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Abstract

Additive manufacturing (AM) has enabled the rapid prototyping of structures with complex
geometries constructed via computer aided design (CAD). In recent years, AM has extended
beyond simple prototyping and has begun to play a role in the fabrication of active components,
especially for applications that do not require materials with robust mechanical properties (i.e.
electronic components and biomedical scaffolds). This report reviews the current state of 3D
printing with respect to polymeric and composite materials, focusing on applications, printing
processes, and material selection perspectives. A particular focus is placed on the polymer
chemistry of additive manufacturing in order to elucidate current materials limitations, R&D
trends and developmental opportunities. Some unconventional thermoset cure reactions are
proposed for AM which may overcome current limitations. In addition, potential degradation
characteristics of AM polymer materials and expected property variations in comparison with
traditional processing are discussed, which draws attention to the complexity of the
structure/processing/property relationships for the optimization of innovative materials. AM
polymer manufacturing and 3D printing approaches hold tremendous promises as long as
polymer chemistry, material physics and processing aspects (cure on demand) are jointly
embraced within evolving research strategies.






CONTENTS

Materials Opportunities and Emerging AppliCations .........ccceecvereenieriineeneeieneeneeie e 3
COMEBIIES ...ttt ettt ettt et s et e bt e e at e e bt e sh bt e bt e eab e em bt e sabe e bt e sbbeenbeesaeeeabeenaeeenne 5
FIGUIES .ottt ettt ettt et e e ht e e bt e e st e e bt e sat e e bt e esbeenbeesateenbeennteenteens 5
110 TSROSO PUURPRRPRRRSRRPN 6
INOMENCIALUTE.......e ettt et ettt et e et e e bt e et e e sbeeeabeesabeenbeesneeenseesneeenseenneas 7
L IOETOAUCTION. ¢ttt ettt ettt et e bt e st e sh et e e st e saeebeentesbeenbeeneesneenneas 9
2. Printing MEthOAS .....coeiiiiiiiieie ettt et sttt et st n e eneas 11
2.1.  Fused-Deposition MOdelling .........ccoeciiiiieiiieiieieeieeeeeie e e 11
2.2, StereolithO@raphy .......ccooiiiiiiiiiiic e 14
B T B 1 (T T o L PSPPSR 16
2.4. Continuous Liquid Interface Production ............cccccoeeieiiiniiiiiiiniiiieeeeee e 18
2.5, Selective Laser SINTETING ......cc.eeviieriierieeieesiie et erte et esieeeteesteesaeesaesseeseessseeseessseenne 19
3. The chemistry of additive manufacturing: Old and New ...........cccceeviiriiiniieiienie e, 21
3.1. MIOMOITIETS ¢ttt ettt ettt e be e et e bt e e it e sbe e et e e s bt e et e e nbeesateenaeeeane 21
3.2, Radical PhotOiNItiators. .......coouieiiiiiieeiieiie ettt ettt sttt et 22
3.3. Photoacid Generators (Cationic INTtiAtOrS) .......c.eeeviervieriieniieiierie e 23
3.4, PhotobDase GENETALOTS .......c.eeruieiiiiiiieeiieiie et et te ettt et et esiee et e e s aee et e saeeenteesaeeeane 24
3.5. Thermally Latent Base CatalySts........ccccvveevuieriieciieniieiienie e e sene e 26
3.6.  Photoclick REACIONS ......ccuiiiiiiiiiiieeiiei ettt e 27
3.7. Unusual Polymer Materials in Additive Manufacturing .............cceccvevveevreenveenneennnennn. 28
4. Material Performance and aging Considerations for Additively manufactured polymers ....... 31
5. CONCIUSIONS. ¢ttt ettt ettt et s ee e s bt e st e st e sbe et e eatesaeenbeentesneenseenee e 33
R NS (5315 1 1o O OSSOSO PRS 35
FIGURES

Figure 1. Illustration of FDM process (http://www.slideshare.net/johnbrittas/rapid-prototyping-
technologiesapplications-part-deposition-planning-2). .........ccceeecueerieriieesieniieenie e 12
Figure 2. Illustration of stereolithography process
(https://en.wikipedia.org/wiki/Stereolithography#/media/File:Stereolithography apparatus vecto

10 V7. ISR 15
Figure 3. Illustration of the direct-write printing process (http://proto3000.com/polyjet-3d-
PrINtiNG-SETVICES-PIrOCESS.PIP) .veiiiiiiieeiiieiieiieeteeete et e sereeteesteeseesaaeesseessseessaessseenseessseensaensseenns 16
Figure 4. (a) Illustration of CLIP components and printing technique. (b) Photographs of CLIP
printer and printed component. (WWw.carbon3D.COM).......ccceevvuirrieriierieniieiienieeiee e 18
Figure 5. Illustration of the selective laser sintering process
(http://rapidprototypingservicescanada.Com) ........coervreieerieeiieerieeriienreesreeseeeseeseneensaessnesseessnes 19
Figure 6. Common monomers used in stereolithography and direct-write resins.............cc.c...... 21



Figure 7. Type I and Type II radical photoinitiators ...........cccceeeiierieniieeiieeieeee e 23

Figure 8. Commercially available PAGs and their photodecomposition products ...................... 24
Figure 9. Amine photobase ENETALOTS .......cc.eeeuiiiuiieiieiieiie ettt ettt ee st et e s e e b e e 25
Figure 10. Epoxy/thiol cure using ammonium salt PBG (left, Ref 32) and amidine PBG (right,
2] R ) USSR PR 26
Figure 11. Thermal decomposition of retro Michael addition latent base initiator for epoxide
TINE OPCIIIIEZ c.uvveeeereeeeteeetteeetaeeetteeesaeesssaeesssaeeasseaasssaanssseasseeassseesssseeassseessseeessseeesssesenssesenssessnnns 27
Figure 12. Photo click reactions with potential for additive manufacturing processes................ 28
Figure 13. SEM cross section image of printed 70% oil phase emulsion after infiltration with
silver nanoparticles, showing the objects inner bulk (a) and surface (b). (Ref41)........cccoeeueeeee. 29

Figure 14. Illustration of the electric poling-assisted AM method for printing piezoelectric
PVDF components (left). Image of printed PVDF device and output current and capacitive
charge during flex cycles (right). (REf42) ....oooriiiiiiieeeeeeee e e 29
Figure 15. Schematic of mechanochemical transformation from colorless spiropyran form to the
purple colored merocyanine form (top) and images of spiropyran-PCL dog-bones before and

after StretChing. (RET43) ..ottt e e beesaaeenbeennnes 30
TABLES

Table 1. Mechanical properties of FDM printed thermoplastics..........cccecvvevveeriiencieenienieeieenen. 13

Table 2. Bulk mechanical properties of selected thermoplastics............ccecveevvieeecieenieeecieeeeen. 13

Table 3. Mechanical properties of commercially available SLA materials...........ccccceeevienennene. 15

Table 4. Mechanical properties of commercially available direct-write materials....................... 17



