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Abstract 

Bi-materials and structures are broadly adopted in nature and engineering due to 

their ability to take advantage of the merits of individual constituents and to minimize 

their weaknesses. However, there are some interfacial problems impairing their 

mechanical performance. For example, the interface between the two materials is often 

much weaker than the bulk constituents, making interfacial crack and subsequent 

interfacial delamination easy to happen. This problem would become even worse 

when stress concentration is present on the interface due to the strain misfit between 

the two distinct materials. This thesis would focus on solving these interface-related 

problems for an enhanced or controllable mechanical performance in bi-materials and 

structures.  

In Chapter 4, a micro-screw dislocation (-SD) found in biological laminated 

composites was systematically studied. Mechanical tests indicate that -SDs can 

greatly enhance the resistance to scratching. Finite element analysis was performed to 

shed light on the underlying reinforcing mechanism. Results show that the failure of a 

-SD under tension involves the delamination of the prolonged spiral interface, thus 

giving rise to more energy consumption and higher toughness compared with the 

planar counterparts. The operation of such reinforcing mechanism requires proclivity 

of cracking along the spiral interface. Fracture mechanics-based modelling indicates 

that if the fracture toughness of interface is less than 60% of that of the lamina material, 
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crack would always propagate along the interface. These findings not only reveal the 

reinforcing mechanism of spiral interface but also imply a great promise of applying 

-SDs in laminated composites for higher fracture toughness.  

Interfaces in bi-materials such as film-substrate systems are often subjected to 

shear stress due to distinct deformation responses of two bonded materials to the 

external stimuli. The distribution of such shear stress over the interface normally 

exhibits high concentration. To enhance the interface’s resistance to delamination, a 

gradient thickness strategy was proposed to homogenize interfacial shear stress caused 

by strain misfit in film-substrate bi-material systems in Chapter 5. The solutions to the 

gradient thickness in the films were obtained based on two typical bi-material 

systems: continuous film on disk-like substrate and island film on half-space 

substrate. The effectiveness of these theoretical solutions were well demonstrated via 

finite element simulation and experimental test. This strategy is believed to be of 

great value to the enhancement of resistance to interface delamination in diverse 

film-substrate systems.  

The strain misfit between the two bonded materials can be exploited instead to 

achieve controllable morphing behaviors for a broad range of applications. In 

Chapter 6, the deformation of stacked assembly of graphene (SAG)/polyethylene (PE) 

bilayer under thermal loadings was systematically studied via a combination of 

theoretical modelling and finite element simulation. As SAG layer has asymmetric 
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elastoplastic properties, i.e., high plasticity under tension and high elasticity under 

compression, the strain misfit between the two bonded materials can originate from 

either thermal mismatch or plastic strain. Through theoretical analysis, the morphing 

behaviors of SAG/PE bilayer under different thermal loadings were well predicted. 

These results would provide valuable guidelines when applying such bi-materials in 

the field of sensors, actuators and soft robotics, etc. 

Through our investigation, several strategies and guidelines were proposed to 

resolve the interface-related problems in bi-materials and structures. These results 

would be of significant value for the design of bi-materials and structures with 

enhanced or controllable mechanical behaviors. 
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Chapter 1. Introduction 

Bi-materials and structures are widely present in an extensive range of natural and 

engineering systems due to their ability to take advantage of the merits of the 

individual constituents and to minimize their weaknesses. As a result, they usually 

exhibit much superior mechanical performance, e.g., high strength, toughness and/or 

wear resistance, compared with their monolithic counterparts. However, limitations 

still exist in bi-materials and structures. Firstly, the interface between the two materials 

is often much weaker than the bulk constituents, making interfacial crack and 

subsequent interfacial delamination easy to happen, which would largely reduce the 

mechanical properties of bi-materials and structures. Another problem is the strain 

misfit-induced stress concentration on the interface between the two constituents due 

to their different responses to external stimuli such as temperature and humidity, which 

tends to evoke crack initiation and propagation. For the development of bi-materials 

and structures with exceptional mechanical performance, therefore, it would be of 

great value to solve or mitigate these interface-related problems. On the other hand, 

the strain misfit between the two materials may not always be detrimental and it can be 

utilized instead for specific applications of bi-material systems. 

1.1 Typical bi-materials and structures 

Through billions years of evolution, biological materials are well-known for their 

high efficiency in conducting a series of functions such as structural support, predation, 
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protection and mobility, etc., by using small quantities of constituent materials in 

limited selection. The hard biological tissues like tooth, bone and nacre, are often 

bi-material composites comprising mineral phase connected with organic materials as 

shown in Figure 1.1. For the enamel of tooth, it is composed of needle-like mineral 

crystals embedded in the soft organic matrix [1, 2]. In cortical bone, mineral plates are 

staggered in collagen matrix to form mineralized collagen fibrils [3-5]. Dentin of tooth, 

similar to bone, is also composed of protein matrix reinforced by calcium phosphate 

mineral crystals [1, 6, 7]. The nacre layer of abalone composites the microscopic 

aragonite tablets and proteins in a well-known brick-and-mortar structure [8-11]. 

Although with similar constituents, these bi-material systems organize in different 

manners to satisfy various functional requirements of the organisms.  

  

Figure 1.1 Hard biological tissues. (a) tooth, (b) bone, and (c) nacre are bi-material 

composites with hard-mineral platelets embedded in a soft protein matrix. (d) The 
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enamel of tooth is composed of needle-like crystals embedded in soft organic matrix. 

(e) Dentin and cortical bone are made of mineral plates staggered in protein matrix. (f) 

Nacre is composed of plate crystals with small quantity of soft matrix in between 

(adapted from [8]). 

Since ancient times, mankind have already realized the advantage of combining 

two or more different materials together, and started the manufacturing of bi-material 

composites. Before 2000 BC, for instance, ancient Chinese people were found adding 

grass stems into adobe to manufacture housing wall materials. Nowadays, the 

bi-material composites have been extensively applied in many fields, such as 

aerospace, military and auto industry. According to the dimension of the second phase 

added, bi-material composites can be divided into three categories, i.e., particle 

reinforced composite, fiber reinforced composite, laminated composite, as 

schematically shown in Figure 1.2. Numerous studies [12-15] have demonstrated the 

superior mechanical properties of bi-material composites, such as high stiffness, 

strength and fracture toughness.  

