N

UST

&

http://justc.ustc.edu.cn Received: December 28, 2024; Accepted: February 06, 2025

Hierarchically designed nacre-like composites with enhanced
impact resistance

Qingsheng Zengl’2*, Jiahao Su"*", Junlan Zhan', Pengfei Wangl, Duohong Zou™ ™ and Huailing Gao' ™

!Hefei National Research Center for Physical Sciences at the Microscale, CAS Key Laboratory of Mechanical Behavior and Design of Materi-
als, Department of Modern Mechanics, University of Science and Technology of China, Hefei 230026, China;

Stomatological College of Anhui Medical University, The Affiliated Stomatological Hospital of Anhui Medical University, Key Lab of Oral Dis-
eases Research of Anhui Province, Hefei 230032, China;

’Department of Oral Surgery, Shanghai Ninth People’s Hospital, Shanghai Jiao Tong University School of Medicine; College of Stomatology,
Shanghai Jiao Tong University; National Center for Stomatology,; National Clinical Research Center for Oral Diseases; Shanghai Key Laborat-
ory of Stomatology, Shanghai 200011, China

* These authors contributed equally to this work

>Correspondence: Duohong Zou, E-mail: zouduohongyy@163.com; Huailing Gao, E-mail: ghuailing@ustc.edu.cn
© 2025 The Author(s). This is an open access article under the CC BY-NC-ND 4.0 license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Graphical abstract

Multilayered nacre-like composite Alumina microplatelets

y
R ) W) sy

|= —— S

Organic layer

) g — ———— ———— ——
— L T T

Nacre-like composites with enhanced dynamic impact resistance can be produced through a hierarchically laminated structural design.

Public summary

m Drawing inspiration from the hierarchical structure of biological composites, we produce multilayered nacre-like com-
posites via a scalable bottom-up assembly strategy.

m The multilayered nacre-like composites feature a multilevel structure with a brick-and-mortar structure at the nanoscale
and a multilayered rigid—soft laminate structure at the microscale.

m The multilayered nacre-like composites demonstrate both hierarchical toughening behavior under quasistatic loading
conditions and greatly improved impact resistance under dynamic loading conditions.
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Abstract: Lightweight and mechanically robust composites are widely utilized as structural components in many different
sectors. These structural components often face the challenge of dynamic impact loads. Therefore, research on how to im-
prove the impact resistance of structural materials has always been highly important. In this study, on the basis of a scal-
able bottom-up assembly route, we prepare multilayered nacre-like composites with enhanced impact resistance. The mul-
tilayered nacre-like composites have a brick-and-mortar structure at the nanoscale and a rigid—soft laminate structure at the
microscale. The experimental results revealed that the hierarchically designed composites demonstrated hierarchical tough-
ening behavior under quasistatic loading conditions and exhibited greatly improved impact resistance under dynamic load-
ing conditions. This study provides a theoretical basis for the relationship between the structure and dynamic mechanical
properties of multilayered nacre-like composites and provides new ideas for the future research and development of impact-

resistant composites.

Keywords: nacre-like composite; brick-and-mortar structure; laminate structure; impact resistance

CLC number: TB333 Document code: A

1 Introduction

Lightweight and mechanically robust composites have been
extensively adopted as structural materials in a multitude of
industries, with aircraft, automobiles, and protective armor
being just a few prominent examples! . These applications
highlight the importance of developing lightweight materials
that can effectively combine high strength, high stiffness, and
high toughness. High strength and stiffness allow structures to
withstand mechanical loads without breaking down, whereas
a high level of toughness is essential to guarantee slow and
noncatastrophic disintegration of the structures when subjec-
ted to pressures exceeding their strength limits. In most ap-
plication scenarios, sufficient impact resistance is highly im-
portant to withstand various dynamic impact loads that fre-
quently stem from the external environment'"'". However, in-
tegrating these properties poses a significant challenge for
most synthetic materials because they counteract one
another!'-'.,

Through millions of years of evolution in nature, the struc-
tures of biological materials have been meticulously refined.
As a result, they integrate multiple mutually exclusive mech-
anical properties to meet the survival needs of organisms!* %,
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Consequently, researchers have extensively investigated the
strengthening and toughening principles underlying these bio-
logical structures and incorporated them into artificial struc-
tural materials"”". Among them, the nacreous layer of cer-
tain mollusks, composed of aragonite flakes and organic
chitin interlayers, acts as a typical biological armor that is
strong, tough and impact resistant, defending mollusks from
predators. It has been widely studied and imitated, resulting in
a series of high-performance nacre-like composites™ .