2PA
AM
ABS
ASA
CNC
CAD
CADD
CLIP
DBN
FDM
IR
LLNL
MPa
PAG
PBG
PC
PCL
PLA
PEEK
PEKK
PMMA
PVDF
SLA
SLS

g
TBD

NOMENCLATURE

two-photon absorption

additive manufacturing
acrylonitrile-butadiene-styrene
acrylonitrile-styrene-acrylate
computer numerical control
computer-aided design
computer-aided design and drafting
continuous liquid interface production
1,5-diaza-bicyclo[4.3.0]non-5-ene
fused deposition modelling
infrared

Lawrence Livermore National Laboratory
megapascal

photoacid generator

photobase generator

polycarbonate

polycaprolactone

polylactic acid

polyether ether ketone

polyether ketone ketone
poly(methyl methacrylate)
poly(vinylidene fluoride)
stereolithography

selective laser sintering

glass transition temperature
triazabicyclo[4.4.0]dec-5-ene
ultraviolet






1. INTRODUCTION

Compared to traditional manufacturing methods for polymeric materials such as injection
molding, thermoforming, extrusion, casting, foaming, as well as computer numerical control
(CNC) milling, additive manufacturing represents a fundamentally different approach whereby
individual layers are deposited sequentially in order to build up a 3-dimensional structure. This
allows the production of complex geometries that are not easily attainable via subtractive
manufacturing techniques. Additive manufacturing is particularly advantageous for small batch
size production and developmental activities, since tooling and long lead times are eliminated in
the manufacturing process. This allows for a closer link between the user and the manufacturing
stage, opening the doors for customized printed parts which take advantage of computer-aided
design and drafting (CADD). This has made AM competitive in areas where there is an inherent
need for custom-made products or where low volume tailored parts are attractive to the
customer. One of the earliest commercial applications of 3D printed organic materials, developed
in the early 1990s, was for the fabrication of pharmaceutical capsules comprised of a drug and a
polymer binder.! While this remains an active area of research and development,> a number of
additional medical applications have emerged which take advantage of the geometric flexibility
of 3D printing. For example, AM has become an important technology in the field of dental
materials used for orthotics, implants, and prosthetics,® where customized geometries are needed
for patient specifications. Other medical applications of 3D printing include regeneration
scaffolds,* implantable devices such as hearing aids,” and also for pre-surgical planning
purposes.® Somewhat less developed applications for 3D printed polymers include electronics,’
photonics,® and microfluidics.’

While additive manufacturing has generated a surge of excitement across many fields,
there are several challenges that have limited commercial utilization of AM technology.
Importantly, additive manufacturing is inherently slower than conventional manufacturing
processes, since parts are built one at a time. This means that AM in general cannot compete
with traditional methods for large scale manufacturing. Another problem facing AM has to do
with the resolution of printed lines, often limited to minimum width of ~100 pm. This leads to
parts with much higher surface roughness compared to injection molded or milled plastics.
Furthermore, the accuracy of printed parts can deviate significantly with respect to their
computer drafted models due to instabilities in the printing process and because of post-
deposition cooling and/or shrinkage that result from complex cure processes. More importantly,
the layer-by-layer approach that is used in most AM methods can generate ‘weak links’ between
lines, which may result in significant loss of overall mechanical properties such as toughness.
This also leads to difficulty in predicting the mechanical properties of 3D printed parts since the
strength of the material is intimately related to the printing parameters (i.e. print direction and
any cure on demand features).

Advances in both printing methodologies and new classes of printable materials are
needed in order to overcome the aforementioned challenges. These two developments require a
synergistic approach since each material requires specific considerations for printing
methodology. The following sections will describe the various printing methods that are
available for additive manufacturing of polymer materials and provide a basic review of each



method with respect to advantages and disadvantages, compatible materials, cure chemistries,
material properties, and opportunities in new material development.
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2. PRINTING METHODS

2.1. Fused-Deposition Modelling

Fused deposition modelling (FDM) is the process of printing structures in a layer-by-
layer fashion via extrusion of a polymer filament through a heated nozzle, generally conducted
by using simple non-reactive thermoplastics. A 3-dimensional structure is first drafted in CAD
and then deconstructed into a series of 2D slices, which are printed layer-by-layer via the
movement of the extrusion nozzle in the x-y plane (Figure 1). The build platform (or the
extrusion nozzle) moves along the z-axis in order to allow the nozzle to print multiple layers
sequentially. The melted polymer undergoes thermal fusion with the underlying structure and
solidifies upon cooling to form a permanently bonded structure. Support materials are printed
from a second nozzle when overhangs and bridges are needed, since the molten polymer will
collapse in the absence of an underlying structure to rest on. Support materials can be removed
after the printing is completed either by mechanical agitation or by selective dissolution of the
support.

Fused deposition modelling is the least expensive and most user friendly 3D printing
technique, as the printing hardware uses a relatively small number of working parts and the
thermoplastic materials are often commodity plastics which are environmentally and
mechanically stable. Compared to other printing techniques, FDM allows for greater freedom in
choice of materials since there are no chemical reactions taking place during the print process.
The only requirement for FDM is that the material be a thermoplastic with melt and
solidification temperatures that are accessible using the printing hardware.

Compared to other AM techniques, parts printed by FDM are more suitable for
demanding applications where high strength and thermal resistance is necessary, since the wide
range of thermoplastics that are amenable to FDM encompasses materials with good mechanical
properties. FDM printed parts are most commonly used as structural protoypes, but can also be
used in some cases for end-use mechanical parts. The most commonly used material in
commercial FDM printers is ABS (acrylonitrile butadiene styrene copolymer) due to its low cost
and durability; however, a number of other traditional thermoplastics are commercially available
for FDM. For example, Table 1 provides a list of materials that are available for use on the
Fortus model printers from Stratasys Ltd. and their corresponding mechanical properties. It
represents the majority of commercially available materials for FDM, though other commonly
employed thermoplastics for FDM include biocompatible polylactide (PLA), poly(lactic-co-
glycolic acid), and polycaprolactone (PCL), which are commonly utilized for tissue scaffolds.

Table 2 shows the bulk mechanical properties of some of the same polymers in order to
provide a comparison. Comparing the bulk mechanical properties to those of FDM printed parts
reveals that printed parts generally have lower performance compared to the bulk material (bulk
properties presented in Table 2 represent average values that have been calculated from over 50
reports). This is expected, since the thermal fusion bonding process that occurs during FDM
leads to parts with relatively weak connections between layers, and generates a final structure
with internal porosity. In some cases the difference in mechanical properties is very large,
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particularly for maximum elongation at break. For example, the tensile strength of FDM printed
Nylon 12 (48 MPa) is only 60% of value for the bulk material (80 MPa). Likewise, the impact
strength of bulk polycarbonate is more than ten times greater than that of the FDM printed
polycarbonate. For the most part the polymers maintain the same rank in mechanical properties
regardless of whether they are printed or measured in bulk. Thus, while the FDM process
generally leads to weaker structures compared to bulk-processing, the intrinsic properties of the
polymer are still the limiting factor affecting the overall strength of printed structures.

Component material filament Support material filament

Heated nozzles

Current layer of material being deposited

™

Support material

Desired component

Build platform —,—f-/
<
/

Figure 1. lllustration of FDM process (http://www.slideshare.net/johnbrittas/rapid-
prototyping-technologiesapplications-part-deposition-planning-2).

