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ARTICLE INFO ABSTRACT

Carbon fiber reinforced polymer (CFRP) composite is known for its high stiffness-to-weight ratio and hence is of
great interest in several engineering fields such as aerospace, automotive, defense, etc. However, such a com-
posite is not suitable for energy dissipation as failure occurs with very little or no plastic deformation. Herein, we

Keywords:
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Multi-material additive manufacturing

Stie;’lith‘)gra?hly present an extendable multi-material projection microstereolithography process capable of producing carbon-
Ez;p?;gmaterla fiber-reinforced cellular materials that achieve simultaneously high specific stiffness and damping coefficient.

Inspired by the upper bounds of stiffness-loss coefficient in a two-phase composite, we designed and additively
manufactured CFRP microlattices with soft phases architected into selected stiff-phase struts. Our results, con-
firmed by experimental and analytical calculations, revealed that the damping performance can be significantly
enhanced by the addition of only a small fraction of the soft phase. The presented design and additive manu-
facturing strategy allow for optimizing mutually exclusive properties. As a result, these CFRP microlattices
achieved high specific stiffness comparable to commercial CFRP, technical ceramics, and composites, while

being dissipative like elastomers.

1. Introduction

Recent progress in additive manufacturing (AM) technologies has
enabled the realization of 3D architected metamaterials with extra-
ordinary mechanical and structural properties, including ultralight
weight [1,2], high stiffness and strength [3,4], negative Poisson ratio
[5], and damage tolerance [6,7]. However, combinations of lucrative
properties are unattainable, limited by their single material composi-
tion [8-12]. For example, lightweight lattice materials made from
ceramics have high stiffness and strength but are not desirable for en-
ergy dissipation [11,13]; on the other hand, elastomeric materials have
a high damping coefficient but are not suitable for structural

applications [14]. Lately, CFRP composites and lattices have been of
great interest in automotive [15], aerospace [16,17], and research
[18-21] applications due to their high stiffness and light weight.
However, as with other stiff materials, CFRP composites suffer from
poor damping, which limits their application for energy dissipation.
While several fiber-reinforced composites additively manufactured by
the fused filament fabrication process [22-27] and other techniques
[28-31] have been well-studied, there are few reports on achieving
complex 3D lattice structures with feature sizes lower than a few
hundred micrometers, limiting their potential for precision components
and property space design.

Herein, we present an extendable multi-material PuSL process,
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DMA, dynamic material analysis; FOM, figure of merit
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capable of producing CFRP lattice materials that achieve simulta-
neously high specific stiffness and damping coefficient. Using this
multi-material photo-polymerization, a class of CFRP lattice materials
with predesigned stiff and soft phases can be formed. Inspired by two-
phase composite theory where the arrangement of soft inclusions
within a stiff phase defines the bounds of stiffness-damping pairs, we
designed and additively manufactured low-density lattice materials
with a fraction of soft phase embedded within stiff CFRP strut members.
This design allows tuning and optimizing the effective stiffness and the
loss tangent (i.e., a measure of damping) by varying the volume frac-
tions of two constituent materials. In addition, we found that the Reuss
configuration allows the achievement of the upper bound of specific
stiffness and damping pairs of the composites. To investigate the
damping performance of the microlattices, dynamic material analysis
(DMA) and quasi-static cyclic compression tests were performed at
small and large strains, respectively. Our results, confirmed by experi-
mental and analytical calculations, revealed that both intrinsic (at small
strains) and structural (at large strains) damping performance, quanti-
fied by a figure of merit (FOM), E'/3tané/p, where E is the effective
compressive Young’s modulus, tand is the effective loss tangent, and p is
the microlattices density [1], were significantly enhanced by the ad-
dition of only a small volume fraction of the soft phase. For design
usefulness, we created tunability maps describing the damping perfor-
mance of the microlattices as a function of the selected design para-
meters. These CFRP microlattices achieved high specific stiffness com-
parable to commercial CFRP, technical ceramics, and composites, while
being dissipative like elastomers. The presented work points to a di-
rection where mutually exclusive properties can be simultaneously
achieved via multi-material additive manufacturing.

2. Materials and methods
2.1. Materials and resin preparation

An ultraviolet (UV) curable CFRP composite, made of a UV sensitive
resin reinforced with short carbon fibers, was developed for the fabri-
cation. The matrix materials contained methacrylated monomers and
oligomers (Formlabs Rigid, Formlabs Inc). A photo-initiator, phenylbis
(2,4,6-trimethylbenzoyl) phosphine oxide (Sigma-Aldrich Inc), was
added to the fiber-matrix mixture for photopolymerization. The fibers
were obtained from E&L Enterprises, Inc (PC100). A high-energy ball
mill was used to mix the monomer, photo-initiator, and carbon fiber (up
to 20 vol% loading). This mixing method ensured a uniform spatial
distribution of the fibers (see Appendix Fig. Al). A dissipative phase,
comprised of methacrylate monomers and oligomers (Formlabs Flex-
ible, Formlabs Inc), was prepared as the second phase to be added
during the multi-material additive manufacturing process.

Resins reinforced by different fiber loadings were formulated. These
resins after curing exhibited higher stiffness than that of the base
monomer, with the measured tensile stiffness increased from 2.47 GPa
to 3.02 GPa with an addition of 5 vol% of fibers (per ASTM D3039). The
fibers after mixing had a diameter of 5um, and an average length of
68 um (measured by ZEISS SteREO Discovery.V20). We measured the
viscosity of the resin loaded by a range of carbon fiber loadings at room
temperature via the rheometer, and it showed that its viscosity rapidly
increased with the increase of fiber loading. (Appendix Table A2).

