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Biological materials such as nacre have evolved microstructural design principles that
result in outstanding mechanical properties. While nacre’s design concepts have led to
bio-inspired materials with enhanced fracture toughness, the microstructural features
underlying the remarkable damping properties of this biological material have not yet
been fully explored in synthetic composites. Here, we study the damping behavior of
nacre-like composites containing mineral bridges and platelet asperities as nanoscale
structural features within its brick-and-mortar architecture. Dynamic mechanical analy-
sis was performed to experimentally elucidate the role of these features on the damping
response of the nacre-like composites. By enhancing stress transfer between platelets
and at the brick/mortar interface, mineral bridges and nano-asperities were found to
improve the damping performance of the composite to levels that surpass many biologi-
cal and man-made materials. Surprisingly, the improved properties are achieved with-
out reaching the perfect organization of the biological counterparts. Our nacre-like
composites display a loss modulus 2.4-fold higher than natural nacre and 1.4-fold more
than highly dissipative natural fiber composites. These findings shed light on the role of
nanoscale structural features on the dynamic mechanical properties of nacre and offer
design concepts for the manufacturing of bio-inspired composites for high-performance
damping applications.

nacre j bio-inspired materials j hierarchical structures j extreme damping

Nacre is well known for its remarkable fracture toughness (1–5). The toughness of this
biological material relies on the unique arrangement of inorganic platelets and organic
biopolymer in a so-called brick-and-mortar architecture. Because the platelets and the
biopolymer alone are inherently weak and soft, nacre offers a unique example of how
microstructural design can be exploited to reach outstanding mechanical properties.
This has motivated researchers to create biologically inspired composites that replicate
some of the structural design principles of nacre and thus produce materials with
enhanced mechanical performance or more sustainable resources (6–9). Nanoscale fea-
tures of the brick-and-mortar structures, such as platelet-connecting mineral bridges
and nano-asperities on the platelet surface, were found to be crucial for the high frac-
ture toughness of nacre (5, 10–12). While extensive research has been dedicated to
unveiling the design principles underlying the high fracture toughness of nacre, much
less is known about the dynamic properties, in particular the damping behavior, of
nacre and nacre-like composites.
Damping is essential for the safe operation and for vibration control in many mod-

ern technologies and structures, including earthquake-proof buildings (13), structural
parts of aerospace vehicles (14), and motion control systems (15). Since they are
exposed to high mechanical loads, structures used in these applications also need mate-
rials with high stiffness. Combining damping and stiffness is a challenging task, because
these properties are often antagonistic in a single material. Composites can be designed
to circumvent the usual damping-stiffness trade-off, making them attractive choices for
such applications (16). Metal-matrix composites are known to display exceptional damp-
ing performance (17–21), which can be described using several physical models (22, 23).
In the case of polymer-based composites, laminates of stiff and soft multilayers (24) and
polymers reinforced with flax fibers (25) are typical examples of lightweight composites
that exploit high shear strains in dissipative phases of their microstructure to enhance the
damping response. Notably, nacre displays specific damping behavior comparable to the
best-performing synthetic composites (26–31). However, the design principles responsible
for such high damping performance are not yet fully understood.
Recent micromechanical models suggest that the damping properties of biological

materials, such as bone and nacre, rely on their staggered platelet architecture (32–35).
Upon mechanical loading, a staggered arrangement of stiff elements in a soft matrix leads
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to stress transfer between platelets and shear within the polymer
matrix. The mechanical properties of such model composite is
dominated either by the stiff platelets or the soft matrix, depend-
ing on the level of overlap between platelets, their aspect ratio,
and the material properties of the constituent phases (23, 32).
Under matrix-dominated conditions, the model predicts a simul-
taneous increase in stiffness and dissipation upon increasing
stress transfer between the stiff platelets. Recent experiments
have confirmed this prediction in platelet-reinforced polymers
with a nacre-inspired structure (26). Despite the unusual set of
mechanical properties achieved, the relatively low volume frac-
tion of stiff platelets in the polymer (up to 30 vol%) has lim-
ited the damping performance of the composite. Moreover, the
role of nanoscale structural features such as mineral bridges and
nanoscale asperities on the damping performance of biological
nacre and nacre-like composites has not yet been investigated.
Here, we study the effect of mineral bridges and nanoscale

