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A B S T R A C T   

A nacre-inspired composite with a lamellar architecture of polymethyl methacrylate (soft and tough phase) and 
alumina (stiff phase) was fabricated using a bidirectional freezing casting technique. The bulk fracture mechanics 
of the nacre-inspired composite has been reported along with detailed microstructural analysis. The mechanistic 
connection between microstructure and mechanical properties at the micro- and macro-scale was not fully un-
derstood. Herein we addressed this issue by quantifying phase-specific hardness, modulus, and residual stress at 
the micro-scale level and compared with the bulk mechanical response. A shear-lag model was applied to provide 
a quantitative understanding of the softening effects resulting from residual stress and the microstructure. Our 
findings demonstrated the potential of bioinspired synthetic architectures in providing a tuneable model system 
to investigate the underlying design principles of more complex hierarchical biological materials.   

1. Introduction 

Good mechanical properties such as Young’s modulus, strength and 
fracture toughness are antagonistic combinations that are usually not 
readily achieved in engineered materials. Nevertheless, some natural 
materials, like nacre, exhibit a remarkable combination of both high 
strength and toughness by employing a unique hierarchical architecture 
and complicated physical and chemical interactions at different length 
scales. Multiple fabrication techniques, such as replicating, direct 
foaming, sacrificial templating, and 3D printing, have been developed 
for bioinspired manufacturing [1,2]. However, these techniques have 
several limitations, e.g., they are often time-consuming or size-limiting, 
not environmentally friendly, too costly, or cannot provide precise 
control over the microstructure. 

Recently, a cost-effective bidirectional freezing-casting technique 
has been developed, which can assemble small building blocks (ceramic 
particles, platelets, and/or polymer) into a large-sized (centimetre- 
scale) lamellar architecture akin to natural nacre [3]. By controlling the 
fabrication parameters, such as freezing conditions, densification, and 
different combinations of ceramics (hard phase) and polymers or metals 
(soft phase), the microstructure and mechanical properties of the bio-
inspired composites can be tuned and enhanced [4,5]. Micromechanical 

testing has been used to understand the interfacial bonding that con-
tributes to nacre’s high toughness and the replication and optimisation 
of this feature in freeze-casted composites [6,7]. Further understanding 
of the phase-specific mechanical response at multiple length scales is 
critical for achieving the fundamental insight as well as the broader 
application of the novel bioinspired composites. 

Herein, an extended nano-indentation technique was used to eval-
uate the microhardness and micromodulus of the bioinspired composite. 
It was also used to analyse the micro-scale phase-specific residual stress 
by comparing the load level of the stressed surface to the stress-free 
surface of a micro-pillar, which provides insight of the crack initiation 
and propagation in the nacre-inspired composite, as visualised by in situ 
SEM micromechanical testing. Such a novel analytical approach could 
help build a detailed mechanistic correlation between micro-scale re-
sidual stress and macro-scale modulus; and address the issues related to 
the structural integrity arising from residual stress, which could also be 
used for the optimisation of the fabrication processing. 
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2. Materials and methods 

2.1. Sample preparation 

The fabrication method used to prepare the nacre-inspired alumina 
(Al2O3)/poly(methyl methacrylate) (PMMA) composite was reported in 
detail in Ref. [8]. 

2.2. Microstructural characterisation 

The composite sample was firstly polished using a series of resin- 
bonded diamond surfaces (Struers, Copenhagen, Denmark) in 
ascending grit order on an automatic polisher. The microstructure of the 
Al2O3/PMMA composite was characterised using a Jeol-7100F SEM 
(Tokyo, Japan). Analytical SEM-EDS mapping was performed on the 
stress-free ring-core over a 50 × 40 μm2 region of interest (ROI) using an 
UltraDry EDS detector (Thermo Fisher Scientific, Massachusetts, United 
States). The distribution map of Al and C were obtained from the ROI by 

Fig. 1. (a) Experimental set-up of the in situ SEM micromechanical testing and the extended nano-indentation. (b1) SEM images showing the lamellar structure of the 
nacre-inspired composites, the internal residual stress remained balanced with the presents of compressed and tensile stress. (b2, b4) AFM images of the nano- 
indentation imprints on Al2O3 and PMMA. (b3) EDS spectra of stress-free micro-pillar. (b5) Load-displacement curves of the nano-indentation testing on the sur-
face under compression, tension and stress-free states. 
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analysing each element’s weight percentage from the EDS spectra using 
PathfinderTM software. 

