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A B S T R A C T   

Nacre is well known for its high strength and toughness owing to its ingenious “brick-and-mortar” microstruc
ture. However, its impact resistance has not been studied as well as its static properties, even though protecting 
fragile organs from external dynamic loadings is one of its most important functions. The current work sys
tematically studied the impact resistant behaviors and energy absorption mechanisms of nacre-inspired com
posite plates with the “brick-and-mortar” organization of three typical “brick” reinforcements seen in nacre, 
namely, flat, dovetail and inverse-dovetail. Through the finite element method simulations, the impact stiffness, 
energy absorption capacity and primary working mechanisms of the composite plates during impact were 
analyzed. The results show that the inverse-dovetail microstructure is superior in impact stiffness in the projectile 
rebounding situation, while the dovetail microstructure is better for its relatively higher energy absorption ca
pacity in both the rebounding and perforation scenarios. In the rebounding scenario the primary energy 
consuming mechanism is plastic deformation, whereas it converts to spalling and fragmentation in the perfo
ration situation. The tablet aspect ratio plays a significant role in tuning the composites’ impact resistant per
formance and working mechanisms. These findings and conclusions provide meaningful insights into the design 
of bioinspired composites with high impact resistance.   

1. Introduction 

Composites and structures with high capacity to resist impact are 
always highly desired in many fields such as military, aerospace, ship, 
and vehicle industries. Subjected to blast wave and impact loadings, 
these composites and structures are expected to efficiently attenuate 
stress wave and block projectiles by absorbing and dissipating large 
amounts of energy so that the damage to people and objects behind them 
can be minimized or avoided [1]. Load-bearing biological materials 
including skull, shell and some animal scales have been evolved out 
through billions of years of natural selection and exhibit excellent pro
tecting function against dynamic loadings from predators and daily ac
tivities [2–6]. Therefore, learning from the structural design and impact- 
resistance working mechanisms of the load-bearing biological materials 
is definitely helpful for us to develop synthetic materials and structures 
with high impact-resistance performances. 

Among the load-bearing biological materials, nacre has certainly 
received lots of attention, since it is one of the most famous load-bearing 

biological materials for achieving extraordinary strength and toughness 
from brittle mineral platelets and soft polymer matrix through relatively 
simple “brick-and-mortar” microstructural organization [7–9]. In natu
ral environment, nacre plays an important role in keeping the shell from 
catastrophic failure by dissipating large amount of fracture energy under 
attacks of predators [10,11]. Although the content of aragonite crystals 
in the nacre is as high as 95%, the fracture toughness of nacre is more 
than 3000 times that of monolithic calcium carbonate [12–15], which is 
mainly attributed to its ingenious microstructural organization of 
aragonite platelets within biopolymer matrix. At the nanoscale of bone, 
it is found that the staggered arrangement, protein viscosity and mineral 
fraction work cooperatively to promote the stress wave attenuations 
[16]. Many decent experimental studies have revealed that the interface 
between aragonite platelets is not flat but with finer sub-microstructure 
features such as surface asperity, mineral bridge and waviness 
[15,17–28]. These sub-microscale structures have been demonstrated 
playing important roles in the strengthening and toughening mechanism 
of nacre [7,29–33]. As shown in Fig. 1a, the iridescent layer of an 
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abalone shell is nacre, also named as mother of pearl, since pearls are 
cultured there. Fig. 1b presents the scanning electron micrograph of a 
facture surface of nacre, and the stacked mineral “bricks” can be seen 
clearly. Enlarged views of these “brick-and-mortar” microstructures 
show that the platelet reinforcements can be generally classified into 
three types according to their geometrical characteristics, see Fig. 1c-e 
[34], herein termed as dovetail (c), flat (d) and inverse-dovetail platelet 
(e), respectively. The dovetail platelets have thicker and larger ends 
analogous to the shape of dovetails, the flat platelets have uniform 
thickness, whereas the inverse-dovetail platelets have thinner and 
smaller ends contrary to the dovetail ones. The dovetail structure is well 
known for its interlocking effect when the neighboring reinforcements 
slide against each other [20,35]. The interlocking effect can make a 
great contribution in stiffening, strengthening and toughening the 
composites [27,28,34–43]. However, it is still not well understood why 
the three typical structures coexist in load-bearing biological materials, 
especially with the dynamic loading conditions taken into consideration. 

