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Additive Manufacturing of Shape Memory Thermoset
Composites with Directional Thermal Conductivity

Yinglun Hong,* Itxaso Azcune, Alaitz Rekondo, Tianhui Jiang, Shitong Zhou,

Tristan Lowe, and Eduardo Saiz

Shape memory epoxy vitrimers and their composites are candidate materials
for multiple engineering applications due to the commercial availability of
their precursors combined with their functionality, mechanical properties, and
recyclability. However, the manufacturing of vitrimer composites through con-
ventional mould-casting limits the flexibility in the desigh of complex parts. In
this work feedstock inks are formulated based on reduced graphene oxide and
hexagonal boron nitride (hBN) to 3D-print epoxy vitrimer-based composites by
direct ink writing (DIW). The introduction of hBN platelets (up to 22 vol.%) and
their alignment during printing enhances the fracture resistance of the material
and induces directional thermal transport. The in-plane thermal conductivities
(3 W m~" K=") are nearly one order of magnitude higher than the matrix mate-
rial. The high conductivity results in faster actuation times and can be combined
with the printing process to build structures designed to manage heat flow.

1. Introduction

Materials able to combine structural and functional capabilities
with the ability to modify their shape in response to external stim-
uli could enable new technologies in a wide range of fields, from
health care to energy or transportation.!!l Shape shifting could re-
duce drag and fuel consumption in vehicles(?! or can be used to
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accomplish tasks in hard to reach places
for applications such as actuators,?
medical devices,¥! and self-deployable
structures for spacecrafts.’] The inter-
est has generated a significant amount
of research on the development of re-
sponsive shape memory compounds,
from alloys to polymers, able to recover
their original shape after deformation.

An important step forward in the de-
sign of adaptive materials has been the de-
velopment of thermally responsive shape
memory polymers (SMP). Their work-
ing principle relies on the ability of the
polymers to recover their original perma-
nent state after having passed through a
temporary, but stable, fixed state follow-
ing exposure to temperatures above their
glass transition, T,. SMPs have significant
advantages compared to shape-memory alloys in terms of weight
and processing simplicity. There are also concerns regarding the
high programming temperature (hundreds of degrees Celsius)
for alloys.!! In addition, the functionalities that could be obtained
through the combination of SMPs with other materials in com-
posites could open new technological opportunities. For exam-
ple, there is an increasing interest in structures for thermal man-
agement in areas such as electronics.l’l Here, the combination
of composites and shape actuation could create new possibilities
to direct heat flow.l®) However, there still exist significant limita-
tions for the technological application of SMPs.[?] At the moment,
many shape memory polymers exhibit relatively slow recovery
and reaction times.[') Furthermore, their mechanical proper-
ties, in particular their fracture resistance, are far from those
needed in load-bearing applications.['" In this respect, thermoset
SMPs and their composites are generally preferable to thermo-
plastics due to their chemical and temperature resistance and
better mechanical performance. However, the fabrication of com-
plex thermoset structures using conventional mold-casting is a
challenge. In addition, the recovery or repair of thermoset poly-
mers is a problem that needs to be addressed in order to enable
more sustainable practices. These challenges demand new poly-
mer compositions and shaping technologies. Additive manufac-
turing could enable the fabrication of on-demand complex parts.
As an added advantage, the additive manufacturing of SMP com-
posites opens the possibility of manipulating structure from the
micro to macro levels to fabricate structural metamaterials com-
bining shape memory capabilities with unique mechanical and
functional response. However, unlike thermoplastics that can
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Figure 1. Rheology measurements of neat EP and EP-based inks: a) Flow ramps showing the dependence of the fluid viscosity with shear rate ramp.
Power law fittings are shown in red lines (R? > 0.98). Storage and loss modulus of b) uncured neat EP and c) hBN/EP pastes.

be 3D-printed easily using the well-developed fused deposition
modelling (FDM) technique,'>"** cured thermosets are difficult
to adapt to existing technologies.

In this work we use reduced graphene oxide (rGO) as an
additive to manipulate the rheology of an epoxy resin vitrimer
(EP) prior to curing. The vitrimer comprises two monomers:
bisphenol A diglycidyl ether (DGEBA) and Poly(propylene
glycol) diglycidic ether (DGEPPG); and one hardener: 4-
Aminophenyldisulfide (4-AFD), to form a disulphide containing
epoxy network that combines a shape memory response with
the capability for reprocessing.[**] Since thermoset polymers are
not intrinsically 3-D printable using continuous extrusion, addi-
tives (e.g., nanoclay,'! fumed silica,[?! carbon nanotubes!'3]) are
often introduced to modify their rheology, or extrusion is com-
bined with simultaneous curing during printing.['”®] The chal-
lenge is to find additives that do not have a detrimental effect on
the final properties of the material and that could even add addi-
tional functionalities. We use very small amounts of rGO to en-
able the formulation of shear-thinning pastes with the yield stress
required for the direct ink writing at room temperature of com-
plex parts that can be subsequently cured. In addition, hexagonal
boron nitride (hBN) platelets are added to the paste to enhance
the thermal conductivity (and consequently the shape recovery
speed) and fracture resistance of the materials. The orientation of
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the platelets during the extrusion-based printing process can be
used to achieve directional thermal conductivity and build ther-
mal metamaterial structures. Here, we analyze the role of rGO on
the rheology of printing pastes, and the evolution of the structure
and properties of the final materials as a function of their com-
position and the printing conditions. The objective is to provide a
path toward the printing of thermoset, shape memory parts that
could address some of the existing challenges in the field.