It is important to recognize that structures fabricated using FDM are also heterogeneous
in regards to the printed filament geometry, which in turn leads to heterogeneous or anisotropic
mechanical properties. The choice of print direction is therefore critical for achieving optimal
performance of parts printed using FDM. The values presented in Table 1 correspond to the
maximum value when more than one print direction was tested. The data suggests that generally
all of the mechanical properties will be simultaneously optimized for a particular print direction.

Several studies have focused on improving the strength of FDM printed structures by
using alternative or modified materials. Carbon fiber reinforced ABS composites have
demonstrated improved tensile strength at low fiber loadings (~5-10%), but with a general loss in
ductility and toughness.!? Brittleness of the composites has been attributed to poor bonding
between the fiber/matrix.!% More recently, the German company INDMATEC has developed a
polyether ether ketone (PEEK) filament and FDM printing hardware that can operate at the high
temperatures required to process PEEK (m.p. = 343 °C). The high strength of PEEK along with
its chemical and abrasion resistance opens new doors for applications of FDM printed structures
in aerospace, automotive, and electronics sectors.

One major challenge with FDM is printing elastomeric structures. This is due in part to
the weak interlayer connections that arise from thermal fusion during printing, which cannot
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accommodate large strains. This is clear when comparing the elongation at break for printed
parts (Table 1) vs. bulk properties (Table 2). In addition, high performance elastomers are
generally achieved with vulcanized materials that possess heavily crosslinked covalent network
points. Printing highly elastic structures is a challenge using thermoplastic polymers. To date,
only moderate elasticity has been achieved with FDM printed parts (i.e. PCL structures), leaving
a large gap to be filled for achievable FDM material properties.

Aside from mechanical applications of printed structures there has also been a growing
interest in applying FDM printing to functional materials. For example, researchers have
managed to print conductive PCL structures by incorporating carbon black as filler (15 wt%
loading), demonstrating low surface resistance of ~0.1 ohm m for use in flexible sensors.!!
Higher loading of carbon fillers can be limited by a significant loss in ductility of the material.'?
Meanwhile, conductive polymers have not yet been applied to FDM due to their difficult
processing; however, with judicial choice of polyaniline dopant materials it is possible to prepare
conductive polyaniline (PAni-DBSA) that can be melt-blended with poly(vinylidene fluoride)
(PVDF) and/or poly(methyl methacrylate) PMMA at 200 °C.'*Although there has been some
discrepancy in the literature regarding the conductivity of PAni-DBSA (0.03 S/cm — 2 S/cm),!3-14
these materials are of interest for printing conductive 3D structures, since PAni-DBSA can be
blended with thermoplastics at loadings as high as 50% while maintaining robust mechanical
properties.

The ease of FDM makes this technique particularly attractive for explorative research on
new printable materials. For this reason, recent developments in FDM have shifted to printing
functional materials with properties that go beyond those of traditional thermoplastics (vide
infra, Section 3.7). However, FDM printed structures would greatly benefit from new approaches
that improve interlayer fusion and reduce the overall anisotropy of properties.

Table 1. Mechanical properties of FDM printed thermoplastics

Material Tensile Strength | Elongation gtlf::r?:l 1ZOD Impact
Ultimate (MPa) at Break (MPg) notched (J/m)
Acrylonitrile-Butadiene- o
Styrene (ABS) 33 6 % 58 MPa 106
Polycarbonate (PC) 57 5% 89 MPa 73
P°'ycar?g§t/f£;8 blend 34 5 % 59 MPa 235
ABS-ESD7 36 3 % 61 MPa 28
Acrylonitrile-Styrene- N
Acrylate (ASA) 34 9 % 59 MPa 64
Nylon 12 46 30 % 67 MPa 135
ULTEM™ 90852 69 6 % 112 MPa 120
ULTEM™ 10102 81 3 % 144 MPa 41
Polyphenylsulfone (PPSF) 55 3 % 110 MPa 59

Data obtained from http://www.stratasys.com/. Maximum values are reported for properties that were
measured for more than one print direction. “Ultem products are polyetherimide based.
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Table 2. Bulk mechanical properties of selected thermoplastics’s

Material Tensile Strength | Elongation gtlz(:g:;: 1ZOD Impact
Ultimate (MPa) at Break (MPa) notched (J/m)
ABS (extruded) 38 MPa 34 % 64 MPa 326 J/m
PC (extruded) 68 MPa 83 % 89 MPa 670 J/m
Nylon 12 80 MPa 54 % 114 MPa 223 J/m
ULTEM™ 10102 110 MPa 60 % 165 MPa 32 J/m

@Ultem products are polyetherimide based.
2.2. Stereolithography

The AM technique known as stereolithography (SLA) works by irradiating the surface of
a liquid photopolymer resin with UV light in order to cure 2-dimensional layers sequentially. An
underlying platform is used to support the structure during layer formation, and presents the
initial surface for the first photopolymerized layer. After each layer is cured, the platform is
lowered by a distance equal to the layer thickness, and the liquid resin is repeatedly allowed to
coat the surface of the build structure. Sequential layers are then photopolymerized on top of the
structure, with programmed 2-dimensional patterns that ultimately define the features of the
fabricated 3D component. Un-polymerized resin is washed away from the solidified product
after printing has finished.

Stereolithography printers are more expensive than FDM printers and are considered less
user-friendly. For this reason they are less common for hobbyists and for ‘desktop’ printing.
Stereolithography is also generally a slower process than FDM, and therefore it is often not a
practical technique for printing large objects. On the other hand, SLA has the advantage of being
able to print high resolution parts, with layer thickness of ~ 20 um. The surface roughness and
final appearance of SLA printed parts are generally much better than those made by FDM, and
the accuracy of parts with respect to CAD models is improved.

Laser

Scanner system

N

Laser beam

Layers of solidified resin

Liquid resin

Platform and piston

Figure 2. lllustration of stereolithography process
(https:/len.wikipedia.org/wiki/Stereolithography#/media/File:Stereolithography_apparatus
_vector.svg)
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Compared to FDM there are greater restrictions on the types of resins and final polymer
structures attainable via stereolithography since a key requirement for these resins is fast
photoinitiated cure, commonly achieved with free radical polymerization reactions. SLA resins
must also have fine-tuned viscosity in order to facility fast coating of the build surface and
produce smooth, stable liquid surfaces. These requirements have limited SLA resins to acrylates,
vinyl ether, and epoxide containing monomers. Figure 3 shows a collection of common
monomers, reactive diluents, and photoinitiators used with SLA. Common acrylate monomers
can be small molecules, oligomers, or polymers with multiple reactive groups that are capable of
fast cross-linking. '® High reactivity is critical for SLA monomers, since photopolymerization
must occur rapidly in order to print structures in a reasonable amount of time. Complete
conversion of monomers is almost never achieved during the SLA printing process, and most
parts require post-print UV cure, typically for 60-90 minutes. Other common SLA monomers
include vinyl ethers and epoxides, which are typically cured via cationic polymerization initiated
by a photoacid generator.