A number of nacre-inspired composites have been fabricated in 
laboratories [1,44]. For instance, Tang et al. using sequential deposition 
method manufactured nanostructured artificial nacre achieving well- 
ordered brick-and-mortar arrangement of polyelectrolytes and clays 
[45] Munch et al. emulated nacre’s toughening mechanisms and syn
thesized tough nacre-like composites with aluminum oxide and poly
methyl methacrylate by freeze-casting method [46] Most recently, Yin 
et al. proposed a nacre-like laminated glass that duplicates the 3D 
“brick-and-mortar” arrangement and exhibits significantly improved 
toughness and impact resistance [47]. Nonetheless, the interlocking 
submicrostructural features had not got sufficient attention in these 
nacre-inspired material design and fabrication. Through FEM simula
tions, Flores-Johnson et al. [1] investigated the ballistic performance of 
a nacre-inspired aluminum composite plate featuring tablet waviness 
and cohesive interface. Their results showed that the nacre-inspired 
plate can provide a better ballistic performance than their bulk and 
continuous layer counterparts, but the performance improvement is 
dependent on the plate thickness and projectile velocity. Tran et al. [44] 
performed FEM studies on the nacre-inspired composite plates subjected 
to underwater impulsive loadings and found that inter-laminar 
debonding was reduced in the bioinspired structures due to the 

interlocking mechanism associated with the dog-bone shape design of 
tablets. In these existing studies, the key question is still yet to be 
answered: what effects do the dovetail and inverse-dovetail platelet 
reinforcements have, especially with comparison to the flat ones. Our 
current paper was aimed to systematically study the impact resistant 
performance of nacre-inspired composites with different topological 
design of reinforcement tablets, namely, dovetail, inverse-dovetail and 
flat. 

In this paper, aluminum alloy/epoxy composite plates with the 
aforementioned three kinds of nacre-inspired microstructures were 
modeled with Abaqus/Explicit, and a hemispherical projectile was used 
to impact the plates at a wide range of velocity. Through a series of FEM 
simulations, the impact resistant behaviors and properties were 
compared among the composite plates. Several geometrical parameters 
such as the aspect ratio and inclination angle of reinforcement platelet 
were also studied to provide useful guidance for practical design. The 
dominant mechanism of impact energy absorption in different scenarios 
were analyzed. The remaining of the paper is organized as follows. 
Section 2 depicts the simulation setup, Section 3 gives the numerical 
results and discussions. Finally, Section 4 summarizes the main 
conclusions. 

2. Simulation setup 

2.1. Geometrical model 

The geometrical model for a typical dovetail tablet of aluminum 
alloy was shown in Fig. 2a. The length and width of tablet (square) are 
the same and denoted by c, the height at the center point is d, the height 
at the edge center is b, the height at the outer corner is a. To ensure the 
tablets well assembled to form a composite plate, the following relation 
is always satisfied in all our models 

a+ d = 2b (1) 

indicating that the value of b is always between that of a and d. The 
aspect ratio of reinforcement tablet is defined as 

Fig. 1. (a) Nacreous layer of an abalone shell, (b) scanning electron micrograph (SEM) of a facture surface of nacre, and three types of platelet reinforcement 
illustrated as (c) dovetail, (d) flat and (e) inverse-dovetail platelet, respectively [34]. 

Fig. 2. Illustration of a generalized reinforcement platelet (a), the staggered organization of platelets in three-dimensional space (b), and the macroscopic model for 
the composite plate under ballistic impact (c). 
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λ =
2c

a + d
=

c
b

(2) 

The angle between the inclined surface and the horizontal plane is 
defined as the inclination angle θ, which is related to the dimensions a, c 
and d by the following equation 

tanθ =
a − d

̅̅̅
2

√
c

(3) 

θ > 0, a is larger than d, and the reinforcement tablet shape is 
dovetail; whenθ = 0, a, b and d are all the same, and the flat shape was 
obtained; whenθ < 0, a is less than d, and the inverse-dovetail shape is 
acquired. Eqs. (1)-(3) tells that the tablet geometry can be also 
completely determined by the parameters a, c, λ and θ. 

