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ABSTRACT: Structural materials combining high stiffness and
damping capabilities are in high demand for passive damping
applications in vibration control, precision manufacturing, and
resilient buildings. However, the development of enhanced passive
damping materials with high stiffness at low weight has been hindered
by the mutually excluding nature of these mechanical properties.
Motivated by the mechanical performance of biological materials such
as bone and nacre, we exploit a simple casting and magnetically
assisted manufacturing process to fabricate platelet-reinforced
polymers with a stiff and damping staggered architecture. Dynamic
mechanical analysis of our staggered architectures reveals an increase
in the stiffness of the composites by a factor up to 4.5 while
maintaining the strong damping response of the host polymer. Using
an established micromechanical model, we can predict the damping figure of merit of such composites and provide guidelines for the
creation of stiff and damping bio-inspired structures while considering boundary conditions of the manufacturing process. By
reaching mechanical performance superior or comparable to bone and nacre, our bio-inspired strategy proves to be a promising
pathway for the further development of low-power passive damping materials.
KEYWORDS: platelets, passive damping, staggered, alumina, polymers

■ INTRODUCTION

Damping materials are useful for the reduction of mechanical
vibration in applications ranging broadly from semiconductor
manufacturing,1 to noise control and attenuation,2 to the
construction of earthquake-resilient buildings.3 While active
damping strategies have been proposed and effectively
exploited, passive damping through structural materials is an
attractive approach because it does not require input energy
and is thus readily deployable in any structural application.
However, enhanced passive damping often comes at the cost of
lower mechanical stiffness and strength. This trade-off between
damping and stiffness is readily manifested in many examples
across different single materials classes and explains why
ringing bells are stiff and damping egg cartons are soft.
Composites offer an attractive pathway to reconcile these

antagonistic properties by combining stiff and energy
dissipating elements in the same material. Viscoelastic
polymers reinforced with microscale fibers or nanofillers have
been extensively investigated as a means to create composites
for enhanced stiffness and damping performance. Despite the
improved damping properties achieved in many of these
systems, the trade-off between stiffness and damping properties
is often observed. Typically, the reinforcement of polymers
with continuous or discontinuous microfibers (diameter ∼ 10
μm) leads to high stiffness but does not provide the high

interfacial area needed for enhanced energy dissipation.4−7 By
contrast, the use of nanofillers as reinforcing elements
improves the damping response of viscoelastic polymers but
is not sufficient to achieve high stiffness due to the low volume
fraction of solids, typically below 5%.8−10 To address these
limitations, composites with reinforcement architectures that
combine high concentrations of stiff elements and a high stiff−
soft interfacial area remain in high demand. Inorganic platelets
with submicrometer thickness are known to effectively
reinforce polymers,11−15 but the resulting composites have
not yet been investigated in terms of damping properties. In
more recent work, a composite architecture, comprising a stiff
polymer matrix loaded with inorganic spherical fillers coated by
a thin layer of a dissipative polymer, has shown to exhibit an
unusual combination of high stiffness and energy dissipation.16

This highlights the importance of the composite architecture
on improving the damping performance of structural materials.

Received: May 28, 2020
Accepted: July 15, 2020
Published: July 15, 2020

Articlepubs.acs.org/acsapm

© 2020 American Chemical Society
3557

https://dx.doi.org/10.1021/acsapm.0c00568
ACS Appl. Polym. Mater. 2020, 2, 3557−3565

D
ow

nl
oa

de
d 

vi
a 

T
U

 D
E

L
FT

 o
n 

Se
pt

em
be

r 
28

, 2
02

0 
at

 1
4:

26
:2

0 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wilhelm+Woigk"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kunal+Masania"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fabian+Stork"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alex+Heusi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Erik+Poloni"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andre%CC%81+R.+Studart"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsapm.0c00568&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.0c00568?ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.0c00568?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.0c00568?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.0c00568?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.0c00568?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/aapmcd/2/8?ref=pdf
https://pubs.acs.org/toc/aapmcd/2/8?ref=pdf
https://pubs.acs.org/toc/aapmcd/2/8?ref=pdf
https://pubs.acs.org/toc/aapmcd/2/8?ref=pdf
pubs.acs.org/acsapm?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acsapm.0c00568?ref=pdf
https://pubs.acs.org/acsapm?ref=pdf
https://pubs.acs.org/acsapm?ref=pdf