2.3. Micro-scale mechanical properties analysis and novel residual stress 
evaluation 

The nano-indentation experiments were carried out on a cross- 
sectioned surface of the Al2O3/PMMA nacre-mimetic composite 
((Fig. 1 (b1)) using an ASA nano-indentation stage (Alemnis, Thun, 
Switzerland) with a Berkovich indenter tip. Displacement-controlled 
indentations were performed to a depth of 300 nm with a loading rate 
of 10 nm/s, and the micro-mechanical properties, including hardness 
(H) and Young’s modulus (E), were determined using Oliver–Pharr 
method [9,10]. A matrix of 6 × 6 indentations with a spacing of 6 μm 
was performed. 

The micro-scale ring-core Xe+ plasma focused ion beam (PFIB) 
milling was applied to obtain a residual stress-free sample which will 
then serve as the reference sample for calculating the residual stress 
[11]. Herein, three micro-scale ring-cores with a diameter of 25 μm were 
milled with a beam energy of 30 keV and beam current of 10 nA (Fig. 1 
(b3)). The final milling depth of the ring-core is 25 μm as it needs to be 
equal to the diameter of the ring-core to achieve full stress relief. Four 
indents were executed on each stress-free ring-core with the same 
experimental parameters as performing the 6 × 6 nano-indentation 
matrix on the same material with residual stress. The residual stress 
was determined by comparing the load-depth curve and contact area 
differences between the stress-free reference sample with the same 
sample having residual stress (Fig. 1(b5). The value of residual stress 
was derived using the following equation [12]: 

σR =
3(L0 − L)

2AC
(1)  

2.4. Bulk mechanical properties analysis: in situ SEM mechanical testing 

The in situ compression mechanical testing was conducted with a 
Deben mechanical microtester (Suffolk, UK) inside a MIRA II SEM 
(TESCAN, Brno, Czech Republic), as shown in Fig. 1 (a). The composite 
specimens (2.5 × 2.5 × 3.5 mm3) were tested with a loading rate of 0.1 
mm/min. The load-displacement data and the imaging video were 

synchronised and recorded during the compression test. 

3. Results and discussions 

3.1. Microstructural characterisation 

EDS analysis was performed on the micro-pillar (Fig. 1 (b3)) which 
showed the distinct multi-layered architecture of the composite with the 
Al2O3 and PMMA phases highlighted in yellow and pink, respectively. 
The mean thickness of Al2O3 lamellae obtained from the image-based 
analysis method was found to be 7.7 ± 2.1 μm. 

3.2. Micro-scale mechanical behaviour by nano-indentation 

An SEM image of the nano-indentation map was superimposed with 
the modulus and hardness maps as shown in Fig. 2 (a, b, d, e). The 
hardness and modulus in the PMMA layer were lower than those in the 
Al2O3 layer, validating the hard-soft lamellar architecture in our nacre- 
inspired composite. 

The micro-scale residual stress in the Al2O3 or PMMA led to changes 
in measured hardness and modulus (Fig. 2 (a, b, d, e)). Stressed Al2O3 
(99.2 ± 14.5 GPa) had a ~40% higher modulus compared to the stress- 
free counterparts (68.9 ± 13.1 GPa), whereas the modulus of PMMA 
(5.0 ± 0.6 GPa) was ~8% lower than the stress-free counterparts (5.4 ±
0.7 GPa). Fig. 2 (b, e) showed the hardness of stressed and stress-free 
states for the two phases, which is observed to be consistent with 
Fig. 2 (a, d), indicating that stressed Al2O3 had a hardness of 7.8 ± 1.4 
GPa, larger than stress-free samples (5.5 ± 1.7 GPa), whereas stressed 
PMMA (0.3 ± 0.03) was two times higher compared with the stress-free 
samples (0.9 ± 0.2 GPa). 

The observed difference in the modulus and hardness of the indi-
vidual constituent phases in both as-fabricated and PFIB milled samples 
were conceived in light of an important experimental finding, that is 
internal residual stresses as revealed by nano-indentation tests. An 
important contributor to nacre’s excellent fracture toughness properties 
is a high interfacial bonding strength between the bioceramic and 
biopolymer phases [6]. With the modification of ceramic surface sali-
nisation during the manufacturing process, it is possible to emulate the 
high interfacial strength between the ceramic and polymer phases, 