asperities on the damping behavior of nacre-like composites.
Using a magnetic-assisted manufacturing process, nacre-like
composites with high volume fraction of platelets and variable
nanoscale structural features were prepared and experimentally
evaluated. The fractions of mineral bridges and nano-asperities
generated under different manufacturing conditions were
assessed by image analysis of the nacre-like microstructures.
Dynamic mechanical analysis was conducted to quantify the
damping properties of the composites and correlate them with
the nanoscale structural features. Finally, the damping perfor-
mance of our nacre-like composites is compared to those of
other synthetic and biological reference materials.
Nacre-like composites were manufactured using the previously

reported vacuum-assisted magnetic alignment (VAMA) technique
(Fig. 1A) (36, 37). In this approach, anisotropic particles sus-
pended in a liquid are first assembled into an aligned structure by
performing vacuum-assisted filtration under an external rotating
magnetic field. When platelet-shaped particles are used, the rotat-
ing frequency of the applied magnetic field is tuned to ensure the
biaxial alignment of the suspended platelets parallel to the bottom
of the filter (38, 39). The magnetically assembled structure is then
subjected to a hot-pressing process at temperatures in the range
700–1,000 °C to obtain a porous, mechanically stable brick-and-
mortar scaffold. In this step, the volume fraction of particles in
the assembly is increased and strong interconnections between the
particles are built. Finally, the pores of the hot-pressed scaffold are

infiltrated with a reactive liquid resin, which is thermally polymer-
ized to generate the nacre-like composite.

In order to prepare nacre-like composites with nanoscale
structural features, we use titania-coated alumina platelets as
anisotropic particles in the VAMA process. Such platelets are
rendered magnetic-responsive by suspending them in water and
electrostatically adsorbing superparamagnetic iron oxide nano-
particles (SPIONs) on their surface to enable field-induced
alignment. The titania coating is crucial to create the nacre-like
nanoscale features. During the hot-pressing step, this coating
undergoes dewetting from the alumina surface, leading to the
formation of titania mineral bridges and nano-asperities
between and on the surface, respectively, of the platelets within
the brick-and-mortar structure (Fig. 1B). Importantly, the min-
eral bridges and nano-asperities are not disturbed during the
subsequent infiltration process, resulting in a unique nacre-like
microstructure after the final polymerization step.

The volume fraction of inorganic phase and the density of
mineral bridges and nano-asperities formed in the nacre-like
structure depend directly on the temperature and pressure
applied during the hot-pressing step. To systematically study the
effect of mineral bridges and nano-asperities on the mechanical
properties of the nacre-like composites, we selected temperature/
pressure conditions that lead to a constant inorganic phase frac-
tion of 60 vol% after hot-pressing (40). A constant pressure of
20 MPa was required to reach this volume fraction of solids in
the scaffold pressed up to 800 °C. Above this temperature, par-
tial softening of the titania phase led to a reduction of this criti-
cal pressure needed to achieve 60 vol% solids, as the pressing
temperature was increased. This resulted in the following sets of
temperature/pressure conditions for the preparation of the iso-
dense scaffolds: 700 °C/20 MPa, 750 °C/20 MPa, 800 °C/20
MPa, 850 °C/17.5 MPa, 900 °C/15 MPa, and 1,000 °C/5 MPa.

