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1 Executive Summary

The stronger fixtures project had the godiindling 2 materials stronger than those used in previous projects,
and modelling fixtures fasteusing 3D scanning technologynd FFF printing fofow-cost manufacturing
Herein PA6, PA6GF and Pftamentswere found to have better mechanical performance than the previous
PETGCF and PBTPVDF had much greater vibration damping propertidss was determined usirftyid
absorption, tensile, compressive, sh&digue,and model tests, which were analysed mechanicallysing
microscopy to determine chaggyin rasters and bonds.

For the company cases the 3D scanning equipment worked well in modelling complex ges®eirigs
castings and faucet shaped objects, wherein a method for digtlok design was developed using Blender
and 3D printing SlicersThen using a moderdesktop 3Dprinter, the fixtures were printed at much lower
costs than the conventiorfaitures andmanufactured faster.

A non-confidential machining fixture was made for polymer robotic millidgherein the vacuum fixture
demonstratedhe possibility of using AM to make internal structuresyacuumworkholding.In the first
company case the old fixture was scanned epaired in CAD, which resulted in a fixture witte same
geometrical accuracy and #machining#.
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2 Introduction

Machining fixtures are found in many different geometries myaderials andare part of any machining
process. Conventional fixtures work well feimple geometries containing cylindrical or square shapes.
However advanced machinimgcludesa plethora of complex geometries, wherein fixturiog-symmetrical,
curved or thin geometries can be difficdltis required specialised fixturing systems, whintrease costs
and lead time. Herein the recent advancements in additive manufactamihglp by making complex fixture
parts in a short time span.

Companies have shown interesthe advantages of 3D printed fixtuiasludingmore geometric flexibility,
while also damping vibrations and providing a cheaper/faster specialised fixtureothld be achieved with
traditional methodsBased onprevious projectsin UPUV - 3D print fixtures and tools (P654MADE
Advanced fixtures (P600gnd Dansk AM Hub 3D Fix (P729)it was found that conventional 3D printed
materials, lacked strength and longevitigen used in a machining environme®itrongefrfixtures for CNG
machining (P10014-16) thereforeseeks to developnd adapt th&D prining technologyfor machining
fixtures using higher strength materiakhi s i ncl udes expanding DAMRCS
end/engineering grade filamenfnd consideng methods for implementation in Danish industriberein
the 3Dscanning technology may play a significant part in reducing leadamnmdelowntime of the machines
when designing fixturesTo show the capabilities and limitations of this techno)dgg materials will be
tested in their resistance to chealiand mechanical stressasdtest casefor companiesvill be engineered
and examinedtb evaluateheir practical viability

The project alsseekgo find novel solutions fowvorkholdingfixture, which is explored by creating an internal
DAMRC showcaseThe project end goal is to identify at least 2 filament types, with better performance that
in previous experimentsegardingstrength and longevity of the fixturgvhile also improving theeaseof
manufacturing these fixtures, using 3D scannifige fixture ought also to be economically viable, and
therefore has a price cap of 1000 DKK figture in material price.
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3 Pre-Analysis and Literature Study
3.1 Fused DepositionModelling / Fused Filament Fabrication

This project use$DM/FFF technology since it is the most accessible and used technology in machin
workshops. The technology uses an XYZ table, to move a heated nozzle and print bed, relative to each ot
Then by extruding heated plastic filament thru the nozzle, a lifileiwfent (raster) is laid on the print surface.
The raster solidifies, allowing further rasters to be built on top of it, thereby making a 3D object (see figure
1).

Figure3.1-1
FFF printing process

The 3D printed object can be pied with different parameters, wherein some key parameters are: Layel
height, number of perimeter walls, infill density, infill pattern, nozzle temperatbesl temperature and
printing speed/volumetric flowVhich all affect the mechanical properties of the 3D printed object, difficulty
of printing andmanufacturing time and cost
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3.2 Previouscase experience

Previous projects@ansk AM Hub 3D Fix (P729and UPUV - 3D print fixtures and tools (P654have
included machining fixturesMost companiegreferredthe PHG-CF fixtures, and many experienced
difficulties with the fixture 3Bmodelling.Most test cases were jaws / soft jaws, wherein the 3D print would
often crack or break either before use, feeraew uses of the fixture.

Case Material Use Experience Ref.

Company 1 PLA Hydraulic Failure due tomackingin printing directiorafter 2L uses [9] [19]
vise Jaws Many vibrations.

Company 2 PLA Complex Have not been used [9] [19]
Jaws

Company 3 PA (SLS) Vacuum Only small prototype made [9] [19]
fixture

Company 4 PBT, PLA, Jaws First printed wrong holding geometry, second mad [10]

PETGCF mockup of PLA to get the right dimensiortkird print

was too softfourth print of PETGCF had good mater
properties but still some geometric challenges.

JAI PBT, PLA, Chip mver First (PBT) printhad holes afterl30 uses PETGCF [11]
PETGCF showed signs of further longevity.

VOLA PBT, Jaws PBT print cracked when tightenedNo further [12]
PETGCEF, communication.
TPU

Company 5 PBT, Top fixture PBT print cracked whetightened. PETGCF broke aft [13]
PETGCF 20 uses.

DAMRC PETG Vacuum Vibrations at higher feed and cutting depth [18]

fixture
Table3-1

Relevant pevious company experience and feedback
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Some fixtures did workor a low number of useBut thedocumentation ofeedback has been either lacking,
or the fixture cracking after some u3ée first milling test with feedback, was froc@ompany 1where they
reported many vibrations, afeakageafter 21 uses/cycle8ut this was also madeith the most common
FFFfilament PLA, which isnot a mechanicallystrong filament material. In subsequent projects PLA was
used for geometric verification of the fixturehe newer test frordansk AM Hub 3D Fix (P72%ested PBT,
PETG, PETGCF and TPU as fixtures in different conditions and configuratibhe.Company 4 JAI and
Company Tases showed that PET@- could withstand the machining environment gnedclamping forces
for some time. The other materials either dail havefeedback ohad worse performancdxcept in the
special demonstration case of the PETG vacuum fixture, which did agrasfaf-conceptvacuum fixure

[9] [10] [11] [12] [13] [19]. From the experiments doneWPUV - 3D print fixtures and tools (P654) was
concluded thaFFFPA+ and SLS/PA had the best dimensional stability, with exposed to coolant, and teste
in compression. As compared to PLA, Nylon and AB$ materials. [2]

3.3 Filament material candidates

The marked available materials found were: PLA, PETG, HIPS, ABS, ASA, OBC, PP, PCTQTRBS,

PC, PA6, PA12PPEPS, PVDF,PPS, PSU, PES, PPSU, PEIl, PEEK, PERK/A, PBT. With several
materials having different reinforcements like carbon or glass fiber to increase stiffness, or additives
increase the toughnes¥endors categorise these materials ¢gmpde andgive a summary of their
characteristicsGrading is given in general purpose for common consfifaerentsthat can be used by any
printer, engneering grade for materials wigtnmhanced properties and usually reqiiigher temperatures,
high performance andltra-high performance fomaterials that require extremely high temperaturesaaad
equivalent tgoarts used in high performance industries like aerospace.
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Material Grade Purpose

PLA Generabpurpose Easy to use and cheap filamegmigh stiffness but also brittle

PETG General purpose Easy to use and cheap filament, toeigthan PLA but less stiff

HIPS General purpose  Support materialhigh impact resistance

ABS General purpose Durable and sturdy parts

ASA General purpose A more durable and easier to print version of ABS

PP General purpose Flexible materiaivith low density

OBC General purpose Easier to print version of PP

PBT General purpose Easier to prinversion of PA12

PCTG Engineering Better ductility then PETApw moisture absorption compared to AB
very high layer adhesion

TPU Engineering Flexible very tough material

PC Engineering High temperature resistandegh stiffness, and impaogsistance

PA6 Engineering High tensile strengthabrasion and wear resistant

PA12 Engineering Lower moisture absorption than PA6, mdigable and easy to print

PPE-PS  Engineering High thermal resistancéiame retardant.

PVDF Engineering Chemically inert, high thermal resistaneery high abrasion resistanc
very tough

PPS High performance | High chemical, thermal and moisture resistance;edihguishing but
requires annealing.

PSU High performance  High strengthstiffness and impact strengffame retarding, low creey

sterilization capable.

PES High performance  High strength, stiffness and impact strength, flame retarding, low ¢
sterilization capable.

PPSU High performance  High strength, stiffness and impact strength, flame retarding, low c
sterilization capable.

PEI High performance  High strength, stiffness and impact strength, flame retarding, low ¢
sterilization capable. Improved by annealing.

PEEK Ultra performance  Self-extinguishing, High stiffness and strength, low creep, |
reproducibility, low toxic gas emissions (compared to other -h
performance materials).

PEKK Ultra performance @ Easier to print version of PEEK.

TPI Ultra performance  Stronger than PEI at high temperature, frame retarding, lower cos
PEEK and PEKK.
PVA Dissolving supports Dissolvable supports
Table3-2

Stated properties of flament materials by SDXTECH

Thehigh-performancenaterials have very similar descriptiopsces (4555 USD per 250gstiffness 2100
2650 MPaand tensile strength@56). PEI has the advantageiofproving mechanically aftexnnealing and
is therefore mechanically superias a fixturecomparedto otherhigh-performancematerials The ultra
performance materials have significantlyproved mechanical performanseherein PEEK and PEKK are
very similar, but PEKK is easier to print. TRIstronger than PEI at high temperatufaisovel70°Q), yet
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this is not relevant for fixtures in machine environmeand TPI requires aextremely high extrusion
temperature of 445°C and can therefore be discarded at a candidate.

The flexible filaments can also be discardsdley have poor stiffness, this including, BBC and TPU.
Filaments like PPEPS PCTG HIPSand PLA generally have worse mechanical performanceREdit,as
PPFE-PS is more focused on chemical resistance, PCTG on layer adit#i§i&on impact resistanand PLA

with ease of print and environmentaipact andare therefore discarded as candidates. ASA is a generally
superior 3D printing material than AB®herein ABS is discarded.

The candidates for aewfixture materialthereforeinclude ASA, PEEK,PEKK, PE| PVDF, PETG, PBT
PC,and different types of PALhese materials often exist witibre reinforced varieties usingarbonfibre
(CF) and glassibre (GF), in differentconcentrationsand lengts. Some key metrics for evaluating these
materials are therint settings What are the maximum temperature requirements for pritmgchanical
strength and stiffness (UTS and Youngedulus), the chemical resistance, water absorptiwhpriceas it
can be seen in TableZ3
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ASA 270 100 57 2010 0.3 269
PEEK 440 120 100 3720 0.1 5190
PAHT 300 80 86 3172 0.53 700
PVDF 260 90 51 2450 0.05 1752
PETG 250 90 43 1950 0.1 229
PBT 250 115 50 2200 0.2 0
PC 270 100 62 2410 0.2 300
POM 230 130 50 1870 0.5 560
PEI 380 120 84 3440 0.3 2050
PEKK 340 110 90 3000 0.1 5040
Table3-3

Generaisedproperties for relevant 3D printed polymd&

PETG and PETE&F werefound to be thenost successfltFFfixturing materials fronDansk AM Hub 3D
Fix (P729) Bothbecause the chemical resistance/dimensional stability, but also mecpaopeatiesi(e., it
was found to be a strongeraterial compared to PLA, ABS, TPU and BBAs a baseline, the fixturing
material must be compatible or stronger than ®rRETG fixtures while still being economicaPEEK has
the highestUTS and Youngs modulutiowever also the highest price, and printing temperatang with
PEland PEKK This meanshat it wouldneeda more expensive 400+ C 3D printandmight fail the project
goal of an economically viable B-printed fixture.Anotherstrong material is PA, which is a common-3d
printing material wherein many B-printes are built to the PA printing temperat(280 to 300 C)There
existssuch a plethora of nylon variantl with different mechanical strengths and print temperaturest that
is difficult to distinguishlow grade from high gradeftenc al | ed fpl us o o r verSioms | |
exist, which include additives which diminish mechanical performjamtere should beomeconcern about
the water absorption of the PA, sindes higher than most other filaments. However, there exatym
different varieties of PA with lower water absorption.