Fig. 2. SEM images of the nano-indentation imprints and the corresponding Young’s modulus (a, d), hardness (b, e), and residual stress maps (c, f).  
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which was found to have a profound impact on the toughness of 
freeze-casted composites [7]. However, the formed covalent bonding 
between the phases has the potential to introduce residual stresses 
within the individual phases. During manufacturing, the PMMA shrunk 
during the polymerisation of the MMA monomers. The contraction of 
the polymer phase was constrained by the covalent bonds with the 
ceramic via the silane coupling agent, which inevitably led to the 
development of residual stress in the composite both at the 
ceramic-polymer interface and within each individual constituent. 
Consequently, the ceramic phase was stressed in compression whilst the 
polymer was stressed in tension. When a nano-indentation test was 
attained in a stress-free surface, and if compressive stress was applied to 
the surface with a fixed displacement, the measured load would increase 
to a higher level due to the increased surface penetration resistance, as 
shown in Fig. 1 (b2). This would be the opposite for tensile residual 
stress. Calculation based on the theory proposed by Lee and Kwon [12] 
(Eq. (1)) showed indeed that high residual stresses were stored in the 
as-fabricated nacre-inspired composite. 

Quantitative analysis of the residual stress distribution on the surface 
of the nacre-inspired composite is shown in Fig. 2 (c, f). As expected, the 
PMMA experienced an in-plane biaxial tensile stress, whilst the Al2O3 
underwent in-plane biaxial compressive stress due to the polymer 
shrinkage in the manufacturing process. The maximum compressive 
residual stress had the greatest value of − 3.2 GPa at the interfacial re-
gion between the Al2O3 and PMMA layer. The mean value of the residual 
stress for Al2O3 and PMMA were − 2.1 ± 0.9 GPa and 0.4 ± 0.2 GPa, 
respectively. The presence of residual stress, especially the compressive 
stress in the Al2O3 phase, is generally favourable for the mechanical 
performance of ceramic/polymer composites since this stress can 
augment the pull-out energy dissipation of the Al2O3 by closing initial 
microcracks and facilitating crack deflection. In contrast, the formation 
of tensile residual stress may be detrimental in the production of 
ceramic/polymer composite, for instance, positive residual stress in the 

polymer phase may lead to interface debonding or micro-cracking. Such 
initial material damage may serve as sites where the environmental 
degradation or nucleation of microcracks initiate. The structural integ-
rity of the nacre-inspired composite is controlled by these internal 
stresses. Thus, any experimental studies assessing fracture mechanics of 
composite materials should consider the role that residual stress plays if 
they exist. 

Considering this, the residual stress in the nacre-inspired composite 
can be determined based on the differences of measured load and con-
tact area at the same penetration depth for stress-free and residually 
stressed samples (Eq. (1)) [12,13]. However, the load and depth curve 
for a stress-free sample is often not available, especially for those sam-
ples with complex preparation procedures. Here, the existing limits for 
residual stress determination had been overcome by performing the 
nano-indentation tests on a stress-free micro-pillar as shown in Fig. 1 
(b3), where the residual stress had been fully relieved after incremental 
PFIB milling. 

3.3. Bulk mechanical properties 

The compressive engineering stress-strain curve of the Al2O3/PMMA 
composite is shown in Fig. 3(a). The tested nacre-inspired composite 
samples can still carry a load beyond the yielding point. The composite 
showed a yield strength of 293.4 ± 11.4 MPa, and an ultimate 
compressive strength of 309.5 ± 7.8 MPa with a total compressive strain 
of 5.3 ± 0.9% before failure. The modulus of this composite, as 
measured by the slope of the linear part of the loading curves, was 10.6 
± 1.1 GPa. We estimated from the conventional rule-of-mixtures (RoM) 
that the modulus of the nacre-inspired composite was in the range of 
16.1–51.1 GPa, which seemed a little higher compared to the experi-
mentally determined value (10.6 ± 1.1 GPa). 

Fig. 3. (a) Engineering stress-strain curve of the Al2O3/PMMA composite obtained from in situ SEM micro-mechanical testing. (b) SEM images taken after failure 
showing the crack propagation behavior of Al2O3/PMMA composite. (c, d) SEM images taken during deformation, scanned points are indicated in red and yellow. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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3.4. Correlation between residual stress, microstructure, and 
microhardness 

The effects of residual stress on the bulk mechanical properties at 
room/elevated temperature and fatigue life had been studied exten-
sively [14–16]. However, to the best of our knowledge, no explanation 
had been given to the effects of the residual stresses on the macroscopic 
mechanical properties before the occurrence of microdamage. Shi et al. 
showed how the residual stresses affected the Young’s modulus of 
cantilever beams [17]. Reynaud et al. demonstrated that the averaged 
tensile elastic modulus of SiC/SiC ceramic-matrix composites reached 
the value of the compressive mean elastic modulus when residual 
thermal stresses were relieved under fatigue testing. However, a direct 
explanation was not provided [15]. 

