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Abstract

Nacre, also known as the mother of pearl is found in the internal layer of some seashells of gastropods and
bivalves has a structure mainly made up of hard and brittle ceramic bricks of Aragonite (CaCO3) surrounded
by the organic/polymer matrix which bonds ceramic bricks together in the form of brick-mortar structure.
Although the percentage composition of polymer is ≈5% by weight, the presence of polymer as an interlayer
between the bricks significantly enhances the toughness characteristics of the brittle Aragonite. In this study,
an attempt is made to study the mechanics of nacre-like brick-mortar structure through numerical simulations.
The shear stress distribution in the matrix of nacreous composites is found to be non-homogeneous due to the
load transfer mechanism in brick-mortar structure, this non-homogeneity is successfully reduced by grading
the modulus of matrix material which could considerably enhance the performance of the nacreous composite.
The different parameters which influence the non-homogeneous stress distribution are also studied which
showed these parameters can be effectively controlled to reduce the non-homogeneity in the stress distribution
and reduce the peak stresses. These studies could serve as a guideline in designing nacreous composites. To
use the nacreous composite as a bulk structural material, material combinations for bricks and polymer are
suggested which showed promising results as their load transfer structure is similar to the nacre.
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1. Introduction

Nacre is found in the inner layer of mollusc shells [1, 2], enclosing the mollusc’s internal organs [2] to protect
the soft and delicate visceral mass [3, 4, 5]. The inner layer of mollusc is surrounded by a tough and strong
outer shell grown by the mantle. The shell structures are largely made up of either Calcite or Aragonite, with a
small amount of organic material primarily composed of proteins and polysaccharides. The outer calcite layer
is hard against penetration, however, susceptible to cracking due to its brittle nature. On the other hand, the
inner nacre layer is ductile in nature and can sustain large deformations. Nacre structure is made up of 95%
of brittle aragonite (calcium carbonate) and the rest organic material [6]. The fracture toughness of the nacre
structure is observed to be more than 3000 times that of pure CaCO3 [7, 8], whereas, its strength is reported
to be few 1000 times higher than aragonite [6]. These extraordinary mechanical properties of nacre structure
are achieved through the arrangement of hard Aragonite bricks in a soft polymer matrix, resulting in a brick-
mortar arrangement. The lack of strength and toughness characteristics of CaCO3 are overcome by the soft
polymer interlayers between the brittle bricks. As a result, tablet sliding due to the weak polymer interface
layer is found to be the dominating deformation mechanism in nacre [9, 10]. Hence, the structure undergoes
large deformations before propagation of possible cracks in the shell.

Presence of moisture in nacre has a vital effect on its mechanical response. Wet nacre exhibits a behaviour
similar to a ductile material in tension [6]. Whereas, dry nacre shows brittle response similar to bulk arago-
nite [11]. This is because, without moister the organic part of nacre loses its strength and ductility. Similar
behaviour is observed in the shear test of dry and wet nacre, where the shear strength of wet nacre is observed
to be more by 50 MPa than that of dry nacre [11]. The reported values of stiffness, strength and toughness of
nacre are: 60 GPa, 140 MPa and 1.24 kJ/m2 [12, 13], resepctively. On the other hand, the strength and stiffness
of aragonite plates is estimated to be 300 MPa and 100 GPa, respectively [10].

The structure of nacre in molluscs is naturally optimised (over millions of years) for tensile strength in the
direction of the tablet length and resistance to cracks running across the tablets [14]. Large deformations in
nacre are generated through various mechanisms, particularly tablet sliding [15]. Tensile stresses are chan-
nelled from tablet to tablet through shear transfer in the overlap regions and the tablets start to slide on each
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other, generating voids in the process. Therefore, the deformation of nacre is dominated by tablet sliding un-
til the potential sliding sites are exhausted [6]. As a result, tensile loading along the tablet length direction
increases the strain, finally leading to the material hardening and hence spreading the inelastic deformations
throughout the specimen. This is followed by specimen failure through pull-out of the tablets from the poly-
mer matrix. Hence, in order to allow large deformations in nacre, strong and small sized tablets with a weak
interphase are the desirable properties.

The extraordinary toughness and strength characteristics of nacre structure have been explained through
several toughening features and mechanisms, like: micro-structural design [10], small size scale of the building
blocks [13, 16], abrupt steps on the tablets surfaces [17], nano-asperities on the tablets surface [18, 19, 12],
mineral bridges across the interfaces [17], visco-plastic deformation of the organic material [20, 21] and nano-
structured tablets [22]. Although the above mentioned models explain various reasons for the extraordinary
toughness and strength characteristics of nacre, a mechanism that can explain its properties in totality is not yet
available [23]. In this context, considering the extraordinary properties of nacre structure, engineering artificial
nacreous structures will be beneficial in many practical applications. However, the strength and toughness of
artificial nacreous composites reported till date are observed to be much lower than the theoretically predicted
values [24]. Inspite of several analytical and computational models, such as: shear lag model [10], micro-
mechanical model [25], fracture-based model [16] and finite element models [18, 26, 19], to name a few, exists in
the literature, the design guidelines to produce high-performance nacreous composites are yet to be reported.