At lower UTS PC and PVDF could be considered, wherein PVDF h#&swvaabsorption levebut is
comparably expensive, where PC has the higher UTS of the two. ASA has a good prjcepeiritstrength
and stiffness, but is known to havpa@orprintability similar to ABS POM is often used in milling as fixturing
material, bt13D printed, has similar properties to PET&t isextremelyhard to 3D printPBT was used in
previous testsand found to baon-suitable butfrom its mechanical properties, it ought to have potential as
a fixture(compared to PETG)t has been used at DAMRC for various 3D printed pHristo be noted when
usingmostmaterials, they should lied before printing, to optimise mechanical properties and printability.

8
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3.4 3D-printing infrastructure

To use these filamenisptimally, DAMRCO s i 8O pritisgingedsaniprovement. The closest
DAMRC has to @A 3D printer is the Wanhao Duplicator D9. Howevedoes not have a cabinethich if
often recommendeaind it frequently warps when printinghe Sindoh 3DWOX have a maximum of 2%5)
and can only use specifip®ol sizes, limiting theisability of flamentsThey both have poor printing speed
(mm/s) compared to other printeWdithin the projects budget of 28000 DKKiese printerare considered
the best a n d i @not2@28 0

Brand Printer Build vol. Nozzle temp. Speed Price Stated flaments
. PLA, ABS, PC, PA, HIPS, ASA, PI
Flashforge Guider 3 300x250x34C 320 250 26999 PACF. PLACF, PETGCF, PETG
Creator 3 PLA, ABS, PA, PC, PVA, HIPS, Pi
Flashforge Pro 300x250x20C 320 150 22499 Wood, ASAPACF

PLA, ABS, CF, Wood, Nylon, PC, P

Creatbot  F430  400x300x30C 420 55180 29600 LSOl T Ee i pyA PE
PLA, ABS, CF, Wood, Nylon, PC, P
Creatbot F160 160x160x20C 420 . 14508 HIPS. PP, Floxible, PEEK
Sermoon PLA, PETG, PET, TPU, PVA, HIPS
Creality3D 290x220x30C 300 250 19350  ABS, ASA, PC, PCABS, PLACF, F
D3
PETCF, Metal
. PLA, ABS, HIPS, PC, TPU, NYLON
Raise3D Pro2  305x305x30C 300 150 24000 [ s E e o PLA Wood PL
Bambu Lak ¥ 256x256x25¢ 300 500 11700 PLA, PETG, TPU, ABS, ASA, PVA, |
Carbon
CF, GF
Wanhao D“rpg‘;ato 300x300x40C 300 70 2647 PLA, PVA, PEVA, Nylon
Sindoh 3D;’;’(OX 228x200x30C 250 40 23820 PLA, ABS, Flexible, PVA
Sindoh 3DWOX1 210x200x19E 250 50 8640 PLAABS, ASA, PETG
Table3-4

Capabilities ofmost relevant 3D printers for the projdei

The highest temperature printers are the Creatbot F160 and F430, wherein F160 is the smallest & chea
high temperature8D printer. However, the 420 temperature may only be in as of tpdgecialisedand
expensive PEEK and PEKK. For all other materials 2308 adequate.

The build volume for the 3D printeisbetween 160x160x20@-160)and 400x300x300 (F430). Bigger build
volume makes the prter more versatile when printing and allows for multiple parts printed at the same time
Potentially saving time andost The speed in mm/s, is the maximum linear traversal speed capable of the
printer. Fagr traversal speed results in shorter print time. Though not for all prints, as the material extrusic
rate,does impact the mechanical propertkeshrer ef ore, 1 t06s not a big fac
thisproject as | obowe 3@&mni/st 6 s a
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Many recommended the Bambu Lab XXarbon combo. As it has the newest technology, in 3D printing.
While also having the highestaversal speed, LIDAR bekvelling, Al monitoring, and multi filament
capaility. It has the best price point, dett build volume, and a 300 stainless steel or hardened steel nozzle.
The savings allow for more versatilitgr consumables and 3D scanners.

To use the printers, there often a recommended slicing software, either open source ordpecific. The
most common slicer is Cura, but brarike PrusaCreatbotor Bambuab also have their own slicer. Slicers
are used tgenerate gode andadjust the print setting$ufther explanation in section 3.7.2

3.5 3D-scanning infrastructure

FromDansk AM Hub 3D Fix (P729)t was found that some fixtures (especially those for castbg8)RC

had to model coratly. From this it was found that a &tannner could be a useful tool for decreasing the
leadtime. To judge theossible 3escanners, it must be within the project budget of 35000 DKK, while also
making accurate scans, and bemegsonably versatil@herefore generally a handheld scanner would be
preferreq:

Scanner Accuracy Part size

mm M

Shining3D Einstar 7300 14 FPS 0.1 >0.05
Shining3D Einscan H 34000 - 0.05 M-L
Shining3D Einscan Pro 2X 42173 30 FPS 0.045 -
Shining3D Einscan HX 96000 55 FPS 0.04 -
peel3d Peel 3 55242 80s/m2 0.1 0.1-3.0
Artec Artec Space Spider 203490 7.5 FPS 0.05 S
Handyscan Handyscan 3D 150000 1300000 mea/s 0.025 0.054
Scan Dimension Sol Pro 14900 15 min 0.05 0.020.17
Scan Dimension Sol 6560 20 min 0.1 0.020.17
Revopoint Revopoint POP3 4600 12-18 FPS 0.1 >0.02
Revopoint Revopoint RANGE 5390 12-18 FPS 0.3 -
Table3-5

Metrics for 3D scannerf]

10
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The Einscan series, generaligs the mostompetitiveprice for high to mediumendscannersBut products like the
Artec Spacespicer havea unique selling point of being very accurate with smalbgectsbut is outside the budget of
this project.Handyscan and Peatealso outside thbudget butvould be used as @nesizefits all fasthandheld B
scanner The Einscan H is within the budget constraint, but is generally made for m&dgescanning, and is
generally not advertised as a reverse engineeringdablwas recommended by 3Deksperidije Einscan Rr2X is
more appropriate for itspecifications butioes exceed the budg@&he Einstar is the cheapest 3D scanner by Shining3D,
but also the slowestnd more consumer/hobby orientdthe Sol and Sol Prare stationar8d- scanners, which are
much cheaper, but also less versaBlat considering théuild limitations of the 3¢printers, it doesot make sense to
have a 3escan of something bigger than ~300mm. Unless the user is expected tonuitigle parts for one fixture
which is outside the scope of this project

Revopoint is a new 3D scanner vendor, which has an impressive priceTpapnthave been used in projects to 3D
print products omake 3D models in games. Bhk nearest engineering relatadustrythey have worked with is car
designThey have 3 fisizeso of product s, t he MI NI for s
bigger scansTheir speed is comparable to the Einstar at betwed8 F2PS.

It should also be considered which software/license can be used with the scanner. The Einstar/Einscan series is 1
by Shining3D,uses the Geomagic Essentials data proceaadirecommends using their Solid Edge edition for reverse
engineeringBoth Sol and Revopoint have free software for their products. Where Revopoint offers Revo(&atan 5
processor and poptocessoy, and RevaAssistant (foicontrolling Diataxis turn table SOL offers SOL Creatqdata
processorand SOL Viewe(viewer and post processor)

At Herningsholm, the Einscan series vd@snonstratedusing the Shining3D software. Wherein it was clear that it has
goodquality scans (beyond the draft quality of the cheaper modeég)is competitive with the higdnd scanners. It

also reealed how much processing power is needed to run a 3D scanner, and the hardware costs should also be 1
into consideration.

11
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3.6 3D printing and scanning services

An alternativecould also be 3@canning and printing servicé&’hich also provide some expertifeDAMRC were to
invest in this equipmentvhich challenges does it present:

Artec ClosedFFFprinter, oven/drying

Aarhus 3Dprintaarhus X X chamber
Snedsted  Kvejborg X Handyscan
Ngrresundby3deksperten X X Einscan Sermoon d3 and Einscan h2

Allergd Global Scanning X

Creator 3 Pro, Creator 4, Hi

Birkerad Flashforge X X Solb temp is expensive.
Billund DaV|_nC| prin X
service
Malmg 3Dprima X X
Herning Herningsholm X X Einscan Showed the Einscan Combo
Herning 3Dverkstan X X Einscan Einscan Pro 2Xappropriatefor
the budget
Table3-6

Possible expert contastegarding 3D print and 3D scannifg]

3Dprintaarhus generally scan for the price of 855 DIKKd can scan prodeitarger than 50 mm, with an
accuracy of 0.1 mm. 3deksperten generally c686 DKK and have multiple 3dscanneEsnscan Pro 2X
plus, Einscan HX Pro and a dental scanner for small objeetgborg uses the HandySCAN BLACK and
HandySCAN BLACK Elite The other 3escanner companies are resell&sme of these companies have
also given general advice on what products they would recommend, or what they use, as can be seen in
3-5.

12
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3.7 3D-printing parameters
3.7.1 Failure Characterisation

The FFF process involves a molten filament being fused to other rasténe print. Wherein the new raster
can fuse with the lowex layer (inter layer) or the neighbouringY -rasters(intra layer). The new raster is
heated from the nozzland at lowetayers, the matrix is heated from the bottom layer, thru the heated bed.
As the nozzle extrudeke new rasteiit travels at some print velocity, parallelthe® previous rastefhe new
raster coolglue to heat convection (often helped by a fan), heat conduction through the bonds between
rastersand heat radiatiariThe heat diffuses througtonduction withthe neighbouring rastersjaking the
material expandocally. Depending on the geometand speedof the printand distance from the heat bed
will determine the final/ambient temperature of the ra$tex.thermal procegsee figure ) repeats, as new
rasters are laid near the old rastausing cyclical thermal expansion and contraction throughout the material.

New raster Heat conduction Heat diffusion Cooling

Figure 3.7-1
Heating and cooling cycle in a sectionrdfF material

When the printing process has high heat conduction and low convection cooling, it restdisal stresses
and strong bonding of thasters ands due to over extrusion of the rasteor a printing process with low
heat conduction and high convection, there are few internal stresses and weak bondsduarnd under
extrusion.Wherein the optimaFFF printing process can be found between these stagggending on the
required mechanical properties.