2. Results and Discussion

2.1. Printability

In order to fabricate hBN/EP vitrimer composites through di-
rect ink writing (DIW) it is necessary to use extrudable print-
ing inks with a shear thinning behavior. The equilibrium stor-
age moduli (G’,y) in the linear region and the flow points have to
be high enough to enable shape retention in the printed part.[**]
The uncured EP is a Newtonian fluid whose viscosity is as low as
0.3 Pa's and independent of shear rate (Figure 1). The composi-
tion of the EP-based ink was adjusted and aimed to maximize
the hBN content and to ensure a good printing performance.
Based on our experimental observations (Figure S4, Supporting
Information), the maximum amount of hBN that can be fully
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incorporated into the EP to form a homogeneous slurry was
~27 vol.%. The addition of rGO decreases this content to ~22
vol.%. In this report, we studied four ink formulations based
on EP, including slurries consisting of 27 vol.% of smaller-sized
hBN platelets (d(50) = 6 um, S-BN), (S-BN/EP), or 27 vol.% of
larger-sized hBN platelets (d(50) = 25 um, L-BN), (L-BN/EP),
and slurries containing 22 vol.% S-BN and 1.8 wit% rGO (S-
BN/rGO/EP) or 22 vol.% L-BN and 2.4 wt% rGO (L-BN/rGO/EP).
The hBN content was reduced in pastes with rGO to ensure ho-
mogeneity after mixing. Pastes with other hBN/rGO ratios (more
hBN and less rGO) have been attempted, but they are either too
grainy and inhomogeneous (Figure S4, Supporting Information),
or do not possess sufficient shape retention capability when print-
ing (Figures S8 and S9, Supporting Information). The addition of
solids to the vitrimer led to a shear-thinning behavior with viscos-
ity decreasing with increasing shear rate. The pastes have higher
viscosities, particularly those containing rGO. At a shear rate of
1 571, the viscosities of these inks are five orders of magnitude
higher than those of pure EP and an order of magnitude higher
than those of EP inks containing only hBN.

These EP-based pastes are pseudoplastic fluids whose flow be-
havior is usually described using the Herschel-Bulkley model:

T =71,+ Ky" (1)

where 7, 7, K7, and n are the shear stress, yield stress, viscos-
ity coefficient, shear rate, and shear-thinning coefficient respec-
tively. However, fitting of flow sweep data to the model is affected
by transient effects at low shear rates and slippage between the
fluid and the parallel-plate geometry at high shear rates. A power
law fitting (n = Ky"~', where n represents the viscosity) at inter-
mediate shear rates is often used to avoid inaccuracies.!’! Using
this fitting between shear rates of 0.5 and 30 5!, the S-BN/EP and
L-BN/EP fluids exhibited comparable shear-thinning coefficients
of 0.50 and 0.59, respectively. The addition of rGO increases the
viscosity and lowers the shear thinning coefficient (n = 0.01-0.04).

Oscillatory amplitude sweeps were done to evaluate the print-
ability of the pastes. The uncured EP exhibited a liquid-like be-
havior with a constant higher loss modulus (G”) compared to
its storage modulus (G’) through the whole range of oscillation
stresses (Figure 1b). The EP-based hBN pastes, on the other hand,
exhibited a solid-like to liquid-like transition. The G’ value was
dominant at low oscillation stresses, but it became lower than
the G” value at higher stresses. The crossover points of the G’
and G” curves were used to identify the flow points (stress at the
flow point, 7, also referred to as the flow stress or yield stress) of
the inks. The inks containing rGO required high stresses, over
2000 Pa, to reach their flow points, whereas those without rGO
required much lower stresses to initiate flow, 180 Pa for the L-
BN/EP ink and 420 Pa for the S-BN/EP one (Figure 1c). The stress
at which G’ = 90%G’, is the yield point () of the paste (Table
S1, Supporting Information). The 7, values of S-BN/EP and L-
BN/EP were ~100 Pa, while S-BN/rGO/EP and L-BN/rGO/EP
have higher yield points, over 300 Pa (Table S2, Supporting In-
formation).

Five-step oscillatory sweeps were performed to gain a deeper
understanding of the structural stability of the inks.[*+1] The
first step is a time sweep at a very low strain to stabilize the struc-
ture and measure the storage modulus in the linear region (G').
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The second step is an oscillatory sweep with ramping frequency
from 0.5 to 50 Hz at a low fixed strain of 0.05%, to assess the
long-term stability of the ink. The third step is the same as the
first step, which is done to condition the fluids. The fourth step
is an amplitude sweep which disrupts the original structure of
the pastes by bringing them beyond their flow points. The final
step is another time sweep, same as the first and third steps, to
evaluate the extent and the rate of structural recovery after break-
down in the previous amplitude sweep.['*2] EP-based slurries con-
taining hBN and rGO exhibit relatively stable G’>G” during the
first sweep, indicating their solid-like behaviour at the almost
stationary state, while for the S-BN/EP and L-BN/EP slurry a tran-
sition from viscous (G”">G’) to elastic (G'>G”") response was ob-
served in the initial data points. In addition, the value of G’| for L-
BN/EP (10* Pa) was one to two orders of magnitude lower that for
the other pastes. The structure of the inks without rGO changed
during the frequency sweep, and G” became dominant at high
frequencies, whilst for inks modified with rGO the storage mod-
ulus remains dominant and both G’ and G” increase slightly with
frequency as expected from a gel.[2%! All the pastes recover their
solid-like behavior instantly upon strain removal. Their elastic
properties (G’) are dominant in the final step. The average value
of storage modulus in the last step, G’ ., 5, was compared with
G’,. Within the measured time range, all inks exhibit a partial re-
G/Sl

covery with G—f"s <50% (Figure 2). The recovery of the S-BN/EP
0

slurry is the lowest and its viscous properties (G”) were dominant
at the beginning of step 5, the values of G” and G’ remained very
similar after 100 s.

To visualize the printing performance of each ink and cor-
relate it to their rheology, flat rectangular bars with a pre-
designed cross-sectional area of 25.3 mm? in computer-aided
design (CAD) were printed and cured under the same condi-
tions. The ratio between the measured area of each printed ob-
ject (Figure S7, Supporting Information) to the theoretical area,
AJA,, reflects the fidelity of the ink formulation. The A/A,, val-
ues for bars printed with inks containing rGO were >90% while
they are £60% for those printed with S-BN/EP and L-BN/EP inks.

A feed-stock paste for DIW is extruded continuously and
should be self-supportive after deposition. The uncured EP was a
Newtonian liquid which, intrinsically, is not 3D printable. The in-
corporation of hBN and rGO changes the behavior toward a shear
thinning gel that behaves as a solid at low stresses and as liquid
beyond the flow point. Shear-thinning is beneficial for continu-
ous extrusion during printing, as the decrease in viscosity with
increasing shear rates facilitates flow through thin printing noz-
zles. The shear thinning behavior that arises from the introduc-
tion of solids, is due to the alignment of the anisotropic fillers and
the break-up of particle agglomerates with increasing shear rate.
At low stresses, the particle interactions prevent the paste from
flowing until a stress beyond the material’s flow point is applied.

hBN platelets alone, either S-BN or L-BN, create weak gels
with relatively low flow points. S-BN/EP and L-BN/EP inks are
particularly sensitive to the increase in frequency. It means they
have low structural stability and are likely to exhibit phase separa-
tion or aggregation over time.[') Even though the S-BN/EP and
L-BN/EP inks have the same solid content and filler chemistry,
their flow points and initial storage modulus were different. The
higher storage modulus and flow points of the S-BN/EP paste
could be related to the presence of S-BN particle agglomerates.