As shown in Fig. 2b, the hard tablets (dark green color in the online 
version) are merged together with soft adhesives (grey color in the on
line version) in a staggered pattern in three-dimensional space. One can 
see that each layer is displaced with respect to its upper or/and lower 
adjacent layers in such a way that every pair of upper-lower neighboring 
tablets are 1/4 overlapped with each other. 

2.2. Finite element modelling 

Fig. 2c shows the macroscopic composite plate, which can be seen as 
a repeated assembly of Fig. 2b. The composite plate contains five layers 
of tablets, with each layer having a thickness of 10 mm and 20*20 
reinforcement tablets. A rigid hemisphere with a certain initial velocity 
was shot to collide with the nacre-inspired composite plate. The radius 
of the hemisphere projectile is set to be comparable to the tablet width, i. 
e., r = c. The mass of the projectile is assumed 5 g. The hard tablets were 
meshed with an 8-node linear brick element C3D8, while the soft in
terfaces inside each layer were meshed with 8-node three-dimensional 
cohesive element COH3D8. All the seed size was chosen to be 0.17c 
× 0.17c × 0.17c, and well passed the test of mesh convergence. Cohesive 
contact property was defined between the adjacent layers to simulate 
the mechanical behaviors of soft interfaces between them. The rigid- 
body movement of the composite plate was first constrained, and then 
the four vertical surface planes were all fixed. The projectile was just 
placed on the top surface of the composite plate and given an initial 
velocity (5–500 m/s) perpendicular to the plate, while the other degrees 
of freedom were fixed. The automatic time incrementation scheme in 
Abaqus/Explicit was adopted, which can ensure that a stable time 
increment is employed. Mesh sensitivity analysis has been conducted, 
confirming that the current level of refinement was enough to obtain a 
converged solution. It is also worth noting that the plate size has been 
verified large enough to get converged results for our simulations. 
Specifically, the simulation results on larger plates containing 5*30*30 
and 5*40*40 tablets have been shown almost the same as those obtained 
from the 5*20*20 composite plate, with a deviation of less than 3%. 

2.3. Material models 

As a typical example, the hard tablet material was taken as an 
aluminum alloy, while the soft matrix material was chosen to be an 
epoxy resin. Johnson-Cook (JC) material model was utilized for the 
aluminum alloy, as it has been successfully applied to the ballistic 
impact simulations of aluminum alloy plates [1]. For the epoxy resin 
interface, a traction-separation cohesive law was defined. For the sake of 
completeness, a brief explanation of each material model is provided 
below. 

The JC constitutive model is an empirical model for studying the 
dynamics of metal materials under impact loads. In JC model, the 
equivalent stress σeq is given in the following form 

σeq =
(

A + Bεn
eq

)(

1 + Clnε̇*
eq

)

(1 − T*m) (4) 

where the coefficients A, B, C, and the power m and n are material 
constants, εeq denotes the equivalent plastic strain, ε̇*

eq is the dimen
sionless plastic strain rate defined as the ratio of the equivalent plastic 
strain rate to a user-defined strain rateε̇eq/ε̇0, the homologous temper
ature T* is defined asT* = (T − Tr)/(Tm − Tr), withT, Tr and Tm referring 
to the absolute temperature, the room temperature and the melting 
temperature, respectively. 

In the process of transient plastic deformation, the material may 
soften due to rapid local heating. ABAQUS/Explicit allows to research 
on softening of materials by computing the increase in the heat flux per 
unit volume, 

rpl = ησ : ε̇pl (5) 

In the above equation, η is the inelastic heat fraction, σ is the stress 
and ε̇pl is the plastic strain rate. It can also be expressed as 

rpl = ρCpΔT (6) 

Here ρ is the material density, Cp is the specific heat and ΔT is the 
temperature variation. Combining Eqs. (2) and (3), the temperature rise 
can be obtained by integration 

ΔT =

∫ εpl

0

ησdεpl

ρCp
(7) 

The JC fracture criterion is based on damage accumulation at every 
element integration point. The accumulative damage parameter is 
defined as below 