Over extrusion side Under extrusion side

Nozzle
Thermal
stress

Weak
adhesion

Strong
adhesion

I\r

Heated
bed

Over extrusion top Under extrusion top

High heat transfer
Low heat transfer

I%

Ridges Air gaps

m

Figure 3.7-2
Diagram of the heat diffusion in over and under extrugde&
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As described by figure-3, the defects found in these processes are v#eyaht. Over extrusion can be
identified by the ridgebetween rasters, and under extrusion can be identified by airAjagisroscopy of
FFFABS material can be seen on figur8:3

Figure 3.7-3
a. crack between rasters, &ir gaps, cridges|[4]

Cracks may form either due to the internal stresseser extrusion, or poor bonding between rasteunder
extrusion.On figure 38 a, a micro crack can be seen between two lightly under extruded r@stéiggure 3
9 a macro crackh FFFPETG can be seerit starts at the bottom layer of the print and travels vertically for
several layer§A), thentaking a 45 degree tufor another ~10 layers, then traveling parallel to thetane.

o o~

WAyl e o )
P . w— )
W g a—— — % |
-y ”,"—'.’_“.__-——-—--:—ci

il — i o g—

Figure3.7-4
Crack found inlFFFPETG fixture

The fixture was mounted at the bottom using gg@ne height as top of AyWhichwere loaded repeatly

in the xdirection Resulting in the-directionsurfacecrack,which the lead txz-staircase cracking in the B
section(the zdirection crack isnternally a xystarcase crackwhich is a stronger direction than)xsince

the crosssectional area in an under extruded matesikdss between the rasters, due to the air gaps (see figure
3-10).
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-

Figure 3.7-5
XY-staircasecrackof ABS 3D printed material [6]

As the crack travels up section C, the momemt f@om the load increases. Which at section C resultdria in
layer crackingThe intralayer crack is found at the bonded surfacesvof layers which is weaker irunder
extrudedmaterials Cyclic loading, expands the crack, leading to debondidgch putsfurtherstress on the

neighbouring raster$he sharp corner at the bonding surfateselops further crackingventually the layers
separate (see figureld and 312).

Crack Strain expands crack Debonding E;Z?\Eglr?rggs:;asltlsr Layer separation

Figure 3.7-6
Failure formation in 3D print. Representing rasters at 90 degreessards/strain cyclesesulting in layer
separation
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The separated layers are weaker and more ductile, dueléckhef support from the surrounding material.
In compression, this leads to layers buckliag seen in figure-B3:

Lamina
boundary

— 20)() Hm

Figure 3.7-7
a. buckling raster, bdebonded surfacdd], c. void, interlayer gap[21]

These failure modes are more common from under extruBE&#materials. Since they act more lhsnded
fibres, wherein the bonds are much weaker than the fildwer extrudedFFFhas a more homogeneous
structureand stronger bondsBut suffers fronmigher heat input creating internal stressesm the repeated
thermal expansion and contractidd] [6] [23]. Resulting in a warped geometry aadgorous material, not
seen in under extrusiorhese stresses also lead to crazing, which forms cracks with repeated loading [20
The general characteristics are summed up in tabte 3

Characteristic Under extrusion Over extrusion

Low High

High Low

Low High

High Low

Low High

Air gaps, intralayer crack  Warping, pores
Visible rasters Ridges, homogenou

Table3-7
Failure characteristic oFFF material
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In a 2021 study of PEEK, they found that gaps ands/miere more common in the top and bottom layers of
the FFF print. This was attributed to theneven heating of the part [2Bnalysis offigure 314 shows that
the distribution of defects in nbbmogeneous ardepends on the printing stratederefore, thenedanical
properties relation tthe printing settings will be explored further, to find optifRRF printing settings.

Defect volume ratio: 0.66%

O

> Volume [mm?3]

Figure 3.7-8
Defect volume from CT scan (45 raster) [21]

3.7.2 Printing Parameters

45
404
3.54
30
254
204 _
1.54
1.04 .
0.54

T T 100 -
Wood/PLA-PHA PLA
PLA 1

/ 804

Wood/PLA-PHA

60

404

20 4

Tensile strength (MPa)

Young's modulus (GPa)

04

0.0

160 180 200 220 240 260 280 300
Printing temperature ("C)
(a)

Nylon

160 180 200 220 240 260 280 300
Printing temperature (°C)
(b)

Fracture toughness (MPa.m'“)

Nylon
Wood/PLA-PHA

200 220 240

260 280 300

Printing temperature (°C)
(c)

Figure 3.7-9
Relation between nozzle temperature amdimanicalproperties of 3D printed filamenf$5]
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3D printed material properties depend on the printing parameters, as seen er8iigdifferentnozzle
temperatures have different effects depending on the mafEnalkey metrics used in most studies is the

Youngs modulus and UTS. To have a strong fixture, the print strategy must be considered, to optimize
strength of the material.

Avg. Peak Stress Vs. Infill %

o p 4
N PR T
@ & B
1 259 T !
nfi 1.1.3'-:1‘"[-356
Figure 3.7-10

Average tensile strengths for different materialsyases infill densitie$3]

As seen on figur8-9, the infill density has greateffectof the strength of the materi&generally,materials
get exponentialljhigher UTS as the infill density increaséa/hile also increasing the Youngs modulis.
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=
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A study of PCL also tested layer height and nurr

6.5

%m of perimeters as determinants of strength in the 1
f:g product. Where they again observed that higher i
s density, leads to higher UTS. Whereas layer he
£ . of 0.1 mm was found to be best (though tded/ not
g test layer heights between 0.1 mm and 0.15 mm).
5 o two perimeters were found to be the stronc
s configuration. [7]
. . Ir.1fill Density [.%J . . 2200 = 0.3 mm -
2000 o 02w - -
_® = 1800 = -
% £ 1600
g % 1400
3 4
= 51200
% u £ 1000
i % 800
: - T mE i
400
iz 200
(A} oS a2 025 [ ]
Layer Height {mm) Overlap 0 % Overlap 10 % Overlap 20 %
e (a)Elasticity modulus in MPa
—- SO mmm 03 mm ) ~
g ) —sii=l
E 15.0- /_--’ E §30
3 L !
E e _.L gm
wo I ig
1 2 3 glo
Shell Perimaters
0 Qverlap 0 % Overlap 10 % Overlap 20 %
g . Layer Thickness vs Ultimate Tensile Strength (b)Ultimate tensile strength (UTS) in MPa
22 ) Figure3.7-13
2 s "o PETG tensile strength and Youngs modulugaates
g “le layer heights and raster overlap [14]
g 50.1 012 014 016 018 02 022 024 026 028 L . . . .
Layer Thickness (mm) Similarly, a study using different print layer height 1
PETG, found that 0.2 mm (the smallest layer he
Figure3.7-11 tested) had the highest stiffness and UTS. They

PCL tensile strength atariousInfill density, layer considered the overlap between the rasters, and f
height and shell perimeters [/lPLAtensile a positive influence on mechanical prdpes, at leas
strengthat different layer heights [35] till 20% overlap. [14]
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For compressive strength, infill pattern was founc

] be a factor in the products strength. Examinin
] PACF product, the authors found that the triang:
6 infill pattern was the strongest pattern in compres:
F51 [5]. In a tensile and bending test, triargyuhfill also
2,] had the highest strength, but honeycomb pattern
£l i the highest weighted strength [16].
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14 |=—— Rectangular 41%
——— Rectangular 45% - + - L > + * L
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501 e 10
= e & g —a—210°C
45 s = 5 e—220°C
01 7 e 2 5 s 230°C
§3'5 R / /\/_\ = ) —wv— 240°C
S 30 V // —— | 250°C
325 / — 0 &
& 20 m—c 0.00 0.02 0.04 0.06 0.08
i e Gyroid 40% 2 z :
8 [ Gyroid 43% Engineering strain (-)
1.0 l—— Gyroid 46%
T
.5 - Gyroid 52% H
00 . : : : ; . Figure3.7-14
.. S Nozzle printing temperature, and resulting UTS f
PLA 3D printing [8]. Stressstrain curve of wood
Figure 3.7-12 PLA with different printing temperatures [15].

Stressstrain curves for different infill pattern at
varies infill densities [5]

For PETG the strength and stiffness are proportional to the nozzle/printing temperature, as can b
figure 315[15]. Likewise for PLA, however the figure also shows the strength gain is minor, after a «
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temperature [8][33] Found that théfield strength, tensile strength and elastic modplascausafter a
certain temperature. For PLtAatwas around 21 in one study, an@i85°C in another

30%
2z
8
5 20%
=¥
10% 6.3%
4.3%
2.3%
2 \Q 0.5% §
0% N »
27N
n‘:’ 1073 1068 1080
2 1100 1022 55 1000 4§
N
.—g 875.8 893.2
S 900
o 2.
E 800
Q
= 700 654.1
17
>
600
2]

40°C thin 40°C thick 80°C thin 80°C thick Injection
molding

Top Layer M Middle layer W Bottom Layer

Figure 3.7-15
Porosity and elastic modulus of 40 and 80 C heated, PtiAted in thick(24 layers)and thin(4 layers)
sampleg22].

The effect on the heat input can also be seenrli, 3vherethe porosity is higher at the bottom compared to
the top layersvhen heat treating the specimen at 40C to.88erein this iexaggerateéven further when
thetemperature is increasethe internal middléayers were shown to have even higher porosity, resulting in
a more ductile materig22].
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3.7.3 Composite Fibre Filaments

Table 3 — ASTM D 790 flexural test results.

Flexural test parameters Nylon + Carbon Fiber Specimens Nylon + Glass Fiber Specimens

0° degree  45° degree  90° degree  0° degree  45° degree  90° degree

Flexure stress at Maximum Flexural load (MPa) 50.1 237 78 145.8 84.39 20.8

Young's 3914 1156 1638 28,379 13,084 915.9

Modulus (MPa)

Flexure strain at Maximum Flexural load (mm/mm) 0.047 0.042 0.040 0.011 0.016 0.045

Flexural stress at Break (MPa) 22 23.0 28.7 26.7 442 20.4
Figure 3.7-16

Fiber directioneffect on mechanical properties for 3D printstbon and glass fibre filled nyldd] .

As can be seen ofigure 3-15, the strength and Youngs modulus of fibre reinforced filamenhighly
dependent on the orientation of the load. A load parallel to the fibre (Ohdeghe highest strength, whereas
at other angles the interaction between matrix and fibre becomes more complicated, and weaker.

Crack B
=" Propagation

MakrBoR R

N

Fiber 2 ™

Void

TS

Elongation Cracks N
-
-
X e 4 >
SEM HV. 5.0 kV n MIRAJ TESCAN SEM HV: 5.0 kV WOD: 24.63 mm MIRAJ TESCAN|
SEM MAG: 206 x m SEM MAG: 506 x Det: SE 50 pm
WTR, SRE Campus View fiekd: 274 pm | Date(midy): 1211121 WTR, SRE Campus

Interface

\ 3 "Void /O i
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L
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Elongation
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’
Breakage \
{ 5

Nylon ‘\O
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SEM MAG: 300 x Det: SE 100 pm SEM MAG: 500 x Det: SE 50 pm
View fiekd: 461 jm  Datafmdyl 012922 WTR, SRE Campus View field: 277 pem  Date(midy): 012022 WTR, SRE Campus

Figure 3.7-17
Microscopy of PACF and PAGF before(A) and after(B) failure [1]
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From the microscopy, is observed that the distribution fitbresis not homogeneous&ince the fibres are
generally along the print direction, the composite ni@tés even moranisotropc than normal 3D printed
material.The same failure conditions as in 3.5.1 can be apptiedever,afibre with strong adhesion to the
matrix, results in a more dimensionally stabile material (less bucklhg)a fibre may have bad adhesion,
due to poosity and weak bondin¢gdelamination) For PA+CF and PA+GF, it was concluded that fibres had
a moderate improvement in mechanical strer{gih.

PAHTCF 300 80 125 (+39)  7808(+4636) - 340-1500

PAHTGF 300 80 88 (+2) 4833 (+1661) 0.2 770

PEEKCF 440 120 80 (20) 3720 (+0) 0.06 -

PETCF 320 80 87 (+44) 6025 (+4075) - 300+
Table3-8

General material properties of fibmeinforced 3D printed materials, including the relative gainiensile
strength and stiffness.

Table3-7 shows that fibres generally improve the mechanical properties, though not for PEEKCF has
been tested before in a fixture and can therefore a point of reference if PA composites are to bbeested.
is variability in both mechanical properties and prisace the type of PA and amount of fibre is different
depending on the product.