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 2. a) Sinusoidal waves representing the oscillations applied to the pastes during the 5-step oscillatory sweeps. b) 5-step oscillatory sweep results
for different hBN-containing EP pastes. Pictures of corresponding printed parts are inserted in each plot.

However, this interaction cannot be fully restored after they are
broken under high shear strain as illustrated in the 5-step analy-
sis in Figure 2, in which the viscous properties dominate at the
beginning of step 5 and a 50-100 s period is required to recover a
solid-like gel. The limited recovery could be attributed to the exfo-
liation and bending of hBN platelets under stress and challenges
in re-forming the particle aggregates that contributed to establish
the original structure.

A significant increase in the flow point was observed when
rGO was incorporated into the ink due to the formation of a
strong rGO network cooperating with hBN to support the struc-
ture. Inks with rGO exhibit higher viscosity at a given shear
rate and stronger shear-thinning (lower n). This is caused by
the formation of a physically entangled rGO network, which in-
creases the viscosity of the paste but can be broken under high

Adv. Funct. Mater. 2024, 34, 2311193 2311193 (4 0f14)

shear rates. Graphene oxide (GO) works as a viscosifying agent
in water-based DIW inks due to the strong chemical interaction
(hydrogen bonding) between flakes triggering the formation a
3D liquid crystal structure in water.!'¥) However, the interaction
between rGO flakes in the non-polar vitrimer is expected to be
mainly through physical bonding.[?! The addition of rGO further
increases the initial storage modulus and stress at the flow point
and creates stronger gels. These gels are more difficult to break
and retain their structures during the frequency sweep. The inks
with rGO could not fully recover their storage modulus after dis-
rupting their network due to potential irreversible changes, such
as bending and breaking of hBN platelets and breaking of rGO
flakes. However, the extent and speed of recovery were demon-
strated to be sufficient for printing, according to the assessment
of the shape retention capability of the printed structures.

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 3. Pictures of L-BN/rGO/EP parts produced via DIW: a) woodpile structure; b) as-printed “paper plane” with a support structure; c) cured “paper
plane” where the support has been removed; d) dense gear with high shape fidelity and all the details retained after curing; e) tube made up by scrolling

up a printed grid before curing.

Several printability criteria have been proposed for DIW inks.
For example, Rocha et al.’! demonstrated that a flow point
higher than 500 Pa but lower than 2500 Pa is desired to en-
sure that the ink is self-supportive to maintain high shape fi-
delity while remaining extrudable without clogging the nozzle.
Chan et al.l'’! proposed another standard, where G’ should re-
cover to a value >10 000 Pa within 15 s after extrusion. According
to both standards, inks containing rGO exhibit the properties re-
quired for good printability without slumping, which agrees with
our observations during DIW. Rectangular bars printed with inks
containing rGO exhibited excellent shape retention after printing
and curing, while those printed using hBN/EP inks, regardless of
the size of the hBN platelets, slumped after deposition.

Taking into account all the factors mentioned above, inks con-
taining rGO were chosen to print EP-based hBN composites.
Both S-BN/rGO/EP and L-BN/rGO/EP inks could be extruded
stably and smoothly at a force of 75 N when using the 3 mL
syringe and the 0.41 mm conical nozzle (Figure S6, Supporting
Information). DIW of thermoset polymers to build grids or dense
structures has been previously reported.['>18] However, the print-
ing of tall dense parts consisting of more than a few layers (print-
ing height >2 mm) without the assistance of pre-curing, remains
challenging, due to the need for high shape retention.l*”) Our
ink formulations not only enable the room temperature print-
ing of hollow structures like the tube in Figure 3e, but also of
tall 3D dense parts (printing height >3 mm), such as the gear in
Figure 3d and the rectangular bars in the insets of Figure 2b. A
woodpile structure can be readily printed (Figure 3), which is a
demanding task using conventional resin casting methods. Typ-
ically, in the absence of appropriate support material, it is nearly
impossible to build overhanging features using a basic DIW
setup without combining printing with in situ UV or thermal-
assisted curing.[?! Nonetheless, our system, with multiple print-
ing nozzles, enables the printing of support structures using inks
without hardener (4-AFD), which can be easily removed during
post-processing, following an approach first suggested by Guo
et al.?* By employing multimaterial DIW, we were able to suc-
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cessfully print a “paper plane” with an overhang supported by a
structure printed using the ink without hardener that remained
soft after thermal curing and was removed with the aid of a spat-
ula to extract the final component (Figure 3b,c).

2.2. Microstructure

In order to fabricate dense hBN/EP composites, the printing pat-
tern has been adjusted to minimize the porosity by offsetting
the extruded lines in adjacent layers. The densities of printed
S-BN/rGO/EP and L-BN/rGO/EP composite parts are 1.47 =+
0.01 gcm~> and 1.48 + 0.01 g cm 3 respectively. Comparing them
to their theoretical densities, the porosity has been estimated to
be ~2% for both materials.

The microstructure of single extruded filaments has been in-
vestigated using X-ray computed tomography (XCT) to visual-
ize the orientation of hBN platelets. The XCT reconstructions
in Figure 4 showed that most L-BN platelets were longitudinally
oriented, with few transversely oriented platelets. In contrast, the
smaller hBN platelets show less pronounced alignment, although
the resolution of the XCT was not sufficient to fully resolve neigh-
boring particles in the 3D rendering. In addition, the distribution
of both types of hBN fillers in the filament was inhomogeneous,
the presence of hBN-free regions was observed in slices perpen-
dicular and parallel to the extrusion direction (Figure 5).

The degree of orientation has been quantified using X-ray
diffraction (XRD) of printed bars on planes parallel and perpen-
dicular to the printing orientation, as illustrated in Figure 5,
using:1%!