Nature showcases many examples of composites that
combine stiff and soft building blocks into rich reinforcement
architectures over multiple length scales.17−19 Highly miner-
alized biological composites, such as bone, tooth enamel, and
mollusk shells, for example, exhibit particularly interesting
reinforcement architectures consisting of staggered stiff
elements surrounded by a continuous softer matrix. The high
stiff−soft interfacial area and high volume fraction of the stiff
phase achieved with this architectural motif allow the
composite to attain antagonistic mechanical properties such
as high stiffness and high fracture toughness.20,21 In contrast to
polymers with conventional fillers, recent studies suggest that
the staggered architecture is also expected to increase the
stiffness and the damping ability of the composite simulta-
neously.22,23 This results from the strong reinforcing effect of
the stiff elements combined with the highly dissipative
response of the surrounding polymer phase when the
composite is subjected to oscillatory loading conditions. In
spite of the extensive research dedicated to the development of
nacre-like materials with enhanced fracture strength and
toughness,24−26 the resulting bio-inspired composites have
not been yet fully characterized in terms of damping behavior.
Attempts to replicate the staggered design in synthetic systems
led to 3D printed materials with improved damping proper-
ties.23,27 However, the high mechanical compliance of the
reinforcing elements used in these synthetic materials has
limited significantly the absolute stiffness achieved.
Here, we manufacture and investigate the stiffness and

damping response of platelet-reinforced polymers exhibiting a
biologically inspired staggered reinforcement architecture. The
staggered arrangement of platelets is generated by using either
a simple casting or a magnetically assisted assembly process
previously reported for the fabrication of highly aligned nacre-
like composites.11,28 Specimens with distinct reinforcement
architectures are obtained by controlling the direction of the
magnetic field applied during the process. The mechanical

properties of such composites are then studied by performing
dynamic mechanical analysis on specimens with different
concentrations of alumina platelets in epoxy or poly(methyl
methacrylate) matrices. The stiffness and damping properties
of the obtained bio-inspired composites are rationalized by
using an analytical micromechanical model and finally
compared to the performance of other engineering and
biological materials.

■ MATERIALS AND METHODS
The epoxy resin used as polymer matrix consisted of a diglycidyl ether
of bisphenol A (Araldite LY 3585, Huntsman Advanced Materials,
Switzerland). The resin was mixed with an amine hardener (Aradur
3475, Huntsman Advanced Materials, Switzerland) in a stoichiometric
epoxy:hardener weight ratio of 100:21. The poly(methyl methacry-
late) (PMMA) polymer matrix was produced by using a methyl
methacrylate (MMA) (Elium 150, Arkema, France) cross-linked
through radical polymerization with 3 vol % of the initiator and curing
agent dibenzoyl peroxide (Perkadox CH-50X, provided by Arkema,
France). Aluminum oxide (Al2O3) platelets (RonaFlair) with an
aspect ratio in the range 17−26 were purchased from Merck,
Germany. Polymers reinforced with platelets of this aspect ratio are
expected to fail under the pull-out mode, thus enabling the onset of
toughening mechanisms such as crack deflection and plastic
deformation.28,29 The platelets were surface functionalized with 12
nm superparamagnetic iron oxide nanoparticles (SPIONs) to become
responsive in an external magnetic field.28

Specimens of platelet-reinforced polymers were fabricated by first
suspending 10, 12.5, 17.5, 20, 25, and 30 vol % of functionalized
platelets in uncured epoxy resin or MMA monomer by using a
planetary mixer (ARE-250, Thinky, Japan). Samples without platelets
were also produced and used as references. Platelets and resin were
mixed and degassed for 5 and 8 min, respectively, at a rotational speed
of 2000 rpm. Hardener (for epoxy) and initiator (for PMMA) were
mixed into the suspensions for 1 min, and the resulting mixture was
degassed again for another 5 min. Three-component suspensions were
then casted into 30 mm × 80 mm silicone molds, which were placed
on a hot plate heated to 60 °C. The external magnetic field and the
temperature were kept constant for 1 and 3 h, respectively, to allow

