor. The X¥irectionsamples recorded an average burn length of 2.7
inches. The YZ and ZXlirectionsamples both had average burn lengths of 2.4 inches.
Furthermore, the YZ and ZX direction samples wererdeteed to have only an average burn
length difference of 0.6 inches.

Print orientation comparison testing was also performed on the Nylon and PC materials. Graphs
of the 12second VBB tests for both materials are showRigure31 andFigure32.
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Nylon 12 Second VBB Comparison
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Higher variance between print orientations was observed in data for these two materials.
However, the observed trend in data differed depending on the material. Higher flame times and
burn lengths were observed for Xifrection samples for Nylon 12. On thentrary, XY-

direction samples for the PC material produced the lowest recorded data for all three metrics.

This suggests that the effect print orientation has on flammability is inconsistent and data trends
may differ based upon the tested material.

3  Design ofexperiment§DOE)

3.1 DOEsetup

A design of experimen{®OE) test setup was performed to evaluate the impact that the various
print parameterfiad, both directly on tesésults,aswell as theinteraction effects when
combined with otheparameters.

Within this phase of testing, 120-b§ 3-inch samples were printed and cut into fourths,
resulting in 480 4nch by 3inch samples being produced. Therefore, 120 unique experimental
runs were produced, with 4 replicates per experiment. Within this @)alys PEIPC, PEI,

PES and PEKK materials were evaluated. The-PEland PES samples were produced at the
FAA William J. Hughes Technical Center. The PEI and PEKK materials were prodsiogd

the Stratasys Fortus 450mc printéigure33 shows an image of all four material samples prior
to being cut into fourths.
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Figure33. 16-by 3-inch precut samplésmaterials from lefto right: PE{PC, PEI, PES, and
PEKK

All samples were tested according to thesé2ond VBB test procedures. Sample test order and
parameters were randomized. For these tests, the following parameters were evahtated

type sample thicknessiumber of inner layers)nfill percentage, infill pattern, rastandth, and

raster anglePrint orientation, which was evaluated in the previous test phase, was not included.
All samples were printed flat in an XY orientation.

Samples were printed at three different amounts of inner layer thickness, specifically O inner
layers (0.02 inches thick), 4 inner layers (0.08 inches thick) and 11 inner layers (0.15 inches)
thick. The 4 and 11 inner layer samples had two solid layeeacim side of the sample.

However, the 0 inner layer samples were composed only of two solid layers. All layers had a
thickness of 0.01 inches. An image of the three different sample thicknesses is shown below in
Figure34.
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Figure34. From left to right: O inner layers, 4 inner layers, and 11 inner layers sampl

Since the 0 inner layer samples did not have any interior layers, the irdéintege was denoted

as N0%wWo and the i nfildl pattern was denoted

width and raster angle were still made with these samples.

Samples were produced at varying infill percentages. The evaluated irdéhpeges for this
phase of testing were 0%, 20%, 60% and 100%. The infill percentage of each sample was
calcul ated by dividing the volume of an
layer. All samples of 4 and 11 inner layers had infillceetages of 20%, 60%, or 100%. The
only samples that had an infill percentage of 0% were the 0 inner layer samples.

Table 1showsthe different evaluated levels for each variable.

Tablel: DOE tesing variablecombinations

Number of Raster

Material Infill Infill Pattern Raster Width
Inner Layers Angle
[%0] [] [ A]
PEILPC 0 0 None 45 0.016
PEI 4 20 Sparse 67.5 0.018
Sparse Double
PES 11 60 90 0.022
Dense (DD)
PEKK 100 Hexagram 0.030
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Originally, only three levels for rastenidth (0.016, 0.022, and 0.03@cheg were going to be
evaluated for this test series. However, due to constraints with the 3D printer, the raster width for
the PEKK material could not be lowered to less than Ondt&es Therefore, all 0.0kéch

sampls of the PEKK material were changed to 0.0khes

Furthermore, an additional change was implemented. During the sample build process, it was
noted that the cell size of hexagram patterns for 6.@46 0.018nch samples could not be
decreased enougb produce a sample with 60% infill. Therefore, these samples were not
produced. This omission did not include 60% infill samples with a Grf@@0raster width.

3.2 DOEresults
A statistical analysis of the collected DOE data was performed by B@dwiglled & Basu,

2022) Analysis determined that an interaction effect exists for many of the evaluated
parameters. This means the effect of a parameter on both the flame time and burn length depends

on the level of another parametercénfidence level of 90% was used to determine significance
in this model. The full analysis can be found within Apper#lix

Graphs displaying the twway interaction effects of the covariates versus the burn length and
flame time data were creatdelgure35 shows the twavay interaction effects between
material/infill percentage and material/sample thickness versus the burn length, respectively.
Figure36 shows the tweaway interactions effects between material/infill percentage and material
sample/thickness versus the flame time, respectively. Graphs displaying the interaatisn effe

between all variable combinations can be found within the Appendix.
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Figure35. Material/infill percentage (left) and material/sample thickness (right) covariate
flame time
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Figure36. Material/infill percentage (left) and material/sample thickness (right) covariate
burn length

For further analysis of the data, data was separated into two groeus(0 inner layers) and
nonzero (4 and 11 inner layers).