L(100)

§ = x 100% 2)

o) + Ti002)

where 6 represents the ratio of platelets that are vertically aligned
to the face analyzed, Iy, is the intensity of the (100) peak and
Iy is the intensity of the (002) peak. The geometry of hBN

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 4. Reconstruction of a printed filament via XCT: a,b) slices perpen-
dicular to the axial direction of L-BN/rGO/EP and S-BN/rGO/EP filaments
respectively and c,d) 3D rendering of hBN platelets in S-BN/rGO/EP and
L-BN/rGO/EP filaments with a slice parallel to the axial direction shown in
the front. hBN-free regions on the slices were marked with red circles (the
arrow indicates the extrusion direction). e) Illustration of the alignment of
anisotropic platelets during extrusion through a thin nozzle.

platelets and corresponding crystal planes is illustrated in the in-
set of Figure 5. The (002) plane tends to orient parallel to the
extrusion direction and the (100) plane tends to orient perpen-
dicular to it, as evidenced by the values of § obtained from XRD
(Figure 5). Additionally, the composite containing larger hBN
platelets exhibited a higher 6 (43.0%) than the composite contain-
ing smaller platelets (34.2%) in agreement with the tomography
observations.

The preferential alignment of hBN platelets was induced by
the shear force exerted on them when extruding through the nar-
row DIW nozzle. The resulting torque rotates the platelets and
aligns them in the direction of flow (Figure 4e). As the lateral
size of fillers increases, the torque also increases. Therefore, un-
der the same printing conditions, hBN platelets with larger basal
faces are more likely to rotate and re-orient during extrusion,
which results in a higher degree of orientation.[?¢!

2.3. Thermal Conductivities

hBN platelets have a high thermal conductivity (200 W m~! K1)
in its planar direction across the (002) plane, but only ~2 W m™!
K~! in the thickness direction across the (100) plane.[?’”] The ther-
mal conductivities of the composites built by DIW have been
measured parallel (in-plane) and perpendicular (out-of-plane) to
the printing direction (Figure 6b). The thermal conductivities of
the composites in either direction were one order of magnitude
higher than that of the neat EP (0.37 + 0.03 W m~! K~'). Fur-
thermore, their in-plane thermal conductivities were about twice
the value of their out-plane ones. The in plane thermal conduc-
tivity of L-BN/rGO/EP (2.65 # 0.16 W m™! K™!) is slightly lower
than for S-BN/rGO/EP (3.09 + 0.28 W m~! K™!) although the dif-
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ferences are within the experimental error. These materials are
electrical insulators. The resistance of the EP and its composites
was beyond the multimeter’s measurement limit (100 M€). The
resistivities of the printed S-BN/rGO/EP and L-BN/rGO/EP com-
posites were estimated to be >3.3 MQ'm. The improvement in
thermal transport has been visualized using an infrared camera.
Bar surfaces perpendicular to the printing direction were heated
together with a mold-casted EP sample. After heating for ~30
s, the temperature distributions in the composite samples were
more homogenous than that in the EP (Figure 6a).

The directional thermal transport can be explained by the pref-
erential orientation of the hBN platelets in the printed parts. The
theoretical thermal conductivities of a mixture with all the fillers
connected and perfectly aligned, along (K,) and perpendicular
(Kj) to the alignment direction were estimated using the rule of
mixtures, in which voids were not considered. Assuming that the
effect of the rGO flakes was negligible because of their small con-
tent, for an EP composite with 22 vol.% of hBN, K, ~44 W m™!
K™ and K; ~0.37 W m~' K~'. Any hBN/EP composites with par-
tially or randomly oriented hBN platelets should have thermal
conductivities within this range. This simple model explains the
difference in the thermal conductivities in the in-plane and out-
of-plane directions of the printed composites. The percolation
threshold of randomly oriented S-BN and L-BN were estimated
to be 60 and 85 vol.%,1?®) respectively. When the (002) plane nor-
mal of S-BN or L-BN platelets is aligned perpendicular to the ex-
trusion direction, the value is reduced to roughly 3 vol.%. Our
system lies between these two situations. Based on the degree of
orientation calculated from the XRD spectra, an assumption was
made that 40% of hBN platelets were perfectly aligned, which is
~9 vol.% in the printed composites. This value is above the per-
colation threshold. However, the experimental values of the in-
plane thermal conductivities were an order of magnitude below
that of the predicted maximum. The contact between the platelets
may not be good enough for efficient heat transfer due to factors
such as the good wetting by the EP on hBN (Figure S14, Sup-
porting Information). The difference in in-plane thermal conduc-
tivities between the hBN/EP composites with larger and smaller
platelets are almost negligible considering experimental errors
which is consistent with the small difference in the degree of
orientation (~8.8%) and the variability in the intrinsic proper-
ties of the platelets. Our printed composites show superior in-
plane thermal conductivities comparing to composite materials
with similar hBN content (Figure 6¢) produced by 3D-printing!?’!
or mold castingl®®! reported in published works, but lower ther-
mal conductivity than a hot-pressed hBN/epoxy material.*!l Hot-
pressing might be more effective in inducing hBN alignment,
which results in higher degree of filler orientation and a better
conducting path.

There are two main approaches to obtain higher thermal con-
ductivities in the printed hBN composites: 1) increasing the hBN
content in the ink; 2) enhancing the hBN alignment to facilitate
the in-plane thermal transport. The printability of the ink con-
strains the maximum hBN concentration and therefore enhanc-
ing alignment can be a more effective strategy. According to a
previously published work by Feilden et al., the length of a cylin-
drical printing nozzle affects platelet alignment in the extruded
filament.®?] This suggests the possibility of increasing the degree
of hBN orientation in our composites by modifying the nozzle
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Figure 5. XRD patterns of a) S-BN/rGO/EP and b) L-BN/rGO/EP printed bars on planes parallel or perpendicular to the printing direction. The inset on
the left is an illustration of the geometry of a hBN platelet and corresponding crystal planes. The insets on the right are schematic representations of
the of XRD analysis on the plane perpendicular (top) or parallel (bottom) to the printing orientation.

geometry. Adjustments to the ink rheology might be necessary
to match the change in the nozzle. Our studies also show that
alignment can be improved by increasing the platelet lateral size,
but there is a practical limit in size given by the nozzle diam-
eter. Other production methods, such as ice-templating or hot-
pressing followed by epoxy resin infiltration, are more effective
in achieving platelet alighment and can reach larger filler con-
centration but they require several processing steps and offer less
design freedom.31:33]