Figure 1. Manufacturing route and reinforcement architecture of the investigated platelet-reinforced polymers. (a) Alumina platelets
electrostatically coated with superparamagnetic iron oxide nanoparticles (SPIONs). (b) Mixing and degassing of a suspension of coated platelets
dispersed in a reactive liquid resin. (c) Casting of the suspension of platelets into a silicone mold. (d) Resin curing at 60 °C under an external
rotating magnetic field assisted by a vibrating hot plate. (e−h) Final composites with four distinct reinforcement architectures comprising platelets
with (e) alignment imposed by simple casting, (f) in-plane magnetic alignment in the longitudinal direction, (g) out-of-plane magnetic alignment in
the longitudinal direction, and (h) out-of-plane magnetic alignment in the transverse direction.
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for curing of the epoxy and PMMA phases. A magnetic field of 200
mT rotating at a frequency of 3 Hz was applied to enable biaxial
alignment of the platelets. Postcuring was performed at 80 °C for 1 h.
Samples for mechanical testing were produced by grinding cast

plates in a laboratory polishing machine (LapPol-25, Struers GmbH,
Germany) and cutting them into precise bars by using a cutting
machine equipped with a diamond cutoff wheel blade (Accutom-100,
Struers GmbH, Germany). The feeding speed was set to 0.050 mm/s
to guarantee damage-free surfaces. Prior to testing, the samples were
stored for at least 24 h at 23 °C and 65% relative humidity. Nominal
dimensions of the specimens were 2 × 2 × 30 mm3.
Dynamic mechanical analysis (DMA) was performed on a Q800

instrument (TA Instruments, USA) using a friction-reduced three-
point bending setup with a 20 mm span. The specimens were
preloaded with a flexural force of 0.1 N to conduct the measurement
in the positive deflection regime. Frequency sweeps were performed
between 1 and 100 Hz while keeping the displacement amplitude set
to 40 μm. Amplitude sweeps were conducted with a displacement
range of 5−100 μm at constant frequency of 10 Hz. A total number of
eight measurements were considered for calculating the arithmetic
average and standard deviation for each set of samples with a given
reinforcement architecture and platelet volume fraction. The storage
modulus, E′, the loss modulus, E″, and the loss factor, tan (δ), were
calculated from the measured complex modulus, E*.
Microstructural images of polished and fractured samples were

acquired by using a scanning electron microscope (Leo 1530 Gemini,
Zeiss) operated with an acceleration voltage of 3 kV. Before imaging,
the samples were coated with a 5 nm platinum layer using a compact
coating unit (CCU-010, Safematic).

■ RESULTS AND DISCUSSION

Platelet-containing polymers with four distinct reinforced
architectures were manufactured by using a simple magneti-
cally assisted assembly process (Figure 1).28,30 In this
approach, platelets are first coated with superparamagnetic
iron oxide nanoparticles (SPIONs) to enable orientation
control under an external magnetic field. Next, the coated
platelets are suspended in a reactive liquid resin and aligned in
specific orientations by using an external magnet while the
resin is cured with a hot plate. To achieve biaxial alignment of
the platelets, the magnet is rotated at a certain fixed frequency
above which the viscous forces exerted by the suspending
liquid constrain the platelet motion to the plane of the rotating
magnetic field.30 This critical frequency depends on the aspect
ratio of the platelets, the magnetization achieved with the
SPION coating, the viscosity of the suspending medium, and
the applied magnetic field. For the experimental system
investigated here, the critical frequency is estimated to lie
within the range 0.2−2.5 Hz. This critical frequency range was
estimated by using a previously proposed model,31 assuming
an applied magnetic field of 0.2 T, a volume susceptibility of
the platelet magnetic shell of 1.33, a platelet thickness of 370
nm, a platelet diameter of 8.3 μm, and a magnetic shell
thickness of 12 nm. Because the viscosity of the epoxy resin is
expected to drop from 40 to 4 Pa·s32 during the beginning of