An attempt is made here to study the mechanics of nacre-like brick and mortar structures through numer-
ical simulations. The influence of various parameters like the overlap length of tablets and, thickness and
modulus of the polymer layer on the performance characteristics of brick-mortar structure are investigated.
The Young’s modulus of the polymer layer is graded to smooth out the stress concentration regions, such that
the onset of tablet separation can be delayed. The elastic modulus is functionally graded based on the de-
formation behaviour of the nacre structure. As a result, the amplitude of peak stresses is reduced and hence
the fracture toughness is increased. Therefore, the developed bio-mimicked nacre-like structure possess high
strength and toughness properties, apart from the lightweight. In general, high toughness, strength, and light
weight are the most desirable properties of mechanical structures. The novelties of the present study are: (i)
a numerical framework to simulate the nacre-like brick-mortar structures with engineered interfaces to arrive
at the desired characteristics, (ii) influence of various parameters on the mechanical and fracture properties
of nacreous structure and (iii) application of the developed numerical framework to design nacre-like metal
matrix composites.

The arrangement of the manuscript is as follows: design of the regularly staggered nacreous structures is
introduced in Section 2, where the modelling aspects and deformation characteristics are analysed through
a numerical framework as discussed in Sections 2.1 and 2.2, respectively. Based on the deformation charac-
teristics of the regularly staggered nacreous structure, the Young’s modulus of polymer layer is functionally
graded to iron out the stress peaks, as explained in Section 3. Section 4 is dedicated for a parametric study
to pin-point the influence of various parameters as well as their combination on the mechanical behaviour of
nacreous structures. The developed numerical framework is applied to design nacre-like metal matrix com-
posites discussed in Section 5. Section 6 concludes the manuscript with conclusions and future scope.

2. Regularly staggered nacreous structure

The structure of nacre in seashells consists of ceramic plates and biopolymer, in the form of brick-mortar
structure [9]. The polygonal ceramic plates/tablets are 5-8 µm in diameter with an average thickness of 0.5
µm. These tablets are separated by a 20-30 nm thick biopolymer layer [11]. The brittle aragonite plates are
generated through a complex bio-mineralization process [3]. The aragonite plates were initially believed to
be flat [25], however, later studies revealed their waviness [11]. The polymer (interphase) layer is composed
of several species of biopolymer organised in multiple layers [3]. Furthermore, the aragonite tablets contains
nano-grains of 30 nm in size, surrounded by a fine network of the polymer matrix. Such nanoscale features are
also found in the polymer layer. The polymer layer is porous in nature with pore sizes of the order of 20-100
nm. These pores provide space for direct aragonite connection between the plates, known as nano-asperities
and mineral bridges [12]. Size of such nanoscale features ranges from 10 to 30 nm, with a spacing of 100-200
nm.

2.1. Modelling aspects
In this study, numerical simulations are performed on the staggered regular nacre structure, as well as the
nacreous structure with engineered interphase. A schematic arrangement of brick and polymer in nacre struc-
ture is indicated in Fig. 1(a). The structure in Fig. 1(a) is arrived based on the scanning electron microscope
(SEM) images [27]. A close up of the brick-mortar structure at meso-scale is shown in Fig. 1(b) and the polymer
chains at nano-scale are highlighted in Fig. 1(c). The regular staggered structure refers to a nacre structure by
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staking adjacent bricks in a regular fashion, with a 50% overlap of two adjacent tablets, see Fig. 1(d). Based
on its repetitive nature, a representative volume element (RVE) as indicated in Fig. 1(d), is adopted in all
numerical simulations performed using the commercial software ANSYS.

(a)                                                                                                (d)Macro scale

Nano scaleMeso scale

Polymer chain
(b)                             (c)

(1-s)L sL

L

RVE

s - fraction of overlapped region

Figure 1: (a) Schematic arrangement of polygonal ceramic tablets embedded in a polymer matrix, at macro scale. A close up of the (b)
brick-mortar structure at meso scale and (c) polymer chains at nano-scale. (d) A zoom of the brick-mortar structure along the thickness
direction.

