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Abstract

Multi-material (M2) manufacturing with functional gradients and local composition
control (LCC) is an emerging technology with high demand in numerous industries. This
research investigated multi-material technology that has potential impact to joint implants,
synthetic joints, and damage resistant parts. Novel manufacturing subsystems within established
selective laser sintering (SLS) additive manufacturing processes were pioneered to enable
printing M2 parts with LCC and functionally graded materials. Powder bed fusion (PBF)
material blends consisting of low temperature thermoplastics, low temperature thermoplastic
elastomers (TPE), carbon fibers (CF), and hydroxyapatite (HA) particulates were explored to
match the designed and tested M2 SLS prototype.

M2 sintering, material blending, and M2 parts demonstrated the feasibility of sintering
material gradients using Polyamide 12 (PA12) as a matrix material mechanically blended with
TPE, CF, and HA. Various PA12/CF blends were characterized via tensile tests to investigate the
potential of tuning material properties based on the CF blend ratio. Printing and characterization
of Single Edge Notch Tensile (SENT) specimens with binary and gradient material interfaces
were performed to study the effects of functional material (fiber) gradients in polymer PBF and
to validate the novel M2 SLS subsystems developed in this research. A joint implant conceptual
prototype consisting of a PA12 matrix with functional binary gradients of CF and HA was
printed to demonstrate the possible impact of tri-material parts.

The combination of the M2 SLS prototype, mechanical material blending, and binary
gradient tests demonstrated the capability to customize and tune multiple material properties
throughout a single part while increasing overall part ultimate tensile strength, yield stress, and

crack energy absorption. However, the results also showed the potential to use the methods

vii



developed in this research to stabilize and functionalize material blends (e.g., high CF or TPE
blends) through M2 PBF that may otherwise be unprintable with single material PBF. However,
inconsistencies between two sets of SENT tests highlighted the importance of continued research
and testing under numerous environments and damaged states to fully understand sintered
PA12/CF composites before “as printed” parts containing these material blends can be used in
most applications. The combination of all results in this research has revealed this type of M2
manufacturing may have a broader impact in biomedical, aeronautical, and other evolving

industries.

viii



Table of Contents

DT [ oF: 4[] o TSSOSO PPRPRPRI iii
ACKNOWIEAGEMENTS ... bbbttt e bbbt enes Y
N 0] 1 (o TP RS RTPP vii
LI 10 (o) O] 1 (=] ST IX
[T ) I o] 2SSOSR xiii
LIST OF FIQUIES ... bbb bbbttt e bbbt e e Xiv
(@8 T o) 1 I a1 (0o [0 Tod 1 o o ISR 1
Broader IMPICAIONS..........ooiiiiiiieieee et 2
JOINEIMPIANT ..ot 3

SYNENETIC JOINT......ceiieie et 5
BaCKGround and SCOPE ......eciveiieiieeie ettt sttt e re et ae e ns 9
Limitations to Scope and Recommended Future Research ..........c.ccoceovieieneicncneninnens 11
Chapter 2: ODJECHIVES.....cuviiiieie ettt e e s te e te e s e s be e beaneesreesteaneeareenees 13
N 4 SO 16

AIM L HYPOTNESIS ...t nas 18

N 11 SR PSUR 19

AIM 2 HYPOTNESIS ...ttt nas 19

N 0 TP UPT TR PRSP 19

AIM 3 HYPOTNESIS ... nas 20

N 01RO OPRTR PP 20

AIM 4 HYPOTNESIS ...t ae e nas 20

Chapter 3: Aim 1 - Design and Build Novel LCC Selective Laser System ..........cccooevvviienivennnns 21
LT [FTo1 o] 4 RSOSSN 21
BACKGIOUNG ...ttt bttt b et e ne e be et st e sneeae s 21
IMIBENOUS. .. .t b bbbttt bbbt neas 24
Subsystem 1: Multi-Material SHCe ..........coiiiiiieiiee e 26
ACCEPLANCE CIILEIIA ..vevreieieeecte et re st e et e et esae e e e sreenee e 26

Subsystem 2: Multi-Material Hatch & Layer Energy Density Control ....................... 27

iX



ACCEPLANCE CHILBIIAL ... evriieiicite et sre e 28

Subsystem 3: Multi-Material Thermal Management SyStem ..........cccccveviienennnnenn. 30
ACCEPLANCE CHILEIIA ... evreieieicite ettt sre e 33
Subsystem 4: Multiple Reservoirs with Intra-Print Powder Extraction/Addition........ 36
ACCEPLANCE CIILEIIA ... evreieieicite et re e sre e 36
Subsystem 5: Multi-Material Layer AppliCation ............ccccoovviiiieieninenc s 38
ACCEPLANCE CHILBIIAL...eevreieieiiite et e e e 40
Subsystem 6: Part ANCROMING. .......cooiiiiiiiie s 41
ACCEPLANCE CHILBIIA...eevreieieiciie e sre e 42
Subsystem 7: Multi-Material SLS Host and User Interface ..........cccccevvvivevviieninennns 43
ACCEPLANCE CIILEIIAL ... eviiieieicite et sre e 45

RESUIES ...ttt e e reenteen e neenae s 50
Subsystems 1 & 2: Multi-Material Slicer, Hatch, & Layer Energy Density Control..50
Subsystem 3: Multi-Material Thermal Management SyStem ..........cccccevevireninnnnenn. 51
Single Material Thermal Management: ...........ccccoveveiieie e 51

Material Switch Thermal Management: ...........c.ccocviriiiniiienene e 58
Subsystem 4: Multiple Reservoirs with intra-print powder extraction/addition.......... 63
Subsystem 5: Multi-Material Layer AppliCation ............cccoovviiiieieiinenc e 65
Subsystem 6: Part ANCROMING.........coiiiieiicie e 69
Subsystem 7: Multi-Material SLS Host and User Interface ..........cccccevvviveienieinennns 70
DIISCUSSION ...ttt b bbbt s et et bbb bt e bt e bt e st et e tenbeebenbeabeaneeneas 70
Broader IMPICAIONS..........oiiiiiiiiiiece bbb 82
(070] 3 Tod (115 Lo ST PRSI 83

Chapter 4: Aim 2 - SLS Material, Fiber, and Particulate Compatibility and Sintering Testing....84

LT [FTo1 o] 4 RSOSSN 84
BACKGIOUNG ...ttt bttt b et e ne e be et st e sneeae s 85
FIDEE BIBNG......eiiieeee bbbt 89
PartiCulate BIBNG..........couiiieii e 90
Material Blend (Polymeric COMPOSITE) .......ccveiieiieieiieie et 90
Critical Sintering Parameters and Material Properties for Blended Polymer PBF......90
PBF Material Compatibility SUMMArY ........cccccooiiiiiiieecece e 103
IMIBENOAS. ...ttt b e bt e et b e b neens 103



Material Preparation...........cccviieiieieiie it 106

Bi-Material DOE Specimen PriNtiNg ........cccocoveiiieiininieieeeseese s 106

Specimen EVAlUALION ...........ccooiiiicciccecc e 108

Single Material EVAIUALION .........c.ooiiiiiiiiieiceee s 115
THErMOPIASTICS ...c.viieie et sba e 118
ThermoplastiC EIaStOMErS...........ccooiiiiiiieieeee e 119

FIDBES. .ot bbb 119
PArTICUIALES ...t nr e 120

Material Blend CompatiDility ..........cccooviiiiieiiieccce e 121
Thermoplastic/FIDer BIENG ..o 123
Thermoplastic/Particulate Blend.............ccccoovveiiiiiiiciiccccse e 123
Thermoplastic/Thermoplastic Elastomer Blend ... 124

RESUITS ...ttt bbbttt bbbt be R ne e 125
DLW 5] o] o TSP 154
Broader IMPICALIONS. ..........ooiiie et nas 160
(@F0] 0 o0 113 [0 o PSSRSO 161

Chapter 5: Aim 3 - Characterization of Stress-Strain and Fracture Data for Polyamide 12 and

Carbon FIDEI DIBNGS. .....cc.eeiieecee et nee s 162
Tl [FTo o] 4 SRS P TSRS 162
BaCKGIOUNG ...t bbbttt bbb 163
IMIBENOUS. .. .ttt bbbttt bbb R ens 170
RESUIES ... ettt ne e nreenre e e 175
DIISCUSSION ...ttt sttt b e bbbt s et s b et b e e bt bt e et et st e et e nbeabeene e 186
Broader IMPICAIONS..........ooiiiiiiieieee e bbb 195
(0] Tod (115 Lo TSSOSO PRURPRPRIN 196

Chapter 6: Aim 4 - Characterization of Local Composition Control with Binary Interfaces

and One-Dimensional GradientS..........cccoviiiiiiiiiiieiee s 198
L a1 oo [0 Tod o] o TSSOSO 198
2 2103 (0 €011 o SRS 198
IMIBENOAS. ...ttt b et e bttt eeneens 203

SENT Specimen EVAIUALION ........cccoooveiieiice e 205

Multi-Material Prototype DemMONSIIAtION ........ccceerieiuieieiienieeie e 209
RESUITS ... bbbt b bbbt 210



DISCUSSION ..ot e ettt e e e e e e e e ettt eeee e e e e e et eeee e e e e e e eeereeeeeaaeennnes 249

Broader IMPICAIONS..........oiiiiiiiieiee e bbb 257
(0] Tod (1151 Lo TSSOSO TPTU PRSPPSO 257
Chapter 7: CONCIUSION. ..ottt bbb 259
RETEIBNCES ...ttt e bttt ne s 261
e (0] 1)/ 11U P PSPPI 277
Appendix A: UTEP Disclosure D2020-0015 ..........cocoiieiiiiieiieie et sre e sre e ssae e 279
Appendix B: Alternate HatCh Patterns. ..........coooiiiiiiiie e 283
Appendix C: Initial Blend Microscopy Contrast Imaging ReSUltS ............cccovevveveiiieiesieieenne 285
Appendix D: Manufacture Material Data SHEet. .........ccoveiiiiiiiiiiieee e 297
Appendix E: Industry Standard Nylon 12 Sintered Properties. ..........cccooveveivevesveiiesesieseennenn 308
Appendix F: Differences between SENT Test 1 and TSt 2......cccoveivriririniieieene e 310
LT [N T o] 4 SOOI 310
1710 KSR 310
RESUITS ...ttt bbbttt bbbt be R ne e 311
DLW 5] o] o ST 311
Broader IMPICALIONS. ..........cciiieiecc ettt nas 314
(@70] 0 o4 [0 [0 o OSSO SSTPPSN 315
RV Lt RSP URPRPRI 342

xii



List of Tables

Table 4.1: TP and TPE powder selection criteria and material brand comparison..................... 116
Table 4.2: Manufacturer Data for selected TP, TPE, CF, HA (Blank Cells: data not provided).
..................................................................................................................................................... 117
Table 5.1: PA12/CF Buoyancy Density Results (ASTM D-792 Test Standards) ...........cccueu... 178
Table 5.2: PA12/CF Blend Buoyancy Density Results Compared to Calculated Theoretical

R 1L 1= ST RTRSRSRSRR 189
Table 5.3: PA12/CF Blend Ratios Comparison of Tensile Data ..........ccccccceevieieevieiiese e, 193
Table 5.4: PA12/CF Blend Ratios Comparison of Tensile Data ...........cccocevereninininneicieen, 195
Table 6.1 SENT Specimen Warping RESUIS ..........coviiiiiiiicic e 213
Table 6.2: SENT Specimen Shore D Hardness ReSUILS...........ccooeiiiiiiiieneneienceeeeee, 214
Table 6.3: Test 1 SENT Analysis Data (Crack Initiation Data for Highlighted Yellow
SPPBCIMENS). ..ttt bbbt bbbt bbbt b et bbbt nen e 215
Table 6.4: Test 1 SENT Data at Maximum Stress and Failure for Highlighted Yellow Specimens
..................................................................................................................................................... 216
Table F.1: Comparison of Test 1 and Test 2 Dimensions and Tensile Data ...........c.c.ccccvevenen. 317
Table F.2b: Comparison of Test 1 and Test 2 Fracture Energy Data at Maximum Stress......... 319
Table F.2c: Comparison of Test 1 and Test 2 Fracture Energy Failure............cccoevviieineennn, 320

Xiii



List of Figures

Figure 1.1: Benefits of a Multi-Material Tibial Orthopedic Implant Mated with a Traditional
Metal FEMUE TMPIANT ..ottt 5
Figure 1.2: Synthetic Joint Prototype with LCC to Mimic Biological Material Printed on a FFF
Mixing Printer (patent pending) in the Joint Laboratory at UTEP (Taylor Green & Taylor, 2018)

Figure 1.3: Possible testing process to develop more realistic synthetic joints for surgical
simulation. (a) Instrument cadaver knee to quantify internal loads and load response of a human
knee (Hale, 2016; Hale et al., 2018; Taylor Green & Taylor, 2018). (b) Quantify joint loadings
during movement (Green et al., 2017). (c) Conceptual design implementing biological material
properties with musculoskeletal based on cadaveric load response (Green, 2018; Green, Ph, et

L., 2021) oo b £ h R bbb ettt n ettt ebens 9
Figure 1.4: Conceptual Synthetic Joint Study Showing Possible Comparison and Research
Methods (Green et al., 2017; Hale et al., 2018) ........c.cooveiiiiiiiieiece e 9

Figure 2.1: Multi-Material (M2) Powder Bed Fusion (PBF) printing process with associated
subsystem. “Material Application and Sintering Procedure” is common to single material PBF
systems. “Material Change Procedure” and procedures highlighted in blue un “Initial Print
Setup” are unique to the M2 PBF design developed in this research ..........c.ccccocevveveiieieeniennen, 15
Figure 3.1: Block diagram depicting material flow in M2 PBF. Matrix/Infill Preparation (grey
section) can be accomplished internally or externally to the system and can be automated or
manual. Print control (red section) contains the hypothesized functions to incorporated M2 into

o = OSSPSR 24
Figure 3.2: Multi-material SLS operational and communication flow chart highlighting the
methods to accomplish the seven critical M2 Subsystems. General (overlap exists) subsystem
execution designated by color and associated subsystem number.............ccccooveevieiii e, 25
Figure 3.3: Multi-material slicer with material designation of each part delineated based on color
and defined on the right side as a different group. For clarity, the different STL files are depicted
as discrete parts; however, for an M2 part the STL files would be joined into a single part ....... 27

Figure 3.4: Programmed Galvanometer Speed Control...........ccoccoiiiiiieiinnneece e, 29
Figure 3.5: Comparison of Hatch Pattern Thermal Gradients............cccoovevviieiieresiie e, 29
Figure 3.6: Proposed Hatch Pattern to Integrate Both Thermal Homogeneity and Sinter
o T=T o PSSR 30
Figure 3.7: Thermal management subsystem heater positioning for M2 operations involving
powder movement into and out OF the SYSTEM ........veoiii i 34
Figure 3.8: M2 SLS Front Access Door with Powder Addition and Extraction Ports.................. 35
Figure 3.8: Powder Extraction and Addition FIOW...........cccccvieiieiicic e 37
Figure 3.9: Proposed Methods to Switch Materials at Layer Application through Powder
Isolation (a-b) and Powder PUIge (C-0)......cuciviieiieecieseere st 40
Figure 3.10: Part ANChOring DEPICION........coiuiiiiiieie et 43
Figure 3.11: Material Specific Hatch Control Interface for Subsystem 4 ............cc.ccceoveviiienenn, 45
Figure 3.12: Top Layer Powder Thermal Management Interface to Control Subsystem 4.......... 46
Figure 3.13: Powder Exchange Interface to Control Subsystems 5-7 .......ccccccevveveiieieenesiennen, 47
Figure 3.14: Powder Exchange Interface to Control SubsSystems 5-7 .......cccccceveeiiiinieeneniennnn, 48
(a) System Temperature feedback via top layer infrared sensor and ambient thermocouple sensor.
....................................................................................................................................................... 49

Xiv



(b) Rake, build plate, dispensing plate, and reservoir plate movement feedback via motor status.

....................................................................................................................................................... 49
(c) Sintering health feedback via laser and layer timing...........cccocevviieiiicii i 49
(d) Powder level and availability feedback through dispensing and reservoir height monitoring.
....................................................................................................................................................... 49
(e) Overall print progress through layer Monitoring. .........cccooevvririninieieee e, 49
Figure 3.16: Material Specific Hatch EXample: ..........cocooieiiiei e, 51
(a) 0.1 mm hatch spacing, 0 degree hatch angle for all layers, single perimeter. ..........c.c.ccccue.... 51
(b) 0.1 mm hatch spacing, 45 degree hatch angle for all layers, single perimeter........................ 51
(c) 0.5 mm hatch spacing, 90 degree hatch angle for all layers, no perimeter. .........c.c.cccecvevenen, 51
(d) 1.0 mm hatch spacing, -45 degree hatch angle for all layers, no perimeter.............cccccoeevenen, 51
Figure 3.17: Heater, PID Control, and Thermocouple and Identification Corresponding to the
Temperature Profile Graphs (Figures 3.18 thru 3.20).........ccccoveviiieiicii e 53
Figure 3.18: Build Area Ambient Thermocouple Data ............ccooeviriiieienineneceeeesee e 54
Figure 3.19: Dispensing Ambient Thermocouple Data.........c.cccccvevviiieiieie e, 55
Figure 3.20: Reservoir Ambient Thermocouple Data............ccocvvriiiiieieneneeeseeeee e 56
Figure 3.21: Infrared Image of Build Area (Top Layer Direct Heaters set to 165° C and Bulb
Weights Set To: Front = 90, Left = 65, RIGht = 110) ....ccoooiiiiiiiiiiieeeee e 57
() Data for a ~120X100 MIM @A .......ccueiveieeiieeieieesesiesteesteeee e e sresaesreesteeeesraesreessesseesseaneesrens 57
(b) Data for @ ~120X50 MIM BIE&A........eeiuereeeiiirieitieieeiee ettt sb et sb et e e e 57
Figure 3.22: Tuned PID Setting for PA12 and PA12+CF and Internal Temperatures 13 hours and
15 MINUEES INEO PINT ..ottt e re et e s e sre e seeneesseenseaneenrens 58
Figure 3.23: a) Over-Sintered Top Layer and Cake After Maintaining Top Layer at Sintering
Temperature for 8-10 Minutes. b) Cake Cracking Due to Being Allowed To Cool Too Much
External During Material SWILCH ...........ccoiiiiiii e 61
Figure 3.24: Temperature Profile During Powder Extraction and Addition ............ccccceeeneenneen. 62
Figure 3.25: Multi-Pass Lasing with “Preheat”, “Sinter”, and “Bake” Lasing Customized for
EACN HALCN DIFBCHION. ....c.viiiiiiecie ettt sttt et b e be e b e reesbeeneenreas 62
Figure 3.26: Powder Addition with Copper Dispensing Tubes, Leveling Rake, and Scoop........ 64
Figure 3.27: Comparison of Homogeneous and Inconsistent Powder Switch and Interface........ 65
Figure 3.28 Layer Inconsistencies RESUITING IN:.........coiiieieiiiieee e 66
a) Voids and low-density material at material interfaces in the build chamber........................... 66
b) Part defects at multi-material INTerface...........ccooveriiieiiiece e 66
Figure 3.29 novel multi-pass recoating system was developed............cooeveveiiniiiniieneniee, 67
Figure 3.30: Post Print Cake Showing Homogeneous Layer Application at Material Changes
Novel Multi-Pass RECOAING SYSTEIM ........coiiiiiiiiieie e e 68
Figure 3.31: Tensile Fracture Surface of Single Material Print Demonstrating Advantages of
Novel Multi-Pass RECOAING SYSTEIM ........oiiiiiiiiiieie e 68
Figure 3.32: PA12 Single Edge Notch Tensile Specimen without Anchoring (a) and with 10%
(OF - TaTod o T gl (o) IF OSSO PTRSTROPRURRTR 69
Figure 3.33: Anchoring results with 10% CF anchor (a) and PA12 anchor (b and c).................. 70
Figure 3.34: M2 SLS Mirrored 4 Chamber Design with Single Recoater.............cccccceeveverinnnenn 72
Figure 3.35: M2 SLS Removable (i.e., “Swappable”) 4 Chamber Design with Single Recoater 73
Figure 3.36: M2 SLS Linear 8 Chamber DESIQN .........cceiieierieiierie e 74
Figure 3.37: M2 SLS Radial 8+ Chamber DeSIgN ........cccoiveieiieiieiice e 75
Figure 3.38: M2 SLS Linear 15+ Chamber Design.........cccooeiiiiiiiiiin e 76

XV



Figure 4.1: Material properties and the effect on sintering (Adapted from Schmid, et al. (Schmid

& WEGENET, 2016D)) ...ttt ettt 86
Figure 4.2: Required material properties for sintering. (Adapted from Schmid, et al. (Schmid &
WEGENET, 2016D)) ...ttt 88
Figure 4.3: Possible chain entanglement dynamics of TP and TPE hard blocks (Adapted from
Auhl, et al. (Auhl et al.,; 2019) ) ..oouiiiiiei e 89
Figure 4.4: Particle coalescence due to surface tension and decrease of viscosity at Tm (image
adapted from Hejmady et al., 2019).......cccoiiiiiiiiiiee e 93
Figure 4.5: Laser/Powder Interaction (image adapter from Schmid et al. (Schmid & Wegener,

140 1] o) ) USROS 98
Figure 4.6: Angle of Repose (powder image from Sinterit Website)..........ccccceevvvveiviiiiveenee, 101
Figure 4.5: Material compatibility test methods and acceptance criteria. (a) Teat particle and
fiber evaluation. (b) Neat powder evaluation. (c) Material Blend evaluation. ..............c.c......... 105
Figure 4.6: Bi-Material DOE reservoir preparation..........c.ccoeoerererieieenenesesiesesiesesee e 106
Figure 4.7: Bi-Material DOE Print P1anning. ........cccccvovviiiiieie i 107
Figure 4.8: Sintratec Kit build area heater modifiCation.............ccccoviviiiiinneinnccees 108
Figure 4.9: Primary defects that will require material and blend specific temperatures and laser
parameters (adapted from Beal et al. (Beal et al., 2009)). .......cccoiriiiiiiiiiiei e 110
Figure 4.10: Hypothesized Shore Hardness Ranges for Tested Materials and Blends............... 111
Figure 4.11: Dimensional analysiS MEaSUIEMENTS..........ccoreiiriririeieieeiese e 112
Figure 4.12: Optical Microscopy analysis of printed parts and powder bed using Dino-Lite
TTUICTOSCOPE ...ttt ettt ekttt ekttt s e st kbbbt b e b e st e e e bt bt b b e bt e b e s e e e et et e e bt bt bt e bt e ne e e e n s 113

Figure 4.13: Depth of Field (DOF) capability of optical analysis with Dino-Lite AM4917MZT
Equipped with DOF capability (Dino-Lite Technical Specifications, (Dino-Lite, 2022)).......... 114
Figure 4.14: Porosity (estimated in red by the ImageJ program) analysis of PA12 mixed with

20% CF using ImageJ image processing program were inCONCIUSIVE.............cccevveiiveeieeineenne. 115
Figure 4.15: Images (200x) of each powder selected for blend testing..........cccccevvevvriiiivennenne. 118
Figure 4.14: PAL12 MOIECUIAr STIUCTUIE.......coiiiiieiie sttt 118
Figure 4.16: Initial print setting for Sinterit PA12+CF blends (adapted from Espera et al. (Espera
BL AL, 200198)) ..neiieiiitieii e bttt et Re b et e Rt nre et reenre e 120
Figure 4.17: Mechanical tumbler used for all material blending............cccooveviveieiieiicicie 122

Figure 4.18: Laser power and wavelength unable to reach sintering window for PEEK. Laser
energy is not sufficiently absorbed into the particles for affective heating and simply burns the

0P SUMTACE. ...ttt bbb b et se e bt e bt e Rt e e bt e bt e re e sbe e beenbeebeenbeeneenreas 127
Figure 4.19: Sinterit and Sintratec powders with the selected carbon fibers and HA particulates

..................................................................................................................................................... 127
Figure 4.21: Effects of energy density on PA12/TPE Blends anchored on a TPE base............. 128

Figure 4.22: Homogeneous Sinterit PA12 + CF prints with the Bi-Material DOE printed on the
modified Sintratec Kit. a) Printed at 500 mm/sec, chamber 140° C, powder surface 165° C. b)
Printed at 525 mm/sec, chamber 140° C, powder surface 163° C..........cceveererienienneniinseenienns 129
Figure 4.24: Binary interface of Sintratec PA12+5 %vol CF and PA12+20 %vol CF sintered at
constant thermal and laser settings for both blends resulting in warping, sledding and debonding
at the change in DIENd INTEITACE. .........ccviii e 130
Figure 4.25: Blend spreading difficulties at high infill percentage (a) 80% TPE — clumping of
TPE due to partial sintering in high temperature chamber required to sinter PA12 (b) 50% HA —

XVi


https://minersutep-my.sharepoint.com/personal/jjslager_miners_utep_edu/Documents/Research/2022%20Dissertation/2022-06-01%20Dissertation%20Revision/Slager%20-%20Dissertation%20(submitted%20to%20graduate%20school%202022-06-11).docx#_Toc105834589
https://minersutep-my.sharepoint.com/personal/jjslager_miners_utep_edu/Documents/Research/2022%20Dissertation/2022-06-01%20Dissertation%20Revision/Slager%20-%20Dissertation%20(submitted%20to%20graduate%20school%202022-06-11).docx#_Toc105834589
https://minersutep-my.sharepoint.com/personal/jjslager_miners_utep_edu/Documents/Research/2022%20Dissertation/2022-06-01%20Dissertation%20Revision/Slager%20-%20Dissertation%20(submitted%20to%20graduate%20school%202022-06-11).docx#_Toc105834591
https://minersutep-my.sharepoint.com/personal/jjslager_miners_utep_edu/Documents/Research/2022%20Dissertation/2022-06-01%20Dissertation%20Revision/Slager%20-%20Dissertation%20(submitted%20to%20graduate%20school%202022-06-11).docx#_Toc105834603

high agglomeration compared to 25% HA in reservoir due to spread mechanisms. (c) 60% CF —
poor layer consistency and density with part sledding when compared to 40% CF................... 131
Figure 4.26: Initial PA12 + CF and PA12 + HA microscopy analysis (a) overall success with CF
integration and adhesion to PA12 matrix. (b) challenges with HA spreading and adhesion...... 132
Figure 4.27: Inconclusive porosity calculation using ImageJ with Sintratec PA12 blend and

01V X O USSR 132
Figure 4.28: PA12/5%CF Qualitative analysis of porosity showing homogeneous CF mixture,
but high porosity required sintering parameter adjustment to decrease porosity. ............ccocue.... 133

Figure 4.29: PA12/25%HA Qualitative printed surface analysis of porosity showing
homogeneous HA mixture but extreme porosity with most of the HA not adhering to PA12

IVLBETIX . 1ttt bbbkt b b et a bR Rt Rt R e e Rt et bbb e b et ne Rt nn e 133
Figure 4.30: Microscopy comparison of Sinterit and Sintratec powder and CF (10x zoom left,
P40 0o T A TN 4T 1] ) SRS 135

Figure 4.31: Microscopy comparison of Sinterit and Sintratec powder and CF at 248x zoom.. 135
Figure 4.32: Microscopy comparison of Sinterit V2 and Sintratec PA12 layer adhesion with

spreading inconsistencies during Sinterit V2 layer application. ..........cccccooeviiieninieniinicicee, 136
Figure 4.33: M2 SLS print setup and planning for density, hardness, and tensile testing.......... 137
Figure 4.34: Buoyancy Density comparison of PA12 tensile test specimens printed at high (1)
AN TOW () DENSITIES. . .viveeieeie ettt et e s e e st e e tesaeesreeneeaneenreens 138
Figure 4.35: 0%CF Tensile Specimen comparing sintering energy densities (Dino-L.ite
AMAGLTIMZT . ZOOM: 5OX ...vitiiiiiieiieiieie ittt sttt ettt e et et e bbbt ereeneeneene e 139
Figure 4.36: 5%CF Tensile Specimen comparing sintering energy densities (Dino-L.ite
AMA4917MZT. Zoom: 59x Left (low density), 72x Right (high density).........c.ccccccceviveiveienn, 139
Figure 4.38: 2.5%CF Final Energy Density Comparison of Dimensional and Tensile Test Data.
..................................................................................................................................................... 141

Figure 4.39: 5%CF Final Energy Density Comparison of Dimensional and Tensile Test Data. 142
Figure 4.40: 10%CF Final Energy Density Comparison of Dimensional and Tensile Test Data.

..................................................................................................................................................... 143
Figure 5.1: Loading and print orientation designations for tensile test specimens..................... 164
Figure 5.2a: Sintratec reported PA12 tensile test properties based on build direction (Boxed text
added) (SINErateC, 2021A). .....ccueiuerrerieiieseeriesee e e e st e se e et e sre e e e sre et e e e e s taeteeneesreenaeareenreens 166
Figure 5.2b: Sintratec reported PA12 tensile test properties based on build direction comparing
layer count and loading for each print direction (Sintratec, 2021a). ........ccccevcveiverivereeriereerene 167
Figure 5.3: Sintratec reported TPE tensile test properties based on build direction (Boxed text
added) (SINtratec, 20210)......ccuiiiiiieii e 168
Figure 5.4: Mode | TenSile FallUre. ........c.ooiiiiiiiiee e e 169
Figure 5.5: Lumpe et al. gradient testing Design of Experiment (DOE) with Type V test
specimens additively manufactured using material jetting (Lumpe et al., 2019) ........ccccceenenens 170

Figure 5.6: Summary of Aim 3 methods including specimens, tests, and characterization.
Specimen manufacturing was done in the order listed: neat followed by composite. Analysis was
done in the order listed for each control and blend specimen: dimensional, density tensile, optical

MICTOSCOPY ANAIYSIS. ...veiieitieii ettt b et et e e beenbeeneenreeeeenes 171
1o 0TI T SR 173
a) Original tensile test specimen definitions and lengths (ASTM D638-14)..........ccccceeveriennene. 173
b) “3mmP” modified tensile test specimen to accommodate tri-material specimen. ................. 173

Xvii


https://minersutep-my.sharepoint.com/personal/jjslager_miners_utep_edu/Documents/Research/2022%20Dissertation/2022-06-01%20Dissertation%20Revision/Slager%20-%20Dissertation%20(submitted%20to%20graduate%20school%202022-06-11).docx#_Toc105834630

Figure 5.7c: Comparison prints of standard D638 Type V tensile specimen, extended tensile

specimen with reduced grip length, 3mmP specimen, and 5mmP specimen. .........ccccccoeevervenenn 174
Figure 5.8: Proposed tensile specimen print scheme (Specimen and build area images from
Sintratec Central Print Program). ........oocoiieiieieee e 174

Figure 5.10: Example of specimen condition following post print cleaning of 10% CF vertically
printed tensile specimens. Some specimens broke during removal and some broke during

(o[- oo SRS PSSS 177
Figure 5.11: 10% CF vertically printed tensile specimen failure during grip insertion and initial
Q101 TSSO S 178

Figure 5.13: 2.5% CF Vertical and Horizontal Specimen Dimensional and Tensile Test Data. 180
Figure 5.16: Representative 0, 2.5, 5, 10%CF Vertical and Horizontal Specimen Stress-Strain

(C] 10 0 TP URPRPPRPPPN 183
Figure 5.17: Fracture Surface of Neat PA12 (0% vol CF) Horizontally Printed 3mmP Tensile
SPBCIMEBN ... bbb bbb Rt b R bbbttt n e 184
Figure 5.18: Fracture Surface of PA12 + 5%vol Carbon Fiber Horizontally Printed 3mmP
TENSTIE SPECIMEN ...ttt bbbttt bbbttt ne e e 184
Figure 5.19: Fracture Surface of PA12 + 10%vol Carbon Fiber Horizontally Printed 3mmP
TENSIIE SPECIMEN ...ttt bbbttt b e bbbt s e e s e 185
Figure 5.20: Fracture Surface of PA12 + 10%vol Carbon Fiber Vertically Printed 3mmP Tensile
SPBCIMEBN ...t b bbb bR e bR bbbt n e 185
Figure 5.21: Modulus of Elasticity VS Percent CF............cccooveiiiiieiieie e 194
Figure 5.22: Ultimate Tensile Strength (UTS) and Yield Stress vs Percent CF..........c.cccceevenne. 194

Figure 6.1: Stress concentration at material interface with dissimilar material properties due to
differences in lateral strains between materials. (Adapted from Lumpe et a. (Lumpe et al.,

140 ) TSRS PSRRI 200
Figure 6.2: Material Jetting additively manufactured layout of binary material interface tensile
test specimens with gradients perpendicular to build direction. (Adapted from Lumpe et al.
(Lumpe et al., 2019)). ..ot ettt aennes 201
Figure 6.3: Stress concentrations reduction example using 1D gradients. Simulation with
experimental results using material jetting done by Bartlet et al. (adapted from Bartlet et al.

Figures 2, S2, and Table S1 (Bartlett et al., 2015a, 20150))......cccceviveiiiiiiiee e 202
Figure 6.4: Aim 4 SENT and Conceptual Prototype Print SCheme. ..........cccoocevveiienciinneenene 204
Figure 6.5: Single Edge Notch Tensile Specimen Design and DIimeNnsions............ccccecevvernenne. 206
Figure 6.6: Single Edge Notch Tensile Specimen Print Planning (Specimens labeled 1-8 front to
back to track specimen characteristics based on location in print area) ..........c.ccceevveveerverenne 207
Figure 6.7: SENT Specimen Post Print Machining ..........cccoceviiiiiiiiin e 207
Figure 6.8: SENT Specimen NOtChING Jig......cueouiiiiiieiiiie e 208
Figure 6.9: SENT Specimen NOtCh ANAlYSIS ......ooveiiiiiiiiieeee e 208
Figure 6.10: SENT Specimen Warping ANalYSiS ........cccvcuviieieiieieeis e 209
Figure 6.11: One-dimensional LCC joint implant conceptual prototype design..........ccccceeuenee. 210
Figure 6.12: Depiction of SENT Test DIC Results Definitions and Terms: .........cccccceeevvernenne. 217
Figure 6.12a: SENT Test DIC Results the Frame Before Specimen Failure scaled to each
specimen frame with stress and energy data.........ccccveveiverieieiiere e 218
Figure 6.12b: SENT Test DIC Results at the Frame of Specimen Crack Initiation (Ci) scaled to
€ACN SPECIMEN TrAME.....eiiie e te et e st e e teeneesreeneeareenaeens 219

Xviii



Figure 6.12c: Test 1 SENT Test DIC Results at the Frame of Specimen Crack Initiation (Ci),

0% 1 LT I (o T RSO SPRRUSSSRSPRO 220
Figure 6.12d: Testl SENT Test DIC Results the Frame at Specimen Max Force (MF) scaled to
BACKN SPECIIMIEIN ...ttt b bbbttt b et b et b et e e nnen s 221
Figure 6.12e: SENT Test DIC Results the Frame Before Specimen Max Force (MF) scaled to
N I SRS PRSSSSRS 222
Figure 6.12f: SENT Test DIC Results the Frame Before Specimen Failure scaled to each
SPECIMEN TTAIMIE ...ttt bbb bbbt ettt e b e e bttt n e e 223
Figure 6.12g: SENT Test DIC Results the Frame Before Specimen Failure scaled to ALL ..... 224
Figure 6.13: Comparison of 3mmP Horizontally Printed Tensile Test (Aim 3) and 30mm
Extensometer SENT STFESS/STIAIN .....cc.oiveiuiiiiiiieieie ettt et 225

Figure 6.14: Single Material SENT Results Overview (T1 = Test 1, -x = Specimen Number). 226
Figure 6.15: Bi-Material and Binary Gradient SENT Results Overview (T1 = Test 1, -x =

SPECIMEN NUMDET) ...ttt bbb n e 227
Figure 6.16: SENT 30mm Extensometer Stress/Strain Comparison of Representative Specimen
0] T o T RSO SPRRURSSSRSPRO 228
Figure 6.17: SENT 30mm Extensometer Stress/Strain Comparison of Representative Specimen
from Each Test with Crack Initiation Lines (dotted) for each Specimen. ...........cc.coovvviiienienen, 229
Figure 6.18: Depiction of SENT Test DIC Results Energy Calculation Definitions and Terms:
..................................................................................................................................................... 230
Figure 6.18a: 10-0-10% CF SENT Test Results with DIC Strain Mapping and Stress-Strain
CUrve WIth ENEIgY Dala.......ccoiiiiiieiieiiesiisieseeee ettt 231
Figure 6.18c: 5%CF Single Material SENT Energy Data. ..........ccccovevviiiiieie e 232
Figure 6.18d: 10%CF Single Material SENT Energy Data. ...........cccceieienineninininisieeeeees 233
Figure 6.18e: 0-5-0%CF Binary Material SENT Energy Data...........ccccocevveveiiieiieesecie e 233
Figure 6.18f: 0-5-0%CF Binary Material SENT Energy Data. ........cccccooviienenieneenenie e 234
Figure 6.18g: 0-10-0%CF Binary Material SENT Energy Data..........cccccovvevieiiieiieennsie e 234
Figure 6.18h: 10-0-10%CF Binary Material SENT Energy Data...........cccooeveriieneeneninieenienn 235
Figure 6.18i: 0-5-10-5-0%CF Gradient SENT Energy Data. ..........cccccvvveriveneniieiieese e 235
Figure 6.19: 0% SENT SEM Fractographly .........ccccooieiiirnieesie e 236
Figure 6.20: 5% SENT SEM Fractographly .........ccccocveieiieieeie e 237
Figure 6.21: 5% SENT SEM Notch Fractography ... 238
Figure 6.22: 10% SENT SEM Fractography .........ccooveiviieiieie e 239
Figure 6.23: 0-5-0% SENT SEM Fractography ........ccccceeeeieeienienienie e e 240
Figure 6.24: SENT SEM Fractography of CF Gradient Transitions ..........ccccceevvvivervsieenvennene 241
Figure 6.25: 0-5% SENT SEM Sanded Surface of CF Gradient Transition (estimated with 0%
blue 1ine, 5% Orange lINE). ...c...cui i nte e sreereenes 242
Figure 6.26: 0-5% SENT SEM Fractography of CF Gradient Transition (estimated with green
T SR 243
Figure 6.27: 5-10% SENT SEM Fractography of CF Ductile Gradient Transition (estimated with
0 2= A L0 RSP PSSS 244
Figure 6.28: 10-5% SENT SEM Fractography of CF Gradient Brittle Transition (estimated with
01T A L= USRS 245
Figure 6.29: 10% SENT SEM Fractography of CF Ductile to Brittle Transition (estimated with
01T A L= USRS 246

XiX



Figure 6.30: 0%, 5%, 10%, Binary Gradient SENT SEM Fractography comparison (gradient

transition estimated With green liNe).........cov i 247
Figure 6.31: Joint implant conceptual Prototype .........ccceceeieeieiie e 248
Figure C1: Neat Sintratec PA12 Contrast Imaging (Porosity Calculation). ............ccccceoviennene. 286
Figure C2: Neat Sinterit V1 PA12 Contrast Imaging (Porosity Calculation)...............cccccveunenne. 287
Figure C3: Sintratec PA12 + 10%CF vol Contrast Imaging (Porosity Calculation). ................. 288
Figure C4: Sinterit PA12 + 40%CF vol Contrast Imaging (Porosity Calculation)..................... 289
Figure C5: Sinterit PA12 + 40%CF vol Contrast Imaging (CF Calculation).............cccceveenene. 290
Figure C6: Sinterit PA12 + 5%HA vol Contrast Imaging (Porosity Calculation)...................... 291
Figure C7: Sinterit PA12 + 5%HA vol Contrast Imaging (HA Calculation). ............ccccceeeenenne. 292
Figure C8: Sintratec PA12 + 40%HA vol Contrast Imaging (Porosity Calculation). ................ 293
Figure C9: Sintratec PA12 + 40%HA vol Contrast Imaging (HA Calculation)............cccccevene.. 294
Figure C10: Sintratec PA12 + 50%TPE (Sintratec) vol Contrast Imaging (Porosity Calculation).
..................................................................................................................................................... 295
Figure C11: Sinterit PA12 + 50%TPE (Sinterit) vol Contrast Imaging (Porosity Calculation). 296
Figure D1: Sinterit PA12 Manufacturer Data SNEet. ..........cocvviiiiiiiiiee e 298
Figure D2: Sinterit TPE Manufacturer Data Sheet. ............ccoeoeiieiieceic e 299
Figure D3: Sinterit Flexa Grey Manufacturer Data Sheet. ..o 300
Figure D4: Sintratec PA12 Manufacturer Data Sheet.............cccovveiieiiiic i 301
Figure D5: Sintratec PA12 Manufacturer Tensile Data Sheet. ..., 302
Figure D6: Sintratec TPE Manufacturer Data Sheet...........ccccoviieiieci i 303
Figure D7: Sintratec TPE Manufacturer Tensile Data Sheet............cccoovieiiieninininicceee, 304
Figure D8b: Carbiso MF100 CF Manufacturer Data Sheet (CONL.). .......ccccoveveeiieieeiicie e, 306
Figure D8c: Carbiso MF100 CF Manufacturer Data Sheet (CONt.). ......cccceverenireiininieeee, 307
Figure E1: Matweb Sintered PA12 Data on ALM PA 650 Nylon 12. .........ccceveviveveccicieecnee, 308
Figure E2: Materialise Manufacturing Sintered PA12 Manufacturer Data Sheet. ..................... 309
Figure F.1: Depiction of SENT Test DIC Results Definitions and Terms: ...........cccccvevververnenne 321
Figure F.1a: Test 2 Crack Initiation (Ci) scaled to each specimen frame..........ccccccoecevvviiennnnn 322
Figure F.1b: Test 2 Crack Initiation (Ci) scaled t0 ALL........cccceiveiiiin i 323
Figure F.1c: Test 2 Max Force (MF) scaled to each specimen frame ..........cccocceveevininiienennn 324
Figure F.1d: Test 2 Max Force (MF) scaled t0 ALL ........ccccoveiiiieiieie e 325
Figure F.1e: Test 2 Failure scaled to each specimen frame............ccooeieieiinnninceeeee, 326
Figure F.1d: Test 2 Failure scaled 10 ALL........ccooviiieieiie e 327
Figure F.2a: Test 1 (top images) and Test 2 (bottom images) Crack Initiation (Ci) scaled to each
SPECHMEN TTAIMIE. ....eeeieeie ettt et et e e e e se e s te e teeseesse e teaneesseesteeneessaenneaneenrens 328
Figure F.2b: Test 1 (top images) and Test 2 (bottom images) Max Force (MF) scaled to each

] 010 11 PSP SUSSSRSSRO 329
Figure F.2c: Test 1 (top images) and Test 2 (bottom images) Failure scaled to each specimen
L2 L0 0[SOS TP PR UR TP PPPPRP 330
Figure F.4a: Comparison Test 1 and Test 2 of 30mm Stress-Strain CUrves..........cccoceeeevvennene 332

Figure F.5: Comparison of Wet, Dried, and Ambient Specimen 30mm Stress-Strain Curves... 334
Figure F.6a: 0%CF Single Material SENT 30mm Extensometer Tensile Data Comparison..... 335
Figure F.6b: 5%CF Single Material SENT 30mm Extensometer Tensile Data Comparison..... 335
Figure F.6d: 0-5-0%CF Binary Material SENT 30mm Extensometer Tensile Data Comparison.