Figure 2. Mechanical properties under oscillatory deformation of composites with increasing platelet concentrations and distinct reinforcement
architectures. (a, d) Storage modulus (E′), (b, e) loss modulus (E″), and (c, f) loss factor (tan(δ)) of composites prepared with (a−c) thermoset
epoxy (EP) or (d−f) thermoplastic poly(methyl methacrylate) (PMMA) as polymer matrix. The effect of the reinforcement architecture is
investigated for epoxy-based specimens with different platelet volume fractions. Composites with EP or PMMA as polymer matrix are compared by
using cast specimens prepared in the absence of an external magnetic field.
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the thermal curing process, a lower and an upper bound were
obtained for the critical frequency estimate.
Using this directed assembly technology, we created

composite architectures with platelets aligned in-plane in the
longitudinal direction and out-of-plane in the longitudinal or
transverse direction. In another experimental series, specimens
were also manufactured by simple casting in the absence of the
external magnetic field. Composites with platelet concen-
trations in the range 5−30 vol % can be prepared by using this
methodology. At the highest platelet content of 30 vol %,
vibration of the casting mold was required to lower the
viscosity of the suspension and thus ensure alignment under
the external magnetic field.
The reinforcement architecture of the platelet-laden

polymers affects directly the mechanical behavior of the
composites when subjected to oscillatory mechanical loading
(Figure 2). The mechanical response of the composite to
oscillatory deformations was quantified in terms of the storage
modulus (E′), loss modulus (E″), and the loss factor (tan(δ)).
Preliminary dynamic mechanical analysis (DMA) showed that
all investigated materials exhibit linear viscoelastic properties if
probed at a constant displacement amplitude of 40 μm in the
frequency range 1−100 Hz (see the Supporting Information,
section SI 1). To systematically evaluate the effect of the
reinforcement architecture on the mechanical properties of the
composite, we compare the E′, E″, and tan(δ) values obtained
at the exemplary frequency of 10 Hz.
DMA data measured for specimens prepared with an epoxy

matrix indicate that the addition of 30 vol % alumina platelets
increases the storage and loss moduli of the polymer by a
factor of 4.5 and 5, respectively (Figure 2a,b). The observed
reinforcing effect is most pronounced when the platelets are
magnetically aligned in the longitudinal direction parallel to the
oscillatory stresses that develop within the material. This is
evidenced by the up to 90% higher E′ values measured for
composites featuring in-plane platelets with longitudinal
orientation compared to specimens containing platelets aligned
in the out-of-plane transverse direction. Interestingly, platelets
oriented in the longitudinal direction show a similar
reinforcing effect no matter if the alignment occurs within
the plane or in an out-of-plane configuration (see the
Supporting Information, section SI 2).
A similar trend is observed for the loss moduli (E″) of

composites exhibiting in-plane and out-of-plane platelet
orientation. Samples made by simple casting in the absence
of a magnetic field showed intermediate reinforcement levels
for platelet concentrations in the range between 20 and 30 vol
%. The weaker mechanical properties of specimens with lower
particle contents are presumably caused by the higher
rotational freedom of the platelets under this more diluted
condition. Such rotational freedom is reduced when the
volume fraction exceeds the critical concentration at which the
platelets are expected to assemble into colloidal liquid
crystalline domains. For the platelets with aspect ratio of
17−26 used in this work, this critical volume fraction lies
between 21 and 32 vol %.33 Our results therefore suggest that
the strong reinforcement effect achieved in cast samples
containing 20 and 30 vol % platelets might arise from the
formation of liquid crystalline domains that partially orient
within the plane during casting of the composite resin.
Importantly, the observed increase in E′ and E″ for high

platelet concentrations is achieved without compromising the
energy dissipation properties of the polymer matrix. Indeed,

the loss factor tan(δ) was found to vary only slightly with the
volume fraction of platelets and to be less sensitive to the
platelet orientation (Figure 2c). Because the loss factor of the
composite is determined by the properties of the polymer
matrix, samples with poly(methyl methacrylate) (PMMA) as a
polymer phase that is inherently more dissipative were also
prepared and mechanically tested (Figure 2d−f). For these
PMMA-based composites, no magnetic field was applied
during curing. Following the results obtained with the epoxy
matrix, the absence of a magnet in the experimental setup is
expected to facilitate the processing of the composite while still
reaching a high degree of platelet alignment. This is especially
valid at high volume fractions of particles, where magnetically
assisted particle alignment is found to be more challenging.
Indeed, electron microscopy and image analysis of PMMA-
based composites with 30 vol % platelets confirm that the
simple casting procedure is sufficient to achieve a level of
alignment comparable to that obtained in previous work in
other bio-inspired composites containing a similar volume
fraction of magnetically oriented platelets (see the Supporting
Information, section SI 3).11