In this study, the adopted RVE is modelled in two dimensions in order to perform plane stress analysis.
The selected RVE consists of one full tablet and two half tablets of aragonite separated by a thin interphase
(polymer layer), as shown in Fig. 2. Properties of the RVE used in the numerical analysis are listed in Table
1. The dimensions of RVE elements shown in Fig. 2(a) are as follows: length of the full tablet is equal to
8 µm with a thickness of 0.4 µm, while the thickness of the polymer layer is 0.025 µm [27]. The aragonite
tablet is modelled as an isotropic material with Young’s modulus and Poisson’s ratio equal to 100 GPa and 0.3,
respectively. While the considered elastic modulus and Poisson’s ratio of the interphase are 2.8 GPa and 0.4,
respectively [28].

Constituent Young’s modulus (GPa) Poisson’s ratio Length (µm) Thickness (µm)
Aragonite (brick) 100 0.3 8 0.4
Polymer (interphase) 2.8 0.4 — 0.025

Table 1: Material properties of the regularly staggered brick-mortar structure used in the numerical analysis. The above properties are
selected as the reference values for further analysis in Sections 3 and 4.

The 8-noded ’Plane183’ element with each node having two degrees of freedom is adopted to discretise
the RVE. After initial convergence studies, an element size of 10 nm is chosen across the entire domain. This
resulted a total of 66477 elements, with 201194 nodes. Figure 2(c) shows a closeup of the discretization around
the joint region of tablets, highlighting the fine discretization in the polymer. The selected boundary conditions
are depicted in Fig. 2(b). All the degrees of freedom of the nodes along the left edge of the lower full tablet
are arrested along the x and y directions, see Fig. 2(b). On the other hand, displacements are prescribed on
the nodes along the right edge of the upper right tablet, represented by an arrow in Fig. 2(b). Furthermore, in
order to ensure the symmetry boundary conditions along the y direction, displacements along the y-direction
are restricted for the nodes along the upper edge of the upper tablets, as well as the lower edge of the lower
tablets, denoted by roller boundary conditions in Fig. 2(b). The selected boundary conditions on RVE generates
sliding motion of the tablets along the x-direction.

2.2. Interfacial shear stress
Displacement load is specified on the right edge of the upper right tablet (see Fig. 2(b)) such that tablet sliding
is initiated. The loading is continued until the tablets are pulled out of the polymer matrix. The total specified
displacement is solved in several load steps and the deformed configurations of the RVE at each step are
captured. A close up of the shear stress distribution around the joint region is plotted in Fig. 2(d), where a
symmetric distribution about a vertical in the joint region is evident. In this study, interfacial shear stresses
represent the shear stresses in the middle of the polymer layer, extracted at element nodes along a line parallel
to the x-axis, i.e. line AB shown in Fig. 3(a). Figure 3(b) shows the variation of the interfacial shear stress along
the line AB. The data in Fig. 3(b) denotes the normalised interfacial shear stress as a function of the normalised
length. Interfacial shear stresses are normalised by dividing them with the maximum shear stress (τmax). The
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Figure 2: Modelling details of the representative volume element (RVE): (a) dimensions of the RVE expressed in micro-metres (µm), (b)
specified boundary conditions superimposed on the discretized RVE, (c) a closeup of the discretization around the joint region of tablets,
highlighting the fine discretization in the polymer layer and (d) the distribution of shear stress in the tablets and polymer around the joint
region. The shear stress distribution in (d) is plotted in a larger area than the region in (c), in order to highlight the symmetric distribution
about a vertical in the joint region.

peak shear stress estimated using the properties in Table 1 is denoted as τre f . In other words, for regularly
staggered nacre structure τmax = τre f . Similarly, the Young’s modulus is normalised by dividing with reference
modulus listed in Table 1 and distances along the tablet length are normalised with the length of the tablet.
The normalised quantities are denoted by a ’*’ in the superscript. For instance normalised interfacial shear
stress, Young’s modulus, thickness and distance are indicated by τ∗, E*, t* and x*, respectively.

The interfacial shear stress distribution plotted in Fig. 3(b) is observed to be skew symmetric about the
vertical axis at the meeting point of the upper tablets, as well as about the vertical axis at the middle of each
upper tablet. Furthermore, Figure 3(b) also compares the interfacial shear stresses from the present analysis
with the analytical results published in [28]. Results in Fig. 3(b) are observed to be in agreement with each
other, where the maximum %error in the interfacial shear stress between the numerical and analytical results
is estimated as 7%.