..................................................................................................................................................... 336

XX



Figure F.6e: 0-10-0%CF Binary Material SENT 30mm Extensometer Tensile Data Comparison.

..................................................................................................................................................... 337
Figure F.6f: 10-0-10%CF Binary Material SENT 30mm Extensometer Tensile Data Comparison.
..................................................................................................................................................... 337
Figure F.6g: 0-5-10-5-0%CF Binary Gradient SENT 30mm Extensometer Tensile Data

(O00] 0] o4 110 o TSSO PR UR PR PPN 338
Figure F.7a: 0%CF Single Material SENT TSt 2. ......ccviieiieie e 338
Figure F.7b: 5%CF Single Material SENT TeSt 2. ..o 339
Figure F.7d: 0-5-0%CF Binary Material SENT TeSt 2.......cccceiiiieiieiiiie e 340
Figure F.7e: 0-10-0%CF Binary Material SENT TeSt 2........ccoivriiiiiiiiiiiiereisesreeeseeees 340
Figure F.7f: 10-0-10%CF Binary Material SENT TeSt 2. ......cocviveiiiiiiee e 341
Figure F.79: 0-5-10-5-0%CF Gradient SENT TeSE 2 .......ccociiiiiriiiiiieeieeeesesreee s 341

XXi



Chapter 1: Introduction

Multi-material (M2) manufacturing is a process that uses multiple materials to fabricate a
single part. This specialized type of manufacturing has a high demand in numerous industries
including biomedical, aerospace, automotive, and electronics (Mahamood & Akinlabi, 2017;
Murr et al., 2012; NIINO et al., 1987; Saleh et al., 2020; L. J. Tan et al., 2020; X. Wang et al.,
2017a; Yuan et al., 2019). M2 manufacturing is evolving as a key subprocess in Additive
Manufacturing (AM). Within AM, laser sintering is one of the most likely techniques to have a
future in industry producing operational plastic parts (Schmid & Wegener, 2016a).

A unique feature of M2 manufacturing is the ability to control the material in a particular
location within a part. This is generally referred to as local composition control (LCC) and can
be accomplished at varying levels of resolution between material types or blends and varying
resolutions of dimensional accuracy. However, LCC can also referred to changes in density or
any other properties within a part. Compositions can also include one-dimensional, two-
dimensional, or full three-dimensional control. Functionally graded material (FGM)
manufacturing produces parts with changes in material properties throughout a part to meet
specific end use requirements. FGM can include LCC but can also have gradients of other
properties such as porosity, density, grain size, crystallinity, structure, etc (Saleh et al., 2020).
The rise of additive manufacturing has made fine control of porosity and density relatively
straightforward for many material types and structures. FGM with LCC can add incredible
capability to a part and is commonplace in nature (Mahamood et al., 2012; Naebe &
Shirvanimoghaddam, 2016). However, though the benefits and demands are high for LCC, it is

still only an emerging capability in AM and other manufacturing techniques (How Multi-Powder



Deposition Will Transform Industrial 3D Printing, n.d.; L. Jepson et al., 1997; Saleh et al., 2020;
Udupa et al., 2014).

Commonly known as 3D printing, AM is one of the primary methods for M2 part
fabrication. M2 AM is rapidly advancing and has demonstrated success in direct energy
deposition and PolyJet printing with limited advancements in Fused Filament Fabrication (FFF)
and Powder Bed Fusion (PBF) (Bandyopadhyay & Heer, 2018; Bruck, 2017; Chianrabutra et al.,
2015; Chueh et al., 2020; Greiner et al., 2017; Kennedy & Christ, 2020; Taylor Green & Taylor,
2018; Wei et al., 2019). Jepson et al. have had success in demonstrating basic LCC in polymer
PBF with Nylon-11 (PA11) graded with three different concentration of glass beads and three
different concentrations of silica (L. R. Jepson, 2002). This project focuses on expanding the M2
capabilities of polymer PBF by developing new Selective Laser Sintering (SLS) technologies

and PBF material blends.

BROADER IMPLICATIONS

This study is pertinent to numerous applications but was driven and framed by focusing
on the future impact of two distinct subsets in the biomedical industry: M2 joint implants and M2
synthetic joints. Functionally graded artificial joints with LCC are poised to fill many of the
voids in the current technology utilized for producing both joint implants and synthetic joints
(Green, Ph, et al., 2021; Kurtz, 2011; Sola et al., 2016). LCC AM is hypothesized to increase the
life, resilience, and functionality of orthopedic implants by decreasing wear and metal particles;
increasing bone ingrowth and biocompatibility; and implementing patient specific isoelastic
design. Additionally, customizable materials, properties, and functional gradients are

hypothesized to increase the training effectiveness, value, and application of synthetic joints.



Human joint repair and joint replacement are some of the most common elective surgical
procedures performed in the US (Sloan et al., 2018). Total knee and hip arthroplasty (TKA,
THA\) are the two most common joint repairs and are predicted to increase by over 70-100% in
2030 and again in 2040 if the current trend continues in the United States alone (Gao et al., 2020;
Singh et al., 2019; Wolford et al., 2015). However, current implants are susceptible to
misalignment, stress shielding, excessive wear, metallic wear particles, cement degradation, and
septic loosening which result in a replacement rate of over 7% per year for all knee arthroplasty
(American Joint Replacement Registry, 2019; Arnholt et al., 2019; Kurtz, 2019a; V. . Roberts et
al., 2007). This study seeks to address these issues by offering a twofold solution through
functionally graded joint implants with LCC and new advancements in synthetic joints for

training and research tools.

Joint Implant

Functionally graded implants with LCC are a promising next step in increasing the life,
resiliency, and functionality of orthopedic implants (Kurtz, 2012; Sola et al., 2016). Joint
implants with binary material interfaces between multiple materials and functional coatings are
currently being manufactured and used (Kurtz & Devine, 2007). However, the implementation of
FGM with LCC will have distinctive benefits over the current technology. First, PBF lends itself
to manufacturing dimensional patient specific implants from patient Magnetic Resonance Images
(MRI) (Kang et al., 2018). Porosity and density control is also inherently built into PBF and adds
significant capability for bone ingrowth through osseointegration when a lattice structure is
functionalized with locally controlled embedded compositions of HA at the bone interface (Miao

& Sun, 2010; Tampieri et al., 2001; Woodfield et al., 2005). LCC PBF also has the capability to



control the modulus of elasticity by manipulating the material and density at the core of the stem.
There are multiple aspects that affect the elasticity throughout a bone structure making a true
isoelastic implant design difficult; however, LCC PBF can adjust elasticity to approach an
estimated isoelastic stem while maintaining the ability to have complex lattice structures around
the stem at the bone interface. Through the isoelastic stem and functionalized lattice structures, a
cementless design could be incorporated through osseointegration and bone ingrowth (Bonnheim
et al., 2019; Byrne et al., 2007; Huiskes et al., 1992; Kurtz, 2019b; Pitkin, 2008). Implant wear
and metallic or ultra-high-molecular-weight-polyethylene (UHMWPE) wear particles also
deteriorate the life of a joint implant and can lead to septic loosening (Konttinen et al., 1997;
Langton et al., 2009; Ollivere et al., 2009; Pandit et al., 2008; Pelclova et al., 2012; Revell et al.,
1997; Veruva et al., 2017; Witzleb et al., 2006). Polyetheretherketone (PEEK) blended with
carbon fiber (CF) has demonstrated encouraging results in decreasing wear and wear particles
over UHMWPE, ceramic, or metal surfaces while increasing the longevity of the wear surface
(Scholes & Unsworth, 2007, 2009; Song et al., 2018; A. Wang et al., 1999).

In total, a patient-specific functionally graded implant with an isoelastic core, a
PEEK+HA latticed bone interface, and a PEEK+CF wear surface has promising potential to
increasing the life expectancy, resilience, and functionality of orthopedic implants. A
conceptional design of such an implant is described in Figure 1.1 below. This concept can be
used for a total joint arthroplasty or can be used to replace a single side of an implant during a

revision procedure.



orthopedic implants by reducing:

(1) Joint Wear & Metal Toxicity

(2) Stress Shielding & Bone Remodeling,

(3) Sceptic Loosening through bone ingrowth.

Metal Implant

PEEK + Carbon Fiber

Virgin PEEK (No Fiber)

PEEK + Hydroxyapetite

Functionally Graded materials to increase life, resilience, and functionality of

PEEK + Carbon Fiber
- Joint Wear &
Metal Toxicity

PEEK core custom
fit — Stress Shielding
& Bone Remodeling

Lattice + PEEK + HA
— bone ingrowth w/
osseointegration

Figure 1.1: Benefits of a Multi-Material Tibial Orthopedic Implant Mated with a Traditional

Metal Femur Implant

Synthetic Joint

An equally critical element to implant design when increasing the life expectancy,

resilience, and functionality of an implant is improving the surgical procedures and patient

training for the implant. This component of implant life expectancy can be directly influenced

through surgical training and research utilizing synthetic joints. Synthetic joints with

physiological accuracy and biomimicry of both function and material properties is an emerging

area of research for medical training and research. Many studies have shown 3D modeling and

printing are poised to fill current technology voids in training and preoperative preparation for

both the surgeons and patients (Alhonkoski et al., 2021; Jones et al., 2016; Zheng et al., 2016).
The learning curve, amount of effort verse amount of learning, is steep in surgical

training. This is primarily based on the risk associated with surgery coupled with the precision



required to achieve desired patient outcomes on a spectrum from survivability to quality of life
(\Valsamis et al., 2018). Specific studies have already shown significant improvement in surgical
training effort and results when anatomical models are used in conjunction with cadaveric
materials and some limited success when used in place of cadaveric specimens (Langridge et al.,
2018). Surgical training generally focuses on expert observation and repetition based on the
potential high risk and precision required. However, synthetic joint training has a likely future in
“error-observation” training which has been shown to improve training in novice students,
especially when focusing on improving motor skills for different surgical procedures (LeBel et
al., 2018). Currently the most limiting factors when using synthetic joints as opposed to
cadaveric joints for training is the loss of weight, consistency, texture, color, tactile, and physical
properties (Fleming et al., 2020; Lim et al., 2016). FGM synthetic joints with LCC can directly
address these short comings while building on the success of the repeatability and quantifiability
of the current 3D printed models used for training (Green, Ph, et al., 2021).

Another current shortcoming of arthroplasty that is well suited for synthetic joints is the
difficulty associated with the anatomical uniqueness of each patient anatomy, injury, and/or
disease. Surgical preparation for each patient’s unique anatomy is normally based on imaging
such as MR, CT, and ultrasound. The possibility of printing patient specific synthetic joints
prior to a procedure based on the already existing imaging has the potential to revolutionize
surgical planning and rehearsal. Some success with this technique has already been found with
orthopedic surgeries and single material FFF and stereolithography (SLA) AM (Ganguli et al.,
2018)(Jones et al., 2016). This type of physical modeling has not only helped the surgical team
prepare for a procedure but has proven beneficial in teaching and preparing the patient (Liew et

al., 2015). These same procedures can be expanded to teach both students and patients about



anatomy and different pathological diseases (Jones et al., 2016). This study looks to expand upon
the initial successes of FFF, SLA and Polyjet AM synthetic joints by increasing biomimicry
through LCC and FGM to bring a much broader perspective to synthetic joints as a training and
preoperative planning tool. A simplified conceptional design and model of this vision is
presented in Figure 1.2 below. The model was printed utilizing a FFF mixing printer (Provisional
Patent 16/421,2273 (Gonzalez & Green, 2019)) capable of varying material properties by

blending varying ratios of TP and TPE (Green, Slager, et al., 2021).

Light Grey Material:
Mimic Cartilage
Characteristics

Black Material:
Mimic Bone
Characteristics

Figure 1.2: Synthetic Joint Prototype with LCC to Mimic Biological Material Printed on a FFF
Mixing Printer (patent pending) in the Joint Laboratory at UTEP (Taylor Green &
Taylor, 2018)

In addition, the potential research aspect of synthetic joints to influence future implant
design and surgical protocols cannot be overlooked. Robust synthetic joints have the potential to
open data analysis and collaboration between researchers and developers worldwide that is not
currently viable with cadaveric or patient studies. Synthetic joint surgeries and testing coupled
with in vitro testing can quantitatively and repeatably compare surgical techniques and implant

hardware. Cadaveric studies with the University of Texas at EI Paso Joint Load Simulator



(UTJLS) and testing with LCC femoral ACL tibial complex (FATC) specimens has already
demonstrated future feasibility and impact of this type of research (Green et al., 2017; Green, Ph,
etal., 2021; Hale et al., 2018; Leu et al., 2012). The impact of this type of research and testing
using fully functional synthetic joints will ultimately increase the performance of joint implants.
This project seeks to increase the capabilities of AM through LCC to overcome current
limitations and work towards fully functional synthetic joints.

In summary, this study will help lay the foundation for new technology in AM required to
achieve the necessary biomimicry in synthetic joints while maintaining repeatability required for
quantifiable and repeatable feedback. Ultimately increasing the life expectancy, resilience, and
functionality of future implants through the following three advancements. First, synthetic joints
that can be used to give repeatable and quantifiable results to surgical students (Figure 1.3).
Second, patient specific synthetic joints prior to surgery for training, fitting, and rehearsal that
cannot be realized through imaging alone. Third, standardized synthetic joints for hardware and
procedural research capable of repeatable feedback between surgical techniques and equipment

(Figures 1.4).

University of Texas FFF Synthetic Knee
the UTILS at El Paso Joint Load Simulator (UTILS) Conceptual Design




Figure 1.3: Possible testing process to develop more realistic synthetic joints for surgical
simulation. (a) Instrument cadaver knee to quantify internal loads and load response
of a human knee (Hale, 2016; Hale et al., 2018; Taylor Green & Taylor, 2018). (b)
Quantify joint loadings during movement (Green et al., 2017). (c) Conceptual
design implementing biological material properties with musculoskeletal based on
cadaveric load response (Green, 2018; Green, Ph, et al., 2021)

Quantify Simulated

’ Surgery Results on

- » Synthetic Joint in UTJLS
or other Simulator/Test
Platform

Figure 1.4: Conceptual Synthetic Joint Study Showing Possible Comparison and Research
Methods (Green et al., 2017; Hale et al., 2018)

BACKGROUND AND SCOPE

M2 SLS research has had a strong focus on multi-powder delivery systems. Small pipette
hoppers have been studied as a way to selectively dispense powder but have not been
operationally integrated into a Selective Laser Sintering (SLS) system (Santosa et al., n.d.).
Applying multiple powders with a more traditional recoater or spreader from reservoirs on the
same plane as the build area or from vertical dispensing reservoirs above the build area have also
been studied but have yet to be shown operationally feasible or produced (Chivel, 2017;
Forderhase & Deckard, 1993; Stucker et al., 2014). SLS design with a single chamber or
reservoir on either side of the build plate has been proposed (Forderhase & Deckard, 1993;
Stucker et al., 2014). However, there is no method to maintain the proper powder refresh ratio or
avoiding powder cross contamination. Other approaches utilize a two-chamber recoater to

dispense multiple powders on a single layer and have been more developed (Chivel, 2017; How



Multi-Powder Deposition Will Transform Industrial 3D Printing, n.d.; Laumer et al., 2016;
Whitehead & Lipson, 2020).

The M2 SLS research demonstrated in this project focused on developing a novel SLS
system capable of sintering a different material each layer with the future capability of sintering
multiple materials in a single layer. M2 capability is introduced using multiple reservoirs with a
powder extraction stage incorporated into the SLS process. The powder extraction stage is
combined with a custom powder dispensing algorithm and innovative laser control with an
extensive thermal management system which collectively allows multiple materials to be
sequentially sintered (printed) on a single layer. Blends of thermoplastic, thermoplastic
elastomer, fiber, and particulate particles were mechanically blended and tested for sinterability
to facilitate M2 printing. Lastly, mechanical tensile and fracture characterization was performed
on nylon-12 (PA12) + carbon fiber (CF) M2 specimens with z-axis controlled binary interfaces
and gradients.

These research goals were achieved through the following four specific aims:

1. AIM 1: Design and build novel multi-material (M2) Selective Laser Sintering (SLS) system
capable of Local Composition Control (LCC).

2. AIM 2: Investigate variations of thermoplastic (TP) powders, thermoplastic elastomer (TPE)
powders, fibers, and particulates blend ratios for compatibility in low temperature and low
energy density powder bed fusing (PBF) applications using a Selective Laser Sintering (SLS)
System with a 455 nm, 1.8-5.1 W diode laser in an air chamber.

3. AIM 3: Characterize stress-strain and fracture data for novel TP/fiber blends using scaled
type V tensile test specimens and Single Edge Notch Tensile (SENT) specimens additively

manufactured (AM) via the M2 SLS prototype created in Aim 1.
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4. AIM 4: Characterize stress-strain, fracture, and material interfaces using SENT specimens
with one-dimensional (1D) binary material interfaces and gradients in the build direction (z-
axis) using selected blend ratios of PA12/CF from Aim 3 and printed on the M2 SLS

prototype created in Aim 1.

LIMITATIONS TO SCOPE AND RECOMMENDED FUTURE RESEARCH
The overall scope of this study was to characterize the feasibility of functional gradients
in polymer PBF using mechanically mixed polymers, fibers, and particulates. Thus, the
following items were not studied and should be considered for future investigation based on the
results of this research:
1. Characterization of polymer chemical composition, chain structure, and bonding
mechanisms of the materials blended and sintered.
2. Crystallization characterization of polymers due to immiscible blending of fibers and
particulates
3. Compression, bending, wear, fatigue, and other mechanical testing of M2 SLS
specimens.
4. Specific interface and gradient characterization such as interface bond strength, fiber
orientation and density, and gradient resolution.
5. Analytical and computational analysis simulations and predict M2 SLS properties and

performance based on the experimental results from this research.

Experimental materials and results were based on the developed M2 SLS prototyped and
constrained by the following design characteristics of the prototype:

1. Ambient air chamber with a maximum temperature of 180 degrees Celsius
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2. 90 x90 x 90 mm cubic build area.
3. 455 nm wavelength LED laser with a maximum power output of 5.1 watts.
4. Focused laser diameter of ~0.1 mm.

5. Layer height of ~0.1 mm with material applied via a non-rotating rake.

These prototype features limited material testing to low temperature nylon matrix
material for CF and HA composites or TPE blends. Material energy absorbance at 455 nm
wavelength necessitated the blend be grey to black in color. Material size with a maximum single

edge length of approximately 0.1 mm.
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Chapter 2: Objectives

The overall objective of the research was to add an additional user-controlled material
property option to an already highly customizable SLS manufacturing method and investigate the
effects of this addition on AM parts. The success of sequentially sintering or coalescing (joining
and solidifying) powder by selective laser heating hinges on the varying powders having similar
softening and melting temperatures and consistent thermomechanics throughout the spectrum of
temperatures during the sintering process. The entire AM process is designed around the general
thermodynamic flow of rapid heating, rapid cooling, remelting or sintering, and gradual cooling
(Mercelis & Kruth, 2006a). This process produces the majority of both the successes and the
challenges of AM and is exacerbated with varying thermomechanical properties of multiple
materials. The thermal gradients produced by the laser energy or directed heat source inherently
cause uneven material shrinkage resulting in residual stress, cracking, voids, and part
deformation (DebRoy et al., 2018a). The uneven shrinking is intensified when multiple materials
with varying thermal properties are involved. Previous experimental and analytical research has
focuses on understanding and ultimately mitigating defects in single material parts by controlling
the following parameters: ambient and substrate temperature; direct and indirect part heating;
beam type, shape, size and speed; and post processing treatments (Anand & Gerner, 2014; Q.
Chen et al., 2017a; Gusarov et al., 2011a; Mercelis & Kruth, 2006a; 1. A. Roberts, 2012a;
Yadroitsev et al., 2010; Y. Zhang et al., 2018). Normally any parameter that can decrease
temperature gradients will decrease shrinkage, internal stresses, and final part defects. The
primary objective of Aim 1 was to design a system capable of maintaining thermal consistency
during material changes from both internal and external sources. Currently a 3D printing user

can readily modify the geometric shape and density. The second objective of Aim 1 added an
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additional user-controlled parameter to allow the user to also implement multiple materials,
material interfaces, and material gradients when printing a part. Part of this implementation
included M2 anchoring to allow fixing or anchoring a part to a warping resistant based material.
This facilitated printing geometries and/or materials not normally possible because of warping
and subsequent sledding during the recoating process. The subsystems, corresponding processes,
and tunable parameters to enable the first two objectives are outlined in Figure 2.1. The single
subsystem highlighted in red (Remove Unfused Powder from Current Build Layer) is included in
the design but is not implemented in the prototype built and tested for this project. This
inherently limited the scope of material gradient testing (Aim 4) to one dimensional material

changes in the build direction.
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Figure 2.1: Multi-Material (M2) Powder Bed Fusion (PBF) printing process with associated subsystem. “Material Application and
Sintering Procedure” is common to single material PBF systems. “Material Change Procedure” and procedures
highlighted in blue un “Initial Print Setup” are unique to the M2 PBF design developed in this research
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Aim 1 established a foundation to customize material properties and gradients for a
specific end use when manufacturing parts via PBF. However, compatible materials with similar
thermomechanical properties were critical to the success of the initial objective. The objective of
Aim 2 was to find and test compatible materials and determine compatible sintering parameters
across multiple blends of thermoplastics, thermoplastic elastomers, and composites with fibers or
particulates mechanically blended into the powder mixture. Material blends were also
specifically selected based on compatibility with the M2 SLS prototype developed in Aim 1.

Aims 3 and 4 objectives transitioned into the tensile and fracture characterization of
printed parts from the first two aims. The objective of Aim 3 was to determine tensile and crack
growth properties of varying PA12/CF blends established in Aim 2. Hardness and density
characteristics were also evaluated to quantitatively compare properties associated with changes
in CF infill volume. The objective of Aim 4 was to quantify the tensile strength and crack growth
of SENT specimens to evaluate interface and gradient interactions of M2 specimens. Both binary
and gradient material interfaces using select PA12/CF blends from Aim 3 printed using the M2
SLS prototype and parameters found in Aims 1 and 2 will be evaluated.

All four Aims and corresponding hypotheses of this study are outlined in the following

section.

Aim 1

Design and build novel multi-material (M2) Selective Laser Sintering (SLS) system
capable of Local Composition Control (LCC). Characterize and tune the following novel
subsystems of the M2 SLS:

1. Custom slicing program capable of the following M2 specific functions:
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a) Assign different materials to different portions of the part. (i.e., planning a
M2 print).

b) Assign different hatch patterns to different materials to adjust energy
density and maintain a uniform sintering depth and cross section area
across multiple materials within a single print (i.e., sinter different
materials at different temperatures to help materials bond evenly).

c) Assign different geometric scaling to different materials to adjust for each
material’s geometric shrinking when sintered. (i.e., sinter different
materials at different scaling to maintain a constant overall part geometry).

2. Multiple reservoirs capable of powder extraction out of the system and powder
addition into the system during a continuous print (i.e., reservoirs to add or subtract powder
during print).

3. Multi-material layer application capable of material changes within the system
between internal reservoirs (i.e., switching materials internally).

4. Thermal management system with multiple heating sources throughout the system
capable of independently controlling the bulk powder temperature, top layer temperature, and
ambient temperature during sintering, powder extraction, and powder addition. Thermal
management system must maintain homogeneous temperatures differentials for multiple
materials within a single print (i.e., temperature control capable of independently controlling
different sections of the system during sintering and while exchanging material).

5. Part anchoring capable of minimizing warping and dimensional instability

between material types while maintaining printability and scalability (i.e., fixing or anchoring).
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6. Control of multi-material operations from a single user interface (i.e., printing

program with control interface for above items).

Aim 1 Hypothesis

Aim 1 was founded by the hypothesis that a M2 SLS system could be designed and developed if
the following systems are incorporated:

1. Print planning and slicing based on multiple materials capable of assigning the
following unique parameters to each material as opposed to the same setting for the entire print
would allow different powders and/or mixtures to coalesce into a single part:

a) 3D models for each material allowing a single layer to be divided into multiple
parts each corresponding to a user defined material.

b) Hatch pattern that maintains consistent time between neighboring laser passes
with galvanometer movements that keep laser acceleration and deceleration zero
between laser on and off operations coupled with laser power changes for each
different material will result in consistent sintering between each layer with
material and thermomechanical changes from layer to layer.

¢) Scaling factor for each material that results in a constant sintered dimension.

2. Lowering a reservoir well below the top layer height would sufficiently isolate the
print area to allow for powder exchange to and from the system while avoiding powder cross
contamination.

3. Powder isolation through a powder blanket and subsequent powder purging would
prevent cross contamination and thermal shock when changing intra-prints materials internal to

the system.
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4. Five independently controlled ambient heaters, five independent bulk powder
heaters and three print area top layer heaters would be capable of maintaining sufficient thermal
stability during powder extraction and addition to preventing thermal shock to the sintered part
during powder exchanging.

5. Part anchoring would minimize part warping and sledding when sintering parts
with varying materials and thermomechanics within a single print while allowing for large cross-
section parts and scalability.

6. Printer user interface would allow user to stop print for external material changes

and adjust real time parameters when switching sintering from one material to another.

Aim 2

Investigate variations of thermoplastic (TP) powders, thermoplastic elastomer (TPE)
powders, fibers, and particulates blend ratios for compatibility in low temperature and low
energy density powder bed fusing (PBF) applications using a Selective Laser Sintering (SLS)
System with a 455 nm, 1.8-5.1 W diode laser in an air chamber.
Aim 2 Hypothesis

Aim 2 was founded by the hypothesis that mechanically blended TP powders with fibers,
particulates and TPE could produce a homogeneous mixture capable of producing a consistent
layer height when applying powder blends during PBF and the blend could be customized and
additively sintered to produce parts with tailored material properties.
AimMm 3

Characterize stress-strain and fracture data for TP/fiber blends using scaled type V and

SENT tensile test specimens additively manufactured in the M2 SLS prototype.
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Aim 3 Hypothesis

Aim 3 was founded by the hypothesis that hardness and tensile material properties would
be enhanced (increase with CF) with the increase of blended material up to a certain blend ratio
and then quickly deteriorate based on increase porosity, material clumping, and laser reflectivity
with an increase of blended material. This would change based on the intended application, but
the deterioration point for PA12 blends was hypothesized to be at 10% for CF additives.
Aim4

Characterize stress-strain, fracture, and material interfaces using SENT specimens with
one-dimensional (1D) binary material interfaces and gradients in the build direction (z-axis)
using selected blend ratios of PA12/CF from Aim 3 and printed on the M2 SLS prototype created
in Aim 1.
Aim 4 Hypothesis

Aim 4 was founded by the hypothesis that functionalized gradients will decrease failures
and increase strength at material interfaces resulting in increased ultimate tensile strength of
multi-material specimens approximately 5-30% for parts with large variations in modulus of

elasticity (E) between material blends.
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Chapter 3: Aim 1 - Design and Build Novel LCC Selective Laser System

INTRODUCTION

Aim 1 of the research designed, built, integrated, and tested required subsystems to
achieve functional material gradients in Powder Bed Fusion (PBF) Additive Manufacturing
(AM). The designed subsystems were integrated into a Selective Laser Sintering (SLS) system to
build a low-temperature Local Composition Control (LCC) SLS prototype. The prototype was
constructed to demonstrate multi-material (M2) print parameter modeling and preparation;
material exchange and movement; thermal consistency and gradients; part sintering and build
stability; and user interface and control. Overall, Aim 1 research proved the feasibility of this
type of M2 PBF technology and provided a prototype to print specimens for the remainder of the

research.

BACKGROUND

Many AM techniques and processes are designed around the material thermomechanics
and the general thermodynamic flow of rapid heating, rapid cooling, remelting/re-sintering, and
finally gradual cooling. These processes produce the majority of both the successes and the
challenges in PBF (J.-P. P. Kruth et al., 2004). Combining or mixing materials with dissimilar
thermal properties in PBF generally exacerbates these challenges.

Part defects in PBF are normally due to the uneven heating and cooling of the material
necessitated by the AM process. Thermal gradients inherently cause uneven material shrinkage
for most metals and polymers used in PBF resulting in residual stress, cracking, voids, and
deformation. Research and published literature indicate substantial work is needed to fully
understand these topics with metal PBF (DebRoy et al., 2018b; Sames et al., 2016). Though most

of this work focuses on metal PBF which generally require the most extreme temperature
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gradients, the findings can be applied to polymer PBF or SLS. Powder Bed Fusion research has
been done experimentally, analytically, and numerically to better understand and ultimately
mitigate defects in the final parts primarily by controlling the following parameters: system
temperatures, heating techniques, beam parameters, and post-processing treatments (I. A.
Roberts, 2012b). The primary system temperature variables are ambient and substrate
temperature. Primary heating techniques are direct and indirect part heating. Laser beam
parameters are generally defined by type, shape, size, and speed. Post-processing treatments can
reduce internal stress and provide density control. All of these parameters affect each other and
are blended to melt or sinter the desired powder while simultaneously integrated to mitigate part
defects.

Integrating M2 capability into PBF complicates the thermodynamics for most of the
required processes. Required M2 functions such as material purging, material isolation, or
material exchange by concurrently spreading relatively large volumes of powder (3-4 times the
volume required to spread a single layer) creates thermal disturbances in the system. Even in an
enclosed and thermally isolated system these disturbances can affect the print process, especially
when the print area top layer powder temperature is inadvertently affected. However, also
maintaining top layer temperature near the material’s melting point (required for selective
melting or sintering) for extended periods to accommodate process other than lasing or melting
(i.e. M2 material exchange) can also have detrimental effects on PBF systems. Systemic thermal
disturbances or delays are exacerbated when powder is removed or added from external
reservoirs. M2 subsystems must be designed to mitigate the thermal disturbances, delays, and
subsequent effects to minimize part defects while maximizing cross material sintering. Part

defects associated with thermal disturbances and/or delays during printing generally include part
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warping, dimensional inaccuracy (i.e., over sintering of surrounding powder), cracking,
increased porosity, and decreased part strength.

Regulating ambient/chamber, substrate/bed, and powder temperatures have been some of
the most effective methods to mitigate internal stresses (Ester et al., 2011; Gusarov et al., 2011b).
An additional technique that is commonly used in metal PBF is part anchoring because of the
comparatively high temperatures and thermal conductivity compared to polymer PBF.
Anchoring normally involves sintering/melting a connecting lattice structure directly to the build
plate and the printed part. Anchoring is not normally used in polymer PBF because of lower
temperatures and insulating properties of polymer materials. Thermal control and anchoring
methods are exceptionally useful because they are divorced from the primary beam adjustments
used to ensure fully sintered or melted parts required for density and layer adhesion. However,
cross section and total part customized hatch patterns as a supplemental method has also proven
effective to minimizing thermal gradients on the sintered surface and within the part being
printed (Steuben et al., 2016b)(Steuben et al., 2016a).

Based on the discussed research, seven unique functions were identified to integrate M2
functionality into PBF with over half focusing on minimizing temperatures gradients and the
effects of thermal shock when switching materials. It was hypothesized that implementing the
following seven functions would enable successful M2 SLS printing (see Figure 3.1 below for a
block diagram depicting overall M2 print process and location of the M2 functions):

Function 1: Prepare a M2 print through functionally graded models by assigning
specific slicing parameters to each material in the model.

Function 2: Tailor hatch and energy density parameters for each material during

printing and adjust real time at each material change.
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Function 3: Isolate build area and maintain strict thermal gradients during all
operations.

Function 4: Move powder into and out of the system.

Function 5: Spread/coat multiple materials onto the build area.

Function 6: Fixate parts to stabilize part to <0.1 mm of movement during entire
sintering process.

Function 7: Interface functions 1-6 with the end user through controls and automated

algorithms.
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Figure 3.1: Block diagram depicting material flow in M2 PBF. Matrix/Infill Preparation (grey
section) can be accomplished internally or externally to the system and can be
automated or manual. Print control (red section) contains the hypothesized

functions to incorporated M2 into PBF

METHODS

The methods to integrate the seven unique M2 functions hypothesized to sinter functional

material gradients were realized through seven novel subsystems. Each subsystem was tied to the

method required to accomplish the corresponding M2 function identified in the previous section.
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An operational and communication flow chart depicting the subsystems required to accomplish

the unique M2 methods are highlighted in Figure 3:2 below.
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Figure 3.2: Multi-material SLS operational and communication flow chart highlighting the
methods to accomplish the seven critical M2 Subsystems. General (overlap exists)
subsystem execution designated by color and associated subsystem number
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A description of the required tasks for each novel subsystem including hypothesized
acceptance criteria are detailed below. Figure 3.2 illustrates how tightly integrated each
subsystem was with the other subsystems and with the overall system. As such, acceptance
criteria for each subsystem inherently depended on system integration and the simultaneous
performance of multiple subsystems. Globally, all acceptance criteria were ultimately based on
the ability of the system to effectively print M2 parts. Effectively printing was defined as
printing without runtime errors, warping < 3%, and dimensional accuracy < 3%. Sintering
acceptance criteria of sintered blended materials was defined as < 10% of neat PA12 type V
samples printed in a commercially available Sintratec Kit SLS printer (also inherently tied to the
acceptance criteria of Aim 2). These results were also compared to published manufacturing data
for neat PA12 powder. The following novel subsystems were designed to enable the

hypothesized functions required to implement M2 capability into PBF:

Subsystem 1: Multi-Material Slicer
Accomplishing M2 manufacturing requires a method to integrate M2 design into the

manufacturing planning process. LabVIEW was used to incorporate M2 planning by developing
a custom slicing program capable of accepting multiple Standard Triangle/Tessellation Language
(STL) files, each of which can be assigned a different material. Each material type was loaded as
a separate STL file (Figure 3.3). For clarity, the different STL files are discrete parts in Figure
3.2; however, for an M2 part the STL files are joined into a single part.
Acceptance Criteria

1. Define individualized hatch patterns and parameters for each material type.

2. Pause sintering between defined material types when printing a M2 sliced file to allow

sintering parameters and material to be autonomously or manually changed.
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Figure 3.3: Multi-material slicer with material designation of each part delineated based on color
and defined on the right side as a different group. For clarity, the different STL files
are depicted as discrete parts; however, for an M2 part the STL files would be
joined into a single part

Subsystem 2: Multi-Material Hatch & Layer Energy Density Control

Hatch pattern, coupled with the laser intensity and triggering, influences the material
bonding, isotropy, part defects, and density of the final part primarily due to temperature
gradients during laser movements (Pinkerton, 2016; 1. A. Roberts, 2012b; Steuben et al., 2016b).

A system to adjust ambient, powder, and top layer temperatures coupled with laser speed, power,

and pattern every time there was a material change was designed to meet each material-specific

requirement to achieve effective intra-material and cross material bonding. This capability was
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programmed through multiple LabVIEW subroutines. The specific capabilities and associated

methods incorporated into each LabVIEW subroutine are defined below:

1.

3.

Galvanometer speed control that minimizes accelerations and decelerations during
galvanometer movements (Figure 3.4).

Hatch pattern control that minimizes thermal gradients during laser movements.
Many available hatch patterns cause uneven thermal gradients across the part cross
section based on inconsistent timing between neighboring rasters coupled with
inconsistent laser velocity based on raster length (W6rz & Drummer, 2018a).
Galvanometer accelerations and decelerations were eliminated during laser triggering
while maintaining constant time between individual laser rasters (Figure 3.5).
Integrating print efficiency to minimize layer sintering time and total part build time
were considered to minimize the time the part and powder are at elevated
temperatures to prevent excessive material degradation and preserve powder reuse
options. Different proposed and tested techniques are described in Figure 3.6. Further
details on alternate hatch patterns can be found in Appendix B.

Intra-print sintering control that adjusts ambient temperature, powder temperature,

top layer temperature, laser speed and laser powder to match material changes.

Acceptance Criteria

Overall, the completion of this subsystem was measured as part of the whole system’s

capability to sinter M2 parts without printing failures such as part sledding or separation between

material types. Hatch patterns were assessed based on:

1. Cross section sintering completeness.

2. Energy density homogeneity.
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The success of different methods were first evaluated by lasing varying mediums such as
wood, cardboard, and paper. Second, subsystem were considered complete when ambient,
powder, and top layer temperatures along with laser speed, power and pattern could be adjusted

mid-print or intra-print when a material change was triggered.
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Figure 3.4: Programmed Galvanometer Speed Control
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Figure 3.5: Comparison of Hatch Pattern Thermal Gradients
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Figure 3.6: Proposed Hatch Pattern to Integrate Both Thermal Homogeneity and Sinter

Efficiency

Subsystem 3: Multi-Material Thermal Management System

Temperature gradients are critical to the SLS process; however, unintended, or inaccurate
temperature gradients during the sintering process result in part defects or print failure. The
methods of this subsystem specifically addressed maintaining intended and stable temperature
gradients during M2 processes.

Many of the required M2 processes caused thermal and physical disturbances in the
system resulting in uncontrolled temperature gradients. The primary M2 processes resulting in
temperature disturbances were:

1. Spreading more than a single layer of powder (while isolating or purging a specific

material) that moved powder below the heated top layer powder.

2. Introducing powder into the system that may be at a nonhomogeneous temperature

or at a different temperature from the system.

3. Removing powder from the system that instantly decreased the volumetric heat

capacity associated with the heat stability of the system.
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4. Introducing external air currents into and out of the system that were not
consistent with the temperature of the internal chamber.

5. Creating internal air currents within the system that mixed the intentionally
maintained ambient air gradients within the system.

The methods of this subsystem directly stabilized temperatures throughout the system.
Fourteen individually controlled (Proportional Integral Controller (PID)) heat sources with low
thermal momentum were used to set and maintain ambient, bulk powder, and top layer
temperatures. This type of system was implemented to decrease system reaction time and
isolated disturbances. Fourteen heaters were used to heat specific areas while maintaining
constant temperature in the remaining portions of the system during M2 operations involving
powder movement into and out of the system. Three Top Layer Direct Heaters were controlled
via a PID Controller within the M2 SLS Host (with individual weights for each IR heater) and all
other heaters controlled via independent PID controllers. The selected location of the heaters are
shown in Figure 3.7 and 3.8. Thermal gradient control specific to M2 operations for each heater
location is described below:

1. Top Layer Direct Heaters heated the top powder layer in the build chamber via
three halogen bulbs. These bulbs were independently weighted to allow thermal
tuning of top layer temperatures and ensured a consistent temperature throughout the
entire part cross section during sintering.

2. Back System Ambient Heater stabilized temperatures at the chamber linear rails
along the back of the system.

3. Build Area Ambient Heaters maintained ambient air temperature surrounding the

part just below the softening temperature of the current top layer material. These
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heaters were specifically placed to allow a new ambient temperature to be set during a
material change to accommodate varying softening temperatures while minimally
affecting the other temperatures in the system.

Dispensing and Reservoir Ambient Heaters maintained a lower temperature than
the Build Area Ambient Heaters to maintain powder granularity prior to spreading.
The rake and heat deflector on the rake were positioned between the build area and
dispensing plate when not spreading powder to aid in maintaining the required
temperature gradient between the build area (relatively high temperature) and the rest
of the internal ambient environment (relatively low temperature).

Build Area Bulk Powder Heater maintained the powder surrounding the sintered
part at a constant temperature during powder extraction and addition.

Dispensing and Reservoir Bulk Powder Heaters aided in quickly stabilizing the
temperature of powder added into the system.

Front System Bulk Powder Heater maintained the temperature at the front of the
chambers when powder access doors were opened for powder extraction from the
system or powder addition into the system.

Build Plate Heater locally maintained the temperature of the first layers of a print to
facilitate part dimensional stability and reduce warping during the build process. If
required, this heater also locally raised the temperature of the anchoring material.
Dispensing Plate Heater aided in quickly stabilizing temperature of powder added

into the system.
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Acceptance Criteria

Time, location, and part cross section area all influenced this subsystem’s effectiveness
and thus influenced the acceptance criteria. Different areas were sensitive to different types of
temperature changes and the entire system was more susceptible to print failures during the first
10 layers and with large sintered cross sections. It was hypothesized that the sintered part could
tolerate a 5° C overshoot above intended temperature in the build area (both ambient and
powder). However, as little as a 2° C drop for parts with large cross-sectional areas at the
beginning (< ~10 layers) caused unacceptable (i.e. print failure) warping. The reservoir area was
sensitive to temperature spikes and a 10° C overshoot could cause slight sintering of the powder
in the reservoir or dispensing chambers which resulted in powder clumping and uneven
spreading and/or print failure. It was also hypothesized a temperature drop in this powder would
not affect the overall operation of the system if the powder temperature was eventually stabilized
at the correct temperature prior to spreading the next layer. The following completion criteria
were based on these general parameters during all operations with special attention given to M2
operations (temperatures tolerances were intended to mitigate warping affects):

1. Build bulk powder thermal fluctuations within -2 to +5° C with thermal gradients < 2°

C.
2. Build area ambient thermal fluctuations within +/-5° C with thermal gradients < 5° C.
3. Build area top layer powder thermal fluctuations within -2 to +2° C with thermal
gradients < 1° C.
4. Dispensing plate thermal fluctuations < +5° C during powder removal and addition

and recovery temperature fluctuations after disturbance within < +/-5° C.
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5. Reservoir and dispensing area thermal fluctuations < 5° C during powder removal and
addition and recovery temperature fluctuations after disturbance within < +/-5° C.