3.2.1 Nonzerolayer

From the D@ analysisit was determined that all of the evaluated parameters were significant
either as main effect or interaction effect parameters in predicting burn length. Five of the six
parameters were significant as main effect parameters in predictingebgth material type,
raster width, sample thickness, infill percentage, and infill pattern. Raster angle was not
significant as a main effect parameter, however, it was significant as an interaction effect
parameterAll six of the evaluated parametersredound to be significant as interaction effect
parameters. Material type was significant as an interaction effect with raster width, amount of
inner layers, and infill pattern. Raster width was significant as an interaction with the sample
thickness andhfill pattern. Lastly, raster angle was significant as an interaction term with infill
pattern.

Furthermore, it was determined that five of the six main effects were significant in predicting
flame time material type, raster width, raster angle, nundée@nner layers, and infill percent.
Notably, infill pattern was not included as a significant parameter for predicting flame time. In
addition to the main effects, it was determined that there were several significant interaction
terms that impacted flantene, including; material and raster width, material and raster angle,
and material and infill percentage.
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3.2.2 Zerolayer

For the zero layer samples (0b2hest hi ck wi t hout any dAinfillo | a
material was a significant main effect parameter in predicting burn length. Raster width was also
significant as an interaction term with material. Thereforaterial and raster width were

significant in predicting burn length for the zdayer sample data; raster angle was determined

not to be significant.

For flame time, it was determined that material was significant in predicting flame time.
Additionally, raster angle was significant in predicting flame time as a quadraticTtbisn.
means that as the raster angle increased, flame time would experience quadratic growth.

3.2.3 Ge n e r lzesde da wadsHD dasescenarios

From the provided sBE@E adnadt afi,b etsetn chawsoerdos ts cceanar i 0
maximize or minimize the predicted burn length and flame time for each material. Within these
scenarios generated, the following ranges were selected:

A Infill Pattern (None, Sparse, Spai@euble DenseD))

A Raster Width (0.016 inches to 0.030 inches, increments of 0.002 inches)
A Raster Angle (45to 100, increments of 79

A Inner Layers (0, 4 to 11, increments of 1)

A Infill Percentage (0%, 20% to 60%, increments of 10%)

All combinations were considered within the selected range. The ten combinations for
maximization of the PEPC material blend is shown belowTiable2. The combinabns for the
other material types are shown within the Appendix A.
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Table2. TenCombinations tanaximize flammability data PEFPCblend

PEFPC Blend
Predicted Predicted _ _ # of Raster
Rank| Burn Length | Flame Time Infil Infil Inner | Angle I.?astejr
(in] 5] % Pattern Leyas [ Width [in]
1 0.90 4.38 0 None 0 90.0 0.016
2 0.73 4.33 0 None 0 45.0 0.016
3 0.87 3.41 0 None 0 82.5 0.016
4 0.79 3.73 0 None 0 90.0 0.018
5 0.56 4.78 0 None 0 45.0 0.030
6 0.76 3.38 0 None 0 52.5 0.016
7 0.49 4.83 0 None 0 90.0 0.030
8 0.67 3.68 0 None 0 45.0 0.018
9 0.85 2.88 0 None 0 75.0 0.016
10 0.70 3.34 0 None 0 90.0 0.020
As shown above, it was found that all fAworst

composed of 0 inner layer (0A&ch thick) samples. This was consistent with previous testing,
as it was generally observed that thinner samples produced higher mesgsrim recorded

data. Although 0 layer samples were found to consistently increase flammability, no clear trend
was observed between the raster width and raster angle parameters.

Furthermorethe ten combinations to minimize burn length and flame tintlesoPE{PC
material blend is displayed belowTable 3.
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Table3. TenCombinations taninimize flammability data PEFPCblend

PEIPC Blend
Predicted Predicted _ _ # of Raster
_ Infill Infill Raster
Rank| Burn Length | Flame Time Inner | Angle _ i
, % Pattern Width [in]
[in] [s] Layers [°]
1 0.11 0.00 60 Sparse 11 90.0 0.016
2 0.11 0.00 60 Sparse 11 82.5 0.016
3 0.13 0.00 50 Sparse 11 90.0 0.016
4 0.12 0.00 60 Sparse 11 90.0 0.018
5 0.11 0.00 60 Sparse 11 90.0 0.016
6 0.13 0.00 50 Sparse 11 75.0 0.016
7 0.15 0.00 40 Sparse 11 82.5 0.016
8 0.12 0.00 60 Sparse 10 90.0 0.016
9 0.13 0.00 60 | Sparse DD| 11 90.0 0.016
10 0.11 0.00 60 Sparse 11 82.5 0.018

It was observed that samples with larger numbers of inner layers and higher infill percentages
were more common within these generated values. The generated scenarios for all materials with
the exception of one combination was observed to have 11 iiyees.|&imilarly, most of the
combinations to minimize flammability data were of the higher range of the infill percentage.
Within these combinations, the raster width and raster angle values to minimize flammability

data variedHowever,unlike the maximiation combinations, the raster width and angle would

vary between materials. For example, a raster width of 0.016 inches was by far the most
prevalent value to appear for the HET and PES materials. Conversely, the most common

raster width for the PEI @PEKK material was 0.030 inchd&dis observation was true for the

infill pattern as well.