Notably, studies have revealed that introducing mul-
tilayered laminate structures into nacre-like composites can
further effectively enhance their mechanical properties™ .
The brick-and-mortar structure connected with mineral
bridges at the nanoscale enables composites with intrinsic
toughness, whereas the rigid—soft laminate architecture at the
microscale gives rise to a significant extrinsic toughening
mechanism. Unfortunately, these studies focused only on the
quasistatic mechanical performance of the resulting materials,
and it remains uncertain how this multilevel structure affects
the dynamic mechanical properties of these materials, such as
their impact resistance™”.

In this work, we fabricated multilayered nacre-like com-
posites via the scalable bottom-up assembly method we
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previously proposed”’. The nacre-like composites feature a
comparable multilevel structure as previously reported™,
which is considered to have the ability to achieve a combina-
tion of intrinsic toughening and extrinsic toughening. At the
nanoscale, they possess a brick-and-mortar structure that is
interconnected by mineral bridges. At the microscale, they ex-
hibit a multilayered rigid—soft laminate structure, which is
formed by integrating relatively rigid brick-and-mortar lamel-
lae with relatively ductile polymer lamellae. Our experiment-
al findings reveal that multilayered nacre-like composites can
not only demonstrate hierarchical toughening in terms of
quasistatic mechanical properties but also excellent dynamic
mechanical properties. This work offers valuable insights for
the development of impact-resistant composites.

2 Materials and methods

2.1 Reagents and materials

All the raw materials and reagents used in this study were
sourced commercially and utilized without additional purific-
ation. The alumina microplatelets were sourced from Merck
Biotech, the kaolin clay was obtained from Jiangxi Jianhong
Ceramic Art Materials Wholesale Co., Ltd., the epoxy resin
(EP) components A and B were purchased from Hubei Yong-
bang Taihe New Materials Co., Ltd., and the bacterial cellu-
lose (BC) nanofiber dispersion (0.8 wt%) was acquired from
Guilin Qihong Technology Co., Ltd.

2.2 Synthesis

2.2.1 Preparation of nacre-like composite films

The composite slurry was formulated by mixing alumina mi-
croplatelets, kaolin clay, and BC (0.8 wt%) dispersions with
certain weight ratios. Initially, kaolin clay (1 g) was incorpor-
ated into distilled water (300 mL). The mixture was sub-
sequently placed in a planetary activator via ball milling at
200 r/min for 8 h. Subsequently, alumina platelets (9 g) were
incorporated into the mixture, and ball milling was carried out
for an additional 4 h. After the ball milling process was com-
pleted, the slurry was moved to a beaker, and the BC disper-
sion (100 mL) was incorporated. The mixture was stirred
mechanically at 400 r/min for 4 h. Following this, the thor-
oughly mixed slurry was transferred into Petri dishes with di-
mensions of 24 cm x 24 cm, with approximately 250 g of
slurry allocated to each dish. The Petri dishes were placed on
a hot plate set to 40 °C to facilitate the evaporation process.
Following approximately 24 h of evaporation, the composite
films were completely dried and meticulously removed from
the Petri dishes. The films had a thickness of approximately
100 um and were cut into smaller dimensions of approxim-
ately 5 cm x 5 cm and then stored for future use.

2.2.2 Preparation of ceramic frames (CFs)

First, the above composite films were divided into 1L, 2L,
4L, 8L, 16L, and 50L groups. For the 1L group, 50 layers of
film were laminated together (1 part); for the 2L group, 24
layers of film were laminated together (2 parts); for the 4L
group, 12 layers of film were laminated together (4 parts); for
the 8L group, 6 layers of film were laminated together (8
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parts); for the 16L group, 3 layers of film were laminated to-
gether (16 parts); and for the SOL group, only 1 layer of film
was compacted (50 parts). Each pressing step was maintained
at 40 MPa for 4 h at room temperature to promote the com-
paction of these stacked films and improve their flatness. The
single-layer film and these laminated films were then trans-
ferred to a muffle furnace and sintered at 1600 °C for 3 h at a
heating rate of 5 °C/min. Upon natural cooling, the resulting
thickness of the single-layer CF was approximately 60 pm.
These CFs originating from different layers of thin films were
ready for subsequent use.