The mechanical properties of SLA-printed parts from some commercial resins are given
in Table 3. The SLA process involves covalent bond formation between the build structure and
the newly polymerized layer, and therefore printed parts are expected to behave more like their
bulk counterparts. This is likely facilitated by the fact that the monomer may act as a solvent and
allow for penetration of monomer into the previous layer. In addition, some unreacted monomer
groups are expected to remain on a cured surface. However, this is difficult to assess from the
literature since bulk properties of SLA resins are not commonly reported. In general, elongation
at break for SLA parts is significantly larger than for FDM parts due to the more flexible
monomers that are amenable to stereolithography. On the other hand, SLA polymers have a
relatively small variation in their mechanical properties, and do not match the strength of FDM
materials. They are mostly glassy amorphous materials with brittle fracture tendencies that
cannot be compared with, for example, ABS or Nylon.

Table 3. Mechanical properties of commercially available SLA materials

Material TSIr;_siIe Strength | Elongation gtlf::;:l 1ZOD Impact

imate (MPa) at Break (MPa) notched (J/m)
Watershed 11110 48 25 % 64 19
Waterclear 43 37 % 58 45
Nanotool (filled resin) 78 1% 121 15
DMX-SL 45 28% 68 71
Somos 9110 (epoxy) 31 21% 44 55
SL 5170 60 8 % 108 37

Data obtained from http://www.rpsupport.co.uk/materials/materials_stereolithography.html. Maximum values are
reported for properties that were measured for more than one print direction.

2.3. Direct-Write

Direct-write generally refers to the method of printing liquid resin inks that undergo rapid
polymerization upon deposition, most often by an immediate UV curing (Figure 4). The process
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is similar to FDM in that a moving nozzle is used to draw 2-dimensional layers one on top of the
other; however, unlike FDM which employs a simple thermal extrusion of a thermoplastic,
direct-write processes normally involve a chemical reaction which allows for on-demand
chemically driven solidification (cure process) during deposition. Direct-write is also used to
describe the process of printing viscous inks that undergo transformation to a self-supporting gel
during deposition with perhaps secondary cure initiated after the part has been manufactured. In
some cases post-print thermal or UV cures are used to further solidify the printed structures.

Direct-write is currently one of the most versatile additive manufacturing techniques and
undergoing rapid innovation, capable of printing structures with complex materials gradients,
since multiple resin reservoirs can be utilized during printing. Resin mixing during printing
enables fine-tuned polymer compositions and can be used for spatial control of the
thermomechanical properties of the printed structure or the design of materials with property
gradients. Furthermore, UV cured resins maintain the attractive bulk-like characteristics that
result from covalent bond formation during printing. The mechanical properties of direct-write
polymers available for Stratasys printers (acrylate based resins) are given in Table 4. The direct-
write materials generally exhibit similar properties as SLA resins, with relatively large
elongation at break and poor impact strength. A rubber-like resin available from Stratasys
provides unique elastomeric properties, with very low tensile modulus and an elongation at break
exceeding 200%.

Jetting head X Axis
Y Axis
UV Light
Model Material .
Support Material
Build Tray Z Axis

Figure 3. lllustration of the direct-write printing process (http://proto3000.com/polyjet-3d-
printing-services-process.php)

It should be emphasized that direct-write resins can generally be mixed at arbitrary ratios
to provide a large variety of properties. This feature has recently been utilized to construct 3D
materials with specific segments that exhibit shape memory behavior, with glass transition
temperatures that can be controlled via resin composition. By varying the glass transition
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temperature of different actuating components, discrete folding events can be triggered at
different temperatures. This approach has enabled new structures termed ‘4D materials’, which
can undergo controlled self-folding from a temporary shape (with programmed stress) to a
permanent shape via activation by external stimuli such as heat.!”

The photoinitiated polymerization process in direct-write is analogous to that which
occurs in SLA, and thus photocured (mostly free radical) direct-write resins are bound by the
same constraints, e.g. fast kinetics, high conversion upon reaction, long pot-life. On the other
hand, direct-write of shear-thinning viscous pre-polymer structures followed by a post-deposition
cure can overcome these requirements. For example, 3D printed silicone thermoset elastomers
have been fabricated at Sandia and LLNL!® by printing a highly viscous (~ 610,000 cP) silicon
resin which is able to maintain structural integrity until a post deposition bake. The especially
high viscosity of this resin, controlled by a thixotropic additive, enables the pre-cured structure to
maintain its deposition shape and allows for the fabrication of even porous structures with
exceptional elastic behavior after thermal curing. This method allows for greater freedom in
materials properties, since the cross-link density can be tuned independent of the deposition
behavior and the cross-linking reactions are not confined to rapid photoinitiated polymerizations.
However, to date this method has been mainly limited to reactive high viscosity silicone resins.

Direct-write has also been utilized for printing hydrogels, materials that find many
applications in the biomedical arena. Hydrogels with physical cross-links (i.e. hydrogen bonds or
ionic interactions) can be printed by thermal extrusion analogous to FDM, where a gelation
temperature is traversed during the printing process, leading to coagulation of the network.
Direct-writing of hydrogels may also be achieved by printing polyelectrolyte inks into a
hydrophobic solvent reservoir which leads to fast coagulation due to increased ionic interactions.

Table 4. Mechanical properties of commercially available direct-write materials

Material Tensile Strength | Elongation gtlz(:r?rl‘ 1ZOD Impact
Ultimate (MPa) at Break (MPg) notched (J/m)
‘Digital ABS’ 60 40 % 75 80
High Temp Material o
(RGD525) 80 15 % 130 16
Transparent Material o
(RGD720) 65 25% 110 30
Rigid Opaque Material o
(RGD840) 60 25% 70 30
Simulated Polypropylene o
(RGD430) 30 50% 40 50
Rubber-like Material o
(FLX930/FLX980) 1.5 s - -

Data obtained from http://www.stratasys.com/materials/polyjet/digital-abs.

Using this method, researchers were able to deposit 3-dimensional structures with line widths of
~ 1 pm and, and surface charge that could be controlled by varying the stoichiometry of
anion/cation in the polyelectrolyte blends.!®
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Similar to stereolithography, chemical reactions that are useful for direct-write are limited
to those with rapid kinetics and which produce little or no byproducts. Commercially successful
direct-write materials are essentially limited to acrylates systems or perhaps some evolving
cationically photo-cured epoxy resins. The attractive compositional control of direct-write would
further benefit from new reactions that allow for desirable mechanical properties, such as high-
strength materials. In addition, the materials landscape is wide open for developing self-
supporting ink systems that undergo curing in a second, post-print stage. This route opens new
doors for cross-linking chemistry and removes the typical restrictions on polymer resins that can
be considered for additive manufacturing.