Results of the dynamic mechanical analysis reveal that the
PMMA-based composites reach the same level of mechanical
reinforcement (E), while enhancing significantly the loss
modulus (E″) and the loss factor (tan(δ)) of the material.
Such enhancement is most pronounced for specimens
containing the highest platelet volume fraction of 30 vol %,
which reached E″ and tan(δ) values that increased by a factor
of respectively 2.7 and 2.9 compared to the level observed for
composites prepared with the less dissipative epoxy matrix.
The high dissipative properties of the PMMA matrix arise from
the enhanced motion of the ester side groups of this polymer at
room temperature. The motion of such side groups is
facilitated by the large free volume of this polymer and is
usually known as a β relaxation process. Such a dissipative
process occurs at temperatures much lower than the glass
transition temperature associated with α relaxation (130−140
°C).34

The effect of the volume fraction of platelets on the dynamic
mechanical properties of the composites can be rationalized on
the basis of micromechanical models developed for soft
materials reinforced with discontinuous stiff elements.27 By use
of a tension-shear chain (TSC) model, the storage and loss
moduli of composites with nacre- and bone-like staggered
architecture were shown to depend on the volume fraction of
platelets (ϕ) as follows:

φ
φ

α φ ρ′
=

′
+ −

′E E G
1 1 4(1 )

p m
2 2

(1)

and

ρ φ α

α ρ φ
″ =

′ − ″

[ ′ + ′ − ]−E
E G

G E

4 2 (1 )

4 ( 1)
p

2
m

m
2

p
1 2

(2)

where Ep′ is the storage modulus of the stiff platelet; Gm′ and Gm″
are the storage and loss shear moduli of the softer continuous
matrix, respectively; ρ is the aspect ratio of the platelet; and α
is a parameter that quantifies the ability of the continuous
matrix to carry tensile load at the end of adjacent platelets (see
the Supporting Information, section SI 4). The loss factor
(tan(δ)) can be directly obtained from these equations via the
relation tan(δ) = E″/E′.
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To test the validity of the staggered composite model for our
platelet-reinforced polymers, we compare the obtained
experimental data with theoretical predictions of E′, E″, and
tan(δ) based on the equations above (Figure 3). Because the
alumina platelets utilized in this work display polydisperse sizes
and aspect ratios, model predictions are shown for aspect ratios
corresponding to the upper and lower bounds of the measured
size distributions (see the Supporting Information, section SI
5). Upper and lower bounds were defined as the aspect ratio
corresponding to μ̅ + Δ and μ̅ − Δ, respectively, where μ̅ is the
mean platelet size and Δ is the standard deviation of the
Gaussian distribution.
The comparison between experimental data and analytical

predictions indicates that the loss modulus of the epoxy-based
composites falls predominantly within the upper and lower
bounds given by the staggered model (Figure 3b). In terms of
storage modulus, an agreement between theory and experi-
ments is observed for composites containing platelet volume
fractions below 17.5 vol % (Figure 3a). Specimens with
platelets above this concentration exhibit storage modulus
lower than the prediction values, most probably due to the
poorer alignment of alumina platelets at this high particle
content. Indeed, the high viscosity of epoxy resins with 30 vol
% alumina is expected to hinder the magnetic alignment of the
platelets under the magnetic fields generated in our
experimental setup. Electron microscopy imaging confirms
the slight platelet misalignment of such composites in

comparison to specimens containing lower platelet content
(Figure 4). Because the loss factor is inversely proportional to
the storage modulus (tan(δ) = E″/E′), the lower E′ values of
composites with more than 17.5 vol % platelets eventually
increases the tan(δ) level reached by samples loaded with high
particle concentrations. As a result, the experimentally
measured loss factor of composites with 20−30 vol % platelets
are 59−104% higher compared to the theoretical predictions
(Figure 3c). The ability to describe the experimentally
measured E″ demonstrates that the assumptions underlying
the tension-shear chain model are valid for this specific
mechanical property but do not necessarily apply for E′ and
tan(δ) of the composite. This analysis suggests that the slight
platelet misalignment observed at higher particle concen-
trations is more detrimental to the storage modulus than to the
loss modulus of the composite. Further studies are needed to
elucidate the underlying reasons for the observed discrepancies
between theory and experiments.
The good agreement between the theoretical predictions

and the experimentally measured E″ data has important
practical implications, since the loss modulus is often taken as
the relevant figure of merit for damping applications. Indeed,
materials with high loss modulus combine high stiffness and
enhanced energy dissipation.27 To establish guidelines for the
design of biologically inspired composites combining these two
properties, we created a design map that displays the loss
modulus of composites containing alumina platelets in an