3.7.4 Recommended Print Settings

To have parody between the materials, they ought to be printed with the same structural print setting. T
may lead to notoptimal printing in some cas&Senerally, near 100% infill is ideal for strengiinthe Dansk

AM Hub 3D Fix (P729)bsorption testhe percentage weigbtin was related to the infill. Wherein 100%
95%and 20% infill were tested. For parody witlakéxtures, the absorption test ought to alsodé infill.

Layer height could either be low to maximize adhesion, or high to ministertion.Layer heights should

be tested further, btitelayer heighof 0.1 mmfrom the PCL studyvas the strongest for that material and is
therefore expected to be the same for other matelBglthe same study the number of perimeters should be
set to 2.

For a non 100% infill part, the triangular infill pattern is strongest for compressive strEngtn100% filled
part, it is important that the raster angle is as high as possible (by default mostuslece@0-degreeraster

angle.

Fibres can greatly improve the material strength and stiffvgaen printing with fibre composites, use a
nozzle with high abrasion resistance. Consider the orientatidr dibres, as they will mostly align with the
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print direction, and will be strongest in that direction. It is important that bre Aind matrix have good
adhesion, thereforthe use of amappropriate temperature required

The following materials have been chosen for their equivalent or superior mechanical properties to PET
Wherein, the materiatendorswith datasheets have been chosen for quality assurance, where they have tl
temperature settingecommended, to their stated strength properties

Material Vendor Tensile strength/ Tensile modulus/ Nozzle/bed Price per kg

Flexural strength Flexural modulus temperature

Unit - MPa / MPa MPa / MPa c/C DKK
PETG Material4print 53/ - - /2150 225-255/ 60-80 170
(comparison)

ASA Material4prirt 50 /- -/ 2300 230250 /90110 220
PAG6 Tarfuse 55/68 3500/ 3000 270-300/ 30-110 380
PAGGF 3DXTECH 62.8/72 4261/ 3600 265 /70 7950
PA12 Handtmann Xy =40,z =25/53 1293 /1307 235255 /606110 630
PA12CF Handtmann xy =56,z =15 /89 4632/ 3720 245-265 / 60110 790
PC Polymaker Xy =62.7,z=419/ xy=2307,z=2260/ 255/100 240

100.4 2247
POM Tarfuse 50 /- 1870 /- 230/130 560
PVDF add:north 587120 387 /3155 240-260 / 5060 1250
Table3-9

Material vendorsstated materiaproperties[23]
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3.8 Selection

Based on previous tests of 3D printed fixtures, it is expected that a better fixture material filament, shot
possesdettermaterialpropertiegshan PETG. To judge materials, the generaperties of filaments: nozzle
temperature, bed temperature, UTS, Youngs modulus, water absorption andgnecesed.

The relevant materials found were: ASA, PEREKK, PA, PVDF, PBTHIPS, PC, POM, PEl, and fibre
composites of these materials may also be considémen these, PEEKPEKK and PEI were not
economically viable, as they have a high material cost, and a neszhfdrigh nozzle temperature. PBas
failed in previous use cases. And HIPS has a lower UTSREdiG andvould therefore be expected to also
fail when used as a fixtur@he selected test materials are therefore: ASA, PA, PVDF, PC, POM. Wherein
PA has two main vaaints: PA6 and PA12. PA12more desirable, since it has lower water absorption. Though
combined with fiber reinforcement, PAG is also viable.

The current 3D printers at DAMRC are not designed for printing with these filaments. Since they require hig
nozzle and betemperature andre more abrasive than normal consumer filam@ais.Creatbot 3D printers

do have the best high temperature capabilitizg.the F430, does exle the budget, and the F160 has a
comparatively small build volum@ll the printers offer live print monitoring, automatic bed levellirsand
cabinets with HEPA filtersBambuLab may have the second smallest build volumejtkaffers many
advantages, since it is the newest of these products. It is cheaperjfeegjeates automatic filament change
(AMS), Al first layer and spaghetti detectiorherefore, it will be used in this project.

3D scanners exist in many price ranges. The-bigthscanners including peel 3d, Artec and Handysaran

not within the budget of these project. Gamer/prosumer scanners including Revopoint, Scan Dimension
and the Einstar, have decent capabilities, however lagkeaision(especially free hand scanningjze
versatilityand speedlherefore, the Einscan series is the primary candidate for a 3D scanner. The Einscan
is within the budget constraints, but is generally recommended for méaligenobjets. Whereas this project
concerns smalinedium objects. The H series would also have problems scanning holes/cavities in objec
By considering the savings in the 3D printer, the Einscan Pro 2X is viable economically réecwhisnended

for its versatilityand suitability for smalmedium objects
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3.9 Posttreatment for enhancedmechanical properties

Thermal treatment o8d printed polymers have been shown to increase streNgtBayanth[29] have
comparecannealingof PLA atthree temperatusewith differenttreatment durations.

Batches of Annealing, their corresponding temperatures and times. AVERAGE VALUE OF THE TENSILE STRENGTH OF EACH BATCH
30
Annealing Temperature (“C) Time (min) Part Name w0 O LT B FORE PO P2
ap 60 1A g 70 6197 6379 9984
120 1B e
240 1C g so —47.08
100 60 2A § 20
120 2B u
240 2C -
120 60 3A .
120 3B
1]
240 3C 1 1A 1B 1c 2A 28 2C 3A 3B 3C
0 —_ 1 BATCH NUMBER
Figure3.9-1

Thermal teatment parameters and results of RN Jayanth [29]

All treatmentancreased th&ensile strength, with increasetfectof longer treatments duratiorighe
biggest increase of strength was seetD@degC, which seems to imphere may ba sweeispot where
both too high and too low temperature isptimal.

The PLA test specimens were designed with flat geometries, thereby minimelogdh during the
annealing process. However, concerns afispecimens are subject $tress during the treatmehtt 6 s
uncertainf this treatmenis fit for parts that a rb@ psitioned witlout loadfrom its own weight.

Amza et al. [30] havenade post thermal treatments of PETGe samples were packedglass powder
with allows highemannealing temperatures, without disimm. They treatment temperature was 220dégC
15minutes (Full treatment) and 5minuts (Partial treatment).

50

S
&

S
o

- Horizontal

orientation
u Vertical
! I orientation

Full treatment  Partial treatment  Control (no treatment)

Tensile stress at tensile strength [MPa]
- - N N w w
o w o wv o w

(=]

Figure 3.9-2
Thermal treatment results of PETG, Amza [30]
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Both treatment durationsereseen tanfluencestrengthgespecially on the vertical oriented specimens,
where thepulling was normal to the printinigyers.The material thus came closer to having isotropic

strength propertie. he t est n ami n gis up for débkte ds bothtthiapea[BOjremchN. 0
Jayanth [29], did not reach a plateau regarding treatment durations.

Wonseok Seok [31] have testeariousannealingemperaturesf ABS filament reinforced with carbon
fibres In thisstudy,there seems to be a parting with the idEbnger and hotter treatmen¢ing always

better.The conclusion on this study is the coolest annealing oti2g&; with 4 hours of annealing makes
thetests strongest.

Pure ABS 10 wt% rCF/ABS

34 34
32
30
28
26

32
30
28
26

Tensile Stress [MPa]

4h
24 24
2h

22 22
05h 05h
20 20

105° 59 175° 105° 25° 175
< 1257 . mOSh m2h m4h C 125°C C

4h
2h

Tensile Stress [MPa]

m05h m2h

(@) (b)

20 wt% rCF/ABS

34
32
30
28
26
24
22
20

4h
2h
05h

Tensile Stress [MPa]

105°C 125°C 175°C

(c)

m05h m2h

Figure 3.9-3
Thermal treatment ABS(a) ABSCF1Q(b) and ABSCF20(c), Wonseok Seok [31]

To ensureepeatabilitythere was made three samples for each annealing cor{8itiphe deviatios of the
testsarenot stated, nor has thepeatabilitbeen commentedté gherefoe unclear how much certainty there
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can beexpectedirom the studiesof specificannealing parametersompared to how mucarbitration is
involved.

The annealingreatmenthas a healing effect on the voids caused byFffleprocess [31]And thevoids in
the in the filament caused by the reinforcedi€&lso reduced. t ubcdear how much of an impact thiave
on commercial CFRF, as Wonseok [31] produced their own filament.

The study also tested the dimensional change of the annealing. Higher temperaturekiggdshienpact on
dimensional change, where it is noticeahigt the duration of the low temperature of 105degCamdyllittle

change as the duration increastde heaideflection resistance was seen to alwaybdier with increasing
CF content.
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Figure3.94
Dimensional change from annealing, Wonseok Seok [31]
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ABS, PETG, PLA Thermal
characteristics
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175 175
150 150
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mSubTg Glass transition(Tg)

mSub Tm m Melting(Tm)

Figure 3.95
Annealing temperature in tests

The strength enhancing mechanism of post thermal treatment is
likely dueto increased fusion between layers and parallel rasters
a reduction of voids. It may also be paxbntributed to relief of
residual stresses, so prestressed areastd@muse failure. These
mechanisms are expected to be found in raB§tprinted materials.
The requirement to pack the parts in powder, will likely vary
depending on material and geometry, and especially how aggres
the treatment parameters are. This makes the simplest treatmen
low temperature for a long duration tfmitigates the need for
powder packing.
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4 Hypothesis

Usingaffordable3D scanning to make 3D printed fixtur&anish machining industry would be improved in
terms of lead time and cosising high end / engineering grade filamensl] allow for fixturesto last for
longer production uns, than previous materialseading to cost savings compared to traditional fixture
methods and methods using commercial grade filament

5 Success Criteria

At least 2 filaments with better performaraga machining fixturthan previously tested materiaigherein

the best material was PETG and PET& Which would be less likely to fracture or deform when tightened
as a fixture, and lagor longer production runs without failure. Then by usings®i2anning and 3D printing
together, the lead time and cost of custom fixtures would be significantly reduced, improving the productivi
of machining workshops.

3 cases showing the capabilities of 3D printed fixtures must be carried out. 2 of these cases ought to b
relevant compaies with fixturing issues or potential improvements from this prodéssseoughtto show

the benefit of 3D scanning to@ne case will be made at DAMRC, as a {wonfidential demonstration for
others.

6 Project Scope

This project seeks to find affordabdand easilyaccessiblevays to makdixtures andis thereforeonly
considering FFRFFF3D printers, as they are already commonly in use at machining workshopgremdlly
more affordable than oth&mes of printers. This also includes materials being affordéd@degfore a normal
fixture must not excide 1000 DKK in material cost.

The project will explore 2 company cases, with previages on 3D printed fixtures. get feedback on the
expectation and experience of the process and fpamaconfidential fixture will be made a8 inspiration
case for the wider industryThe company cases will only involve fixturing design andnufacturing
therefore the use and feedbadkhe fixture will be the responsibility of the user.
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7 Risk Analysis

It may occur that none of the materials have better performance than 6tEIEST GCF. This can happen

due toeconomic reasons, wherein fixtures would be more expensive than 1000 DKK.SDretlgth and or

the fatigue strength of the new materials is poorer than that of RRAGETGCF. The filament may not be
chemically stable, which may result in fast degradation of the fixture. It may also have poor vibratio
charateristics, as seen in previous castswvever, using a wide rangelofv-costmaterials, withappropriate
documentation ought to shamprovedmaterial characteristics.

The 3D print settingsr machine limitanay also impede on the performance of the test fixtures, leading to
warped geometries or poor mechanical properispecially since high temperature and composite materials
are harder to print, and more abrasiVee machine may also break down or have varies fl&as most
filaments it should be possible to fine tune psettings andariesparameters will be tested to fiadequate
print settings.