2.2. Multi-material additive manufacturing of two-phase materials

Based on the work of D. Chen et al. [5,32,33], a multi-material PuSL
system that could print viscous multiple resins via a recoating fixture
and a material switching system was designed and built, as shown in
Fig. 1(a). To fabricate a multi-material part, a CAD model was sliced
into different groups of closely spaced images such that each group
represented one material. These two-dimensional slices were subse-
quently digitized and sent to a digital micromirror device (DMD) chip
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which projected an image at 405 nm wavelength through a series of
lenses onto the corresponding photosensitive resin. This process in-
itiated polymerization of the resin, converting it into a solid single layer
part that had the same shape as the projected images. Each cured layer
was followed by a recoating process in which the build platform was
raised, allowing the resin to settle for the next layer. The recoating
process for CFRP composite was achieved by the doctor blade which
will be discussed later. When the other material needed to be fabricated
in the same layer or the next layer, the translation stage moved the
washing vat to the position of the platform, and the previously printed
part was cleaned by a cleaning dispenser. After cleaning, the platform
moved to the other resin vat to print the next layer.

2.3. Recoating process and cure depth characterizations of highly vicious
CFRP composite

To process highly viscous fiber-loaded resin (1 ~ 7.8 Pa.s), we de-
veloped a recoating fixture employing the tape-casting technique
[13,34] to ensure the viscous resin was efficiently recoated as shown in
Fig. 1(b). Firstly, a small amount of CFRP composite was extruded onto
the oxygen-permeable window. Then, a doctor blade was moved from
left to right, spreading the resin on the window. The blade had a speed
of V = 5 mm/s relative to the window. The distance between blade and
window 8pjaqe Was controlled to ensure that the resin’s height was high
enough, and it could spread to the whole printing area. The thickness of
the coating layer coating Was half of yjaqe. Moreover, to guarantee each
layer could be fully cured, Scoating Was set as Scoating > k& (k > 1), where
§ is the layer thickness and k is the safety factor. The recoating quality
of different fiber loading resins was tested (Appendix Fig. A2), and we
observed that the maximum fiber loading that yielded a layer with good
quality was approximately 20 vol%. For the resin that had fiber loading
more than 20 vol%, the fibers massed into clusters during the recoating
process, making the resin non-printable.

To quantify the working curve for each loaded resin, a relationship
between the curing depth and the exposure energy was characterized to
locate the optimal exposure parameters; the working curve for the resin
with 20vol% fiber loading is given in Appendix Fig. A3(b). The mea-
sured working curve confirmed that the curing depth was linearly
proportional to the natural logarithm of the UV exposure energy, which
showed good agreement with the analytical model represented by Z 4
= (1/a) - In(E/E.) where a is the resin absorption coefficient, E is the
actual energy of light and E. is the critical exposure energy required to
initiate polymerization [35]. E was controlled by the UV light intensity
and the exposure time, and E. was controlled by the resin inherent

property.

2.4. Post-processing and fabricated samples

Our PuSL system was designed to achieve a minimum printable 3D
feature size of ~50 pum in the projection plane. This was determined by
the pixel resolution of the DMD array and the printing area. The re-
solution in the vertical direction was determined by a driving motor,
which was 5 um, and we set the layer thickness as 40 um. After printing,
all samples were cleaned with ethanol and post-cured using UV light.
This process was followed by thermal post-cure at 150 °F for 24 h. To
demonstrate the capabilities of our technique, samples with complex 3D
structures at the millimeter-scale were fabricated, as shown in Fig. 1(c)
and (d). Fig. 1(e) shows a multi-material octet-truss unit cell comprising
of CFRP composite and polyethylene glycol diacrylate resin, and
Fig. 1(g) and (h) show a gyroid structure with a minimum feature size
of 150 um. The process is not limited to the dimensions demonstrated in
microlattices here, while it can be extended to samples of tens of cen-
timeters or larger as shown in Fig. 1(f).
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Fig. 1. Customized multi-material microstereolithography (PuSL) system and fabricated samples. (a) Schematic of multi-material PUSL process integrated with the
tape-casting method. (b) Schematic of the recoating process. (c)-(d) Complex 3D structures fabricated by the system. (e) A multi-material octet-truss unit cell
comprising of carbon fiber reinforced polymer composite and polyethylene glycol diacrylate resin. (f) A closed-cell lattice with a dimension over tens centimeters.

(g-h) Gyroid 3D structure with a wall thickness of 150 pm.

2.5. Energy dissipation characterizations

The energy dissipation mechanism of the as-fabricated CFRP mi-
crolattices was quantified through their small and large strains de-
formations, considering both intrinsic and structural damping from the
multi-phase material and designed micro-architectures.

To capture intrinsic damping properties at small strains, we per-
formed DMA tests using TA Instruments DMA 850. All tests were per-
formed with a maximum strain of 0.05 % to ensure that all fabricated
samples were excited elastically at small strains. Although a frequency
sweep was performed from 0.1 Hz to 20 Hz, the results measured at
0.1 Hz were selected for a direct comparison of loss tangent from small-
strain DMA and large-strain cyclic compression tests, since the fre-
quency of quasi-static compression testing is usually considered to be
less than 0.1 Hz [36].

Structural damping properties at large strains were investigated by
quasi-static cyclic compression tests using an INSTRON 5944 test frame

equipped with Bluehill data acquisition software and a 2000 N load cell.
A strain rate of 102 1/s was adopted to ensure that all samples deform
quasi-statically (i.e., to suppress mass inertia effect). Load-displacement
curves were collected by the software linked to the test frame and were
converted into engineering strain and stress via ¢ = §/Lo and 0 = P/A,
where P and § are the load and displacement measured by the load cell,
Lo is the initial length, and A is the effective cross-section area. This
conversion provided a stress-strain hysteresis loop, and the effective
stiffness was obtained from the slope of the linear elastic region in the
loading section. Dissipated energy AU (area within the loop) and the
stored energy U (area under the loading curve) were calculated, re-
spectively. The loss coefficient ¥, defined as the ratio of the dissipated
energy to the stored energy (i.e., ¥ = AU/U), was then computed and
converted to the loss tangent via tan§ = 2¥/x [14,36,37]. This process
was necessary for a direct comparison of the loss tangent at small and
large strains. Note that this relationship represents a quarter-cycle of a
full compressive loading-unloading cycle [14].
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Fig. 2. The effect of soft phase on the bulk CFRP stiffness-damping properties. (a) Stiffness (E) vs. loss tangent (tand) for various two-phase configurations in-
corporating CFRP and soft phase of bulk material. The percentage shown here corresponds to the volume fraction of the stiff phase (V;). Graphical legends are
provided at the bottom of this figure. (b) E*"*tan8/p versus the volume fraction of the soft phase (V). This index has its maximum at V, = 0.9 %.