DJC =
∑Δεeq

εJC
f

(8) 

where Δεeq is the increment equivalent plastic strain, and 

εJC
f = (D1 + D2exp(D3σ*))(1 + D4lnε̇*

eq)(1 + D5T*) (9) 

is the equivalent fracture strain, and Di(i = 1...5) are material con
stants; σ* = σm/σeq is the stress triaxiality, with σm as the hydrostatic 
stress. When DJC = 1, the damage initiates and the material starts to 
degrade. Once the damage starts, the effective plastic displacement ueq is 
calculated by 

ueq = Lεeq (10) 

in which L is the characteristic length of element. Assuming a linear 
relationship between the damage variable d and the effective plastic 
displacementueq, the damage variable is determined by 

d = ueq/uf
eq 

Here uf
eq is the effective plastic displacement when the material is 

completely failure. Once complete failure occurs (d = 1), the failed 
elements will be removed from the model mesh. All the typical material 

Table 1 
Material parameters in finite element modeling [16].  

Aluminum alloy (hard)  

Density ρ (kg/m3) 2700 
Elastic modulus: E (GPa) 70 
Poisson’s ratio:v 0.3 
Inelastic heat fraction 0.9 
Specific heat (J/kg K) 910 
Hardening coefficient A (MPa) 520 
Hardening coefficient B (MPa) 477 
Hardening coefficient n 0.52 
Epsilon dot zero ε̇0 (s− 1) 0.0005 
C 0.001 
Transition Temperature (K) 293 
Melting Temperature (K) 893 
m 1 
D1, D2, D3, D4, D5, and uf 0.049, − 3.465, 0.016, 1.099,0.009, and 0.096  
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parameters for the aluminum alloy were listed in Table 1. 
The epoxy resin matrix is modeled as a cohesive interface whose 

constitutive mechanical behaviors are governed by the following 
traction-separation law 

σi = Kiδii = n, s, t (12) 

Here σi and δi denote the traction stress vector and separation, 
respectively. n represents the normal while s and t are shear directions. 
The maximum stress criterion was applied to define damage initiation 

max
{

σn

σ0
n
,
σs

σ0
s
,

σt

σ0
t

}

= 1 (13) 

in whichσ0
n, σ0

s and σ0
t are the critical stresses of damage initiation in 

the respective directions. 
Once the corresponding damage initiation criterion has been 

reached, the rate of degradation of the material stiffness is described by 
a damage variable D which ranges from zero to one as the interface 
damage initiates and develops to complete failure. The failure criterion 
for predicting delamination propagation under mixed-mode loading is 
expressed by the energy release rates associated with Modes I, II and III 
[48]. For a linear softening process, the damage variable D for delami
nation evolution is defined as 

D =
δf

m

(
δmax

m − δ0
m

)

δmax
m

(
δf

m − δ0
m

), D ∈ [0, 1] (14) 

where the mixed-mode displacement (normal, sliding and tearing) δm 

is given by 

δm =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

δ2
n + δ2

s + δ2
t

√

(15) 

δmax
m refers to the maximum mixed-mode displacement attained 

during the loading history, δf
m is the mixed-mode displacement at com

plete failure, and δ0
m is the effective displacement at damage initiation. 

δf
m can be defined according to the Benzeggagh-Kenane (BK) fracture 

energy based criterion [49] 

δf
m =

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

2
Kδ0

m

[

GIC + (GIIC − GIC)

(
β2

1 + β2

)η ]

δn > 0

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(
δf

s

)2
+
(
δf

t

)2
√

δn⩽0

(16) 

In the above equation, η is the BK power law parameter that can be 
determined using a least-square fit from a set of mixed-mode bending 
experiments; β = δs

δn 
is the mode mixity ratio; β = 0 indicates that the 

mode I fracture is dominant, while β = ∞ or η = 0 suggest that the 
mode II fracture is dominant. The typical parameters for the interface 
cohesive material were given in Table 2. 

2.4. Energy balance 

According to the principle of energy conservation, the total energy 
absorbed by the composite plate should be equal to the energy loss of the 
projectile 

Eab =
1
2

mV2
ini −

1
2

mV2
res (17) 

where m is the mass of the projectile, Vinit and Vres are the initial and 
residual velocity of projectile before and after the impact, respectively. 
The energy absorption efficiency is defined as the ratio of the absorbed 
energy by composite plate over the initial dynamic energy of projectile 

η = 2Eab/mV2
ini (18) 

Table 2 
Material parameters for the interface cohesive element.  