It may not be affordable to bay3D printer that uses high end filaments, or a 3D scanner with good tolerance
for reverse engineeringAnd the scanner could require high processing power, which may not be within
DAMRCO s c aAmalket hnalysis woslld show tieeonomic limiations for equipment.

The process of making the fixture, might alsodextrease lead time and costs overall, therefore not improving
productivity. As the design and manufacturing process can be too complicated, slow or un@tiaipanies
may not be interested in 3D printed fixturk=sgding to no cases for the project to explore and analysy

may not see benefits in using the fixture and provide poor feedbsicly company cases tluan be analysed,
andshow the complexities of the design and manufactypiogess

8 Experimental Design

8.1 Measurements

To quantify the capacity of the filament materials to be used as machining fixturaml#er of tests will be
performed, to validate their resiliencen@chining conditions including:

a. Exposure to coolant. Since it is often used in machining, a fixture than weakens or deforms wh
exposed to coolant is less desirable.

b. Mechanicatharacteristicand limits A fixture is used in many strained conditions within the material,
which includecompression, tension and shear modes of high force applications.

c. Fatigue characteristicErom previous cases fixtures often failed due to fatigue, to improve fixtures
thefatiguelimit of the fixtures ought to be better.

d. Microscopy analysis. It washown inthe PreAnalysis and Literature Studpa the structure of the
rasters and their bonding had a big influence orchiaeacteristics of the 3D printed part.

e. Vibration characteristics. The advantages of 3D printmojude the geometric versatilitand ant
vibration properties of the plasti® well-designed fixture can take advantagetlis andmake
vibration prone process more stable.
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8.1.1 Absorption Testing

As coolant is often used in milling, an absorption tessiential to assess the viability dodgevity of the
fixture. FromUPUYV - 3D print fixtures and tools (P658A+, ABS, PLA and photopolymer were testey
likewise inDansk AM Hub 3D Fix (P729PLA, ABS and TPU were tested with fluadsorptionMaking a
similar test to these with the new materials, would prove valualitsm of comparability of the materials.
When exposed to coolarh the UPUV - 3D print fixtures and tools (P654psorptiortestthe dimensional
distortions were very minoit showed the weight gain as a much more useful metric for determining the
absorption. Which woulthter also be used as the only metri©®ansk AM Hub 3D Fix (P729)

Figure8.1-1
UPUV - 3D print fixtures and tools (P654bsorption test setup

8.1.2 Microscopy

A microscopy of the 3Eprinted layers would give feedback on the quality of the print settings. It may also
give insight into the failure mode of the fixture, giving valuable feedback on the print strategy. The effect «
the heat diffusion distortion woulalso be observed, wherein some materials made have higher distortion
which may conclude in different materials having different optimal print settings. From preliminary
microscopy of current materials at DAMRC, the failure mode can be seen for PLA a&®E giving
insight into the printing challenge:

PLA (Iow temperature strff) PETGCF (hrgh temperature ductile)
Top : ' . Ny S
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Bottom

Side crack growth and debonding Fiber stringing

As established in section 3.7, there are generally two opposing factors towards failure in 3D printed mater
high heat gradient causirstrong fusion of rasters and heat gradient causing distontigmevious 3D prints

it is evident that the PLA may have had bad fusion, leading to crack propagation thru the weak bon
Oppositely, the PET®&F material fused well, but shows signs of warping, caused by distortion in the material
The stringing is alsorpminent for the PETE&F sample, which is often caused by high nozzle temperatures
(low viscosity). Using microscopy, the optimal print settings may be found. While also understanding th
resson for failures.

8.1.3 Mechanical Testing

In Dansk AM Hub 3D Fix (P729ndUPUYV - 3D print fixtures and tools (P654pmpressive strength test
were madeln Dansk AM Hub 3D Fix (P729) wasused to select between PBT, PETG and PERSUsing

a vise to compress the 3D printed jaw fixtagainst thavorkpiece The vertical movement of theorkpiece

was then measured usinglial indicatorThi s wasno6t wused to test the s
but the movement of theorkpiecewhentightened. However, a setup like this could save time in terms of
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discarding material that deform too muatthis testin UPUV - 3D print fixtures and toolsR654 samples
were put in a vise, for both compressive and twisting stresses, wharethent on the torque wrench at
failure was noted.

Figure8.1-2
UPUV - 3D print fixtures and tools (P654)ompression and twisting test setups
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From this acomparison between materiaégis made

PLA ABS PETG Nylon
Compressive strength (Nm) 200 78 85 200 200
Twisting strength (Nm) 184 108 100 106 130
Table8-1

UPUV - 3D print fixtures and tools (P65&rength test results

However, it was limited to a maximum of 200 Nivherefore PLA and PA were nomeasured at failure for
compressive strength. Unexpectedly, the ABS and Ptaié€al worse than PLA. This may indicate the print
conditions were noideal for the ABS and PETG, since they normally have greater overalirerhen in
use (as can also be observed by the cases at companies). Therefore, this tgstsgtateg beavoided.

Ideally, to have good parodetween test geometry (wrench, visefddure, workpiecethe metric should
be in force per unit area (MPa). Sirtbe moment of the wrench, will result in different workholding force,

depending on the fixturgeometry The clamping forcean be calculated & —t, whereOis the force in

Newton,0 is the torque in Newton metei®, is the diameter of the screw in meters, #dig the coefficient
of friction between the screw and jayis2 for steel) (https://calculator.academy/clamgimige-calculator/).
This force will then balistributed on the contact area between the vise grips and jasutifg the stress

calculation being, : y® . This asumes the stress is linearly distributed in the

-
system

The materialfailure in UPUV - 3D print fixtures and tools (P65#yas visual breakage, which can conclude
in fixtures being plastically deformed being deemed acceptable. Whaaeak AM Hub 3D Fix (P729)ses

the dial indicator to determine movement of the fixture, at a particular pbi@tial indicator may not detect
the exact failure poiraf the materiglbut movement of &xture is a good indication of a failed fixture.
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g////llx. g////'./1 J////I./.

g///// g///// J/////

Figure8.1-3
Diagram ofstressdistributionin different sizes gaw fixture

To maintain linearity in the system the 3D prinfedures (blue), should have a holding surface less than or
equal to the workpiec@reen) And beless than or equal to the holding surface of the (gs®). Otherwise,

the relatively soft plastic will deform unevenly (see fig8s8 third diagran). The fixture ought to be thin in
the direction of the clamping force, teduce the chance of buckling.

While compression is the more commsitness mode of a fixture, shear and tensile stresses also appeal
Therefore, theswill also be tested usingonventional techniques to compare materials in these mbles.
stress and strain can be grapli@danalysis of the Ultimate Tensile Strengtm d Youngo6és mod
are key to comparing the strength characteristics of materials.

8.1.4 FatigueLimit Testing

The successful fixtures frodPUV - 3D print fixturesandtools (P654andDansk AM Hub 3D Fix 729,
brokeafter some use#s described i18.7.1, the cyclic stress conditions, lead to debonding in the 3D printed
material.Therefore, a fatigue compressive strength test would be valuable in evaluating the theoretical numl
of useslt may be performed in a similar manner as the compression testeBut the yield strength, and

with repeated tightening and loosening.

Thereis not much data onhe fatigue limit ofFFF mateials, and the loading type must be considered when
using SN curves[20]. For the best parody with machining fixturgise fatigue test will be compression
compression fatigud-or the scale athe project, the number of cyclegy be very limited. But using Paris
law, some knowledge of the crack growth may be used to interpolate the.results

y= 330,14y 0276

}r ] 144.9?){-“.156 X .
@ X-direction

40 4 Y-direction

Stress / MPa

y=1253]1x02

8 Z-direction

1 10 10* 10 1 e 10 107
Cycles to Failure
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Figure 88.1-4
Tensile fatigue test of LTEM [24]

It was observed if24] that cracking would start @houlder/joint as seen on figure48The resulting SN
curve for allprinting directions would start different at low cyglése strongest being theyxdirection
However, converge as the loading is lessened.

Voids

a) Toolpaths detail in PC designed part b) FDM toolpaths and fatigue crack

Figure 88.1-5
Tensile fatigue test of LTEM [25]

Likewise[25] observed that a void from the printing processch then led to the spawn point of a crack, in
a fatigue testvith a more complex loading configuration

8.1.5 Vibration Fixture Test

DAMRC hasexperiencevith vibration/modal test and analysiut there is no known direct methodredate
fixture modal analysis, to cutting parameters or stability thhgrams. However, the real and imaginary parts
of the FRF can be used to find the natural frequencies, damping ratigtiftmess of the fixtures. Which
would make the materials comparable, in term of vibration characteristics.

37



.NDUSTRIENS -OND DAMRC

8.2 Non-Confidential Machining Demonstration

8.2.1 Holding Setups

/ — —
11111177177 = =
Modular There exists New to the Complex Relatable to Not versatile May only be Complex
Versatile stronger industry Non-printed previous project possible with AM Unstabil
Easy to make solutions Better clamping parts Hard to make Shows potential Weak
Low lead time Not applicable in Have some High lead time without AM
industry (unless experience
damping makes
up for strength)
B
, X
11111171717/ 3
Relatable Complex Relatable Complex Relatable Complex
Comparable to Unstabil Comparable to Unstabil Comparable to Unstabil
industry Weak industry Weak industry Weak
Potential Existing Potential Existing Potential Existing
improvements technology improvements technology improvements technology
Have some
experience
Figure8.2-1

Possible workholding test setup ideas

To show the use of 3D printed fixtures, the fixture ought to be testad imdustrial nachiningsetting.
Wherein there exists many different workholding configurations, as shown oa 8duitn Dansk AM Hub
3D Fix (P729 the cases were similar to the vise modutesnplex top holding and vacuum fixtur&ghereas
MADE Advanced fixtures (P600)ad a case more like the custom solution for a pump housing.

Generallya vise or chuck related solution would demonstrate how companiesrepldde custom soft jaws
with 3D printed jawsFor a 3D printed jaw to work though, it needs to have a goongpressie strengthand
friction with theworkpiece

As for the top holding solution, the stress would be mostly tensile and bending mdoergsiseful in many
complex geometriethat would usually be clamped with nuts and bolts. Which may masutfece oneed

a verypeculiargeomety. In thesecasesthe pitbull/nut fixtures are also possibilities. Wherein they hidnee
advantage of covering less of tverkpiece andeing less bulky and moxkersatile

A vacuum fixture has already been tested at DAMRAh the idea of second sideashiningin mind
Useabilitywas demonstratad Dansk AM Hub 3D Fix (P729glthough the fixture was nanhalysedurther,
considering issues with tolerana@dampingThis fixture does require more consideration towards geometry
of both the workpiegevacuum pipes and air insulation, and is therefore only viable for industriegahiat

use it more mediurarge series of hard to hold produdfghich makes this fixture competing with more
common specialised fixtures, used for larger production rilihsrefore,a vacuum fixtire mustshow
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significant improvement in the workholdinghis ismostrelevant for complex or ornate geometries, that may
have thin walls, causing chatter vibrations.

The more complex fixtures aedstractfloating and custom fixturediKe a pump housing Without classic
tightening equipment, these fixtures have a much lower clamping force, resulting in arsltivg process.

But in some cases, with abstract shapes, these might be the only possible (bdarexample on figure
below).