2.4. Continuous Liquid Interface Production

Continuous Liquid Interface Production (CLIP) is a method that was recently developed
by researchers at the University of North Carolina at Chapel Hill in order to overcome the long
fabrication times of other additive manufacturing techniques.?’ The method utilizes a UV curable
resin similar to stereolithography, except the resin is illuminated from the bottom while the build
platform continuously rises out of the resin bed, creating parts in a continuous fashion without
defined layers (Figure 5). The essential component of this technology that enables continuous
processing is a transparent oxygen permeable fluoropolymer film, which acts as the base of the
photopolymer resin reservoir. This leads to a ‘dead zone’ at the interface between the liquid resin
and the oxygen permeable membrane where photopolymerization is inhibited due to oxygen.
This is a critical feature of the design as it prevents the resin from attaching to the underlying
window, and thus allows for continuous polymerization of parts at a much faster rate than FDM,
stereolithography, or direct-write. Carbon3D, the company that is developing CLIP printers,
claims that the CLIP process is 25-100 times faster than stereolithography or direct-write. Parts
which would take more than a few hours to print by traditional additive manufacturing
approaches can be finished in less than ten minutes using CLIP.
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Figure 4. (a) lllustration of CLIP components and printing technique. (b) Photographs of
CLIP printer and printed component. (www.carbon3D.com)

Researchers have reported that CLIP can be used to fabricate parts from elastomers, tough
polymers, and biomaterials.!® Resins for CLIP are limited to those that undergo radical addition
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polymerization and are inhibited by oxygen. Acid catalyzed cationic polymerizations of epoxide
or vinyl ether monomers are not compatible with the CLIP process, and therefore the materials
set available for CLIP printing is limited. However, other researches are pursuing continuous
printing methods that work by illuminating the top of resin beds and do not require oxygen
sensitive reactions in order to function.?!

2.5. Selective Laser Sintering

Selective laser sintering (SLS) is a technique which utilizes a powder bed of solid
thermoplastic  particles that are processed into layered structures via localized
melting/crystallization by heating using a CO, laser.?? Irradiation of the powder surface with the
infrared laser leads to rapid heating which sinters the powder due to complete or partial melting,
followed by recrystallization (Figure 6). After a 2-dimensional layer is sintered, the build
platform is lowered a distance equal to the height of one layer, and a fresh layer of powder is
spread over top of the object. Sequential layer-by-layer sintering leads to the fabrication of 3-
dimensional objects. Selective laser sintering printers are more expensive than FDM, SLA, and
direct write printers, and therefore SLS is rarely used for ‘desktop’ projects. On the other hand,
SLS can process plastics with high melting points and thus can produce tough parts that are not
easily accessible by FDM.

In order to print high-quality parts using SLS, controlled sintering must occur only where
the laser irradiates the polymer bed, e.g. diffuse melting due to heat transfer should be limited.
This is best achieved when thermoplastics with large heats of fusion and sharp transitions in
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Figure 5. lllustration of the selective laser sintering process
(http://rapidprototypingservicescanada.com)
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viscosity are employed. In addition, SLS thermoplastics should ideally possess narrow thermal
transitions in order to promote fast melting/crystallization. Therefore, SLS is more commonly
used for printing semi-crystalline structures. However, semi-crystalline polymers exhibit a large
and rapid shrinkage upon crystallization which can lead to geometrical inaccuracies and internal
stress during printing. This problem is overcome by using amorphous thermoplastics, and thus
there is a trade off in using semi-crystalline vs. amorphous materials. Amorphous polymers that
have been successfully printed using SLS include polycarbonate and polystyrene. Notably, SLS
has been used to print structures from the engineering plastics PEEK and polyether ketone
ketone (PEKK) which possess high chemical resistance, heat resistance, and the ability to
withstand high mechanical loads. These plastics are not amenable to most FDM printers due to
their very high melting points and higher processing viscosity. For any of these high temperature
sintering processes, the beginning of polymer degradation under oxidative environments or
thermally induced decomposition reactions could be a concern. But if conditions can be kept
within the range of usual processing temperatures (extrusion or injection molding) such effects
should be controllable.

3D Systems currently offers commercial SLS printers with seven different thermoplastic
resins, including a styrene based thermoplastic, a rubber-like elastomer, and a fiber reinforced
composite. Often times, SLS parts are infiltrated with a secondary resin after printing, in order to
fill in the highly porous structures that result from the sintering process.

20



3. THE CHEMISTRY OF ADDITIVE MANUFACTURING: OLD AND NEW

3.1. Monomers

Resin formulations for additive manufacturing require careful consideration of monomer
structures in order to achieve desired properties of the manufactured part. The most common
monomers found in stereolithography and direct-write resins are shown in Figure 6. Acrylate
monomers are the most commonly used for additive manufacturing (i.e. Stratasys and Formlabs
resins) due to their fast polymerization kinetics and wide range of molecular structures.
Monomers 5-7 with only one acrylate (or vinyl) group are considered reactive diluents. These
compounds have low viscosity and are often employed to modify the resin rheology.

The molecular structures of monomers are critical in determining the thermomechanical
properties of the printed parts, since the monomer structure defines the flexibility of network
segments, the solid-state structure (amorphous vs. crystalline), and the crosslink density. Desired
mechanical properties can therefore be tuned by careful choice of the monomers used in the
polymer resin. For example, the polymer T, can be increased by incorporating monomers with
reduced chain mobility or by increasing the crosslink density. A resin that incorporates a large
percentage of the branched monomer 2 would lead to a comparatively high crosslink density due
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Figure 6. Common monomers used in stereolithography and direct-write resins
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to the tri-functionality (three acrylate groups), and would thereby afford a material with high 7.
These considerations impact the formulation of resins with desirable mechanical properties. As
of yet there are no commercial 3D printers that utilize vinyl ether based resins. However, Lapin
et al. have disclosed stereolithography resins that incorporate both epoxide and vinyl ether
monomers.?

3.2. Radical Photoinitiators

Radical photoinitiators can be classified as either type I or type II depending on their
mechanism of initiation.?* Under illumination (UV irradiation), type I photoinitiators undergo
bond cleavage from the triple excited state, resulting in two unique radical species (Figure 7).
Typically, one of the radical species is more reactive and acts as the major initiator for
polymerization. Type II photoinitiators require a hydrogen donor co-catalyst, as the mechanism
relies on excited state hydrogen abstraction to form a reactive radical species on the hydrogen
donor. Examples of the many type I and type II radical photoinitiators that are commercially
available (Sigma-Aldrich, BASF, ESSTECH Inc.) are shown in Figure 7.

The choice of radical photoinitiator depends on the particular application. In general, type
I initiators are more reactive than type II initiators since the kinetics of radical formation are first
order with respect to the initiator and depend only on the concentration of a single species.
Benzoin initiators are particularly reactive since they are hardly affected by triplet quenchers
such as styrene, and are therefore useful for initiating less reactive monomers. However, the high
reactivity of benzoin initiators limits the pot life of resin formulations and benzoin initiators are
not ideal for processes that require long-term stability. Benzyl ketals have greater stability than
benzoin initiators and, like type II acetophenone initiators, benzyl ketals develop little coloration
over time and are important for colorless resin formulations. Aminoalkyl phenone and
acylphosphine oxide initiators possess longer wavelength absorption and are ideal for resins with
limited UV transparency, such as those that incorporate TiO, as filler. All of the resins available
for Stratasys direct-write printers are based on acrylic monomers and acylphosphine oxide
initiators.