Epoxy material (soft)  

Density ρ (kg/m3) 1350 
Elastic modulus: E (GPa) 3.1 
Shear modulus G1, G2 (Gpa) 1.55 
Nominal stress 

σ0
n(MPa) 

85.5 

Shear stress 
σ0

s and σ0
t (MPa) 

70 

GIC (J/m2) 1680 
GIIC (J/m2) 3570 
Kn (N/mm) 1373.3 
Ks (N/mm) 493.3 
Kt (N/mm) 493.3  

Fig. 3. Typical rebounding responses of a composite plate with λ = 1, θ = 30◦ under Vini = 5 m/s for example: Contour of out-of-plane displacement (a); time history 
of impact force (b), projectile displacement (c), and projectile velocity (d); curve of impact force versus displacement (e); different energy components varying over 
time (f). 
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In particular, the energy absorbed by the composite plate primarily 
consists of the damage energy, friction energy, plastic energy, kinetic 
energy and elastic energy, either dissipated or stored in the composite 
plate. In our simulations, the energy balance is guaranteed by checking 
the dynamic energy loss of the projectile, and the dissipated and stored 
energy in the composite plate, and ensuring them equal to each other 
(the relative difference less than 1%). 

3. Results and discussion 

3.1. Rebounding behaviors 

When the impact energy is relatively small, the projectile will be 
rebounded after impact. Fig. 3 shows typical rebounding responses, with 
an example of composite plate which has an inclination angle θ = 30◦

(dovetail shape) and reinforcement aspect ratio λ = 1, subjected to an 
impact of initial velocity Vini = 5 m/s. Fig. 3a presents the out-of-plane 
displacement contour, with the largest value at the plate center (i.e., 
impact point) and radically decreasing to the boundary in a circular 
pattern. Fig. 3b-d show the time history of impact force, displacement 
and velocity of the projectile, respectively. The maximum force Fmax, 
displacement Umax, and dynamic energy loss Eab of the projectile are 
highlighted. Note that the minus value of projectile velocity indicates 
that the projectile was rebounded and pushed away from the composite 
plate. Based on Fig. 3b and c, we can plot the force-displacement curve 
during the impact process, as shown in Fig. 3e. From this curve, two 
additional quantities can be calculated to evaluate the impact resistance 
of the nacre-inspired composite plate, namely the effective impact 
stiffness Kb and energy absorption capacity Eab. The effective impact 
stiffness Kb is defined as the slope of the secant line connecting the origin 
and the peak points (see the dashed line in Fig. 3e), and the energy 

absorption capacity Eab is defined as the shaded area bounded by the 
force-displacement loop. According to the principle of energy conser
vation, it is evident that the energy absorption capacity of the plate 
should be the same as the dynamic energy loss of the projectile, and thus 
the same notation is adopted for both of them. Fig. 3f plots the time 
history of primary energy components of nacre-inspired composite plate 
including damage energy, friction energy, plastic energy, kinetic energy, 
and elastic energy during the impact. The first three components are 
irreversibly dissipated by the composite plate through damage and 
failure related mechanisms, while the last two are energy stored in the 
composite plate. As mentioned in Section 2.4, the summation of these 
energy components, i.e., the total energy absorption of the plate, is equal 
to the energy loss of the projectile because of energy conservation. In 
particular, one can see in the example that around 0.045 ms the pro
jectile velocity became zero, and correspondingly the impact interac
tion, out-of-plane displacement, elastic deformation energy, damage 
energy, friction energy and plastic energy respectively reached their 
maxima; around 0.1 ms the projectile flied away from the composite 
plate at a constant velocity, and correspondingly the composite plate 
was left vibrating freely, with its kinetic energy and elastic energy 
oscillating out of phase. All the phenomena are physically sensible. 

Fig. 4 compares the impact responses of composite plates as the 
inclination angle varies from − 54◦to 54◦, corresponding to the micro
structures change from inverse-dovetail to dovetail type. Generally, as 
the inclination angle increases, the impact force-displacement loop 
gradually becomes low and thin (see Fig. 4a); correspondingly, the 
effective impact stiffness (black curve) gradually decreases, and the 
maximum displacement (red curve) gradually increases, as shown 
Fig. 4b. The stiffness decrease with the inclination angle mainly origi
nates from the increasing inhomogeneity of the longitudinal stress in the 
reinforcement tablets. Specifically, the maximum axial force in the 