The load transfer in brick-mortar structures happens through shear transfer [29]. In other words, the ex-
ternal load will be transferred to the tablets through shear stresses in the interphase layer. The peaks of the
interfacial shear stresses shown in Fig. 3(b), are observed to be concentrated at the edges of the upper tablets.
As a result, the peaks are observed at the edges of the upper tablets, where a steep drop within ≈10% of the
tablet length from either edge is noticed. Therefore, when the magnitude of peak stresses exceeds the permis-
sible stresses in the polymer, the polymer layer fails by shear initiating a nano/micro-crack. Such sub-scale
cracks when accumulated around a particular region, they combine to form cracks of considerable size. Upon
continuous loading the accumulated sub-scale cracks continue to grow, ultimately leading to the failure of the
polymer and hence the tablets will be pulled out of the polymer matrix. Therefore, design of the interphase
layer in nacre structure plays a crucial role to enhance its fracture toughness.

Based on the above observations, failure of the polymer layer and hence the tablet separation could be
delayed by reducing the peak interfacial shear stresses around the edges of the tablets. Reduced peak stresses
will allow the polymer to absorb larger strains, thereby increasing the fracture toughness. In this study, the
objective is achieved by functionally grading the elastic modulus of the interphase, following various grading
laws. Furthermore, a parametric study is also conducted here to investigate the influence of different param-
eters like: the overlap length and, thickness and elastic modulus of the interphase, and their combination, on
the interfacial shear stress distribution.
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Figure 3: Shear stress distribution in polymer layer. (a) Schematic of the RVE highlighting path AB in the interphase along which the stress
distribution is extracted. (b) Distribution of interfacial shear stress extracted from the present numerical analysis, as compared to results
from the analytical model presented in [28].

3. RVE with functionally graded interphase modulus

Functional grading of the Young’s modulus of a material along the desired directions is usually performed
to achieve the desired (uniform) stress distribution by ironing out the peak stresses. In order to eliminate the
areas of stress concentration a soft material is required around those areas. The soft nature of the interphase
can be achieved by reducing the elastic modulus. Simultaneously, the load carrying capacity is maintained by
tailoring the elastic modulus in the rest of the region. In this study, the modulus of the interphase is engineered
to reduce the peak interfacial stresses around the tablet edges. The objective is achieved, by continuously
varying the elastic modulus of the polymer as shown in Fig. 4. The selected representative volume element is
shown in Fig. 4(a), whereas, smooth variation of the elastic modulus in the interphase selected RVE is shown
in Fig. 4(b).

Emin Emax Emin EminEmax

(a)

(b)

brickinterphase joint region

L

L/2L/2
L/4 L/4 L/4 L/4

Figure 4: Schematic showing the variation of Young’s modulus in the interphase of the RVE. (a) The selected representative volume
element and (b) continuous variation of the elastic modulus in the interphase.

The modulus of the interphase is graded such that the elastic modulus at any point lies between the maxi-
mum (Emax) and minimum (Emin) values, see Fig. 4(b). Based on Fig. 3(b), regions of stress concentration are
specified with lowest modulus Emin, see Fig. 4(b), such that peak stresses are reduced. On the other hand, high-
est modulus values (Emax) are specified in the regions of lowest stresses (see Fig. 3(b)), in order to incorporate
the required stiffness to the composite structure. In this study, the elastic modulus of the interphase material
is varied according to three different laws, namely: (i) linear, (ii) parabolic and (iii) bi-quadratic relations [30],
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mentioned in Eqs. (1), (4) and (7), respectively.

Linear law
Let the Young’s modulus of the interphase varies along the axial direction according to a linear law:

E(x) = Px + Q. (1)

where E(x) is the Young’s modulus at a distance x from the vertical edge, see Fig. 4(b), L is the length of the
tablet, and P and Q are the constants. Knowing the values of the Young’s modulus at the vertical edges (x = 0
or L

2 ) and at the centre of the tablet (x = L
4 ), constants P and Q in the interval 0 ≤ x ≤ L

4 are estimated as:

P =
(Emax − Emin)

(L/4)
and Q = Emin, (2)

and when L
4 ≤ x ≤ L

2 :

P =
(Emin − Emax)

(L/4)
and Q = 2Emax − Emin. (3)

Parabolic law
Let the Young’s modulus of the interphase varies along the axial direction according to a bi-quadratic law:

E(x) = Rx2 + S. (4)

Constants R and S in the interval 0 ≤ x ≤ L
4 are estimated as:

R =
(Emax − Emin)

(L/4)2 and S = Emin. (5)

and when L
4 ≤ x ≤ L

2 :

R =
(Emin − Emax)

(3L2/16)
and S =

4Emax − Emin

3
. (6)

Bi-quadratic law
Let the Young’s modulus of the interphase varies along the axial direction according to a parabolic law:

E(x) = Tx4 + U. (7)

Constants T and U in the interval 0 ≤ x ≤ L
4 are estimated as:

T =
(Emax − Emin)

(L/4)4 and U = Emin. (8)

and when L
4 ≤ x ≤ L

2 :

T =
(Emin − Emax)

(15L4/256)
and U =

16Emax − Emin

15
. (9)

Variation of the elastic modulus in the rest of the interphase region can be estimated as a mirror image of the
variation in 0 ≤ x ≤ L

4 . Such a variation of the elastic modulus along the length of interphase is plotted in Fig.
5(a), where a symmetry about the vertical axis in the first half of the interphase region can be observed and the
pattern repeats in the second half.

