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Additive Manufacturing of Thermosets

3D printing technology that builds object by adding layer-upon-layer of a

material

SI.A, FDM, SLS, DIW

-Many examples of thermoplastics and UV curable resins

-Limited examples of 3D printed composites and high Tg, high performance
thermosets, especially two-part

-Slow kinetics, restrictive rheology profiles
-Direct-Ink Writing (DIW), high-speed, extrudes continuous ink filaments

-Need sheer-thinning behavior + moderate yield stress
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3D Printed Epoxies by DIW

Printable via fiber fillers- Epon826,
nanoclay, imidazole-based ionic liquid
as latent curing agent

Figure 1. {a) Optical image of 3D printing of a tdangular honeycomb
compesite. (b) Schematic illustration of the progressive alignment of high
aspect ratio fillers within the nozzle during composite ink deposition.
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Figure 2. Log-log plots of (a) apparent viscosity as a function of shear rate and (b) shear storage
and loss moduli as a function of shear stress for epouxy-based inks of varying composition.
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Existing AM of Thermosets: Commonalities/Disparities

Typically homopolymerized epoxy (or other moiety)
Latent curing agents

Fiber fillers/fillers (carbon fibers, silicon carbide whiskers, nanoclay, silica
nanoparticles, nanocellulose)

Mechanical properties depend on loading, fiber length, orientation (alignment),
distribution, fiber-matrix interfacial adhesion, fiber-polymer interactions

Lack of two-part amine-epoxy resins (desired physical properties, slow kinetics,
limited rheological profiles)

Hypothesis: Incorporation of strong, yet reversible non-covalent physical
crosslinks will yield epoxy-amine pre-polymer resins with DIW amendable
properties




Characteristics of Supramoleculars

Self-assembly involves the aggregation of molecules and macromolecules to
thermodynamically stable structures which are held together by weak and
noncovalent interactions

Reversible and Self-repairing

-Reversible aggregates that can break and recombine typically on experimental time
scales

Stimuli-Responsive

-Noncovalent interactions are sensitive to stimuli such as solvent, temperature, and
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6 I Exploiting Self-Assembling/Supramolecular Moities in AM

o:<R' o HN/j
N-H""0 H‘N—Hv g R‘\""J\’T‘)\\ﬂ‘ i
e T T S T e
. e - pEal OTN\ NN @N_Pd S
plobl =0 N-H---0 | ~_NH O = |
0:<n' W X PhS
DAP/THY DAT/CA UPy dimer SCS-Pd" pincer -Vary strength
Ka =103 M- Ka=102 M- Ka =107 M- Ka~109M-! . . .
-Stimuli-responsive
o . -Vary architectures
)—Caty |
/ ; W R')]\N SNTONT NJ\R
= < : ' ! =
9 TR g H H )‘1 S9Nt
H. nX . B oH R ONTSNNTONTR
L e 0O_N_N_O ; ;
-4 " T HoH
N’H B ;0 Bu N H N _—~ /N o O._N N\fo
° 7 N\ N‘H NB/ & x IN HN .
—/ )y o
o 00
2
Hamilton Wedge HW/CA DAN/UG DAN/UPy
Ka = 105M-1 Ka= 107 M- Ka = 106 M-1

-Change rheology
-Shear effects
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Self-Assembly Assisted AM

Ureidopyrimidinone Dimer
“UPy Dimer”
K.= 10" M-

Mix with varying UPy Content

of an Epoxy-Amine Thermoset

-Rheology modifier

-Toughening agent

-Reversible binding (80 °C, competitive solvent)
-Shear

thinning/ thickening

-Affects yield stress

Complex Network Structure of “Unreacted” Resin

UPy-Supramolecular Monomer
Stimuli-responsive

Commerical Amine
and Epoxy
v

Monomers
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Serves as 3D printing “ink” ‘
Rheology profile amendable to Direct-Ink Write

Slow Reaction Kinetics=> Longer pot life

Print unreacted resin at r.t.