Fig. 4. Rebounding response comparison among the dovetail, flat and inverse-dovetail micro-structured composite plates (e.g., λ = 1,Vini = 5m/s here): (a) the 
impact force-displacement curves for different inclination angles; the variation of (b) the maximum displacement and effective stiffness, (c) the energy absorption, 
and (d) the primary energy components in the composite plates with respect to the inclination angle. 
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tablets usually presents at their central cross-section according to the 
shear-lag theory; on the other hand, as the inclination angle increases 
(from inverse-dovetail to dovetail), the tablets have smaller and smaller 
central cross-sections; as a result, there is larger and larger axial stress 
around the central regions, and the total extension of the tablets be
comes larger and larger under the same external loadings; finally, the 
composites show smaller and smaller stiffness. Fig. 4c suggests a non- 
monotonic variation of the energy absorption over the increase of the 
inclination angle, and the flat microstructure gives the smallest energy 
absorption. Comparing the energy components in Fig. 4d, one can see 
that the energy absorbed by the composite plates is mainly converted 
into their plastic and elastic deformation energy, and kinetic energy. The 
inverse-dovetail and dovetail microstructures exhibit significantly 

higher plastic energy dissipation than the flat microstructure, because 
the wavy interfaces and non-uniform tablets suffer higher stress con
centration and more plastic deformation. In addition, the damage and 
friction energy are slightly larger for the dovetail microstructured 
composite plates, since the interlocking effect increases the interface 
stress and tends to generate more interface debonding and inter-tablet 
sliding. 

The influences of aspect ratio λ on the impact responses of nacre- 
inspired composite plates were also investigated. Fig. 5a shows the 
effective stiffness of the projectile with variable aspect ratio for the three 
typical microstructures: dovetail (θ = 10◦ ), flat (θ = 0◦ ), and inverse- 
dovetail (θ = − 10◦ ) under the initial impact velocity 5 m/s. As the 
aspect ratio increases, the effective impact stiffness slightly decreases for 

Fig. 5. The effective stiffness among the dovetail, flat and inverse-dovetail microstructures for different platelet aspect ratios. The impact initial velocity is (a) 5 m/s 
and (b) 20 m/s. 

Fig. 6. Histogram of the total energy absorption (a), and different energy dissipation mechanisms for the inverse-dovetail (θ = − 10◦, b), flat (θ = 0◦, c) and dovetail 
(θ = 10◦, d) microstructures with a variety of aspect ratio λ considered. All the initial impact velocity is 5 m/s. 
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the dovetail microstructure while significantly increases for the flat and 
inverse-dovetail microstructures. When the aspect ratio is relatively 
small, the composite plate deformation is dominated by the inter-tablet 
dislocation and slippage. When the aspect ratio becomes larger and 
larger, the deformation gradually becomes dominated by the extension 
of tablets and the bending of the whole plate. For the dovetail micro
structure with a smaller middle cross-section, the stress concentration 
around the middle cross-section increases and consequently the tablet 
extension increases with the increasing aspect ratio. This mainly 

accounts for its effective impact stiffness decrease with the tablet aspect 
ratio. In contrary, the flat and inverse-dovetail microstructures have no 
such stress concentration issue so that their effective impact stiffness 
increases with the tablet aspect ratio, so does their effective static 
stiffness. Fig. 5b shows their effective stiffness under a higher initial 
impact velocity 20 m/s, and we can see the effective impact stiffness of 
then dovetail microstructured composites also change to be increase 
with the aspect ratio. This is because the mechanical interlocking effect 
starts to contribute as the inter-tablet deformation becomes larger under 

Fig. 7. Histogram of the total energy absorption (a), and different energy dissipation mechanisms for the inverse-dovetail (θ = − 10◦, b), flat (θ = 0◦, c) and dovetail 
(θ = 10◦, d) microstructures with a variety of aspect ratio λ considered. All the initial impact velocity is 20 m/s. 

Fig. 8. Perforation response comparison among the dovetail, flat and inverse-dovetail micro-structured composite plates (λ = 1,Vini = 500m/s here): (a) the history 
of energy absorption, (b) the damage energy, friction energy, plastic energy, kinetic energy and total energy absorption in the composite plates varying with the 
inclination angle. 
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the higher impact velocity. This point can be further confirmed by the 
increase of friction energy dissipation with the initial impact velocity 
increasing from 5 m/s (see Fig. 6) to 20 m/s (see Fig. 7). 