The minimum and maximum values of the elastic modulus in a graded interphase are chosen as 0.5E
and 1.5E, where E is the reference modulus listed in Table 1. The maximum and minimum elastic modulus
locations are mentioned in Fig. 4(b). Distribution of the normalised interfacial shear stress along the axial
direction according to various grading laws are plotted in Fig. 5(b). A close up of the peak interfacial shear
stresses is also shown in the upper right corner of Fig. 5(b). According to Fig. 5(b), the peak stresses are
significantly reduced by grading the interphase modulus. A maximum of 37% reduction in peak interfacial
shear stress is estimated when the modulus is graded according to the linear law and a minimum of 20%
reduction is observed with bi-quadratic grading. Furthermore, as shown in Fig. 5(b), the minimum shear
stress in the interphase is found to be the highest with linear grading. This means that the gap between
the maximum and minimum interfacial stress is reduced by ≈40%, which results in smooth distribution of

6



0 0.2 0.4 0.6 0.8 1
Normalized distance along the x direction (x*)

0.5

1

1.5
N

o
rm

a
liz

e
d
 Y

o
u
n
g
's

 m
o
d
u
lu

s 
(E

*)
linear
parabolic
bi-quadratic

(a) (b)

Figure 5: (a) Distribution of the elastic modulus along the length of the tablet considering linear parabolic and bi-quadratic grading laws.
(d) Variation of normalised interfacial shear stress considering ungraded and graded interphases. The above three mentioned grading
laws are tested to estimate the shear stress distribution.

interfacial shear stress as compared to the other cases. The elastic modulus of bi-quadratic graded interphase
is observed to vary steeply around the regions of maximum modulus, i.e. x = L

4 , and 3L
4 . Therefore, average

stiffness of the bi-quadratic graded interphase is higher compared to the average stiffness of the linear graded
interphase. As a result, stress transfer is more efficient and hence the stress peaks are much lower with linear
graded interphase. Hence, nacre structure with linearly graded interphase yields lowest peak stress and hence
the interphase absorbs much higher energy before the failure and tablet pull out. To summarise, the fracture
toughness of the nacre structure with engineered interphase is much higher compared to interphase layer with
homogeneous elastic modulus.

4. Parametric studies

In order to design efficient nacre mimicked structures, it is crucial to understand the influence of various
parameters on the interfacial shear stress distribution. Therefore, a parametric study is conducted here to
investigate the influence of: (i) overlap length, (ii) interphase modulus and (iii) interphase thickness and their
combination, on the interfacial stress distribution of nacre structure.

4.1. Influence of overlap length
Overlap length in the brick-mortar structure is related to the positioning of adjacent bricks. A 100% overlap
indicates placing one brick over another, such that there is no offset between their vertical edges. While a 50%
overlap refers to an offset which is equal to half of the brick length and a 10% overlap indicates that the length
of overlap region for the bricks is distributed as 0.9L and 0.1L. The overlap length plays an important role
in the load transfer between the bricks. Therefore, the overlap length is varied from 50% to 10% of the tablet
length. Distribution of the interfacial shear stress with different overlap lengths is plotted in Fig. 6(a). All other
parameters including the mechanical properties and the dimensions of the RVE kept constant while varying
the overlap length.

When the overlap length is 50% of the tablet length, the interfacial stress distribution is symmetric about a
vertical axis at the centre of RVE. However, as the overlap length is gradually varied, the symmetry of stress
distribution is lost, as shown in Fig. 6(a). The peak of the interfacial shear stress shifts towards the region with
smaller overlap. This is expected, because for the constant external displacement load, the available stress
transfer area for the brick with small overlap length decreases with decrease in overlap length. As a result, the
peak interfacial stress gradually increases with decrease in overlap length. For instance, the peak shear stress
increases by 3%, 8% and 27%, when the overlap length on one of the tablets is reduced to 40%, 30% and 20%,
respectively. Variation of the peak stresses with %overlap length is plotted in Fig. 6(b). Based on Fig. 6(b),
the peak stresses are observed to be exponentially increasing when the overlap length is less than 30%, and
almost increased by 100% when the overlap reduces to 10%. To summarise, when overlap length increases,
peak interfacial stresses reduces and reaches a minimum around 50% overlap length. This is because the load
distribution will be more uniform when the core and overlap region are equal. In the natural nacre structure,
found in the shell of red abalone, the average overlap is around 33% [6]. According to the present study, when
the %overlap is more than 30, the reduction in peak interfacial stress is less than 8%, which is not significant.
Therefore, the present study recommends a minimum overlap of 30% for efficient load transfer.
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Figure 6: (a) Distribution of normalised interfacial stress for different overlap lengths. (b) Variation of the normalised peak interfacial
shear stress with percentage overlap length.