 

Figure 1.2 Schematic diagram of (a) particle reinforced composite, (b) fiber reinforced 

composite and (c) laminated composite. 
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For engineering applications, materials are not only required to possess excellent 

mechanical properties, but also be capable of surviving in complicated environment, 

such as high temperature, high wear/friction contact, corrosive atmosphere. To fulfill 

these requirements, diverse film-substrate bi-material systems were developed. One 

typical example is the thermal barrier coatings on the gas turbine engines. The surface 

thin film is required to be inert to chemicals, stable at evaluated temperature and 

thermal insulated to improve engine efficiency and also extend the service lifetime of 

substrate material. Another example is the wear-resistant coatings on some 

components subjected to wear or friction due to contact in service, such as cutting 

tools, knee plants and internal combustion engines. Furthermore, an anode 

film-current collector bi-material system is employed in lithium-ion batteries, in which 

anode film is used for energy storage and supply while current collector works as 

electrical conductor.  

1.2 Interface-related problems in bi-materials and structures 

For bi-materials and structures, apart from the individual constituents, the interface 

between them has great influence on the mechanical performance. This is because the 

interface could combine the two materials together and transfer loading between them. 

However, the interface bonding between the two materials is often much weaker than 

the bulk constituents. As a result, under mechanical loading, crack initiation and 

propagation are prone to occur at interface, thus leading to interfacial delamination 
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and early failure of materials. Figure 1.3(a) shows the crack initiation at the 

particle/matrix interface and microcrack coalescence in particle-reinforced composite 

material under compressive loading. Figure 1.3(b) shows the fiber/matrix interface 

delamination in fiber-reinforced composite after flexural testing. 

 

Figure 1.3 (a) Particle/matrix interface delamination and microcrack coalescence 

observed in particle-reinforced composites under compressive loading (adapted from 

[16]). (b) Fiber/matrix interface delamination observed in fiber-reinforced composites 

after flexural testing (adapted from [17]). 

Another interface-related problem is stress concentration on the interface of 

bi-materials and structures. Different from their monolithic counterparts, bi-materials 

contain two materials with distinct properties. When subjected to change of external 

environment such as temperature and humidity or variation of internal structures due 

to, for example, phase transformation, the individual components may exhibit 

different extents of volume change, resulting in shear stress on the interface between 

them [18]. Typically, such shear stress does not distribute uniformly over the 

interface. Instead, high stress concentration exists at the edge of interface [19-21], 

where interfacial crack is apt to occur, resulting in crack propagation and subsequent 
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interface delamination. Figure 1.4(a) shows a thermal barrier coating delaminated 

from substrate after multiple thermal cycles owing to the thermal misfit between the 

film and substrate [22]. Figure 1.4(b) displays a Si-based anode film in lithium-ion 

battery detached from current collector after many charge-discharge cycles due to the 

strain misfit between the electrode film and current collector [23]. Clearly, apart from 

interfacial delamination, other failure modes including film cracking and film 

buckling are also involved in these bi-material systems, while this thesis would focus 

on tackling the problem of strain misfit-induced interfacial failure.  

 

Figure 1.4 (a) Ceramic thermal barrier coating delaminated from superalloy substrate 

after thermal cycles (adapted from [22]). (b) Si-based electrode film of lithium-ion 

battery detached from the current collector (copper foil) after lithiation/delithiation 

cycles. 

Numerous studies have been carried out to settle the aforementioned 

interface-related problems. For example, some delicate interface geometries like 

suture interface are employed in biomaterials to enhance the crack-propagation 

resistance and prolong the interfacial crack pathway. Gradient designs at interface 
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were found effective in mitigating and even eliminating the strain misfit-induced stress 

concentration on interface. Size reduction is another way found recently to alleviate 

interfacial stress concentration. These strategies would be introduced thoroughly in 

Chapter 2.  

1.3 Objectives and outline of this thesis 

The objective of this thesis is to explore strategies to settle or mitigate the 

interface-related problems in bi-materials and structures, so as to provide guidelines 

for the design of bi-material systems with desirable mechanical performance. In 

Chapter 2, I firstly reviewed the existing strategies employed in natural and 

engineering materials to tackle these interface–related problems, including strategies 

to increase the mechanical properties of bi-materials and structures, and strategies to 

reduce the interfacial stress concentration in bi-materials systems. In addition, recent 

studies on the controllable deformation achieved in bi-materials by taking advantage 

of strain misfit were also introduced. Then in Chapter 3, the experimental method to 

evaluate the wear resistance of materials was presented, followed by fundamental 

reviews of elastic mechanics, fracture mechanics and finite element method. 

Subsequently, a spiral architecture called microscopic screw dislocation (μ-SD) found 

in natural materials was studied in Chapter 4. Both scratching test and finite element 

simulation were carried out to reveal its reinforcing mechanism, and then its working 

condition was determined by fracture mechanics-based modelling. In Chapter 5, I 
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proposed to suppress the shear stress concentration on the interface of film-substrate 

bi-materials by adopting films with gradient thickness. This strategy is illustrated 

through two typical examples of bi-material including a continuous film bonded on a 

disk-like substrate and a discrete island film on a half-space substrate. For each case, 

theoretical solution to the optimal gradient film thickness is obtained, followed by 

computational and experimental validations. In Chapter 6, the strain misfit-induced 

morphing behavior of stacked assembly of graphene (SAG)/polyethylene (PE) 

bi-material was studied systematically. Theoretical modelling demonstrated that 

controllable morphing behavior can be achieved in SAG /PE bilayer, which was 

further validated by finite element simulation. Finally, in Chapter 7, the results of this 

thesis were concluded and discussed, followed by an outlook to the future work.  
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Chapter 2. Research background and literature review 

Due to the exceptional mechanical performance over monolithic counterparts, 

bi-materials and structures can find applications in many diverse fields. Nevertheless, 

interface-related issues, including low interface strength and interfacial stress 

concentration induced by strain misfit, still exist and impair their reliability and 

service lifetime. Bi-materials and structures in nature may be confronted with similar 

problems, while they always boast outstanding mechanical properties via delicate 

structures and designs to adapt to the cruel natural environment. For example, 

mollusk shells [24], with minerals taking up more than 95 vol. %, are expected to be 

fragile, yet they exhibit high toughness and damage tolerance. Specifically, nacre in 

mollusk shells is 3000 times tougher than the mineral component in terms of energy 

[25]. Over the years, therefore, a great deal of effort has been spent on investigating 

the strategies employed in natural materials for the development of high-performance 

engineering materials via biomimetic design. On the other hand, the strain misfit in 

bi-material systems is not always detrimental and can be exploited instead. Diverse 

controllable deformations have been realized by taking advantage of the strain misfit 

in bi-material systems. 