Figure 3. Dynamic mechanical properties of platelet-reinforced polymers compared to theoretical predictions for composites with longitudinal
staggered architecture. (a−c) Effect of the volume fraction of alumina platelets on the (a) storage modulus (E’), (b) loss modulus (E″), and (c) loss
factor (tan(δ)) of in-plane reinforced composites containing a thermoset epoxy as polymer matrix. Full lines show the theoretical prediction for
epoxy reinforced with alumina platelets featuring aspect ratios corresponding to the average values as well as the upper and lower bounds of the
experimental particle size distribution.

Figure 4. Scanning electron micrographs of epoxy samples reinforced with (a) 10, (b) 20, and (c) 30 vol % of alumina platelets with in-plane
alignment in the longitudinal direction.
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epoxy matrix based on the TSC model (Figure 5a). Such a
map is compared to a contour plot that predicts the loss
modulus of nacre by using the same staggered composite
model (Figure 5b). The materials’ properties of the nacre
constituents were estimated from actual measurements on
nacre samples (see the Supporting Information, section SI 6).
Although the presence of mineral bridges and nanoasperities
are not explicitly considered in the staggered model, we expect
these important structural features to be taken into account by
estimating the effective shear properties of the biopolymer

matrix from actual measured data. In the final contour plot, the
volume fraction (φ) and the aspect ratio (ρ) of platelets were
selected as main design parameters for the optimization of the
loss modulus of the composites.
For both design maps, the maximum loss modulus is

observed at specific platelet concentrations (φopt) and aspect
ratios (ρopt). This reflects the two different regimes that control
the damping behavior of the composites.23 For φ < φopt and ρ
< ρopt, the damping response of the composites is dictated by
the polymer phase, and the loss modulus is found to increase

Figure 5. Design maps indicating the range of platelet volume fractions and aspect ratios leading to staggered composites with maximum loss
modulus. The contour lines show theoretical predictions of the loss modulus for (a) alumina platelets (Ep′ = 300 GPa) in an epoxy matrix (Gm′ =
1.16 GPa and Gm″ = 0.023 GPa) and (b) aragonite platelets (Ep′ = 70 GPa)35 in a biopolymer matrix (Gm′ = Ep′/1000 = 0.07 GPa and Gm″ = 0.003589
GPa).19,27 The shear loss modulus of the nacreous biopolymer matrix, Gm″ , was estimated from dynamical mechanical analysis measurements on
nacre samples (see the Supporting Information, section SI 6). The white symbols shown in (a) represent the volume fractions of platelets (of fixed
aspect ratio) utilized in the composites investigated in this work.

Figure 6. Ashby diagrams displaying the mechanical properties of the bio-inspired platelet-reinforced composites in comparison to those of other
engineering and biological materials. The specific modulus (E/ρ) is plotted against the (a) loss factor (tan(δ)) or (b) the specific strength (σ/ρ) for
a broad range of structural materials. Data were obtained from Lakes,37 CES EduPack,38 and Unwin et al. (PS-BaTiO3).
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with the particle volume fraction and aspect ratio. In this
regime, energy dissipation occurs primarily through shearing of
the viscoelastic polymer matrix in between the stiff oriented
platelets. By contrast, composites with φ > φopt and ρ > ρopt
exhibit damping properties dominated by the stiff and hard
platelets. Under this condition, the loss modulus decreases
with the volume fraction and the aspect ratio of the particles,
since energy dissipation within the polymer matrix is
suppressed by the stiffening effect of the stiff platelets.
The design maps also reveal that the ρ values that maximize