4.2. Influence of interphase modulus
In order to investigate the influence of the elastic modulus on the interfacial shear stress distribution, the
polymer modulus is varied from 0.2E to 10E, where E is of the reference modulus, while maintaining an overlap
of 50% and retaining all the other parameters mentioned in Table 1. Distribution of the interfacial shear stress
for various values of interphase modulus is shown in Fig. 7(a). The variation in Fig. 7(a) is observed to be
symmetric as an overlap of 50% is considered in all the cases. Variation of the peak interfacial shear stress
with elastic modulus is plotted in Fig. 7(b), where a close up is also shown. When the elastic modulus of the
interphase layer is less than the reference modulus, peak stresses are observed to be reduced near the edges of
the tablets and the stresses became smoother over the tablet length. The peak shear stresses are estimated to
be reduced by 70% when the elastic modulus is reduced by 50% of its reference value, see the close up in Fig.
7(b). Furthermore, the reduction in peak interfacial stresses are found to be 50% and 30%, when the modulus
is reduced to 70% and 80% of its reference value, respectively.
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Figure 7: (a) Distribution of normalised interfacial stress with different elastic moduli. (b) Variation of the normalised peak interfacial
shear stress with normalised elastic modulus of the interphase.

Alternately, with increase in elastic modulus, the peak interfacial stresses are found to increase exponen-
tially, and they are concentrated around the edges of the tablets. This is because, the increase in interphase
modulus leads to stiffening of the interphase layer and hence the load transfer is not smooth. Major load is
absorbed in the regions around the edges of the tablets, resulting in stress concentration in those areas. The
increase in peak interfacial stress is estimated to be 10% and 22%, when the modulus is increased by 20% (1.2E)
and 50% (1.5E), respectively, which is not significant, as compared to 50% reduction in peak stresses with 50%
reduction in the elastic modulus (0.5E). With further increase in elastic modulus the peak interfacial stress
continue increase. For instance, when the modulus of the interphase is increased to 2.5E (150% rise), the peak
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stress is found to be 55% more than its reference value, while when the modulus is raised to 5E (400% rise), the
peak interfacial stresses are estimated to be increased by 100%. However, the rise is observed to be flat beyond
500% rise in elastic modulus, as 900% increase in modulus (10E) results in only 150% increase in peak stress.

The above study indicates that the peak interfacial stress in the interphase layer of brick-mortar structure
is more responsive to reduction in interphase modulus, compared to its rise. This is a required property
of the nacre structure, since lower modulus values reduce the stress peaks and homogenise the interfacial
stresses. Furthermore, a lower interphase modulus helps in the participation of larger area of interphase in
shear transfer, which leads to more uniform load distribution and hence large deformations before failure,
enhancing the fracture toughness. On the other hand, the load carrying capacity and hence the strength of the
brick-mortar structure reduces with decrease in elastic modulus. The decrease in strength can be compensated
by providing the hardening mechanisms mentioned in the introduction Section 1. The hardening mechanisms
makes the material strong after some initial deformation. Such hardening mechanisms exists in the natural
nacre. Furthermore, a higher elastic modulus is not desirable, because it leads to creation of areas of stress
concentration and higher peak stresses. In addition, the composite structure becomes more stiffer with higher
elastic modulus values, and hence the load transfer between the tablets is not efficient, which could lead to the
breakage of tablets close to the areas of traction boundary, before any significant deformation. Based on the
above analysis, a soft interphase layer with hardening mechanisms is desirable to enhance unique load transfer
mechanism of brick-mortar structure. Lower elastic modulus of the interphase leads to a tough structure and
higher modulus makes it strong. Hence, the interphase modulus is required to be carefully engineered; for
instance, functional grading discussed in Section 3, to arrive at an unique and efficient load transfer mechanism
with significantly enhanced strength and toughness of nacreous material.

4.3. Influence of interphase thickness
In order to investigate the influence of interphase thickness, various thicknesses of interphase layer between
0.2t-10t are considered, where t is the reference thickness mentioned in Table 1, and rest of the parameters
remains same.