2.1 Strategies to increase mechanical properties of bi-materials and 

structures 

In bi-materials and structures, weak interface would lead to early crack initiation 
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and propagation, and consequently reduced mechanical properties. Then how to 

increase the mechanical properties of bi-materials with such weak interface becomes 

a problem. Abundant studies demonstrate that, delicate structures developed in 

biomaterials, such as suture structure, brick and mortar structure, could effectively 

amplify the mechanical properties of bi-materials. Multiple toughening mechanisms 

may be involved, including crack deflection, crack blunting/branching and crack 

bridging etc., which are largely dependent on the weak interfaces. 

2.1.1 Suture structure 

Suture structures are wavy or interlocking interfaces consisting of rigid teeth and 

compliant interfaces, as schematically shown in Figure 2.1(a). In biological materials, 

they can be broadly observed in regions where the intrinsic strength and flexibility of 

material interface need to be controlled. Figure 2.1(b-h) show some typical examples 

of suture structures found in organisms, which exhibit diverse geometries and 

complexities among different species. Numerous studies have been conducted to 

investigate the impact of geometric features of suture structure on its mechanical 

properties, so as to provide guidelines for the biomimetic design of bi-materials and 

structures reinforced by suture interface. 
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Figure 2.1 Biological suture structures in nature. (a) Diagram of suture structure 

consisting of rigid teeth and compliant interface; (b) Osteoderm sutures in red-eared 

slider; (c) Cranial sutures in while-tailed deer; (d) Pelvic sutures in stickleback; (e) 

Scute sutures in boxfish; (f) Exoskeletal sutures in diatom; (g) Hierarchical sutures in 

Craspedites nodiger; (h) Suture on the seedcoat of Portulace oleracea. Scale bars: (b) 

1 mm, (c) 1 cm, (d) 1 mm, (e) 500 μm, (f) 1 μm, (g) 1 cm, (h) 50 μm. ((a-f) adapted 

from [26], (g) adapted from [27], (h) adapted from [28]) 

Li and coworkers [29] established theoretical models to predict the strength of 

suture structure with arbitrary geometry. Here, the most generalized case, periodic 

suture joints with triangular teeth, was taken for illustration. For such a structure 

under tension normal to suture seam, two failure modes, i.e., teeth breakage and 
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interface failure, may take place depending on the combination of component 

strengths as well as suture geometries. For given component strengths, there is a 

critical suture tooth angle 2, with which the tooth skeleton and interface layer 

would fail simultaneously, thus resulting in an optimized strength [29]: 
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tensile strength of tooth skeleton. This relationship is plotted in Figure 2.2 displaying 

the boundary of the two failure modes. Clearly, with 2<2tooth failure would 

happen, while with 2>2, interfacial failure would take place. The transition of 

failure mode from tooth breakage to interfacial failure was observed in their 

subsequent experimental studies [30]. Meanwhile, the effective stiffness of a sutured 

structure ( E ) can be expressed in terms of mechanical and geometric parameters as 

[29]: 
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where E1 and E0 denote the elastic moduli of suture skeleton and interface phase 

respectively, G0 is the shear modulus of interface phase, and fv is skeletal volume 

fraction. Although these results are obtained based on idealized assumption, we could 

get basic understanding of optimized geometry in suture structure. Subsequently, 
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their theoretical model was further extended by taking more factors into 

consideration, including arbitrary geometry and arbitrary in-plane loading [31], 

bonded tip interfacial layer [32], and aligned fiber embedded connective layer [33], 

to provide insights for the correlation between mechanical properties and geometrical 

features of suture structure. 

 

Figure 2.2 Contour of the normalized strength of suture structure as a function of the 

component strengths and suture tooth angle. (Adapted from [29]) 

Meanwhile, Barthelat and coworkers [34-36] systematically studied the 

mechanical behaviors of interlocking sutures during pullout process through a 

combination of theoretical modelling, FE simulation and experimental tests. Firstly, 

they [34] examined the pullout response of jigsaw-like suture structure and 

concluded that the optimal pullout performance, i.e., high strength as well as high 

energy absorption, can be achieved via the combination of low friction coefficient at 

interface and high interlocking angles. Based on jigsaw-like morphologies, they [36] 
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further developed a bi-stable structure which could achieve geometrical lock at two 

distinct stable positions (see Figure 2.3), and the second equilibrium position was 

found effective providing a geometric hardening mechanism. As a result, the 

bi-stable structure is 10 times tougher than the constituent material. Subsequently, a 

suture structure with additional geometrical features including plateau regions and 

multiple locking sites was further investigated theoretically and computationally [35]. 

It was found that low frictional stress at interface, by either low friction coefficient or 

multiple locking sites, could contribute to an optimal combination of strength and 

energy consumption.  

 

Figure 2.3 Overview of the design of bi-stable interlocked tabs. (a) The schematic 

diagram showing the profile of the tab; (b) Pullout process of the bi-stable 

interlocked tabs. During this process, there are two stable positions in this system, 

which would result in more energy consumption. (Adapted from [36]) 

Besides a single repeating wave, suture structures with hierarchical multiple 

wavelength patterns can also be observed, for instance, in the cranium of white tailed 
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deer [37] and in the shells of ammonites [38-41], as displayed in Figure 2.1(g). 

Recently, Li et al. [27] developed an analytical model to investigate the impact of 

structural hierarchy on the mechanical performance of suture joints quantitatively. 

Results show that the mechanical properties, e.g., stiffness, strength and fracture 

toughness, can be amplified nonlinearly over a wide range of amplitude by varying 

the order of structure hierarchy. Subsequently, they further examined the role of 

hierarchy through experiments on 3D printed prototypes [42]. It was found that the 

stiffness of suture structure can be amplified by more than one order of magnitude by 

increasing the order of hierarchy, and tensile strength can be tuned via hierarchy as 

well. For higher order hierarchical structures, a graceful failure, i.e., significant 

interfacial failure and minor teeth breakage before destructive structure failure, could 

increase the fracture toughness. Such dependence of fracture toughness of suture 

structures on hierarchy was also disclosed by Li et al. [43] and Zheng et al. [44] via 

simulation.  