Scanning electron microscopy (SEM) images of the cross-
sections of scaffolds processed at these different conditions
provide important insights into the evolution of the brick-and-
mortar microstructure for increasing temperatures (Fig. 2 A–C).
High temperatures are crucial to promote dewetting of the tita-
nia layer from the alumina platelet, thus enabling the formation
of mineral bridges, nano-asperities or interplatelet thin films. In
specimens pressed at 800 °C or below, we found that the dewet-
ting process leads predominantly to the formation of mineral
bridges. Such bridges result from the dewetting of the titania
coating from platelets in close proximity. For higher processing
temperatures in the range 800–900 °C, both mineral bridges
and nano-asperities are observed. Nano-asperities emerge when
adjacent platelets are too far to establish a mineral bridge upon
dewetting of the titania coating. Increasing the temperature to
1,000 °C caused extensive clustering of the platelets and partial
distortion of the initial brick-and-mortar structures. This likely
results from high capillary forces acting on the relatively soft tita-
nia phase. Such microstructural changes follow a similar trend to
that reported in our earlier study (36).

To better evaluate these qualitative trends and quantify the
density of nanoscale features for the distinct scaffolds, we per-
formed image analysis on specimens prepared at different tem-
peratures. Following our earlier work (40), image analysis was
used to measure the size of the titania features observed within
the brick-and-mortar microstructures (Fig. 2 D–F). The size
of the titania features provides a simple way to differentiate
between the different possible nanoscale structures present in the
scaffold. Features smaller than 75 nm correspond to titania coat-
ings in low-temperature specimens and thin films between plate-
lets for high-temperature samples. Mineral bridges are identified

A

B

Fig. 1. Manufacturing and structural features of nacre-like composites. (A)
Schematics of the VAMA process used to generate brick-and-mortar architec-
tures with high volume fraction of inorganic platelets. (B) Illustration of the
structural features formed within the brick-and-mortar architecture upon
dewetting of the titania coating from the surface of the alumina platelets.
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from titania features between 75 and 150 nm in size. Finally,
titania feature sizes larger than 150 nm are assigned to nanoscale
asperities. The frequency of titania features within these specific
size ranges was divided by the total number of detected features
to obtain the fraction of nanoscale structural elements in every
specimen (SI Appendix).
Our microstructural analysis reveals that the fraction of

mineral bridges gradually increased from 0.36 to 0.62 as the
processing temperature is increased up to 900 °C (Fig. 2G).
Notably, this trend is accompanied by an increase of the frac-
tion of nano-asperities from 0.01 to 0.23 within the same tem-
perature range (Fig. 2H). Such structural features are formed at
the expense of titania coatings and interplatelet thin films, the
fraction of which decreases from 0.62 to 0.11 when the

temperature is increased from 700 °C to 900 °C. The platelet
clustering effect observed in samples pressed at 1,000 °C was
found to affect predominantly the relative ratio between min-
eral bridges and nano-asperities. This ratio drops from 4.1 for
specimens processed at 900 °C to 3.5 for samples prepared at
1,000 °C.

The ability to systematically vary the microstructure of the
brick-and-mortar scaffolds while keeping the inorganic phase con-
tent fixed opens the possibility to study the effect of structural
features on the damping behavior of nacre-like composites. To
this end, scaffolds prepared at different temperature/pressure con-
ditions were infiltrated and polymerized to generate a series of
nacre-like specimens for mechanical testing (SI Appendix, Fig. S1).
The damping properties of samples pressed at temperatures

A B C

D E F

G H

Fig. 2. Microstructural analysis of scaffolds used for the manufacturing of nacre-like composites. (A–C) Representative SEM images of scaffolds obtained by
hot-pressing assembled platelets under distinct temperatures and pressures. (D–F) Size distribution of titania features obtained by image analysis and used to
estimate the fractions of mineral bridges and nano-asperities within the brick-and-mortar structures. (G) Fraction of mineral bridges, nano-asperities, and thin
films or coatings of specimens prepared at different temperatures and pressures. (H) Observed experimental correlation between the fraction of mineral brid-
ges and of nanoscale asperities in the investigated composites. The temperature and pressure used to fabricate the scaffolds are provided for each data point.