2.2.3 Preparation of multilayered nacre-like composites

The CFs (consisting of 50, 24, 12, 6, 3, and 1 layers) were
stacked in quantities of 1, 2, 4, 8, 16, and 50 layers, corres-
pondingly, to achieve a cumulative thickness of approxim-
ately 3 mm for each group. The EP was formulated by com-
bining adhesives A and B at a 3 . 1 mass ratio and ensuring
thorough mixing. The stacked CFs were subsequently im-
mersed in EP and maintained in a vacuum atmosphere for 30
min to promote resin infiltration into the internal pores of the
CFs and the gaps between adjacent layers. The stacked CFs
were subsequently removed from the EP solution, and a 564 g
weight was placed above each CF for 24 h to ensure the cur-
ing of the EP. Next, the composites were subjected to grind-
ing and polishing, ultrasonic rinsing, and drying, resulting in
multilayered composites measuring approximately 40 mm X
40 mm X 3 mm.

2.2.4 Characterization and testing

Microscopic (OM) images were obtained via the dark-field
mode of the YM710TR metallographic microscope. Scan-
ning electron microscopy (SEM) images were obtained with a
Guoyi Quantum SEM 3200 tungsten filament scanning elec-
tron microscope at an acceleration of 7 kV. Energy dispers-
ive X-ray spectroscopy (EDS) images were obtained with a
Carl Zeiss Supra 40 field-emission scanning electron micro-
scope at an acceleration of 10 kV, which was equipped with
an Ultim Max 100 probe. X-ray diffraction (XRD) patterns
were acquired using a Philips X’Pert Pro Super X-ray dif-
fractometer with Cu Ka radiation and a scanning speed of
0.2°/min. Small-angle X-ray scattering (SAXS) data were ac-
quired via SAXSPoint 2.0 with a wavelength of 0.154 nm
from 0.5° to 5°. Micro X-ray tomography (micro-CT) ima-
ging was performed to characterize the internal damage mor-
phologies of the nacre-like composites via an Always Ima-
ging AX-2000 3D X-ray microscope operating at an acceler-
ating voltage of 100 kV. Thermal gravity analysis (TGA) data
were collected with a STA449F3 thermal analyzer from 30 to
800 °C with a heating rate of 10 °C/min and an air purge at a
flow rate of 20 mL/min. The volume ratio of epoxy resin (%)
was calculated with the aid of TGA via the following
equation®'’

[ (m—m,) /p\]
[ (m,—m,) /pi] + (mz/Pz),
where m; is the weight of the EP-infiltrated composite, m, is

the weight after the EP-infiltrated composite burns at 800 °C,
p; 1s the density of the EP, and p, is the density of the ceramic

Volume ratio of epoxy resin =
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frame. The weight of the nacre-like composites was meas-
ured on an HZK-FA210S electronic balance, and the density
(g/cm’®) of the nacre-like composites with different numbers
of layers was calculated via the following formula:

_ MsPuy0

B m, —m, ’
where m; is the mass of the nacre-like composite in air after
full water saturation, m, is the mass of the nacre-like compos-
ite fully saturated with water, m; is the mass of the dried
nacre-like composite in air, and py,, is the density of distilled
water, which is 1 g/cm’.

The compression test data were obtained via a DANA-
10KN universal testing machine with a 10 kN load cell. All
the samples were cut into cubes measuring ~ 3 mm X 3 mm X
3 mm, with the force applied perpendicular to the layer stack-
ing direction. The tests of SOL composites were categorized
into vertical and parallel orientations. (_L) indicates the ap-
plied force perpendicular to the layers; (/) indicates the ap-
plied force parallel to the layers. The displacement rate was
maintained at 1 mm/min. The data of three-point bending
tests were obtained via a DANA-10KN universal testing ma-
chine with a 10 kN load cell. All the samples were cut into
beam shapes with dimensions of ~ 20 mm X 2 mm X 3 mm,
with the force applied perpendicular to the layer stacking dir-
ection. The support span was set to 12 mm, and the displace-
ment rate was maintained at 1 mm/min. For the single-edge
notched bending (SENB) tests, all the samples were cut into
beam shapes with dimensions of ~ 20 mm X 3 mm X 3 mm.
The notches were created via a 350 pm low-speed diamond
wire cutting machine (STX-202a), followed by repeated slid-
ing of a razor blade along the incision for sharpening. The
displacement rate for the flexural tests was maintained at 1
mm/min, and the support span was 12 mm. The test video
was obtained via a microscopic camera.