6. Reservoir and dispensing bulk powder thermal fluctuations < +5° C during powder
removal and addition and recovery temperature fluctuations after disturbance within <
+/-5°C.

7. Back system ambient thermal fluctuations < -5 to +5° C with thermal gradients < 5°

C.

Build Area
Bulk Powder ]
Heater

Reservoir
Bulk Powder
Heaters

T
(SRS

Dispensing Plate
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/

Figure 3.7: Thermal management subsystem heater positioning for M2 operations involving
powder movement into and out of the system
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Figure 3.8: M2 SLS Front Access Door with Powder Addition and Extraction Ports
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Subsystem 4: Multiple Reservoirs with Intra-Print Powder Extraction/Addition

The M2 SLS design was able to sinter any number of compatible low-temperature
polymers and composite blends which required a mechanism to replace a material within the
system with a different material from outside of the system. A critical aspect to integrating this
subsystem into the printing routine was to minimize powder and thermal disturbance throughout
the powder exchange process. Maintaining acceptable thermal stability was accomplished
through synchronization of this subsystem with subsystem 3 (thermal management). The
methods for intra-print powder extraction and addition were implemented through two basic
procedures discussed below and depicted in Figure 3.8.

First, material was removed out of the system. To accomplish this function the dispensing
plate was moved to the lowest position in line with an extraction port (Figure 3.7, 3.8a). Material
was removed from the dispensing chamber via a mechanical scoop and a low flow powder
extraction vacuum to avoid high air movement internal to the system which would disturb the
other powder in the system and create thermal convection currents within the system.

Second, new material was added into the system. The dispensing plate was raised above
the extraction port and material was added into the dispensing chamber through the upper feed
port aligned with the dispensing chamber (Figure 3.7, 3.8b-c). Material was added through a
dispensing powder syringe and mechanically leveled with an external rake operated in a

perpendicular motion to the internal powder application rake.

Acceptance Criteria
The following two parameters were hypothesized to be the key tolerances required to

maintain print parameters during material exchange:
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1. Cross Contamination: Less than 2% cross contamination measured via optical
microscopy of powder samples from the build plate, dispensing chamber and
reservoir after completing the powder exchange process.

2. Temperature Gradients: Temperature gradients surrounding the build area remain
within 3° C of set temperature during the entire execution of powder extraction and
addition. Internal temperature gradients were affected by the outside temperature and
the temperature of the powder being added and so the new powder and dispensing
plunger was pre-heated prior to inserting the powder. This portion of the completion
criteria is the same for subsystem 5 and both subsystems were evaluated via

thermocouples and infrared cameras.

=9

[

Extraction
port

AN NNANANANAN
s

AR

AN

Powder Extraction from Fully cleaned dispensing |
system chamber
T [T [ L1 [ 1 [

Powder Addition/Replacement ‘

from outside the system O

NNANNNNNNNNANNN

Figure 3.8: Powder Extraction and Addition Flow
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Subsystem 5: Multi-Material Layer Application

The M2 SLS design was also able to switch build chamber top layer materials at any time
during a print. The prototype built for this research did this by spreading material from either the
dispensing chamber or the reservoir chamber (each filled with different powder blends). When
switching from the dispensing chamber to the reservoir an “isolation” layer of powder was
applied to the dispensing chamber prior to spreading the first layer of the new powder (Figure
3.9b). When switching from reservoir to dispensing chamber powder the dispensing chamber
was “purged” prior to spreading the first layer of new powder from the dispensing chamber
(Figure 3.9¢). These two methods are detailed below:

Powder Isolation Methods (Figure 3.9a-b):

1. Reset powder spreader to the reservoir position.

2. Lower the dispensing plate until top of dispensing powder is below top of dispensing
chamber. The proper depth will have to be experimentally determined for each
material blend based on amount of cross contamination. For instance, CF blends cross
contaminate neighboring powders significantly and so will require the dispensing
plate be lowered a greater depth than most other blends. Also, if reservoir material is
a higher temperature material the dispensing plate will have to be lowered to a point
to also isolate the dispensing material thermally. When planning a print, the higher
temperature material should be kept in the dispensing chamber to the maximum
extent possible to avoid thermal mismatches during this function. A depth of 0.5-4
mm is hypothesized to be adequate for the proposed blends.

3. Raise reservoir plate to spread reservoir powder on top of the lowered dispensing

powder. The reservoir will not be able to be initially raised enough to fully cover the
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dispensing powder in a single pass or the powder will clump and not spread evenly
and cause large temperature gradients over the build area. The amount to raise the
reservoir for each pass will have to be experimentally determined for each material
blend. Approximately 2-4 passes of 0.5 mm per pass is hypothesized to sufficiently
isolate most blends.

4. Run the spreader each time the reservoir is raised until the dispensing powder is fully
isolate and there is a homogeneous top layer of reservoir powder. The rake can move
from the reservoir position to the build plate position for initial isolating spreading.

Powder Purge Methods (Figure 3.9c-d):

5. Reset rake to the dispensing position.

6. Raise the dispensing plate enough to expose the dispensing powder. The correct
amount will be experimentally determined for each powder as raising the dispensing
plate too much at a time and raking large amounts of powder can cause unacceptable
thermal gradients over the build area. However, not raising the dispensing plate
enough may cause the top reservoir powder to be pushed down and mixed with the
underlying dispensing powder.

7. Spread the powder and return spreader to printing position if reservoir powder is
sufficiently purged or return to dispensing position if multiple iterations will be
required. It is hypothesized that the raised powder can be left in place until the
ambient build area heat permeates the raised powder spreading can be done in 1 or 2
passes to simultaneously minimize powder mixing, cross contamination, and thermal

disturbances to an acceptable level.
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Acceptance Criteria
Completion criteria was quantitively measured through cross contamination analysis and
thermal gradient analysis discussed below:
1. Thermal gradient analysis completion measurements will be done in accordance
with completion criteria Subsystem 3 “Multi-Material Thermal Management
System”.
2. Cross contamination analysis will be done via microscopy of powder samples from

all three chambers. Less than 1% cross contamination will be considered acceptable.
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Figure 3.9: Proposed Methods to Switch Materials at Layer Application through Powder
Isolation (a-b) and Powder Purge (c-d)
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Subsystem 6: Part Anchoring

Anchoring in metallic PBF (commonly known as Selective Laser Melting or SLM) is
common but normally considered a necessary requirement to dissipate heat through conduction
with numerous undesirable consequences. The conductive capacity of the anchors is required to
avoid overheating due to the extreme energy (heat) required to melt and coalesce the metal
particles compared to the relatively cool ambient air and insulative powder the part is immersed
in during printing (C. Li et al., 2018a; I. A. Roberts, 2012b; Zaeh & Branner, 2010). Anchoring
mitigates many of the impacts such as warping and residual internal stress associate with the
huge temperature gradients in metallic PBF (Bartsch et al., 2019; Q. Chen et al., 2017b).
However, print planning, print time, material usage all increases while part removal and post
processing to remove the anchors is complicated and can damage the part. Though there are
efforts to find ways to move away from anchoring in metallic PBF, anchorless printing is
normally still seen as an advantage of polymer PBF (commonly known as Selective Laser
Sintering or SLS) over metallic PBF (Mumtaz et al., 2011). Though the powder temperature and
the sintering temperature differential is minimal during printing of polymers as opposed to
metals; like metals, sintering large cross-sectional areas of a part during SLS continues to limit
the process. Scalability is highly desired by many industries but quickly introduces warping,
shrinking, and internal residual stress (C. Li et al., 2018b; Mercelis & Kruth, 2006b; Tofail et al.,
2018; X. Wang et al., 2017b). Anchoring was hypothesized to mitigate some of these potential
problems in SLS and increase the scalability of SLS printing. However, for this study anchoring
was also the proposed method for stabilizing the part in the print area during material extraction
and addition to prevent the part from moving when material is removed from the top layer and to

prevent warping associated with thermal disturbances during M2 operations. Anchoring is
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proposed as an additional method to the thermal management subsystem to mitigate part
movement, warping and print defects during the material exchanges during the execution of
subsystem 5 & 6 (Figure 3.10).

A novel M2 anchoring method was used for this study by incorporating the inherent M2
capabilities of the M2 SLS prototype. Traditionally SLM anchoring involve attaching “anchor
points” to the build plate or a structure attached to the build plate which facilitates conductive
heat flow from the part. Since this heat flow was not required for the materials utilized in this
project the part was anchored to a low warping CF blend or TPE via the following methods:

1. Load the low warping material powder blend in the dispensing chamber.

2. Load the desired initial part material powder blend in the reservoir chamber.

3. Initially sinter 10-20 layers (1-2 mm) of a complete extension (footprint) of the

desired first layer with the low warping material from the dispensing chamber.

4. Print the desired part with the desired material from the reservoir chamber directly on

top of (adhered to) the 1-2 mm anchoring footprint.

5. Machine or cut off the anchoring footprint.

These methods were used to avoid warping but were also critical to secure the part during M2

operations.

Acceptance Criteria

While this subsystem’s completion criteria are inherently interlinked with previous
subsystems at the most basic level this method was considered successful if the print did not fail
due to sledding or shifting following material changes. However, this system was used to

supplement all other systems to achieve the following specific completion metrics:
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1. Anchor geometry and material stiffness minimized part shifting and warping during
printing.

2. Anchor material remained sufficiently stable to prevent sledding.

3. Part material bonded to the anchor and remained intact during printing but facilitated

removal after printing.
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Figure 3.10: Part Anchoring Depiction

Subsystem 7: Multi-Material SLS Host and User Interface

A user interface (“M2 Host”) was developed to execute the M2 functions and run
subsystems 1-6. The only exceptions were 11 of 14 heaters in the thermal management system
which were interfaced via individual external PID controllers (Figure 3.6). External PID
interfaces for the majority of the heaters maintained M2 SLS prototype operational functionality
while simplifying the wiring and coding for the main M2 Host. The methods for interfacing all

other functions were contained in a LabVIEW host and described below:
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M2 Slicing and hatch interface capable of setting different hatch parameters based on
each material type (subsystem 1 and 2) is described in Figure 3.11. Interface allowed
control of hatch geometry, perimeters and spacing to match each material type.

. Top powder layer thermal control (subsystem 3) interface is described in Figure 3.12
Interface to transport multiple powders required (subsystems 4 and 5) was divided
into three individual user interface tabs.

a. First tab (“Motor Control and Config”, Figure 3.13) allowed the user to move
powder when extracting, adding, purging, or isolating powder for a material
switch.

b. Second tab (“Print Macros”, Figure 3.13) allowed the user to change
automation settings for each material type.

c. Third tab (“Print Controls,” Figure 3.14) allowed the user to select the proper
powder chamber and rake speeds after a material switch.

Interface to change energy density parameters to match a new material (sintering
execution of subsystems 1 and 2) was accessed on the “Print Controls” tab (Figure
3.14). Real time adjustable parameters to match material properties were laser speed,
laser power, hatch density, and hatch multiplier.
Interface to set the first material for anchoring (subsystem 6) was inherently included
in the material switching interfaces.
Interface to monitor print progress and overall system operation and health was
presented with the following feedback mechanisms (Figure 3.15):

a. System Temperature feedback via top layer infrared sensor and ambient

thermocouple sensor (Figure 3.15a).
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b. Mechanical movement feedback of the rake, build plate, dispensing plate, and
reservoir plate via motor control status (Figure 3.15b).
c. Sintering health feedback via laser and layer timing (Figure 3.15c).
d. Powder level and availability feedback through dispensing and reservoir
height monitoring (Figure 3.15d).
e. Overall print progress through layer monitoring (Figure 3.15e).
Acceptance Criteria
Subsystem 7 was tested and considered operational upon completion of subsystems 1-6
indicating effectiveness of the respective controls interface. Results were experimentally

evaluated, and interfaces changed as required to achieve completion of the respective subsystem.
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Figure 3.11: Material Specific Hatch Control Interface for Subsystem 4
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Figure 3.13: Powder Exchange Interface to Control Subsystems 5-7
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Figure 3.14: Powder Exchange Interface to Control Subsystems 5-7
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Figure 3.15: System and Print Monitoring
(a) System Temperature feedback via top layer infrared sensor and ambient thermocouple sensor.
(b) Rake, build plate, dispensing plate, and reservoir plate movement feedback via motor status.
(c) Sintering health feedback via laser and layer timing.
(d) Powder level and availability feedback through dispensing and reservoir height monitoring.
(e) Overall print progress through layer monitoring.
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RESULTS

A M2 SLS prototype (Provisional Patent 63/262,580, UTEP Disclosure D2020-0015,
Appendix A) was built in accordance with the methods described in this chapter. Initial sintering
results have proven the ability to change material types between the two internal reservoirs and
the ability to exchange powder from external sources. Printed specimens from the prototype have
sintered particles across material switches and interfaces using the custom slicing, hatching, and
sintering programs. Ability to sinter parts with functional gradients has been demonstrated and
characterization of these gradients can be found in chapter 6 (Aim 4). Specific results for each

subsystem are organized by subsystem for clarity and described in the following seven sections.

Subsystems 1 & 2: Multi-Material Slicer, Hatch, & Layer Energy Density Control
Subsystems 1 and 2 were tightly integrated to produce material based sintering energy
density. Both were implemented through LabVIEW by assigning hatch pattern, perimeters, laser
speed, laser intensity, and number of laser passes based on material type. The hatch pattern and
perimeter settings were integrated through the M2 Slicer subsystem. An example of the resulting
material specific hatch pattern is depicted in Figure 3.16 with individualized hatch angle,

spacing, and perimeters for each material.

50



Trovel Moves 1o

FRS
o g maw G S

file path (use dislog)
cas

Material 0
Custom
Hatch

Setting Laser ON

—_—

Laser OFF
—_—

Material 2 RN Material 3
Custom Custom
Hatch Hatch

Setting

Setting

Figure 3.16: Material Specific Hatch Example:
(a) 0.1 mm hatch spacing, 0 degree hatch angle for all layers, single perimeter.
(b) 0.1 mm hatch spacing, 45 degree hatch angle for all layers, single perimeter.
(c) 0.5 mm hatch spacing, 90 degree hatch angle for all layers, no perimeter.
(d) 1.0 mm hatch spacing, -45 degree hatch angle for all layers, no perimeter

Subsystem 3: Multi-Material Thermal Management System

The thermal management performance was evaluated and tuned for steady state
operations and for material change operations. The requirements and results of each were
decidedly different:

Single Material Thermal Management:

Ambient thermal testing utilized both the integrated infrared (IR) sensor and test specific

thermocouples. The integrated IR sensor was located between the Top Layer Direct Heaters with

an ambient thermocouple and an IR sensor focused on the build plate. Thermocouples were

placed throughout the internal chambers just above leveled and raked powder on all plates. 10
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mm of powder was loaded on the build plate and 60 mm of powder loaded on both the
dispensing and reservoir plates. Initial testing revealed low temperature areas around the front
door and access ports. This resulted in larger front ambient heaters being placed around the door
and front access port. Location of the adjusted heaters, controllers, and temperature sensors for
testing are labeled in Figure 3.17. Ambient testing showed thermal stability within 3.5° C for the
build area (Figure 3.18) and within 1° C for the dispensing and reservoir areas (Figure 3.19 and
3.20 respectively) during the warmup period from 60-120 minutes. When the build area was
brought up to a sintering temperature of 160° C and allowed to stabilize (~220 minutes of total
run time) the reservoir area remained stable at 133°C £ 1° C, while the dispensing area
developed a 2.9° C split between the front and back thermocouples with a temperature of 133°C
+ 1.5°C (Figure 3.19 and 3.20 respectively). At the same time the build area stabilized at a
thermocouple reading of 142°C + 6°C with the front thermocouples (B7 and B8) having the
lowest reading at approximately 137°C and the left middle thermocouple having the highest
reading at approximately (B4) at 149°C. The middle of the print area had an average reading of
approximately 142°C + 2.5°C (Figure 3.18).

Top layer thermal testing also utilized an IR sensor (OPTXI40LTF13T090, Optris
Infrared Sensing, Portsmith, NH) and test thermocouples just below leveled powder in the build
area with the same powder volume used for ambient testing. Top layer thermocouple testing
indicated approximately a 7° C difference between the middle and the perimeter of the build area
of the build area top layer. IR testing and bulb weight tuning were done with Top Layer Direct
Heaters were set to 165° C. Bulb weights were tuned to: Front = 90, Left = 65, Right = 110 (with
120 being maximum weight) which resulted in IR readings indicated a mean of 176.2° C with a

standard deviation of 1.0° C and a maximum different of 6.6° C for a ~120x100 mm area (Figure
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3.21a) and a mean of 176.8° C with a standard deviation of 0.6° C and a maximum different of

3.2° C for a ~120x50 mm area (Figure 3.21b). Final tuned temperatures are given in Figure 3.22.

Infrared Location and
Identification:

Reservoir
Bulk Powder
Heaters
(RES Bulk)

Build Area
Bulk Powder
Heater
(Left Powder)

Dispensing Plate
Heater
(DISP Plate)

PID
Controller
and Set
Temperature
Identification

Figure 3.17: Heater, PID Control, and Thermocouple and Identification Corresponding to the
Temperature Profile Graphs (Figures 3.18 thru 3.20)
PID Identification corresponds to heater location and temperature profile graphs.
- Thermocouple Identification labeled in white lettering on plates with “B” = Build
Plate, “D” = Dispensing Plate, “R” = Reservoir Plate
- Integrated Infrared Sensor Identified by white “IR” label
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Figure 3.19: Dispensing Ambient Thermocouple Data
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Figure 3.21: Infrared Image of Build Area (Top Layer Direct Heaters set to 165° C and Bulb
Weights Set To: Front = 90, Left = 65, Right = 110)
(a) Data for a ~120x100 mm area
(b) Data for a ~120x50 mm area
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Figure 3.22: Tuned PID Setting for PA12 and PA12+CF and Internal Temperatures 13 hours and
15 Minutes into Print
Material Switch Thermal Management:

Thermal management testing, tuning, and characterization following a material switch
using the same settings used for single material steady state printing (Figure 3.22) resulted in
poor layer adhesion between different materials. There were two primary causes of degraded
layer adhesion between different blends of material

1. Extended delays when switching materials with an external material through the dispensing

port.

2. Difference in required energy density for the new material.

The first multi-material thermal management algorithms were based on material switches

took up to 8+ minutes to accomplish (see next section for details). If build area temperatures
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were held at steady state sintering temperatures during this delay the material would over-sinter
and cause the entire cake around the old material to crack and warp during a material change
(Figure 23a). This was combated by lowering the temperature during external material switches,
however, a balance had to be experimentally determined or the material around the part would
warp and crack the cake from being too cool (Figure 23b). Novel temperature control was
developed, and the parameters are given in Figure 3.24, however, this system still had to work in
conjunction with subsystem 4 (Multiple Reservoirs with intra-print powder extraction/addition)
which minimized powder exchange timing to avoid complete sintering of the cake (Figure 23c)

Tuning the novel temperature control system resulted in multiple temperature settings
and strict timing after the material exchange was complete. The initial temperatures during this
process yielded ideal M2 adhesion with a 2°C decrease in top layer temperature (Figure 2.24b)
during powder extraction and addition followed by a 6°C increase (Figure 2.24C) for the
application of the first layer with the new material. Subsequent layers were stepped back down
(1-2°C increments, Figure 2.24d) until reaching ideal sintering/build temperature for the new
material (Figure 2.24e).

The second multi-material thermal management algorithms were based on changes in
required sintering energy density between the first and second material. Energy density had to be
balanced between the pervious material and the new material during a material switch at the
material interface layers. This was a balance between warping and a fully sintered layer could
not be consistently achieved with the top layer IR heaters and a single pass of the laser. It was
found that running the laser at maximum power (5W) produced the best results, however, even at
this power if the laser was slowed enough to sinter the new material to the previous material

there would be excessive warping and dimension differences between the two materials resulting

59



in the materials pulling apart from each other. If the laser was run at a faster speed there would
not be sufficient energy to sinter the new material to the previous material. A novel multi-pass
laser technique was developed to overcome these issues between varying blends of material. The
first pass was done at 2-5 times the speed required to sinter the material which “preheated” the
material prior to sintering. This preheat temperature was above an acceptable cake temperature
for the top layer but below the sintering temperature. The second pass of the laser was the
“sintering” pass. Finally, there was a third pass of the laser to allow the sintered layer to fully
bake and coalesce (combine and adhere) to the previous layer before relatively cool powder was
spread on top of the sintered part. Speeds were adjusted based on hatch angle to further increase
energy density uniformity between layers since windowing (Figure 3.6) was used to increase
print efficiency and decrease print time. This multi-pass technique is illustrated in Figure 3.25

and was adopted for most single blend prints as well.
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“Cake” cracking and sledding at rake due
to high temperature and cake warping.

“Cake” cracking surrounding part due to
low temperature and part warping.

Complete “Cake” melting due extended
delays with thermal management
systems held at steady state settings

- B B e . T e

Figure 3.23: a) Over-Sintered Top Layer and Cake After Maintaining Top Layer at Sintering
Temperature for 8-10 Minutes. b) Cake Cracking Due to Being Allowed To Cool
Too Much External During Material Switch
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Subsystem 4: Multiple Reservoirs with intra-print powder extraction/addition

Various hardware and vacuums were tested to accomplish the methods for powder
extraction and it was found that a 5.5 peak HP vacuum reduced to a 0.25 inch hose coupled with
an extended “spoon” (Figure 3.26) extracted all powder in 1-2 minutes depending on the volume
of powder to be extracted. With the rake and shield moved between the dispensing chamber and
build area there was <1° C measured temperature fluctuations at the top layer which was
included in the temperature setting for external material switches (Discussed in the previous
section, Figure 3.24). Hardware was also tested to accomplish the methods for powder addition,
and it was found that 1 inch copper tubing worked well for the powder addition because it
uniformly preheated the powder and produced uniform powder flow with minimal dust when
delivering powder through the powder addition port (Figure 2.26). This process took much
longer than the powder extraction and ranged between 4-8 minutes. The combined time required
for powder extraction and addition was ~8-10 minutes.

Imaging of the final part during material switches revealed minimal contamination
between powders. However, when carbon fiber is used there was evidence of contamination at
the first couple layers and can be seen clearly at the surface (Figure 3.27) after the first could
layer there was only evidence of 1 or 2 fibers in layers that were intended to be neat/0% CF.

Microscopy of fracture surfaces showing material switches is provided in chapter 6.
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Figure 3.26: Powder Addition with Copper Dispensing Tubes, Leveling Rake, and Scoop
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Figure 3.27: Comparison of Homogeneous and Inconsistent Powder Switch and Interface
a) Homogeneous powder switch with smooth layer transition and negligible
contamination
b) Inconsistent powder switch CF Contamination when Switching from 5%CF by
Volume to Neat PA12
Subsystem 5: Multi-Material Layer Application
Multi-Material layer application (switching between the dispensing and reservoir
chambers or after adding powder to the dispensing chamber) testing, tuning, and characterization
resulted in poor layer adhesion between different materials with single pass powder recoating.
Single pass recoating was prone to layer inconsistencies which resulted in voids and low density
material at material interfaces (Figure 3.28). To rectify these inconsistencies in powder spreading
a novel multi-pass recoating system was developed (Figure 3.29). The multi-pass recoating
system was used when spreading powder from both the dispensing and reservoir chambers but
only illustrated from the dispensing chamber in Figure 3.29. First the build area was lowered 1.5-
2.5 times the distance of a single layer to allow “extra” powder to be delivered (Figure 3.29a). To
fill this void the feed plate was raised an appropriate amount above what would be required for a

single layer application (Figure 3.29a). Powder was spread (Figure 3.29b) and then the build

plate was raised to set a single layer height (Figure 3.29c). Powder was them removed (i.e.
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scraped off the top) of the build area with a reverse raking motion and delivered back to the feed
chamber (Figure 3.29d). This novel multi-pass recoating system resulted in consistent material
changes through all blends tested (Figure 3.30). However, this system also resulted in improved

results for single material prints (Figure 3.31)

Post Print Multi-Material Cake from
Build Chamber

\ Po\:.'der Switch layer
 application 0 PA12 + 10%CF
inconsistencies | " fed from
Dispensing
Chamber

Good homogeneity
at layer switch

b FHONRE 141533 Unat Magnideaiion 801 x H
Multi-Material Interface Defect of Printed Part

T

Part defect due to
material switch
inconsistencies

o -

Figure 3.28 Layer Inconsistencies Resulting In:
a) Voids and low-density material at material interfaces in the build chamber
b) Part defects at multi-material interface
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Figure 3.29 novel multi-pass recoating system was developed
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Figure 3.30: Post Print Cake Showing Homogeneous Layer Application at Material Changes
Novel Multi-Pass Recoating System
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Figure 3.31: Tensile Fracture Surface of Single Material Print Demonstrating Advantages of
Novel Multi-Pass Recoating System
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Subsystem 6: Part Anchoring

Multi-Material part anchoring with 10% or 5% CF/PA12 facilitated previously
unprintable Single Edge Notch Tensile (SENT) specimens due to warping. The SENT specimens
were used for Aim 4 and initial 0% CF layers are illustrated in Figure 3.32 without anchoring
(3.32a) and with anchoring (3.32b). Comparison of CF anchoring is shown in Figure 3.33a, with
thicker anchors reducing warping over thinner anchors. Quantification of warping is presented in
the following chapter (Aim 2). M2 anchors also enabled printing TPE blends with PA12 anchors

(Figure 3.33b) and high concentrations of HA with PA12 anchors (Figure 3.33c).

a 0% CF Warping b 10% cF Anchor

Figure 3.32: PA12 Single Edge Notch Tensile Specimen without Anchoring (a) and with 10%
CF anchor (b)
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Figure 3.33: Anchoring results with 10% CF anchor (a) and PA12 anchor (b and c)

Subsystem 7: Multi-Material SLS Host and User Interface

The M2 host was tuned throughout this research and resulted in full print status feedback
with real time M2 and thermal control. Limited automation was integrated was integrated for
material switches and most subsystems had to be manually controlled during material switches.
This increased time required, time variation, and possibility for human error between material

switches. Final results are depicted in the methods section of this chapter.

DISCUSSION

All subsystems synchronously demonstrated feasibility of design and have also paved the
way for improved efficiency and effectiveness. The developed M2 SLS Prototype was capable of
consistently printing bi-material parts using the two internal chambers. Minimizing the time

between layers and for the entire print was a critical aspect to the design. Future printers using
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this design should incorporate more automation to reduce time during material switches and a
higher-powered laser to reduce time while sintering each layer. Integrating automation does not
simply reduce the amount of user interaction but decreases delays between layer applications
which is critical in reducing layer inconsistencies and adhesion between layers.

Though the two-powder chamber prototype proved the feasibility of M2 PBF, multiple
internal chambers would drastically reduce time of 3+ material prints. Multiple internal
chambers (Provisional patent Provisional Patent 63/262,580) could be added either in a linear
method (Figure 3.34 and 3.36) or a radial method (Figure 3.37 and 3.38) to reduce time between
material changes. The most efficient technique would likely be to simply mirror the design of the
prototype (Figure 3.34) with removable (i.e., “swappable”) reservoirs (Figure 3.35), allowing
four internal materials with very little change to anything else in the current prototype. This
mirrored system would also limit when the reduced temperature profile would have to be used
since material changes internally between the dispensing and reservoir chambers had similar
times as applying single material layers and so the hypothesized acceptance criteria of <3° C
maintained ideal thermal conditions for continues prints between materials.

High performance materials such as PEEK (critical for biomedical applications) will
require high temperature capability. This will require a high-powered laser along with high
powered ambient and top layer heaters. However, an inert chamber will likely be required to

fully test these types of polymers and will increase the complexity of external powder switches.
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Figure 3.35: M2 SLS Removable (i.e., “Swappable”) 4 Chamber Design with Single Recoater
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Much of Aims 1 and 2 testing was conducted concurrently and the research in the
remaining aims continued this work and matured the subsystems to provide a fully operational
prototype. Much of the discussion in those chapters is applicable to the M2 SLS design but is

not repeated in this section.

BROADER IMPLICATIONS

Many of the methods and results presented have been motivated by the goal of building
and testing an operation prototype. However, the methods developed have a much broader scope
than just low temperature sintering applications. First, the multi-chamber design can be
implemented across most PBF systems and can be used to protect materials from the harsh
environment of most PBF systems during extended prints. Keeping materials out of the
environment required for sintering until needed can be applied to both single material and M2
prints. Second the multi-pass recoating has opened the door to customizing fiber or other
composite material orientation. For instance, systems should be tested that still pull material
from constant reservoir but have second or third pass recoating from a different direction to
change the direction of fibers. This could be particularly helpful in increasing the homogeneity
of AM parts if the fiber orientation was changed each layer or in customizing material properties
based on load orientation. Third, the multi-pass lasing introduces “real time heat treatment
options” that could maintain geometrical accuracy and complexity while fully sintering particles.
Lastly, M2 anchoring can be used to sinter two materials together that have marginal sintering
window overlap. When combined all these subsystems lead to a manufacturing process that may

be developed to possibly produce previously unachievable parts in PBF.
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CONCLUSION

Overall, the design of the specific M2 subsystems and their integration into an SLS
system worked well and the M2 SLS prototype proved the feasibility of M2 PBF capable of LCC
and the manufacturing of functionally graded materials and parts. The lack of automation and
robustness of components in the prototype caused substantial issues for the system, which will
need to be upgraded before mass producing multi-material parts. In particular, a system with
more than two internal powder chambers should be incorporated for parts consisting of more
than two materials. Lastly, build area powder extraction should be tested and tuned to facilitate

3-dimensional material control.
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Chapter 4: Aim 2 - SLS Material, Fiber, and Particulate Compatibility and Sintering
Testing
INTRODUCTION

Aim 2 of the project investigated the feasibility of sintering mechanically blended ratios
of thermoplastics (TP), thermoplastic elastomers (TPE), fibers, and particulates. Methodology
incorporated materials compatible with low temperature (< 170° C), blue diode laser (455 nm 2,
5.0 W), and ambient air sintering to accommodate testing using the Multi-Material (M2)
Selective Laser Sintering (SLS) prototype developed in Aim 1. Though these constraints limited
viable polymer powders and material blends to generally dark grey color, low temperature
melting, and stable at elevated temperatures in the presence of oxygen; the results are directly
applicable to most SLS systems currently available. Mechanical blending feasibility and
performance were projected to other powders and materials and applicable to the future impacts
discussed in Chapter 1. The results of Aim 2 ultimately added material variability to the M2 SLS
prototype and most single material SLS systems.

Pioneering powder blend compatibility to meet the requirements of this research began
with investigating neat (virgin) polymer powder flow, thermomechanics, sintering, and final part
evaluation to ensure compatibility with the proposed M2 SLS. Commercially available neat
powders known to perform well in similar sintering environments as the M2 SLS were tested to
find sintering window overlap of the powders. Material blend investigation followed the same
evaluation method as the neat polymer investigation. Printed blends were tested for mixture
homogeneity, particle coalescence, and layer bonding. Aim 2 initial results led to an in-depth
evaluation of Nylon-12 (PA12) as a matrix material and the feasibility of functionalizing final

parts with TPE, carbon fiber (CF), and hydroxyapatite (HA). Aim 2 concluded with specific M2
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SLS prototype sintering settings for PA12/CF and PA12/HA blend ratios that were used in Aims
3and 4.
BACKGROUND

Polymers available for SLS are limited by the distinctive and relatively rare material
properties required to successfully sinter a polymer powder (Schmid & Wegener, 2016a).
Thermal material properties specific to sintering (Figure 4.1) must match the selected sintering
energy source. When sintering polymer blends, all materials in the blend are subject to the same
energy sources and thermal conditions and at a minimum must be tolerant of the sintering
process. Polymer blends with fibers and/or particulates can be susceptible to conglomerating and
clumping out of the blend during powder spreading. Avoiding particle conglomeration while
assure adhesion between blended particles, laser hatch lines, and layers during sintering is
essential to final part integrity.

AM blending in PBF has unique challenges and requirements when compared to M2
fabrication in other AM processes such as Fused Deposition Modeling (FDM) (i.e., FFF — Fused
Filament Fabrication) or Polyjet printing. In most other manufacturing methods material
blending is done in a molten or liquid state. This inherently requires the blend to flow in a liquid
state which becomes problematic for high percentages of fibers or particulates in composite
blends. Liquid state blending can be done for PBF applications to the PBF prior to the printing
process. In this case the blend material normally requires re-powderization post blend
solidification. This may also involve specialized manufacturing methods to adhere or encapsulate
different fillers into a single M2 powder mixture(C. Yan et al., 2011a; Yuan et al., 2019). These
methods make it difficult to alter blend ratios once a specific ratio is manufactured because the

entire process of liquid blending and re-powderization must be done to change a blend. Also, this
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blending technique can be limited to liquid flowability which in turn limits the volume of fibers

or particulates that can be added to a blend similar to M2 FFF printing.

Essential for all particles in a blend to ensure

homogeneous layer applications. Powder
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Figure 4.1: Material properties and the effect on sintering (Adapted from Schmid, et al. (Schmid
& Wegener, 2016b))

Blended polymer powders generally require intrinsic and extrinsic properties to coincide,
while blended composites required some commonality in extrinsic and optical properties

between the materials (Figure 4.1). Thermal property overlap was required to achieve polymer
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chain blending and bonding during recrystallization of dissimilar mechanically blended polymer
powders (Drummer et al., 2012). When blending in fibers and/or particulates the fibers and
particulates tested do not melt or recrystallize and are stable at the sintering temperatures (i.e., do
not change shape or degrade); however, compatible extrinsic (Figure 4.1) and optical properties
are required between all blended particles to ensure homogeneous layer spreading and uniform
sintering, respectively.

Sintering mechanisms for polymer PBF require material thermal properties which allow
particle coalescence and fusion by selectively softening the powder through heating. Many semi-
crystalline thermoplastics (TP) have compatible thermal properties for this process and as such
were used for this study. Semi-crystalline TPs begin to soften (rapid decrease in modulus of
elasticity) when approaching the material’s glass transition (Tg) (Tobolsky, 1960). Polymer chains
possess enough thermal energy to mobilize at Tq and shear strength begins to drop, and viscosity
becomes dominant. However, substantial softening does not occur until the melting temperature
(Tm) is reached, at which point the crystalline regions lose their structure (Azom, 2016). Polymer
sintering processes are complex, but primary binding mechanisms occur during cooldown.
Polymers stiffen at the re-crystallization temperature (Tr) when the chains reposition and cross-
link. The sharp decrease in specific heat flow at Tm and sharp increase at Tr found in many
polyamides (PA) make them ideal polymers for sintering (Figure 4.2) (Gibson & Shi, 1997). Many
copolymer TPEs have a PA hard link that follows a similar coalescing process as PAs and have an
amorphous soft link that remains relatively unaffected during sintering (Figure 4.3) (Yuan et al.,
2019). Pesetskii et al. (Pesetskii et al., 1999) mechanically blended polyamide 12 and
thermoplastic polyurethanes (TPU) pellets and then extruded the mixture into a single blended

material via a twin screw extruder. Pesetskii discovered partial compatibility between the
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polyamide 12 with both the soft and hard blocks of the TPU. The similarity of the thermal

properties and binding mechanisms of a PA TP and copolymer TPE hard block may result in

sintering window overlap for blended ratios which was essential to sinter blends for this research.
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Figure 4.2: Required material properties for sintering. (Adapted from Schmid, et al. (Schmid &

Wegener, 2016Db))

Polyamide 12 (PA12) TP, also known as Nylon 12, and copolymer TPE powders were

selected to provide a sinterable material property overlap criteria discussed above and the

capacity to validate possible future synthetic joints. Carbon fiber (CF) and Hydroxyapatite (HA)

particulates were selected to enable functionalization of joint implants using CF for wear

resistance and HA for osseointegration. Both CF and HA composite testing was done in a PA12

matrix.
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Figure 1. Frenkel-Eshelby model for particle sintering with polymer chain fusion [3] \

Possible chain entanglement dynamics and coalescence during
solidification at re-crystallization (T,) of TP + TPE Hard Blocks both
with Low Molecular weights, similar melting temperatures (T,,) and T,

Figure 4.3: Possible chain entanglement dynamics of TP and TPE hard blocks (Adapted from
Auhl, et al. (Auhl et al., 2019) )

Research and industry have mechanically blended TP, TPE, fibers and particulates which

indicated this combination was likely to work well in the prototype M2 SLS. Below are

examples of blends that demonstrated the feasibility and possible outcomes for the selected

PA12 matrix blends with TPE, CF, and HA.

Fiber Blend

PA12/CF blends have been sintered with good bonding between the fibers and

thermoplastic by first encapsulating the fiber in a thermoplastic (C. Yan et al., 2011b).

Compatibility is established between PA12 and CF with this method but limits CF ratios to

<~10% by volume.
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Particulate Blend

HA particles have been mechanically mixed with PEEK pellets and extruded (Rodzen et
al., 2021) and showed promise in different sinterable powder mixtures (K. Li et al., 2012).
Chung et al. have successfully mechanically mix and sintered glass bead and silica particles with
PAL11, also indicating possible success with PA12/HA blends. Carbon particulate (pearl)
blending with PA12 has successfully increased the UTS of sintered parts (Espera et al., 2019a),

indicating possible improved UTS with PA12/HA blends at low ratios.

Material Blend (Polymeric Composite)

Polyjet additively manufactured polymeric composites have been successfully
manufactured and the resultant changes in E and UTS based on material blend ratio has been
characterized (Lumpe et al., 2019; Meng et al., 2020). Actively mixing filament during fused
filament fabrication (FFF) is also capable of controlling E and UTS (Green, Slager, et al., 2021).

Combined, these successes pointed to the feasibility of sintering PA12/TPE blends.

Critical Sintering Parameters and Material Properties for Blended Polymer PBF
Sintering parameters and material properties critical to SLS printing are detailed below

and outlined in Figure 4.1-4.3 (definitions given in parenthesis for some parameters to add

clarity). These parameters were used to select materials and methods for Aim 2:

Sintering Energy Source Properties:

e Energy Source Type: diode laser used in the MS SLS prototype.
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1. Wavelength (A): Had to be compatible with optical properties of any powder
selected to ensure sufficient energy absorption to sinter material.

= Prototype laser wavelength = 455 nm

2. Power: Had to match material thermal properties of any selected powder to
ensure sufficient energy to sinter material.

= Prototype maximum laser power = 5 watts (W)

3. Rate (laser speed): Had to be balanced to affectively sinter raster to raster and
layer to layer. A high laser speed increases the surface temperature and increases
raster to raster bonding, but a lower laser speed allows the laser energy to
penetrate deeper and increase layer to layer bonding (Drummer et al., 2014).

= Prototype typical sintering speeds 350-800 mm/sec.
Bulk Material (Intrinsic) Properties:
e Thermal Properties: Dictated sintering window (Figure 4.1).

1. Melting Temperature (Tm): (complete softening through de-crystallization or
free movement of polymer chains during polymer heating (Gibson & Shi, 1997)
which decreases viscosity and allows coalescence through surface energy.)
Melting temperature overlap required between TP and TPE.

= Blended TP and TPE powders had to have overlapping sintering windows
with similar T,
= CF does not have a defined Tm and the temperatures and energy densities

remained well below HA Tm.

91



2. Re-crystallization Temperature (T): (onset of crystallization temperature
during cooldown (L. J. Tan et al., 2020).) Re-crystallization overlap was required
between TP and TPE in TP/TPE blends.

= Blended TP and TPE powders should have had overlapping sintering
windows with similar Tr to allow crystallization and solidification of
entangled polymer chains between TP and TPE

= The amount of crystallization is primarily based on cooling rate. Zhao et
al. have shown that PA12 begins to crystallize after 50 minutes during
cooling at 168 °C (Zhao et al., 2018).

3. Sintering Window: (region between Tm and Tr, sintering window magnitude =

Tm - Tr) Overlap between TP and TPE was ideal.

= PAI12 has a sintering window magnitude of approximately 20-30° C (L. J.
Tan et al., 2020). It was desired PA12 and TPE sintering windows overlap
for TP/TPE blend sintering.

= Clumping can occur by particles coalescing over time at temperatures
below the sintering window. This affected TPE during long prints when
blended with PA12 and held at elevated temperatures to accommodate
PA12 particle sintering.

Rheological Properties

1. Melt Viscosity: (viscosity of a polymer above melting temperature) Allowed
melted particles to flow in liquid form (Figure 4.4) (Haworth et al., n.d.; Vasquez
et al., 2014). Viscosity is also affected by polymer aging at elevated temperatures

which can cause viscosity to initially increase due to cross linking followed by a
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chain scission and a decrease viscosity (Allen et al., n.d.; Zhao et al., 2018). This
can occur during extended prints or when re-using powder and result in an
increase in porosity due to an increase in flowability (Wudy et al., 2014; Zhao et
al., 2018).
= Melt viscosity had to be low enough to allow melted polymer to
encapsulate the blended fibers and particulates for composite blends.

Surface Tension: (tendency

Laser Impact zone

of a fluid to seek a low

Particles

surface energy state and so Substrate

. < s
occupy the smallest possible <R / \‘%‘L

surface area) Time to fully

t=1.1s

(a} —_— x % 12.5 jir
coalesce is material t=0s M
dependent and required
materials to be held at (b) —_
t=003s
elevated energy and
temperature states for
material specific amounts of ©) ~ o
. . . t=0.16s
time. (Figure 4.4) (Hejmady -
etal., 2019; Vasquez et al., o
= Surface Tension

strong enough to . .
g g Figure 4.4: Particle coalescence due to surface

tension and decrease of viscosity
at Tm (image adapted from
Hejmady et al., 2019)
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coalesce compatible TP and TPE hard sections for powder blends.
e Chemical Properties
1. Molecular Weight: increases and deteriorates material properties when held

at high temperatures for long periods of time (Cano et al., 2018; Craft et al.,

2018; J. Zhang & Adams, 2016).