PNAS 2022 Vol. 119 No. 31 e2118868119 https://doi.org/10.1073/pnas.2118868119 3 of 7

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.
or

g 
by

 E
T

H
 B

ib
lio

th
ek

 o
n 

A
ug

us
t 1

7,
 2

02
2 

fr
om

 I
P 

ad
dr

es
s 

19
5.

17
6.

11
3.

20
4.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2118868119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2118868119/-/DCSupplemental


ranging from 700 and 900 °C were characterized by dynamic
mechanical analysis (DMA) using a three-point-bending config-
uration. The response of the nacre-like composites to an oscil-
lating mechanical stress was quantified in terms of the storage
modulus (E 0), the loss modulus (E00) and the dissipation factor
(tan (δ) = E 00/E 0). Independent cyclic tests in a universal
mechanical testing machine showed that the maximum strain
applied during DMA lies within the linear viscoelastic regime of
the material, suggesting that the mineral bridges and nanoasper-
ities are not damaged during the dynamic analysis (SI Appendix,
Fig. S2). The fact that the storage modulus of the nacre-like
composites does not depend on the frequency applied in the
DMA supports this interpretation (SI Appendix, Fig. S3).
The experimental results show that composites prepared from

scaffolds pressed at 850 °C, 900 °C, and 1,000 °C display higher
storage modulus, loss modulus and dissipation factor in compari-
son to the samples obtained at lower temperatures (700 °C,
750 °C, and 800 °C, Fig. 3 A–C). The simultaneous increase in
stiffness (E 0) and damping losses (tan (δ)) for specimens proc-
essed at higher temperatures is remarkable in view of the usual
trade-off observed for these two mechanical properties. Impor-
tantly, the high volume fraction of inorganic phase of these com-
posites (60 vol%) leads to stiffness levels that are 6.3-times higher
compared to previously reported nacre-inspired composites con-
taining 30 vol% platelets (26).

Besides the higher volume fraction of inorganic phase, our
nacre-like composites clearly benefit from the formation of
nanoscale features within the brick-and-mortar structure. The
evaluation of the independent effects of these structural features
on the mechanical properties of the composites is challenging
because they tend to vary simultaneously upon increasing proc-
essing temperature (Fig. 2H). Therefore, the possible roles of
mineral bridges and nano-asperities on the storage modulus,
loss modulus and dissipation factor of the brick-and-mortar
structures are discussed here in light of earlier studies on similar
nacre-like composites.

The damping properties of nacre-like composites have been
theoretically investigated using shear lag micromechanical mod-
els applied to staggered platelet architectures (32, 34, 35, 41).
Numerical simulations have also been performed to predict the
dynamic mechanical properties of brick-and-mortar architec-
tures with different constituent properties (42). While the
influence of mineral bridges and nano-asperities have not been
explicitly considered, the theoretical models provide insights
into the role of other related microstructural parameters, such
as the aspect ratio (ρ) and the overlap length between platelets (L).
For a given set of material properties, the storage modulus of
brick-and-mortar composites generally increases with ρ and L,
since larger aspect ratios and interplatelet overlap length
enhance stress transfer to the stiff elements of the staggered
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Fig. 3. Damping behavior of nacre-like composites. (A) Storage modulus (E0), (B) loss modulus (E00) and (C) dissipation factor (tan (δ)) of specimens processed
at different temperatures and pressures. (D–G) Experimental correlations between the (D, E) storage modulus and (F, G) the loss modulus of the nacre-like
composites with the fractions of mineral bridges and nano-asperities.
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structure. In contrast, the loss modulus of such architectures
shows a maximum at a critical aspect ratio (ρc) or critical overlap
length (Lc). For L > Lc (or ρ > ρc), the mechanical properties
are dominated by the stiff platelets of the composite. Conversely,
the soft matrix controls the mechanical response when L < Lc
(or ρ < ρc). In the soft-dominated regime, theory predicts that
both the storage and loss modulus increase with L and ρ.
Since mineral bridges and nano-asperities are expected to