3. Theory and hypothesis

Despite brittleness from the nature of stiff CFRP composites, it is
promising that a two-phase composite layout incorporating the CFRP
composites with a soft phase can lead to high stiffness-loss efficiency. To
determine the effects of the soft phase on the bulk CFRP stiffness-
damping properties, we performed an analytical study of several re-
presentative two-phase layouts by varying volume fraction of the soft
phase and computed their effective stiffness (equivalent to storage
modulus, E) and loss tangent based on two-phase composite theory
[14,38]. Fig. 2(a) illustrates an E-tand relationship of different layouts;
the percentage in this figure corresponds to the volume fraction of phase
1. The layouts considered here included Reuss and Voigt composites,
Hashin-Shtrickman composites, stiff fibers in a soft matrix, and soft
spheres in a stiff matrix. Here, phase 1 (stiff phase) was the CFRP com-
posite (5vol% fiber loading), and phase 2 (soft phase) was a soft elas-
tomer; the material properties of these phases can be found in Appendix
Table B1. Analytical expressions of the stiffness and damping for these
layouts can be found in Appendix C. Our calculations show that a small
volume fraction of phase 2 in the Reuss composite led to a substantial
increase in loss tangent with a reasonable reduction in stiffness. Con-
versely, the Voigt composite required a substantial addition of phase 2 to
achieve an appreciable increase in loss tangent. The upper and lower
bounds of Hashin-Shtrickman composites were bounded by those of the
Voigt and Reuss composites, respectively, and the stiff fibers- and soft
spheres- inclusion composites behaved similarly to the Voigt composite.

Since the Reuss and Voigt layouts represented the upper and lower
bounds in the stiffness-loss relationship in our study, we assessed these
two layouts to identify the volume fraction of phase 2 that maximizes
damping performance in terms of the damping FOM, E'/*tand/p. This
material index is intended for plate- or panel-shaped applications for
energy absorption, and it expresses how fast a clamped plate subject to
forced vibrations reaches rest when the forcing term is removed, ap-
plicable to applications of lattice materials for damping management
[36,39-41]. The lightest material for the plate or panel application is
that with the highest value of E3/p [39,42]. As depicted in Fig. 2(b),
the Reuss layout having a volume fraction of phase 2 equal to ap-
proximately 0.9 % was found to exhibit a maximal FOM. Therefore, the
Reuss layout is a pertinent framework to design a structure with high
stiffness-damping efficiency.

4. Results and discussion
4.1. Design and production of two-phase CFRP microlattices

The above rationales provide conceptual design guidelines to opti-
mize the stiffness-damping efficiency for two-phase bulk composites,
then we extend these principles to a class of lightweight high stiffness
lattice topologies [1,43]. Here, we developed lightweight CFRP mi-
crolattices consisting of periodically arrayed octet-truss unit cells in
which the soft phase is embedded in selected out-of-plane struts, as
shown in Fig. 3(a). The octet-truss topology was chosen as a repeating
unit cell in the microlattices because its deformation mechanism is
stretching-dominated which gives rise to a favorable stiffness-to-weight
ratio compared to stochastic bending-dominated cells [1,3,43]. The soft
phase was then intentionally inserted at the center of the selected struts
to increase the maximum global strain, which in turn enlarges the area
of stress-strain hysteresis loop leading to an improved energy absorp-
tion performance.

The soft phase ratio in the octet-truss unit cell, Vg, defined as the
ratio of h to H, controls the volumetric material distribution between
the CFRP composite and the soft phase, which tailors the stiffness-
damping property of the microlattice. Here, Vi = (2/3)V,.¢, where
yladice denotes the ratio of the soft phase volume to the entire micro-
lattice’s volume, since the Reuss layout presents only in the selected
out-of-plane struts. The relative density of the microlattice, g, is ap-
proximated by g = 672 (/1) 2, where r is the strut radius and I is the
strut length [43,44]. The microlattice’s density equals to the product of
its relative density and base material’s density.

To investigate the damping performance of the present microlattice,
unit cells (3 for each density group) having a range of relative densities
@ ~ 4%, 7 %, 12 %) and soft phase ratios (Vsor; ~ 0 %, 5%, 9 %, 13 %,
20 %) with a side length of 15 mm were fabricated using the multi-
material PuSL system. Fig. 3(b) depicts an as-fabricated 3-3-3 lattice
sample having g = 7 % with V¢ = 9 % as an example. The interface
between the soft and stiff phase is covalently bonded after radical
photopolymerizations, and was experimentally confirmed to be ade-
quately strong to transfer tensile and compression loads to adjacent
layers. As shown in Fig. 3(c), a scanning electron microscope (SEM)
image was taken at the interface of the CFRP and soft phase.
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Fig. 3. Multi-material architecture. (a) Design of lightweight, stiff, high damping microlattice with two-phase materials incorporating CFRP and soft phase. (b)
Fabricated lightweight cellular CFRP microlattice having 6 = 7 % with Vs = 9 %. (c) SEM image showing the interface between the two phases, where the top

section is CFRP and the bottom section is soft phase.

4.2. Intrinsic damping at small strains

Fig. 4(a) and (b) show the measured modulus and loss tangent of
samples with a range of soft phase ratios, obtained by DMA tests. These
values were averaged over three test results, and error bars represent
the standard deviation. Here, we only considered the relative density of
7 % since the intrinsic damping was invariant with respect to the re-
lative density [14], and this was verified by our analytical model
(Appendix C). We observed that the effective modulus of the samples
showed an exponential relationship as a function of V. via E = a-exp
(b-Vsort) + c-exp(d-Viof) (coefficients are provided in Appendix B).