Figure8.2-2
Stratasys AM fixtures [17]

8.2.2 PreviousDemos

In Dansk AM Hub 3D Fix (P728d UPUV- 3D print fixtures and tools (P65dgmonstrative cases were
made, as proof of concept cases for 3D printed fixtures. The lobe bowl was used to spark interest in the 2
printed fixture concept and showed the use of 3D scanning and simple CAD modelling to make a jaw fixtur

Figure88.2-3
fiDemo7b b e bComplex jaw fixturéJPUV - 3D print fixtures and tools (P654)
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Figure88.2-4
Vacuum fixturddansk AM Hub 3D Fix (P729)

In Dansk AM Hub 3D Fix (P728d UPUV- 3D print fixtures and tools (P65dEemonstrative cases were
made, as proof of concept casks 3D printed fixturesThelobe bowlwas used to spark interest in the 3D
printed fixtureconcept andshowedthe use of 3D scannirgnd simple CAbhodellingto make a jaw fixture

The vacuum fixturelemonstratedan alternative to metal fixtures, andisproving the perception a vacuum

fixture would be too complexHowever, at higher feed and cutting deptthere were problems with
vibrations.
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9 Experimental Procedure

All tests use the (modelysing 95% infill, triangular pattern, 2 perimeter walls, 0.1 mm layer thickBess.
eachspecimen were made with the materials and temperature settings on the BambuQaaib ot

Material Nozzle Bed[C] Volume flow .Dry Temp. - Program:
[C] max [mm?3s]  Time [C-hours]
255 70 12 none Jaw draft PET@L.gcode
ASA Bz} 110 12 7071 20 Jaw draft ASA3v2.gcode
2AGN 280  50/110 16 701 70 Jaw draft PA&7.gcode

275 100 16 707 6 Jaw draft PA6GF.gcode
250 100 16 7071 16 Jaw draftPA12-5.gcode
250 100 16 707 18 Jaw draft PA12CF.gcode
- 255 90 16 707 6 Jaw draft -4.gcode

el 225 110 16 7071 18 Jaw draft POMmk3.gcode
245 45 3.2 none Jaw draft PVDR2v2.gcode
240 65 16 none Jaw draft PBT.gcode
245 70 12 none Jaw draft PETGCF.gcode

Table9-1
Print heat settings for specimens
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Material

1t layer

1stlayer infill

Walls

Infill

Top layer

DAMRC

Travel

PETG

ASA

PAG

PAG6GF

PA12

PA12CF

Y
@]

POM

PVDF

PBT+

PETGCF

50

50

50

50

50

25

50

25

30

50

50

105

105

105

105

105

50

105

50

30

105

105

200

50

60

200

200

100

200

100

30

50

50

Table99-2
Printing speed in mm/s for specimens

350

250

350

350

350

175

350

175

45

250

250

200

200

200

200

200

100

200

100

45

200

200

500

500

500

500

500

250

500

250

500

500

500
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Material

PA12
PA12CF

PVDF

None

Light warping

Warping

None

Blobs

Clogging
Blobs

None

Extreme
warping

Clogging
Blobs

Solutions

N/A

Drying, using skirt

Drying, using skirt

N/A

Lower walls printing
speed.

Drying, lower walls
printing speed.

N/A

PETGraft, low printing
speed.

—_—
P s |

Drying, lower walls
printing speed.

Table99-3
Printing problems and mitigation
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The final specimen prints were successfully print, except POM, as the extreme warping nedaitace.
POM was only somewhat successful at very ilofil (15%)andusing a PETG raft to suppofithis allowed
for a successful print, but the geometry is still warped significaftistherusing alargePAG6 raftallowed for
the 95% infill, by overfillinga triangular PA6 infill pattern with POMThe print still warped, but it was
successfulThe timelapse of the successful prints can be fouridtpt://shorturl.at/ CDNZ5The 3 specimens
were labelled A, B and C.

9.1 Filament Absorption Test

The procedure of thidament absorption test will be the next:

PpwnpE

o

Weighall the specimenmdividually, and note it in 230828 Tedata excel shed\.

Attach weights to the specimens.

Lower the specimens into cooldhtid (HOCUT 4260) until they are completely covered.

Weigh the specimens after 2 hours of coolant exposure, and noE3@8a8 Testlata excel sheet A.
(Note: dry off specimen with a towel before weighing)

Weigh the specimens after furti#yhours of coolant exposure, and note it in 230828-dat excel
sheet A

9.2 Mechanical StressTests

9.2.1 Compression Test

This is the procedure followed for the compression test:

1.

ablrwn

© N o

Insert a specimen with the XY layers normal to the clamping surface, with the long side against tt
jaws.

Place a dial indicator to measure theaxs displacement.

Tighten in 10 Nm increments and note the torque and displacement.

Stop when either the vise cannot be tightened further, or the specimen shows signs of failure.
Insert a specimen with the XY layers normal to the clamping surface, with the short side against tl
jaws.

. Tighten in 10 Nm increments and note the torque and distance between the jaws.

Stop when either the vise cannot be tightened further, or the specimen shows signs of failure.
Repeat for all materials.
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9.2.2 Shear Test
This is the procedure followed for the shear test:

1. Insertand clampa specimenn the middle of two aligned vise jaws, wherein one is free to move
parallel to the notch secti@nd the other stationary.

Place a cédiber to measure the displacement of the moveable vise.

Tighten the screw of the moveable vise starting at 3 Nm in intervals andote the displacement
and torqueof the vise and wrench.

4. Stop when either the vise cannot be tightened further, or the specimen shows signs of failure.

5. Repeat for all materials.

w N

9.2.3 Tensile Test
This is the procedure followed for the tensile test (perforbbyelarhus University):

1. Insert a specimen itne tensile testing machine.
2. Record the stress and strain of the specimen
3. Repeat for all materials.

9.3 Vibration Test
Followed procedure for thébration test:

1. Insert the third (unused) specimen in a vBkce theshortest sidgarallel to the clamping surface,
and the XY print direction is normal to the clamping surface.

2. Attach accelerometer to the side orthogonal to both the clamping surface and the table.

3. Use a modal hammer to tap test the specimen, by hitting the opposite side of where the accelerom
is attached.

4. Repeat for all materials.
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9.4 FatigueLimit Fixture Test

The steps to do the fatigue limit fixture test:

1.

oo

Insertthe thirdspecimens into a vise clamplace theshortest sid@arallel to the clamping surface,
and the XY print direction is normal to the clamping surface.
Tighten the vise t80% of failure torque
Losen the vise t6 Nm.
Repeak and3 until:
a. Cracking.
b. Excessive deformation.
c. 30cycles
Note the number of cycles and failure mode in 230828 -datst excel sheet F.
Repeat for all materials.

9.5 Microscopy

The procedure for microscopy

arwnE

Using theOitez digital microscope to take picturgsx65and x255magnification
Examine top and bottom layers in the corner of the specimens.

Examine the side walls of the specimens.

Examine defects of the specimens.

Note pictures in 230907 Microscopy tallrcel
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10 Results

10.1 Filament Absorption Test

The filament absorption test was conducted as planned, using HOCUT 4260 coolaat9osptcimens.
HOCUT 4260 has a density of 999 kd/amnd a pH of 9.5.

Project Material

Grgn PLA 0.41 0.59 Unk

MADE Advanced fixtures (P600) Ly % | now
0 0 0.04

Sort ABS 0.14 0.38 Yes
% % 0.03
Sort Flex (TPU) 0.13 0.17 Unk

% % now .01

PBT+ 0.45 0.49 Abo
Dansk AM Hub 3D Fix (P729) w o e 004
0 0
PETG+CF 051 0.51 Unk

% % now (04

FFH PA+ 0.21 Belo
UPU\V- 3D print fixtures and tools (P654) 0.09
% w
FFH ABS 2.65 | Unk

%  now oog

FFF Nylon 2.10 Abo

% ve 0.89
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FFH PLA 0.83 Unk
%  now 036

SLA /Fotop. 0.52 Unk
% now g2s5

SLS/PA 2.74 Abo
% ve 1.01
0.34 0.65 Abo
Stronger fixtures for CNC machiniffL0014- PETG 0.19

% % ve
0.71 0.93 Abo

PVDF % % ve 0.34
0.33 0.60 Unk

ASA % % now (14

16)

0.43  0.96 Yes

PC w | % 0.25
0.40 0.68 Yes

PA12 o o 0.15
0.83 2.23 Abo

PA12CF 0.48

% % ve

PAG 0.32 0.71 Abo
% % ve 0.18

DAGGE 0.32 0.59 Abo
% % ve 0.17

26.2 7.76 Abo

POM
2% % ve Ot

Tablel0-1
Fluid absorption test data

The %w gain of the specimeiscompared to the expected absorption range for 24 hours sydmhierwater.
Wherein only 3 materials were in that range: ABS, PC, PA1& more frequent that the material is above
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the expected valyevhich is unexpectesince the density is lower than watEis could be due to the porosity
and gaps in the 3D print, or ihe case of POM, the hollow cavities inside. Seasduesnay also be lefon

the surface, as petst microscopghows them to be more reflective/shirowever, no concerning defect
were observed, meaning that all materials may be considered chemstigbleyin the machining environment.

10.2 Mechanical StressTests
10.2.1 Compressiontest

The compression test use A specimens did not show any concerning,dagetttie 100 Nnwere only
equivalent t8B.5MPa It did however show a disenable differenceisplacement

Stress [MPa] PETG z-pos
PgDF Z-pos_
ASAzpos
PCzpos
o PélZ Zpos _
° PAI2CE z-pos
PA6zpos
PAGGE zpos

. . ‘ . . ‘ . . ‘ . . ‘ . Strair{
T 0.5 1 15 2 25 3 35 3 45 5 55 6 6.5 v
Figure10.21
Displacement at different clamping stress

Since no defects were observite displacement would be due to either movement of the specimen, plastic
or elastic deformatiorPlastic deformation was observed in PA12, PA12CF and PVDF, as the blobs on th
surface were flattenedSA, PA12CF, PETG and PAX2ach a critical strain value, in which the specimen

is no longemotablydisplaced. WheressPA6GF, PA6, PC continuously become displadéds may be due

to lack of grip/friction, as these materials werefstifn the following test. Theritical stmin value may be

due to the elastideformation not traversing theaxis, as thédonds are more ductile than the rasters.
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PETG Comgression

PVDF Com%ression

oG 0
ASA Compression
e e o —
PC Compression
PA12 Compression

o Ta oo
PAI12CF Compression
e T e e
PA6 Compression
—o— oo

PAG6GF Comlgression

DAMRC

M Stress [MPa]

Strain
L '

Figure10.22
Compressivay-stressstrain diagram forspecimens B

Thecompressive tests at max 100 Nm resulted in maximal pressure of Ba.A\Merein 3

0.01  0.02

materials did not

fail at this point: PC, PA6, PA6GRVhereasPETG, PA12, PA12CHplastically deformed beyond the
compressive UTSUCS), with the maximal deflection at 1/3 of the length, and PVDF plastically deformed
belowthe lowest level of the torque wrench with a maximum deflection at 1/2 of the |&&#thad a brittle

failure, with multiple cracks. PC, PA6. PA6GF did have some min@ntadions at the c
and PA6 had debonding cracks growing from thgeeaf theindentations.

PC Compression

PC Compression YZ
PA6 Compression
PC Compression YZ
PA6GF Compression

PA6GF Comgression YZ

lamping surface

M Stress [MPa]

Strain
I b

0.045 -0.04 -0.035 -0.03 -0.025 -0.02 -0.015 -0.01

Figurel10.2-3
Compressive xy and yz stredgin diagram for specimens B and A

0.08 -0.075 -007 -0.065 -0.06 -0.055 -0.0%

-0.005

0.005 001
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Using the A specimens in a different viaath the capability of using 200 Nm, the 3 unbroken materials were
testes at a mamum stress of 65 MPa. However, the use this vise the specimens wereangavorientation,
which resulted in a stiffer modulush& PC did fail in a brittle break, however the PA6 and PA6GF did not.
The PAG did elastically deformvith a max deflection at 1/2 of the lengithe PA6GF had no notable defects
or deflection.