Post-cure to full conversion




s I Synthesis of UPy-Functionalized Jeffamine® D230- UPyD230

5 j\ T\Ji
neat
/\/\/\/NCO + )\\ — N
OCN HN" NS0 o0+, 12h OCNA(\/);\H N“ N0

Large excess

HN T o) 0 HNJi
DMAc

80°C,12h 28 H

1eq 0.5 eq

In preparation for journal submission



A 8 EL

LL

oL

0

widd

“IDAD VIIIAN H;

(W) siequinuaien

ooog

00SE ooor

0oog

0ose

ooot 0ost

005

Absorbance
= = = = .D = = =
= = ry ) i) L ) .
(8] [ =] [&5] (=] o = (8] [ =]
1 ; ) ; et \ ! ;

331848

2930.78
2858.02

/186784 169912

1618.52
1568.94

144718
1372.85

1334.18
1258.39

1187.57
1104.30

1022.87

ikl 940.64
winn  DT08T

785.28
732 83 T67.99

699.24

566.10 a02.01

51744

amn o an 45125

-5¥0

=
T
=

0£7AaAdN jo uolleziualdedeyd) ‘ 6




10 I Full Cure and Temperature Effects by Near- and Mid-IR
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11 I Printing of Pre-Polymers at r.t. with Direct-Ink Write 3D printing

AT T, ot

Epon828 D230 10-20 wt%
nanoclay
MonoUPY-D230

-Ink 1s shear-thinning due to nanoclay

-Increased yield stress due to hydrogen bonding monomer (holds shape)

-Complex shear rheology

In preparation for journal submission




Rheological Response to Oscillation Frequency is Predominately
12 1 Viscous
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131 Rheological Behavior is Amendable to DIW
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_ 1000 -Increased initial viscosity due to H-bonded network
) . .
p -Ink is shear-thinning
o .
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14 I Viscoelastic Fluid Properties
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15 1 Tg and Evidence of Phase Separation in Cured Resins

Epoxy D230 UPyD23 Ratio Mol % T
Resin (E/NH) UPyDZ3 ’)<‘
% ofo O O o/ﬁo HZN{J\/O%\NHZ
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Epon828 [MNIR; 0.5 1:1 25 =60.0 68.4 47.6

Resins were cured at 60 °C for 15 h, followed by a post-cure at 120 °C for 2 h. Note: (1) T," is the glass
transition temperature based on DSC and (2) T, is the tan delta max and T’ is the mid-point of E!
analyzed by DMA (3) This sample does not contain nanoclay.
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16 I Self-healing Behavior: Optical Microscope images at |5x

NO UPyD23O 80 °C 15 min NO UPyD23O 80 °C 45 min
Observed at r.t. Observed at r.t.

25% UPyD230 t.t. 25% UPyD23O 80 °C, 15 min 25% UPyD23O 80 °C, 45 min
Observed at r.t. Observed at r.t.
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4

EHT = 500 kv

WD =111 mm

Signal A = SE2

Width = 11.43 pm

g

*Cured at 60 °C for 15 h and 120 °C for 2 h

LS

EHT = 5.00 kv WD =109 mm Signal A = SE2 Width = 11.43 pm

i(c

EHT = 500 kv WD =116 mm Signal A = SE2 Width = 11.43 ym

EHT = 500 kv

WD =11.0mm

Signal A= SE2

Width = 11.43 pm

EHT = 5.00 kv WD =11.2mm Signal A = SE2 Width = 11.43 pm

EHT = 5.00 kv WD =11.0mm Signal A = SE2 Width = 11.43 pm

EHT = 500 kv

WD =10.9 mm

Signal A= SE2

Width = 11.43 ym
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5% UPy + Nanoclay

10% UPy + Nanoclay

15 % UPy + Nanoclay

20 % UPy + Nanoclay

25 % UPy + Nanoclay

" ~Interesting

phase-
- separation to
exploit

EHT=500kV  WD= 84mm Signal A = SE2 Width = 79,80 um
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18 I Improvement of Interlayer Adhesion?

-Mechanical test along and against printing axis
-Compare to molded samples
-Mechanical properties may be very similar
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