Conversely, intrinsic damping tan§ was nonlinearly proportional to
Vsore via tand = a-exp(b-Veor) + ¢ (coefficients are provided in
Appendix B). A trendline approaches an asymptotic value of the loss
tangent to be approximately 0.32, which corresponds to the inherent
loss tangent of the soft phase. Moreover, the loss tangent reaches its
asymptotic value earlier than the modulus at a given change in Vg For
example, the magnitude of the modulus at V¢ = 9 % is still a factor of
approximately 2 times larger than that at Vo = 20 % (from 6.13 MPa
to 2.66 MPa), whereas the magnitude of the loss tangent at V¢ = 20 %
was approximately 1.2 times larger than that at Vos = 9 % (from 0.267
to 0.32). This result is consistent with the theoretical response of a bulk
Reuss composite illustrated in Fig. 2(a), which implies that the design
rules for bulk composites can be applied to these two-phase lattice
materials at small strains.

We further investigated the stiffness-damping performance of our
designed microlattices by the damping FOM, defined as E'/3*tand/p in
the previous section. The FOM was calculated using the measured ef-
fective modulus and loss tangent values to identify the optimal soft
phase percentage, as shown in Fig. 4(c). A solid line represents a curve
fit of the damping FOM. The computed value reaches its peak when
Vsoft Was equal to approximately 10 %, which was approximately a
factor of 2 times larger than a similar microlattice but made of CFRP
composite entirely.

4.3. Structural damping at large strains

Stress-strain hysteresis loops of samples with g = 4% and g = 12 %
having Vo = 20 % in response to multicyclic compression (30 cycles)
are shown in Fig. 5(a) and (b), respectively. We observed that the
hysteresis loops stabilized after the first three cycles, which implies the
presence of non-recoverable mechanisms such as localized nodal frac-
tures and possible inelastic deformation. The loss coefficient, ¥,
monotonically decays with cycle number in which a reduction of ap-
proximately 25 % was seen after the first three cycles (see insets in
these figures). In Fig. 5(c), the evolution of the stress-strain hysteresis
loop is presented over different relative densities (5 = 4 %, 7 %, 12 %)
while holding Vs constant (Vsore = 20 %). To adequately display this
evolution, we normalized both stress and strain of the loops with re-
spect to their maximum values. Dominant deformation mechanism at a
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Fig. 4. Intrinsic damping properties of the lightweight cellular CFRP microlattices having a relative density of 7 % with different soft phase ratios. The values were
averaged over three test results, and error bars represent the standard deviation. Solid lines in these figures represent the curve fit. (a) The effective modulus (E) as a
function of the soft phase ratio V.q. (b) Loss tangent (tand) as a function of V.. (¢) Damping FOM as a function of V.
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with § = 12 % having Vo = 20 %. (c) Normalized stress-strain hysteresis loops of samples having V. = 20 % with various g. (d) The effective modulus as a function
of Vo for different relative densities. (e) Loss tangent (tand) as a function of V. for different relative densities. (f) Damping FOM as a function of Vg, showing its
maximum at different V. for different relative densities. In (d)-(f), the values were averaged over three test results, and error bars represent the standard deviation.

low relative density (6 = 4 %) was elastic buckling of the constituent
struts, however, this buckling response diminished with an increase in
the relative density (5 = 7 %), and plastic yielding mechanism started
to dominate deformation at a higher relative density (6 = 20 %). This
difference in deformation mechanisms at different relative densities
affects the shape of the stress-strain hysteresis loops that in turn leads to
a change in the dissipated energy per cycle.

We observed that the measured modulus decreases monotonically
with an increase in Vg5, and this relationship is nearly identical to one
observed from intrinsic properties (Fig. 5(d)). This is because the mod-
ulus is a mechanical property that is invariant to the magnitude of global
strains according to the nature of elasticity. Curve fits for the measured
modulus were found to follow an exponential relationship with V. (see
Appendix B for more details). Structural loss tangent of the microlattices,
computed via tand = 2¥/m, is shown in Fig. 5(e). The structural loss
tangent increases monotonically with V. but decreases with relative
density. Additionally, the loss tangent reaches its asymptotic value with
an increase in Vg, and this convergence is more rapid for samples with
higher relative densities. Our finding implies that a cellular structure is
preferable to a bulk material for structural damping. Structural damping
FOM was calculated and plotted in Fig. 5(f). The results showed that the
maximum FOM for different relative densities occurs at different V.
For example, samples having 5 of 4 % and 7 % showed such peaks when
Vsofe ~ 6 %, whereas a peak for a sample having g of 12 % occurs when
Vsofe is equal to approximately 12 %.

4.4. Discussion

Fig. 6 illustrates the tunability maps of intrinsic and structural
damping FOM using the measured data and polynomial fittings in the
Vsofe VS. § space. This map allows the designer to choose the volume
fraction of the soft phase and the relative density for the desired FOM.
The FOM for both intrinsic and structural damping has its maximum at
low relative densities and at the soft phase ratio ranging approximately
from 6 % to 12 %.

A specific stiffness vs. loss tangent (E*/3/p — tan§) map was created
to quantitatively assess the performance of the stiffness-damping pair of

our CFRP microlattices against other existing materials (CES EduPack
2018, Granta Design [45]) for vibrational management (Fig. 7)
[39,41,42]. The envelope defined by all experimental results is high-
lighted by an orange ellipse in E'/3/p vs. tan§ material space. We dis-
covered that the CFRP microlattices have a specific stiffness comparable
to commercially available CFRP composites while being dissipative like
elastomers. For instance, the microlattices exhibit similar E'/3/p to that
of technical ceramics and other composites and achieves improved
damping by almost two orders of magnitude in loss tangent tand.