Fig. 6 and Fig. 7 show the total energy absorption and different en
ergy components of the nacre-inspired composite plates with different 
tablet aspect ratios, under the initial projectile velocity 5 m/s and 20 m/ 
s, respectively. Generally speaking, in the impact rebounding scenario, 
with the tablet aspect ratio increasing the total energy absorption always 
decreases for the flat microstructure, but it first increases and then de
creases for the inverse-dovetail microstructure while first decreases and 
then increases for the dovetail microstructure. Among the energy com
ponents, the largest one is the plastic energy and followed by the elastic 
and kinetic energy. When the initial velocity of the projectile is small, 
the impact force and related stress are also small so that material 
damage hardly happens, and thus the damage and friction energy 
components are trivial as shown in Fig. 6b-d. In contrast, the contribu
tion of material damage and inter-tablet friction becomes visible when 
the initial impact velocity becomes large, see Fig. 7b-d. As a result, with 
the increasing aspect ratio of reinforcement tablets, the varying trends of 
total energy absorption are the same as those of the plastic energy at the 
low impact velocity, whereas the varying trends of the total energy 
deviate from those of the plastic energy at the high impact velocity. 

3.2. Perforation behaviors 

As the initial velocity of projectile increases beyond the ballistic limit 
(70–400 m/s depending on microstructures), the impact behavior goes 
into the perforating scenario from rebounding. In the perforation cases, 
the projectile penetrates and goes through the composite plates, and the 
effective impact stiffness becomes not so important. Fig. 8 compares the 
history of energy absorption and different energy components among 

the nacre-inspired composite plates with variable microstructures, the 
initial projectile velocity 500 m/s taken here as an example. Fig. 8a 
shows that the total energy absorption, i.e., the kinetic energy loss of the 
projectile, increases with time as the projectile penetrates the composite 
plates, and finally becomes a constant after the projectile perforates the 
plates. As the inclination angle varies from - 54◦ to54◦ , the total energy 
absorption by the nacre-inspired composite plates generally increases, 
suggesting that the dovetail microstructures yields better resistance to 
the impact perforation. Fig. 8b plots the total energy and major com
ponents within the composite plates varying with respect to the incli
nation angle. One can see that the kinetic energy of composite plates 
accounts for more than 35% of the total energy consumption, and is the 
primary mechanism of energy absorption. It is worth noting that the 
kinetic energy with composite plates include the vibration kinetic en
ergy of the remaining composite plates and the flying kinetic energy of 
the fragments produced during the perforation. The secondary energy 
consumption mechanisms are plastic and friction energy dissipation by 
the irreversible deformation and relative sliding of reinforcement tab
lets, and each of them makes up more than 20% of the total energy 
absorption. Due to the mechanical interlocking effect, the friction 
mechanism contributes a little more with the dovetail microstructures 
than that with the inverse-dovetail microstructures. Elastic deformation 
and material damage consume a trivial part of energy, probably because 
the elastic deformation and damage are highly localized due to the high 
impact velocity. 

To investigate the influences of aspect ratio λ on the impact responses 
in perforation cases, the three microstructures (θ = − 10◦

, 0◦

, 10◦ ) with 
a variety of aspect ratios λ were considered in Fig. 9, with an initial 
impact velocity 500 m/s. As the aspect ratio increases from 1 to 5, the 
total energy absorption increases for all the three topology designs, 
though the increasing amount gradually becomes small, see Fig. 9a. For 

Fig. 9. Histogram of dissipation energy by different mechanisms for the inverse-dovetail (θ = − 10◦) (a), flat (θ = 0◦) (b) and dovetail (θ = 10◦) microstructures (c), 
and their total energy absorption (d), with a variety of aspect ratios λ considered. All the initial impact velocity is 500 m/s. 
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the small aspect ratios (e.g., 1–3), the flat microstructure outperforms 
the inverse-dovetail and dovetail microstructures in term of the energy 
absorption. As the aspect ratio increases, the dovetail microstructure 
gradually surpasses the other two. The energy components varying with 
the aspect ratio for the three microstructured composites were shown in 
Fig. 9b-c. One can see that the plastic and kinetic energy are always the 
first two primary components regardless of the topological design and 
tablet aspect ratio. In particular, when the aspect ratio is relatively 
small, the kinetic energy is the largest component because of the spalling 

effect. When the aspect ratio is large (e.g., 5), the component of plastic 
energy becomes comparable to the kinetic component, that should be 
attributed to the higher bending stiffness and stress level induced by the 
larger tablets. This can be confirmed by Fig. 10, from which one can see 
that the Mises stress increases and more materials go into plastic 
deformation as the aspect ratio increases. 