the loss modulus (ρopt) are significantly different for the
alumina-reinforced epoxy compared to biological nacre. Such
difference arises primarily from the fact that the alumina
platelets display a storage modulus (Ep′) that is about 4 times of
the carbonate platelets present in nacre. Because of the stiffer
platelets, the E″ value of the alumina-reinforced polymer shows
a maximum at significantly lower aspect ratios (ρopt) compared
to the biological material. This analysis highlights the
importance of mimicking the quantitative design principle
(staggered composite model) and not the structure of the
biological material per se when applying bio-inspired concepts
for the creation of enhanced engineering materials. Indeed, a
hypothetical composite containing alumina platelets and epoxy
with φ and ρ values that are optimum for nacre would exhibit
loss modulus that is less than 20% of the maximum level
theoretically achievable by synthetic composites reinforced
with such stiff particles.
Importantly, the use of stiff alumina platelets leads to an

optimum aspect ratio (ρopt) that is still relatively close to the ρ
values of commercially available platelets that can be easily
processed through the magnetic assembly technology utilized
in this study. This allows us to leverage the potential of the stiff
alumina platelets for its ability to simultaneously reinforce the
polymer matrix and promote strong shear-induced energy
dissipation within the polymer. Although the optimum volume
fraction of platelets (φopt) is not experimentally accessible with
the utilized fabrication process, the design map shows that
increasing the concentration of platelets is an effective strategy
to enhance the loss modulus of this platelet−polymer system
(Figure 5a).
When plotted in an Ashby diagram, our experimental data

clearly reveal the beneficial effect of the staggered architecture
(Figure 6a). By increasing the storage modulus of the
composite (E′) without compromising its ability to dissipate
energy (tan(δ)), the addition of staggered platelets to an epoxy
matrix enhances its loss modulus to levels comparable to those
of bone. The replacement of the epoxy matrix by poly(methyl
methacrylate) (PMMA) improves the loss modulus further,
resulting in composites with damping characteristics that are
superior to bone and on par with nacre. In fact, our stiffest
PMMA-based bio-inspired material shows a loss modulus
comparable to that of flax fiber-reinforced polymers, which are
known for their very high damping performance.4,36 The
difference between composites reinforced with flax fibers and
alumina platelets lies in the storage modulus and the loss
factor. Whereas polymers containing flax fibers reach high loss
modulus through an increase in storage modulus, the platelet-
reinforced composites do so by enhancing the material’s loss
factor. Despite their lower stiffness, the incorporation of
staggered platelets into PMMA and epoxy leads to composites
with mechanical properties approaching the specific storage
modulus and specific mechanical strength of metals and glass
fiber-reinforced polymers (GFRP, Figure 6b). Compared to

3D printed polymers with staggered architecture,23 the bio-
inspired composites reported here showcase damping perform-
ance (E″) that is 50% higher while improving the stiffness (E′)
by a factor of 26. This results from the much smaller length
scales, higher platelet−matrix interfacial area, and enhanced
stiffness of the alumina platelets used in the bio-inspired
composites in comparison to the 3D printed all-polymer
counterparts. The damping performance of our staggered
composites is also superior to the exceptionally high values
recently achieved by using stiff polymers loaded with
polyurethane-coated inorganic fillers.16 In this case, the
platelet-reinforced architecture reported not only enhances
the damping performance but also increases by a factor of 5 the
fracture toughness of the composite.11

■ CONCLUSIONS
The reinforcement of polymers by using stiff alumina platelets
arranged in a bio-inspired staggered architecture increases the
stiffness of the polymer by a factor of up to 4.5 without
compromising its high damping characteristics. Strong platelet
alignment can be achieved either by simple casting of
suspensions with high particle content or by using an external
magnetic field. A simple micromechanical model for staggered
architectures captures reasonably well the mechanical proper-
ties of such bio-inspired composites under oscillatory bending
conditions. Such a model allows one to predict the volume
fraction and aspect ratio of platelets that maximizes the
damping performance of the composite. Importantly, the
optimum aspect ratio for the synthetic alumina platelets is
about half that of the aragonite tablets found in the nacreous
layer of mollusk shells. Therefore, the nacre-inspired
composites developed in this study well illustrates the
importance of replicating the structural design principle of
the biological material rather than the microstructure per se.
Following this approach, synthetic composites with damping
performance superior to bone and comparable to nacre could
be produced by using much lower volume fractions of
reinforcing platelets. These experimental findings should aid
the design and manufacturing of future structural materials
combining mechanical stiffness with low-energy passive
damping behavior.
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