= Material change processes described in Aim 1 for the M2 SLS prototype
increased print times compared to single material SLS. TP and TPE
powders had to be tolerant to these conditions while thermal systems had
to minimize bulk powder time at elevated temperatures. This also
decreased powder re-useability (see discussion on “powder re-use”).

2. Chemical Crosslinking: (Intermolecular joining of two ore more molecules,
generally through covalent bonding.) Likely to occurred when PA12 and TPE are
held at elevated temperatures (Craft et al., 2018).

= Chemical crosslinking considerations were the same as molecular weight
affects above.

3. Chain Scission: (Breaking of polymer chains). Chain scission will generally
result in lower mechanical properties (Czelusniak & Amorim, n.d.; Drummer et
al., 2010, 2014).

4. Oxygen Functional Group Decomposition: (Oxygen — Carbon bond
decomposes). Oxygen functional group decomposition will generally result in
lower mechanical properties (Czelusniak & Amorim, 2020).

5. Crystallization: (Degree of order or alignment of polymer chains (i.e., chain

folding) in some segments of the polymer which can occur due to cooling below
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the crystallization temperature or induced by mechanical manipulation such as
stressing a part.). Density, melting point, and stiffness generally increase with an
increase in crystallinity.
= Density of amorphous PA12 is 0.99 g/cm3 and is increased to 1.034 g/cm3
for the a-phase crystal polymorph and 1.085 g/cm3 for the y-phase crystal
polymorph (K. Chen et al., 2022; L. Li et al., 2003b).
= During sintering crystallization normally occurs slowly at high
temperatures followed by slow cooling to room temperature resulting in y-
phase crystallization (Goodridge et al., 2012; L. Li et al., 2003a; Paolucci
et al., 2020).
= Sintered density is generally reported between 0.95-1.02 g/cm3 for PA12
and up to 1.04 g/cm3 for compression molded parts (J.-P. Kruth et al.,
2006).
= Czelusniak found a decrease in crystal fraction with increasing energy
density when sintering PA12/CF composites (Czelusniak & Amorim,
2020).
= X-ray diffraction (XRD), Nuclear Magnetic Resonance (NMR), and
Differential Scanning Calorimeter (DSC) are examples of test procedures
that can be used to estimate crystallinity (XRD and NMR or compare
relative crystallinity (DSC) between different samples (Martynkova et al.,
2021).
6. Chemical Groups: (Specific molecular makeup and polymer chains for TP and

TPE (Liu & Ramakrishna, 2019).) Ideally chemical groups would be matched for
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7.

8.

9.

blends to facilitate coalescence and chain entanglement between blended
powders.
= This information is proprietary for each sintering powder tested was not
disclosed by the powder manufacturers.
Thermal Oxidation: (Oxidation caused by elevated temperatures.) Materials
must remain inert in ambient air during sintering process at elevated temperatures
(Chatham et al., 2019).
= M2 SLS prototype does not have an inert chamber which required the
materials to remain inert in ambient air during the sintering process.
Additives: (Added materials and chemicals to improve sintering performance and
recyclability.) Proprietary blends TP and TPE powders manufactured for SLS can
be coated or doped with a binder material to increase flow and sintering
effectiveness (J.-P. P. Kruth et al., 2004).
= All tested powders were assumed to not be pure PA12 or TPE and were
assumed to have additives to facilitate sintering. Details of these coatings
were not disclosed by the manufacturer causing PA12s from different
manufactures to produce different results. As a result, sintering parameters
were re-tested for each manufacturers variant of powder.
Powder Re-use: (Reusing unsintered powder from previous prints.) Powder re-
use will affect particle coalescence and final part properties (Dadbakhsh et al.,
2017; Pavan et al., 2017).
= Fresh powder was used when part material properties were to be measured

following a print to ensure consistency and comparability between tests.
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10. Powder Preheating: (Preheating bulk powder prior to sintering.) Preheating time
and temperature affect overall print quality (density, warping, dimensional
accuracy) and removal of secondary sintered layers during part removal (C. Yan
etal., 2021)

= Preheat parameters were tested for each material and blend to achieve
ideal sintering parameters.
e Optical Properties (Figure 4.5)
1. Absorption: (Laser energy absorbed by the powder or blend.) Laser energy
absorption is required to heat and soften powder when sintering material.

= Absorption properties for the M2 SLS prototype diode laser forced TP and
TPE powders to be dark grey or black in color.

= Absorption for CF is typically over 70% with minimal reflection at A=455
nm (Weber et al., 2012). High absorption and low reflectance of CF
heated surrounding powder and aided coalescence of PA12 matrix and
bonding between PA12 and CF.

= Absorption of HA is typically less than 10% at A=455 nm will result in
HA gaining very little energy or heat during sintering (Mondal et al.,
2017; Shishkovsky et al., n.d.). Low absorption and high reflectance of
HA hindered heating neighboring matrix particles and decreased matrix
sintering and bonding to HA particles.

2. Transmission: (Laser energy transmitted through a material with minimal energy

transfer to the material.) Some transmission is desirable during sintering to heat
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the previous layer above Tm to facilitate sintering between layers and aid layer to
layer bonding.
= Tested TP and TPE powders were designed for sintering and had adequate
transmission properties to sinter layers together. However, CF and HA
generally have very low transmission properties, particularly at 5W, which
hindered layer to layer bonding in blends with high concentrations of CF
and HA [(Adibekyan et al., 2019; Han et al., 2020; Zaami et al., 2021)].

3. Reflection: (Laser energy reflected off a material with minimal energy transfer to
the material.) All materials used for sintering will have some reflection (based on
wavelength and material type) which takes away from the energy being absorbed
and transmitted.

= High reflection of HA at A=455 nm is expected decreased heating of HA
and caused relative cold spots around HA particles which resulted in
degrade matrix sintering and HA/matrix bonding. In contrast, CF absorbed
the laser energy with generally strong CF/HA bonding (Kaygili et al.,

2013; Khademhosseini & Camci-Unal, 2018).

Laser radiation

a) laser in contact 'b) melting of polymer

With polymers ipowder by laser energ laser
i direction

reflexion ! & 3 N
i A Ni B o
.y ¢ )
= - i polymer melt i ) @er D
plastics absorption ! ',_'.. ; \ AN J
\ : sintered layer
transmission :

Figure 4.5: Laser/Powder Interaction (image adapter from Schmid et al. (Schmid & Wegener,
2016b))
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e Polymer Matrix and Fiber/Particulate Infill Bonding

1. Interfacial bonding — bonding between the surfaces of the fiber and the matrix.

= Bond strength for interfacial bonding involving polymers is mainly
determined by the interdiffusion of the polymer chains across the interface
when the temperature is brought above the glass transition or melting
temperatures (Bourban et al., 2001). Generally, this describes chain
interdiffusion of two polymers (figure 4.3); however, it was hypothesized
the same mechanisms applied to polymer/fiber bonding and will be
influenced by fiber surface roughness and friction with polymer chain
length and crystallinity (Jero et al., 1991; Park & Seo, 2011).

= Liuetal. found sintering untreated CF and PA12 produced good
interfacial bonding; however, Yan et al. increased interfacial bonding
between PA12 and CF through an oxidation surface treatment.

2. Interfacial bond strength measurement — the most common interfacial bond
strength measurements are done indirectly by measuring the mechanical
properties (e.g., stress-strain or bending) of an entire part. However, direct
measurements can be done of individual fibers as well.

= Indirect interfacial bond strength measurement — if the part becomes stiffer
with the addition of stiffer material it demonstrates there was bonding
between the fiber and matrix. This bonding can be improved through fiber
surface modification (C. Yan et al., 2011a).

= Direct interfacial bond strength — can be measured with fiber pullout and

pushout tests (DiFrancia et al., 1996; Kerans & Parthasarathy, 1991).
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3. Fracture Mechanics — Sintered PA12/CF composites most fracture mechanisms
occur at the interlayer region or micro-crack bridging formed from the interfaces
between CF and PA12 (Czelusniak & Amorim, 2021; Liu et al., n.d.; Tang et al.,
2021a). However, for composite blends manufacturing with PBF fiber orientation
is normally dictated by the spreading process resulting in fibers generally be
orientated along the spreading direction with very few fibers crossing between
layers. In fact, Jansson et a. found zero fibers crossing layers in the z-direction
(Jansson & Pejryd, 2016).

= |n many cases this mechanism is based on energy density the sintered part
tends to fracture along the layer-to-layer interface (low energy density) or
along matrix-CF interfaces (high energy density) (Czelusniak & Amorim,

2021).

Extrinsic Powder/Particle Properties:
e Flow Properties
1. Particle Size: (Size of particles and particle size distribution (PSD)) Both the
particle size and PSD affect final part density and layer height (Schmid &
Wegener, 2016b).
= Tested particles were generally < 0.1 mm in any direction and so nominal
layer height was set to 0.1 mm. Rod shaped CF crossed layers and were
influence and orientated by the raking process.
2. Particle Shape: (Particle shape and distribution of shape) Spherical or near

spherical particles with varying sizes can help facilitate dense powder layer
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application (Amado et al., n.d.; Malekipour & EI-Mounayri, n.d.; Schmid &
Wegener, 2016a).
= Blended TP/TPE powder had similar particle shapes.
= Adding particulates, especially fibers >5% volume, can increase porosity
in powder and during layer spreading resulting in increased porosity

compared to neat powder sintered parts.

3. Particle Density

= Blended particles should generally have
similar size and weight, or heavier
particles will have a propensity to fall

to the bottom of the reservoir during

o FRLIN

raking.

4. Angle of repose (Steepest surface angle of

5.

I terial d blends), Fi 4.6):
oose material (powder or blends), Figure 4.6) — &
low angle is ideal for spreading.

Figure 4.6: Angle of Repose
(powder image from
Sinterit website)

= Fiber and particulate blends tend to

cause angle of repose to increase

because of material clumping.
Spreading Speed: (Speed of recoater (normally a rake or roller) when moving
powder from the reservoir to the build area.) Generally spreading or raking the
powder at a slower speed increases powder layer density (Yao et al., 2021).
= Spreading speed was tested for each material and blend with initial rake

speed of 10 mm/sec will be used.
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6. Sintered Powder Density: (Density of sintered part based on density of top layer
powder and sintering energy). Porosity in sintered layer decreases tensile strength
layer to layer and raster to raster (Drummer et al., 2014; W6rz & Drummer,

2018D).

e Environmental and Post Processing Effects

1. Hydration: (Water absorption by polymer typically through humid environment
or water immersion). Rajesh et al. found PA12 absorbed only 0.15% weight after
12 hours of being immersed in water and resulted in enhanced tensile strength and
hardness (Paolucci et al., 2020; Rajesh et al., 2002). Similarly low absorption
rates were found in PA12/CF composites (Kurokawa et al., 2003).

2. Dehydration: (Removing water from polymer via oven drying or dehydration).
Tanaka found complete reversal of PA12/CF moisture absorption through oven
drying (TANAKA et al., 2013).

3. Post Process Treatment: (Treating a part post-print to manipulate and improve
mechanical properties). Plessis et al. have demonstrated hot isostatic pressing
(HIP) can improve density post printing (du Plessis et al., 2021) and Zhu et al.
have bonded epoxy resin to PA12/CF sintered parts using post processing heat
treatments (Zhu et al., 2016). Post processing treatments can also include non-
thermal techniques such as stress treatments (see crystallinity section) and sanding
or machining.

= |t was hypothesized that these types of post process treatments would not
only be beneficial in decreasing porosity, increasing crystallinity, and

increasing bonding between fibers or particulates and matrix material but
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also increasing bonding and consistency between M2 interfaces. This is
likely particularly true with material changes in a single layer. The effects
of post processing treatments specific to M2 PBF should be investigated in
future studies which may include machining parts to desired shapes post
printing.
PBF Material Compatibility Summary
Solid state particle blending has unique challenges and advantages when compared to
liquid or molten state blending. Mechanically blending powders and fillers allows material ratios
to be modified at any time through the blending process and shifts flowability requirements from
the liquid state the powder state. However, ensuring a homogeneous mixture is maintained
throughout the PBF process can be difficult if the particle properties within the blend are not
similar. Mechanically blending powders and filler for AM has had initial success involving
Nylon-11 (PA11) with glass or silica particulates, 316 stainless steels with copper alloy, tungsten
carbide with Cobalt, and PEEK with HA (Chung & Das, 2006, 2008; Fai Leong et al., 2016; L.
R. Jepson et al., 2000; K. H. Tan et al., 2003; Wei et al., 2019). All blends require high powered
lasers and inert chambers and none of the technology is capable of LCC. However, the initial
success of these projects demonstrates feasibility to incorporate LCC into polymer PBF using

mechanically blended powder and fillers.

METHODS
Polymer PBF seeks to sinter powder directly under the laser beam while bonding
bordering rasters and layers without coalescing neighboring powder. Aim 2 investigated material

compatibility as it pertained to the sinterability utilizing M2 SLS prototype the mechanisms
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described in Aim 1. These methods found compatible materials that minimize part defects and
increase part functionality.

Feasibility of discrete materials and material blends were tested for powder/blend
flowability, spreadability, and sinterability. Modified ASTM D638-14 Type V specimens were
printed to evaluate warping, dimensional accuracy, porosity, and sintering. Type V specimens
provide several distinct benefits for this type of testing:

1. The orientation during printing changes the cross-sectional area of each layer
substantially. This allowed energy density and material compatibility to be tested
between blends while evaluating the effects of different anchoring techniques.

2. The thickness offered orientations to be printed with as little as 32 layers. This
shortened print times and facilitated testing multiple settings in a single heat up
cycle. This orientation also gave a large printed cross-sectional area and stressed
the system when evaluating warping and sledding.

3. The geometry had both squared and rounded edges. This allowed simultaneously
testing multiple aspects of hatch patterns and galvanometer movements.

4. The geometry covered approximately half of the print area. This allowed single
material prints to be simultaneously printed with M2 prints with the novel design
of experiments (DOE) discussed in the following section.

5. Type V specimens were used for characterization testing in Aim 3. Testing the
same specimen in Aim 2 allowed time to fine tune printing parameters to support
repeatable print results for characterization testing in following aims.

Test flow, specimens, methods, and acceptance criteria are outlined in Figure 4.5. Neat

material printing was an iterative process (Figure 4.5 — top red arrow) with laser and temperature
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parameters adjusted to bracket minimum and maximum parameters and to determine a sintering

window (Figure 4.5b - blue). Sintering windows overlap of varying materials was found to

determine initial sintering compatibility. Fibers and particulates do not soften and thus did not

have a sintering window. Optical properties, laser interaction (Figure 4.5a - orange), and bonding

to polymer matrix materials during sintering determined compatibility of fibers and particulates

(Figure 4.5c - green). Espera et al. (Espera et al., 2019a) have manually blended up to 10%

volume by weight carbon black pearls (~5 microns particle size) with PA12 for sintering which

was used as an initial testing point for PA12 and CF.
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Figure 4.5: Material compatibility test methods and acceptance criteria. (a) Teat particle and
fiber evaluation. (b) Neat powder evaluation. (c) Material Blend evaluation.
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Material Preparation
All material was sieved using a #100 SS mesh sieve (ASTME 1, Hogentogler Inc,

Columbia, MD).

Bi-Material DOE Specimen Printing

A novel “Bi-Material” Design of Experiment (DOE) was used for testing M2 interaction
during sintering using a single material commercial SLS: two material or material blend powders
were positioned side by side in a single reservoir (Figure 4.7). Two different blend ratio
specimens and M2 specimens could be concurrently printed (Figure 4.8). Real time and post
print side by side evaluation of spreading, thermomechanics, and powder interface in the same
thermal and energy density environment enable with this DOE. Printing two blends

simultaneously also increased testing efficiently while conserving powder (Figure 4.5c).

Figure 4.6: Bi-Material DOE reservoir preparation.
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Material A

.

Figure 4.7: Bi-Material DOE Print Planning.

A Sintratec Kit SLS printer with a 1.8 W, 455 nm diode laser (Sintratec AG, Switzerland)
modified with two independently controlled build area 200 W heaters (Figure 4.8) was used for

initial sintering and material blend tests.
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Figure 4.8: Sintratec Kit build area heater modification.

Specimen Evaluation
Specimen testing was done to tune the following print parameters for each material or

blend printed:
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1. Temperatures
a. Ambient: build area. (~80-150° C)

b. Ambient: reservoir area. (~70-130° C)

o

Powder: build. (~120-140° C)

d. Powder: reservoirs. (~80-120° C)

@

Powder: top layer. (~140-175° C)
2. Laser
a. Speed. (300-700 mm/sec)
b. Power (constant 1.8 W for all Sintratec Kit testing, 1-5 W for M2 SLS)
3. Spreading
a. Layer height (0.8-1.2 mm)
b. Rake speed (20-50 mm/sec)

The effects of the above parameters for each material/blend were evaluated using the
following five basic methods: Macroscopic print quality evaluation, specimen dimensional
analysis, hardness testing, optical microscopy, and porosity assessment.

1. Macroscopic print quality evaluation: this was the most broad and general
evaluation looking for sintering and build quality. (Figure 4.9). Overall print defects
including sintering completeness, sledding, warping, surface quality, macroscale
porosity were evaluated. All other methods went into more detail based on this initial

evaluation.
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Figure 4.9: Primary defects that will require material and blend specific temperatures and laser
parameters (adapted from Beal et al. (Beal et al., 2009)).

2. Hardness testing: Hardness was evaluated on a shore hardness scale of A (low
modulus of elasticity, TPE prominent material) or D (high modulus of elasticity, TP
prominent material) (Figure 4.10)

3. Specimen dimensional analysis: This included evaluation of dimensional accuracy
and warping. Measurements were done using a digital caliper and optical microscope.
Typical measurement locations are found in Figure 4.11

4. Microscopy: primary microscope will be a Dino-Lite Edge Plus (AM4917MZT)
1.3MP 20x-220x (Dunwell Tech Inc., Torrance, CA). This microscope was moved
into the print chamber to take images of the powder spread or used to image samples
(Figure 4.12). Depth of field capability of ~0.5 mm at 220x magnification was used
for porosity and fracture imaging (Figure 4.12) (Dino-Lite Digital Microscope, n.d.).

Maximum magnification is 220x, if more magnification was required for further
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analysis Keyence optical microscope used. If greater contrast was required Hitachi
TM1000 Scanning electron microscope was used.

5. Porosity assessment: Image contrast analysis using ImageJ software (ImageJ, n.d.)
was done of the surface and cross section from images taken during the microscopy
analysis (Figure 4.14). ImageJ is an open-source image processing program designed
for multidimensional images (ImageJ, n.d.). The software can calculate material area
and features based on contrast between pixels. ImageJ has been used to estimate
composite particle size and porosity in PBF composites (Chung & Das, 2006;
Khudiakova et al., 2020). However, in this study there was minimal contrast between
materials (except HA) and particle distribution using ImageJ did not produce reliable
or repeatable porosity and material measurements. As such all porosity and material

fraction measurements were done qualitatively.
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Figure 4.10: Hypothesized Shore Hardness Ranges for Tested Materials and Blends
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Figure 4.12: Optical Microscopy analysis of printed parts and powder bed using Dino-Lite
microscope
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Equipped with DOF capability (Dino-Lite Technical Specifications, (Dino-Lite,
2022))
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Figure 4.14: Porosity (estimated in red by the ImageJ program) analysis of PA12 mixed with
20% CF using ImageJ image processing program were inconclusive

The sintering window for each material or blend was defined using the print parameters
discussed above. Single material TP or TPE sintering window characterization was done prior to
blend testing to give a baseline for composite blends and ensure overlap for TP/TPE blends. If
there was no overlap in TP and TPE sintering windows, then the materials were not compatible
for simultaneous sintering.
Single Material Evaluation

Selecting and evaluating neat materials was based on compatibility with the prototype
M2 SLS (temperatures, environment, spreading, laser, etc.). A range of material properties
specific to sintering was needed to ensure property overlap between TP and TPE. Thus, the
metrics in Table 4.1 were used for selection criteria. Based on the results of the comparison in

Table 4.1, two PA12 powders and three TPE powders were selected for blend compatibility
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testing (summarized in Table 4.2 and imaged in Figure 4.15). Manufacture data sheets are in
Appendix D.
Table 4.1: TP and TPE powder selection criteria and material brand comparison.

Compatibility Criteria RESULTS

Acceptance Color Code_ Acceptable

Color (~Absorption)| Dark Colors N/A Light Colors .
- All material
Percent Elongation TP x<10% 10<x<20% x>20% roperties
Percent Elongation TPE x>300% 150<x<300% x<150 aF::cep table
Ultimate Tensile Strength TP| x>40 MPa 30<x<40 Mpa x<30 MPa or bF:atter
Ultimate Tensile Strength TPE x>5 MPa x<5 Mpa N/A
Melting Temperature| 175<x<185 C 165<x<195 C | x<165, x>190 C

Material PA12 S\
BRAND SINTERIT | SINTERIT | SINTRATEC \ SINTRATEC
Color (~Absorption) Navy Grey Grey

Percent Elongation|  10% | 196%

UTS (TPE/PA) 32 MPa 6 MPa
Melting Temperature 185C |

Duraform Flex Duraform FR1200 DuraForm GF DuraForm HST DuraForm PA

SINTERIT 3D Systems 3D Systems 3D Systems 3D Systems 3DSystems

White Off-White Off-White Off-White White

137% 110% 5.9% 1.4% 4.5%
14.65 Mpa 1.8 MPa 41 MPa 26 MPa 48-51 MPa 48 MPa

DuraForm ProX Duraform TPU PA 2200 PA 2201 PA 2241 FR TPU 1301

sDSytems | sDSywems ] EOs | s | eos | __Eos

Grey White White Natural Grey White White

3% e | e
37 MPa 2.0 MPa 48 MPa 48 MPa 49 MPa 60 MPa
N/A N/A 176 C 176 C 185 C

PA12-GFX 2550 PA12-L 1600 PA12-S 1550 STARK 3200 TPU-70A Ultrasint PAG

Prodways Materials | Prodways Materials ‘ Prodways Materials | Prodways Materials Prodways Materials | Prodways Materials

Grey White 3lack/Blue/Red/Grey Black White Black

8% oo EEEE i 350% 92%
30 MPa 46 MPa samPa | >35 MPa 7 MPa 56 - 91 MPa

181-183C 183 C 181-183C >199 C 105-122C >218 C

Multicolor PA12 Ultrasint TPU 001 PA12 PEBA Ultrasint TPU 88A

Sculpteo - Colorjet | Sculpteo - HP Jet ‘ Sculpteo - HP Jet Sculpteo - SLS Tech | Sculpteo - SLS Tech| Sculpteo - SLS Tech

White Grey Grey Grey White White

0.25% [ 0% | 220% 20 +/-5% 200 +/- 70% 270%

9 MPa 48 MPa 9 MPa 45 +/3 MPa 7-8 MPa 8 MPa

112C | 187C 120-150 C 172-180C 150 C 120-150 C
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Table 4.2: Manufacturer Data for selected TP, TPE, CF, HA (Blank Cells: data not provided).

Properties

General Info

TYPE

Granulation
Granulation - Average
Fiber Diameter *
Fiber Length *

Color

Refresh Ratio
Parameters

UTS

Tensile Stress
Compression

Stiffness

Elongation (at break)
Elongation (at break) xy
Elongation (at break) z
Hardness - Shore A
Hardness - Shore D
Thermal Properties
Melting Temp
Softening Temp
Density - Powder
Density - Printout
Density - Relative
Density - Fiber
Charpy U- + V-
Notched Impact Testing
Impact Resistance (unnotched)
1.U

2.V

Surface Roughness
Ra - Side Surface
Rz - Side Surface
Ra - Top Surface

Rz - Top Surface
Test Standard

DIN EN ISO 527-1

Material

Sintratec PA12 Sintratec TPE  Sinterit PA12 SMOCSinterit TPE Sinterit FLEXA Carbiso MF80 HA - SIAL

Nylon 12 TPE Nylon 12 TPE TPU Carbon Fiber  Hydroxyapatite
60 [um] 60 [um] 38 [um] 65 [um] 50 [um]
18 - 90 [um] 50 — 80 [um] 20 - 105 [pum]
7 [pm]
80 [um]
Dark Grey Dark Grey Navy Grey Grey €Y% Black
(add 70% new) (add 50% fresh)  26% (fresh powder) 10% (add 30% fresh) 0% Varied per print
32 MPa 6.0 MPa 3.7 MPa 3470 MPa
47.8 MPa 2 MPa
14.65 MPa
1750 MPa 29.9 MPa 246 GPa
8% 438% 10% 196% 137%
14.10% 250%
4% 63%
90 70/90
74
176 C /185 C nds 182 / 185 nds 190 C
130 C (stable temp) 80 C 172C 67.6C
1.0-1.1 g/cm3 1.20 g3 1.02-1.10 g/len3 0.4-0.5 glem"3 1.22-1.32 g/cn3
0.92 glcm"3 0.80 g/lem3
1.11-1.20 gler*3
1800 kg/m"3
16 KJ/Im2
5.23 KJ/m"2
3.28 KJ/m"2
9.68 [um]
54.184 [um]
6.47 [um]
31.633 [um]
v v
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Powders Fibers/ Particulates

Sintratec TPE Carbon Fiber

Hydrokyapatite

Figure 4.15: Images (200x) of each powder selected for blend testing

Thermoplastics
Sintratec and Sinterit (Krakow, Poland) brand

PA12 sintering powders were the selected TP powders T ﬁ
) —{—N —L—{CH —]I—i—
for Aim 2. Molecular structure was assumed to be a ¢ CH, 1N

Figure 4.14: PA12 Molecular Structure

standard polyamide-12 structure (Figure 4.14) (Gul et

al., 2016), However, the chemical makeup and additives are unknown. Manufacturer
recommended initial sintering temperatures and energy was also unknown for Sinterit PA12.
Testing was done in accordance with Figure 4.5 to determine the sintering window for each
powder. The cold side of the sintering window with low ambient and powder temperatures was
the focus of testing to determine overlap with the proposed TPE with warping and layer adhesion

being the primary obstacles.
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Thermoplastic Elastomers

Sintratec TPE, Sinterit TPE and Sinterit “Flexa Grey” powders were selected. Selection
criteria was primarily based on advertised color, Tm, percent elongation (%EL) at break, and
availability. Though the exact polymer chemical group of the TPEs is proprietary to each
company, for blend planning, these powders were assumed to be copolymers with a PA hard
block with amorphous dominated soft blocks. The hot side of the sintering window with high
temperatures and energy density was the focus of testing to find overlap with PA12 powders.
Operating at the high end of the sintering window degraded flowability and resulted in zero re-

use due to chemical cross linking and thermal oxidation.

Fibers

Carbiso™ (Coseley, UK) recycled milled M80 CF with a 0.08 mm maximum length and
0.007 mm diameter was selected for fiber testing. This length was hypothesized to be long
enough to increase wear and ultimate tensile strength (UTS) but likely to adversely affect
spreadability. It was also hypothesized that initially random orientation in the reservoir would
occur; however, some orientation is expected to occur along the spreading axis during layer
applications. Sintering window of the matrix material was expected to minimally affect as CF is
completely stable at PA12 sintering temperatures with good heat absorption and minimal
reflection of laser energy.

Espera et al. (Espera et al., 2019b) utilized the sintering parameters in Figure 4.16 for
mixtures of up to 10% by weight of carbon black pears (~5 microns). These setting were used as

the initial setting for Sinterit PA12 + CF (<10%) mixtures.
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Build parameters (Sintratec Kit)
Layer height 100 microns
Laser scanning speed 550 mm/s
Printing surface target heating temp. | 150°C
Printing surface target printing temp. | 165°C

Chamber target heating temp. 140°C
Chamber target printing temp. 145°C
Preheating time 1.75 hours

Figure 4.16: Initial print setting for Sinterit PA12+CF blends (adapted from Espera et al. (Espera
etal., 2019a))

Incapsulated fibers are an emerging technology for PBF powders and would likely
increase spreadability and sinterability and are available on the market today. However,
incapsulated fibers or particulates were not considered for this study as precise and high ratio
control is powder specific. Custom powders like this are hypothesized to work well in the M2

SLS for specific applications and could be incorporated into future studies.

Particulates

Sigma-Aldrich (Saint Louis) recycled Hydroxyapatite [3Cas(PO.).* Ca(OH):] powder was
selected for particulate testing. Maximum diameter is not provided from the manufacturer and so
sieving was used to ensure a maximum overall length of 0.08 mm. Water absorption could result
in clumping during spreading, thus dehydration at 250°C for 24 hours was done prior to sieving.

HA powder is inert at planned sintering temperatures; however, the powder is white with
high laser reflectivity which decreases matrix/particulate adhesion and overall sintering
effectiveness. This was hypothesized to cause “cold pockets” around HA particles and diminish

sintering and particulate/PA12 adhesion at these locations. Increased laser power was tested but
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does not increase absorptivity of HA and the area around HA will always be relatively cool

compared to the PA matrix.

Material Blend Compatibility

A single TP and single TPE was selected for blend testing based on neat testing results.
CF and HA were mixed with the selected TP for fiber and particulate testing. The powder
sintering window were the driving factor for all blends being tested. Decreasing cross sectional
area and thus amount of area required to be covered with a homogenous mixture and sintered
each layer while decreasing overall layer sintering time facilitated sintering with composite
blends over 30% filler. Testing type V specimens in different orientations and locations in the
build area was used to test layer adhesion and build orientation affects.

Blends loaded into the reservoir were smoothed and de-aerated but not packed. Thus,
blend ratios were based on material density and weighed for mixing ratios. Percent volume
(%vol) was calculated and used for reporting. Corresponding density was loose bulk density per
ASTM D7481 (Chatham et al., 2019). Materials were blended using a Reveo vacuum sealed
mechanical tumbler (FeraDyne, Superior, W1 ') (Figure 4.17)

The following sequence was used for blend preparation:

1. Sieve

2. Blend

3. Sieve (if required and possible without adverse blending affects).
4. Scoop into desired chamber

5. De-Aerate
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Figure 4.17: Mechanical tumbler used for all material blending.

Each blend required a unique set of temperature and laser parameters. Prior to any
material testing (Figure 4.5) powder spreading and sintering testing focused on minimizing basic
part defects with 1-3-layer tests and real-time parameter adjustments to determine if M2
anchoring would be required. Initial build area arrangement had type V specimens in three
orientations with the reservoir loaded per the Bi-Material DOE (Figure 4.6). The hypothesized
successes and difficulties below were used to derive initial blend ratios and print parameters and
customize each blend to highlight benefits and disadvantages compared to other manufacturing

methods while ensuring printability with PBF.
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Thermoplastic/Fiber Blend
Blend consisted of the selected TP blended with up to 60 %vol CF. Matrix crackling,
interface debonding, fiber aggregation, fiber pullout, fiber cracking, cavities and cracks were
qualitative investigated based on the research done by Wang, S et al. (S. Wang et al., 2021).
Hypothesized Success:
1. High fiber volume compared to other AM methods
2. Thermal absorption and heating
3. PA12/Fiber bonding
4. Cross layer fibers increase multi-layer adhesion
5. Increase in UTS up to approximately 10-15 %vol CF
Hypothesized Difficulties:
1. Blend spreading (flowability) and layer density at greater than 20 %vol CF.

2. Increased porosity at all blends and high porosity at blends over 20 %vol CF

Thermoplastic/Particulate Blend
Blend consisted of the selected TP blended with up to 60 %vol HA. Poor mechanical
properties were expected at ratios over 20% HA; however, reporting properties of high HA
content is applicable to current osseointegration research.
Hypothesized Successes:
1. High particulate volumes compared to other manufacturing methods.
2. Complex HA/matrix lattice structures compared to other manufacturing
methods.

Hypothesized Difficulties:
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Relatively high density compared to TP will cause HA to fall out of solution

to the bottom of the blend during spreading.

White color and high reflectivity will cause local cooling around HA particles

and poor adhesion to TP.

Uneven layer heating due to the high reflectivity.

Particle shape and hygroscopic properties will cause powder clumping and

result in nonhomogeneous mixtures and final part properties.

e Even though the HA is dehydrated initial testing indicates the HA

particles absorb moisture from the air and blended powders during
blend preparation and printing.

Lower overall strength and mechanical properties compared to neat PA12.

Thermoplastic/Thermoplastic Elastomer Blend

Blend consisted of the selected TP blended with up to 60 %vol TPE. Ideally this

percentage would go to 100 % TPE to maximize property changes; however, at high percentages

of TPE the energy density was hypothesized to be too low to accommodate PA12 sintering. At

these conditions, the PA12 particles were expected to act more like a particulate in a TPE matrix.

Hypothesized Successes:

1.

Customizable material properties such as modulus of elasticity, UTS,
hardness, etc.
Up to 1% mixture resolution with TPE remaining evenly dispersed within the

powder blends.
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3. Homogeneous sintering and cross-material polymer chain bonding resulting in
cohesive parts up to approximately 40-60% TPE ratio.
Hypothesized Difficulties:
1. Flowability and spreading of high percentages of TPE at the relatively high
temperatures required for TP.
2. Part warping at high percentage of TPE
3. Insufficient sintering with high percentages of TP because of the relatively

low temperatures for TP.

RESULTS

Initially, a baseline was established for the laser and galvanometers used in the M2 SLS
prototype. Sintering PEEK was attempted, but sintering light color, high temperature materials,
such as PEEK was not possible even by decreasing the laser speed to very low rates. The
material transitioned from being under-sintered directly to burning (Figure 4.18). Based on
material properties and compatibility with the M2 SLS prototype, Sintratec and Sinterit powders
were investigated in depth for this research. Figure 4.19 compares Sinterit and Sintratec powders
with the selected carbon fibers and HA particulates at required reservoir temperatures to
accommodate sintering. TPE tending to agglomerate and clump at these temperatures which
resulted in limiting the blend ratio. HA and CF were also susceptible to clumping, but that was
temperature independent and was a factor of the shape and energy between the particles.

Sintering TPE at temperatures high enough to accommodate PA12 resulted in warping of
the PA12 due to low ambient temperatures (Figure 4.20). Finding a compatible sintering window

for simultaneous sintering of PA12 and TPE was then aided with the use of a TPE base (Figure
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4.21). Compatible parameters for Sinterit V1 PA12+CF (up to 30 %vol CF) were achievable
with the Bi-Material DOE using the modified Sintratec Kit (Figures 4.8 and 4.22). The sintering
parameters found during this compatibility testing were used to test dimensional stability with
increasing amounts of CF. Generally, the PA12/CF mixture maintained printed shape (less
warping and shrinking) as the ratio increased (Figure 4.23). Binary interfaces at the large cross
sections with the M2 SLS resulted in warping, sledding and interface debonding when print
setting were held constant between materials with single pass lasing and single pass recoating
without anchoring (Figure 4.24)

Spreading was inconsistent above 40-60% infill even with multi-pass recoating (Figure
4.25). Blend spreading up to 30% HA and CF resulted in sinterable layer density and heights.
Spreading resulted in HA clumping in mixtures above 30% HA and sintering became less
effective with the selected laser wavelength. Sintering blends up to 60% of CF and HA was
possible and the matrix material bonded together and to the fibers and particulates enough to
form a part but resulted in high porosity and inconsistent mechanical properties.

Matrix/filler bonding indicated good bonding between PA12 and CF and poor bonding
between PA12 and HA (Figure 2.26). Some HA particles were completely engulfed/encapsulated
in sintered PA12 and thus remained in the matrix; however, much of the HA did not adhere to
the PA12 and fell off the part during part removal and cleaning post print (Figure 4.26, and
4.29).

Contrast image processing was attempted with optical images but was not used for
quantitative characterization due to difficulty with cross sectioning and color contrast of the used
materials. Porosity and filler content had mixed results depending on the blend. Contrast in the

images were not satisfactory for porosity calculations using ImageJ software. There may be
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enough contrast to determine HA percentages using ImageJ software, however, further testing is
required to verify this. There is insufficient contrast between material types for fiber infill
calculations (Figure 4.27). Further image processing detail and preliminary results can be found
in Appendix C for reference for future research. Qualitative microscopy cross sectioning was
used to determine acceptable sintering parameters and blending (examples of CF in Figure 4.28
and HA Figure 4.29). Based on these results PA12/CF was selected for quantitative tensile

testing to fine tune sintering parameters for Aims 3 and 4.

Figure 4.18: Laser power and wavelength unable to reach sintering window for PEEK. Laser
energy is not sufficiently absorbed into the particles for affective heating and
simply burns the top surface.

Powders Fibers/ Particulates

Sintratec PA12 Sintratec TPE Carbon Fiber

Agglomerates/
Clumping

Higher
Melting
Temperature

Figure 4.19: Sinterit and Sintratec powders with the selected carbon fibers and HA particulates
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”

PA12 sintered like an inert “particulate

based on melting Temperature

Difference

* Let to minimal increase in elasticity
and greatly reduced mechanical
properties.

Shrinking with TPE/PA12 Mix

* Led to part edges warping off the
cake material resulting in M2
anchoring being used.

Spreading voids with Sintratec Control
* Required approximately 2 times the
normal amount of material to be
dispensed using traditional single pass | | Warping with TPE/PA12 mix Spreading

spreading. - Tuning Rectified most of this density issues

Figure 4.20: Novel DOE and challenges determining overlap in sintering window.

Multi-Material Part Tuning Parameters and Effects
* Temperature and laser density tuning to mitigate part defects (right &
bottom part) result in ideal part properties (left & top part)

- ———

PAIE,,I’TPE
Interface
Defects

Interface

Ambient/Surface Temperature Tuning Ambient
& Surface
[ 70° C/100° C+ l 60° C/100° C || M—Temperature &
550 mm/sec+ » 500 mm/sec Laser Speed
| required for part
Laser Speed integrity

Figure 4.21: Effects of energy density on PA12/TPE Blends anchored on a TPE base.
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Figure 4.22: Homogeneous Sinterit PA12 + CF prints with the Bi-Material DOE printed on the
modified Sintratec Kit. a) Printed at 500 mm/sec, chamber 140° C, powder surface
165° C. b) Printed at 525 mm/sec, chamber 140° C, powder surface 163° C.
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62.72mm

30% CF + Sin‘terit PA12

40% CF + Sinterit PA12

Sintratec PA12+ 5 %vol CF

Debonding at
material interface

Sledding

Warping

Figure 4.24: Binary interface of Sintratec PA12+5 %vol CF and PA12+20 %vol CF sintered at

constant thermal and laser settings for both blends resulting in warping, sledding
and debonding at the change in blend interface.
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Figure 4.25: Blend spreading difficulties at high infill percentage (a) 80% TPE — clumping of
TPE due to partial sintering in high temperature chamber required to sinter PA12
(b) 50% HA — high agglomeration compared to 25% HA in reservoir due to spread

mechanisms. (c) 60% CF — poor layer consistency and density with part sledding
when compared to 40% CF.
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Flgure 4.26: Inltlal PA12 + CF and PA12 + HA microscopy analysis (a) overall success W|th CF
integration and adhesion to PA12 matrix. (b) challenges with HA spreading and
adhesion.
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Figure 4.27: Inconclusive porosity calculation using ImageJ with Sintratec PA12 blend and

10%vol CF
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Cut Cross Section Porosity 5%CF

Figure 4.28: PA12/5%CF Qualitative analysis of porosity showing homogeneous CF mixture,
but high porosity required sintering parameter adjustment to decrease porosity.

PA12+25% HA

ASEE  1280x980 | 2021/05/2 333 18:12 Unit: mm Magnification: tJ .4 x 200x
- [

SHI‘Iet PA12 +25 % HA vertical e V]

Figure 4.29: PA12/25%HA Qualitative printed surface analysis of porosity showing
homogeneous HA mixture but extreme porosity with most of the HA not adhering
to PA12 Matrix.
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Following the initial testing described above, Sinterit V1 PA12 powder was selected for
the matrix material for all subsequent blend testing and characterization. However, Sinterit
discontinued the V1 powder and replaced it with a “V2” powder which had very different
spreading results compared to the V1 powder. The Sinterit V2 powder did not sieve using the
100# mesh and had considerable clumping and spreading issues which produced unacceptable
layer adhesion. As a result, the PA12 matrix for this research was switched to Sintratec powder.
Powder comparison clearly showed the Sinterit powder was finer and lighter in color which
initially seemed to aid sintering and analysis (Figures 4.30 and 4.31) However, comparison of
layer adhesion between Sinterit V2 and Sintratec powders which necessitated the switch in
matrix material is listed below and depicted in Figure 4.32.

The following are key differences between the discontinued powder and the Sintratec
powder:

1. Surface Temperature: Required surface temperature and energy density to sinter
the PA12 increased with the Sintratec powder. Sintering temperature window increased from 159-
165 to 169-178 degrees Celsius, and the associate laser energy density increased with a similar
ratio.

2. Particle Size: Powder particle size and distribution increased with the Sintratec
powder (Figure 4.31)

3. Color Contrast: The color contrast between carbon fiber (CF) and the matrix

powder decreased with the Sintratec powder (Figure 4.30).
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1280x960 2022/02/14 17:10:38 Unit: mm Magnification: 10x 2022-02-14 Powder

Carbon Fiber

Sinterit V1 PA12
Powder:

1. White in Color

2. Smaller particle size |

=

5.0 )\
Sinterit Left, Sintratec Right

Figure 4.30: Microscopy comparison of Sinterit and Sintratec powder and CF (10x zoom left,
200x zoon right)

Sinterit Left, Sintratec Right

Figure 4.31: Microscopy comparison of Sinterit and Sintratec powder and CF at 248x zoom

135



12B0x960 | 2022/02/15 14.00:18 Unit: mm Magnification: 82x 2022-02-14 Notch (56x)

sinterit_sintratec

Figure 4.32: Microscopy comparison of Sinterit V2 and Sintratec PA12 layer adhesion with
spreading inconsistencies during Sinterit V2 layer application.
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Based on the initial results and material selection discussed above quantitative testing
was done on various Sintratec PA12 + CF blends to determine ideal sintering parameters using
the M2 SLS prototype. Tensile specimens were printed in sets of 3 attached in the grip area
(Figure 4.33). This DOE aided in print efficiency, organization, multiple prints per heat up cycle,
and stressing the system with a large cross section area (combined grip area) with a relatively
small cross section area (gauge). The selected geometry also provided rounded and squared
edges to assess varying geometric shapes. Approximately 6-12 of these were printed for each

blend to quantitatively analyze.
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Figure 4.33: M2 SLS print setup and planning for density, hardness, and tensile testing.
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Buoyancy density testing was done in accordance to ASTM D-792 on a separate density
specimen and shore D hardness testing was done on the grip portion of the tensile testing prior to
pulling the tensile specimen. Density testing showed differences between blends but did not have
enough difference between sintering parameters to determine optimal energy density (Figure
4.34). Hardness testing also did not provide conclusive differences between sintering energy
densities. The only parameters that provided conclusive quantitative results on the differences of
energy density and sintering parameters were tensile test results. These results were coupled with
qualitative fractography (Examples in Figures 4.35 and 4.36) to select print parameters for Aims
3 and 4. Dimensional and tensile data for the final selected blend sintering parameters are found
in Figures 3.37. Data was arranged such that H1-3 were the selected print parameters for each
specimen. Laser was at 5W except for 10% H4-6 which had a laser fault resulting in lower-than-
expected energy density for this specimen. Tables of density, warping, and hardness with
selected print parameters for each blend are found in chapters 5 and 6 (Tables 5.1, 6.1, and 6.2,

respectively).