MStress

PC Compression YZ
i
PAG6 Compression YZ

PAGGE Com!gressiou YZ
PETG Comgression Lin

ASA Compression Lin
oo oo o
PC Compression Lin
PA12 Compression Lin

o8 woe o
PA12CF Compresgsion Lin
CeTT e e e e
PAG6 Compression Lin
oo 00— o
PAG6GE Compression Lin
PETGCF Compression Lin
PBT Compression Lin

o & To 8 e

POM Compression
‘ ‘ ‘ ‘ ; ; ; ; ‘ ‘ ‘ ‘ ; ; ; ; ‘ ‘ ‘ Straink
2019 -018 -017 -0.16 -0.15 -0.14 -0.13 -012 -011  -0.1  -009 -008 -007 -006 -0.05 -0.04 -003 -002 -0.01 [ .
PETG, R=0.9944 1 Stress
ASA, R*=0.931
PC,R*=0.9311

PA12, R*=0.9799
PA12CF, R*=0.9685
PAG6, R°=0.954
PAG6GF, R*=0.9774
PETGCF. R*=0.9565
PBT. R=0.9272
POM: R*=0.9387

Strain
»

-0‘119 -0‘118 -0‘117 -0‘116 -O‘IIS -0;14 -O.=13 -0.=12 -0‘111 -O}J -0‘109 -0‘108 -O‘IOT -O‘IOG -O.IOS -0.=O4 -0‘103 -O‘}OZ -O‘}Ol
Figurel0.24
Compressive modulusgression

Using linear regression, the compressive elastic modulus of the mé&dhal slope of the grapnd the
UCSis given by the lasdtress value before failur€his was not possible to do for PVDF as it failed too soon.
PA6 and PA6GRJCSis unknown, but largethan 65 MPa.
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Material uTS UCS Modulus C-Modulus Failure mode
PETG 53 30 2150 590 Ductile
PVDF 58 0 387 0 Ductile
ASA 50 26 2300 502 Brittle

PC 62.7 59 2307 579 Brittle
PA12 40 22 1293 114 Ductile
PA12CF 56 22 4632 120 Ductile
PAG6 55 65+ 3500 914 None
PAGGF 62.8 65+ 4261 1371 None
PETGCF - 19 - 652 Ductile
PBT+ - 12 - 121 Ductile
POM 50 22 1870 99 Ductile
Tablel10-2

Tensile and compression test datdMRa

The test conclusively showed PA6 and PA6GF as the strongest fixture méizh. shows the benefits of
high temperature filaments, though they might also be higher cosBMIDE, PA12 and PA12CF were too
soft tobe used as a fixture. Wherein PVDF may be tough, and have good tensile properties, in compressia
acts more as a spge. The PA12CF did not show any improvement over normal PA12 in compression, whicl
may indicate poor fibeadhesion, or a suboptimabér ratio or length for this applicatioRETG, ASA and

PC preformed mediocre as fixture material. PETG a@dhBd a similar compressive modulus, ASA and
PETG had a similddCS, and ASA and PC had a similar failure eoASA is similar to ABS, which is also
seen in34] where theyfound a yield and ultimate compressive strengt@®fi4 MPa and 34.57MPa (solid
material), anda modules o#110.44 MPawherein they observeal45° angle to be the weakest orientation in
compressionTo compare futher with the previous cases, the old PBT+ and PETGCF were used in the sat
test (3DE premium vendoy)which conclgively shows the mechanical improvement the more advanced
materials have. ThECS was lower than all other materialsobuding PVDF. Wherein PBT had a similar
stiffness to PA12 and PA12QEhough without the same toughness)d PETGCF had a stiffness between
PETG and PC. They both ekited ductile breakwith wriggles and a large bend.

N

1/2 L bend mode 1/3 L bend mode

Figurel0.25
Pillar bend modes present in compressive tests
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It is to be noted thahese tests did not show the pure compressive strength of the material, as th®length
width ratioof the sgcimengnade some specimens deformagsllar in the two modes seenkigurel0.25.
However, ixtures are using in eultitude complex configurations, which involve both compressive, tensile
and shear stresses. But this comparison does show some of the fadeseaineady encountered, and failure
modes that were previously undescribed at DAMRC.

10.2.2 Print parameter test

Since many failures occurred due to thed&gree cracking, which is related to the raster orientatidierént
printing parameters were tested based on the previous Jaw draft model. Since ASA is a cheap material |
clearbrittle failure modesat low torque, it was chosen as a material. While the orientation of the infill may
affect the failure modesommoritheoreticalktrategiedor strength improement were alstested

A B C D E F G

Cubic infill Ironing 0.2 mm layers| 5 walls Control | 15deg offset| 105deg offset

E-Control 23.37g ‘: Stress [MPa]

30+
F-15deg 23.34g
—_———

G-105deg 23.03g
o

Strair{
20075  -0.07  -0.065  -0.06 -0.055  -0.05 -0.045 004  -0.035 -0.03 -0.025  -0.02 0.015  -0.01 -0.005 0.005 v

Figurel0.26
Compressive strength test with different infill orientations

The control specimen performed better overall in stiffness compared to the offsetriafitations and had
similar UCS. But their mode of failure was very different. Whereas E had the predictddgéée break, G
had a large debonding crack at the center, and a cascade of delwvadksgin the XZ 4%legree direction.
F had a much steepé@-degree z axis crack, which shows the failure mode is very degemdéme internal
geometry.
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B-Ironing 23 38¢g ‘: Stress [MPa]
C-0.2 mm lazrers 23.25g

30+
E-Control 23.37¢
———— o ‘o

20075  -007  -0.065  -0.06 0.055  -0.05

Strain
1 'Y

-0.045  -0.04  -0.035  -0.03 0.025  -0.02 20015 -0.01 -0.005 0005

Figure10.27
Compressive strength test with different layer height and ironing

Ironing and increasing layer height changes the teratye dependent adhesive properties of the material.

Which has resulted in greater toughness (area under the amdéd¢ss stiffness. They also had a slightly
increasedJCS,

A-Cubie mnfill 23.09g “ Stress [MPa]
D-5 walls 23.74g

E-Control 23.37¢
oo

20075 -007  -0.065  -0.06 -0.055 -0.05 -0.045

Strain
L »

-0.04 -0.035  -0.03 -0.025 -0.02 0015 -0.01 -0.005 0.005 v

Figure10.28
Compressive strength test with different infill type and wall count

A and D had the most different failure mod€sibic infill resulted in a tougher and more ductile specimen,
but a \tshaped cascade of debonding cragksvhich a large volume of the top is pushed up. The extra walls

resulted in a much high&fCS, and showed muchider wriggles but did fail in the usual 48egree crack.
The defects can be seen in the following table:
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10.2.3 Shear test

Additionally, anotched shear test was performasing the ASTM 5379 standartiwo specimens in ASA,
PC, PA6, PETG and PA6GHRaterialswere printed in different orientations (Z and XY).

Figure10.29
Shear test loading configuration

As with the other tests a torque wrench was used, and the displacement of the vise was.mMéasefec:,

the displacement is normalised over the shear lefmgichlength), and the stress is the screw force on the
notched areaResulting the following graph.

(=Y

ASA 1 Shear 404 Stress [MPa]
M—’—‘—H B . e
PETG |l Shear ol / g
MEIG—Q—Q—Q—Q— X

PAG-GF 1 Shear 251

PAG-GF I Shear /
ASA 1 Shear modulus; R>=0.9886 204 .

PC 1 Shear modulus; R2=0.9865 - — " i
PETG L Shear modulus; R*=0.9884 |11 e e oo

PAG 1 Shear modulus; R>=0.9909
PAG6-GF 1L Shear modulus; R*>=0.9871

Strair{
2006 -0.05 -0.04 -0.03 -002 -0.01 0.01 002 003 004 005 006 007 008 009 0.1 011 012 013 014 015 016 017 =

Figurel0.210
Shear strength test

The results follow the compression test results with wherein the nylon materials are the stron§&#, the
and PETG being weaker, and PC beingp@tween. However, the glass fiber reinforcement did not have a
great affect in thigest, as the PA curves are near paraflelexpected, the samples printed in the Z direction
had little to no sheastrength andelying merely on bonddhesiorresult in poor strength. Wherein ortlye
PAG6-GF had enough datapoints (from 3 to 6 Nm) to dadime. Assuming the 18m beingnear the breaking
point if the material, the Z axis has 40% of the strength of thed@ntation
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10.2.4 Tensile test

Together with student from Aarhugniversity tensilestrengthtess were performed usinthe ISO 527
2:2012E) type 1BA stadard.

70“ Stress [MPa] ASA_1

60+ pAal

PETG 3
PETGselid_1
|PETGsolid_2
PETGselid_3

Strain [%]
52 54 56 58 6

Figure10.211
Tensilestrength tesf32]

Some errooccurred between 0.2% and 0.8% strarherein the graph pkedus. This may be due to angular
deformation of the infill latticelue to air gapglebonding of weak layers, straightening ofshehtly warped
specimen, slipping of the specimenadiault in the measurement machimen i s di dndét occul
specimen, and sonamomaly is seen in solid PETG specimeiflhre Youngdéds modul us i
theslope between 1% and 28train.

Material Test UTS Stated UTS UTS fraction TestModulus Stated Modulus Modulus fraction

PETG 34.1 53 64% 1900 2150 88%

ASA 30.81 50 62% 1700 2300 74%

PC 41.03 62.7 65% 1900 2307 82%

PAG6 34.22 55 62% 1600 3500 46%

PAGGF 49.11 62.8 78% 2900 4261 68%

PETG solic 47.19 53 89% 1900 2150 88%
Table10-3

UTS and moduls comparison

The stated value from the manufacturer is based on 100% infill, theUd&afraction would therefore be
95% using the 95%fill. However for the homogeneous materials ibistween 62%65%, and 78% for the
glass fiberreinforced specimen Suggesting that ipractical use, the material is weaker,naasny factors
impact the print qualitynoting thatnot all print conditions are stated by the manufacturers test spegimens
But thee may be a 22%3% strength increasebe found bychanging printing condition#s seen by having
solid infill though only using 5% more material, give38%b strength increas@ut no increase in $tnesy,
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but may not be practical in many applications (longer pimme tand material use, whidan be wastefubr

larger printsand can be more difficult because of warpifidpe result are better for PETG than showfB6i

as they used solid 45° degree raster orientagsnthey had a UTS &0 MPa, and 32 MPa for ABS
(compaable to ASA. They observed a stiffness of 1700 MPa for PETG 22td for ABS Making the tested
PETG stiffer, but the ASA less stiff than their stu@neought to believe that the highly prais€dmposite
Filament Fabrication using carbon fibres often with a nylon manizuld perform significantly better.
However, compared with thitensileresults found 37, table3-8] on CFFPA-CF found maximal UTS of
50.12 MPaand modulus of 2597 MPahich is less than thieA6-GF used in this tesPEEK is also praised
asthe strongest FFF materidbut[38]6 s t ensi | e t e st maximaWsS 6f£DKPaaod h 8
modulus of 522.9 MPda he authors materials may have different applications, but that shows an importar
distinction betweethe manufacturers stated properties, as compared to the practical properties when in us

In the tests all the specimens were observed to hdwétle break, except fosolid PETG specimen 1.
Suggesting that like the compression tests, these materials are déxitdpt for PETG which is more ductile.
Comparativelythe test shows that PABF is the strongest filamertiut the second strongest compressive
test material PA did poor in this test, as it ssgnificantlyweaker and less stifhan seen in compression, but
the most ductilenaterial This could be due to the change in heat beg&rature, as it could not be printed
with 50°C because of warping but with@EC. ASA, PETG and PCorrelate welwith the results from the
compression tests. noduugantiobow the ssmaarkihggdRC béiny the syrangest,
and ASA being the weakest)

10.3 Vibration Test

Using the tap test equipment to measure the modal characteristics of the specimenslslaoweslilts for
most materials. MetalMax txf was used to calculate modal parameters: natural fyequedal stiffness,
damping ratio, modal mass and peak magnitude. Of these the most relevant are the natural frequency, m
stiffness and damping ratidhe natural frequency is the square roothaf modalstiffnessto mass ratio,
thereforemore dense and less stiff materials are expected to have a lower natuehfrty All specimens
were measuredt leastwice. Resulting the following FRF data (separate graphs in appendix):
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4+ Amplitude [m/N]
SE-TH
~ 13&)'“52%\ 7o i S — e — = 1600 o0~ 5400 5800 6200 6600 g
-SE-7{
-1E-6{
-1.5E-61
2E-61
-2.5E-61
3E-61
-3.5E-6{
ASA Imag
-4E-61 4o hag
PAG6 Imag
b6 PA6GF?2 Imag
-E-61 PA122 Imag
-5.5E-61 PA12CF Imag
-6E-61 PC2 Imag
-6.5E-61 PETG2 Imag
PVDF Imag

Figurel10.31
Imaginary FRF data of different filament materials

From the FRF data the modal parameters can be determined using the peak picking method.