An important consideration for type Il initiators is the choice of hydrogen donor co-
catalyst, since hydrogen abstraction must out-compete side reactions during the initiation step.
Tertiary amines are the most common hydrogen donors due to their greater reactivity as
compared to alcohols and ethers. The volatility and odor of small molecule amines can be
problematic in some cases, and this can be circumvented by using polymer hydrogen donors
such as polyethylene imine. In addition, some thioxanthone type II initiators have been
synthesized which incorporate hydrogen donor functionality, such as thiol group, directly into
the thioxanthone structure, alleviating the need for a co-catalyst.?’

In addition to the typical radical photoinitiators for acrylate polymerizations,
photoinitiators with two-photon absorption (2PA) have also been pursued for high-resolution
stereolithography. Two-photon absorption materials can be excited by absorption of two low
energy photons, typically in the near infrared, and exhibit a quadratic dependence of absorption
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on laser intensity which enables a focused point of initiation and allows for printed parts with
line widths between 500nm-1um.'*26 Several 2PA initiators are commercially available from
CIBA Specialty Chemicals, albeit with low efficiency.?’

3.3. Photoacid Generators (Cationic Initiators)

Stereolithography is essentially an extension of the photolithography processes that have
been used for decades in the semiconductor industry. The well-developed photoacid generators
(PAGs) used in photolithography are therefore useful as photoinitiators for cationic
polymerizations used in additive manufacturing. The most common commercially available
PAGs are shown in Figure 8, along with their photodecomposition products. They can be
categorized as either ionic PAGs or non-ionic PAGs. The most common ionic PAGs are the
diaryl iodoniums and triaryl sulfoniums, though aryl diazoniums and triaryl phosphoniums are
also used. Ionic PAGs possess good thermal stability and tunable absorption that depends on aryl
substitution. One potential drawback of the ionic PAGs is their limited solubility in organic
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Figure 8. Commercially available PAGs and their photodecomposition products

solvents. However, this can be solved by structural modifications to the aryl substituents. 3D
Systems uses mixed triaryl sulfonium PAGs in order to photopolymerize the epoxy resins used
with their stereolithography printers. The 3D Systems epoxy resins are generally mixtures of
monomers 9-14 (Figure 6).

The most common non-ionic PAGs are sulfonate compounds that possess a weak N-O
bond, which cleaves to eventually produce the sulfonic acid. In general, non-ionic PAGS have
better solubility in organic solvents compared to ionic PAGs, but with lower thermal stability. It
is important to note that both the ionic and non-ionic PAGs generate acid via radical
intermediates that undergo hydrogen abstraction reactions with either solvent or monomer. This
leads to unwanted byproducts via radical coupling or free radical polymerization.

A few examples of two-photon photoacid generators can also be found in the literature.
By incorporating sulfonium groups into electron rich compounds with extended m-conjugation,
two-photon acid generation has been possible with near IR wavelengths ~ 800 nm.?®

3.4. Photobase Generators

Photobase generators (PBGs) are attractive initiators for epoxide polymerization as they
do not corrode metal substrates, a problem that plagues most PAGs. On the other hand, the
chemistry of PBGs is less developed compared to PAGs and only a few PBGs have been
successfully used as catalysts for epoxy polymerization (Figure 9). Most PBGs liberate amine
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Figure 9. Amine photobase generators

bases, which act to initiate epoxide polymerization either through nucleophilic attack, or via
deprotonation of a separate species to activate a nucleophile. In general, the nucleophilicity of
PBG amines is too low for them to be used as initiators at room temperature. Meanwhile, many
PBGs will decompose into reactive amine groups at high temperatures even in the absence of
light. Thus, PBGs are generally most effective in a small temperature window, where there is
enough heat to provide fast polymerization kinetics, but not enough heat to decompose the PBG
in the absence of light.

Ammonium salt PBGs based on the strong base triazabicyclo[4.4.0]dec-5-ene (TBD)
have been developed by Arimitsu et al., where photoexcitation leads to charge transfer from the
carboxylate anion to the ammonium cation, followed by loss of CO, and the formation of the
neutral TBD base.?’ The 2-(9-Oxoxanthen-2-yl)propionic acid 1,5,7-triazabicyclo[4.4.0]dec-5-
ene salt shown in Figure 9 is commercially available through TCI Chemicals (1g = $287).

Irradiation of carbamates leads to the formation of primary and secondary amines via
homolytic cleavage of the nitrogen-acyl bond, followed by loss of CO, and hydrogen abstraction
or radical coupling.?® Acyloximes have also been used as PBGs, which afford primary amines
via hydrolysis of imine intermediates that are formed from photo-induced homolytic cleavage of
the nitrogen-oxygen bond followed by loss of CO, and radical coupling. Carbamoyloximes
afford primary amines and hydrazines via a similar mechanism.
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Unlike the majority of PBGs which liberate CO, along with the desired amine bases,
amidine PBGs form strong bases via homolytic cleavage of the carbon-nitrogen bond followed

by hydrogen abstraction (Figure 9).3' These PBGs do not generate gaseous byproducts. While
the evolution of CO, is not a problem for solution phase polymer synthesis, degassing of a neat
polymer resin would likely reduce the resolution and structural integrity of additive
manufactured structures. Amidine PBGs may therefore be more practical for
photopolymerization of epoxy resins in AM. It should be noted that the amidine PBG precursors
contain basic secondary/tertiary amines (prior to photodecomposition), and have some reactivity
in their parent form which might limit the pot-life of resins incorporating amidine PBGs.
However, the reactivity is greatly increased upon photodecomposition, with a jump in pK, of 4.5
units.3!

The use of photobase generators for epoxy curing has been limited due to the slow
kinetics of PBG initiated epoxide polymerization. Literature examples of epoxy curing using
PBGs have all relied on post-exposure baking in order to achieve more substantial conversion.3?
To improve the rate of PBG initiated curing several researchers have utilized epoxide-thiol
resins, where liberation of basic amines catalyzes polymerization via an initial thiol
deprotonation to form reactive thiolates. Two examples are shown in Figure 10 where
epoxide/thiol resins were successfully cured without the need for post-exposure baking. While
monomer conversion was not analyzed for the ammonium salt PBG initiated system (Figure 10,
left), pencil hardness tests showed significant curing (level 3H) after 365 nm light irradiation
with exposure dose of 1000 mJ/cm?. Notably, this epoxy system showed very high transparency
and significantly reduced curing shrinkage compared to traditional radical UV cured resins.
Similarly, the epoxide/thiol resin cured using 1,5-diaza-bicyclo[4.3.0]Jnon-5-ene (DBN) amidine
PBG (Figure 10, right) showed fast cure kinetics, with 50% monomer conversion after only ~30
seconds irradiation at 50 mW/cm?.33 These results highlight the potential for developing
PBG/epoxide/thiol AM resins.
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Figure 10. Epoxy/thiol cure using ammonium salt PBG (left, Ref 32) and amidine PBG
(right, Ref 36)

3.5. Thermally Latent Base Catalysts

Recently, thermally latent imidazole catalysts have been developed as anionic epoxide
initiators. The high reactivity of imidazole base towards epoxide ring opening has attracted
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attention for some time, but the high reactivity has also led to problems with resin stability. This
problem was addressed by developing a protected imidazole base that undergoes retro Michael
addition at elevated temperatures to afford the free imidazole.?* The decomposition temperature
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Figure 11. Thermal decomposition of retro Michael addition latent base initiator for
epoxide ring opening

of the latent initiators was in the range of 200-250 °C. Interestingly, the decomposition
temperature was lowered when the initiator was incorporated into epoxy resins. One of the latent
initiators showed an onset decomposition temperature near 120 °C. Epoxy resins using the retro
Michael addition latent initiators retained their liquid state after being heated at 80 °C for one
hour, and could be cured upon heating to 120-150 °C. The cure kinetics for these epoxy resins
were not reported however, and a relatively long cure time of 60 minutes was used which raises
questions about how useful this system would be for a rapid cure resin for AM.