Up to now, most studies are focused on the role of suture complexity on the 

mechanical behaviors, while the effect of suture irregularity attracts little attention. In 

fact, irregular suture structures can be widely observed in nature, like cranial suture 

of vertebrate skulls [45-47] (see Figure 2.1(c)), the pelvic suture of armored fish [48], 

sutures on the carapace of the turtle [49] (see Figure 2.1(b)) and the microscale 

sutures in the beak of woodpeckers [50]. Recently, Li and coworkers [51] studied the 

role of suture irregularity on the mechanical behaviors through a combination of 
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theoretical modelling and FE simulation. Results show that, with the increase of 

morphological irregularity, the failure strain would increase without sacrificing 

tensile stiffness, and the fracture energy would increase with a reduced strength to 

damage initiation. Thus, the morphological irregularity is another important factor 

governing the mechanical behaviors of suture structure.  

Generally, the wave amplitude of suture structure in animal species is much 

smaller than the size of each tile [52], while much magnified suture amplitude can be 

observed in plants. As shown in Figure 2.1(h), the seed coats of Portulaca oleracea 

are composed of star-like epidermal cells connecting via suture interface with wave 

amplitude comparable to the size of constituent tiles. Gao et al. [52] studied the 

impact of these wavy tessellations with amplitude close to the scale of the building 

blocks via FE simulation and experimental tests. The waviness of suture interface 

was found playing an essential role in governing the mechanical responses. Generally, 

higher suture waviness could contribute to more efficient loading transfer between 

the hard constituent tiles, thus the overall strength and fracture toughness would be 

improved. Such impact of waviness can be amplified with higher stiffness ratio 

between the hard tiles and soft interface. 

Due to the exceptional capability in toughening brittle constituents, many 

researchers attempted to implement interlocking suture interface into brittle material 

systems for amplifying toughness. For example, Mirkhalaf et al. [53] introduced 
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suture interface into glass by engraving microcracks which were then infiltrated with 

polyurethane. In mechanical tests, the weak interface could direct cracks into 

interlocking configurations and evoke pullout mechanisms, thus resulting in 

significant enhancement in energy dissipation and toughness. Such glass with suture 

interface was reported 200 times tougher than intact counterpart [53]. Significant 

improvement in fracture toughness was also realized in ceramic plates engraved with 

suture interface via non-linear deformations associated with geometric hardening and 

frictional pullout [54]. 

2.1.2 Brick and mortar structure 

Nacre, the inner layer of mollusk shells, composites 95 vol.% microscopic 

aragonite tablets and 5 vol.% protein-rich organics through a delicate brick and 

mortar structure (see Figure 1.1(c)). The aragonite ‘brick’ is 0.2-0.9 μm in thickness  

[55] and 2-10 μm in diameter [10], while the thickness of organic ‘mortar’ is in the 

range of 20-30 nm [55-57]. In three- and four-point bending tests, nacre exhibits 

20-30 times higher fracture toughness than pure aragonite, which is intriguing 

considering the high volume fraction and brittleness of aragonite phase in it. 

Therefore, enormous studies have been performed to disclose the underlying 

reinforcing mechanisms. A great number of reinforcing mechanisms at different 

length scales are proposed, which can be summarized as follows [10]: a) crack 

blunting and branching [58, 59]; b) tablets pullout [25, 59-62]; c) the nucleation and 
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coalescence of micro cracks around crack tip [61, 63, 64]; d) bridging effect of 

organic phase [25, 62, 65]; e) the hierarchical unfolding of biological 

macromolecules and viscoplastic energy dissipation around crack tip [61, 63, 66]; 

and f) various strengthening mechanisms on the interface of neighboring layers [55, 

57, 62, 63, 67-69], etc. Figure 2.4 schematically displays some 

experimentally-identified toughening mechanisms around a propagating crack tip in 

nacre. Among them, the platelets bridging between crack surfaces is considered to be 

the most significant one accounting for nacre’s exceptional fracture toughness [25]. 

The energy dissipation in the bridging zone hinges on factors like geometric 

parameters of platelets, mechanical properties of both mineral and organic phases, 

and the distribution of the mineral platelets, etc. [10]. Therefore, it is of great 

significance to find out the correlation between the aforementioned micro physical 

features and toughening effect, so as to provide guidelines for the manufacture of 

nacreous materials.  

 

Figure 2.4 Schematic of some toughening mechanisms around a propagating crack 

tip in nacre. (Adapted from [10]) 
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In the year of 2003, Gao and coworkers [9] investigated the impact of the size of 

mineral phases on the fracture toughness of biomaterials through a tension-shear 

chain model. It was found that, when the mineral tablets are downsized to nanoscale, 

they would become flaw-tolerant with strength approaching the theoretical atomic 

bonding. Mineral tablets with optimal strength could allow large amount of energy 

dissipation in protein layers via shear deformation, thus leading to high fracture 

toughness of bio-composites. Such kind of improvement can be further amplified via 

the viscoelastic properties of organic layer. Afterwards, a fracture mechanics model 

based on nacreous microstructure was further established to investigate the 

toughening effect of mineral crystals [10], and similar size effect of mineral platelets 

on the fracture toughness was also identified. Specifically, for a greater fracture 

toughness, the thickness of platelets is required less than one micron but not smaller 

than tens nanometers to avoid breakage during pullout. In addition, higher strength 

and energy dissipation in organic layer can also contribute to higher toughness of 

such bi-material composites.  

More recently, Ni et al. [70] investigated the dependence of mechanical 

performance of nacreous nanocomposites on the constituent properties and 

arrangements via a nonlinear shear-lag model. Both the elasto-plasticity of the 

organic layer and the overlapping length of mineral tablets were found having 

significant impact on the failure path. A parameter selection guideline in terms of two 

characteristic lengths was provided for the optimal combination of strength and 
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toughness of the nacre-like composites [70]. Likewise, Begley et al. [71] investigated 

the uniaxial responses of brick-and-mortar structured composites through 

micromechanical models. The critical stresses for the rupture of brick and mortar 

were given as a function of constituent properties and geometries, illustrating 

trade-offs between stiffness, strength and dissipated work, thus proving guidelines 

for the development of nacreous composites. 

In different shell species, nacreous tablets are arranged in different degrees of 

randomness. For example, in the shell of Haliotis Rufescens and Trochus Niloticus 

and other gastropods, the tablets are stacked in columns across the layers, called as 

columnar nacre [24]; while for sheet nacre in bivalve species such as oysters or 

mussels, the arrangement of the tablets is more random [63]. Barthelat and 

coworkers [72] investigated the effects of random variations in microstructures via 

both representative volume element (RVE) models and large scale statistical volume 

element (SVE) models. It was revealed that statistical variations have negative effect 

on the ductility and energy absorption of nacreous composites, since randomness 

would facilitate deformation localization. However, such negative effect may vanish 

when the interfaces have large failure strain as well as strain hardening. 