To establish the effect of residual stress on the mechanical perfor-
mance of the nacre-inspired composite in this work, we interpreted our 
stress-strain data with an adapted shear-lag model proposed by Jackson 
et al. [18] and others for the deformation of nacre, tendon, enamel and 
dentine [19–22]. For the nacre-inspired composite, the SEM images of 
the fracture surface showed typical pull-out behaviour of the Al2O3 
lamellae after failure, which suggested that pull-out was the predomi-
nant energy dissipation mechanism (Fig. 3 (b)). Based on these experi-
mental observations, using the RoM, the shear lag model predicts the 
composite modulus under pull-out mode as follows: 

Ec = αElfl + Em(1 − fl) Eq. 2  

where α is a stress transfer efficiency term, fl is the volume fraction of 
Al2O3 lamellae, and El and Em are the lamellae modulus and matrix 
modulus, respectively. The stress transfer term α depends on the fracture 
behavior of the composite. For the composite 

α=
τS
2El

Eq. 3  

which results in the simplified relationship: 

Ec =
τeff Sfl

2
+ Em(1 − fl) Eq. 4  

where τeff is the shear modulus of the lamellae-matrix interface and S is 
the aspect ratio of the lamellae. 

The stress transfer efficiency term α for natural nacre and other 
mineralised biological materials can be estimated by Ref. [23]: 

1
α= 1 +

1
S2

1 − fl

fl

El

γmEm

Eq. 5  

Where γm ~0.36 is the ratio between shear (Gm) and Young’s modulus 
(Em) of the matrix (Gm = γmEm

). From the SEM analysis, the aspect ratio 
(S) of the Al2O3 lamellae is estimated to be ~325. Since the second term 
on the right-hand side is in the order of 0.0001, we can neglect this term 
in Eq. (5), leading to α ~1. 

Using this value for S in Eq. (3) along with the estimate of the stress 
transfer efficiency α ~1, an estimate for τ can be obtained, τS

2El 
~1, which 

was found to be ~0.2 GPa. The effect of residual stress, μ, on Ec can be 
estimated by substituting an effective modulus, τeff = τ − μ: 

Ec =
Sfl

2
(τ − μ) + Em(1 − fl) Eq. 6 

After the estimates for Em and S are obtained, we can now use this 
equation to evaluate the effects of residual stress on the overall me-
chanical performance of the nacre-inspired composite. It is estimated 
that the shear modulus of the interface between Al2O3 lamellae and 
PMMA (μ) is reduced by 0.128 GPa due to the presence of residual stress. 
The reduced modulus of the composite determined by the experiment is 
possibly due to the mechanical discontinuities in the composite, e.g., 
micro-pores, which might act as a weak point leading to crack initiation 

and propagation during mechanical loading. A detrimental role is 
played by tensile residual stress with peak stress distributed at the 
interface of the Al2O3 lamellae and PMMA phase. In this case, the 
modulus of the nacre-inspired composite is reduced due to a lower stress 
transfer and load-bearing capacity shear modulus at the Al2O3 lamellae 
and PMMA interface. The reasonable agreement between the experi-
mentally determined values and the stress level expected from these 
calculations suggests that residual stresses are likely the reason for the 
lower maximum composite modulus compared with the theoretical 
prediction. 

4. Conclusions 

In summary, the use of novel combined methods for mechanical 
parameter evaluation at multiple length scales in the micro-scale com-
posite system enabled us to quantify both the materials-level mechanism 
and phase-specific contribution of the nacre-inspired composite with the 
presence of preexisting residual stresses. Phase specific residual stress 
analysis demonstrated that the Al2O3 phase was under compression 
whilst the PMMA phase experienced tension. The reduction of stresses 
transferred at the micro-scale directly translated into reduced composite 
modulus at the macro-scale. The presence of tensile residual stress in the 
PMMA phase led to an approximately 36% reduction in shear modulus 
at the ceramic lamellae-polymer interface, underpinning the reduced 
bulk Young’s modulus measured by experimentation compared to the 
RoM model prediction. A shear-lag model was applied to provide 
quantitative understanding of the softening effects caused by residual 
stress and microstructure. Our work on the nacre-inspired composite 
demonstrated the potential of bioinspired synthetic architectures in 
providing a tuneable model system to investigate the underlying design 
principles of more complex hierarchical biological materials. 
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