Natural Frequency [Hz]
1000 2000 3000 4000 5000

=]

1C
mwn 4342 5022 4016 2745 40565 4323 2230 4055
mwn2 4823 5022 4000 2654 40565 4421 2217 4034

Figure10.32
Natural frequency of primary mode of specimens
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PVDF expectedly has a low natural frequency, as it is the heaviest materiad, \aamyl flexible Likewise,
PA12is also very flexible which results in a low natural frequency. PETG, PC and-ERltave similar
natural frequencies. PETG is the heaviest, and RF&f2he lighést specimen, meaning that to end at the
same natural frequency, PETG ought to be the stiffest, and-BAR1Be mostlexible. Which does correlate
with the compressive modulus previously calculated. ASA, PA6 and PAB&F the highest natural
frequencies. ASA is the lightest and RG&& the heaviest of the specimehteaning that ASA is relatively
flexible compared to the others, as the lower mamdd result in a higher frequency

Stiffness [N/m]
1 8E+7
16E+7
1.4E+7

1.2E+7

1.0E+7

B.OE+6

6.0E+6

4.0E+6

2.0E+6 I I

0.0E+0 aC

mk 1O1E+D7 5.11E+06 1. 09E+07 1.15E+0 3. 20E+06 6.53E+06 1.7BE+07 1.12E+07
mk2 LO9E+07 4 BAE+06 1 39E+07 1.06E+07 6.B6E+06 702E+08 1.65E+07 1.39E+07

Figurel0.33
Modal stiffness of specimens

As compared to the compressive modulus ASA has a higher or similar stiffness to PETG ahdreg&s the
compressive modulus showed ASA to be lower or similar to these materials. The other of the PA6-and P/
GF is also reversed’he modal stiffness of the softer materials (PA12, RBE2and PVDF) ar¢he lowest

as expected.
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Damping Ratio

0%

1%

2%

3%

4%

5%

6%

7%

8%

9%
1-C 2-C 3-C 4-C 5-C &-C 7-C 3-C

WEtE 2.80% B.41% 1.40% 0.67% 2.46% 1E81% 1.24% 1.53%
mzeta2 2.08% £6.90% 1.16% 0.75% 162% 1.90% 1.24% 1.21%

Figurel0.34
Damping ratio of specimens

The damping ratio gives insight into the material damping of the specimens. Wherein, it is roughly inverse
proportional to stiffnesdDamping ratids the ratio between actual versus critical damping, were high values
result in less overshoot and lower magnitude vibratibhi&s means a fixture made fradCwould be prone

to vibrations, whereas PVDF may dampen vibrations

Damping Ratio

0%

1%

2%

3%

4%

5%

6%

7%

8%

9% -
1-C 2-C 3-C 4-C 5-C 6-C 7-C 8-C

meta 2.80% B41% 1.40% 0.67% 2.46% 181% 124% 1.53%
mzetal 2.08% 6.90% 1.16% 0.75% 162% 1.90% 124% 1.21%

Figure10.34 should only be used comparatively, as thei@sare not independent of geometry and jaints
Metals usually have a dampingtio of >1%, and rubber is ~5926]. Wherein the results ammmparable to
this.

PVDF therefore has superior damping characteristics compared to other mater@f%.at72-3% PETG
and PA12 give a decent matergd@mping compared to the usual metal fixtures. R4 ASA, PA12CF,
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PA6 and PA6BGF have a smalldvantage in dampind?C had the lowest dampingtio andis therefore
expected to have a vibration characteristic similar to conventioail fixtures.

10.4 Fatigue Limit Fixture Test

The fatigue limit test resulted in defectstire PETG, ASA, PA12 and PC specimens. The PCinvaally
tested at 100 Nm, but the different vice resulted in a stress level very close to the UTS. It tfeeledararly

at only 4 cycles. Therefore, another PC sample was tested at 50hrfailure mode of the PC was more
ductile (less explosivedhan in the compressive strength test

4 Strain

0.005+

Cycles

ot

-0.005+

-0.01¢

-0.015¢ BlfTG @27MPa
é' A [@27MPa
o P.%lz @)2 lM%a

[} PA12CE @21MPa
PAG [@34MPa
-0.03+ PAG6GF (@34 MPa
PC @27MPa

-0.02¢

-0.025¢1

Figure10.41
Compressive fatigue tessults

A difference between the defected and-deffiected specimens were wriggles. Which is explaineetail in

the microscopy sectionThe PA12and PA6follows an odd curvesince the strain decreases over tiifias

may be due to some stiffening fag thereforeahe PA12specimen was compression tested, to compare the
compressive modulus. The modulus was increased from 282 MPa to 34NM@&a.is a semcrystalline
plastic,therefore it may be the material i€rngstalising.

PC may have had an odd initial measurement, as the strain is positive slmwtlysdecreasing (meaning
compressively the expected direction), expect for the last measurérherfibre reinforced materials are
expected not téatigue at low cycles, as a critical number of fibres must break beforésaghideformation
[27]. That is &0 observed in the tesis PA12CF and PABGF show less variation in strasompared with
thehomogeneous PA12 and PAG6.
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4 Strain
Cyeles

-0.001¢
-0.002¢
-0.003+

-0.004+

-0.005+

ASA @27MPa
PAI2CF @21MPa
e
PAG6 (@54MPa

St —
PAG6GF (@354MPa

-0.0061

-0.007+

Figurel10.42
Compressive fatigue test results for stiff materials

For low number of cycles, the strain is expected to follow logistic grastlescribed in [27ASA and PETG
fit this model well, however foPC and PA1ZXF the increasing strain values were removed, resulting in a
good fit.

+ Strﬂiﬂ

-0.01+

-0.02+

-0.03+

-0.044

PETG; R*=0.9727
-0.05+ ASA;R*=09164
PCIRIZ09684
-0.06+ PA12CF; R*=0.9885
Figurel10.4-3

Compressivéatigue logarithmiaegression

The other materials did not fit this model with ahaRove 0.9In the context ofixture selection, PETG can

be seen to have a poor response to fatigeep Many more cycles and different stress levels ought to be
done to get a clear picture of the fatigue characteristics, however fmojeet ASA, PCPA12-CF, PA6 and
PA6-GF will be considered having the good fatigue characteristics for a fixture.
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10.5 Microscopy

DAMRC had some discarded 3D prints, which give a comparisgimeen previous projects, and this
microscopy. While also explaining some of the reasons why the parts Bafstts in previous 3D prints:

(Cracking, Air gaps, bed adhesion, debonded |&yerss stringing/heat inputair gap in sean)s

The print quality can be judged by the surface microscopy of the specifianglained in the preliminary
analysis, at under extrusion g@aps are visible, and at over extrusion ridges and pores are viJibke.
observations made on the test materials were as follows:
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Material

PETG
PVDF

PA12
PA12CF

Speci
men

@ >0 @O0 ©TP>PO0O>P0 T®WP>0O00>O0

>0L>» O

Top Bottom
em em
0 133
0 133
0 133

89
-444 89
-267 89
0 178
0 178
44 178
89 222
44 222
89 222
0 44
0 0
0 0
0 0
0 0
0 0

Pre-test
defects

Crack at5mm,
pores
Crack at 4mm
and 12mm,
pores
Crack at 12mm
pores
Pores

Pores
Pores
Pores

DAMRC

Posttest defects/comments

None

Large 45 z axis crack, 1/Bbend, Debonding crac
at at 32 mm, z axiariggles
Wriggles

None

Y%L bend wriggles

% L bend, wriggles (tested lsigherstrain than B)
None

Large 45 z axis crack, Debonding crack at press
edges, z axiariggles cracks
Minor wriggles

Large 45 z axis crack

Minor indents

Large 45 z axis crack, wriggles
None

1/3 Lbend,wriggles

1/3 bend, wriggles
None

Large 45 z axis crack, Cascading debonding cra
wriggles
None

Crack at 5mm, pores

Cracks at pressure edges, Crack at 4mm and 12
pores

Crack at 12mm, pores

None
Minor indents
None
Bottom fell off
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Wriggles

Wriggles are small bucklingreas on the surface. They occur near air gaps at thanfilabh oundary.If was
the most common failure and was present in all specithengailed in compression and fatigue test, expect

PC in compression testhis type of failure occurs because of fibre deformadiod is aligned with the z
print axis:

This defect is only found in compression, whereas the tensile deformations stay stsgigbsence may be
an early indicator ofailure butis also dependent on theemal structure of the printhe exceptional case
of PC was a brittle break, whereas in the fatigue teg$ present, which had a ductile bredkisTindicates

wriggles might not appear lrittle high UTS materials. As there aresigns of wriggles in the other high
UTS materials (PA6, PA6GF).

68



.NDUSTRIENS -OND DAMRC

45-degree crack

The 45° z axis crack was presendimaterials, PETG, ASA, PC and PACE. This is due to suboptimal
orientation of the infill, as it aligns withalf of the top and bottom rastevdjile also loading mevenly aghe
raster-60° with the highest loadeading to that failing and shearing in the 45° plane.

There were some differences in the crack though. The REadGome bottom rasters torn in the middle. ASA
debonded at the holdj edges. PC had almost fully intéap and bottonmasters PA12CF debonded at the
top layers angsheared much further from tpeessure area.
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In PETG and PALLF a colour changéwhitening) can also be observed, which can be because of
recrystallization, as PET and PA are s@myistalline polymers.

Debonding

Debonding occurred in PETG, ASA and PACE in the compression test, aRA6 already had cracks from
the manufacturing proceskhe PETG crack appears at the middle Iayems appears to have been in tension,
as thesurrounding area is bulging out. The ASracks are at the edges of the holdingssure anthay have
initially occurred to the shear forcas the 45° section separatPd12CF has a cascade of debonding cracks
on both sides of a 45° clacand they appear along a 45° XZ angle.
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PA6 had crack formation from the 3D printing procelse compression test specimen cracks may have
widened butthe dark colour makes it hard to distinguish features.

DefectsCorrelations

For these 3D printed specimens, the following defects dergified:

Figure10.51
Identified failure modes in 3D printed specimens
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