At the platelet-platelet interfaces, there are periodical arrays of nanoscale mineral 

bridges scattered in the soft organic phase [58, 73], as shown in Figure 2.5(a-b). For 

different mollusk shell species, interestingly, the diameters of these mineral bridges 
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were all reported in the range of 10-50 nm [57, 67, 74-76]. To account for this 

characteristic size, Shao et al. [77] studied the size effect of mineral bridges on the 

interfacial shear strength. It was found that the optimal strength of interface can be 

realized only when the diameter of mineral bridges is of tens of nanometers. On the 

other hand, Kalpana et al. [78, 79] discovered the existence of interlocks between 

platelets in nacre of abalone (see Figure 2.5(c-d)) and revealed its key role on the 

high toughness of nacre through FE simulation. 

 

Figure 2.5 (a) STEM and (b) TEM image showing the mineral bridges at the 

platelet-platelet interface in nacre. ((a) adapted from [77], (b) adapted from [80]) (c) 

SEM image showing the interlocks between the platelets in nacre; (d) Schematic 

illustration showing the interlocks between the platelets in nacre. ((c, d) adapted from 

[78]) 

Due to the extraordinary mechanical performance of nacre, enormous efforts 

have been devoted to manufacturing nacre-like structures [80]. For example, 
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Bouville et al. [81] fabricated layered ceramic materials with submicrometer layer 

spacings via ice templating, as shown in Figure 2.6(d-f). Compared with natural 

nacre (see Figure 2.6(a-c)), the packing of platelets shows short-range order while 

not perfect long-range order (see Figure 2.6(d)). The spacing between the platelets is 

filled with liquid second phase (see Figure 2.6(e)) containing inorganic bridges and 

nano-asperities (see Figure 2.6(f)), mimicking the organic layer in nacre. As a result, 

the nacre-like material possesses a unique combination of high stiffness, high 

strength and high toughness. Furthermore, their mechanical properties can be 

retained at high temperature as no organic phase is involved.  

 

Figure 2.6 Comparison of microstructures of (a-c) natural nacre and (d-f) nacre-like 

alumina. (a, d) SEM images showing the short and long-range orders of platelets. (b, 

e) Local stacking of platelets. Liquid phases is presented in (e) mimicking the protein 

layer in nacre. (c, f) Closer views of the platelet interface. Inorganic bridges and 

nano-asperities can be observed at the platelets interface in (f). (Adapted from [81]) 

More recently, Barthelat and coworkers [82] duplicated the three dimensional 

brick-and-mortar structure with engraved glass sheets and polymeric interlayers (see 



  Chapter 2. Research background and literature review 

   23 

Figure 2.7). In their nacre-like glass, good light transmittance was still retained. In 

addition, tablet sliding mechanism, which enables nonlinear deformation thus 

increasing toughness, was also reproduced in their material. Compared with 

laminated glass and tempered glass, their glass with nacreous structure shows two to 

three times impact resistance while keeping high stiffness and strength. 

 

Figure 2.7 Fabrication protocol for nacre-like glass panels. (Adapted from [82]) 

Although considerable attempts have been made to duplicate the brick and mortar 

structure in nacre, few of them can simultaneously mimic all the features that are 

responsible for the reinforcement in natural nacre due to structural complexity. As a 

result, the duplicated nacre-like structure exhibits higher mechanical properties, e.g., 

fracture toughness, than monolithic counterparts, while such improvement is far from 

the achievement in natural nacre.  

2.2 Strategies to reduce stress concentration on interface 

Stress concentration on the interface between the two materials is another 

important issue to be settled for the development of bi-materials with outstanding 
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mechanical performance. Abundant studies have been performed to seek solutions 

from natural materials, and some strategies have been developed to mitigate or 

eliminate the stress concentration on the interface in bi-materials and structures.  

2.2.1 Shape optimization 

The adhesion between two contacting surfaces have received lots of attention. In 

the year of 2003, Gao and Yao [83] studied the adhesion between a rigid fiber and an 

elastic substrate via van der Waals (see Figure 2.8(a)). For such a system, the optimal 

adhesion force is ����, with ��� and � denoting the theoretical adhesion strength 

and contact area, respectively. However, such optimal adhesion may be hard to 

achieve due to the shape sensitivity-induced stress concentration at the interface edge 

(see Figure 2.8(b)). They demonstrated that the theoretical pull-off force can be 

obtained when the shape of the fiber tip is precisely optimized so that a uniform 

adhesive stress can be realized as displayed in Figure 2.8(c-d). Subsequently, they 

[84] further extended their study to the adhesive bonding between two elastic solids.  
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.  

Figure 2.8 (a) Two structures are bonded together and subject to an external load. (b) 

Stress concentration occurs at interface edge. The spring represents the molecular 

interaction forces between the contacting surfaces. (c) Uniform tensile stress 

distribution at interface. (d) The optimal shape profile of a rigid fiber tip for a 

uniform tensile stress distribution. (Adapted from [83]) 

Since Gao and Yao’s work, a number of studies [85-90] have been conducted to 

investigate the influence of tip shape in fibers on adhesive stress distribution so as to 

maximize the adhesion force. For instance, Campo et al. [88] manufactured various 

PDMS surfaces patterned with micro pillars of different shapes as displayed in 

Figure 2.9(a-f) and tested their adhesion performance. It was found that the highest 

adhesion can be realized in mushroom-like terminals with adhesion forces 30 times 

higher than the flat controls (see Figure 2.9(g)). This can be attributed to, as revealed 
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by their subsequent numerical analysis [89], the reduced corner stress singularity on 

the contact interface of mushroom fibrils. Since then, quite a few efforts have been 

made to seek the optimal geometrical design of the mushroom-like fibrils based on 

different geometrical models (see Figure 2.10). For example, Balijepalli et al. [89] 

found that the corner stress singularity on the contact interface can be minimized by 

small cap thickness and small fibril stalk diameter (see Figure 2.10(a)). Aksak et al. 