increase stress transfer between platelets and at the platelet/
matrix interface, we hypothesize that these structural features
should have a similar effect as the aspect ratio and the interpla-
telet overlap length on the mechanical properties of the compo-
sites. Plotting the storage and loss modulus data against the
fraction of mineral bridges and nano-asperities reveals experi-
mental correlations that support this hypothesis (Fig. 3 D–G).
The more efficient stress transfer in the presence of mineral
bridges has been proposed in earlier micromechanical studies
(11) and is in good agreement with previously reported experi-
mental data on similar nacre-like composites (40). The mineral
bridges are expected to distribute local strains over a larger
number of platelets, thereby increasing the total platelet-matrix
interface that is subjected to vibration. This in turn enhances
the level of interfacial friction and the associated viscoelastic
dissipation in the polymer matrix. Nano-asperities should pro-
mote stress transfer by enhancing the shear stresses at the
platelet-matrix interface through increased friction or interlock-
ing mechanisms, an effect that has also been considered in ear-
lier modeling work (10). The increased interfacial shear stresses
directly translate into higher energy dissipation in the polymer
phase. Overall, the experimentally observed increase in loss
modulus for specimens containing larger fractions of mineral
bridges and nano-asperities suggest that the dynamic properties
of our composites are dominated by the soft polymer matrix.
To compare the damping behavior of the nacre-like compo-

sites with that of other structural materials, we display our experi-
mental data on an Ashby plot together with previously reported
results (Fig. 4). The reference materials include biological compo-
sites, such as nacre, bone and wood, as well as platelet-reinforced
polymers inspired by nacre. Data for flax-based natural compo-
sites known for their outstanding damping performance are also

depicted in the diagram, along with results from metal-ceramic
composites with exceptionally high damping response. Because
damping materials used in structural applications need to be
simultaneously stiff and dissipative, we use the product E 0 tan (δ)
as a figure of merit for the damping performance. This product is
numerically equivalent to the loss modulus (E 00), which is there-
fore taken as performance indicator in our comparison.

The Ashby plot indicates that the nacre-like composites with
high fraction of mineral bridges and nano-asperities outcom-
pete many synthetic and natural materials in terms of damping
performance. With a loss modulus (E 00) of 2.74 GPa, the com-
posites processed at 850 °C perform 5.3-times better in com-
parison to high-damping flax fiber-reinforced laminates, while
still keeping a high storage modulus of 83 GPa. Notably, these
remarkable properties do not depend on the loading direction
within the plane of aligned platelets. Such in-plane isotropic
response is a major advantage compared to the highly aniso-
tropic mechanical properties of the unidirectionally reinforced
flax-based composites considered in the analysis. While the out-
of-plane properties are challenging to measure due to the rela-
tively small sample size, the strong alignment of platelets within
the plane should result in significantly lower composite elastic
modulus along the direction transverse to the platelets.

Because it contains alumina platelets that are 3.3-times stiffer
than calcium carbonate bricks, the E 00 value of our best compos-
ite is 2.4-fold higher than that of natural nacre, which has the
highest storage modulus among the biological composites. Like
nacre and other biological materials, the dissipative properties of
our composite are higher than what would be expected by a sim-
ple rule of mixture model (5). This is evident when the loss
modulus of the best-performing nacre-like composite (2.74 GPa)
is compared to the values for the epoxy (60 MPa) and alumina
(<100 MPa) constituent phases. While the temperature is
expected to affect the dissipative response of the epoxy phase,
the inorganic scaffolds can potentially be infiltrated with other
polymers to tune the damping performance of the composite
according to the temperature of the aimed application. Our
comparative analysis reveal that the performance of the nacre-
like architectures is also not far from those of highly damping
metal-ceramic composites, especially when compared in terms of
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specific properties (SI Appendix, Fig. S4). The ability to achieve
this set of properties without a metal phase is an interesting fea-
ture that may allow for the future fabrication of other nacre-like
materials that combine high damping performance with insulat-
ing properties or optical transparency (43, 44).
The high damping performance of the composites developed