Blend Laser Speed Specimen (SPN) Measured Density (g/cm3)
ID %CF (mm/sec) Serial # | Energy SPN Mean SD

P1PM | 0%CF | 2000 (Pre-Heat) High | 120232 [ r
P2 1 (Neat 500 (Sinter) 220115 | Energy 1.0249 | 1.0239 | 0.0009
P3P | PA12) | 3000 ( Bake ) Density | 1.0237
P14 | O%CF | 3000 (Pre-Heat) low | 1.0219 | "
P2 (Neat 700 (Sinter) 220115 | Energy | 1.0199 | 1.0198 | 0.0022
P3l | PA12) | 3000 ( Bake ) Density | 1.0176

Figure 4.34: Buoyancy Density comparison of PA12 tensile test specimens printed at high (1)
and low (|) densities.
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0% CF Tensile Test Fractography Energy Density Comparison

9 1280x980 2021/11/08 09:50.40 Unit: mm Magnification: 59.3 x 200x 1280x960 2021/11/08 09:51:07

Low Energy “High” Energy
Density / Density

Vg Split )

L
M2 SLS TV Neat 1500-800-2000 HOR 1 Normal M2 SLS Type V 1500-400-2000 HOR 1 small EDOF

Figure 4.35: 0%CF Tensile Specimen comparing sintering energy densities (Dino-Lite
AM4917MZT. Zoom: 59x
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Figure 4.36: 5%CF Tensile Specimen comparing sintering energy densities (Dino-L.ite
AM4917MZT. Zoom: 59x Left (low density), 72x Right (high density)
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Figure 4.37: 0%CF Final Energy Density Comparison of Dimensional and Tensile Test Data.
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Figure 4.38: 2.5%CF Final Energy Density Comparison of Dimensional and Tensile Test Data.
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Figure 4.39: 5%CF Final Energy Density Comparison of Dimensional and Tensile Test Data.
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Figure 4.40: 10%CF Final Energy Density Comparison of Dimensional and Tensile Test Data.
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DiscussION

The single blend results indicate PA12 mechanically blended with TPE powders, CF, and
HA composites can be functionalized via LCC in M2 PBF. It is important to consider the end use
of a printed part when selecting temperature and energy density (i.e., laser speed and power) for
each material blend. For instance, if the printed part is intended for a form and fit model with
high geometric accuracy and resolution requirements as opposed to sintered material properties
(e.g., energy absorption or high UTS) a lower energy density combined with faster laser speed
and higher power would likely produce the desired results. This is a critical factor when
discussing M2 manufacturing as many times the M2 aspect of the manufacturing is intended for
an end use part and not simply a form and fit prototype. The material and blend results in this
aim provided the techniques, parameters, and initial material properties to design single material
and M2 LCC experiments (Aims 3 and 4 respectively). Consequently, the blend characterization
in this aim was focused on maximizing the as printed material properties as opposed to
geometric accuracy and complexity. However, future work will likely lead to requirements for
higher geometric accuracy and resolution and lead to investigations in tuning a specific
dimension scaling factor for each direction of each material and investigation post print
processing techniques such as heat treatments. It was found the most effective way to
quantitatively tune print parameters was via tensile test. Interestingly, each blend had slightly
different changes in tensile properties with a change in energy density and so each material was
tuned using different tensile metrics. Below each blend is discussed individually as it pertains to

SLS tuning and implementation into M2 SLS manufacturing:
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Neat PA12

Neat PA12 was the only material that had a considerable difference in maximum strain
(plastic deformation) with a change in energy density. With a relatively high energy density the
material was capable of large (>50%) strain values as opposed to 10-20% for lower energy
densities, but the modulus of elasticity and UTS stayed relatively consistent between these
energy densities. The high energy density with high strain capability did come at the cost of
reduced geometric accuracy which will have to be considered in future design planning when
using SLS. If high energy absorption is required, the tradeoff may require the part to be
machined to size after printing if post heat treatment is unavailable or not desired. However, the
multi-pass lasing technique (Aim 1) should also be explored using more than 3 laser passes for
“real time heat treatment”. Likely the first step will be to characterize the effects of two
“sintering” passes. If “real time heat treatment” techniques like this do not provide the required
geometrical and material properties, lower energy density during printing can be used followed
by post print heat and/or pressure treatment. Real time and post print heat treatments were not
tested during this study and should be characterized in future studies to see if both high strain
and geometric requirements can be simultaneously achieved. This will also lay the groundwork
for future M2 SLS parts printed with a PA12 matrix. The value of M2 SLS parts with PA12
matrix material should not be underestimated as it is currently the most prolific SLS material
with greatly reduced cost and complexity of both the required sintering equipment (i.e., laser and
chamber) and the powder. These aspects of PA12 make it an ideal material to further

functionalize the M2 SLS design and FGMs developed in this research.
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PA12/HA Blends

HA blends highlighted the limitations of the M2 SLS prototype hardware and did not
sinter well in the prototype because of the low temperatures (ambient maximum of ~160° C) and
laser properties (wavelength of 455 nm and maximum power 5W) of the prototype. Further
testing using the blending techniques from this aim is recommend with a different laser
properties. Suggest CO2 laser (10.6pum) or Nd:YAG (1.06um) laser with a minimum power
output of 20W and an ambient temperature temperatures of 200°+ C. Nd:YAG lasers are
currently still being developed for PBF and will likely require IR-absorbing pigments for this
application. However, CO2 lasers are well established and have demonstrated sintering
capability with white color PEEK powder (Berretta et al., 2016; Schmidt et al., 2007) and will
likely have better results with white HA particulates. Since PEEK is well established as a
biomaterial and currently being used for implants (e.g., dental implants) it is recommended to

focus on PEEK/HA blending for future HA blend testing and PEEK/HA ratio FGM implants.

PA12/TPE Blends

PA12/TPE blends highlighted the benefits of M2 anchoring when printing materials with
marginal sintering window overlap. The TPE was relatively tolerant of temperature swings from
the lowest TPE ambient setting of 110 °C all the way to 160 °C for PA12 sintering after being
sintered which is ideal for an anchoring material. However, the fresh TPE powder was still
susceptible to clumping and inconsistent powder spreading if it was held above 110 °C for even
brief periods of time. The removable reservoir design from Aim 1 should be investigated to
avoid this clumping by only having the TPE powder in the heated system when it is actively

being used and spread. This would avoid the powder degradation over time when using powders
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from other reservoirs. With or without removable chambers both the rate and overall percentage
of crystallization will be affected for all materials being sintered as temperatures are adjusted
from one material to another. These affects should be characterized in the future, but the results
of PA12/TPE blends with TPE anchoring in Aim 3 have opened the door to sintering parts that
do not necessarily have an overlap in sintering windows. Again, it is likely this will necessitate
post sintering heat treatment, but in this case large differences in thermal properties between
materials will likely limit the effectiveness of heat treating the entire part at a uniform
temperature and will require more creative heat treatment techniques that focus on specific areas
of the final part. It is also important to note that sinterable TPE powders are available from
numerous manufactures, and all have distinct melting points and sintering parameters. So, unlike
PA12, a change in TPE powder from what was studied in this aim could result in a considerable

change in performance when blended with PA12.

PA12/CF Blends

PA12/CF blends highlighted the difficulty of spreading non-spherical shaped particles
like CF but also highlighted the relatively large changes in material properties (>60% increase in
UTS and >300% increase in E) achievable with only small amounts of added CF (< 10% CF). A
large factor in this success was the multi-pass powder spreading developed in Aim 1 and this
technique should be investigated using a roller (possibly counter rotating in both directions) and
expended to more than only two passes to see if layers resulting in near 100% density can be
achieved at greater than 10% CF. Spreading inconsistencies occurred at >20% CF resulting in
high porosity and poor mechanical properties. However, blends up to 60% CF were sinterable

(i.e., material bonded enough to form a part, though extreme unintended porosity existed). This
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capability is a distinct advantage over other AM process such as FFF and Polyjet that require
liquid flow. Further testing is recommended with encapsulated fibers to investigate powder
flowability to included encapsulated fibers mixed with raw fibers to increase overall fiber
percentage and manipulate fiber orientation within a part. The encapsulation process should also
include studies into increasing the bonding between the matrix and fiber with studies similar to
those done by Yan et al. (C. Yan et al., 2011a). However, the blend characterization in this Aim
has demonstrated mechanical blending without in depth treatments to increase material bonding
can be very advantageous. The simplicity of this method is an important aspect of this research
as it allows blend ratios to be quickly adjusted with both new powders and already blended

powders by simply adding more matrix or infill material.

Lastly, it is important to consider these results as they apply to biomedical implants and
other material applications. CF blends with PEEK are much more suited for orthopedic implant
applications and have already been studied for sinterability (B. Chen et al., 2017; M. Yan et al.,
2018). PA12 matrix specimens with CF mainly only had a change in UTS with a small change of
modulus in elasticity based on a change in energy density and this outcome is not expected with
PEEK matrix specimens based on the sintering window and re-crystallization of PEEK. All
PA12/CF blends were also fairly tolerant of changes around the optimum energy density with
material property differences only perceptible through tensile test. This is indicative of the large
PA12 sintering window and is not expected to be true with other high-performance matrix

material such as PEEK.
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TPE/CF Blends

TPE/CF blends highlighted the effectiveness of the sintered bond between the TPE and
CF and customizable changes between tensile and bending properties. Though fiber/matrix
bonding, bending, and tensile properties were only qualitatively evaluated it has shown a
promising future in biomimicry of soft tissue with a high increase in tensile stiffness coupled
with a small increase in bending stiffness when CF is added. Future studies should quantify
bending and tensile properties of various ratios of TPE/CF to build a repository for future
material selection. Based on the results of the blends tested it is expected tensile tests will
provide quantitative data capable of tuning laser parameters similar to PA12/CF. However,
unlike PA12 there are numerous proprietary TPE SLS powders with vast differences in
properties between different powders. Likely these proprietary blends will bond to CF at varying
levels and blends will have to be tested not only for material properties, but also TPE/CF

bonding.

Material Blending Future Work

The material blending characterization from this research has provided the initial data
showing the feasibility of M2 PBF manufacturing using different blends of materials. SLS
material blend future work should be coupled with the recommended future work from Aim 1 to
incorporate high temperature capability into the M2 SLS prototype. This will open the door to
study blends such as PEEK/HA and PEEK/CF which are appropriate for orthopedic implants.
Changing material color and specifically selecting color contrast between different materials will
allow image thresholding analysis and allow greater characterization of blend uniformity,

porosity, and LCC in M2 specimens. Single blend ratio sintering testing will have to focus on
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achieving desired material properties combined sintering window overlap for M2 prints.
Geometric accuracy and complexity in parts will also have to be increased to accommodate
osseointegration lattice structures as it will be difficult to correct dimensional accuracy in these
structures with machining or other traditional manufacturing processes post sintering. It is
recommended to incorporate post process heat and/or pressure treatments to investigate both
complex geometries and matrix/fiber or matrix/particulate bonding to include specific fiber
pullout testing. However, for biomedical research, geometry and material properties are just an
initial obstacle. Follow on research will have to include osseointegration of as printed parts and

long-term performance of implanted SLS materials.

BROADER IMPLICATIONS

The blend characteristics studied as they pertain to the SLS process established certain
methods and results that gave M2 PBF a promising future not only for orthopedic implants and
synthetic joints but for numerous other applications as well. Parts could be functionalized to
adapt to and achieve multiple end use requirements such as wear resistance, osseointegration,
energy absorptions, high strength, low weight, customizable stiffness, etc. based on material
blending. This M2 manufacturing reshaping through composite and material blending will also
be able to attain the current benefits (i.e. complex geometry, controlled density, interwoven parts,
etc.) of PBF. As an example, the center “spine” of an airfoil could be stiffened with relatively
high amounts of CF while the wing tips could be allowed to flex with relatively low amounts of
CF and top layer airflow could be energized with bleed through ports through the wing at precise
locations. Similarly, implants could have complex lattice structure with increasing ratios of HA

toward the outside of the implant at the bone/implant interface while customizing the modulus of
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elasticity at the core with CF or other stiffening fiber to produce an isoelastic stiffness. Overall,
this opens the door to implement M2 technology into other PBF methods such as SLM,;
ultimately putting M2 PBF within reach for industries requiring high performance functionally

graded materials.

CONCLUSION

Mechanical blend testing has demonstrated the feasibility of blending TPE, HA, and CF
with a PA12 matrix up to 60% volume for SLS applications. When sintering in the M2 SLS
prototype, mechanical properties are degraded with blends above 10% for CF and HA and above
40% for TPE. Bonding between sintered PA12 and CF when mechanically blended established the
foundation for Aims 3 and 4 and characterization of functional gradients using PA12/CF blends
printed with the M2 SLS prototype. Tensile test was the only quantitative method found that clearly
demonstrated the differences in material properties with respect to sintering energy density.
Subsequently, printing parameters using tensile data from this aim were used for Aims 3 and 4
printing. However, future work should be considered with other characterization such as microCT,
DSC, XRD, burn off, and contrast imaging based on the SLS tuning required for desired material

properties.
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Chapter 5: Aim 3 - Characterization of Stress-Strain and Fracture Data for Polyamide 12
and Carbon Fiber blends.

INTRODUCTION

Aim 3 characterized stress-strain and fracture data for single material thermoplastic
(TP)/fiber blends described in Aim 2. Tensile test specimens were Additively Manufactured
(AM), commonly known as “printed” using the multi-material (M2) Selective Laser Sintering
(SLS) prototype from Aim 1. Polyamide 12 (PA12) matrix with carbon fiber (CF) infill blend
characterization established an initial data repository for material selection in future work. These
blends underwent tensile tests to measure printed blend mechanical properties both perpendicular
and parallel to the build direction. Modulus of Elasticity (E), yield stress (oy), and Ultimate
Tensile Strength (UTS) were determined from tensile test stress-strain data. This characterization
provided insight into the mechanical behavior of PA12 powder sintered by the M2 SLS and
reinforced with 0%, 2.5%, 5%, and 10% CF. Selection of material blends in Aim 4 was informed
by these results ensuring effective investigation into the efficacy of Functionally Graded
Materials (FGM) fabricated with the M2 SLS prototype. Tensile performance (stress-strain
curves) from vertically and horizontally printed specimens can vary considerably. Tensile
properties for both vertical (perpendicular loading) and horizontal (parallel loading) specimens
were analyzed in Aim 3. To ensure consistency of data between Aims 3 and 4 horizontal print
orientation with intralayer tensile loading (i.e., tensile loading parallel to rake direction) was

selected for all tests in Aim 4 and comparison of results between Aim 3 and Aim 4.
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BACKGROUND

The additive nature, both between rasters and layers, of powder bed fusion (PBF)
inherently leads to anisotropy in printed parts. Anisotropic tensile properties are influenced by
laser, temperature, and hatch print parameters. All of these parameters were primarily
determined in Aim 2. However, the greatest impact to tensile properties is generally based on the
following two primary loading directions (Figure 5.1) (Cano et al., 2018):

1. Perpendicular Tensile Loading: Tensile load along the build direction primarily
transmits the tensile load perpendicularly to the printed layers or from layer to layer
resulting in interlayer loading.

e Vertical Print Orientation: Tensile test specimens printed with interlayer
loading are described as being “vertically” printed.

e Printing Effects: Vertically printed tensile specimens inherently minimizes
the sintered area for each layer and as a result generally has reduced part

warping and sledding as compared to the horizontal print orientation.

2. Parallel Tensile Loading: Tensile load parallel to the layers primarily distributes the
tensile load within layers or intralayer loading.
e Horizontal Print Orientation: Tensile test specimens printed with intralayer
loading are described as being “horizontally” printed (Cano et al., 2018).
e Printing Effects: Horizontally printed tensile specimens decrease number of
layers from ~635 to ~32 as compared to the vertical print orientation. This
significantly decrease the print time and thus the time the reservoir powder

remains at elevated temperatures.
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Perpendicular tensile loading:
Vertical print orientation
results in interlayer loading

Build Plate
(Print/Powder
Surface)

Parallel tensile loading:
Horizontal print orientation
results in intralayer loading

Figure 5.1: Loading and print orientation designations for tensile test specimens

Although Hatch patterns can affect layer to layer adhesion during interlayer loading,
particularly in the form of energy uniformity throughout a layer during sintering (Ahrari et al.,
2017; Parry et al., 2019). Hatch pattern also tends to become more influential on mechanical
properties when substantial plastic or elastic deformation exists during tensile loading (Kiani et
al., 2020; Wo6rz & Drummer, 2018). However, generally layer to layer adhesion is much more
dependent on laser settings than hatch pattern (Wo6rz & Drummer, 2018). As described in this

research, perpendicular tensile loading for most thermoplastics will transfer the load from layer
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to layer and tensile properties are largely independent of hatch pattern. In contrast, parallel
tensile loading will transmit considerable load along or between rasters and tensile properties are
highly dependent on the hatch pattern (Wérz & Drummer, 2018). However, these principles
affect the entire stress-strain relationship and generally result in a lower ultimate tensile strength
(UTS) for perpendicular loading (Figures 5.2a,b, and 5.3). Turk et al. (Turk et al., 2017) did find
during elevated temperature testing above 50° C initial modulus of elasticity was slightly lower
for horizontal builds in fiber reinforced polymers. However, the dominating factor for the M2
SLS prototype and fiber reinforced blends was layer application (recoating) and laser

transmittance through the material (Adibekyan et al., 2019; Zaami et al., 2021).
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Tensile test Sintratec PA12

Test standard Perpendicular tensile loading:
DRNENISO B27-1 Vertical print orientation
results in interlayer loading

Test specimen
Type 5A printed with the Sintratec 51

Ew b Lth

% mm mm
Test object horizontal (XY) - 4.49 239
Test object vertical (Z) - 4,31 296

Test graphic
40 wvartical 2 |
Parallel tensile loading:
g 30 Horizontal print orientation
-E 00 results in intralayer loading
&
¥ 10
0 | T T T = T T L] T T T T T T T T T T T T T T T
0 5 10 15 20
Expansion in %
Test results
Et a' E--r Um L-Em ﬂh Eb
MPa MPa % MPa % MPa %
Test object horizontal (XY) 1610 478 8.9 478 89 431 -
Test object vertical (Z) 1750 - - 40,8 3,1 408 3,1

Figure 5.2a: Sintratec reported PA12 tensile test properties based on build direction (Boxed text
added) (Sintratec, 2021a).
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p— : — — -
Tensile test Sintratec PA12
Test standard P
DIN EN IS0 527-1 = | S|
[Test specimen [
Type bA printed with the Sintratec S1
Vertical print orientation: |
Interlayer (layer-layer) Tensile Loading
635 Layers o
. . Build Plate /
est graphic
40 ; vertical
L 30l Horizontal print orientation:
CL E: . .
= - Intralayer (hateh) Tensile Loading
5 201 32 Layers
= 10 :
O B T T T T T T T T T T T T T T T T T T T T T T T
0 5 10 15 20
Expansionin %
Test results
E: Oy Ey Om L Em Ob Eb
MPa MPa % MPa % MPa %
Test object horizontal (XY) 1610 47.8 89 47,8 8,9 43,1 -
Test object vertical (Z) 1750 - = 40,8 3,1 40,8 3,1

Figure 5.2b: Sintratec reported PA12 tensile test properties based on build direction comparing
layer count and loading for each print direction (Sintratec, 2021a).
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Tensile Test Sintratec TPE

Test standard Perpendicular tensile loading:
DIMN EM IS0 527-1

Vertical print orientation —
Test specimen o g .
Type 5A printed with the Sintratec S1 results in interlayer loading
l Build
. Plate
Z ' | /
X Z
Test graphic
6 -
) 1 - Parallel tensile loading:
g 1 e Horizontal print orientation
£ ] ' results in intralayer loading
% o 1
IE -+
0 + } 1 t 1 1 f 1 t t } f
0 200 400
Elongation in %
Test results
E: Om Em Ob Ew b h
MPa MPa % MPa Ya mm mm
Test object horizontal (XY) 29.9 1.82 12 5.28 250 3.62 2.47
Test object vertical (Z) 28 200 12 2,08 63 3.78 176

Figure 5.3: Sintratec reported TPE tensile test properties based on build direction (Boxed text
added) (Sintratec, 2021b).
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Tensile and bonding properties
at material interfaces can be investigated

using one-dimension (1D) gradients

under perpendicular loading (normal Mode | Tensile -

Likely initiated by
pre-existing print
defect (such as
micro-cracks at

stress). Mode | tensile opening/failure

may occur at interfaces with sharp

changes in material properties (Figure matrix/fiber
interfaces or
5.4) (Bartlett et al., 2015a, 2015b; poor interface
bonding between
“Composites Design in the Real World,” materials)

2003; Fedorov & Matveenko, 2016;

Krueger, 2015). Testing one-dimensional

(1D) gradients with additively Figure 5.4: Mode | Tensile Failure.

manufactured Type V specimens have been modeled by ltuarte et al. (Ituarte et al., 2019) and
experimentally tested by Lumpe et al. (Lumpe et al., 2019). The DOE in Figure 5.5 enables the
entire tensile load, prior to specimen deformation, to be transmitted perpendicular to the material
interface. However, the interaction of fiber and matrix powder compared to polyjett liquid
recoating create a distinct difference between Lumpe’s M2 specimens and M2 specimens
manufactured with M2 PBF. Aim 3 studied these affects as they relate to print orientation and
tensile properties to establish a specimen type and print direction for M2 testing in Aim 4. This
studied also provided an initial repository for mechanically blended PA12/CF tensile data and

laid a foundation for future material blend and M2 PBF testing and characterization.
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semi-rigid
OR
rigid semi-compliant
OR
compliant

rigid

Figure 5.5: Lumpe et al. gradient testing Design of Experiment (DOE) with Type V test
specimens additively manufactured using material jetting (Lumpe et al., 2019)
METHODS

A total of 64 specimens were printed with a minimum of three from each blend used for
printed blend characterization including tensile, dimensional, density, porosity, and fracture
analysis as described in Figure 5.6 and in accordance with Aim 2 methods. The remaining
specimens for each blend were tested as required for print or test anomalies.

Buoyancy density tests were done using ethanol and an electronic balance in accordance
with ASTM D-792 test standards. Tensile loading rate and ambient environment impacts tensile
data results for both single material and M2 specimens (Lumpe et al., 2019) and so both were
held constant for all tests. Grip rate was set to 10 mm/min for tensile specimens and an ambeint

test temperature of approximately 23 °C was used in accordance with ASTM D638-14 and
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similar tests done by Roberson et al., Lumpe et al., and Green et al. (ASTM International, 2006;

Carrete et al., 2019; Chavez et al., 2019; Green et al., 2021).

PRINTS (64) & MATERIALS PARAMETERS TEST CHARACTERIZATION
- ®
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Figure 5.6: Summary of Aim 3 methods including specimens, tests, and characterization.
Specimen manufacturing was done in the order listed: neat followed by composite.
Analysis was done in the order listed for each control and blend specimen:

dimensional, density tensile, optical microscopy analysis.

ASTM D638-14 Type V tensile test specimens (Figure 5.7a) were modified to allow

direct caparison with future M2 tensile characterization. Gauge length (G) was increased to allow

3 material testing within the gauge length similar to experiments done by Lumpe et al and Tang

et al. (Lumpe et al., 2019; Tang et al., 2021a). Width (W) was proportionally increased to the

gauge length. Length overall (LO) was held constant which decreased grip length to

accommaodate the longer gauge length. Modified tensile test specimen (“3mmP”) dimension are

found in 5.7b. Testing was also done which would allow 5mm for each material and also had the
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width increased proportionally. These specimens were referred to as “5mmP”. During
comparison testing tensile results between 3mmP and 5mmP were very similar and some of the
vertical print tensile tests were done using 5mmP from the comparison testing (Figure 5.7¢).
Specimens for each blend were printed in sets of 3-6 specimens for horizontal specimens and
sets of 6-12 specimens for vertical specimens. Specimen were offset in x and y directions to
improve powder flow and spreading uniformity for each part and isolate each specimen from
neighboring specimens. Example of a 6-specimen vertical print is depicted in Figure 5.8.

A single window constant time hatch pattern (Figure 3.5) without perimeters and layer
rasters oriented at 0 and 90 degrees were used based on the results from Aim 2 to increase print
efficiency and printed specimen property consistency. This hatch pattern also aided in consistent
comparison between vertical and horizontal specimens though tensile properties were still
primarily based on layer-to-layer adhesion for vertical specimens and hatch pattern for horizontal
specimens. Minimizing total sintering time was critical for vertical prints to prevent clumping in
the reservoir over time based on partial sintering over time, molecular weight and chemical

crosslinking (chapter 4).
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Figure 5.7:
a) Original tensile test specimen definitions and lengths (ASTM D638-14)
b) “3mmP” modified tensile test specimen to accommodate tri-material specimen.
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Figure 5.7c: Comparison prints of standard D638 Type V tensile specimen, extended tensile
specimen with reduced grip length, 3mmP specimen, and 5mmP specimen.

\ TopView / \ /

Right Side View

Rake Direction

Figure 5.8: Proposed tensile specimen print scheme (Specimen and build area images from
Sintratec Central print program).
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RESULTS

Warping was minimal with the selected parameters from Aim 3 and negligible after
specimen cleaning post print. For this reason, quantitative warping measurements were not
reported for tensile specimens. (Quantitative warping results for Single Edge Notch Tensile
(SENT) specimens can be found in chapter 6, table 6.1). Qualitative porosity results remained
consistent with Aim 2 results. However, vertically printed specimens with CF had severe layer
adhesion inconsistencies. This was partially due to 24-48 hour print times based on the layer
count (Figure 5.2b) and on laser speed and number of specimens per print. This extended time
periodically resulted in extreme powder degradation (Figure 5.9). Powder degradation to this
extent typically resulted in cake clumping, cracking, and warping and eventually led to
catastrophic print failure. Cake warping was least prevalent for 10% CF; however, blending
clumping resulting in high porosity and poor layer adhesion was most severe with 10% CF. Most
vertically printed 10% CF specimens broke along a layer during post print cleaning, though this
trend was specimen specific and not layer specific (i.e., not all specimens broke along the same
layer (Figure 5.10). Many others broke during grip tightening during tensile testing or withstood
minimal extension before fracturing along multiple layers (Figure 5.11). Tensile test data was
calculated for specimens that reached at least 0.30% strain. Most 10% CF specimens failed well
before 0.30% strain and are not reported. Buoyancy density results are presented in Table 5.1 and
further discussed in Table 5.2. Shore D hardness tests for these blends were done on SENT
specimens in order to capture hardness along a cross section perpendicular to the layers
(hypothesized to be the hardest with lowest variance) and on the surface parallel to the layers
(hypothesized to be the softest with highest variance). Hardness results are presented in chapter

6, Figure 6.2. Graphed and tabulated dimension and tensile results for 0. 2.5, 5, and 10% vol CF
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tensile specimens are presented in Figures 5.12 thru 5.15 respectively. A figure comparing a
representative stress/strain curve from each blend is depicted in Figure 5.16. Vertical specimens
for 0% CF and 10% CF had data from 5mmP specimens which had 60% more cross sectional
area than 3mmP specimen. In all graphs solid lines represent horizontal print orientation and
dashed lines represent vertical print orientation.

Optical fractographic imaging was done for all specimens. Representative images are
found in Figures 5.17 thru 5.20. In all specimen, 0% CF (neat PA12) was the only fracture
surface that showed a highly ductile fracture mechanism. All horizontally printed specimens
blended with CF tended to have 3-dimensional fracture surfaces with the crack propagating
parallel (axial) to the load direction. Vertically printed 2.5% and 5.0% CF specimens had greatly
reduced crack propagation parallel to the load direction and vertically printed 10% CF specimen
had near zero 3-dimensional features and appeared to be flat along a single layer. Optical
fractography also depicted the difference in sintering and dimensions between horizontally and
vertically printed specimens (Figures 5.19 and 5.20, respectively). Vertically printed specimens
had a much smaller area printed each layer and had a larger outer area of partially sintered
particles. Horizontally printed specimens had one side with more rounded corners (bottom layer)
and the opposite side with more squared off corners (top layer). This same phenomenon was
present with the vertical printed specimens but was not evident at the fracture surface and instead

was evident at the “bottom” grip (first layer printed) and “top” grip (last layer printed).
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Figure 5.9: Example of powder degradation during extended vertical prints.

Figure 5.10: Example of specimen condition following post print cleaning of 10% CF vertically
printed tensile specimens. Some specimens broke during removal and some broke
during cleaning.
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Tensile Test (vertical)

Figure 5.11: 10% CF vertically printed tensile specimen failure during grip insertion and initial
pulling.

Table 5.1: PA12/CF Buoyancy Density Results (ASTM D-792 Test Standards)

Blend Laser Speed Specimen (SPN) Measured Density (g/cm’)
%CF (mm/sec) Serial # ID SPN Mean SD
0% CF 2000 (Pre-Heat) H1 1.0232
(Neat 500 (Sinter) 220115 H2 1.0249 | 1.0239 | 0.0009
PA12) 3000 ( Bake ) H3 1.0237
800 (Pre-Heat) H1 1.0704
5% CF 350 (Sinter) 211027 H2 1.0788 | 1.0758 | 0.0047
800 ( Bake ) H3 1.0782
1000 (Pre-Heat) H1 1.0997
10% CF 400 (Sinter) |20220115 H2 1.0991 | 1.0998 | 0.0007
1500 ( Bake ) H3 1.1005
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Figure 5.12: 0% CF Vertical and Horizontal Specimen Dimensional and Tensile Test Data.
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Figure 5.13: 2.5% CF Vertical and Horizontal Specimen Dimensional and Tensile Test Data.
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Figure 5.14: 5% CF Vertical and Horizontal Specimen Dimensional and Tensile Test Data.
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*selected all 10%CF vertical specimens that strained

>0.30% (all others failed <0.30% strain)

**SmmP specimen used for all %CF vertical specimens
and V2-v4 10% vertical specimens

- Single data point (i.e., no standard deviation)
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Figure 5.15: 10% CF Vertical and Horizontal Specimen Dimensional and Tensile Test Data.
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Figure 5.17: Fracture Surface of Neat PA12 (0% vol CF) Horizontally Printed 3mmP Tensile
Specimen

| 4133 [ 1280x960 | 2021/10/20 11:33:04 Magnification: 65x

0.5 mm

Figure 5.18: Fracture Surface of PA12 + 5%vol Carbon Fiber Horizontally Printed 3mmP
Tensile Specimen
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960 2021/10/26 14:21:13 Unit: mm Magnification: 61x 200x

Figure 5.19: Fracture Surface of PA12 + 10%vol Carbon Fiber Horizontally Printed 3mmP
Tensile Specimen

179 1280x960 2021/10/27 09:32:10 Unit: mm Magnification: 56.8 x 200x

0.5 mm

Figure 5.20: Fracture Surface of PA12 + 10%vol Carbon Fiber Vertically Printed 3mmP Tensile
Specimen
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DiscussION

Characterization results of PA12 mechanically blended with CF at 0, 2.5, 5, and 10%
ratios by volume demonstrated the ability to customize and tune material properties in SLS
through powder blending. Tensile data showed increasing density, modulus of elasticity, and
UTS with an increase in CF for horizontally printed specimens. Possibly the most important
aspect of this trend is it indicates matrix/fiber bonding was strong enough to influence overall
printed part material properties. However, the most obvious result of this aim was the drastic
degradation of material properties in vertically printed specimens with the addition of CF. The
vertically printed specimens revealed a drastic decrease in layer-to-layer adhesion and
consistency with an increase in CF. In contrast to the tensile results, density tests were similar
between vertical and horizontal specimens. Differences and similarities between vertical and

horizontal prints are discussed in more detail in the following sections.

Horizontally Printed Specimen Density, Porosity, and Blend Homogeneity

Density showed an expected increase with the increase in carbon fiber since sintered
PA12 density is ~0.92-1.03 g/cm® (matweb and materialise data sheet, Appendix E) and CF = 1.8
g/cm? (Carbisio data sheet, Appendix D). However, it is important to note that the density of
sintered PA12 can vary by >10% based on sintering energy density. The sintering energy density
for these tests was at the upper end of the sintering window to maximize material tensile
properties and layer-to-layer adhesion (see Aim 2 discussion). Also, though cross-section and
fractographic contrast thresholding quantitative porosity analysis was inconclusive based on
limited material contrast, qualitatively there appear to be near zero porosity. Based on these

factors, two different calculations were performed to estimate a “theoretical” density (Table 5.2).
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In both cases it is assumed the measured density ratio of the blend is the actual blend ratio
(perfectly homogeneous blend at measured ratio):

1. Neat PA12 measured density from buoyancy test was assumed to be the actual
density of the sintered PA12. This assumes 100% dense (zero porosity) and zero
material degradation in the sintering process. This calculation leads to the calculated
density being 1.23% below the measured density for 5%, and 0.16% above the
measured density for 10%. Around 1% difference for both indicates overall very low
porosity and expected ratios of CF for the blends. However, it does show that for 10%
there is either slightly less CF than 10% and/or up to 0.16% porosity. This assumes
identical PA12 densities between the neat material and the 10% CF blend (identical
material degradation). A negative 1.23% density indicates up to a 1.6% difference in
actual CF content to measured content (6.6% CF content = zero difference from
measured density to calculated density). This could also indicate non-uniform
material degradation or crystallinity between the neat PA12 and 5%, which would
result in a slight density change of the sintered PA12 matrix between the two blends.
Because the calculated 10% blend PA12 matrix density was very close to the
calculated sintered neat PA12, and it is most likely the change in density was in the
5% matrix. However, most probable is that it is a combination of all factors involved.
Because this method results in an increase in density for one of the blends, calculation
#2 was also done, below.

2. Most dense measured PA12 was assumed to be the actual density of the sintered
PA12. This assumption leads to the conclusion that a deviation of measured density

from calculated density was primarily due to an increase in porosity. This led to the
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5% measured density being used to calculate a density of 1.038 g/cm? for the sintered
PA12 matrix material. This results in the calculated density being above the measured
for both the 0% and 10% CF blends (1.33% above for 0% CF and 1.27% for 10%
CF). Overall, this shows similar results to the first calculation method with porosity
around 1% or less and near homogenous blend of CF at the measured ratio. Since
there is no CF in the neat specimen the change in density would have to be from
voids, material degradation, changes in crystallinity, and/or measurement errors. The
most likely cause is voids. For the 10% CF blend, an incorrect ratio of CF is added to
the list of possible causes. In this case, the mostly likely cause is a combination of
both the presence of voids and a slightly lower than expected percentage of CF.
Based on both calculations, the overall density analysis results indicate porosity around 1% or
less, possible 2.6% error in the 5% blend ratio, and/or minor differences in material degradation
between the samples. Further testing, such as burn-off testing, would be required to further
narrow down the possible causes.

Though density testing provides insight to porosity and blend ratio, further testing should
be done to characterize these properties. Because the PA12 matrix material had to be grey in
color to accommodate sintering with the prototypes 455nm wavelength, there was very little
contrast between the PA12, CF, and any pores. There was not enough contrast to use contrast
thresholding techniques to quantify percent PA12, CF, and voids. Future study with different
lasers should use materials that maximize contrast between different materials. However, there
was also considerable mechanical damage to the material during cross-sectioning, which caused

both CF and voids to be obscured during cross sectioning. Different matrix material will also
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mechanically deform differently during cross-sectioning, and that may help reflect actual

material properties in a cross-sectioned specimen.

Table 5.2: PA12/CF Blend Buoyancy Density Results Compared to Calculated Theoretical

Values
Theoretical Theoretical
Blend Laser Speed Specimen (SPN) Measured Density (g/cm®) | (PA12 Density=1.024 g/cm?) | (PA12 Density=1.038 g/cm?)
(CF Density=1.8 g/am’) (CF Density=1.8 g/cm°)
Density Difference S Difference
%CF {mm/sec) Serial # ID SPN Mean | SD = from - from
(g/em’) Measured (g/cm’) Measured
0% CF 2000 (Pre-Heat) H1 1.0232
(Neat 500 (Sinter) 220115 H2 1.0249 | 1.0239 | 0.0009 1.0239 0.00% 1.0377 1.33%
PA12) 3000 ( Bake ) H3 1.0237
800 (Pre-Heat) H1 1.0704
5% CF 350 (Sinter) 211027 H2 1.0788 | 1.0758 | 0.0047 1.0627 -1.23% 1.0758 0.00%
800 ( Bake ) H3 1.0782
1000 (Pre-Heat) H1 1.0997
10% CF 400 (Sinter) |20220115 H2 1.0991 | 1.0998 | 0.0007 1.1015 0.16% 1.1139 1.27%
1500 ( Bake ) H3 1.1005

Vertical Printed Specimen Tensile Test

Vertically printed specimens had greatly reduced mechanical tensile performance with an
increase of CF when compared to horizontally printed specimens. Neat PA12 vertical specimens
were the only specimens to have similar modulus of elasticity and UTS as horizontal printed
specimens but did have over 10 times the strain at failure for horizontal specimens as compared
to vertical specimens. This shows the ductility between rasters is generally much greater than
between layers even though other properties are similar (Figures 5.16 thru 5.18). This becomes
critical if designing parts for energy absorption which will be explored further in Aim 4 with M2
parts. Vertical specimens with CF always had a lower modulus of elasticity when compared to
horizontal specimens. This decrease of stiffness is likely due to the strain relief between closely

positioned vertical fibers based on zero bonding between CFs that were in direct contact coupled
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with microvoids in these areas. The greatly decreased UTS with an increase in CF can be directly
related to a decrease in layer-to-layer adhesion with an increase in CF. This is likely due to the
following factors:

1. Increase in layer application inconsistency with an increase in CF.

2. Increase in number of CFs directly in contact with each other in the vertical direction
(Compare Figures 5.19 and 5.20). CF in direct contact will have no bonding between
the fibers.

3. Very few CFs crossing layer to layer (Figure 5.20) based on the rake and spreading
mechanisms. In contrast, fibers almost always cross hatches because based on being
oriented along the spreading direction.

4. Extended print times for vertical prints leading to powder degradation and powder
clumping.

These findings certainly point to the limitations of loading specimens along the build
direction but also point toward the following future studies to better understand and mitigate
these limitations:

1. Test other spreading techniques such as a roller and triple pass spreading.

2. Test a high-powered laser to increase lasing speed (decrease overall print time) and
increase the melt pool surrounding the CF to increase the melt pool and mobility of
the polymer chains at the CF/PA12 interface.

3. Test other matrix materials and characterize the effects and dependencies different

materials have on layer-to-layer bonding.
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4. Further study on the specific fracture mechanism to determine if different CF
geometry and/or PA12 geometry will increase layer-to-layer bonding while keeping
the benefits of the CF across hatches.

5. Investigate using all or some encapsulated fibers. Encapsulated fibers will likely
improve spreading but limit the maximum number of fibers that can be used and
complicate customizing blend ratios.

In summary, vertically printed specimens were not robust enough to test gradients
manufactured by the M2 SLS prototype because the marginal and inconsistent layer-to-layer
adhesion would mask most effects of LCC in PBF. Further testing is required to increase layer-
to-layer adhesion before the benefits of LCC can be realized in specimens subject to a tensile

load perpendicular to the build direction.

Horizontal Printed Specimen Tensile Test

Horizontally printed specimens demonstrated consistent and customizable material
properties with the addition of CF (Figure 5.16 and Table 5.3). Tabulated data of the percent
increase of E, yield stress, and UTS for each blend above neat PA12 is presented in Table 5.4.
Modulus of Elasticity vs percent carbon fiber was graphed (Figure 5.21) with a 2" order
polynomial curve fit. The fit showed an R? value of near 0.9999 and estimated modulus of
elasticity equal to [59(%CF)?-16*(%CF)+1843] MPa (See equation on Figure 5.21). The curve
fits indicate the future possibility of using both numerical and analytical analysis to predict and
plan for material properties within 0-10% CF. However, a correlation like this did not exist for
UTS and Yield stress (Figure 5.22). So, a broader prediction of material properties would require

more data to be collected at more ratios (both between 0-10% CF and >10% CF) of CF.
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Poisson’s ratio should be included in this data collection in order facilitate finite element models.
This information would provide a data repository that would not only tune material properties
but also predict performance based on CF ratios.

Based on the data, it is hypothesized that PA12-CF interface cause stress concentrators
that form micro cracks. Initially these micro cracks effectively relieve stress at the PA-CF
interface, but eventually the micro cracks coalesce and form a route for a crack to propagate
through the entire cross-section. This fracture mechanism can be seen in the fractography images
(Figures 5.17 thru 5.19) and is also supported by the modeling done by Tang et al. (Tang et al.,
2021b). Further SEM research and fiber pullout characterization should be done to verify this

hypothesis.