[85] conducted a series of numerical simulations and attained the optimal parameter 

combinations for maximum pull-off stress: the ratio of the tip radius to the stalk 

radius equal to 1.1, and the edge angle equal to 45° (see Figure 2.10(b)). Carbone et 

al. [90] found the best adhesive performance can be achieved when the ratio of the 

cap thickness and stalk radius is close to 0.2-0.3, and the ratio of the tip radius to the 

stalk radius is larger than 2 (see Figure 2.10(c)).  
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Figure 2.9 SEM images of fibrillar PDMS surfaces with different tip shapes: (a) flat, 

(b) spherical, (c) flat with rounded edges, (d) spatula, (e) mushroom, (g) concave tips. 

(f) Comparison of pull-off force for different tip shapes under different preloads. 

(Adapted from [88]). 

 



2.2 Strategies to reduce stress concentration on interface 

28 

Figure 2.10 Different geometrical models for fibers with mushroom tip. ((a) adapted 

from [89], (b) adapted from [85], (c) adapted from [90]) 

2.2.2 Size reduction 

Size reduction can be another alternative approach to reduce stress concentration 

on interface. It is interesting to find that natural materials with exceptional 

mechanical properties, such as bone, teeth and mollusk shells, are all nanocomposites 

of proteins and minerals. Apart from the manner they are organized, nanometer scale 

was also found playing an essential role [8] in determining the mechanical behaviors. 

Gao and coworkers [8] studied the size effect of mineral phase on fracture strength, 

and disclosed that, when the size of the mineral phase is above a critical length scale 

(around 30 nm), the material is sensitive to crack-like flaws and would fail by stress 

concentration at crack tip; while downsized below this value, the mineral would 

become flaw-tolerant and stress concentration could be evaded with strength 

approaching its theoretical value. Although this study deals with the stress 

concentration at the crack tip in a monolithic material, the strategy of size reduction 

can be extended to bi-materials and structures. For instance, for the anode 

film-current collector bi-material system in lithium-ion batteries, shear stress 

concentration would take place on the interface during charge-discharge process, due 

to the volume variation-induced strain misfit between them. As a result, the anode 

film would detach from current collector after many charge-discharge cycles (see 

Figure 1.4(b)). Gao and coworkers [91] downsized the anode film by depositing 
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patterned silicon islands on the current collector, and found that they would not 

detach from current collector during charge-discharge cycling if the size is reduced to 

below a critical value around 7–10 μm. 

Similar size effect was also found in adhesion mediated by intermolecular 

interactions between two contacting surfaces [83, 92]. As mentioned in Subsection 

2.2.1, there is an optimal shape for the fiber tip, with which the adhesive stress would 

be homogeneously distributed along the contact interface at pull-off thus maximizing 

the pull-off force [83]. However, when the fiber diameter is dropped to the length 

scale on the order of 100 nm, the adhesion is not sensitive to the tip shape anymore. 

Even with flat shape on the fiber tip, the adhesive stress can be almost uniformly 

distributed with adhesion force approaching the theoretical value [83]. This could 

also account for the ubiquitous hairy attachment systems in biology.  

2.2.3 Gradient design 

Gradient variation in mechanical properties in either continuous or step-wise 

manner can be widely found in biological materials. Specific examples include 

dental-enamel junction (DEJ) in human teeth (see Figure 2.11(a)), and gradient 

between the hard exterior and tough interior of fish scales (see Figure 2.11(b)). 

Recent studies on natural biomaterials revealed that gradient interlayers in natural 

composites play an important role in strengthening the interfaces between distinct 

materials [93-95].  
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Figure 2.11 (a) Dental-enamel junction (DEJ) of human teeth (Adapted from [26]), 

and gradient elastic modulus and hardness at DEJ (Adapted from [96]). (b) Fish with 

gradient scales (Adapted from [26]).  

Learning from nature, many material scientists have devoted themselves to the 

study of functionally graded materials (FGM) for an enhanced mechanical 

performance. In the year of 1994, Lee et al. [97] conducted a theoretical analysis and 

revealed that by moderating the transition slope of mechanical property across the 

interface between coating and substrate, FGM could effectively mitigate the stress 

concentration on the interface. Recently, Wang et al. [98] fabricated thermal barrier 

coatings with gradual variation in composition along thickness direction to alleviate 

the thermal stress-induced interface delamination. Thermal cycling tests show that 

the functionally graded coating has extended lifetime compared with non-graded 

counterparts. In addition, to suppress the interface delamination between the anode 
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material and current collector in lithium-ion batteries, Guo et al. [23] introduced 

graded Si distribution along thickness direction into the electrode film as shown in 

Figure 2.12(a). After 500 discharge-charge cycles, the graded electrode film remains 

firmly attached on current collector without any detachment (see Figure 2.12(c)), as 

opposed to serious interface delamination occurred in the homogeneous counterpart 

(see Figure 2.12(b, d)).  

 

Figure 2.12 EDS mapping of Si element for (a) gradient and (b) homogeneous 

Si-based anodes. Cross-section of (c) gradient and (d) homogeneous Si-based anodes 

after 500 discharge-charge cycles. (Adapted from [23]) 

FGM could also enhance the resistance of protective coatings to contact damages 

[99]. For example, with Young’s modulus increasing by 50% from contact surface to 

2 mm depth, the glass-infiltrated alumina becomes far more resistant to sliding 
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contact damages than homogeneous counterparts due to the reduced principal tensile 

stresses [99]. Similar enhancement was also found in other material systems, such as 

glass-infiltrated silicon nitride materials [100], stainless steel [101]. In addition, 

under normal indentation, gradient elastic modulus in materials such as 

glass-infiltrated alumina composite, could suppress the formation of cone cracks, as 

opposed to the formation of cone-crack in bulk glass and alumina [102]. Apart from 

graded elasticity, the effects of graded plasticity, i.e., yield strength, on the frictional 

sliding behaviors [103] were also examined through parametric FE analysis. It was 

suggested that, plasticity-graded materials with improving yield strength below the 

surface have superior resistance to the onset of plasticity and damages. 

Gradient elasticity has also been found on some attachment systems in biology, 

such as tarsal setae of the ladybird beetle [104]. Yao and Gao [95] reported that 

materials with designed gradient in elasticity could homogenize the distribution of 

adhesion stress between two materials and therefore enhance the adhesion strength. 

Recently, Balijepalli et al. [105] fabricated a fibril comprising a soft tip layer and a 

stiffer stalk, that is, a fibril with 2-step gradient modulus. Tensile tests [105] show 

that such gradient structure could reduce the adhesion stress singularity at the 

interface edge and then realize higher adhesion strength.  
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2.3 Controllable deformation of bi-materials by utilizing strain 

misfit 

Generally, strain misfit is considered detrimental to bi-material systems since it 

will cause stress concentration on interface and even interfacial failure. However, 

strain misfit is not always detrimental and can be beneficial as well. Apart from 

interface delamination, strain misfit can lead to deformations such as bending and 

buckling depending on the bi-material dimensions and properties. Such deformations 

are of a wide range of interest for applications.  