Additionally, we compared the measured stiffness-damping prop-
erties of the CFRP microlattices with analytical calculations at small
strain deformations (See Appendix C). The mechanical behaviors be-
tween the model and experimental results for a relative density of 7 %
as a function of soft phase ratio V. Were compared as an example (Fig.
C2 and Table C1). The experimentally observed effective modulus
trendline agrees well with analytical estimation. We observed a slightly
larger discrepancy in intrinsic loss tangent vs. Vg trendline, which is
attributed to the challenges to obtain accurate control of the soft phase
ratio especially when V. was below 5 %.

5. Conclusions

We presented an extendable tape-casting-integrated multi-material
PuSL process capable of producing cellular CFRP materials with si-
multaneously high specific stiffness and damping coefficient. Our pro-
cess is capable of incorporating multiple resins with disparate me-
chanical properties and high viscosity, allowing direct additive
manufacturing of materials and components comprised of combinations
of different stiffness and damping pairs. The presented lightweight
CFRP microlattices achieved the upper bound of stiffness and damping
pairs of a composite via a Reuss layout where soft phase sections were
inserted into stiff struts in the microlattices. DMA tests and quasi-static
cyclic compression tests at small and large strains confirmed that a
small fraction of the soft phase (~ 6 %) was capable of dramatically
increasing both intrinsic and structural damping performance of the
microlattices. The creation of a tunability map for vibrational man-
agement allowed us to choose the optimal FOM, (E'/3tand/p), via



Z. Xu, et al.

a 0.88
m
S
3
3
X
- ke
X >
= 05 J
ISY 2
\QJ
x
@
3
- 1

4 0.16

0 15
Vsoft [0/0]

30

Additive Manufacturing 32 (2020) 101106

—

30

b12

0.7

p [%]
®
[¢-WbY/e, Bd] dQUEl, T

1.18

4 0.2

0 15
Vsoft [%]

Fig. 6. Tunability maps for (a) intrinsic and (b) structural damping performance in terms of the damping FOM obtained from experimental measurements.
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Fig. 7. Assessment of vibration management of plates. The lightweight cellular CFRP microlattices developed in this work are compared against all existing natural
and manmade materials in a log-log graph. The orange ellipse represents the envelope of all experimental results.

combinations of relative density and soft phase ratio. Our results in-
dicated that these microlattices with architected stiff and soft phases
exhibit a comparable specific stiffness to commercial CFRP while being
dissipative like elastomers.

Author contributions

X. Zheng conceived and designed the research. Z. Xu carried out
additive manufacturing system setup and performed polymerization
experiments and measurement. C. Ha developed the design of the two-
phase CFRP microlattice and performed the analytical calculations. Z.
Xu and R. Kadam fabricated samples and performed the tests. C. Ha, Z.
Xu and R. Kadam analyzed the data. Z. Xu wrote the initial draft of the
manuscript. Z. Xu, C. Ha, and R. Kadam finalized the manuscript with
input from all authors. V. Kunc, J. Lindahl, and S. Kim contributed to
carbon fiber synthesis and dynamic property measurement. The tech-
nical assistance of R. Hensleigh, H. Cui, K. Jung, and M. Hemminger is
greatly appreciated.

CRediT authorship contribution statement

Zhenpeng Xu: Methodology, Software, Validation, Formal analysis,
Investigation, Data curation, Writing - original draft, Writing - review &

Appendix A. Material

Table Al

editing, Visualization. Chan Soo Ha: Methodology, Software, Formal
analysis, Writing - review & editing, Writing - original draft,
Visualization. Ruthvik Kadam: Software, Validation, Formal analysis,
Investigation, Writing - review & editing. John Lindahl: Investigation,
Resources. Seokpum Kim: Resources, Writing - review & editing. H.
Felix Wu: Project administration, Writing - review & editing. Vlastimil
Kunc: Resources, Project administration, Funding acquisition. Xiaoyu
Zheng: Resources, Conceptualization, Writing - review & editing,
Writing - original draft, Supervision, Project administration, Funding
acquisition.

Declaration of Competing Interest
The authors declare no conflict of interest.
Acknowledgements

This work is sponsored by the U.S. Department of Energy, Office of
Energy Efficiency and Renewable Energy, Vehicle Technologies
Program, under contract DE-AC05-000R22725 with UT-Battelle, LLC
(4000162266). C. Ha, R. Kadam and X. Zheng would also like to thank
the AFOSR Air Force Office of Scientific Research (FA9550-18-1-0299)
and Office of Naval Research (N00014-18-1-2553) for financial support.



Z. Xu, et al. Additive Manufacturing 32 (2020) 101106

Table A1
Formulations of the CFRP resins.
Fiber loading Weight of carbon Volume of monomer Weight of initiator
[vol%] fiber [g] [ml] le]
5 4.45 47.50 1.71
10 8.90 45.00 1.62
20 17.80 40.00 1.44
Table A2
Viscosity testing results of the CFRP resins.
Fiber loading [vol%)] Viscosity [Pa-s]
0 1.786
5 2.025
10 2.483
20 7.803

a After initial mixing

5vol% 10vol% 20vol% 25vol%

b After 3 days

Svol% 10vol% = 20vol% = = 25vol%

Fig. Al. Optical images of the resins mixed with different carbon fiber loadings. (a) After initial mixing. (b) After 3 days. The resins are stable, and the sediment
phenomenon is not obvious.

- AP Fig. A2. Optical images of CFRP composite resin films with
10vol% “ ° different fiber loadings after recoating. Circled area refers to a
piece of dense cluster of massed fibers. While there are some
clusters in 20 vol% resin film, it is still can be used for the
fabrication. However, the situation becomes severe when fiber
loading goes to 25 vol%, making the recoating process harder.

5vol%

20vol%
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Fig. A3. (a) Optical images of single cured layer for 5vol%, 10 vol%, 20 vol% fiber loading resins with 5s exposure time. (b) Curing depth of the 20 vol% loading
resin as a function of the exposure energy.