in this study illustrates the effectiveness of mineral bridges and
nano-asperities in enhancing mechanical properties that are
often antagonistic in synthetic materials. Fine-tuning these
nanoscale structural features or implementing them in metal-
ceramic composites may lead to bio-inspired materials with fur-
ther improved damping behavior.
In summary, the incorporation of mineral bridges and nano-

asperities in brick-and-mortar structures with a high volume frac-
tion of platelets (60 vol%) enables the fabrication of nacre-like
composites with unprecedented damping performance. The
enhanced damping behavior of such composites results from the
ability of mineral bridges and nano-asperities to increase stress
transfer between platelets and at the platelet–matrix interface,
respectively. Because the mechanical properties of the composites
are dominated by the soft polymer matrix, the improved stress
transfer enables a simultaneous increase of the storage and loss
modulus of the structure. Such a behavior contrasts with the
antagonistic relationship between stiffness and energy dissipation
typically found in conventional synthetic materials. By experi-
mentally demonstrating the potential of mineral bridges and
nano-asperities in enhancing stiffness and dissipative losses, this
study places materials in an unexplored area of the Ashby design
diagram and sheds light into another unique design concept of
mollusk shells. Importantly, the implementation of such design
concept in the bioinspired composite is sufficient to improve its
mechanical properties even if the artificial material lacks the per-
fect brick-and-mortar arrangement of nacre. In future work, the
combination of this experimental platform with multiscale analyt-
ical tools (47), numerical modeling (48, 49) and machine learn-
ing techniques (50) should provide useful guidelines for the
manufacturing of next-generation composites with ultra-high
damping performance.

Materials and Methods

Materials. Titania-coated alumina microplatelets (Xirallic Crystal Silver T-50,
Merck GmbH) were made magnetically responsive through the electrostatic sur-
face adsorption of superparamagnetic iron oxide nanoparticles (SPIONs), as
described by Erb et al. (37). Dry magnetized platelets (20 g, 5 vol%) were
suspended by vigorous stirring in a 100 mL aqueous solution containing 2%
poly(vinyl alcohol) (MW = 13–23 kDa, Sigma Aldrich), 1% poly(acrylic acid)
sodium salt (MW = 8 kDa, Polysciences). The resulting suspension was stirred
for 24 h to avoid platelet agglomeration. One drop of an antifoaming agent
(Antifoam 204, Sigma Aldrich) was added 5 min prior to the magnetic align-
ment step used to prepare the aligned scaffolds for sintering.

VAMA. Inorganic scaffolds with aligned alumina platelets were produced using
the VAMA approach reported in our earlier work (36, 40). To prepare the aligned
scaffolds for the subsequent sintering and resin infiltration steps, the platelet sus-
pension was cast into the funnel of the vacuum filtration set-up. The funnel was
equipped with filter paper to allow for a sealed system under the weight of the
suspension. The setup was encircled by four solenoids that were externally con-
trolled to generate an in-plane rotating magnetic field. A distinct color change
was observed 30 seconds after the start of the VAMA process. Since the platelets
became more reflective when oriented, this color shift indicates their alignment
within the plane of the rotating magnetic field. The aligned platelets were subse-
quently consolidated into a disk-shaped compact (46 mm diameter) by pulling
vacuum at 100 mbar for 25 min. The vacuum led to the removal of excess liquid
of the suspension, leading to a mechanically stable scaffold after drying.