Overall, 2.5% CF had a minimal increase between blend ratios compared to the
differences between 0, 5, and 10% CF (Table 5.5). The 5% CF blend also split the difference in
material properties between 0% and 10% CF better than 2.5%. Therefore, 0%, 5%, and 10% CF

blends were used in Aims 4.
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Table 5.3: PA12/CF Blend Ratios Comparison of Tensile Data

Blend Print Laser Speed Specimen XSection (mm?) E (Mpa) Yld Stress (Mpa) Yld Strain (%) UTS (Mpa) Max Force (N) Strain @Fail (%) Pos at Fail (mm)
1D %CF Direction (mm/sec) Serial # Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD
H1 — £ ;

H2 3 g pre-sinter-bake 220115 1957 | o048 | 1832 | 171 | 3641 | 204 | 220 | 008 | 5124 | 075 | 1003 1 5285 | 223 | 716 | o062
= 5 2000-500-3000 ' ’ ’ ’ : : ' ' ’ ’ : :
H3 = T
vi | 2 _
V2 g 8 211103
o £ 1500-800-2000 31.73 0.33 1666 286 33.17 0.69 2.24 0.39 46.07 1.65 1440 84 4.94 2.46 3.73 1.02
V3 x g SmmP**
o
V4
H1 £ .
5 Sinter-Bake
H2 B 400-1200 211019 18.62 0.45 2203 65 37.04 1.12 1.88 0.10 54.29 0.49 1011 17 13.18 1.06 5.40 0.18
H3 &5 2
vi| g [ _
V2 N S
V3 5 500-2000 211021 17.28 0.03 1809 165 24.69 1.24 1.57 0.10 33.13 1.03 570 20 2.68 0.38 2.28 0.23
>
V4
H1 £ .
H2 g Pre-Sinter-Bake 211027 1990 | 036 | 3217 | 104 | 4126 | 150 | 148 | 007 | es0s | o080 | 1295 33 1049 | 179 | 424 | 023
£ 1000-400-1500 L . . . g I y . . . . .
H3 w T
o
V1 x
V2 0 g
V3 'g 1000-400-1500 211027 16.93 0.42 2412 81 29.46 1.94 1.42 0.11 41.33 1.36 700 29 2.58 0.08 2.40 0.20
>
V4
H1 E Pre-Sinter-Bake
H2 4§ 2000-500/ 20220115 19.69 0.33 7589 = 42.09 = 0.75 = 80.46 1.25 1584 15 5.23 - 4.74 0.15
H3 2 400-3000
V1* 10.0% _ 20211129 15.54 -
* ©
2 % 100-400-1500 20211129 854 490 NA NA NA NA 3.35 2.33 85 65 0.44 0.10 0.81 0.38
V3* o 26.07 0.28
> SmmpP**
V4*
*Selected all 10%CF vertical specimens that strained |**5mmP specimen used for all 0%CF vertical specimens . o L
. ) . . - Single data point (i.e., no standard deviation)
>0.30% (all others failed <0.30% strain) and V2-V4 10% vertical specimens
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Modulus of Elasticity vs. Percent CF
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Figure 5.21: Modulus of Elasticity vs Percent CF
Ultimate Tensile Strength and Yield Stress vs. Percent CF
90
80 y=0.0851x7 + 2.177x + 50.445 ==
R?=0.9851 - e
70 el
60 ———1= - -
% so vy =0.6186x + 36.494
s R?=0.8326 |
€40 [ . S B
) —C 1
a0
20
10
0
0 2 4 6 8 10

% Carbon Fiber

Figure 5.22: Ultimate Tensile Strength (UTS) and Yield Stress vs Percent CF
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Table 5.4: PA12/CF Blend Ratios Comparison of Tensile Data

Blend | Modulus of Elasticity (Mpa) Increase® Yield Stress (Mpa) Increase’| Ultimate Tensile Stress (Mpa) Increase®
ID %CF SPN Mean SD % SPN Mean SD % SPN Mean SD %
H1 0% CF 1711 34.96 52
H2 (Neat 1953 1832.00 | 171.12 0% 37.85 36.41 2.04 0% 50 51.24 0.75 0%
H3 PA12) & e 52
H1 2181 36.76 55
H2 2.5% CF 2275 2202.57 64.69 20% 36.08 37.04 1.12 2% 54 54.29 0.49 6%
H3 2152 38.27 54
H1 3135 42.68 65
H2 5% CF 3333 3216.53 | 103.79 76% 41.42 41.26 1.50 13% 66 65.05 0.80 27%
H3 3181 39.70 64
H1 7589 42.09 81
H2 10.0% * 7589.10 = 314% * 42.09 = 16% 79 80.46 1.25 57%
H3 * * 81
- Single data point (i.e., Standard Deviation (SD) does not apply)
L percentincrease from 0% CF specimen | *Strain data notavailable [note:SDis given for Neat PA12 with only 2 data points for comparison
purposes but is not applicable to some analysis

BROADER IMPLICATIONS

Future work is needed to capitalize on the successes of blending fibers with matrix
powders in PBF to tune and customize material properties and to seek out solutions to mitigate
the effects fibers have on layer-to-layer adhesion. First, PA12/CF data collected should be added
to with additional data points between 0 and 10% CF. The intent is to build repository of data
using easily accessible low temperature sintering material to build analytical models verified by
experimental data and analytical models used to select blends based on required material
performance. (e.g., CF percentage could be selected to match stiffness of bone to form an
isoelastic implant core or selected to meet attachment point load requirements on aircraft wings.)
This approach will advance the selection of other matrix and/or fibers blends to fill specific
performance requirements. Secondly, based on increase of raster-to-raster stiffness and strength
with the addition of fibers that cross rasters coupled with the decrease in layer-to-layer adhesion
with fibers that generally do not cross layers research should be done to create recoating
techniques that promotes fibers crossing layers. Some initial theories on customizing raster

orientation have been discussed in Aim 2 using multiple raking directions. However, these
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techniques would not promote vertical fiber orientations. Methods involving dropping the fibers
onto the build area from above instead of spreading laterally should be testing. This could be
done for the fiber only or for the fiber/matrix blend. If it is the fiber only this also could lead to
customizing fiber content without pre-mixing the blend. In either case the material could be
dropped onto the build area via pipettes and or delivery mechanisms within a recoater. If both a
data repository and a method to control multiple fiber orientations are realized the tunability of
material properties in PBF and FGMs would be greatly advanced and could fill current material

and manufacturing voids.

CONCLUSION

Density results for both print orientations indicated homogeneous PA12/CF mixture
through mechanical blending with low porosity for all tested blends. These results suggest a
promising future mechanically blending powders, fibers, and particulates for PBF applications.
The distinct change in tensile properties (specifically ultimate tensile strength and modulus of
elasticity) of horizontally printed specimens between 0%, 2.4%, 5%, 10% vol CF composites
demonstrates PA12-CF bond performance capable of customizing material properties by
sintering mechanically blended untreated materials. PA12/CF Blends up to 10% appear to have
“tunable” material properties for horizontal blends, offering a promising future for mechanical
blending and PBF. In contrast, vertically specimens above 5% had very poor tensile properties
with extremely long print times in the M2 SLS prototype. The layer-to-layer adhesion
deterioration with an increase in CF in these blends indicate that additional research is required
prior to realizing the effects of functionalized gradients parallel to the build and load direction.

For both vertically and horizontally printed specimens, further research is recommended with
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different sintering energy sources and different blends to more thoroughly characterize the
tunability of material properties using mechanically blended powders and fibers.

Based on the results from Aim 3, 0%, 5%, and 10% CF ratio Single Edge Notch Tensile (SENT)
specimen with the notch parallel to the build direction (e.g., perpendicular or across layers) and
the tensile load parallel to the layers (“horizontally printed”, Figure 5.2a) were selected to test M2
characteristics in Aim 4. SENT specimens were selected to produce a more robust characterization
of LCC with binary gradients in SLS applications while avoiding results that are dominated by
specific material and the M2 SLS prototype characteristics such as laser wavelength, layer

application devices, heating methods, and nylon powder.
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Chapter 6: Aim 4 - Characterization of Local Composition Control with Binary Interfaces
and One-Dimensional Gradients

INTRODUCTION

Aim 4 characterized stress-strain, fracture, and interface bond strength for one-
dimensional (1D) binary material interfaces and gradients consisting of polyamide-12 (PA12)
and carbon fiber (CF) blends. Modulus of Elasticity from Aim 3 was used to select specific
PA12/CF blends for the multi-material (M2) Single Edge Notch Tensile (SENT) specimens.
SENT specimens were additively manufactured (AM), commonly known as “printed”, utilizing
the local composition control (LCC) capability of the multi-material (M2) Selective Laser
Sintering (SLS) prototype from Aim 1. Material interfaces and one-dimensional (1D) gradients
were printed in the build direction. SENT test results were analyzed to describe the effects of
material interfaces and gradients. Stress, strain, energy, crack propagation, and fracture process
zone (FPZ) properties were calculated using digital image correlation (DIC). Optical and
scanning electron microscopy were used to analyze fracture and material interface
characteristics. Results have established an initial data repository for future work including

gradient selection to functionalize SLS printed parts with LCC in the build direction.

BACKGROUND

Functionally graded materials (FGM) with large physical property changes at the
interfaces are susceptible to stress concentrations and premature failure at these interfaces
(Bartlett et al., 2015a). A gradual change in material properties can reduce overall stress and
stress concentrations resulting in increased strength and toughness of functionally graded M2

tensile and SENT parts (Y. Li et al., 2020; Mirzaali et al., 2019; Parihar et al., 2018; Saleh et al.,
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2020). Fracture characteristics become more difficult to predict with the addition of
Discontinuous Fiber Composites (DFC) (El-Sagheer et al., 2021; Ko et al., 2019).

A shallow gradient in material properties is especially important when transitioning
between materials with relatively large differences in E or Poisson’s ratio (v) (Chowdhuri & Xia,
2013; ElI-Wazery & El-Desouky, 2015; Erdogan, 1995; Gayen et al., 2019). Lumpe et al. have
experimentally characterized this in material jetted AM specimens (Figure 6.1) (Lumpe et al.,
2019). Generally a three-dimensional (3D) transition in material properties is superior to 1D
gradients in reducing stress concentration due to stress singularities and edge effects at 1D
interfaces (Lauke, 2007; Sedmak et al., 2018). These effects can be minimized by implementing
a 3D component to the material interface (Green, 2018; Lauke et al., 2003).

Nonetheless, one-dimensional gradients are an effective alternative to 3D interfaces in
reducing stress concentrations in M2 parts (Bartlett et al., 2015a). AM can achieve 1D gradients
in the build direction through layer-by-layer composition control (Chung, 2008; Chung & Das,
2006; Peng, 2008; Wei et al., 2019). The resolution and slope of the gradient using layer by layer
composition control is determined by the layer height and properties of the material for each
layer. Maximum resolution is dictated by minimum achievable layer height and change in
material properties. Consecutive layers can be applied with the same material to spread out a
gradient. Though this technique may benefit final M2 part performance and increase UTS, this

will not increase the resolution of the gradient.
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gl o S

Stress concentrations during tensile loading
caused by mismatch of lateral strains

Figure 6.1: Stress concentration at material interface with dissimilar material properties due to
differences in lateral strains between materials. (Adapted from Lumpe et a. (Lumpe
etal., 2019)).

Tensile and failure characteristics in 1D binary material interfaces have also been studied
by Lumpe et al. using material jetting manufactured specimens (Lumpe et al., 2019). A key
differences between 1D gradient manufacturing in Aim 1 and Lumpe’s work is gradients using
the PBF techniques pioneered in Aim 1 required the gradient to be along the build direction
(Figure 3.9) whereas in material jetting the gradient can be perpendicular to the build direction
(Figure 6.2). Much of the focus was decrease stress concentrations due to changes in lateral
strains (often due to mismatch in poisson’s ratio between materials). One dimensional binary
Material gradients based on E to decrease stress concentrations have also been studied both
analytically and experimentally (using material jetting) by Bartlett et al. (Bartlett et al., 2015b)
(Figure 6.3). This method can functionalize materials that have drastically different material
properties by decreasing stress concentrations found at binary material interfaces with large
variations in E. One-dimension LCC is used to integrate gradients along expected tensile loading
paths within M2 parts to decrease failures at material interfaces by alleviating stress
concentrations while, in many cases, increasing interface bond strength.

One dimensional binary gradients can also be manufactured through layer by layer LCC

in PBF by incorporating a powder change at specific layers can create gradual transitions in
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material properties. Selecting the powder blend for each layer in a vertically printed M2 tensile
specimen (Figure 5.1) to facilitate a gradual transition in E is hypothesized to be an effective
method to define local compositions in FGM structure to increase the strength of the material
interface. This method of LCC was used to functionalize materials that have drastically different
material properties by decreasing stress concentrations found in binary material interfaces. In
order to build on the tensile, bending, and torsional research discussed above Aim 4 investigated
the effects of crack propagation through binary gradients. To further investigate unique
capabilities of PBF when compared to the liquid flow requirements of polyjetting Aim 4 focused

on varying CF ratios (CF cannot be brought to a liquid state) in a PA12 matrix.

Figure 6.2: Material Jetting additively manufactured layout of binary material interface tensile
test specimens with gradients perpendicular to build direction. (Adapted from
Lumpe et al. (Lumpe et al., 2019)).
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Figure 6.3: Stress concentrations reduction example using 1D gradients. Simulation with
experimental results using material jetting done by Bartlet et al. (adapted from
Bartlet et al. Figures 2, S2, and Table S1 (Bartlett et al., 2015a, 2015Db))
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Single Edge Notch Tension (SENT) specimens were selected to characterize 1D
gradients and M2 properties in PBF based on the consistency and accuracy of quantitative tensile
tests that clearly demonstrate a change in tensile properties for horizontal specimens. Vertical
specimens that were loaded perpendicular to the layers were plagued by inconsistencies with that
addition of fiber. It appears this was primarily due to powder spreading inconsistencies, extended
print times, and near zero transmittance of CF. Collectively these factors decreased layer-to-layer
adhesion resulting in inconsistent and reduced tensile properties along the build direction. As
compared to Type V specimens, SENT specimens will not draw direct correlations to interface
bond strength, but mitigate these effects through the following two mechanisms:

a. Testing Orientation: M2 SENT tests load the specimen perpendicular to the build
direction which mitigates the effects of poor and/or inconsistent layer-to-layer adhesion.

b. Build Orientation: M2 SENT specimens have a build direction along the width as
opposed to the length which requires approximately 1/3 of the layers and print time as compared
to M2 Type V specimens often found in research. The reduced print time decreases nylon

degradation during printing resulting in more consistent layer application and adhesion.

METHODS

A total of 52 SENT specimens and 9 tensile specimens were printed to evaluate multi-
material (M2) printing with local composition control (LCC) in the M2 Selective Laser System
(SLS) prototype build in Aim 1. The 9 tensile specimens were used to verify tensile properties
from the exact laser settings and blended material used for the SENT specimen. 24 single
material SENT specimens were printed as a baseline for M2 Specimens (a group of 0% CF, a

group of 5% CF, and a group of 10% CF, Figure 6.4). 24 bi-material M2 specimens and 8
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gradient specimens were printed for M2 and LCC testing. (Figure 6.4). Four Specimens from

each specimen type were initially tested to verify both the M2 properties and the test methods

(e.g. specimen dimensions, load rate, notch technique, effects of DIC speckle, etc.) and this Test

is labeled “Test 1” or “T1” throughout the results and discussion. After a complete analysis of

the data from “Test 1”, the second set of specimens were evaluated, and this evaluation is

discussed in Appendix F and labeled “Test 2” or “T2”. A comparison of Test 1 and Test 2 is also

found in Appendix F. It is important to emphasize all 8 specimens for each set of specimens were

printed at the same time. Optical and scanning electron microscopy, porosity, material interface,

and fracture analysis as described in Figure 6.4 were analyzed. This testing was intended to

demonstrate the value of LCC in PBF by decreasing material interface failures and increasing

UTS and consistency of FGM parts, particularly with specimens consisting of 10% CF.
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A single implant prototype demonstration was printed as described in Figure 6.4. with
compositions informed by Aim 2. The goal of the conceptual prototype was to demonstrate the
feasibility of LCC in PBF to functionalize future implants with fully dense CF wear surfaces,

latticed HA bone interfaces, and patient specific core for isoelastic designs.

SENT Specimen Evaluation

SENT Specimens were designed and printed in accordance with the specifications in
Figure 6.5. Prints were “stacked” to facilitate printing two sets of M2 SENT specimens in a
single print cycle with the top and bottom (first and last) parts of the print containing horizontal
tensile specimens (Figure 6.6) so that tensile properties of each print could be tested. These
horizontal specimens also allowed print paraments to be adjusted prior to starting the SENT
printing. SENT specimens starting with 0%CF were printed with a CF anchor (Figure 6.7) which
was machined off prior after warping measurements were taken but prior to any testing testing.
Following machining hardness testing was done in the grip section of the SENT specimen.
Hardness testing was done on both the sintered surface (“surface” hardness) and along the
machined width (*“cross section” hardness). Notching followed the hardness testing and was done
with a custom jig (Figure 6.8) and each specimen was checked prior to testing to ensure
consistency in notching (Figure 6.9). Digital Image Correlation (DIC) analysis was done to
determine tensile properties, fracture energy, and fracture process zone (FPZ) characteristics.
Tensile rate was 0.8 mm/min (2% of gauge length) and DIC pictures were taken at 20 frames per
second for most tests. Warping was also evaluated based on the dimensions and calculations

described in 6.10. All warping measurements were done with as printed specimens (prior to
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machining). These measurements did include the printed M2 anchor if applicable and as such the

effects of anchoring were included in the calculations.

Binary Interface Binary Gradient
SENT Specimen SENT Specimen
Build Direction [ Build Direction [

40 mm
Test Section
60 mm
Specimen Length

10 mm

Grip
Section

2 mm
Specimen Thickness

Figure 6.5: Single Edge Notch Tensile Specimen Design and Dimensions
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SENT SENT
Specimen 1 Specimen 8

Figure 6.6: Single Edge Notch Tensile Specimen Print Planning (Specimens labeled 1-8 front to
back to track specimen characteristics based on location in print area)

I As Printed Binary Gradient SENT Specimen
- : T I!

1jll_L_'

\1 Bottom Machining line to machine down to 16 mm I

I Carbon Fiber Anchor I Specimen Warping I

Figure 6.7: SENT Specimen Post Print Machining
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Figure 6.9: SENT Specimen Notch Analysis
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Warping Width % = Warping Length/Width
Warping Height % = Warping Length/Height

Width

COrT Warping Length T

0-5-10-5-0% CF SENT SPN 7F Width 23.546 mm Warping R 0.995 mm

Figure 6.10: SENT Specimen Warping Analysis

Multi-Material Prototype Demonstration

A conceptual prototype demonstration for an implant design (Figure 6.10) was printed
with the top surface incorporating CF to simulate a wear resistant surface, the middle section
incorporating purely PA12 to simulate patient specific isoelastic feasibility, and the bottom
surface incorporating HA to simulate osseointegration capability. Overall goal was to
demonstrate the value and feasibility of LCC implants using polymer PBF for future joint

implants.
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Future Implementation in Total Knee Arthroplasty:
Incorporate CF and HA to encourage a wear resistant, isoelastic
cementless design with osseointegration

Metallic or CF Femoral
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(Existing or

New Implant) Femoral

component

Conceptual Prototype
Demonstration

Existing Wear Surface CF Wear

PA12 + Carbon Eiber Surface
Virgin PA12 (No Fiber) Isoelastic Core

12 + doxaetite ;
jﬁ‘ : HA Latticed Bone

InterfaceSurface

Tibial component

Incorporate CF and HA
to encourage a wear
resistant, isoelastic

. cementless design with
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Local Composition Control

Functionally Graded Through

Figure 6.11: One-dimensional LCC joint implant conceptual prototype design

RESULTS

Warping data was the first data collected post print. Quantitative warping data is found in
Table 6.1 below. For the single material specimens there was a decrease in warping with an
increase in CF content even with the 0% CF specimens having a 2 mm (20 layer) 10% CF
anchor. Among the M2 specimens, the 10-0-10% CF specimens had the least amount of warping.

After the warping measurements were collected the specimens were machined and
hardness data was the second set of data collected hardness data was collected in the grip length.
Cross section hardness was consistently slightly higher than surface hardness but both cross
section and surface hardness had similarly low variance between measurement locations (Table
6.2). There was also a consistent increase in hardness with an increase in CF (Table 6.2).

After machining and hardness data collection the specimens were notched and speckled
to collect stress, strain, and fracture data. Notch analysis was done for each specimen (as

depicted in Figure 6.9) and all notches were within + 0.1 mm of the intended notch length of
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3.0mm. Most of the notches were within + 0.03 mm of the intended notch depth. Energy (U)
(MJ/mm?) was calculated at Crack initiation (Ci), max force (Fmax), and failure for each
specimen (Figure 6.12). Tabulated data of the results is presented in Tables 6.3 and 6.4. Energy
data is only given for a single representative specimen for each specimen type. In Tables 6.3 and
6.4 maximum values are highlighted with a blue cell and second highest values are highlighted
with a red outlined cell. If two specimens were within 1% both specimen cells are highlighted
the same (blue infill or red outline). These highlights show a trend that the gradient specimens
normally outperformed all other specimens and specimens containing the 5% CF blend also
performed well. 0-5-0% CF specimen T1-5 performed similar to the other 0-5-0% CF in terms of
stress but strained about twice as much as the other specimen (Figure 6.15). To clearly show the
strain difference, T1-5 data is presented along with the more representative specimen T1-4 for O-
5-0% CF specimens (Figures 6.18e and 6.18f respectively).

DIC calculated strain fields at crick initiation, maximum force, and failure are presented
in Figures 6.12a thru 6.12g. These figures highlight crack arrestment at a material change
followed by a sudden failure as opposed to the relatively ductile response of the single material
specimens (clearly evident in Figure 6.12). Figure 6.13 compares Aim 3 tensile data to Aim 4
SENT tensile data. (Note: cross section area calculations for SENT stress was based on the cross
section prior to notching.) Figure 6.14 compares the single material stress-strain curves and
Figure 6.15 compares the M2 specimen stress strain curves. Figure 6.16 has a representative
curve from each specimen on a single plot and Figure 6.17 has the same plot with the addition of
the crack initiation lines. These data (Figures 6.12 thru 6.17) are the plotted data giving the
background to the tabulated in Tables 6.3 and 6.4 with amplifying energy data in (6.18a thru

6.181). FPZ DIC eyy mapping is highlighted in Figures 6.25 and 6.26. In these figures “T”
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designates the test number and “-x” designates specimen number. (e.g. 0CF T1-2 = 0%CF Test
1, Specimen 2). Figure 6.18a specifically depicts the effect of crack propagation through material
interfaces. In the DIC strain field crack dissipation (with a correlated change in stress and strain)
can be seen in the form of multiple cracks opening at the 0-10% CF interface.

Post tensile testing the fracture surfaces were imaged and characterized using SEM
microscopy. Figures 6.19 thru 6.30 are SEM fractography images focusing on ratio transitions
and PA12/CF bonding and interfaces. All fractures began with a ductile portion at the notch to
crack initiation sections. This ductile portion varied based on CF content with the more CF ratios
having less of a ductile portion. All fractography showed a smooth transition between CF ratios
with no perceptible break or imperfection in the PA12 matrix material. Brittle fracture tended to
have 3 dimensional aspects with axial fracture propagation. Overall, these images also showed
good bonding between the PA12 matrix and carbon fibers.

Joint implant conceptual prototypes were the final prints of this research and is presented
in Figure 6.31. The conceptual prototypes were optically imaged and show smooth transitions
between material blends with both HA and CF infill. Mechanical testing and fractography were

not done on the conceptual prototypes.
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Table 6.1 SENT Specimen Warping Results

Blend Warping Total
%CF Test 1D Mean SD
2
Height 4 5.26% 0.87%
o
(W) 6
g 4
Width 4 2.95% 1.04%
5
2.32% 1.66%
1.65% 1.20%
1.42% 0.57%
0.91% 0.36%
w 2
o Height 4.16% 1.78%
R 3
=
wn ) 2
S Width 3 1.77% 0.78%
4.75% 1.78%
3.09% 1.17%
1.57% 0.61%
0.94% 0.36%
iE 3
2
o 6
jul Height 3.42% 0.98%
(G) 7
S 8
S
= 3
)
S 6
— Width 2.59% 0.74%
e 7
S 8

3uidaepp paseasdsq

(Percent warping definitions and description found in Figure 6.10)
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Table 6.2: SENT Specimen Shore D Hardness Results

Blend Laser Shore D Hardness Total
*%CF {mm/sec)| Serial # 1D Point SPMN Mean sD Mean sD
P1 74.5
H1 P2 72.5 73.07 1.25
P3 72.2
] P1 73.0
= H2 P2 72.0 72.50 0.50 73.47 1.31
=0
gl P3 72.5
™~ = . — Pl 74.0
= 5 5 o
= £ 2 i H3 P2 75.5 74.83 0.76
= @@ = = P3 75.0
= o = (=]
= = & Pl 73.5
[T = 8
=] S = 38 H1 P2 74.5 74.83 1.53
= ~ WM
S - P3 76.5
(=)
E= P1 75.0
JE H2 P2 75.0 74.00 1.73 74.67 1.48
S pP3 72.0
~ Pl 75.5
H3 P2 76.5 75.17 1.53
P3 73.5
Pl 74.5
H1 P2 75.5 74.67 0.76
P3 74.0
@ Pl 76.0
{:j" H2 P2 75.0 75.83 0.76 75.39 1.08
@ P3 76.5
o e P1 77.0
E " oo o
= @ T U — H3 P2 76.0 75.67 1.53
= 15 = = o~
o g w S P3 74.0
=1 = = Pl 77.0
[ES (= =]
@] S 85 o H1 P2 79.0 77.67 1.15
= 00 g 00
7 . P3 77.0
= P1 77.5
JE H2 P2 78.5 77.67 0.76 77.89 0.86
S P3 77.0
~ P1 75.0
H3 P2 78.5 78.33 0.76
P3 77.5
P1 79.5
H1 P2 78.5 78.83 0.58
P3 78.5
@ Pl 77.5
w‘;; H2 P2 78.0 77.83 0.29 78.67 0.79
& P3 78.0
o = — P1 80.0
[1~] [
a £ 2 _E L H3 P2 79.0 79.33 0.58
4+ ]
3 @ n = = B3 79.0
= £ == &
- S o O S P1 81.0
= 8 e = H1 P2 81.5 81.33 0.29
=) — —
=] < P3 81.5
Ee P1 80.0
ﬁ H2 P2 82.0 81.33 1.15 81.17 0.66
S P3 22.0
~ Pl 81.0
H3 P2 80.5 80.83 0.29
P3 81.0
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Table 6.3: Test 1 SENT Analysis Data (Crack Initiation Data for Highlighted Yellow Specimens).

Blend Dimensions (mm) Cross Section (mmz) Maximum Force Maximum Stress (Mpa) Crack Initiation
Frame Force Stress | Energy | Extojpmm Eyy_max Exx_max Exy_max VM
D %CF Width  Thickness| SPN Mean SD SPN Mean SD SPN Mean SD Count (N) (Mpa) | MJ/mm? (%) (%) (%) (%) (%)
1 = 16.13 2.61 42.10 796.62 18.92
L
3 o E 1602 281 4502 42.90 1.52 92344 903.45 72.54 2050 21.07 1.76 2111 636.28 15.11 0.24 2.78 6.08 6.58 2.05 4.73
7 § o 15.96 2.69 42.93 21.82
8 © 15.86 2.62 41.55 23.03
16.07 2.94 47.25 28.40
16.06 3.24 52.03 50.98 258 2314
16.15 3.29 53.13
15.99 3.22 51.49
16.02 2.53 40.53
1605 Z6L 4192 41.64 0.91 19.58
16.05 2.58 41.41
16.05 2.66 42.69
4 16.00 2.38 38.08 1122.52
S [} .73 247 38.85 183,57 3046 2401 796.07 20.91 0.27 2.19 4.14 0.63 1.66 3.33
é = = = 38.94 0.76 = 1196.85 | 81.78 = 30.70 1.36
6 ) 16.01 2.43 38.90 *FG
8 ° 16.04 2.49 39.94 1284.46
1 16.01 2.62 41.95
16.07 2.67 42.91 43.19 1.04
15.98 2.78 44.42
15.93 2.73 43.49
16.11 2.87 46.24
16.22 2.85 46.23 45.56 0.95
16.16 2.82 45.57
16.02 2.76 44.22
1 Bé 2 16.05 2.69 43.17
]
2 2 -'S 16.08 2.75 44.22 24.75 1.29 1388.79 1350.38
4 ; 9 16.04 2.85 45.71 1478.21
5 ° o 16.04 2.86 45.87 1386.50

Note: blue cells indication max values and red boarded cells indicate second highest value.
*FG = Failure at grip instead of notch and so maximum force was not included in material property calculations
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Table 6.4: Test 1 SENT Data at Maximum Stress and Failure for Highlighted Yellow Specimens

Blend Maximum Stress Failure
Frame Force | Stress | Energy | Extospmm €yy_max Exx_max €xy_max VM Frame Force ‘ Stress Ext030mm €yy_max| Exx_max | Exy_max VM
ID %CF | count | (N) | (Mpa) | Mmymm?l (%) (%) (%) (%) (%) (Mpa) (%) (%) (%) (%) (%)
1 ©
=N
3 LU'_' pr 3061 785.32 | 18.65 0.68 5.23 11.83 0.84 3.36 8.55 3.93 12.36 23.44 0.77 4.02 16.85
a
3 g
2881 1098.88 | 21.12 0.30 2.69 8.35 1.09 3.76 6.70
2086 635.71 15.17 0.13 1.36 8.34 1.01 2.49 6.15
4 E-: 3627 1121.95| 29.46 4.58 13.83 1.59 5.32 10.68 1065.92
=
3 2 5020 1182.28 | 30.43 9.23 29.06 5.61 14.46 24.42 1106.62
1
3601 | 1036.25| 24.70 0.40 4.70 10.65 4.04 431 831
3251 | 1119.37 | 24.56 0.67 3.94 9.16 2.72 4.39 7.62

3764 | 1390.94 0.83 4.04 10.16 2.51 4.67 831 1392.71

0-5-10-5-0
CF Gradient

Note: blue cells indication max values and red boarded cells indicate second highest value.
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Ci = Crack Initiation Fmax = Max Force Failure = Frame Before Separation of Specimen

30 mm :
Extensometer -

Figure 6.12: Depiction of SENT Test DIC Results Definitions and Terms:
Crack Initiation Frame (Ci) = the frame at which the notch transitions to a crack and begins to propagate into the specimen.
Max Force Frame (Fmax) = the frame at which maximum force was achieved.
Failure Frame = the frame prior to complete separation of the SENT Specimen.
Energy (MJ/mm3) = The area under the stress / 30mm extensometer strain curve at anyone one of the above frames.
Strains: All given in percent (“Exto” = 30mm Extensometer Strain, eyy = max strain on specimen as calculated by DIC).
Stress (MPA): Current Stress for the current frame based on the original (before notch) cross section of the specimen
Scaling = All sets of DIC images are either scaled to each specimen (strain field color is scaled to each specific specimen and not
constant across all specimens) or a constant scale for all specimens (scale bar is given in image and applies to all specimen in the
image)
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Figure 6.12a: SENT Test DIC Results the Frame Before Specimen Failure scaled to each specimen frame with stress and energy data
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Figure 6.12b: SENT Test DIC Results at the Frame of Specimen Crack Initiation (Ci) scaled to each specimen frame
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Figure 6.12c: Test 1 SENT Test DIC Results at the Frame of Specimen Crack Initiation (Ci), scaled to ALL
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Figure 6.12d: Testl SENT Test DIC Results the Frame at Specimen Max Force (MF) scaled to each specimen
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Figure 6.12e: SENT Test DIC Results the Frame Before Specimen Max Force (MF) scaled to ALL
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Figure 6.12f: SENT Test DIC Results the Frame Before Specimen Failure scaled to each specimen frame
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Figure 6.12g: SENT Test DIC Results the Frame Before Specimen Failure scaled to ALL
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Figure 6.13: Comparison of 3mmP Horizontally Printed Tensile Test (Aim 3) and 30mm Extensometer SENT Stress/Strain
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Figure 6.14: Single Material SENT Results Overview (T1 = Test 1, -x = Specimen Number)
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Figure 6.15: Bi-Material and Binary Gradient SENT Results Overview (T1 = Test 1, -x = Specimen Number)
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Figure 6.16: SENT 30mm Extensometer Stress/Strain Comparison of Representative Specimen from Each Test
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Figure 6.17: SENT 30mm Extensometer Stress/Strain Comparison of Representative Specimen from Each Test with Crack Initiation
Lines (dotted) for each Specimen.
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Figure 6.18: Depiction of SENT Test DIC Results Energy Calculation Definitions and Terms:
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Figure 6.18a: 10-0-10% CF SENT Test Results with DIC Strain Mapping and Stress-Strain Curve with Energy Data
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Figure 6.18b: 0%CF Single Material SENT Energy Data
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Figure 6.18c: 5%CF Single Material SENT Energy Data.
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Figure 6.18d: 10%CF Single Material SENT Energy Data.
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Figure 6.18e: 0-5-0%CF Binary Material SENT Energy Data.
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Figure 6.18f: 0-5-0%CF Binary Material SENT Energy Data.
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Figure 6.18g: 0-10-0%CF Binary Material SENT Energy Data.
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Figure 6.18h: 10-0-10%CF Binary Material SENT Energy Data
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Figure 6.18i: 0-5-10-5-0%CF Gradient SENT Energy Data.
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Figure 6.19: 0% SENT SEM Fractography
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Figure 6.20: 5% SENT SEM Fractography
Note: Orange circles indicate examples of fiber and blue circles indicate examples of voids left by fiber pullout
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SENT SEM Notch Fractography

Figure 6.21: 5%
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Figure 6.22: 10% SENT SEM Fractography
Note: Orange circles indicate examples of fiber and blue circles indicate examples of voids left by fiber pullout
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Figure 6.23: 0-5-0% SENT SEM Fractography
Note: Orange circles indicate examples of fiber and blue circles indicate examples of voids left by fiber pullout
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Figure 6.24: SENT SEM Fractography of CF Gradient Transitions
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Figure 6.25: 0-5% SENT SEM Sanded Surface of CF Gradient Transition (estimated with 0% blue line, 5% orange line).
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Figure 6.26: 0-5% SENT SEM Fractography of CF Gradient Transition (estimated with green line)
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Figure 6.27: 5-10% SENT SEM Fractography of CF Ductile Gradient Transition (estimated with green line)
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Figure 6.28: 10-5% SENT SEM Fractography of CF Gradient Brittle Transition (estimated with green line)
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Figure 6.29: 10% SENT SEM Fractography of CF Ductile to Brittle Transition (estimated with green line)
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Figure 6.30: 0%, 5%, 10%, Binary Gradient SENT SEM Fractography comparison (gradient transition estimated with green line)
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Figure 6.31: Joint implant conceptual prototype
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DiscussIoN

M2 SENT and warping test results exemplify how M2 PBF can alter part characteristics
through LCC and FGM for both (a) binary changes in fiber content and (b) binary gradients of
fiber content. Hardness and fractographic results indicated fully sintered PA12 matrix material
throughout the specimen including across CF ratio transitions. These tests also pointed toward
homogenous CF mixtures with good PA12/CF bonding.

Warping, hardness, and tensile data DOE had a specific order of testing which is
important to consider when doing follow on testing. Testing was done in the following order:
Warping — hardness — tensile and changing the order could change the results. An obvious
example is warping measurements: if the specimen was first machined to gather cross section
hardness data the machining process would “square” the sample and warping measurements
would indicate zero or near zero warping for all specimens because the machining process would
be analyzed instead of warping. More subtle changes would occur for hardness testing based on
tensile rig grip effects on the surface of the specimens. Regardless of the exact impact on results,
the DOE must be carefully considered not only for accuracy of results but also comparability of
results from other tests.

The DOE order described above was performed on four of the eight specimens printed
for each SENT specimen type (i.e., four from 0%Cf, 5%CF, 10%CF, 0-5-0%CF, 0-10-0%CF,
10-0-10%CF, and 0-5-10-5-0%CF SENT Specimens) and the results analyzed to fully analyze
the DOE and determine if changes should be made prior to testing the second half of the
specimen. The testing done on the first four specimens was labeled “Test 1”. Analysis of Test 1

results showed reliability in the DOE and DOE order and so the second half of the specimen
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were test approximately one month after Test 1. The testing done on the second half of the
specimens was labeled “Test 2”. Test 2 results tended to indicate more “brittle” material
properties than Test 1. The differences between Test 1 and Test 2 are significant and are
reviewed in the last section of this discussion and thoroughly investigated in Appendix F. The
following sections describe warping, hardness, and tensile results and the difference of Test 1

and Test 2 as they apply to binary changes and gradients of CF in SENT specimen:

Warping and Anchoring during SLS process

Warping results show PA12/CF dimensional stability and the effectiveness of M2
PA12/CF anchoring. The 5% and 10% CF parts have approximately half the warping as the neat
PA12 part even with a 2mm 10% CF anchor on the neat PA12 specimen. 10% CF specimen also
had slightly less warping than the 5% CF specimen and so warping decreased with both an
increase in CF and increase in anchor thickness for the ratios tested. This shows the importance
of a balance between both the CF content in anchoring and the number of layers (thickness) of
the anchor. CF anchor up to 10% CF was tested and these results cannot be project beyond 10%
CF. In fact, the results show 5% CF is a good balance between spreading, sintering, warping, and
mechanical strength. As such it is recommend future tests with similar materials use between 5-
10% CF for anchoring as an initial setting. However, it is likely other anchoring geometries will
be more effective other than simply extending the first layer geometry and then machining off
the extra material as done in this test. For this test machining off the excess material worked
exceptionally well because the parts were already designed to be machined to size based on
required specimen shape and size regardless of warping. However, many parts will not be able to

be easily machined based on final part geometry and so different anchoring points and
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geometries should be investigated. When exploring anchoring options, it is critical to consider
that SLS anchoring generally is not required to dissipate heat as it is in most SLM
manufacturing. As such, geometries and methods that are not common in SLM may work well
for M2 SLS anchoring. For instance, anchoring geometries with minimal attachment points and
area may work well for SLS and facilitate anchor removal. However, in SLM this is likely a poor
choice because it will limit heat removal from the part. In SLM heat conduction of the anchor
material will also have to be considered when selecting the M2 anchor. Lastly, material
properties other than dimensional stability are also important for SLS anchoring. This was seen
in Aim 2 when TPE was used as an anchor because of sintered TPE’s tolerance to large
temperatures fluctuations during the sintering process and not specifically selected based on a
dimensional stability during sintering. For HA composites, anchoring was selected based on
maximum adhesion to the matrix material to prevent damage to the delicate composite structure
designed for osseointegration. In all cases, M2 anchoring has been shown to enable otherwise
unworkable geometries and material combination to manufacture via SLS by reducing warping
and stabilizing the part enough to prevent sledding and subsequent print failure during the

powder application process.

Hardness of Sintered Parts

Both surface and cross section hardness had low variance between tests which indicates
uniform sintering with very few voids (if the needle from the hardness test would have hit an
unsintered portion or a void the reported hardness would have been notably lower than when the
needle hit fully sintered material). The surface hardness similarity to the cross-section hardness

coupled with the low standard deviation of the surface hardness results show that nearly all the
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loose particles post print were removed from the surface. The uniformity in surface hardness also
points to minimal imperfections in layer adhesion otherwise the needle from the hardness testing
would have at times penetrated between loose particles on the surface or between the layers and
resulted in much lower hardness than when fully sintered particles were encountered. It is also
important to note that some of the increase in cross section hardness as compared to the surface
hardness is likely from mechanical and heat damage during machining; however, some of this
same type of damage would have occurred during the post print sanding process likely to a lesser
extent than machining. Lastly, an increase in hardness with an increase in CF is expected as CF
is a lot harder than sintered PA12; however, the low standard deviation in these measurements’
points to a homogeneous mixture of PA12 and CF (i.e., if the mixture was not homogenous the
hardness when the needle hit CF would be much higher than when the needle only hit PA12
matrix material). In total, the consistency and low standard deviation of the hardness tests for

each material indicated a well sintered homogeneous blend for each CF ratio tested.

Single Edge Notch Tensile Test Single Material, Binary Material, and Binary Gradient
Material Comparison

The comparison in Figure 6.13 between 3mmP tensile results in Aim 3 and SENT results
in this Aim. Reduced UTS for the SENT specimen should be expected since all SENT specimen
cross sectional area was the area before the notch (with a 3mm notch in a 16mm specimen the
load baring cross section was reduced by nearly 20%). Also, the stress concentrators from the
notch would normally decrease tensile properties when compared to a specimen that was not
notched. Similarities between the tensile specimens in Aim 3 and the notched specimens are

hypothesized to be the PA12/CF interface bonding, microcracking, and stress concentration
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along with overall specimen porosity and layer-to-layer adhesion. Further testing may become
necessary in the future to quantify this hypothesis.

The tabulated SENT data (Table 6.3 and 6.4) indicate a clear trend that the gradient
specimen outperform the other specimen in maximum stress, crack resistance, consistent
performance (i.e., small standard deviation), and still had enough plastic deformation to absorb
relatively large amounts of energy prior to crack initiation. Generally, implementation of FGM
into a system would be governed by UTS, E, wear, and other material properties. An important
property concerning crack propagation as tested in the SENT test would be Ci. Normally if a part
is going to stay in service with a defect (simulated by the notch) it would stay in service until the
crack began to propagate. As such, Ci would often be used as the design criteria for the energy
test results presented. If this is the case, the differences between the 0-5-0%CF specimen 4 and
specimen 5 become much less critical since UTS, E, and Ci are similar. Overall, the gradient
specimen still outperformed the binary specimens in most cases. However, further testing to
build a much more robust data repository is required prior to implementing any of these printed
material into operational systems.

Crack initiation data for the gradient specimen could have been skewed by the crack
being twice as close to the first material change as compared to other specimens. Further testing
should be done with the notch equally spaced from the first material change for the gradient and
binary materials. 5% CF did appear to be the best compromise with the most consistent results
and improvements in material properties when compared to 10% CF specimen performance.
10%CF specimens continued to have sporadic properties like the tensile specimens. 10%
inconsistencies were based on similar difficulties during manufacturing discussed in previous

aims. However, M2 specimens with 10CF became very consistent with greatly increased
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maximum stress and in all cases the gradient specimens with 10% at the core could withstand the
highest stress before failure. Possibly the most important aspect of these results is the ability to
benefit from the properties of the 10% CF while curtailing the inconsistencies of the 10% CF
performance.