Appendix B. Experimental setup and result

The damping capacity of a material is often defined as loss tangent (tand). In the field of viscoelasticity, § is called the phase (or loss) angle (or
shift) between stress and strain sinusoidal responses and is a measure of the loss angle of a linearly viscoelastic material. This angle also represents
the width of the elliptic Lissajous figure [14]. The procedure to determine the tand of the bulk sample is as follows. First, a compression or tension
film clamp was used to load the sample onto a DMA apparatus (TA Instruments DMA 850). A nitrogen tank attached to the DMA test frame was used
to regulate the temperature. Once the desired temperature (25° in Celsius) was reached, a strain sweep was carried out from 0.01 % strain to 10 %
strain at a frequency of 1 Hz to determine the maximum strain within the elastic region for the sample (per ASTM D5026). This method is destructive
because the sample must enter its plastic region as the strain increases and becomes permanently deformed. Thus, this plastically deformed sample
was replaced with a new sample. The new sample was loaded with a frequency sweep from 0.1 Hz to 20 Hz to measure its tand. Within this range, the
results at 0.1 Hz was adopted because the corresponding tand allows for a direct comparison with structural damping property obtained from the
quasi-static cyclic compression tests since a frequency of such tests is in general below 0.1 Hz [36]. The fiber loading of all tested samples is 5 vol%.
The measured material property is listed in Table B1.

Table B1

Bulk material properties.
Material Storage modulus [MPa] Loss modulus [MPa] tand [-]
CFRP 2717.6 184.7 0.068
Flexible 7.4 2.2 0.299

We measured 3 samples at each point and took the average of a data set. Error bars in the stiffness and damping figures refer to the standard
noo o2

deviation which is calculated by the equation s = Zz:;(%x) The standard deviation of the FOM, %, is calculated by the error propagation
equation, Spom = 4 % (8s)* + (54)%, where s and s4 are the standard deviation of stiffness and damping. The test data after averaging and curve fitting
are provided below.

Storage modulus and intrinsic damping of samples, representing the lightweight CFRP cellular microlattices with a relative density of 7 %, is
provided in Table B2. We performed the curve fit on these measured mechanical properties using E = a-exp(b-Vsor) + c-exp(d-Vsor) and tand =
a-exp(b-Vyor) + c to see their trends, and the coefficients of the curve fits are listed in Table B3.
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Table B2

Storage modulus (i.e., stiffness), intrinsic damping and corresponding standard deviation (SD) of the samples with a relative density of 7 % at small strains.
Vsoft 0% 3% 5% 9% 11 % 13 % 20 %
Storage modulus 27.060 13.112 9.323 6.130 5.320 4.108 2.659

[MPa]

tang [-] 0.076 0.141 0.183 0.267 0.279 0.304 0.318
SDstorage_ modulus [MPa] 1.218 0.577 0.438 0.294 0.208 0.337 0.242
SDtans [-] 0.009 0.017 0.023 0.028 0.023 0.019 0.021

Table B3

The coefficients of fitting equations of storage modulus (i.e., stiffness) and loss coefficient of the samples with a relative density of 7 % at small strains.
Coefficients a b c d R?
Storage modulus [MPa] 18.43 —38.22 8.62 —5.36 0.9989
tandg [-] -0.27 15.37 0.33 n/a 0.9711

Stiffness and loss coefficients of the samples at large strains are listed in Tables B4 and B5. These measured properties were curve fitted via E =
a-exp(b-Vyor) + c-exp(d-Vsor) and tand = a-exp(b-Vysog) + c. The coefficients of the curve fits are provided in Tables B6 and B7.

Table B4
Stiffness and corresponding standard deviation (SD) in [MPa].
N 0% 5% 9% 13 % 20 %
P \Vsot
4 % 17.725 6.720 4.510 3.012 1.988
7 % 26.597 8.969 5.510 4.004 2.337
12 % 32.213 11.250 6.250 4.440 2.740
SD 49, 0.798 0.229 0.239 0.069 0.131
SD7q 1.011 0.413 0.314 0.092 0.096
SD1204 1.546 0.315 0.219 0.120 0.090
Table B5
Structural loss coefficients and corresponding standard deviation (SD) [unitless].
N 0% 5% 9% 13 % 20 %
P \Vsoft
4 % 0.305 0.479 0.558 0.611 0.679
7 % 0.207 0.415 0.468 0.527 0.614
12 % 0.142 0.260 0.310 0.419 0.453
SD 404 0.015 0.016 0.018 0.020 0.014
SD7q, 0.014 0.009 0.014 0.012 0.015
SD1204 0.011 0.017 0.009 0.011 0.016
Table B6
The coefficients of fitting equations of modulus of samples.
- 2
p\ Coefficients a b ¢ d R
4% 13.84 —-27.14 3.86 —2.93 0.9992
7 % 20.58 —31.89 6.00 —4.07 0.9987
12 % 26.37 —28.28 5.84 —3.66 0.9999

Table B7
The coefficients of fitting equations of loss coefficient of samples.
- 2
p\ Coefficients a b € R
4% —0.27 10.71 0.46 0.9967
7 % -0.29 10.06 0.42 0.9880
12 % —0.23 10.75 0.31 0.9889

10
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Appendix C. Analytical model
Analytical model for bulk two-phase composites

In Section 3 of the main text, we studied the E-tané relationship of representative two-phase bulk composite layouts made of a soft (viscoelastic)
phase and a stiff (CFRP composites) phase. In the field of viscoelasticity [14], their moduli are complex and are expressed as E* = E’ + iE'’, where E’
denotes the storage modulus and E” denotes the loss modulus. In addition, the loss tangent tand, by definition, is related via the ratio of the
imaginary to real parts of E* (i.e., tand = E"/E’).