Drying and Sintering. Aligned scaffolds were prefired in air at 500 °C for 3 h
to remove the organic phase before transferring to a spark plasma sintering
(SPS) oven (HP D 10, FCT Systeme GmbH). Samples were sintered in a 50-mm
nitrogen-purged graphite die at varying temperatures and pressures. Processing
conditions were optimized to achieve nacre-like composites with a platelet
volume fraction of 60% (40). To this end, the following temperature/pressure
(°C/MPa) combinations were used in this study: 700/20, 750/20, 800/20,
850/17.5, 900/15, and 1,000/5. Depending on those combinations, heating
rates between 29 and 40 °C/min were used to reach the final temperature. Once
the maximum temperature was reached, a temperature dwell of 10 min was
used to allow for microstructural features to arise. This step at constant tempera-
ture was followed by a cooling step at 100 °C/min. These heating and cooling
rates ensured stable crack-free scaffolds after the sintering process.

Matrix Infiltration. The infiltration of the inorganic scaffold was carried out in
an oil-bath press (KIP 100E) that allows for the application of isostatic pressure.
For pressing, a sintered scaffold and a commercial epoxy (Sikadur-300) were
placed in an evacuated minigrip bag, which was wrapped by a nitrile bag to pre-
vent resin leakage. The final pressing force of 800 kN was reached by gradually
increasing the force in 100-kN increments including a dwell time of 30 s. This
method was found to be crucial to avoid damaging of the scaffold through exces-
sive build-up of pressure. To ensure complete impregnation, 800 kN pressing
force was applied for 10 min. The infiltrated scaffolds were then placed in sili-
cone molds filled with degassed liquid resin and were subsequently oven cured
at 70 °C for 5 h under vacuum. This resulted in a porosity of <0.2% in the final
infiltrated scaffolds.

Mechanical Characterization. Dynamic mechanical analysis (DMA) was per-
formed using a three-point bending setup with a 20 mm span (Q800 instru-
ment, TA Instruments). The specimens were preloaded with a flexural force of
0.1 N to conduct the measurement in the positive deflection regime. Frequency
sweeps were carried out with a frequency range of 1–100 Hz at constant ampli-
tude of 10 μm. The storage modulus E0, the loss modulus, E00 and the loss factor,
tan (δ), were calculated as the mean obtained from a total of six measurements
for each sample configuration. Here, the viscoelastic properties at 10 Hz were
extracted and considered for the comparison.

Microscopy and Image Analysis. Quantification of titania feature sizes was
performed by image analysis of scanning electron micrograph (SEM) cross sec-
tions. Cross sections for microstructural analysis were flat polished with a broad
ion beam (BIB) mill (IM4000, Hitachi) and imaged using a scanning electron
microscope (GeminiSEM 450, Zeiss). To better differentiate the alumina platelets,
the titania coating and the epoxy matrix, the samples were not coated before
imaging. This led to a strong contrast between the bright alumina platelets and
the dark epoxy phase. Images were prepared for quantitative analysis using the
threshold, median and erode functions of the Fiji software package (51). Eight
8-bit images obtained through this process were combined to a cluster of
images and the thickness of high-contrast areas determined using Fiji’s local
thickness function (52). Thicknesses were categorized in a histogram with a bin
number of 50. Considering the magnification of the SEM image, the feature
sizes could be computed in nanometer scale, which allowed for the assignment
of the four titania feature types: unconnected continuous coatings, mineral brid-
ges (connected asperities), nano-asperities (unconnected asperities), and thin
films between platelets. The proportion of mineral bridges and thin films
between platelets with respect to all the titania features was taken as the fraction
of mineral bridges (γmb), whereas the fraction of nano-asperities (γasp) was con-
sidered to be the proportion of unconnected asperities relative to all the titania
features (SI Appendix).

Data Availability. All study data are included in the article and/or the SI
Appendix or avaliable from the authors upon request.
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