Taking advantage of the directional thermal transport in the
composites, a heat concentrator (20 X 20 X 3 mm?) was printed
via DIW using the L-BN/rGO/EP ink.**] The filaments were
intentionally oriented toward the center, which created a cav-
ity filled with neat EP after printing (Figure 7). When the
concentrator was heated on a hot plate, an observable differ-
ence in temperature distribution was captured between the
printed composite and the casted neat EP (Figure 7). The
temperature at the center of the printed part was ~10 °C
higher than at the corners, indicating a localized heating ef-
fect. In contrast, the heat distribution in the casted EP part
was more uniform, with a slightly cooler center. These re-
sults underline the potential of using the printed materials
to direct heat flow and build thermal metamaterials for heat
management.343]

2.4. Mechanical Properties

After introducing hBN platelets into the EP matrix, the ten-
sile and flexural modulus increased, while the strength de-
creased (Table 1). The inter-filament flexural strengths of printed
materials were 260% of their trans-filament strengths. More-
over, the critical stress intensity factor (K;c) and work of frac-
ture calculated from single-edge notched bending (SENB) tests
increased by adding hBN with the increase being higher for
the composites with large platelets, L-BN/rGO/EP. For a brit-
tle material with unstable fracture the work of fracture cal-
culated from the area under the SENB force-displacement
curves may contain some errors (Figure 8). Instead of that,
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the facture energy of EP was calculated based on the following
expression:3°!

KZ
Gie=— G)
The fracture surfaces have been examined under scanning
electron microscope (SEM) (Figure 9a—c). The neat EP has a
flat and smooth fracture surface without any visible pores, while
those of hBN/EP composites are rather porous and rough. Fur-
thermore, the composite containing larger hBN platelets was ob-
served to have a rougher fracture surface.
The critical defect size, a, of the samples can be estimated us-
ing the Griffith/Irwin failure criterion:

K¢ = Yoy/za 4

where o is the tensile strength and Y is a geometry factor, ~1.%7]
The critical defect size in EP was ~10s of micrometers, while in
the printed composites it was on the order of 10? pm.

To gain better understanding of mechanisms that gener-
ate fracture resistance in the materials we measured the de-
pendence of the stress intensity factor, K;, with crack length
(Figure 10). While the EP is brittle, both composites exhibit
araising R-curve with toughness increasing with crack length un-
til it reaches a plateau value for crack extensions of ~0.5-1 mm.

As expected, the inclusion of hBN leads to an increase in
the material stiffness due to the higher rigidity of the ceramic
fillers when compared to the EP matrix and a decrease in the
mechanical strength compared to the pure matrix because of the
formation of defects, such as voids and weak hBN/EP interfaces.
There was a large increment of one order of magnitude in the
estimated critical defect size when comparing the neat EP to the
printed composites. The presence of large defects, around hun-
dreds of micrometers in size, in the printed composites was at-
tributed to the big pores trapped between the printed lines. This
led to an inter-filament strength lower than the trans-filament
strength. Because of the high stiffness and shape retention of
the pastes used for printing, the filaments could not slump and
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Figure 6. a) Infrared image taken on specimens (1: EP, 2: L-BN/rGO/EP, 3: S-BN/rGO/EP) fixed on a steel brick which has been heated on a hot-plate.
b) Thermal conductivities of printed S-BN/rGO/EP and L-BN/rGO/EP in their in-plane and out-of-plane directions and of casted neat EP. c) Comparison
of the thermal conductivities of rGO-modified EP-based hBN composites to similar materials reported in the literature. The hBN content in all these
materials is &35 wt%.

fill completely the voids between them (Figure 9b,c). However,  have the highest K. and work of fracture and reached a K| that is
the resin is brittle, and the composites exhibit a more “grace-  higher than the other two types of materials. This corresponds
ful” failure with stable crack propagation, a gradual decrease of  to an obviously rougher fracture surface when examined un-
the stress strain curve and a raising R-curve behavior. The L-  der SEM (Figure 9a—c). Mechanisms like crack deflection, bridg-
BN/rGO/EP composites exhibited the best crack resistance. They  ing by the large platelets and platelet bending and exfoliation
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Figure 7. Photograph of the casted EP and the printed L-BN/rGO/EP heat
concentrator with its center cavity filled using neat EP after printing. The IR
photograph on the left was taken after simultaneously heating the neat EP
brick and the printed heat concentrator for 20 s on a hot plate (=110 °C).
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] |
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Table 1. Mechanical properties of mold-casted EP and printed
hBN/rGO/EP composites.

Mechanical properties EP S-BN/rGO/EP  L-BN/rGO/EP
Tensile modulus/GPa 2.84 + 035 4.55+0.23 4.34+0.39
Tensile strength-trans/MPa 53.4+36 41.1+£45 323 +40
Tensile elongation at break/% 15.5+2.6 1.4+0.5 1.4+0.2
Flexural modulus/GPa 2.22+0.15 4.00 +0.32 4.21+0.18
Flexural strength-trans/MPa 903 +75 68.8 +8.8 54.0+3.1
Flexural strength-inter/MPa - 43.9+2.0 328 +4.7
Flexural strain at break/% 141+24 23+04 20+04
Kic/MPa-m'/2 0.71+0.07 1.19 + 0.05 1.39 +0.01
Work of fracture/) m=2 177.5 +£39.3 1243 £ 13.1 2293 £ 54.2

contribute to the fracture energy and are more prevalent in ma-
terials with larger platelets (Figure 9d—f).

2.5. Reprocessability

The disulfide cross-linked EP utilized in this study is known
for its recyclability and reprocessability. The 3D-printing of recy-
clable, nanoclay (=10 vol.%) reinforced epoxy vitrimers has been
reported before.”””! However, the reprocessing of 3D-printed
vitrimer-based composites with high filler content (>20 vol.%) re-
mains largely unexplored. In order to assess the reprocessability

401 = EP
= S-BN/rGO/EP
35 ]

L-BN/rGO/EP

30+

Force (N)
&

T
0.0 0.1 0.2 0.3 0.4
Displacement (mm)

Figure 8. Force versus displacement graph from SENB tests. The inset is
an illustration of the test setup and sample dimensions.
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of printed and cured hBN/rGO/EP composites, fractured pieces
were hot pressed into a plate, which was then cut and tested in
3-point bending to estimate the percentage of recovery in flexural
modulus, flexural strength and strain at break. Results were com-
pared to the neat EP. As shown in Figure 11D, the reprocessed EP
and EP-based hBN composites have achieved full modulus recov-
ery, and the recovery ratio in flexural strength was ~80% for the
neat EP and over 60% for both types of hBN/rGO/EP composites.
The reprocessed EP exhibits a K, equivalent to the original ma-
terial, while both types of composites showed K. values ~80%
of the as-printed ones. The recovery ratio in breaking strain for
each material was comparable. It falls between 20% to 70%, con-
sidering the large error bars.