According to the viscoelastic correspondence principle [14], for Reuss composite layout comprising phase 1 (stiff) and phase 2 (soft), the complex

1
% +1 E_f ] , where f represents the volume fraction of phase 1, and E, and E, denote the complex moduli of
1 2

phase 1 and 2, respectively. Then, its effective modulus (storage modulus) and loss tangent of the Reuss composite can be expressed as:

"
modulus can be expressed as Ege,s =

EReuss = Re (El:euss) (C.1)

(tan 8, + tan&)(f + (1 — f)(E1/Ey)—(1 — tan &, tan &,)(f tan 8, + (1 — f) tan &, (E,/E,))
1 — tand, tan &) (f + (1 — £)(E,/E,) + (tan8; + tan&,)(f tan S, + (1 — f)tan 8, (E,/E,)) (C.2)

tan Sgeuss =

where E, and E, represent storage moduli of phase 1 and 2, respectively, and tand; and tan, denote the loss tangent of phase 1 and 2, respectively.
Similarly, for Voigt composite layout, the complex modulus is E\*,mgt = E,;f+ E,(1 — f). Then, the effective modulus (storage modulus) and loss
tangent of Voigt layout can be expressed as:

EVoigt = Re(E\*loigt) (C3)

ftand, + (1 — f)(E,/E))tand,
tan Svyoigr = —
F+ Q= HE/ED (X))

Detailed analytical expressions of the stiffness and damping for other layouts can be found in Ref. [14,38].

Analytical model for the two-phase CFRP microlattice at small strains

Intrinsic damping is associated with material properties due to the nature of viscoelasticity; that is, such damping is not caused by large
deformation mechanisms such as buckling which most likely appears in large strains. In order to obtain intrinsic material properties of the mi-
crolattice, we first determined the effective modulus of a unit cell creating the microlattice in quasi-static conditions at small strains. Here, we
considered axial, bending, and shear forces applied on the constituent struts of octahedron-tetrahedron (i.e., octet-truss) cells. Such a topology is
stretch-dominated; hence one may consider axial stress only since bending and shear stress are relatively small as compared to axial stress. However,
this would not be a case for the microlattices presented in our study because their out-of-plane struts were made of two dissimilar materials
complying with the Reuss layout, which may cause the microlattice deforms differently due to macro/micro-frictions at interfaces of the two
materials and their intrinsic viscoelastic effects. To accommodate this, we adopted Timoshenko’s beam theory, and hence our analysis includes every
aspect of axial, bending, and shear deformation mechanisms. In addition, we assumed an infinite microlattice in this analysis. With these as-
sumptions, we first derived the stiffness and loss tangent for the cell made of a homogeneous material. Consider an out-of-plane strut of the
octahedral cell (i.e., the core of the octet-truss cell), as shown in Fig. C.1 . We defined an effective length Leg (Lefr = Lstrur — 27) to take into account
the nodal volume effect, where r is the radius of circular cross-sections; that is, mass accumulation at the nodes is considered. Note that the Reuss
layout is not illustrated in this figure for simplicity. When subjected to a unidirectional compressive loading, both ends of the strut move due to axial
compression and bending. Due to the axial compression, the corresponding axial displacement is
5, = Falar

EA (C.5)
where E; is an elastic modulus of a base material that makes the cell and A is the cross-sectional area of the strut. To determine displacements due to
bending and shear of the strut, we then obtained moment M and shear force Fs along the strut at position s according to the Timoshenko beam theory

(a)

FS o
AU
Fy

Fig. C1. Schematics of the deformation of the out-of-plane strut of the lightweight cellular CFRP microlattice under uniaxial compression. Loading state in (a) the
global coordinate, (b) the local coordinate.
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as follows.
dp
M, = Eslg (C.6a)

ow
Fs = xAGs(g -9 (C.6b)

where I is the second moment of inertia, ¢ is the strut rotation, and « is Timoskenko shear coefficient (x = 67(1:6? for solid circular cross-section, and
x = % for solid rectangular cross-section, where v is Poisson’s ratio), G is the shear modulus of the base material, w is a deflection of the strut at

position s. Note that for a Timoshenko beam, Z—‘: # ¢ due to the shear effect as opposed to that of the Euler-Bernoulli beam theory. From a force
equilibrium, an expression of M can be easily expressed as

M = %FsLeff — Fgs

(C.7)
By imposing boundary condition, that is ¢(s=0) = 0, and integrating Eq. (C.6a) using Eq. (C.7), we obtain
— FSLeffS_ FS SZ
2EI  2E]I (C.8)
Substituting Eq. (C.8) into (C.6b) and integrating with respect to s yields
w(s) = Tss | s lLeffSZ - lS3)
xAG  2E 2 3 (C.9)
Applying boundary condition at s = L.g, the displacement due to shear and bending can be finally obtained as:
FsL3
Ss = w(s = Leg) = FgLeg 4 Dsler
xkAG  12EI (C.10)
From Egs. (C.5) and (C.10), the axial force F, and the shear force Fs applied to the strut are then expressed as:
FA = ESA 5A
Legr (C.11a)
-1
Fo= [ Lt L ] 3
kAG  12E(I (C.11b)
The strain energy stored in the strut, considering axial, bending, and shear deformations, can be expressed as:
1 [ w
Usut—of—plane = EFA‘SA + ‘/(: [M, s + Fs(g — @)lds (€.12)
Using Egs. (C.7)—(C.9), and (C.13), Eq. (C.12) can be simplified as:
nEr25;  6CE I8¢
Usut—of— = + —
‘out—of—plane 2Leff Lgff (C13)
-1
where C; = [,{ZZGEEQ ] and G = ; (1Ei > Note that the equation above represents the total strain energy stored in the out-of-plane strut.
eff
The strain energy for the in-plane strut, which is only subjected to tension, is simply:
U _ mEr?5}
in—plane = ZLeff (C.14)

where & represents the displacement of the strut in the global x-axis. The relationships between the strut and the global coordinates in terms of
displacements are

8, = dpcosb + Gsinb (C.15a)
8x = Opsind + Jpcosb (C.15b)

For the octet-truss configuration, a strut inclination angle 0 is 45°. Using Eq. (C.15), Eq. (C.13) can be re-written as:

2
ﬁEsr (_5x + 52)2 + 66&#(5){ + 52)2

Ui of i =
‘out—of—plane 2Leff Leff (C16)

Assuming 8y = %62 and circular cross-section struts, Egs. (C.10) and (C.12) can be further simplified as

mr?E - 1 r?
Unuteofoplane = ——2[—— + 12C; —]82
'out—of—plane 9 L lLe3ff z (C.17a)
7Esr? ,
Unn—plane = ——9,
in—plane 9Leff Z (C17b)

Although the relationship between the axial and vertical displacements (i.e., 8, = ~8,) is valid for pin-joined struts [44], it is pertinent to use such
an approximation because relative densities considered in our work is relatively very low (5 < 12 %) in which nodal effects due to fixed joints are
negligible. Note that Eq. (C.17) represents the strain energy for the out-of-plane and the in-plane struts that are made of a homogeneous material.