VBB testing was conducted to determine the validity of the maximization/minimization models.
VBB tests were conducted on three of the top ten min/max scenarescto material.
Comparisons between the average recorded data and the generated data is Balola. in
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Similar data averages were observed compared to the geherdieb e st 0

scenarios, reinforcing the validity of the generated scenarios.

Table4. Generated data compared to tested data

and

Data Averages Generated Data
Material | Min/Max | Burn Length| Flame Time| Burn Length| FlameTime
[Rank] [in] [s] [in] [s]
PEIPC Min 1 0.10 0.15 0.11 0.00
Min 2 0.10 0.00 0.11 0.00
Min 3 0.10 0.00 0.13 0.00
PES Min 1 0.10 1.33 0.08 0.86
Min 2 0.10 0.85 0.08 0.86
Min 3 0.10 1.33 0.08 0.86
PEI Min 1 0.10 0.00 0.08 0.00
Min 2 0.10 0.00 0.08 0.00
Min 3 0.10 0.25 0.08 0.00
PEKK Min 1 0.10 0.00 0.11 0.01
Min 2 0.10 0.00 0.10 0.01
Min 3 0.10 0.33 0.10 0.02
PEIPC Max 1 0.75 4.45 0.90 4.38
Max 2 0.65 3.18 0.73 4.33
Max 3 1.28 10.45 0.87 341
PES Max 1 4.00 98.90 4.20 112.74
Max 2 4.00 122.00 4.02 114.72
Max 3 4.00 108.23 411 107.65
PEI Max 1 0.40 4.68 0.53 4.84
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Data Averages Generated Data
Material | Min/Max | Burn Length| Flame Time| Burn Length| FlameTime

[Rank] [in] [s] [in] [s]

Max 2 0.35 3.18 0.46 4.90

Max 3 0.38 3.20 0.52 3.84

PEKK Max 2 0.23 3.10 0.29 6.07

Max 4 0.35 5.35 0.34 4.88

Max 6 0.38 7.70 0.24 6.13

4 Conclusion

All evaluated parameters were found to have some significance on the impact on the
flammability of a3D printed part. It was observed throughout testing that three of the tested
parameters (material type, infill percentage, and sample thickness) hadyést impact on burn
length, flame timegand drip flame time. Generally speaking, the material type and the amount of
material itself were factors that were found to produce the largest effect on flammability. Other
parameters, such as raster width, raatge, infill pattern, and print orientation wexleserved

to produce only interaction effects in conjunction with the other print variables listed
Furthermore, alterations in these parameters were observed to produce more variability in
recorded data dwer infill percentages.

In order to get a comprehensive understanding of the relationship between flammability and the
parameters used during the production procesS3Bf@rinted part, additional testing may be

needed. Specifically, an analysis omgdes produced from other AM methods besides FFF may

be needed to determine if changes in production methods impact the results observed within this
study. Furthermore, additional parameters used throughout the production process will need to be
evaluatedo ensure an adequate understanding of the relationship between the parameters
utilized within an AM process and the flammability a3@ printed part.
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This analysis was completed on the data from the Bunsen Burner flammability experiment. The
original data set consists of 480 data observations. There were 120 unique experimental runs,
with 4 replicates per experiment. The responses of interest are the burn length (in), flame time
(s), dripping (yes/no if dripping occurred), and drip flame time (s). The burn lengths were
measured with a ruler to the nearest 0.1 inch after witnessing the test (8 inches for failure on
12-second test, 6 inches for 60-second test). The flame times were measured with a stop watch
to the nearest 0.1 second by the operator of the test (15 seconds for failure on both tests). The
drip flame time were measured with a stop watch to the nearest 0.1 second by the operator of
the test (5 seconds for failure on 12-second test, 3 seconds for 60-second).

We considered the significance of material type, Raster Width (0.030,0.022, 0.018, and 0.016
inches), Raster Angle (90, 67.5, and 45.0 degrees), Inner Layers (11,4, and 0), Infill Percentage
(100%,20%,60%, and 0%), and Infill Pattern (Sparse, Sparse DD, Hexagram, and None) in
relation to the response variables. Note that there were four material types:
Polyetherimide/Polycarbonate Blend (PEI-PC), Polyetherimide (PEl), Polyethersulfone (PES),
Polyetherketoneketone (PEKK). The following figures provide pictures of the different factors
considered in the experiment.

Figure 1 presents the different material types that were considered in the study.

PEI.PC PEI
Figure 1: Material Types

Figure 2 presents the different raster widths. The thickness of the extruded inner material
increases from left to right, although this is a difficult to see in the pictures and is not visible in
the samples.
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