It is difficult to reach full recovery in strength and breaking
strain after reprocessing even for the neat EP, given the possibil-
ity of trapping pores at the healed interfaces between fragments.
Though the hot-pressing process minimize the voids between ex-
truded filaments of printed composites as shown in the SEM im-
ages of fracture surfaces (Figure 11d,e), the new defects formed
at partially healed interfaces resulted in a nearly double critical
defect size than the original materials. The introduction of hBN
further decreased healing due to the increase in viscosity, which
hindered molecular movement and bond reformation. Moreover,
hBN platelets broken during initial fracture could not be healed
by hot pressing. This contributed to a reduction in fracture resis-
tance and strength.

2.6. Shape Memory

The epoxy resin used in this work exhibits a thermally induced
shape-memory effect which can be triggered by heating up be-
yond the glass transition temperature, T,. The transition temper-
ature, determined with differential scanning calorimetry (DSC),
was ~52 °C for all materials tested suggesting that the intro-
duction of hBN and rGO did not affect the polymer structure
(Figure S12, Supporting Information). To roughly evaluate the ef-
fect of hBN platelets on the shape recovery speed, a visual shape
memory recovery assessment has been carried by heating each
temporarily fixed specimen in a 60 °C water bath (Figure S13,
Supporting Information). The recovery time for the printed S-
BN/rGO/EP and L-BN/rGO/EP composite bars is roughly the
same, they could recover from the bended “L” shape (%90°) to
a relatively straight shape (~10°) in 6 s, while the pristine EP
bar needed 9 s. At the very beginning of the heating process, the
shape of the neat EP remained unchanged for ~3 s. After 3 s, the
shape recovery was activated and finished in 6 s. For the printed
composite bars, recovery started in <1 s after immersing into the
water bath.

Cyclic thermomechanical tests were used to assess the shape
memory properties of printed composites. After the first cy-
cle the strain response of the composites to the applied cyclic
force and temperature became highly repeatable (Figure 12b). In
Figure 12c,d, the percentage of shape fixity and recovery were
calculated for each cycle and compared to those of the neat EP
reported by Azcune et al.[3®! The recovery of the EP in the first
cycle is higher than that in the published work®®l due to the
method used in the calculation, but consistent in the following
cycles. The composites possess excellent fixity up to ~85%. The
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Figure 9. a—c) SEM images of the fracture surfaces of a) neat EP, b) S-BN/rGO/EP, and c) L-BN/rGO/EP after SENB. Voids trapped between extruded
lines are marked with red circles. d—f) SEM images of a crack that propagated through the L-BN/rGO/EP composites during SENB. The exfoliation and
bending of L-BN platelets are clearly visible in (d) and (e). This kind of toughening mechanism has not been observed in S-BN/rGO/EP specimens.

Crack deflection is shown in (f).

incorporation of hBN platelets promotes shape fixity in all the
testing cycles by more than 30% (Figure 12c). When looking at
the shape recovery ratio, the pure EP and composites showed
similar performance. In cycle 1, each material exhibits a recov-
ery ratio lower than the following cycles with large error bars. In
cycle 2 and 3, the recovery ratio of the three materials remained
constant between 90% and 100%. A further fourth cycle has been
done with the composites with no obvious decline in the recovery.
The shape memory effect can be combined with the DIW design
to develop different configurations. For example, in Figure 12a
the wing position of the “paper plane” printed via multimaterial
DIW was altered based on the shape programming and recovery
process. In addition, a printed tube, which was squeezed into an
elliptical tube at T > T,, could recover to its original cylindrical
shape upon reheating (Figure 12b).

The time taken for the thermal-activated shape recovery in a
polymer depends on two main factors: the speed of heat trans-

¢ S-BN/fGO/EP = L-BN/rGO/EP
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Figure 10. R-curves of neat EP, S-BN/rGO/EP and L-BN/rGO/EP.
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fer in the material and the type of switching mechanism — glass
transition or melting. In our case, all the materials undergo
their glass transition within the same temperature range (Figure
S11, Supporting Information). Therefore, the thermal conduc-
tivity is the main rate-controlling factor. The difference between
the shape transformation is due to the time taken for the heat
to transport throughout the bar to reach the aimed T,. The de-
lay in the shape memory response is a common problem for
SMPs, because of their poor thermal conductivities. This can
be more obvious in larger parts, which require longer time to
reach the switching temperature. For applications demanding
rapid shape change response, this delay is fatal. Thanks to the
enhanced rate of thermal transfer led by introducing hBN fillers,
the time taken to initiate the shape transformation in the com-
posites has been shortened to less than a third of that of the
original EP.

High shape fixity and recovery ratio are desired for shape
memory materials. The higher fixity ratio in hBN/EP compos-
ites that in pure EP can be explained by the increase in the stiff-
ness from the rigid hBN platelets which hinder the movement
and rearrangement of polymer chains after deforming and fixing
at temporary shapes. For all materials, the recovery ratio in the
first cycle is lower than the following cycles, because it involves
unrecoverable plastic deformation and formation of defects un-
der stress. This also leads to a large error bar in the calculated
value of the cycle 1 recovery ratio. In the following cycles, the
consistent shape recovery ratio of the composites compared to
the pure EP demonstrates that the introduction of hBN and rGO
fillers did not compromise the shape memory ability of the matrix
material.