10-0-10%CF specimen clearly portrayed many of the benefits of the M2 tests (Figure
6.26) and absorbed nearly the same amount of energy as the very ductile 0% CF SENT
specimen. This is especially noteworthy considering over half of the 10-0-10%CF specimen
contained the 10% CF blend. When under load, the 10% portion furthest from the crack of the
10-0-10% CF specimen acted like a stiff “backbone” and also dissipated crack energy by
multiplying a single crack into multiple cracks when the crack approached this stiff “backbone”.
These specimens also had very consistent performance which continued to be a stark contrast to
the single material 10%CF composites throughout this research.

Compared to the single material specimen, M2 SENT Specimen also redefined the strain
fields at failure. At failure the M2 SENT specimens had dissipated the strain field throughout the
entire specimen more than the single material specimens and achieved higher strengths (Figure
6.12a). This was particularly obvious when comparing 10% to gradient specimens, which also
indirectly shows a strong matrix bond through CF ratio transitions.

Scanning electron microscopy (Figures 6.19 thru 6.30) directly showed seamless
transitions between CF ratios and between ductile to brittle transitions along the fracture. The
SEM images showed no perceptible defects or change in the PA12 matrix material when
transitioning between CF ratios or changes in fracture mechanics (i.e., ductile to brittle fracture).
CF also appeared to be evenly distributed and generally aligned with the raking and fracture

direction with strong adherence to the matrix material. All of this pointed to the effectiveness of
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the M2 PBF design to change materials (to include changes in fiber concentration) throughout a
printed part.

The conceptual implant prototype (Figure 6.31) brought all the discussed M2 PBF
techniques together into a single tri-material specimen. The tri-material specimen was anchored
with a PA12 base then seamlessly transitioned into HA composite section (simulate
osteointegration portions of an implant) into a core of PA12 (simulate an isoelastic structure) and
finally blended into a 10% CF blend (simulate a high wear surface). This gives strong evidence
to the feasibility of using this technology for future orthopedic implants along with other

industries that will benefit from FGMs.

SENT Test 1 and Test 2 Differences

To conclude Aim 4, a second test (“Test 2””) was done approximately 3 weeks after
printing and finishing the first test (“Test 1”). Test 2 was performed on the remaining 4
specimens from each printed group after the DOE and results from Test 1 were analyzed. Test 2
specimen sets were stored in ambient air and out of direct sunlight in the “as printed” state (i.e.,
no post print cleaning or processing was done prior to storage). No changes to the DOE were
made and all Test 2 specimens were sanded, machined, notched, and speckled according to Test
1 DOE shortly prior to performing Test 2 SENT analysis. Overall, Test 2 results had more brittle
characteristics than Test 1 (Figure F.4a).

An initial comparison between the two tests was done by re-notching and “re-pulling”
(“Test 3”) the top half and bottom half of the fractured SENT specimens from Test 1 and Test 2.
Test 3 results from the “re-pulled” half specimens are NOT directly comparable to the initial

tests. Specimen size, strain rate proportionality to specimen dimension, possible strain hardening,
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plastic deformation, and other factors between the initial tests and Test 3 make the results of
these two tests distinctly different. However, by using the exact specimens that were initially
printed at the same time and tested during the original tests helped ensure consistency between
the original tests and the “re-pull” test based on blending and print parameters. Test 3 specimens
were also subjected to three different environments to test the effect of moisture on the
specimens. One set was soaked in water for 24 hours and pulled wet, a second set was dried for
24 hours and pulled directly out of the dryer, and a third set remained in the same storage
environment used for Test 1 and Test 2 specimens. Generally, the results of Test 3 showed
minimal differences between the wet, dried, and ambient specimens as compared to the
differences between Test 1 and Test 2 (Figure F.5). Complete test results of Test 3 are in
Appendix F with a discussion of possible reasons for the differences between Test 1 and Test 2.
However, a conclusive reason was not found, and further testing is required to investigate the
differences between Test 1 and Test 2.

Overall, Test 2 results show material properties are affected by a combination of
environmental conditions, storage, preparation, and time since printing. Test 3 results were more
representative of Test 1 than Test 2 and the results and discussion of Aim 4 focused on Test 1
results with the same discussion for Test 2 presented in Appendix F. However, most of the trends
from Test 1 concerning single material, binary material, and binary gradient material specimens
are consistent between Test 1 and Test 2. The previous SENT discussion in this section (“Single
Edge Notch Tensile Test Single Material, Binary Material, and Binary Gradient Material
Comparison”) applies to both Test 1 and Test 2 results. Both tests indicate some clear
advantages to FGM manufactured using PBF and the “Broader Implications” discussed below

apply to both tests.
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BROADER IMPLICATIONS

The SENT results point to a promising future for M2 PBF. Binary gradients have
demonstrated the ability to increase reliability, delay crack initiation, absorb additional energy,
increase tensile strength, dissipate fracture process zone energy, and delay part failure. The
implications of this could be far reaching across multiple industries if this technology is matured.
The increased reliability would allow the benefits (e.g. high stiffness and low weight) of a material
to be used in a FGM which otherwise would not be reliable enough to be implemented into a
system based on failure rates. Delayed crack initiation and high energy absorption combat print
inconsistencies often found in AM (especially with CF composites) that could allow AM to be
used in application requiring strict quality control that was previously unattainable (e.g. medical
implants). Dissipating fracture process zone energy and delaying part failure could allow enough
time between system damage detection and system failure to shut system down (e.g. land an
aircraft after a bird strike) prior to catastrophic failure. All of these implications are in addition to
the inherent capability of FGM to functionalize parts based on the capability to implement material
LCC (i.e. the implant discussed with CF functionalized for wear and HA functionalize for

osseointegration in a single implant).

CONCLUSION

PA12/CF M2 SENT specimen consistently had improved material properties and crack
growth resistance when compared to single material specimen. The gradient specimen withstood
the most stress and the 10-0-10CF specimen absorbed nearly as much fracture energy as the 0%

CF SENT specimen. Fractography results showed seamless transition between CF ratios with the
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subsystems designed and implemented in the M2 SLS prototype. Fractography and hardness
testing also showed a homogenous CF mixture with consistent sintering of the PA12 matrix. The
printed joint implant conceptual prototype consisting of PA12 with functionalized sections of
neat PA12, CF blends, and HA blends demonstrated the future impact of this technology as it
relates to joint implants. Ultimately, the combination of all these results confirmed this type of
M2 manufacturing has a promising future and impact as it relates to joint implants and other

areas of industry seeking FGMs.
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Chapter 7: Conclusion

Multi-material manufacturing with functional gradients and local composition control
(LCC) is an emerging technology with high demand in numerous industries. This research
investigated multi-material (M2) technology with potential applications to joint implants and
synthetic joints along with applications aircraft design. Novel manufacturing subsystems
combined with established selective laser sintering (SLS) additive manufacturing (AM)
processes was pioneered to enable printing M2 parts with LCC and functionally graded materials
(FGM). Powder bed fusion (PBF) material blends consisting of low temperature thermoplastics
(TP), low temperature thermoplastic elastomers (TPE), carbon fibers (CF), and hydroxyapatite
(HA) particulates were explored to match the M2 SLS prototype designed and built.

Aim 1 (M2 SLS invention) and Aim 2 (material compatibility testing) have established
feasibility of mechanically blending powders and composites for M2 PBF manufacturing. Aim 3
demonstrated modulus of elasticity can be planned and tuned with the addition of CF in a PA12
matrix by sintering blends with different ratios of CF. Aim 4 characterized fracture resistance
and a change in material properties across single material, binary material, and binary gradient
material single edge notch tensile (SENT) specimens. An increase in the stability and maximum
tensile strength was realized with the addition of binary gradients.

M2 SLS manufacturing, material blending, and M2 composite parts have demonstrated
the feasibility of sintering material gradients with 1D gradients and LCC along the build
direction with a matrix material mechanically blended with TPE, CF, and HA. Various PA12/CF
blends were characterized via ASTM D638-14 modified Type V tensile tests. Printing and
characterization of SENT specimens with binary and gradient material interfaces validate the

novel M2 PBF subsystems. A M2 printed joint implant conceptual prototype consisting of a
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PA12 matrix functionalized with binary changes of CF and HA demonstrated this type of M2

manufacturing has a promising future for joint implants.
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Acronyms
ACL - Anterior Cruciate Ligament
C - Celsius
CF — Carbon Fiber
E — Modulus of Elasticity
FGM - Functionally Graded Material
FPZ — Fracture Process Zone
HA — Hydroxyapatite
HIP — Hot Isostatic Pressing
LCC - Local Composition Control
LEFM - Linear Elastic Mechanics
PA11l - Polyamide 11 (Nylon-11)
PA12 — Polyamide 12 (Nylon-12)
PBF — Powder Bed Fusion
PID - Proportional Integral Controller (PID)
SLA - Stereolithography
SLM - Selective Laser Melting
SLS - Selective Laser Sintering
STL - Standard Triangle/Tessellation Language
Tm — Melting Temperature
Tr— Recrystallization Temperature
TP — Thermoplastic

TPE — Thermoplastic Elastomer
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TPU - Thermoplastic Polyurethane

U — Fracture Energy (typical units MJ/mm?)
UHMWPE - Ultra-high-molecular-weight polyethylene (UHMWPE)
UTJLS - University of Texas Joint Load Simulator
UTS - Ultimate Tensile Strength

FATC - Femoral ACL Tibial Complex

VM - Von Misses Stress

W — watt

exx (also exx) — Transverse/Lateral Strain

&xy (also exy) — Shear Strain

eyy (also eyy) — Axial/Normal Strain

A —wavelength

v — Poisson’s ratio

278



Appendix A: UTEP Disclosure D2020-0015

Appendix A contains University of Texas at El Paso Disclosure D2020-0015 originally submitted on July 24" 2020.

The University of Texas at El Paso
Disclosure D2020-0015

“Multiple Material Local Composition
Control Selective Laser Sintering System”

Author: Jonathan Slager
lislager@miners.utep.edu

Version 2020-07-24
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Multiple Material LCC SLS System Block Diagram
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Custom SLS Design

 Internal Reservoir mixture remains
1n the sysfem af all times and can be
dispensed anytime.

Dispensing Plate accepts new
material from feed system and can be
cleaned through material extraction
portal prior to delivery of the next
material.

Part Anchorin% dpart may be
anchored to build plate to secure part
during material extraction.

Material distribution System
spreads material over build plate/part
and sets layer height.

Material Extraction System
removes material to prevent
contamination with new material
delivery.

Build Plate
for sintering of part

Material Overflow
Reservoir collects
overflow material
from material
distribution system

Material distribution
System coupled with

Material Extraction System

Laser System - selectively
sinters distributed material on
the build plate to build part
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Location of
material delivery
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Material
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Material Testing Preliminary Results

* Preliminary results with Polyamide
12 (PA12) powder mixed with 80% PA12 + 20% HA
Hydroxyapatite (HA) and carbon

fiber (CF) demonstrated good

bonding between mixtures.
= The specimens were cylinders with a
diameter of 12.7 mm and a height of
25.4 mm.
= 20% by volume was used for both HA
and CF. I
= Material change was done

between layers.

= There were complications
with printer tuning which
caused significant sledding.
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Appendix B: Alternate Hatch Patterns

Appendix B contains the hypothesized effects on energy density and heat of varying
hatch patterns. These patterns were experimentally tested but were not fully quantitatively
characterized. Future work is recommended to experimentally verify the effectiveness of these
hatch patterns with different materials and material blends. It is likely different hatch patterns
will be required for different materials and will have to be set in the M2 SLS host or a M2 PBF

system to match the material.
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Figure 1: Impact of SLS Hatch Pattern on Thermomechanics

a) Conventional Hatch/Laser Pattern
- designed to optimize build time

Localized temperature variation based on
dissimilar hatch lengths resulting in
decreased time between laser energy and
amplified temperatures at the shorter
hatch lengths.

Localized cooling

Localized overheating

Localized temperature variation based on
alternating hatch direction resulting in
decreased time between laser energy and

amplified temperatures at laser reversal.

= Nark (laser on)
===p Jump (laser off)

b) Mono-Direction Hatch/Laser Pattern
- minimize temperature variation

¥

Excessive time between laser energy due to
large “mark” and “jump” vector lengths
results in excessive cooling between laser
sintering vectors (marks).

c) Subdivided Hatch/Laser Pattern
- Optimize temperature profile for
material sintering and part properties

Optimize SLS thermomechanics
and temperature profile by
adjusting subdivision size,
hatch pattern and print order.

(). (5 Ve 3 Vool 1)

3 )==+{ 4 ) subdivision Print Order

e e )™ e
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Appendix C: Initial Blend Microscopy Contrast Imaging Results

Appendix C contains figures demonstrating the inconsistencies encountered with image
contrast analysis. This data is given to give a reference point for the difficulties encountered with
the low contrast between the material used. This was particularly evident between CF and PA12
powders tested. However, depending on the manufacturer, each powder had white particles mixed
blended in to aid with sintering using a diode laser. Future work with these materials is required

to find accurate ratios of matrix, infill, and pores.
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Sinterit PA12 + 40% CF
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Sinterit PA12 + 5% HA
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Sinterit PA12 + 5% HA

D5.2 — HA %vol Analysis

.
Theashaksng mened  |Defsad =
Thikasia sl [Apd =
[=EEE TS E'Er.a -]
I™ Dok tackgeaund

Imagel Calculated
Hydroxyapatite:

| Detauit

SR ]
I Drark background [ Slack histogram
[~ Dontresetrange

suto | apply | Reset| set|

Figure C7: Sinterit PA12 + 5%HA vol Contrast Imagihg (HA Calculation).

292



Sintratec PA12 + 40% HA

D6.1 — Porosity Analysis

Treashstang mened | DetmA
Thsitola csks [Fed ﬂ
[= g q':’El
I™ Dot backgeaund

Crignad | Filered :glm_i Sa=ple |

e e

Bace | waow | nep |

i
] N

| Detault 7| [Red =]

I Dark background [ Stack histogram
I” Dontresetrange

suto | Apply | Reset| set|

Figure C8: Sintratec PA12 + 40%HA vol Contrast Imaging (Porosity Calculation).

293



Sintratec PA12 + 40% HA

A6.2 — HA %vol Analysis

g e [Aed =]
Colst sgen [RGE =
I~ Dot tacngound

|
4
_c | waos | wee |

Crigital | Fleied | Seled j<..-.:n|

Sitratac PATZ + 407% HA 15

Imagel Calculated
Hydroxyapatite:
5.1%

£ Threshold

5

|Detaun | |Red -

™ Dark background ™ Siack histogram

I™ Dontreset range

suto | Apply | Reset| set
Figure C9: Sintratec PA12 + 40%HA vol Contrast Imaging (HA Calculation).

294



Sintratec PA12 + 50% TPE
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Appendix D: Manufacture Material Data Sheet.

Appendix D contains manufacturer material data sheets that were current at the time of
testing. All data sheets were available on the manufacture website at time of testing and copied
here for future reference in the event manufacturers change material products and remove

historical data sheets of previously available products
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PA12 Smooth®

High surface quality

>X

Good guality to price ratio | Excellent surface quality and high level of recreated details | High chemical resistance

g \ Y4

Tenszile testing
:'a.‘_'_':ctmTEnn
50
45
P T - o
35
gm I
= /r"" Uitimate tensile —
e
15 Vi —]
1 f/ 32 [MPa]  —|
L
0 2 4 n 12

6 ]
Strain [%]

General information

Method

Material type

Mylon 12

Granulation

18 - 90 [um]

Color

Mavy Grey

Material refreshing ratic 1

26 [%]

Compertible with £

Parameters

Lisa & Lisa Pro

Tensile Strength

32 [MPa] PM-EN 150 327-230N2

Elongation at Break

10 [%] PM-EN I50 327-230N2

Impact resistance (Charpy test /
unnotched)

16 [KJ/m3)

PN-EM IS0 179-1/1eU2010

Shore hardness in type D scale

Thermal properties

74 PMN-EM IS0 868:20035

Softening point (Vicat method
172 1553 [°C PHM-EN 150 306:2014-02
type A50 / B50) /1550]
Melting point 185 [°C] Internal procedurs
Printout density  0.92 [g/cr®]  PR-EN IS0 845:2010
Applications

Detailed printouts, structural or mechanical (with complicated intemal geometry)

elements, functional prototypes or final parts.
Figure D1: Sinterit PA12 Manufacturer Data Sheet.
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Charpy U- and V-notched impact testing

Ne notch K.Jfm*
1. u 5.23
2. W 3.28

Charpy impact test results for specimens tested
using pendulum of madmum energy of 50 [

weight of 6.8 [kg] and length of 380 [mm].
Surface roughness

Roughness .

parameter side surface top surface
Ra 9.680 [prr] 6.470 [um]
Rz 54184 [um] 31.632 [prr]

Roughness of test speciments surfaces printed
with layer thickness of 100 [um].



Sinterit TPE Powder

Sinterit Powder

In stock

TPE Powder— 2 kg
With TPE it is possible to print functional prototypes such as pumps. bellows, gaskets and other
elastic solutions dedicated to work in difficult conditions
FEATURES:

= Elastic

= Durable

= Dense

= After sealer covering — watertight & airtight

APPLICATIONS:

» shoes/insoles parts (wear resistance)
« watertight/airtight items :
gaskets : ma
skin-touch applications for mubbers i =
footwear prototypes. 5" 000
hoses and tubes — it’s water/air tight e
shock absorbers

Material type: TPE %
Shore hardness type A scale: 90 ~

Tensile Strength: 6.0 [MPa]

Elongation at break: 196%

Melting point: 190°C

Print Ready is suitable ONLY for first printing with TPE.

$440.00

1 Add to cart
[ Add to compare Added to comparison table
SKU FZ031
Category Powder for SLS printing
Material tvpe Thermoplastic Elastomers (TPE)
Packaging Plastic boftle
Weight 2 [kg]/ 411
Granulation 50 — 80 [um]
Colour Grey
Elongation at Break 196 %]
Tensile Strength 6 [MPa]
Shore Hardness in scale A 90

Material refreshing ratio 10 [%0] — to reuse leftover TPE powder add 30% of FRESH powder
Dedicated for Lisa /Liza PRO

Figure D2: Sinterit TPE Manufacturer Data Sheet.
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Flexa Grey

Functional flexibility

Flexible prints with increased extensibility | Adjustable hardness | 100% reusable

General information Method
Material type  TPU
Granulation 20 - 103 [um]
Color Grey
Material refreshing ratio * 0 [%]
Compatible with® Lisa & Lisa Pro
Parameters
=B & SINTERIT Tensile Strength 3.7 [MPa] PM-EN 150 37:2007
8 E gt Elongation at Break 137 [%] PM-EN 150 37:2007
% E Shore hardness intype A scale 70 /902 PM-EN 150 868:2005
L Thermal properties
= Softening point (Vicat method type AS0)  67.6 [°C] PN-EN 150 306:2014402
. Melting point 160 [*C] Internal procedure
I Printout density  0.80 [g/em?] PH-EM IS0 845:2010
——————— Printout water shsorption 9.1 [3%] PM-EN 150 62:2008

Applications

Standard rubber items, prototypes and design, sheck and vibration absorbers, protectors.

Tensile testing

r

||
g 2 '____..-
Utimate tensile

" strength
,% ! 3.7 [MPa]

o } }

o 20 &0 &0 a0 100 1 140 L]

Strain [%]

While the tensile stress does not exceed 1.8 [MPal, after load
release, the test specimens retain their shape, with

no extemal damage observed (2 g. fractures).

The test specimens fracture when max tensile stress

of 3.7 [MPa] is applied.

R
i

Compression testing

"
2 e
10 <
g =
- 6 —
o4
;J-.j a R

o

a 0 20 30 50 w0 Y

40
Strain [%]

While the compressive stress does not excesd 3.5 [MPa], after
load release, the test specimens retain their shape,
with no external damage observed (e.g. fractures).

After applying max compressive stress of 14,65 [MP3]
and realeasing the compressive load, the test specimens
imeversibly change their valume from: 14.50 [mm] x 14.50
[mm] x 15.20 [mm] to: 14.85 [mm] x 14.85 [mm] x 14.85 [mm].

* Material refreshing ratio - percent of Fresh powder which has to be mixed with Used (unsimered) powder - to be reused during next print.

FLEXA hes 100 [ of usability.
2 Awailable as part of the appropriate profile purchased.
? Depending on printing sattings.

Figure D3: Sinterit Flexa Grey Manufacturer Data Sheet.
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Specifications:

Color

Melt Point

Stable Temp (Max)
Bending Stress (Max)

Tensile Stress (Max)

Tensile Modulus (Max)
Particle Size

Volume (1kg)

Volume (20kg)

Cost / Volume (1kg)

Cost / Volume (20kg)
Reuse Ratio (Sintratec Kit)

Reuse Ratio (Sintratec 52)

Figure D4: Sintratec PA12 Manufacturer Data Sheet.

Grey

176 C, 348.8F

130C, 266F

43.1 MPa

47.8 MPa

1750 MPa

0.06mm (60 micron)

2L, 2000cm”3, 122in”3

40L, 40000cm”3, 2440in3

$0.08/cm”3, $1.30/in”3

$0.07/cm*3, $1.22/in"3

70% new / 30% used

30% new / 70% used
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Tensile test Sintratec PA12

Test standard _—
DINEN 1SO 6271 S _—

Test specimen
Type BA printed with the Sintratec 51

Etn b th
L mm mrm
|
Test object horizontal (XY) - 4,49 2,39
Test object vertical (Z) - 4,34 2,96 L /|
Test graphic
40 - wartical
@ 40
S
= ';
z 20 /
.8 9
7 y
K 10 /
/
y
ot
0 5 10 15 20
Expansion in %
Test results
Et U,- Ey Om E Em Oh Eb
MPa MPa % MPa %% MPa L
|
Test object horizontal (XY) 1610 478 89 47,8 8.9 431 -
Test object vertical (Z) 1760 - - 40,8 3,1 40,8 2.1

Disclaimer: The Hustrated resuits are an average of ditarent bests using the typs 5a test spacimen, The results are rot bo be comparsd wikh resuts from berslia tests that wers cared cut using
type 14 test spacimen. Indhdual results are not guarankaed and can devtate from thesa values, Uniess It has baen esplictly agread, Sintrabac doas not guarartes any properties or suttsbiity for
a particular purposa.

@ Sinrates AG 201841 rights reserved. Any use or repraduction of the contents of this ocuman, Infull or In part, ragquires the writtan parmission of Sinfratec AG

Figure D5: Sintratec PA12 Manufacturer Tensile Data Sheet.
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SPECIFICATIONS:

Color Grey

Melt Point 110C, 230F

Bending 5tress (Max) 5.28 MPa

Tensile Stress (Max) 2 MPa

Tensile Modulus (Max) 29.9 MPa

Tension Strain (Max) 250%

Particle Size 0.06mm (60 micron)
Volume (2L) 2L, 2000cm™3, 122in”3
Cost / Volume $0.07 / cm”3, $1.22 /in”3
Approx Weight (2L) 1.05kg, 2.31lb

Reuse Ratio 50% new / 50% used

Figure D6: Sintratec TPE Manufacturer Data Sheet.
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Tensile Test Sintratec TPE

Test standard o
DIMN EN ISO B27-1 _ |
i __P_.ad"’
Testspecimen
Type BA printed with the Sintratec 51 .
Test graphic
6 -+
4 -+
& 4
= 1
= wertical
c 4
[=]
g o4
B
0 t t f t t t f t t t t t
0 200 400
Elongation in %
Test results
E: Om Em T Ew b h
MPa MPa %o MPa %o mm mm
_________________________________________________________________________________________________________________________________________|
Test object horizontal (XY) 209 1.82 12 5.28 260 3.62 247
Test object vertical (Z) 28 2.00 12 2.08 63 3.78 1.76

Disclaimer. The Nustrated resuts ere an everage of diifarant tasts using thetyps Ba test spacmen Tha results are not bo be comparad with resuits from terslie tests that wers carfed cutusing e
tvpe 1atest spacimen. Individual results are not guerankeed and can deviate from these values, Unkess It nas been explidtly agresd, Simfrabec doas not guarantes any propertles or surtaolity for
8 particular purposa.

2 Sintratec A5 2018, Al rights reserved. Any use of reproduction of the contents of this documeant, Infull or inpart, reguires the writien parmission of Sinfratec 4G

Figure D7: Sintratec TPE Manufacturer Tensile Data Sheet.
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ELG Carbon Fibre Ltd.

RECYCLED CARBON FIBRE

0

CARB

Carbiso™ MF is recycled carbon fibre milled to 80pm or 100pm.

Milled fibres are used in demanding applications to increase mechanical properties and provide tailored
electrical and thermal conductivity of the chosen matrix.

The milled carbon fibres have excellent dispersibility as the fibres are unsized and are compatible with
maost thermoset and thermoplastic matrices.

Figure D8a: Carbiso MF100 CF Manufacturer Data Sheet.
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Carbiso™ MF Milled Fibre

Material data of Carbiso™ MF100

%o

€

Carbon fibre content =05
Other fibre content =5
Fibre diameter Lm 7

Fibre length Lm 100
Sizing content % 0

Bulk density all 400
Metal contamination * <=0.5g [ 1000g
Packaging (Pillow bag) kg 175

* Our milled fibres have passad through our metal detection and ssparation systemsa. metal contamination figures are a guida.

Fibre length distribution of Carbise™ MF100

Figure D8b: Carbiso MF100 CF Manufacturer Data Sheet (cont.).
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Carbiso™ MF Milled Fibre @

Mechanical propertles of Carblso™ MF

Typical properties Units Values
Tensile strength ** MPa 3470
Tensile modulus GPa 246
Fibre density kg/m3 1800

** Single filament teata, typically TOOMPa lower than impregnated atrand testing.

The information presented in this document is provided in good faith, but no warranty iz given or is to be implied
regarding its accuracy of relevance to any particular application. Users must satisfy themselves regarding the suitability
and safety of their use of the information and products in the application concemed.

ELG Carbon Fibre Lid. Cannon Business Park, Gough Road, Coseley, West Midlands, W14 8X0
+44 1902 406010 www ELGCF.com

Figure D8c: Carbiso MF100 CF Manufacturer Data Sheet (cont.).
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Appendix E: Industry Standard Nylon 12 Sintered Properties.

Appendix E contains current (at the time of testing) comparison of two industry data on

sintered PA12 parts. Data is available as a reference and for comparison purposes to the results

in Aim 4 since Sintratec does not provide such data. All data were available on the manufacture

website at time of testing and copied here for future reference in the event manufacturers change

material products and remove historical data sheets of previously available products. Data from

Matweb on ALM PA 650 PA12 and from Materialise is presented below:

Material
Notes:

Vendors:

ALM PA 650 Nylon 12 SLS Prototyping Polymer

Combines strength, durability (high mpact) and chemical resistance and produces sirong, durable, end use prototvpe parts. SL parts are less
porous, more precise and have less noticeable build ines than FDM (Fused Depasition Modelng) parts. LS systems build m 0.004-0.006 inch
layers

Information provided by Axis Prototypes.

Proto3000 — Rapid Prototyping Engineering Solutions — Polvjet, FDM, SLA, SLS DDM. Send ns vour 3D CAD Drawings for instant quotes,
quality service, and fast delivery. For more info, contact us at 1-888-88-PROTO, info@prota3000 com or visit us at www proto3000 com

Axis Proto Ine. Innovative leaders in producing high quality Rapid Prototyping and Rapid Mamifactuing solutions using all major 3D printing
systems including Stereolithography technology. Free online quotes at www_axisproto.com

Click here to view all available suppliers for this material

Please click here if you are a suppler and would like information on how to add your listing to this material

Physical Properties Metric English Comments
Bulk Density 0.460 glec 0.0166 Ib/in® ASTM D1895
Density 102 glee 0.0368 /i Sintered Part; ASTM D792
Particle Size 55 pm 55 pm Average D50; Laser Diffraction
30 - 100 pm 30 - 100 pm Range (D10 to D90); Laser Diffraction
Mel Flow 50 g/10 min 50 g/10 min ASTM D1238
@Load$.00kg, @Load 11.01b,
Temperature 235 °C Temperature 455 °F
Mechanical Properties Metric English Comments
Tensile Strength at Break 48 0 MPa 6960 psi XY direction; ASTM D638
Elongation at Break 24% 24 % XY direction; ASTM D638
Tensile Modulus 1.70 GPa 24T ksi XY direction; ASTM D638
Flexural Modulus 218 kesi XY direction; ASTM D790
Izod Impact, Notched 4.12 f-Ib/in ASTM D256
Izod Impact, Unnotched B.24 ft-b/in ASTM D256
Electrical Properties Metric English Comments
Vohnne Resistivity 3.10e+14 ohm-cm 3.10e+14 obm-cm 50% RH; 500V; ASTM D257
Surface Resistance 3.00e+14 obhm 3.00e+14 ohm 50% RH; 500V, ASTM D257
Dhelectric Constant 19 29 50% RH; 500V; ASTM D150
Thermal Properties Metric English Comments
Melting Point 181°C 358 °F ASTM D3418
Deflection Temperature at 0.46 MPa (66 psi) 177 °C 351 °F ASTM D648
Deflection Temperature at 1.8 MPa (264 psi) 86.0 °C 187°F ASTM D648

Figure E1: Matweb Sintered PA12 Data on ALM PA 650 Nylon 12.
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PA 12 (SLS)

Being o solid material, polyomide powder has the ottroctive feoture of being self-supporting
for the generated product sections. This mokes support structure redundont. Polyamide
allows the production of fully functional prototypes or end-use parts with high mechanical
and thermal resistance. Polyomide parts have excellent long-term stability and are resistant
against most chemicals. They can be mode watertight by impregnation. The PA material used
by Materiaolise is certified as biocompatible ond food-sofe under certoin conditions.

MEASUREMENT VALUE STANDARD

Density

Tensile Strength
Tensile Modulus
Flexural Strength
Elongation at Break
Flexural Modulus

Charpy = Impact strength

Charpy = Notched Impact
Strength

lzod - Notched Impact
Strength

Ball Indentation Hardness

Shore D/A-hardness

Heat Deflection Temperature

0,95 +0.03 gfcrm?
48 +3 MPa

1650 MPa

41 MPa

20 5%

1500 M/mim?®

53 £3.8 kI/m?

&8 0.3 kl/m?

&8 =04 kI/m?

Tl +2

075 +2

86°C

Actuol volues may wary with build condition

DIM EM 150527
DIM EM 150527
O7a0

DIM EM 150527
DIN EN 150178

DIM EM 150179

DIN EM 150179

DIM EM IS080

DIM EN 1502039

DIM 53505

ASTM DE48
@ 1.82 MPa

For more information on this material, please visit mtls.me/pa-12-sls.

The informaticn ond volues included in these datosheets, olthowgh bosed on Materiolse’s knowledge ond experience ond
thus presented in good faith ond believed to be ooourote, & provided for yowr guidance only. This informotion does not
release a third porty from conducting his own procedures ond tests to determine suitability. All guorantees with respect to
the informotion contained herein ore explicitly denied. This document wos lost updoted on June 2021

r- L] L]
materialise
manufacturing

Figure E2: Materialise Manufacturing Sintered PA12 Manufacturer Data Sheet.
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Appendix F: Differences between SENT Test 1 and Test 2

INTRODUCTION

All SENT Specimens for each material blend were printed at the same time as described
in Chapter 6. However, 4 specimens (generally the odd numbered specimens for even spacing
across the print area, Figure 6.6) were tested on February 4" (“Test 1”). This was done to
evaluate the DOE prior to testing all the specimen. No modifications were required to the SENT
DOE so the last 4 specimens were tested on February 25" (“Test 2”) using identical procedures

(DOE) as Test 1. Results from Test 2 results were generally more brittle than results from Test 1.
METHODS

All specimens for Test 1 and Test 2 were printed at the same time with the same powder
blend and printer settings (i.e., laser, hatch, layer, temperature, recoating, etc.). The preparation
and testing were done in accordance with the methods presented in Aim 4. See Chapter 6 (Aim
4) for a description of the methods used.

To further investigate the difference between Test 1 and Test 2 a DOE to tensile test the
exact same specimens from Test 1 and Test 2 was created. A third test (“Test 3”) was done by
“re-notching” the top half and bottom half of the fractured specimens from Test 1 and Test 2. All
other aspects of Test 3 specimen preparation were done in accordance with the methods
presented in Aim 4. However, after specimen SENT preparation, specimens were subjected to
three different environments to test the effect of moisture on the specimens. One set was soaked
in water for 24 hours and pulled directly from the water bath, a second set was dried for 24 hours
and pulled directly from the dryer, and a third set was stored in a similar manner (same
environment) as all the specimens from Test 1 and Test 2. SENT testing procedures, to include
testing rate (0.8 mm/min), were held constant across all three tests even though the specimen

were approximately half the length for Test 3.
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RESULTS

Test 2 was compared to Test 1 using the same data flow presented in Chapter 6, Aim 4.
Tabulated data comparing the two tests are found in Tables F.1 thru F.2c. DIC calculated 2D
strain fields for Test 2 are presented in Figures F.1a thru F.1d. A comparison of the 2D strain
fields between Test 1 and Test 2 is found in Figures F.2a thru F.2c. Representative SENT data
from each specimen type for Test 2 are presented in Figure F.3. A comparison between Test 1
and Test 2 of representative curves from each test is found in Figures F.4a and F.4b (F.4b has
crack initiation lines depicted on the graph.). The results of Test 3 (re-pulling the fractured half
specimens from Test 1 and Test 2) are presented in Figure F.5. Figures F.6a thru F6g
individually compare each specimen type from Test 1 and Test 2. Figures F.7a thru F.7g have the
individual calculations of fracture energy for each Test 2 representative specimen (calculations

for tabulated data in Tables F.2a thru F.2c).

DISCUSSION

Test 3 data differences between soaked, dried, and ambient specimens did not show
similar differences to data differences between Test 1 and Test 2 (Figure F.5). Wetted vs dried
specimen results showed relatively small difference in notched tensile properties as compared to
the differences between Test 1 and Test 2. It is critical to note that the results from the “re-
pulled” half specimens in Test 3 are NOT directly comparable to the initial tests. Specimen size,
strain rate proportionality to specimen dimension, possible strain hardening, plastic deformation,
and many other factors between the initial tests and Test 3 make the results of these two tests
distinctly different. However, by using the exact specimens that were initially printed at the same
time and tested during the original tests aided in ensuring consistency between the original tests
and the “re-pull” test based on blending and print parameters (i.e., laser, hatch, layer,
temperature, recoating, etc.). Test 3 half specimen results were generally like the more ductile

Test 1 results. These results suggest moisture was not the reason for the large change in SENT
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characteristics between Test 1 and Test 2. Fracture energy, strain fields, and fracture point

calculations shown in the DIC data also point toward the second test specimens being much

more brittle than the first test but a clear cause was also not evident in this data.

Possible causes for the differences between Test 1 and Test 2 were considered and
presented below ( — considerations why it is unlikely the cause listed influenced the difference
between Test 1 and Test 2):

1. Print settings — Not only were the print setting the same, but the specimens were all printed at
the same time with the the powder and same ambient conditions prior to, during, and after
printing.

2. Placement in build area — The specimens between the two tests were generally evenly
dispersed throughout the build area. With only a few exceptions, Test 1 tested the odd
numbered specimens and test 2 tested the even numbered specimens (specimens labeled 1
thru 8, front to back respectively, Figure. 6.6). There were also no trends noted between print
locations and specimen results.

3. Errorin the load cell between tests — Load cell was checked before and after each test and
appeared to have been correct for both tests. Load cell was also thoroughly evaluated after
Test 3 and all readings were normal with accurate load measurements within calibration
standards.

4. Error in strain rate between tests — Strain rates were checked for both tests and appeared to
have been correct. Also, orders of magnitude difference in strain rate were tested and the
results all remained similar to Test 1. None of the differences in results between different
strain rates were similar to the difference between Test 1 and Test 2

5. Differences in sanding and post print cleaning — Test 2 specimens were sanded more
thoroughly than Test 2 specimens to remove access unsintered powder post print. However,
when the Test 2 specimen halves were re-notched and pulled the results tended to resemble

Test 1 and not Test 2. The fact that the re-notched Test 2 specimens tend to have properties
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like the original Test 1 also indicates machining was not the cause of the difference in tensile
data.

Difference in speckling — The same methods, exact same can of spray paint, and the same
person (i.e., same human factors in technique) speckled all specimens so it is unlikely
speckling made the difference. It also appears speckling is not at the cause of the difference
because the specimens were relatively unchanged with changes in moisture during Test 3.
Notching Technique — There were 3 specimens that broke at the grips from Test 2 and so the
original notch from Test 2 was used for Test 3 for the re-pull SENT test. These three
specimens DID have similar results to Test 2. Similarity in results pointed to the notch or
notching technique being the difference between the tests. However, different notches were
tested to see if notching techniques could cause substantial changes ductility behavior and the
notch variation results still resembled Test 1. The notches were also all done with the same
equipment and same technique, so if something happened to the equipment (i.e., a dull razor
blade) during Test 2 then the follow-on Test 3 with the same equipment would likely
resemble Test 2 and not Test 1 results. All notch dimensions and physical attributes were also
analyzed after each notch formation before SENT testing (“post-notch” microscopy) and
there were no differences noted as a whole between Test 1 notches and Test 2 notches.
Lastly, SEM microscopy was done on Test 1 and Test 2 notches following SENT testing and
no significant differences were found between the two notches.

Notch “fusing” together between notching and testing — Post-notch microscopy did not
indicate any fusing and no mechanisms for fusing were found. Also, specimens for both tests
were notched and speckled 24 hours before testing and so one set of specimens did not have
more time than the other to fuse together prior to SENT testing.

Fracture mechanics — Fracture surfaces were compared between the two tests and Test 2
fracture surfaces had brittle fracture mechanics properties. However, this is expected to be a
result of the brittle properties and not a cause. Fiber pullout, matrix material, and layer

bonding all looked similar between the two tests for the brittle and ductile fracture zones.
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10.

11.

Different levels of specimen slippage in the tensile grips between tests — Test 2 did slip more
in the grips than Test 1 during testing which would affect the load distribution during testing.
However, the results indicate the specimen slipping in the grips was a result of the higher
loads during the second test and not a cause of the higher loads.

Change in crystallinity — A change in crystallinity between the two tests is certainly possible.
Further testing would be required to verify crystallinity changes over time for the sintered
composite blends. However, it is not expected crystallinity would change enough at room
temperature in a 3-week period to cause the change in magnitude in ductility between Test 1
and Test 2. Possibly more telling is the crystallinity would have had to revert back to Test 1
properties between Test 2 and Test 3 since Test 3 ductility resembled Test 1. Similar
reasoning applies to the following possible reasons for the changes from Test 1 to Test 2 to
Test 3:

a. Oxidation over time

b. Aging

c. Chain scission

d. Change in bonding between the PA12 and CF

None of the above plausible causes or the analyzed data pointed to a clear reason for the

difference in SENT results between Test 1 and Test 2. Further testing should be done to

investigate other possible causes for the difference. It is likely that there was not a single cause

but a combination of multiple factors.

BROADER IMPLICATIONS

Test 1 and Test 2 have the same broader implications when considered separately (i.e.,

UTS, E, and fracture energy comparisons between single, binary, and gradient specimens). Test

2 broader implications are the same for Test 1 (see Aim 4 discussion in chapter 6) except for one

key difference at crack initiation for the 0-5-0% CF specimens: The 0-5-0% CF specimens were
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so brittle that crack initiation occurred at maximum force (Figure F.7d) which is a unique
property that prevented crack propagation until right before specimen failure. While this
certainly could prolong service life of parts with defects it could also give little to no time to
remove a part from service before catastrophic failure of the part occurred. (e.g., if an aircraft has
a bird strike and damage propagation is seen it may have time to reduce airspeed and stress on
the wing and land prior to catastrophic damage with properties similar to the first test 0-5-0% CF
properties. However, this may not be the case with a wing section that possess material
properties resembling the second test 0-5-0% CF properties).

The differences between the two tests show the severity of changes in material behavior
with a seemingly inconsequential change in material preparation, storage, or in-service
conditions. The implications are equally severe as the differences of this could lead to
unexpected material performance in-service and possible catastrophic. For instance, if a part was
designed for the energy absorption seen in Test 1 gradient specimen but performed like specimen
in Test 2 (Table F.2a), catastrophic failure would likely occur in service if any part defects
existed. However, Test 1 specimen did not simply perform “better” than Test 2. For example, if a
gradient part was designed with a factor of safety based on Test 2 UTS but then performed like a
specimen from Test 1 (Table F.2a), again catastrophic failure could occur. These two examples
point out the importance of continued research and testing under numerous environments and
damaged states to fully understand sintered PA12/CF composites and PA12/CF FGM before “as

printed” parts can be used in most applications.