2.3.1 Bending behaviors of bi-materials 

For bi-materials under strain mismatch, the resulting shear stress on the interface 

would produce bending moments, making the flat bilayer to curl. Such bi-material 

systems can be found in many plants to respond to external stimuli like temperature, 

humidity. For example, the spirally arranged stems of Selaginella lepidophylla would 

curl into a ball shape upon dehydration (see Figure 2.13(a)) to limit possible 

photoinhibitory and thermal damages in arid environment [106]. Such intelligent 

response, taking the inner stems as example, is attributed to the asymmetric 

lignification in cortical tissues towards the abaxial side of the stem, which could alter 

the hydro-actuation capacity and locally increase stiffness [106]. A similar 

hydration-driven hierarchical shape transformation was also recently found in 

Daucus carota umbel [107]. These interesting phenomenon inspired scientists to 
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develop bi-material based sensors and actuators by taking advantage of the strain 

misfit between the two distinct materials. For this purpose, it is of significant 

importance to disclose the relationship between strain mismatch and bending 

curvature.   

 

Figure 2.13 Morphology of Selaginella lepidophylla under (a) dry and (b) wet state. 

(c) Curling sequence of fully hydrated inner stems during dehydration. (Adapted 

from [106]) 

Timoshenko [108] proposed a general theory of bending of a bi-metal strip 

subjected to uniform heating (see Figure 2.14), which particularly applies to the 

operation of bi-metal strip thermostat. This theory is based on some assumptions: 

constant thermal expansion coefficients in bi-metals during heating, frictionless 

contact with the supports, and small width in the strip, etc. When the two bonded 

materials have distinct thermal expansion coefficients (denoted as and 

respectively), uniform heating from t0°C to t°C will produce bending of the strip. 

The bending curvature can be determined as [108]: 
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in which  is the radius of curvature of the bilayer strip, EI represents the flexural 

rigidity of the material. This equation correlates the thermal misfit and bending 

curvature of the narrow bi-material strip quantitatively. Certainly, it can be extended 

to more general cases with strain misfit originating from different sources like 

moisture absorption, phase transformation and mechanical loading. Through this 

relationship, the misfit strain in bi-materials can be estimated via measuring the 

bending curvature. In turn, controllable shape transformation can be achieved by 

simply introducing mismatch between the two materials.  

 

Figure 2.14 Deflection of bi-material strip subject to uniform heating. (Adapted from 

[108]) 

More recently, bi-materials have been extensively reported to achieve diverse 

shape transformations, like bending [109], curling [110], twisting [111], under the 

control of stimuli such as light [112], heat [113], electricity [114] or humidity [115]. 

By making use of these diverse deformations, specific functions can be achieved. For 

example, the repeatable bending-unbending deformation of bi-materials can mimic 
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the behaviors of hand, arm and joint of human beings, thus they can be developed 

into robotic arms [113] or grippers. The twisting of bi-materials can mimic the 

predation of python, so they can be developed into a gripping equipment [116]. In 

addition, the reversible and cyclic deformations of bi-materials can be used for 

continuous movement like rolling [109], walking [114, 115], jumping [117] and 

swimming [118]. For example, Shin et al. [115] reported a bilayer structure composed 

of a hydro-inactive film and a hygroscopically responsive film which could quickly 

swell and shrink in response to humidity variation (see Figure 2.15(a)). By attaching 

legs with asymmetric frictional coefficients, the repeated curling-uncurling motion of 

the bilayer structure under periodic humidity change can be transformed into 

continuous directional locomotion (see Figure 2.15(b)). By using liquid crystal 

elastomer (LCE) bilayers, Kotikian et al. [109] created a passively controlled, 

untethered soft robot (see Figure 2.15(c)). Upon heating the substrate, it would 

assemble into a pentagonal prism and then self-propel under thermal stimuli (see 

Figure 2.15(d, e)). Apart from diverse motions in air, a bilayer film reported by Ma et 

al. [118] can swim at liquid surface under cyclic UV light. The bilayer structure, 

consisting of azobenzen-containing LCNs and Kaptonw, could bend upon exposure 

to UV light while recover to initial flat state immediately after removing UV light. 

When placed on liquid surface and subjected to a cyclic UV light, the bilayer 

actuator would propel itself via beating the liquid like a dolphin (see Figure 2.15(f, 

g)).  
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Figure 2.15 (a) Bilayer actuator with two legs attached. The static friction 

coefficients of the end tips and knees of legs are different. (b) Advance of actuator 

under periodic humidity variation. ((a, b) adapted from [115].) (c) Self-propelling 

robot in fabricated configuration. (d) Self-propelling robot in rolling configuration. (e) 

The self-propelling locomotion process of robot when heated. ((c-e) adapted from 

[109].) (f) The swimming of a bilayer actuator under cyclic UV light. (g) Schematic 

of the self-propelling actuator mimicking the dolphin. ((f, g) adapted from [118].) 

On the other hand, strain misfit-driven deformation in bi-materials can be applied 

to manufacture complex shapes. Timber manufacturing industry faces difficulties 

that structurally efficient curved geometries are easy to be designed yet difficult to be 

manufactured. Recently, Grönquist et al. [119] proposed to fabricate large-scale 

curved mass timber via bilayer wood structures by moisture content changes. Some 

essential problems including shape prediction, sensitivity to variation of natural 

material properties and drying process, were addressed. Their work implies that such 

strain misfit-driven self-shaping method could be an efficient way to produce curved 
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timber structure in a large scale. Besides, Cafferty et al. [120] suggested an easy way 

to fabricate elastomeric three-dimensional (3D) structure by using strain misfit. The 

basic idea is to deposit elastomeric inks on a two-dimensional (2D) stretched 

elastomeric sheet firstly, and then relax the 2D sheet after ink curing to cause it to 

deform into a 3D shape. This route is capable of creating some shapes with complex 

curves in a faster way than 3D printing does.  