3. Conclusion

In this work we demonstrate the room temperature 3D print-
ing of shape memory epoxy vitrimer-based hBN composites

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

51017 SUOLULLIOD) BAITRBID) B[l dite BU) Aq peLioA0B 312 SO YO 85N JO'SBINI 10} ARRIG1TBUIIUO 3|1 LUO (SUOMIPUOD-PUR-SLLLIBYLLIOD" B]1M:AZRIq]jou 1 |Uo//SAl) SUORIPUOD) PUE SULR L 8} 885 *[202/80/2T ] U0 A1 au1luO A8]1M ‘Uopuo- 868100 fetiedu ] Ad E6TTTEZ0Z WiPR/Z00T OT/I0P/LI0D™/B | IW ARG 1pUIIUO//SAIY WO1) PBPeojumoq ‘6 420z ‘8Z0E9TOT


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

(a)

www.afm-journal.de

Flexural strengh
Modulus
Strain at break

(b) 140-
120 -
X )
_9100-
§ ol D
- 80-
i
$ 60 T
o]
(3]
© 40
| 1]
0

EP S-BN/rGO/EP

200um —  (d)

L-BN/rGO/EP

Figure 11. Reprocessing of the pure EP and EP-based printed composites: a) Images illustrating the reprocessing via hot pressing of L-BN/rGO/EP
composites. The specimens were broken into small pieces which were pressed at 190 °C and 20 MPa for 40 min into a 30 mm diameter plate.
b) Recovery ratio in flexural modulus, flexural strength, strain at break and K¢ after reprocessing. SEM images c—e) of the fracture surface of repro-
cessed materials: c) EP, d) S-BN/rGO/EP, and e) L-BN/rGO/EP after SENB. A defect formed at partially healed interface is marked with a red circle.

usingDIW. By incorporating rGO and hBN fillers, printing inks
with high shape retention capability were formulated. The align-
ment of hBN platelets during printing led to directional thermal
transport, with in-plane conductivities reaching ~3 W m~! K-1.
This value was approximately one order of magnitude higher
than the neat EP. The enhancement in thermal conductivities
speeds the thermally activated shape memory process and the
combination of additive manufacturing with directional conduc-
tivity enables the design of thermal metamaterial structures. Fur-
thermore, the addition of hBN results in the development of
toughening mechanisms that increase the fracture resistance of
the material while retaining the shape memory capabilities of the
EP matrix and similar strengths. The nature of the atomic bond-

Adv. Funct. Mater. 2024, 34, 2311193 2311193 (11 0f14)

ing in the vitrimer matrix enables the reprocessing and reuse of
printed structures to fabricate new parts that retain a significant
amount of strength (over 60%).

4. Experimental Section

Materials: The EP was prepared using DGEBA-based epoxy resin
(ARALDITE LY1564) purchased from Huntsman Advanced Materials,
DGEPPG (M,, = 380; epoxy equivalent weight of 190 g eq™') purchased
from Sigma Aldrich, and 4-AFD (>98.0%) (Figure S1, Supporting Infor-
mation). GO was prepared using graphite flakes (SKU332461, 150-500 um
sieved, Sigma Aldrich). hBN platelets in two different particle sizes, d(50)
=6 um (AB134567, abcr, density = 2.37 g cm~3) marked as S-BN in this
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Figure 12. Shape memory behavior of the EP and EP-based printed composites: Transformation of a) wing configurations in a printed sample (see
Figure 3) and b) expansion of a printed tube (see Figure 3) based on the shape memory effect. c) Quantitative analysis of shape memory performance
for L-BN/rGO/EP. Comparison of calculated d) fixities and e) recoveries of hBN composites and the neat EP.

work and d(50) = 25 um (SP30, Saint Gobain, density = 2.2 g cm™3) de-
noted as L-BN have been used (Figure S2, Supporting Information).

rGO Synthesis: GO water suspensions were synthesized using the
Modified Hummers’ method>®! to chemically exfoliate graphite in a 5L
reactor. The suspensions were centrifuged at 8000 rpm for 30 min while
being rinsed with deionized water to eliminate any unreacted chemicals.
GO suspensions with a pH ~6 were obtained after more than 15 cycles of
centrifugation. The GO water suspension was dried in a convection oven
for 48 hours at 37 °C. After drying, the graphene oxide was reduced by mi-
crowave irradiation in air for two minutes in a microwave oven (1000 W,
Daewoo electronics) to produce rGO. Raman spectra of the GO and rGO
provided in Figure S3 (Supporting Information).

EP Preparation: DGEPPG and DGEBA were mixed by centrifugal mix-
ing (ARE-250, Thinky, USA) at 2000 rpm at a weight ratio of 23:77. The
hardener 4-AFD was added to the mixture after it had been thoroughly
mixed, and it was dissolved at 80 °C. The mixture and hardener were
weighted at 100:37. The homogeneous mixture was defoamed for 10 min
at 2200 rpm in a Thinky Mixer, and then it was further degassed in a vac-
uum desiccator until no discernible air bubbles remained. Pristine epoxy
components were casted in silicone moulds, cured at 120 °C for 2.5 h, and
then post-cured at 150 °C for 2 h.

Paste Preparation: Feed-stock pastes were prepared by dispersing the
hBN platelets and rGO in the pre-mixed EP through a series of 2-minute
mixing cycles with the Thinky Mixer at 2000 rpm until the flakes were fully

Adv. Funct. Mater. 2024, 34, 2311193 2311193 (12 Of'|4)

incorporated. Degassing took place at 2200 rpm for 20 min. The EP slurries
containing 27 vol.% of smaller (6 um) or larger (25 um) hBN are named
S-BN/EP and L-BN/EP respectively, while the one containing hBN (6 um)
and rGO is denoted as S-BN/rGO/EP. Similarly, the paste composed of
hBN (25 um) and rGO was named L-BN/rGO/EP.

DIW of Composites: A 3 ml syringe barrel, equipped with a 410 um
diameter printing nozzle, was filled with the slurry. The direct ink writ-
ing process was conducted at room temperature using a Robocaster sys-
tem (3dInks, USA). The ink was deposited layer by layer onto a PTFE
substrate, while continuously extruding from the nozzle at a speed of
6 mm s~!. The z-axis spacing was set to 340 um and an x-axis offset of
half the extruded filament diameter (205 pm) to reduce the pores trapped
between filaments and increase the density of printed parts. The print-
ing designs are presented in supporting information (Figure S5, Support-
ing Information). A hollow tube structure was built by printing a dou-
ble layer grid onto a piece of paper which was then scrolled up into a
tube. The paper was removed after curing. The printed parts underwent
a thermal curing at 120 °C for 2.5 h and a post-curing at 150 °C for
2 h.