Variation of the interfacial shear stress for various thicknesses is plotted in Fig. 8(a). As depicted in Fig. 8(a),
the peak interfacial stress sharply rises with decrease in interphase thickness. Figure 8(b) shows a distribution
of the peak interfacial stresses with thickness. A 50% decrease in thickness (0.5t) resulted in a 40% increase in
the peak shear stress, and an 80% reduction (0.2t) yielded 150% increase, see the close up in Fig. 8(b). Hence, the
composite structure is observed to be sensitive to reduction in interphase thickness. On the other hand, with
an increase in interphase thickness, the interfacial stress distribution is observed to be more homogeneous,
where the peak shear stresses are noticed to drop drastically. When the polymer layer thickness is increased by
50% (1.5t), the peak shear stress is decreased by 20% and for 100% increase in thickness (2t), the peak stresses
are observed to be drop by 33%. The trend is observed to continue, where with an increase of 900% (10t), the
peak shear stress became one-fourth of the initial value. This behaviour is expected, because with increase in
thickness of the interphase, more area is available to transfer the same load and vice-versa. Hence, the peak
shear stresses reduces by increasing the interphase thickness.

(a) (b)

Figure 8: (a) Distribution of normalised interfacial stress with different interphase thicknesses. (b) Variation of the normalised peak
interfacial shear stress with normalised thickness of the interphase.
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4.4. Influence of combined parameters
After understanding the influence of overlap length, elastic modulus and interphase thickness individually on
the stress transfer characteristics of brick-mortar structure, knowledge on the influence of a combination these
parameters on the mechanical behaviour will be useful to come up with efficient designs.

In order to study the effect of combined thickness and elastic modulus of the interphase, on the interfacial
shear stress distribution, interphase thickness is varied from 0.5t to 2t, where t is the reference thickness. For a
given interphase thickness, elastic modulus is varied between 0.1E to 1.5E, where E is the reference modulus.
The distribution of interfacial shear stress at 0.5t and 2t for different values of elastic modulus are presented
in Figs. 9(a) and (b), respectively. According to Fig. 9, for given thickness, a uniform interfacial stress with

(a) (b)

Figure 9: Distribution of normalised interfacial shear stress along the axial direction for different elastic moduli, considering interphase
thickness equal to (a) 0.5t and (b) 2t.

reduced peak stresses can be achieved by reducing the elastic modulus values. On the other hand, increasing
the elastic modulus is observed to have a reverse effect on the stress distribution, see Section 4.2. Based on Fig.
9(a), considering an interphase thickness of 0.5t, the peak interfacial stress estimated to be ≈1.5 times to that of
the reference peak stress, i.e the peak stress value corresponding to 1.0E. However, the above peak stress was
reduced to the reference value by decreasing the elastic modulus to 0.5E, see the close up in 9(a). Therefore,
the peaks of the interfacial stresses can be suitably tailored by selecting the appropriate thickness and elastic
modulus combination to arrive at the desirable performance characteristics of brick-mortar structure. The
distribution of normalised interfacial shear stress for different values of elastic modulus, considering 2t are
shown in Fig. 9(b).

The effect of combined overlap length and elastic modulus on the interfacial shear stress distribution is
shown in Fig. 10. Plots in Fig. 10 are generated by varying the elastic modulus for a given overlap length. Sev-
eral overlap lengths are considered, however, plots for 20% and 40% overlap, by varying the elastic modulus
in the range 0.1E to 1.5E are shown in Fig. 10(a) and (b), respectively. The interfacial shear stress distribution
for a specified overlap length can be smoothened by suitably reducing the elastic modulus. The peak stresses
are observed to small in the larger overlap region, while they are high near the short overlap region. Such large
stress peaks in the small overlap region can be bring down by reducing the elastic modulus accordingly.

The combined effect of interfacial thickness overlap length is shown in Fig. 11, by varying the interphase
thickness between 0.5t to 1.5t, for a given overlap length.Several overlap lengths are studied, however plots
with 40% and 20% overlap for different values of interphase thickness are plotted in Figs. 11(a) and (b), re-
spectively. For all overlap lengths, the peak interfacial stresses reduces by increasing the interphase thickness.
Furthermore, thickness values more than ’t’ smothens the shear stress distribution by reducing the stress peaks.
Therefore, for a given overlap length the interphase thickness can be suitably tailored to achieve the desired
interfacial shear stress distribution.

To summarise, the parametric study helps to tune and select the required parameters for the expected
interfacial shear shear stress distribution, while designing the nacreous structures.

5. Applications

Nacre-like brick-mortar analogy has been successfully extended to arrive at a variety of composites structures,
like: graphene based artificial nacre [31, 32], layered structures [33], fibre and sheet-like structures [25], com-
posites for bio-medical applications [34, 35, 36], to name a few. An overview of nacre-inspired composites with
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(a) (b)

Figure 10: Distribution of normalised interfacial shear stress along the axial direction for different elastic moduli, considering an overlap
of (a) 20% and (b) 40%.