For the drop-ball rebound test, all the samples were cut
into cuboids with dimensions of ~ 20 mm x 20 mm X 3 mm.
Each sample was placed on a ground and kept horizontal. A
steel ball weighing 2.1 g was released from a height of 50 cm
above the sample. The rebound height of the steel ball was re-
corded via a camera with a vertically placed ruler as a refer-
ence. The energy dissipation ratio (%) was calculated on the
basis of this rebound height via the following formula:

Energy dissipation ratio = x 100%,

where % is the release height of the steel ball and 4, is the re-
bound height of the steel ball after the first contact with the
sample.

For the drop-hammer impact test, all the samples were cut
into cuboids with dimensions of ~ 20 mm x 20 mm X 3 mm.
Each sample was placed on a ground and kept horizontal. A
370 g semicircular hammer head with a diameter of 20 mm
was dropped vertically onto the sample surface from a certain
height, which was then inspected for fractures. If intact, the
height was increased in increments of 5 mm, and this process
continued until fracture occurred. The fracture height was re-
corded, and the fracture energy (J) was calculated via the fol-
lowing formula:
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Fracture energy = mgh,

where m is the weight of the hammer, g is 9.8 m/s’, and % is
the height of the hammer’s center of mass when it breaks the
sample.

The dynamic mechanical analysis data were obtained via a
TA Instruments RSA-G2 solid analyzer. All the samples were
cut into beam shapes with dimensions of ~ 20 mm x 3 mm x
3 mm. The oscillation direction was oriented perpendicular to
the layer stacking direction, with a test span of 10 mm, a test
strain of 0.1%, and a test frequency range from 20 to 80 Hz at
room temperature. The split Hopkinson pressure bar (SHPB)
test data were acquired by a conventional SHPB device. All
the samples were cut into cubes measuring ~ 6 mm X 6 mm x
6 mm, with the force applied perpendicular to the layer stack-
ing direction. A pulse shaper was applied to modify the incid-
ent wave and remove the wave dispersion. The striker, incid-
ent bar, and transmit bar were made of ultraduralumin with a
diameter of 14.5 mm, and the lengths were 200, 1000, and
800 mm, respectively.

3 Results and discussion

3.1 Microstructure of the

composites

multilayered nacre-like

In our research, the multilayered nacre-like composite was
designed with a hierarchical structure (Fig. 1a), wherein the
EP matrix infiltrated into the gaps between adjacent alumina
microplatelets to form a brick-and-mortar structure at the
nanoscale and between adjacent CF layers to form a mul-
tilayered rigid—soft laminate structure at the microscale. Alu-
mina microplatelets with a diameter from a few to a dozen
micrometers (Fig. S1 in Supporting information) were used as
the main building blocks to resemble the nacre-like layered
structure of natural nacre. We fabricated hierarchically struc-
tured nacre-like composites via a multilevel bottom-up as-
sembly process (Fig. 1b, Fig. S2). The alumina microplate-
lets were first assembled with BC nanofibers and kaolin clay
nanoparticles into nacre-like composite films, in which they
were arranged in a layered stacking structure (Fig. S3). High-
resolution SEM images (Fig. S3b and d) revealed that BC
nanofiber networks connected the stacked alumina micro-
platelets. The BC content in the composite film was estim-
ated to be approximately 9 wt% by TGA analysis (Fig. S4a).
The composite films were then transformed into thin CF
lamellae through sintering. The crystal phases of the alumina
microplatelets and kaolin clay changed following sintering
and transformed into the mullite phase (Fig. S4b), demon-
strating their effective bonding. As shown in Fig. Ic, the ar-
ranged alumina microplatelets were welded together into a
porous ceramic frame. After being stacked and infiltrated
with the EP matrix, EP was alternately distributed among the
pores of the CF, forming a brick-and-mortar structure at the
nanoscale (Fig. 1d). At the microscale, we can find an organ-
ic layer bonding two neighboring brick-and-mortar lamellae
with a robust interface formed between the EP matrix and the
CF (Fig. le, Fig. S5). The density of the CFs increased after
infiltration of EP and gradually decreased with increasing
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Fig. 1. Structural and mechanical characterization. (a) Schematic diagram of the hierarchically structured nacre-like composite. (b) Digital photos of a
typical S50L composite. (c¢) Cross-sectional SEM image of a CF. (d) Cross-sectional SEM image of a CF after EP infiltration. (e) Cross-sectional SEM im-
age showing the organic layer between adjacent brick-and-mortar lamellae. (f) TGA data of CF and multilayered composites. (g) EDS images showing
cross-sections of the 1L, 8L and S0L composites. (h) 2D SAXS patterns of a SOL composite with an X-ray beam parallel to the layer direction.