Rheology of Pastes:  The rheological behavior of the pastes was investi-
gated in a TA HR1 rheometer using a plate geometry (& = 40 mm) with a
1500 um gap at a temperature of 25 °C. Flow ramp and oscillatory ampli-
tude sweep tests were carried on at a frequency of 0.5 Hz. For flow ramps,
the shear rates were ranging from 0.1 to 30 s™'. To further evaluate the
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structural evolution under different rheological stimuli, 5-step oscillatory
sweeps have been used. They consist of a time sweep with a low fixed os-
cillation strain (0.05% strain) at the beginning of the test to estimate the
original properties of the paste at a relatively stationary state, a frequency
sweep to determine the stability of the sample under an increasing oscil-
lation frequency, a second time sweep to assess the reconstruction of net-
work after step 2, an amplitude sweep to simulate the yielding or breaking
ofthe ink structure when printing, and a final time sweep at 0.05% strain to
compare with the initial step and quantify structural recovery in the paste.

Reprocessing:  In order to evaluate the reprocessing capabilities of the
materials, fractured pieces of printed and fully cured specimens were
pressed under 20 MPa pressure in a graphite die and heated at 190 °C
for 40 min to reform into a 30 mm diameter, ~2.5 mm thick plate using a
uniaxial hot press.

Mechanical Properties: Tensile, 3-point bending and SENB tests have
been done to compare the mechanical performance of the printed hBN/EP
composites to the casted neat EP. Mechanical tests were carried using a
microtest stage (MT300 Tensile Tester, DEBEN, UK). In all the mechanical
tests, neat epoxy resin specimens were prepared through mold-casting,
while hBN composites were fabricated using direct ink writing. For tensile
tests, dog-bone (gauge length = 6 mm) specimens were used. The ten-
sion was applied in a direction parallel to the extruded lines (trans-filament
fracture). For 3-point bending tests, all the as-casted and as-printed speci-
mens were made into rectangular bars with dimensions of 4 x 4 x 32 mm>
and tested with a support span of 21 mm. All specimens were ground
and polished to remove large surface defects. The flexural strengths of the
printed composites were tested in trans-filament and inter-filament (ten-
sion applied perpendicular to the extruded lines) configurations. Repro-
cessed neat EP and composite plates were cut into rectangular bars with
dimensions of 2.5 x 3 x 25 mm3 and tested in bending with a support
span of 16.5 mm. For SENB tests, rectangular bars with dimensions of 3
X 6 X 32 mm? were prepared, which were then notched by cutting with a
SiC wafer blade in the direction perpendicular to the filament orientations
to induce trans-filament fracture, which was followed by notch sharpen-
ing with a razor blade. The depth of the notch was between 2 and 3 mm
and the span was 21 mm. An optical camera was used to record the crack
propagation and to plot the R-curve following the ASTM E1830 standard
(see Supporting Information). The machine crosshead moving speed was
0.1 mm min~" for all mechanical measurements.

Thermal Conductivity Measurements: The thermal conductivities were
calculated using the following equation:

K = DpC, ©)

where K is the thermal conductivity, D is the thermal diffusivity, p is the
density of the specimen and C,, is the specific heat capacity. D was mea-
sured at room temperature (~22 °C) using the laser flash technique (LFA
427, NETZSCH, GE), and C, was determined using the method described
in the ASTM E1269—11 standard with a Mettler Toledo 3 Star DSC.

For each material the difference in thermal conductivities was visual-
ized by recording the thermal images of a rectangular bar (6 x 3 x 15
mm?) heated from the bottom end for 30s on a hot plate with FLIR E52
infrared camera.

Thermomechanical Analysis:  The shape memory properties of printed
hBN/rGO/EP composites were tested using a TA Instruments DMA Q800
system under controlled force mode with a tensile film fixture. The spec-
imens were printed into 12 x 1.5 x 17.5 mm? plates. The samples were
heated from room temperature to 80 °C at 10 °C min~", then uniaxial ten-
sile loading was applied at 5 N/min until reaching 12 N. The force was held
for 5 min. After that, the sample was released at a rate of 5 N min~" until it
was stress free. This process was repeated three times and the strain was
recorded.

From the thermomechanical cycles, fixity, R¢, and recovery ratio, R,, in
each cycle can be calculated as:

e (V)
Re(N) = ©)
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_ &m(N)=¢£(N)
R (N) = Em (N) —€, (N=1) )

where N is the cycle number, ¢, is the maximum strain reached in a certain
cycle, g, is the strain of the temporary shape fixed at room temperature
after unloading the sample and ¢, is the strain recorded at the stress-free
state after recovering from its temporary shape. Indication of ¢,,, ¢, and
¢, in cycle N of thermomechanical test curves is provided in Figure S10
(Supporting Information).

Electrical Resistivity Measurement: The electrical resistivity of printed
parts (dimensions: 10 x 10 x 3 mm3) was measured using a Tektronix
DMM4020 digital multimeter in two probe method.

Visual Shape Memory Test: Mold-casted pristine EP and printed
hBN/EP composites were prepared in the form of rectangular bars with
dimensions of 2 X 6 X 30 mm. They were bent into an “L” shape upon
heating in a water bath at 60 °C, followed by fixing their temporary shape
by cooling them down to room temperature with running tap water. The
shape recovery process of each specimen was triggered by immersing the
bent bar in the 60 °C water bath again. The process was video recorded.

XRD: XRD patterns of printed BN composites were taken on a Bruker
D2 PHASER diffractometer using Cu Ka radiation. The diffraction angle,
20, varied between 10° and 90°. Scan step size was 0.034° and the step
time was set to 76.8 s.

XCT:  Printed and cured single S-BN/rGO/EP and L-BN/rGO/EP fila-
ments (~0.4 mm in diameter) were cut to a length of 3 mm and mounted
onto acrylic rods using superglue and analysed using x-ray tomography
in a ZEISS Xradia Versa 620 x-ray microscope. The specimen was placed
at 8 mm away from the detector and 8 mm away from the X-ray source.
An optical magnification of x20 was used for the experiment. The X-ray
source was operating at 60 keV with a current of 108 pA. For the CT scan,
the radiograph exposure time was 5 s, and 3200 projections were taken.
This resulted in an effective pixel size of 0.338 pm.

SEM: The fracture surfaces of specimens after SENB tests were ob-
served using a JEOL 6010 SEM with secondary electrons. A gold coating
was applied to the surface before examining under SEM. The crack path
in printed samples were checked using a Zeiss Auriga SEM. A chromium
coating was applied to the sample surface.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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