(a) (b)

Figure 11: Distribution of normalised interfacial shear stress along the axial direction for different interphase thicknesses, considering an
overlap of (a) 20% and (b) 40%.

better mechanical performance is available at [37, 38]. However, nacreous structure as a bulk material is yet to
be reported. Therefore, we made an attempt here to design a nacreous structure based on the material com-
bination used in metal matrix composites (MMC). The main reason behind selection of MMC is its similarity
with two-material system as in nacre, i.e., reinforcement and matrix. In MMC the reinforcement is a strong
and brittle material, while the matrix is relatively soft and ductile in nature.

In this study, Aluminium Silicon-carbide (AlSiC) and Magnesium Silicon-carbide, popular metal matrix
composites are selected for the analysis. The bricks are made up of Silicon-carbide, whereas, the matrix ma-
terial is chosen as either Aluminium or Magnesium. Silicon carbide (SiC) manufactured by tape casting or
slip-casting methods [39, 40]. The adopted volume fraction in the practical AlSiC-9 composite structure is
63:37 [40]. Whereas, the ratio of aragonite brick and polymer in the nacre structure is 95:5. Therefore, simula-
tions are performed for both volume fractions and the results are compared. However, the interphase thickness
in traditional layered materials is of the order of centimetres to millimetres, which is 3-5 orders of magnitude
thicker, compared to that of the thickness of interphase in nacre structure (micro-meters).

Constituent Young’s modulus (GPa) Poisson’s ratio Permissible shear stress (MPa)
Silicon carbide (brick) 410 0.14 —
Magnesium (mortar/matrix) 45 0.35 140
Aluminium (mortar/matrix) 71 0.33 207

Table 2: Material properties.
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The numerical analysis is performed in the similar lines discussed in Section 2. Material properties of
Silicon carbide, Magnesium and Aluminium used in the numerical analysis are listed in Table 2. Distribution
of the interfacial shear stress along the length of the tablet are plotted in Fig. 12, which indicates a similar
trend as nacre structure. Based on Fig. 12(a), the shear stresses are observed to be concentrated near the tablet
edges when the brick and mortar volume fraction is 95:5. However, with the brick and mortar volume fraction
of 66:34, the shear stress variation in Fig. 12(b), is more distributed as compared to the distribution in Fig.
12(a). Furthermore, the peak stresses with volume fraction 66:34 are observed to be lower as compared to peak
stresses with volume fraction 95:5, see Fig. 12(c).
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Figure 12: Shear stress distribution in polymer layer for percentage overlap and polymer modulus variation.

The shear stress limit in nacre matrix is 50 MPa that is shown by point in all the schematics. For aluminium
and magnesium, the maximum shear stress limits are 140 MPa and 207 MPa respectively hence nacreous
composite having Al and Mg as matrix material can sustain much higher load than the natural nacre. This
study shows that the material combination used in metal matrix composites can be applied in brick and mortar
structure. With this approach, the nacreous structure could be used as bulk material. This Composite can also
be applied to the structural application.

6. Conclusions

In summary, the shear stress distribution in the polymer layer distribution is established using numer-
ical method. The shear stress distribution in the polymer matrix is homogenised by grading the modulus
of the polymer while maintaining the stiffness of the composite. The grading of polymer modulus can help
distributive the load in the polymer layer homogenously, eliminating the areas of stress concentration. The
parametric study revealed the effect of polymer layer thickness, polymer modulus and percentage overlap on
the non-homogeneous stress distribution. The parametric study could serve as a design guideline for design-
ing nacreous composite for parameter selection. The parametric study also shows that the parameters can
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be mutually adjusted to maintain the stress homogeneity and stiffness of the composite. Furthermore, to use
nacre as a bulk material, material combination for the bricks and matrix is suggested that showed promising
results. The study and analysis of biological material are promising and it has inspired many people to mimic
these structures but they are not able to match the performance of natural material. Yet the study of theses ma-
terial has made it clear that by multiscale structure material made up of weak constituents can deliver excellent
mechanical performance.

Very accurate data is now available about the microstructure of nacre and its mechanical properties through
the advancement of experiments. But there are still aspects of the structure which require further research like
the specific role of mineral bridges, Nano asperities and nanograins in enhancing the mechanical properties.
Furthermore, general constitutive laws regarding various loading are not yet available. With the joint applica-
tion of experiments, simulations and analytical approach, the above-mentioned problems might be solved to
some extent. Fracture behaviours of nacre can be studied which might help to improve its fracture character-
istics. The structure of nacre is developed and optimized over a million years of evolution. To active the level
of sophistication and performance on nacre on artificial materials is still to be seen.
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