organic content (Fig. 1f, Fig. S6). The energy dispersive X-
ray spectroscopy (EDS) images illustrate the distribution of
aluminum and carbon (Fig. 1g, Fig. S7), indicating the micro-
scale multilayered laminate structure of the composites. The
two-dimensional (2D) SAXS patterns (Fig. 1h, Fig. S8) valid-
ated the highly organized arrangement of alumina microplate-
lets within the multilayered composite.

3.2 Mechanical performance

3.2.1 Quasistatic mechanical performance of the

multilayered nacre-like composites

Compression and bending tests were initially carried out to
verify the efficacy of our hierarchical structural design for
multilayered nacre-like composites under quasistatic loading
conditions. Compared with those of pure CF, the results of
compression tests indicated that the strengths and ductilities
of the composites were greater (Fig. 2a, Fig. S9a). The com-
posites exhibited different compressive mechanical proper-
ties along the two perpendicular loading directions (Fig. 2a,
Fig. S9b), reflecting the anisotropy of the composites. We
found that the compressive strength of the composites signi-
ficantly decreased as the number of layers increased with
loading direction perpendicular to the layers (Fig. 2b). This
occurred because as the number of layers increased, the
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content of soft phase polymers in the composites increased
(Fig. 1f). Three-point flexural tests demonstrated that both the
flexural strength and flexural modulus of the composites were
significantly greater than those of the pure organic phase and
CF (Fig. 2¢). After EP was penetrated, the flexural strength
increased by approximately 3.66 times, and the flexural mod-
ulus improved by approximately 2.21 times. However, these
two indicators declined simultaneously with increasing layer
number (Fig. 2d).

By using a microscopic camera to observe the fracture pro-
cesses of the CF, 1L composite and S0L composite samples
during the SENB tests, we found that their fracture behaviors
were quite different (Movies S1-S3 in Supporting informa-
tion). At the microscale, long-range zig-zag crack deflection
and the stretching of EP interlayers between adjacent brick-
and-mortar lamellae in the SOL sample were clearly observed
(Fig. 3a—d and Fig. S10). At the nanoscale, we also observed
crack deflection at the crack tip (Fig. 3¢), and the pull-out of
microplatelets on the fracture surface was clearly observed
(Fig. 3f). These fracture behaviors operate at different length
scales and serve as potent extrinsic toughening mechanisms
that relieve locally high stresses and increase crack
resistance*.. In contrast, the fracture surface of a pure CF
displays a minor deflection (Fig. S11). Notably, an increase in
the number of layers made it easier for the cracks to deflect
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Fig. 2. Quasistatic mechanical performance. (a) Typical stress—strain curves for CF and 1L and 50L composites derived from compression tests. (L) in-
dicates the loading direction perpendicular to the layers; (//) indicates the loading direction parallel to the layers. (b) Comparison of the compressive
strength of nacre-like composites with different numbers of layers. (c) Comparison of the flexural strength and modulus of EP, CF, and CF after EP infilt-
ration (1L composite). (d) Comparison of the flexural strength and modulus of nacre-like composites with different numbers of layers.

along the rigid-soft interfaces during testing (Fig. S12). The
mechanical responses and fracture characteristics of these
samples suggest that the multilayered nacre-like composites
are more advantageous for resisting crack initiation and
propagation.