Fig. 10. Mises stress contour of nacre-like composite plates at the moment t = 0.16 ms under Vini = 500m/s for dovetail microstructures (a1-a5) and inverse-dovetail 
microstructures (b1-b5), with platelet aspect ratioλ = 1, 2, 3, 4 and 5. 
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3.3. Summary of the energy absorption and dominant mechanisms 

Fig. 11 summaries the relative energy absorption of the three 
microstructured composite plates and their major working mechanisms. 
The ordinate E/Eflat represents the relative energy absorption normal
ized by the energy absorption of flat microstructured plates. In the 
rebounding scenario, the dovetail and inverse-dovetail microstructures 
usually absorb more impact energy, and the primary dominant working 
mechanism is plastic dissipation followed by the elastic energy and the 
kinetic energy. The damage and friction energy are trivial when the 
impact velocity is low. In the perforation scenario, the energy absorption 
capacity generally increases with the inclination angle, indicating that 
the dovetail microstructure performs best among the three kinds of 
microstructures. The primary energy component is the kinetic energy 
due to the fragmentation and spalling effects, but the plastic dissipation 
gradually increases and becomes comparable to and even surpassing the 
kinetic component as the aspect ratio increases. In addition, the damage 
and friction mechanisms also contribute significantly in the perforation 
situation. 

4. Conclusions 

The current paper established three types of nacre-inspired com
posite plates, namely dovetail, flat, and inverse-dovetail micro
structured composite plates, and through FEM simulations studied their 
impact resistance capacity under both low and high impact velocities. 
The following major conclusions can be drawn: 

(1) In the rebounding cases, the inverse-dovetail and flat micro
structures show higher impact stiffness than the dovetail, but the 
dovetail and inverse-dovetail exhibit larger energy absorption 
capacity than the flat. With the tablet aspect ratio increasing, the 
impact stiffness generally increases regardless of the micro
structure, while the varying of energy absorption depends on the 
microstructure. The major part of energy absorbed by the com
posite plates is converted into their plastic and elastic deforma
tion energy. The damage and inter-tablet friction also play a 
distinct role in the energy absorption as the impact velocity be
comes relatively high.  

(2) In the perforation scenario, the dovetail microstructures with 
relatively large inclination angles outperform the inverse- 
dovetail and flat microstructures in the energy absorption ca
pacity, suggesting their good impact resistance. Owing to the 
effect of spalling and fragmentation, the kinetic energy consti
tutes the primary part of total energy absorption. With the in
crease of tablet aspect ratio, the energy absorption increases for 
all the three types of microstructures, and its difference resulted 
from microstructures becomes insignificant. 

(3) Considering the working conditions of rebounding and perfora
tion, the three types of nacre-inspired composite plates demon
strate different impact resistant performance and working 
mechanisms. From perspective of material selection and design, 
the inverse-dovetail microstructure is recommended for its rela
tively higher impact stiffness (correspondingly, smaller deflec
tion) in the rebounding situation, while the dovetail 
microstructure is preferred for its relatively higher energy ab
sorption capacity. Noteworthy, the advantage of flat micro
structure is also evident because of its simplicity and cost 
efficiency in terms of design and fabrication processes. 

The findings and conclusions above provide meaningful insights into 
the design of bioinspired composites with high impact resistance. As a 
preliminary study, only FEM simulations were conducted in the current 
work. To validate the computational results and further the develop
ment of the nacre-inspired composites, experimental work needs to be 
done in the field, and it is also one of the research foci of our following 
work. As the additive manufacturing (i.e., 3D printing) technology is fast 
developing and widely used in many fields, there is no technical chal
lenge to fabricate prototypical composites with the ingenious “brick- 
and-mortar” microstructures. More relevant works are hopefully to be 
reported in the near future. 
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