12
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For the octahedral cell consisting of 4 in-plane struts made solely of CFRP composite and 8 out-of-plane struts made of CFRP composite and soft
phase complying the Reuss layout as appeared in our design, we needed to substitute the modulus with E; = E*geyss in Eq. (C.17a) and Es = Ecg in

—1
Eq. (C.17b), where Egey = [;S—‘)ff‘[ + 1;"7;/;0&] according to the viscoelastic correspondence principle [38]. Then, using Eq. (C.17), the total strain

energy in the cell becomes
Ueen = 4Ui(r:11ip1ane + 8U§Jetu—srs)f—plane (C.18)

By definition, Uy = %FZ(SZ where F, is the total compressive force applied to the cell in the (global) z-direction. Using this definition and Eqgs.
(C.17)-(C.18), we obtain
16 112G 12

8 r? .
E = [-7Ecp— + —7tEReusst > (=— + S,
z [9 CF Leff 9 Reuss' (Leff Le3ff )] z (C.19)

—1 —1
3 see 12E51 EReuss Vsoft 1 — Vsoft 3 26,
.(C1 = —= = —_Reuss Vg = | 20 4 2= Tsoft | = =z
Note that in Eq. (C.19) C; should be modified as ¢; Crewsiy | where Ggeuss 20+ v’ and Vg oo + o Since ¢, . and

g, = % where the cell length L is 2-Lg-sind, the cell width W is 2-Lg-sin6, and the cell height H is 2:Lg-sind, the effective modulus of the cell
according to Hooke’s law (o, = E,¢,) can be expressed as:
. 242 r? . r?
E, = ——7m(——)[Ecr + 2Egeyss(1 + 12C1—-)]
9 LstrutLeff Leff (C.ZO)

We observed that Eq. (C.20) reduces to an analytical expression reported in Refs. [43,44] for a case which an octet-truss unit cell is made of a
homogeneous linear elastic material. Thus, this validates our analytical model is correctly developed. Finally, by definition, the intrinsic damping in
terms of the loss tangent can be obtained by taking the ratio of imaginary to real parts of Eq. (C.20), that is

_Im(E)) _E,

and 22 = 2%
Re(E;) E, (C.21)

Comparison between analytical model and experimental results

To investigate the analytical model-experiment agreement, the mechanical behaviors at small strains between the model and experimental results
for a relative density of 7 % were compared as an example, as reported in Fig. C.2 . The model underestimates the effective modulus for V. less than
5 % and overestimated it for higher V,.; however, the overall trend was predicted with a good agreement and the model predicts the modulus well

a 30 _ b 0.6 ,
—— Analyical model —— Analytical model
W Small-strain B Small-strain
¢ Large-strain
201 0.4r

E =

=) . 2

w10t s

I
' L |
or
0 10 20 0 10 20
Voort [%0] Vieort [%]

Fig. C2. Comparison between the analytical model and experimental results. (a) Modulus. (b) Intrinsic loss tangent at small strains.

Table C1

Analytical model-experiment comparison for intrinsic damping performance of lightweight cellular CFRP microlattices having a relative density of 7 % with different
Vsoe- In this table, Avg. and SD refer to the averaged value and standard deviation of the quantities of interest, respectively. FOM was computed using the averaged
values of modulus and loss tangent.

Regime Veote [%] Modulus (E) [MPa] Loss tangent (tand) [-] FOM [Pa'/®/kgm 3]
Experiment Analytical model Experiment Analytical model Experiment Analytical model
Avg. SD Avg. SD Avg.
Small strains (intrinsic) 0 27.060 1.218 24.190 0.076 0.009 0.068 0.255 0.228
3 13.112 0.577 9.220 0.141 0.017 0.278 0.386 0.677
5 9.323 0.438 8.700 0.183 0.023 0.286 0.447 0.683
9 6.130 0.294 8.330 0.267 0.028 0.292 0.568 0.687
11 5.320 0.208 8.250 0.279 0.023 0.293 0.566 0.688
13 4.108 0.337 8.190 0.304 0.019 0.294 0.565 0.688
20 2.659 0.242 8.070 0.318 0.021 0.296 0.512 0.69
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for Vsoie = 0 %. As for the loss tangent, while the model predicts the intrinsic loss tangent with a rapid convergence to its asymptotic value, the
experimental results show a gradual increase, however, similar trends were observed. These discrepancies are not surprising because this simple
analytical model assumes no defects in the fabricated samples (e.g., the absence of fabrication imperfection) and perfect testing conditions. These
samples most likely have exhibited (i) localized nodal fractures, (ii) finite-size effects, (iii) possible plastic deformation, which the model did not
consider. Assumption of linear viscoelasticity in the model could be another factor contributing to these discrepancies, whereas the samples most
likely have experienced some degree of nonlinearity during deformations. In addition, there was an angular misalignment of the soft phase between
the model and samples. While the model assumes that the soft phase is oriented perpendicular to the axis of struts that would be seen in an ideal
microlattice, the soft phase embedded in the samples is oriented parallel to print layers for a trouble-free fabrication. Although this misalignment
could have contributed to the discrepancies discussed earlier, we believe that the misalignment was negligible as compared to influences from other
possible causes since the total volume of the soft phase is identical between the model and the samples even with the misalignment. We emphasize
that the model developed in this study intends to provide estimations of the modulus and loss tangent with an order-of-magnitude margin and to
approximate their overall trends. More advanced analytical models or detailed computations are required to predict with better accuracy.
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