3.2.2 Dynamic mechanical performance of the

multilayered nacre-like composites

Dynamic mechanical analysis was further performed to evalu-
ate the impact-resistant and damping behavior of the mul-
tilayered nacre-like composites. The drop-ball rebound test
revealed that the energy dissipation ratio of EP-CF (1L nacre-
like composite) was significantly greater than that of pure EP
and was equivalent to that of CF (Fig. 4a). This result indic-
ated that the brick-and-mortar structure at the nanoscale ef-
fectively absorbed impact energy. The relatively high energy
dissipation ratio of a CF may be due to damage to its internal
porous microstructure. Moreover, we found that with increas-
ing layer number, the energy dissipation ability of the com-
posites became stronger (Fig. 4b and c). The energy dissipa-
tion ratio for the 50L composite reached approximately
85.63%. The drop-hammer impact test results displayed a pat-
tern similar to that of the drop-ball rebound test results (Fig.
4d and e). Compared with the CF, the CF-EP (1L composite)
provided more energy for breakthrough (Fig. 4d). Addition-
ally, as the number of layers increased, their capacity to resist
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impact damage increased (Fig. 4¢). The peak fracture energy
of the 50L composites reached approximately 0.73 J. This
result provided direct evidence for the effectiveness of the
rigid—soft laminate structure at the microscale in enhancing
the impact resistance of the multilayered nacre-like compos-
ite. Digital photographs and micro-CT images were further
captured to display the damage to the nacre-like composites
subsequent to the drop-hammer impact test (Fig. 4f and g).
The micro-CT images of an impacted 50L composite re-
vealed significant crack deflection inside it (Fig. 4g—k, Movie
S4).

Furthermore, the damping characteristics of EP, CF and the
nacre-like composites were examined by analyzing their stor-
age modulus (£") and loss modulus (£") within the frequency
range of 20-80 Hz. Compared with those of pure EP and the
CF, the storage modulus of the 1L composite was signific-
antly greater (Fig. 5a), indicating that the infiltration of soft
EP into the CF resulted in increased material stiffness.
However, as the layer number increased, a decrease in the
storage modulus of the composite was observed, suggesting a
decrease in its stiffness (Fig. 5a). This finding is consistent
with the changing trend of the composites under quasistatic
bending loading (Fig. 2b). The stress—strain curves derived
from the SHPB experiments indicate that the CF did not ex-
perience a postcompression disintegration process, whereas
the 1L composites exhibited rapid disintegration (Fig. 5b). In
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(a)

(b)

(f)

Fig. 3. Multiscale toughening mechanisms. (a, b) SEM images showing the long-range crack deflection morphology of a 50L composite after the SENB
test. The white arrows indicate the extension direction of the crack. (c, d) SEM images showing the extensive plastic deformation of the polymer interlay-
ers (typical polymer bridging) between adjacent brick-and-mortar lamellae, as depicted by the white dashed boxes. (e, f) SEM images showing nanoscale
crack deflections at the crack tip and the pullout of alumina microplatelets on the fracture surface.

contrast, the SOL composite demonstrated an extended com-
pression process. This result demonstrated that with increas-
ing layer number, the composites displayed more pronounced
plastic behavior rather than experiencing catastrophic failure.
Therefore, we can infer that composites with hierarchically
designed structures also have superior energy dissipation cap-
abilities under high-speed impact load conditions.

4 Conclusions

In conclusion, we reported the manufacture of multilayered
nacre-like composites via a scalable bottom-up assembly
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process and specifically evaluated their dynamic mechanical
properties. By integrating the nanoscale nacreous brick-and-
mortar structure with a microscale multilayered laminated
structure, we produced hierarchically designed nacre-like
composites. The hierarchically structured nacre-like compos-
ites incorporate toughening mechanisms at both the nano-
scale and the microscale, thereby enhancing their macroscop-
ic impact resistance. This work offers valuable insights for the
upcoming development of impact-resistant composites and
may yield more targeted design ideas for improving the
dynamic impact resistance research of materials in the future.
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