3.6. Photoclick Reactions

For photo-cure based print processes such as SLA there exists a demand for new resins
with fast polymerization kinetics and tunable thermomechanical properties. In order to expand
the scope of materials properties attainable via stereolithography and other photoinitiated print
methods, reactions other than the common acrylate/vinyl/epoxide polymerizations are needed.
In principal, any photo-activated reaction could be a candidate for SLA, though in practice it is
difficult to find reactions with sufficiently fast kinetics for 3D printing that proceed cleanly with
high conversion. Reactions that fall under the category of ‘click chemistry’ are especially
intriguing, since these reactions are defined by fast kinetics, high conversion, minimal
byproducts, and in some cases biocompatibility.?> Epoxide ring-opening is often grouped into the
category of click chemistry, along with a handful of other reactions that are less common in the
field of polymer synthesis. The copper catalyzed alkyne-azide 1,3-dipolarcycloaddition reaction
has become the mostly widely used click reaction due to its functional group tolerance, mild
reaction conditions, and often quantitative yields. The alkyne-azide click reaction is catalyzed by
Cu(l) and is usually carried out using a source of Cu(Il), such as Cu(Il) sulfate, along with a
reducing agent in order to form the less stable Cu(I) species in situ. It has also been shown that
the reaction can be photoinitiated either via photoinduced electron transfer from an electron rich
ligand*®, or by direct photoreduction Cu(IT) — Cu(I) using certain Cu(II) complexes.’” Adzima et
al. used an acylphosphine oxide radical photoinitiator along with Cu(Il) sulfate in order to
promote the photoinitiated click chemistry curing of alkyne and azide functionalized
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polyethylene glycol monomers.®® On the other hand, the direct reduction of a Cu(Il)
thioxanthone carboxylate salt (Figure 12) is especially intriguing for photocure process in AM,
since the reaction requires only two monomers and a single catalyst and proceeds with little to no
byproducts.
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Figure 12. Photo click reactions with potential for additive manufacturing processes

The thiol-ene addition reaction is another ‘click chemistry’ tool that can be triggered by
light.3® The first report of a thiol-ene resin for 3D printing appeared recently,** demonstrating
SLA printing of the novel resin without the need for initiators using direct activation of the
reaction with 266 nm light or by direct two-photon absorption activation at 532 nm. Initial results
show very rough surfaces of printed structures due to fibrous nature of individual voxels, which
may be due to light scattering during the polymerization/nucleation. Other potential drawbacks
of thiol-ene chemistry for 3D printing include the unpleasant odor of thiol monomers and the
short pot-life of thiols due to disulfide formation.

The inverse-demand diels alder reaction between electron rich tetrazines and electron
poor olefins is another click reaction that is accelerated by light.*! The fast kinetics of the
tetrazole-ene cycloaddition makes this reaction attractive for 3D printing. On the other hand,
stoichiometric quantities of N, gas are liberated during the reaction which would cause severe
de-gassing during curing. While this would normally cause a problem with print accuracy, it may
offer a unique route for direct-write approaches of foamed polymers.

3.7. Unusual Polymer Materials in Additive Manufacturing

In the past year there have been several exciting publications reporting unconventional
polymer materials used in additive manufacturing. Functional materials have come into the
spotlight for AM, including polymers that can carry out electrical functions. Cooperstein et al.
recently reported conductive structures printed using stereolithography, where an oil-in-water
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emulsion was first photocured followed by an extraction of the aqueous phase to form a highly
porous network of polymer nanoparticles with minimal connectivity.*?> The porous structure was
then immersed in a dispersion of silver nanoparticles which infiltrated the pores and formed a
continuous conductive network (Figure 13). This approach afforded highly conductive printed
structures with resistivity of ~ 1 ohm.cm. Furthermore, the photopolymerization of an oil in
water emulsion represents a unique way to obtain highly porous printed structures, with BET
surface area as high as 10 m?/g. The surface area of the porous structures could be tuned by
controlling the droplet size in the emulsion using different homogenization techniques.

Figure 13. SEM cross section image of printed 70% oil phase emulsion after infiltration
with silver nanoparticles, showing the objects inner bulk (a) and surface (b). (Ref 41)

3D printed piezoelectric devices have also been fabricated via an electric poling-assisted
AM deposition of poly(vinylidene fluoride) (PVDF). The method was recently developed by Lee
et al.®3 In this process, a voltage is applied between the extrusion nozzle of an FDM printer head
and the build platform, which acts to orient the dipoles of the PVDF polymer (Figure 14). This
method offers a significant improvement in 3D fabrication of piezoelectric devices compared to
previous approaches, and alleviates the need for toxic lead components. However, the output
current of the printed devices was relatively low (~ 1 nA).

Another example of an exotic polymer in AM was reported by Peterson et al., who
incorporated a mechanochromic unit into the backbone of PCL in order to fabricate 3D printed
structures with mechanical sensing capability.** The well-known spiropyran mechanophore was
utilized, a molecule which undergoes a ring-opening reaction when a mechanical stress is applied
that leads to a drastic change in color from pale yellow to deep purple (figure 15). The printed
material showed similar mechanical properties as compared to commercial PCL, and could be
used for visualization of mechanical stress.
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form to the purple colored merocyanine form (top) and images of spiropyran-PCL dog-
bones before and after stretching. (Ref 43)
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4. MATERIAL PERFORMANCE AND AGING CONSIDERATIONS FOR
ADDITIVELY MANUFACTURED POLYMERS

Understanding the aging behavior of organic materials is critical for predicting
component lifetime and assessing a component’s state-of-health. Irrespective of a particular
application, the material processing history, cure state and cure profile, as well as its chemical
make-up will affect long-term relaxation and physical properties changes, as well as any
chemically driven degradation processes. In particular, chemical degradation is often governed
by catalyst residues, trace impurities or otherwise reactive constituents, plus perhaps
contributions from any fillers and similar additives. For example, the incorporation of photo-
acid generators changing pH conditions, or any left-over photo free radical generators or similar
rapid action catalysis will likely change the chemical nature of a material. Similarly, any rapid
thermal cure of a two-part reactive resin system will change the underlying polymerization
kinetics, resulting cure shrinkage and local conversion state. For all of these reasons, the
microscopic chemical and physical attributes of additively manufactured parts are therefore
expected to be different from those of bulk materials obtained through traditional processing
techniques, i.e. injection molding or mix, cast and cure thermosets. Further, it is also important
to recognize that the unique microscopic environment within additive manufactured parts will
not only affect initial make-up (i.e. subtle gradients or anisotropy in a material), but also its aging
behavior. Understanding the aging behavior of additive manufactured parts will be vital for
determining which 3D printing techniques are acceptable for a particular application. Most
importantly, we recognize that additive manufacturing or 3D printing beyond simple micro
extrusion of specific thermoplastics where perfect strand adhesion is the major issue of concern,
involves optimized and likely rapid cure polymer chemistry not commonly used in more
traditional material processing and cure strategies. Below we present a preliminary and
somewhat speculative discussion of aging considerations for the AM techniques described
above.