CONCLUSION

A definite source or cause for the difference between Test 1 and Test 2 results is still
unclear. Future research and testing should be done to investigate the root factors effecting these
changes. It is hypothesized that it is a combination of multiple factors to include storage

conditions (humidity, temperature, and lighting), notch formation (different sharpness of the
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blade used and possible different rates in notch propagation during creation), alignment on
tensile machine, and painting technique for DIC speckle. Future simulations looking at other
material properties of LCC M2 SLS parts would likely help characterize the effects of the above
items. Wear, fatigue, and bending tests are recommended as starting points to characterize
discussed effects more fully on M2 SLS parts with varying ratios of CF. Regardless of future
testing, the most important conclusion of these two tests is continued research and testing of
sintered PA12/CF composites and PA12/CF FGM is likely required before *“as printed” parts can

be used in most applications.
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Table F.1: Comparison of Test 1 and Test 2 Dimensions and Tensile Data

*FG = Failure at grip instead of notch and so data not included

Blend Specimen Dimensions (mm) Cross Section (mmz) Maximum Force Maximum Stress (Mpa)
1D %CF Test Width  Thickness| SPN Mean SD SPN Mean SD SPN Mean SD
1 16.13 2.61 42.10 796.62 18.92
3 = Test 1 16.02 281 45.02 42.90 1.52 92344 903.45 72.54 _ 2051 | 21.07 1.76
7 § 15.96 2.69 42.93 936.74 21.82
8 ‘g 15.86 2.62 41.55 956.99 23.03
2 =3 15.90 2.54 40.39 1107.64 27.43

e 2o ]
O
4 X Test 2 15.92 2.52 40.12 39.82 0.96 1165.09 1217.77 98.06 2204 | 30.62 3.03
5 o 16.09 2.51 40.39 1280.66 31.71
6 16.00 2.40 38.40 1317.71 34.32
1 16.07 2.94 47.25 1341.64 28.40
3 Test1 16.06 3.24 52.03 50.98 2.58 1100.74 1173.18 | 113.06 _ 2115 | 23.14 3.51
5 16.15 3.29 53.13 1132.55 21.32
7 S 15.99 3.22 51.49 1117.79 21.71
2 % 16.04 2.67 42.83 1481.37 34.59
4 Test 2 15.98 2.69 42.99 42.45 0.67 1678.13 1604.29 | 156.69 _39.04 | 37.78 3.49
6 15.96 2.60 41.50 1467.75 35.37
8 15.91 2.67 42.48 1789.91 42.14
1 16.02 2.53 40.53 1111.20 27.42
2 Test 1 16.06 2.61 Ch 41.64 0.91 i) 814.05 270.91 ﬁ 19.58 6.68
7 " 16.05 2.58 41.41 538.55 13.01
8 g 16.05 2.66 42.69 970.19 22.72
3 é 15.76 2.60 40.98 860.56 21.00
4 Test 2 15.70 2.5 40.04 40.20 0.53 1404.70 1052.84 | 242.65 _ 3509 | 26.22 6.19
5 15.71 2.53 39.75 1012.61 25.48
6 15.77 2.54 40.06 933.50 23.30
4 16.00 2.38 38.08 1122.52 29.48
> 5 Test 1 15.73 247 38.85 38.94 0.76 1183.57 1196.85 81.78 3046 | 30.70 1.36
N = 16.01 243 | 3890 FG FG
8 ufu 16.04 2.49 39.94 1284.46 32.16
2 e 15.88 2.17 34.46 1436.51 41.69
Test 2 35.54 1.53 1465.89 4155 — 41.26 0.61
3 15.65 2.34 36.62 1495.27 40.83
1 16.01 2.62 41.95 1034.82 24.67
3 w Test 1 16.07 2.67 4291 43.19 1.04 1056.89 1086.20 | 111.04 _24.63 | 25.13 2.13
4 o 15.98 2.78 44.42 1249.49 28.13
7 § 15.93 2.73 43.49 1003.58 23.08
2 = 16.00 2.28 36.48 1127.40 30.90
o
- Test 2 16.01 2.24 3586 35.94 0.74 £G 1281.69 | 133.64 __f6_ | 35.68 4.23
6 16.02 2.18 34.92 1360.99 38.97
8 16.01 2.28 36.50 1356.69 37.17
1 16.11 2.87 46.24 1041.27 22.52
E w Test1 16.22 2.85 46.23 45.56 0.95 L7147 1082.29 60.58 ﬂ 23.75 1.12
5 : 16.16 2.82 45,57 1119.51 24.57
7 é 16.02 2.76 44.22 1021.20 23.10
2 : 16.01 2.21 35.38 1268.27 35.84
g 34.17 1.71 1271.14 4.05
4 - 16.00 2.06 32.96 1274.00 38.65
6 fest2 15.41 1.52 23.42 1006.73 208 | 0 294
: : : 24.70 1.80 : 1006.09 0.91 :
8 16.03 1.62 25.97 1005.44 38.72
1 ‘g 16.05 2.69 43.17 1302.66 30.17
o
2 o Test 1 16.08 275 44.22 44.75 1.29 1388.79 1389.04 71.69 _ 3141 | 31.03 1.04
4 E 16.04 2.85 45.71 1478.21 32.34
5 g 16.04 2.86 45.87 1386.50 30.22
3 oC,’ 16.00 2.55 40.80 1907.28 46.75
5 D ]
6 S Test 2 16.00 261 41.76 40.56 0.96 1862.00 1849.46 44.67 _ 4459 | 45.60 0.92
7 o 16.00 2.47 39.52 1811.98 45.85
8 © 16.00 2.51 40.16 1816.57 45.23
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Table F.2b: Comparison of Test 1 and Test 2 Fracture Energy Data at Maximum Stress

Blend Specimen Maximum Stress
Frame Force Stress | Energy | Extospmm €yy max Exx_max Exy_max vMm
ID %CF Test Count (N) (Mpa) | MJ/mm® (%) (%) (%) (%) (%)
1
3 g Test1 3061 785.32 18.65 0.68 5.23 11.83 0.84 3.36 8.55
a
8 3
2 =
S
: N Test 2 1511 [ 1090.28 | 37.41 0.23 2.76 11.62 0.73 1.90 8.38
6
1
i Test1 2881 | 1098.88 | 21.12 0.30 2.69 8.35 1.09 3.76 6.70
7 S
2 A
g Test2 failure 170 1464.60 | 35.29 0.38 1.82 10.03 243 4.41 7.39
8
1
2 Test1 2086 635.71 15.17 0.13 1.36 8.34 1.01 2.49 6.15
7 .
8 (&)
X
3 S
: Test 2 1111 930.92 23.24 0.12 0.89 5.88 0.48 1.28 3.99
6
4
= w 3627 | 1121.95 | 29.46 0.90 4.58 13.83 1.59 5.32 10.68
3 S 5020 | 1182.28 | 30.43 1.90 9.23 29.06 5.61 14.46 24.42
wn
2 )
3 Test 2 2021 | 1494.70 | 40.82 1.07 3.80 13.12 2.16 3.79 10.26
1
z - Test1 3601 | 1036.25 | 24.70 0.40 4.70 10.65 4.04 4.31 8.31
()
2
2 =
I
B Test 2 1511 | 1361.56 | 38.99 0.51 2.16 9.63 0.90 2.89 6.76
8
1
2 o Test1 3251 | 1119.37 | 24.56 0.67 3.94 9.16 2.72 4.39 7.62
7 )
—
2 | o
4 =
E Test 2 2001 | 1275.15 [ 38.69 0.67 2.47 7.76 0.45 237 5.68
8
1 =
g
e
i S Test1 3764 | 1390.94 | 31.45 0.83 4.04 10.16 2,51 4.67 8.31
o
5 ()
X
3 2
6 L
7 3. Test 2 2034 | 1810.98 | 45.82 0.71 3.46 11.95 1.56 3.46 8.56
wn
8 S
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Table F.2c: Comparison of Test 1 and Test 2 Fracture Energy Failure

Blend

0-5-0% CF

Specimen

Frame

Force

Stress

(Mpa)

3754 1065.92 27.99 1.04 5.16 14.60 1.13 6.19 11.86
Test1

5300 1106.62 28.48 2 10.45 26 5.12 13.96 23.68
Test 2 2071 1335.34 36.46 1.28 4.35 14.56 10.35
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Ci = Crack Initiation Fmax = Max Force Failure = Frame Before Separation of Specimen

30 mm :
Extensometer -

Figure F.1: Depiction of SENT Test DIC Results Definitions and Terms:
Crack Initiation Frame (Ci) = the frame at which the notch transitions to a crack and begins to propagate into the specimen.
Max Force Frame (Fmax) = the frame at which maximum force was achieved.
Failure Frame = the frame prior to complete separation of the SENT Specimen.
Energy (MJ/mm3) = The area under the stress / 30mm extensometer strain curve at anyone one of the above frames.
Strains: All given in percent (“Exto” = 30mm Extensometer Strain, eyy = max strain on specimen as calculated by DIC).
Stress (MPA): Current Stress for the current frame based on the original (before notch) cross section of the specimen
Scaling = All sets of DIC images are either scaled to each specimen (strain field color is scaled to each specific specimen and not
constant across all specimens) or a constant scale for all specimens (scale bar is given in image and applies to all specimen in the
image)
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Exto=1.68 Exto=1.42 Exto=0.89 Exto=3.85 Exto=2.11 Extty (=141 Exto=1.96

Exto 1=1.27

EVV_ITIEX: 3 * 7 9 EV‘/ﬁlﬂﬂX:G = 5 2 yy7l1'lﬂ)(: 5 B 88 EVV7I113X: 1 3 2 1 4 VV7I1'IEX: E Eyyfmaxzq' = 05 EYY_ITIBX= 7 - 8 1

Figure F.1a: Test 2 Crack Initiation (Ci) scaled to each specimen frame
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Exto=1.68 Exto=1.42 Exto=0.89 Exto=3.85 Exto=2.11 Exto 0=1.11
R " R e o _ !_Extol_=1..27

\vanax::L3 S . Eyy_max=4'05

Evy_max=3 -79 . Evv7|11ax:5 .88 E

Figure F.1b: Test 2 Crack Initiation (Ci) scaled to ALL
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Exto 0=2.47
Exto 1=2.29 ‘

Exto=2.50

Exto=2.78 Exto=1.82 Exto=0.89 Exto=3.80 Exto=2.16

yy_max yy_max yy_max yy_max

& wc10:16 €y in=10.03 £ =588 a1 A & 068

Figure F.1c: Test 2 Max Force (MF) scaled to each specimen frame
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Exto=2.78 Exto=1.82 Exto=0.89 Exto=3.80 Exto=2.16 Extiy e A7 Exto=2.50
e - R — Exto 1=2.29 g

€ =10.16 €

yy_max

10, E o gD D € . 063 e g6 £ =TG5

Figure F.1d: Test 2 Max Force (MF) scaled to ALL

325

eyy [%] -
Lagrange
12,5

117188

10.9375

 10.1563

—a.375

[ 8.59375

7.8125

7.03125

625

[™] 5.96875

4.6875

3.90625

3.125

2.34375

1.5625

0.78125



- o = Exto 0=4.50 =
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Figure F.1e: Test 2 Failure scaled to each specimen frame
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Figure F.1d: Test 2 Failure scaled to ALL
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Stress=15.11 Stress=23.18 Stress=14.83 Stress=20.91 Stress=14.70 Stress= Stress=30.54
Exto=2.17 Exto=1.23 Exto=2.19 Exto= 1.65 Exto=1.44 ) Exto=3.68
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Figure F.2a: Test 1 (top images) and Test 2 (bottom images) Crack Initiation (Ci) scaled to each specimen frame.
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Figure F.2b: Test 1 (top images) and Test 2 (bottom images) Max Force (MF) scaled to each specimen.
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Figure F.2c: Test 1 (top images) and Test 2 (bottom images) Failure scaled to each specimen frame.
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Stress, o (MPa)

T2 SENT Stress vs 30mm Extensometer Strain
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Figure F.3: Test 2 Representative Stress Strain Curve of Each Specimen Type with Crack Initiation Lines

(Note: G-CF = 0-5-10-5-0CF Binary Gradient Specimen)
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Stress, o (MPa)

T1 and T2 SENT Stress vs 30mm Extensometer Strain
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Figure F.4a: Comparison Test 1 and Test 2 of 30mm Stress-Strain Curves
(Note: G-CF = 0-5-10-5-0CF Binary Gradient Specimen)
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Stress, o (MPa)

T1 and T2 SENT Stress vs 30mm Extensometer Strain
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Figure F.4b: Comparison Test 1 and Test 2 of 30mm Stress-Strain Curves with Crick Initiation Lines

(Note: G-CF = 0-5-10-5-0CF Binary Gradient Specimen)
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Figure F.5: Comparison of Wet, Dried, and Ambient Specimen 30mm Stress-Strain Curves
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OCF SENT Stress vs 30mm Extensometer Strain

35 A
A\ — T1-1
30 - ’f\\ ‘\ T1-8
Lt ——— T2-2
AN -== T2-4
25 A
;v N --- T2-5

T2-6
20 A

15 A

Stress, o (MPa)

10 -

0 T T T T T T T
0 2 4 6 8 10 12

Strain, € (%)
Figure F.6a: 0%CF Single Material SENT 30mm Extensometer Tensile Data Comparison.

5CF SENT Stress vs 30mm Extensometer Strain
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Figure F.6b: 5%CF Single Material SENT 30mm Extensometer Tensile Data Comparison.
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10CF SENT Stress vs 30mm Extensometer Strain
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Figure F.6¢c: 10%CF Single Material SENT 30mm Extensometer Tensile Data Comparison.

0-5-0CF SENT Stress vs 30mm Extensometer Strain
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0 T T T
0 2 4 6 8 10

Strain, € (%)
Figure F.6d: 0-5-0%CF Binary Material SENT 30mm Extensometer Tensile Data Comparison.

T
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0-10-0CF SENT Stress vs 30mm Extensometer Strain
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Figure F.6e: 0-10-0%CF Binary Material SENT 30mm Extensometer Tensile Data Comparison.

10-0-10CF SENT Stress vs 30mm Extensometer Strain
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Figure F.6f: 10-0-10%CF Binary Material SENT 30mm Extensometer Tensile Data Comparison.
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Stress, o (MPa)

Gradient SENT Stress vs 30mm Extensometer Strain
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Figure F.6g: 0-5-10-5-0%CF Binary Gradient SENT 30mm Extensometer Tensile Data
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Figure F.7a: 0%CF Single Material SENT Test 2.
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Stress, o (MPa)

Stress, o (MPa)

5CF T2-6 SENT Stress vs 30mm Extensometer Strain
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Figure F.7b: 5%CF Single Material SENT Test 2.
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Figure F.7c: 10%CF Single Material SENT Test 2.
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Figure F.7d: 0-5-0%CF Binary Material SENT Test 2.
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Figure F.7e: 0-10-0%CF Binary Material SENT Test 2.
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Figure F.7f: 10-0-10%CF Binary Material SENT Test 2.
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Figure F.7g: 0-5-10-5-0%CF Gradient SENT Test 2

341




Vita

Jonathan James Slager is the firstborn son of Donald and Martha Slager. He is the
husband of Angel Slager and father to their four children. He grew up with his parents and
brother in West Africa until returning to the US for high school where he graduated from Beaver
Dam High School, WI. He earned his Bachelor of Science in Engineering with a Mechanical
concentration in 2001 from LeTourneau University where he joined the US Navy. He earned a
Master of Science degree in Engineering with an Aeronautical concentration from the Air Force
Institute of Technology in Dayton, OH and a Test Pilot degree from the United States Naval Test
Pilot School in Patuxent River, MD. He has served in the US Navy as a pilot and instructor and
is currently transitioning to the United States Naval Academy as an active-duty professor.

Jonathan has 579 carrier arrested landings and over 2,000 hours in the F/A-18 Hornet and
Super Hornet along with hours in 33 different types of aircraft as a Test Pilot and Test Pilot
Instructor and is a lifetime member of the Society of Experimental Test Pilots (SETP). He has
been stationed around the world and at sea and has led numerous training, test, and combat
missions including missions in support of Operation Inherent Resolve. At Air Test and
Evaluation Squadron 23 (VX-23) he directed and executed both manned and unmanned carrier
suitability testing along with system integration, weapon separation, and stability and control
testing. He has instructed at the US Naval Test Pilot School and has co-authored “Failure
Analysis of Additively Manufactured Polyester Test Specimens Exposed to Various Liquid
Media.” Published by the Journal of Failure Analysis and Prevention. He is currently on the
LIMBS International Board of Directors and serving as the West Africa Outreach director for
LIMBS while working alongside their team at UTEP on new ultra low-cost prosthetic designs.

Contact Information: j.j.slager@gmail.com

342



	Multi-Material/Fiber/Particulate Selective Laser Sintering System Capable of Local Composition Control and Material Gradients
	Recommended Citation

	Dedication
	Acknowledgements
	Abstract
	List of Tables
	List of Figures
	Chapter 1: Introduction
	Broader Implications
	Joint Implant
	Figure 1.1: Benefits of a Multi-Material Tibial Orthopedic Implant Mated with a Traditional Metal Femur Implant

	Synthetic Joint
	Figure 1.2: Synthetic Joint Prototype with LCC to Mimic Biological Material Printed on a FFF Mixing Printer (patent pending) in the Joint Laboratory at UTEP (Taylor Green & Taylor, 2018)
	Figure 1.3: Possible testing process to develop more realistic synthetic joints for surgical simulation. (a) Instrument cadaver knee to quantify internal loads and load response of a human knee (Hale, 2016; Hale et al., 2018; Taylor Green & Taylor, 20...
	Figure 1.4: Conceptual Synthetic Joint Study Showing Possible Comparison and Research Methods (Green et al., 2017; Hale et al., 2018)


	Background and Scope
	Limitations to Scope and Recommended Future Research

	Chapter 2: Objectives
	Figure 2.1: Multi-Material (M2) Powder Bed Fusion (PBF) printing process with associated subsystem. “Material Application and Sintering Procedure” is common to single material PBF systems. “Material Change Procedure” and procedures highlighted in blue...
	Aim 1
	Aim 1 Hypothesis

	Aim 2
	Aim 2 Hypothesis

	Aim 3
	Aim 3 Hypothesis

	Aim 4
	Aim 4 Hypothesis


	Chapter 3: Aim 1 - Design and Build Novel LCC Selective Laser System
	Introduction
	Background
	Figure 3.1: Block diagram depicting material flow in M2 PBF. Matrix/Infill Preparation (grey section) can be accomplished internally or externally to the system and can be automated or manual. Print control (red section) contains the hypothesized func...

	Methods
	Figure 3.2: Multi-material SLS operational and communication flow chart highlighting the methods to accomplish the seven critical M2 Subsystems. General (overlap exists) subsystem execution designated by color and associated subsystem number
	Subsystem 1: Multi-Material Slicer
	Acceptance Criteria
	Figure 3.3: Multi-material slicer with material designation of each part delineated based on color and defined on the right side as a different group. For clarity, the different STL files are depicted as discrete parts; however, for an M2 part the STL...


	Subsystem 2: Multi-Material Hatch & Layer Energy Density Control
	Acceptance Criteria
	Figure 3.4: Programmed Galvanometer Speed Control
	Figure 3.5: Comparison of Hatch Pattern Thermal Gradients
	Figure 3.6: Proposed Hatch Pattern to Integrate Both Thermal Homogeneity and Sinter Efficiency


	Subsystem 3: Multi-Material Thermal Management System
	Acceptance Criteria
	Figure 3.7: Thermal management subsystem heater positioning for M2 operations involving powder movement into and out of the system
	Figure 3.8: M2 SLS Front Access Door with Powder Addition and Extraction Ports


	Subsystem 4: Multiple Reservoirs with Intra-Print Powder Extraction/Addition
	Acceptance Criteria
	Figure 3.8: Powder Extraction and Addition Flow


	Subsystem 5: Multi-Material Layer Application
	Acceptance Criteria
	Figure 3.9: Proposed Methods to Switch Materials at Layer Application through Powder Isolation (a-b) and Powder Purge (c-d)


	Subsystem 6: Part Anchoring
	Acceptance Criteria
	Figure 3.10: Part Anchoring Depiction


	Subsystem 7: Multi-Material SLS Host and User Interface
	Acceptance Criteria
	Figure 3.11: Material Specific Hatch Control Interface for Subsystem 4
	Figure 3.12: Top Layer Powder Thermal Management Interface to Control Subsystem 4
	Figure 3.13: Powder Exchange Interface to Control Subsystems 5-7
	Figure 3.14: Powder Exchange Interface to Control Subsystems 5-7
	(a) System Temperature feedback via top layer infrared sensor and ambient thermocouple sensor.
	(b) Rake, build plate, dispensing plate, and reservoir plate movement feedback via motor status.
	(c) Sintering health feedback via laser and layer timing.
	(d) Powder level and availability feedback through dispensing and reservoir height monitoring.
	(e) Overall print progress through layer monitoring.



	Results
	Subsystems 1 & 2: Multi-Material Slicer, Hatch, & Layer Energy Density Control
	Figure 3.16: Material Specific Hatch Example:
	(a) 0.1 mm hatch spacing, 0 degree hatch angle for all layers, single perimeter.
	(b) 0.1 mm hatch spacing, 45 degree hatch angle for all layers, single perimeter.
	(c) 0.5 mm hatch spacing, 90 degree hatch angle for all layers, no perimeter.
	(d) 1.0 mm hatch spacing, -45 degree hatch angle for all layers, no perimeter

	Subsystem 3: Multi-Material Thermal Management System
	Single Material Thermal Management:
	Figure 3.17: Heater, PID Control, and Thermocouple and Identification Corresponding to the Temperature Profile Graphs (Figures 3.18 thru 3.20)
	Figure 3.18: Build Area Ambient Thermocouple Data
	Figure 3.19: Dispensing Ambient Thermocouple Data
	Figure 3.20: Reservoir Ambient Thermocouple Data
	Figure 3.21: Infrared Image of Build Area (Top Layer Direct Heaters set to 165  C and Bulb Weights Set To: Front = 90, Left = 65, Right = 110)
	(a) Data for a ~120x100 mm area
	(b) Data for a ~120x50 mm area
	Figure 3.22: Tuned PID Setting for PA12 and PA12+CF and Internal Temperatures 13 hours and 15 Minutes into Print

	Material Switch Thermal Management:
	Figure 3.23: a) Over-Sintered Top Layer and Cake After Maintaining Top Layer at Sintering Temperature for 8-10 Minutes. b) Cake Cracking Due to Being Allowed To Cool Too Much External During Material Switch
	Figure 3.24: Temperature Profile During Powder Extraction and Addition
	Figure 3.25: Multi-Pass Lasing with “Preheat”, “Sinter”, and “Bake” Lasing Customized for each Hatch Direction


	Subsystem 4: Multiple Reservoirs with intra-print powder extraction/addition
	Figure 3.26: Powder Addition with Copper Dispensing Tubes, Leveling Rake, and Scoop
	Figure 3.27: Comparison of Homogeneous and Inconsistent Powder Switch and Interface

	Subsystem 5: Multi-Material Layer Application
	Figure 3.28 Layer Inconsistencies Resulting In:
	a) Voids and low-density material at material interfaces in the build chamber
	b) Part defects at multi-material interface
	Figure 3.29 novel multi-pass recoating system was developed
	Figure 3.30: Post Print Cake Showing Homogeneous Layer Application at Material Changes Novel Multi-Pass Recoating System
	Figure 3.31: Tensile Fracture Surface of Single Material Print Demonstrating Advantages of Novel Multi-Pass Recoating System

	Subsystem 6: Part Anchoring
	Figure 3.32: PA12 Single Edge Notch Tensile Specimen without Anchoring (a) and with 10% CF anchor (b)
	Figure 3.33: Anchoring results with 10% CF anchor (a) and PA12 anchor (b and c)

	Subsystem 7: Multi-Material SLS Host and User Interface

	Discussion
	Figure 3.34: M2 SLS Mirrored 4 Chamber Design with Single Recoater
	Figure 3.35: M2 SLS Removable (i.e., “Swappable”) 4 Chamber Design with Single Recoater
	Figure 3.36: M2 SLS Linear 8 Chamber Design
	Figure 3.37: M2 SLS Radial 8+ Chamber Design
	Figure 3.38: M2 SLS Linear 15+ Chamber Design

	Broader Implications
	Conclusion

	Chapter 4: Aim 2 - SLS Material, Fiber, and Particulate Compatibility and Sintering Testing
	Introduction
	Background
	Figure 4.1: Material properties and the effect on sintering (Adapted from Schmid, et al. (Schmid & Wegener, 2016b))
	Figure 4.2: Required material properties for sintering. (Adapted from Schmid, et al. (Schmid & Wegener, 2016b))
	Figure 4.3: Possible chain entanglement dynamics of TP and TPE hard blocks (Adapted from Auhl, et al. (Auhl et al., 2019) )
	Fiber Blend
	Particulate Blend
	Material Blend (Polymeric Composite)
	Critical Sintering Parameters and Material Properties for Blended Polymer PBF
	Figure 4.5: Laser/Powder Interaction (image adapter from Schmid et al. (Schmid & Wegener, 2016b))

	PBF Material Compatibility Summary

	Methods
	Figure 4.5: Material compatibility test methods and acceptance criteria. (a) Teat particle and fiber evaluation. (b) Neat powder evaluation. (c) Material Blend evaluation.
	Material Preparation
	Bi-Material DOE Specimen Printing
	Figure 4.6: Bi-Material DOE reservoir preparation.
	Figure 4.7: Bi-Material DOE Print Planning.
	Figure 4.8: Sintratec Kit build area heater modification.

	Specimen Evaluation
	Figure 4.9: Primary defects that will require material and blend specific temperatures and laser parameters (adapted from Beal et al. (Beal et al., 2009)).
	Figure 4.10: Hypothesized Shore Hardness Ranges for Tested Materials and Blends
	Figure 4.11: Dimensional analysis measurements
	Figure 4.12: Optical Microscopy analysis of printed parts and powder bed using Dino-Lite microscope
	Figure 4.13: Depth of Field (DOF) capability of optical analysis with Dino-Lite AM4917MZT Equipped with DOF capability (Dino-Lite Technical Specifications, (Dino-Lite, 2022))
	Figure 4.14: Porosity (estimated in red by the ImageJ program) analysis of PA12 mixed with 20% CF using ImageJ image processing program were inconclusive

	Single Material Evaluation
	Table 4.1: TP and TPE powder selection criteria and material brand comparison.
	Table 4.2: Manufacturer Data for selected TP, TPE, CF, HA (Blank Cells: data not provided).
	Figure 4.15: Images (200x) of each powder selected for blend testing

	Thermoplastics
	Thermoplastic Elastomers
	Fibers
	Figure 4.16: Initial print setting for Sinterit PA12+CF blends (adapted from Espera et al. (Espera et al., 2019a))

	Particulates

	Material Blend Compatibility
	Figure 4.17: Mechanical tumbler used for all material blending.
	Thermoplastic/Fiber Blend
	Thermoplastic/Particulate Blend
	Thermoplastic/Thermoplastic Elastomer Blend


	Results
	Figure 4.18: Laser power and wavelength unable to reach sintering window for PEEK. Laser energy is not sufficiently absorbed into the particles for affective heating and simply burns the top surface.
	Figure 4.19: Sinterit and Sintratec powders with the selected carbon fibers and HA particulates
	Figure 4.21: Effects of energy density on PA12/TPE Blends anchored on a TPE base.
	Figure 4.22: Homogeneous Sinterit PA12 + CF prints with the Bi-Material DOE printed on the modified Sintratec Kit. a) Printed at 500 mm/sec, chamber 140⁰ C, powder surface 165⁰ C. b) Printed at 525 mm/sec, chamber 140⁰ C, powder surface 163⁰ C.
	Figure 4.24: Binary interface of Sintratec PA12+5 %vol CF and PA12+20 %vol CF sintered at constant thermal and laser settings for both blends resulting in warping, sledding and debonding at the change in blend interface.
	Figure 4.25: Blend spreading difficulties at high infill percentage (a) 80% TPE – clumping of TPE due to partial sintering in high temperature chamber required to sinter PA12 (b) 50% HA – high agglomeration compared to 25% HA in reservoir due to sprea...
	Figure 4.26: Initial PA12 + CF and PA12 + HA microscopy analysis (a) overall success with CF integration and adhesion to PA12 matrix. (b) challenges with HA spreading and adhesion.
	Figure 4.27: Inconclusive porosity calculation using ImageJ with Sintratec PA12 blend and 10%vol CF
	Figure 4.28: PA12/5%CF Qualitative analysis of porosity showing homogeneous CF mixture, but high porosity required sintering parameter adjustment to decrease porosity.
	Figure 4.29: PA12/25%HA Qualitative printed surface analysis of porosity showing homogeneous HA mixture but extreme porosity with most of the HA not adhering to PA12 Matrix.
	Figure 4.30: Microscopy comparison of Sinterit and Sintratec powder and CF (10x zoom left, 200x zoon right)
	Figure 4.31: Microscopy comparison of Sinterit and Sintratec powder and CF at 248x zoom
	Figure 4.32: Microscopy comparison of Sinterit V2 and Sintratec PA12 layer adhesion with spreading inconsistencies during Sinterit V2 layer application.
	Figure 4.33: M2 SLS print setup and planning for density, hardness, and tensile testing.
	Figure 4.34: Buoyancy Density comparison of PA12 tensile test specimens printed at high (↑) and low (↓) densities.
	Figure 4.35: 0%CF Tensile Specimen comparing sintering energy densities (Dino-Lite AM4917MZT. Zoom: 59x
	Figure 4.36: 5%CF Tensile Specimen comparing sintering energy densities (Dino-Lite AM4917MZT. Zoom: 59x Left (low density), 72x Right (high density)
	Figure 4.38: 2.5%CF Final Energy Density Comparison of Dimensional and Tensile Test Data.
	Figure 4.39: 5%CF Final Energy Density Comparison of Dimensional and Tensile Test Data.
	Figure 4.40: 10%CF Final Energy Density Comparison of Dimensional and Tensile Test Data.

	Discussion
	Broader Implications
	Conclusion

	Figure 4.4: Particle coalescence due to surface tension and decrease of viscosity at Tm (image adapted from Hejmady et al., 2019)
	Figure 4.6: Angle of Repose (powder image from Sinterit website)
	Figure 4.14: PA12 Molecular Structure
	Chapter 5: Aim 3 - Characterization of Stress-Strain and Fracture Data for Polyamide 12 and Carbon Fiber blends.
	Introduction
	Background
	Figure 5.1: Loading and print orientation designations for tensile test specimens
	Figure 5.2a: Sintratec reported PA12 tensile test properties based on build direction (Boxed text added) (Sintratec, 2021a).
	Figure 5.2b: Sintratec reported PA12 tensile test properties based on build direction comparing layer count and loading for each print direction (Sintratec, 2021a).
	Figure 5.3: Sintratec reported TPE tensile test properties based on build direction (Boxed text added) (Sintratec, 2021b).
	Figure 5.5: Lumpe et al. gradient testing Design of Experiment (DOE) with Type V test specimens additively manufactured using material jetting (Lumpe et al., 2019)

	Methods
	Figure 5.6: Summary of Aim 3 methods including specimens, tests, and characterization. Specimen manufacturing was done in the order listed: neat followed by composite. Analysis was done in the order listed for each control and blend specimen: dimensio...
	Figure 5.7:
	a) Original tensile test specimen definitions and lengths (ASTM D638-14)
	b) “3mmP” modified tensile test specimen to accommodate tri-material specimen.
	Figure 5.7c: Comparison prints of standard D638 Type V tensile specimen, extended tensile specimen with reduced grip length, 3mmP specimen, and 5mmP specimen.
	Figure 5.8: Proposed tensile specimen print scheme (Specimen and build area images from Sintratec Central print program).

	Results
	Figure 5.10: Example of specimen condition following post print cleaning of 10% CF vertically printed tensile specimens. Some specimens broke during removal and some broke during cleaning.
	Figure 5.11: 10% CF vertically printed tensile specimen failure during grip insertion and initial pulling.
	Table 5.1: PA12/CF Buoyancy Density Results (ASTM D-792 Test Standards)
	Figure 5.13: 2.5% CF Vertical and Horizontal Specimen Dimensional and Tensile Test Data.
	Figure 5.16: Representative 0, 2.5, 5, 10%CF Vertical and Horizontal Specimen Stress-Strain Graph
	Figure 5.17: Fracture Surface of Neat PA12 (0% vol CF) Horizontally Printed 3mmP Tensile Specimen
	Figure 5.18: Fracture Surface of PA12 + 5%vol Carbon Fiber Horizontally Printed 3mmP Tensile Specimen
	Figure 5.19: Fracture Surface of PA12 + 10%vol Carbon Fiber Horizontally Printed 3mmP Tensile Specimen
	Figure 5.20: Fracture Surface of PA12 + 10%vol Carbon Fiber Vertically Printed 3mmP Tensile Specimen


	Discussion
	Table 5.2: PA12/CF Blend Buoyancy Density Results Compared to Calculated Theoretical Values
	Table 5.3: PA12/CF Blend Ratios Comparison of Tensile Data
	Figure 5.21: Modulus of Elasticity vs Percent CF
	Figure 5.22: Ultimate Tensile Strength (UTS) and Yield Stress vs Percent CF

	Table 5.4: PA12/CF Blend Ratios Comparison of Tensile Data

	Broader Implications
	Conclusion

	Figure 5.4: Mode I Tensile Failure.
	Chapter 6: Aim 4 - Characterization of Local Composition Control with Binary Interfaces and One-Dimensional Gradients
	Introduction
	Background
	Figure 6.1: Stress concentration at material interface with dissimilar material properties due to differences in lateral strains between materials. (Adapted from Lumpe et a. (Lumpe et al., 2019)).
	Figure 6.2: Material Jetting additively manufactured layout of binary material interface tensile test specimens with gradients perpendicular to build direction. (Adapted from Lumpe et al. (Lumpe et al., 2019)).
	Figure 6.3: Stress concentrations reduction example using 1D gradients. Simulation with experimental results using material jetting done by Bartlet et al. (adapted from Bartlet et al. Figures 2, S2, and Table S1 (Bartlett et al., 2015a, 2015b))

	Methods
	Figure 6.4: Aim 4 SENT and Conceptual Prototype Print Scheme.
	SENT Specimen Evaluation
	Figure 6.5: Single Edge Notch Tensile Specimen Design and Dimensions
	Figure 6.6: Single Edge Notch Tensile Specimen Print Planning (Specimens labeled 1-8 front to back to track specimen characteristics based on location in print area)
	Figure 6.7: SENT Specimen Post Print Machining
	Figure 6.8: SENT Specimen Notching Jig
	Figure 6.9: SENT Specimen Notch Analysis
	Figure 6.10: SENT Specimen Warping Analysis

	Multi-Material Prototype Demonstration
	Figure 6.11: One-dimensional LCC joint implant conceptual prototype design


	Results
	Table 6.1 SENT Specimen Warping Results
	Table 6.2: SENT Specimen Shore D Hardness Results
	Table 6.3: Test 1 SENT Analysis Data (Crack Initiation Data for Highlighted Yellow Specimens).
	Table 6.4: Test 1 SENT Data at Maximum Stress and Failure for Highlighted Yellow Specimens
	Figure 6.12: Depiction of SENT Test DIC Results Definitions and Terms:
	Figure 6.12a: SENT Test DIC Results the Frame Before Specimen Failure scaled to each specimen frame with stress and energy data
	Figure 6.12b: SENT Test DIC Results at the Frame of Specimen Crack Initiation (Ci) scaled to each specimen frame
	Figure 6.12c: Test 1 SENT Test DIC Results at the Frame of Specimen Crack Initiation (Ci), scaled to ALL
	Figure 6.12d: Test1 SENT Test DIC Results the Frame at Specimen Max Force (MF) scaled to each specimen
	Figure 6.12e: SENT Test DIC Results the Frame Before Specimen Max Force (MF) scaled to ALL
	Figure 6.12f: SENT Test DIC Results the Frame Before Specimen Failure scaled to each specimen frame
	Figure 6.12g: SENT Test DIC Results the Frame Before Specimen Failure scaled to ALL
	Figure 6.13: Comparison of 3mmP Horizontally Printed Tensile Test (Aim 3) and 30mm Extensometer SENT Stress/Strain
	Figure 6.14: Single Material SENT Results Overview (T1 = Test 1, -x = Specimen Number)
	Figure 6.15: Bi-Material and Binary Gradient SENT Results Overview (T1 = Test 1, -x = Specimen Number)
	Figure 6.16: SENT 30mm Extensometer Stress/Strain Comparison of Representative Specimen from Each Test
	Figure 6.17: SENT 30mm Extensometer Stress/Strain Comparison of Representative Specimen from Each Test with Crack Initiation Lines (dotted) for each Specimen.
	Figure 6.18: Depiction of SENT Test DIC Results Energy Calculation Definitions and Terms:
	Figure 6.18a: 10-0-10% CF SENT Test Results with DIC Strain Mapping and Stress-Strain Curve with Energy Data
	Figure 6.18c: 5%CF Single Material SENT Energy Data.
	Figure 6.18d: 10%CF Single Material SENT Energy Data.
	Figure 6.18e: 0-5-0%CF Binary Material SENT Energy Data.
	Figure 6.18f: 0-5-0%CF Binary Material SENT Energy Data.
	Figure 6.18g: 0-10-0%CF Binary Material SENT Energy Data.
	Figure 6.18h: 10-0-10%CF Binary Material SENT Energy Data
	Figure 6.18i: 0-5-10-5-0%CF Gradient SENT Energy Data.
	Figure 6.19: 0% SENT SEM Fractography
	Figure 6.20: 5% SENT SEM Fractography
	Figure 6.21: 5% SENT SEM Notch Fractography
	Figure 6.22: 10% SENT SEM Fractography
	Figure 6.23: 0-5-0% SENT SEM Fractography
	Figure 6.24: SENT SEM Fractography of CF Gradient Transitions
	Figure 6.25: 0-5% SENT SEM Sanded Surface of CF Gradient Transition (estimated with 0% blue line, 5% orange line).
	Figure 6.26: 0-5% SENT SEM Fractography of CF Gradient Transition (estimated with green line)
	Figure 6.27: 5-10% SENT SEM Fractography of CF Ductile Gradient Transition (estimated with green line)
	Figure 6.28: 10-5% SENT SEM Fractography of CF Gradient Brittle Transition (estimated with green line)
	Figure 6.29: 10% SENT SEM Fractography of CF Ductile to Brittle Transition (estimated with green line)
	Figure 6.30: 0%, 5%, 10%, Binary Gradient SENT SEM Fractography comparison (gradient transition estimated with green line)
	Figure 6.31: Joint implant conceptual prototype


	Discussion
	Broader Implications
	Conclusion

	Chapter 7: Conclusion
	References
	Acronyms
	Appendix A: UTEP Disclosure D2020-0015
	Appendix B: Alternate Hatch Patterns
	Appendix C: Initial Blend Microscopy Contrast Imaging Results
	Figure C1: Neat Sintratec PA12 Contrast Imaging (Porosity Calculation).
	Figure C2: Neat Sinterit V1 PA12 Contrast Imaging (Porosity Calculation).
	Figure C3: Sintratec PA12 + 10%CF vol Contrast Imaging (Porosity Calculation).
	Figure C4: Sinterit PA12 + 40%CF vol Contrast Imaging (Porosity Calculation).
	Figure C5: Sinterit PA12 + 40%CF vol Contrast Imaging (CF Calculation).
	Figure C6: Sinterit PA12 + 5%HA vol Contrast Imaging (Porosity Calculation).
	Figure C7: Sinterit PA12 + 5%HA vol Contrast Imaging (HA Calculation).
	Figure C8: Sintratec PA12 + 40%HA vol Contrast Imaging (Porosity Calculation).
	Figure C9: Sintratec PA12 + 40%HA vol Contrast Imaging (HA Calculation).
	Figure C10: Sintratec PA12 + 50%TPE (Sintratec) vol Contrast Imaging (Porosity Calculation).
	Figure C11: Sinterit PA12 + 50%TPE (Sinterit) vol Contrast Imaging (Porosity Calculation).

	Appendix D: Manufacture Material Data Sheet.
	Figure D1: Sinterit PA12 Manufacturer Data Sheet.
	Figure D2: Sinterit TPE Manufacturer Data Sheet.
	Figure D3: Sinterit Flexa Grey Manufacturer Data Sheet.
	Figure D4: Sintratec PA12 Manufacturer Data Sheet.
	Figure D5: Sintratec PA12 Manufacturer Tensile Data Sheet.
	Figure D6: Sintratec TPE Manufacturer Data Sheet.
	Figure D7: Sintratec TPE Manufacturer Tensile Data Sheet.
	Figure D8b: Carbiso MF100 CF Manufacturer Data Sheet (cont.).
	Figure D8c: Carbiso MF100 CF Manufacturer Data Sheet (cont.).

	Appendix E: Industry Standard Nylon 12 Sintered Properties.
	Figure E1: Matweb Sintered PA12 Data on ALM PA 650 Nylon 12.
	Figure E2: Materialise Manufacturing Sintered PA12 Manufacturer Data Sheet.

	Appendix F: Differences between SENT Test 1 and Test 2
	Introduction
	Methods
	Results
	Discussion
	Broader Implications
	Conclusion
	Table F.1: Comparison of Test 1 and Test 2 Dimensions and Tensile Data
	Table F.2b: Comparison of Test 1 and Test 2 Fracture Energy Data at Maximum Stress
	Table F.2c: Comparison of Test 1 and Test 2 Fracture Energy Failure
	Figure F.1: Depiction of SENT Test DIC Results Definitions and Terms:
	Figure F.1a: Test 2 Crack Initiation (Ci) scaled to each specimen frame
	Figure F.1b:  Test 2 Crack Initiation (Ci) scaled to ALL
	Figure F.1c:  Test 2 Max Force (MF) scaled to each specimen frame
	Figure F.1d: Test 2 Max Force (MF) scaled to ALL
	Figure F.1e: Test 2 Failure scaled to each specimen frame
	Figure F.1d: Test 2 Failure scaled to ALL
	Figure F.2a: Test 1 (top images) and Test 2 (bottom images) Crack Initiation (Ci) scaled to each specimen frame.
	Figure F.2b: Test 1 (top images) and Test 2 (bottom images) Max Force (MF) scaled to each specimen.
	Figure F.2c: Test 1 (top images) and Test 2 (bottom images) Failure scaled to each specimen frame.
	Figure F.4a: Comparison Test 1 and Test 2 of 30mm Stress-Strain Curves
	Figure F.5: Comparison of Wet, Dried, and Ambient Specimen 30mm Stress-Strain Curves
	Figure F.6a: 0%CF Single Material SENT 30mm Extensometer Tensile Data Comparison.
	Figure F.6b: 5%CF Single Material SENT 30mm Extensometer Tensile Data Comparison.
	Figure F.6d: 0-5-0%CF Binary Material SENT 30mm Extensometer Tensile Data Comparison.
	Figure F.6e: 0-10-0%CF Binary Material SENT 30mm Extensometer Tensile Data Comparison.
	Figure F.6f: 10-0-10%CF Binary Material SENT 30mm Extensometer Tensile Data Comparison.
	Figure F.6g: 0-5-10-5-0%CF Binary Gradient SENT 30mm Extensometer Tensile Data Comparison.
	Figure F.7a: 0%CF Single Material SENT Test 2.
	Figure F.7b: 5%CF Single Material SENT Test 2.
	Figure F.7d: 0-5-0%CF Binary Material SENT Test 2.
	Figure F.7e: 0-10-0%CF Binary Material SENT Test 2.
	Figure F.7f: 10-0-10%CF Binary Material SENT Test 2.
	Figure F.7g: 0-5-10-5-0%CF Gradient SENT Test 2



	Vita