The chemical properties of FDM (fused deposition modeling) printed parts are identical
to the bulk properties since no additional chemical reactions take place during the fabrication
process. On the other hand, the microstructure of FDM printed parts can deviate significantly
from that of the bulk material. Specifically, FDM parts typically possess a significantly greater
surface area due to the limited connectivity of individual filaments. Internal voids due to
incomplete filament fusion results in a maximum material penetration depth (distance from the
surface of the material to the core) that is close to the radius of an individual cylindrical filament,
where typical filaments have radii on the order of 50 um, and therefore local variations in
spatially dependent diffusion pathways. This will lead to significant differences in the oxidative
degradation behavior of FDM materials as compared to their bulk material counterparts, since
surface and bulk degradation rates often differ due to oxygen permeation rates which depend on
the depth of penetration. It is likely that FDM printed parts will exhibit faster and more complete
oxidative degradation compared to bulk. Further, built-in porosity diffusion processes can no
longer be described by simple Fickian diffusion, but will involve Fickian and Langmuir sorption
and diffusion phenomena perhaps all the way to additional pooling of volatile penetrants.
Particularly, water sorption and hydrolytic aging may be significantly affected by porosity. Non
Fickian and simple Henry’s law sorption will also affect the swelling behavior and hence
retention of primary physical properties observed for a perfectly homogenous material.
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The short cure time that is needed for stereolithography raises concerns about the extent
of polymerization and its cure state history (reaction kinetics and initiation versus propagation
aspects during molecular weight growth) during layer-by-layer photocuring. In fact, incomplete
curing of each layer is often targeted in order to enhance interlayer covalent bonding, which is
achieved via a secondary post-print cure process. This may not only lead to initially incomplete
curing and complicated cure schedules, leaving reactive groups within the polymer structure
which are especially susceptible to ongoing secondary delayed cure reactions, but also enhanced
stress built-up over time and adhesive property changes as part of convoluted ‘residual
chemistry’ plus physical relaxation phenomena. Understanding how the rapid cure reaction
kinetics and resulting polymer network characteristics are related to the printing cure parameters
and the post-print cure schedule will be crucial for manufacturing robust and optimized
materials.

Reactive direct-write processes are similar to stereolithography in that the effects of
reaction kinetics and incomplete curing on long-term material responses must be considered. In
addition, the complex materials gradients as part of the processing history that are often relevant
to direct-write processes may lead to a more complicated analysis of their aging behavior. For
example, Stratasys printers are able to deposit composite resins with pre-determined mechanical
properties by adjusting the ratios of monomers in multi-component blends (Stratasys Digital
Materials). The network characteristics and extent of curing in these ‘digital materials’ will
depend on the reactivity ratios of the two monomers and their molecular interactions in the resin.
The aging behavior of such gradient materials is not likely to mimic that of the individual
constituents, but rather depend on the unique structure that arises from the blend and its
deposition timing. Any anisotropic property as part of the time dependent strand or layer by layer
deposition, should a slowly reactive two-part system be used (for example thermally cured
silicone), could result in a non-homogenous response with variations in local stress and volume
changes subject to water or organic vapor sorption.

In conclusion, we expect the reliability and aging characteristics of 3D printed and
additively manufactured materials to be significantly different in comparison with homogeneous
and traditionally processed materials. However, there may also be situations where the small
scale control over properties in a 3D process may be of long-term benefit and create better
performing materials. Advanced 3D and additive manufacturing should ultimately transition to
an avenue for printing ‘polymer properties on demand’ with reliability aspects comprehensively
addressed as part of material selection, processing history, reaction kinetics, deposition strategies
and its final 3D structure. It is clear that this is a broader challenge for advanced materials
science, where material chemists, physicists and process engineers will need to join forces to
effectively make innovation become reality. As this report has shown, from just the materials
chemistry point of view, 3D printing will employ more extreme material solutions, cutting edge
cure strategies and optimized reactions kinetics that so far are not easily found in existing
materials.
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5. CONCLUSIONS

Significant advancements in additive manufacturing of polymer materials have been
made over the past two decades with printable polymers finding new applications in medicine,
electronics, and high performance structural materials. At the same time, a great deal of
chemistry remains unexplored for additive manufacturing and the overall material properties that
are commercially available are limited. Thermoset polymer chemistry available for additive
manufacturing is largely confined to traditional free radical acrylate and cationic epoxide
polymerizations, where fast reaction kinetics and tunable viscosities provide a handle for
optimizing resin formulations and their deposition features. Still, printing epoxy networks via
direct-write has proved challenging due to inadequate slow reaction kinetics. These limitations
have motivated interest in developing ‘unconventional’ chemical reactions for AM processes in
order to open new opportunities in printable materials. Any reactions that are scalable and are
characterized by fast kinetics with few byproducts are potential candidates for AM processing.
These requirements suggest that the chemical reactions falling under the category of ‘click
chemistry’ are interesting systems to pursue for AM. For example, ‘photo-click’ approaches to
efficient reactions such as thiol-ene and alkyne-azide chemistry are intriguing. However, the end-
properties of printed polymers must be considered when developing new AM chemistry
strategies. Desirable properties that are currently lacking in printable polymer materials include
high strength polymers, high elasticity polymers, robust network structures with oxidative
stability/long material lifetime, and the capability to incorporate high loading of fillers. In
addition, control of the interlayer microstructure is an area that has received little attention, but is
vital for ensuring robust structures via layer-by-layer fabrication. For photo-cured systems,
interfacial structure may be controlled by formulating hybrid resin systems with two or more
components of differing reactivity, such that an initial rapid cure sets the layer and affords initial
adhesion, and a secondary cure promotes full structural integrity. Alternatively, supramolecular
chemistry may be useful for controlling interfacial interactions. For example, supramolecular
resins based on strong complementary hydrogen bonding interactions could promote efficient
interlayer interactions.

Lastly, additive manufacturing presents unique materials aging challenges since the
microstructure of AM materials differs significantly from their bulk counterparts. Understanding
the connection between cure chemistry, AM processing, network structure, and aging
mechanisms will enable improved AM materials. It is clear that the field of polymer additive
manufacturing is still in the early stages of materials development, and many opportunities exist
for expanding the scope of AM polymers. Future developments should be addressed by joint
efforts between material chemists, physicists and process engineers to effectively make
innovation become reality. As this report has shown, from just the materials chemistry point of
view, the trends in 3D printing will employ more niche approaches, and bring new cutting edge
cure strategies that so far are not found in existing materials.
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