2.3.2 Buckling pattern in bi-material systems 

For film-substrate bi-material systems, when the film is subjected to compressive 

stress due to strain misfit, buckling may occur. Bowden et al. [121] established a 

theoretical model to predict the buckling initiation and their wavelength. As shown in 

Figure 2.16(a), a bi-material system with metallic stiff film deposited on thermally 

expanded thick, compliant PDMS substrate was particularly studied. When they are 

cooled to temperature T (below the deposition temperature TD) while without 

buckling initiation, the film would experience a uniform, equi-biaxial compressive 

stress [121]: 
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Here, the subscripts ‘f’ and ‘s’ represent film and substrate respectively, denotes the 

Poisson’s ratio, is the thermal expansion coefficient, and E is the Young’s modulus. 

Such equi-biaxial compressive stress is caused by the misfit of thermal expansion 
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coefficients between the film and substrate. As cooling continues and compressive 

stress in the film increases, buckling occurs when the maximum principal 

compressive stress exceeds a critical value [121]: 
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The associated sinusoidal wave has wavelength predicted as [121]: 
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in which t is the film thickness. Although oversimplified, this model provides a 

quantitative relationship between buckling characteristics and the dimensions and 

properties of the bi-materials. Generally, equi-biaxial compressive stress would lead 

to randomly oriented wrinkles (Figure 2.16(b)). When some steps and edges are 

present, compressive stress would become highly oriented in the vicinity of the steps 

or edges and well aligned wrinkles would be formed perpendicular to the direction of 

maximum compressive stress (see Figure 2.16(c-e)) [121]. Additionally, the 

morphology of buckling wrinkles could be manipulated by regulating the dimensions 

and mechanical properties of the film. For instance, Lim et al. [122] found that by 

designing thickness gradient in the surface film, wrinkle propagation can be directed 

to form well aligned nanowrinkles, as opposed to the randomly oriented 

nanowrinkles for uniform film thickness. Feng and coworkers [123] reported that, by 

modifying the stiffness of soft material on the surface partially via ultraviolet-ozone 
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treatment, diverse wrinkling morphologies with designable dimensions and positions 

can be realized including sinusoidal wrinkles, folds, ridges, creases and sawteeth. 

 

Figure 2.16 (a) The fabrication of buckling wrinkles on metal film-PDMS substrate 

system. (b-e) Optical micrographs showing the diverse buckling wave patterns. (b) 

Disordered regions far from any steps or edges. (c) A flat waveless region near edge 

gradually becomes a system with well aligned waves guided by the rectangular 

ridges. (d) Flat squares elevated relative to the surface exhibits no buckling on the 

plateau, but ordered wave patterns on the recessed regions between them. (e) 

Rectangular ridges directed the waves parallel to the direction of the protruding 

portion of PDMS. (Adapted from [121]) 

Buckling patterns on thin films or bilayers are of great interest for diverse 

applications [124-131]. Chandra et al. [127] proposed to fabricate strain responsive 

miscrolens arrays via buckling. As shown in Figure 2.17(a), the concave lens array is 

manufactured by patterning a hard oxide layer on a biaxial stretched soft elastomer, 

after which the applied strains are released to induce confined buckling. The focal 

length of the fabricated concave microlens array was reported capable of varying in a 

wide range of magnitude upon strain applied. Rogers and coworkers [128] produced 
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a stretchable silicon with periodical wavelike geometries on an elastomeric substrate 

via buckling (see Figure 2.17(b)). Such wavy silicon could accommodate 

deformations like stretching and compression without causing any damage in silicon 

itself, thus promising to be applied in stretchable electronics [131]. In addition, 

surface patterns are demonstrated to have great impact on the adhesion and release 

process, such as the fibrillar structure on the feet of geckos [132, 133] and some 

insects [134, 135]. Chan et al. [126] and Lin et al. [125] demonstrated that surface 

buckling wrinkles can be used to control the surface adhesion. Apart from convenient 

and simple fabrication process, buckling wrinkles exhibit enhanced capability in 

adhesion control. 

 

Figure 2.17 (a) Schematic diagram of the fabrication protocol of concave microlens 

array. (Adapted from [127].) (b) Schematic illustration of the process for building 
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stretchable Si devices on elastomeric substrate. (Adapted from [128]) 

On the other hand, buckling-induced delamination test provides an alternative 

way to measure the interface adhesion between the bi-materials [136-141]. For 

instance, Goyal et al. [136] designed a thermal-driven patterned buckling 

delamination test, and the interfacial fracture toughness was estimated based on a 

theoretical model. Likewise, Cordill et al. [137] employed a tensile test to induce 

film buckling and delamination. By measuring the buckle dimensions, the interfacial 

adhesion energy can be estimated by an energy-based model. In addition, Andersons 

et al. [138] evaluated the interface adhesion in film-substrate systems by modelling 

the buckling formation process via finite element simulation.  

In this chapter, strategies to solve the interface-related problems in bi-materials 

and structures were reviewed. For the problem of weak interface-induced low 

mechanical properties, bio-inspired design strategies, including suture structure and 

brick-and-mortar structure, were found capable of improving the mechanical 

properties of bi-materials and structures. To mitigate the stress concentration on the 

interface induced by the strain misfit between the two materials, several strategies, 

including shape optimization, size reduction and gradient design, were found and 

discussed. Besides, strain misfit can be beneficial to the bi-materials and structures. 

By taking advantage of strain misfit between the two materials, controllable 

deformations including bending and buckling have been realized in various 

bi-materials systems, which are of great interest for a diversity of applications. Based 
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on the above introduction, further studies will be carried out to tackle the 

aforementioned interface-related problems in bi-materials and structures in this 

thesis.  
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Chapter 3. Research methods 

3.1 Experimental method 

Scratching test 

To evaluate the effect of spiral structure on the mechanical properties of the shell, 

scratching tests were carried out on the specimens (50 mm × 50 mm × 0.5 mm) incised 

from the central part of P. placenta shells with a precision cutting machine (Minitom, 

Struers). To minimize the effect of surface roughness on the scratching result, the 

surfaces of specimens were well polished with a series of sand papers from 400 to 

7000 grits and lubrication with deionized (DI) water. Subsequently, samples were 

rinsed with DI water thoroughly and dried in air. Scratching tests were conducted 

using a diamond conical probe (Universal Mechanical Tester, Bruker). The scratching 

path was selected with caution so as to make it pass through the center of a 

micro-screw dislocation (μ-SD). To avoid the interference between the adjacent 

scratches, the inter-scratch spacing was taken as at least 4 mm, which is more than 100 

times of the maximum width of the scratch grooves. To verify the repeatability of the 

results, 10 mm long scratching was repeated on ten different samples with scratching 

speed taken as 0.04 mm/s. During the scratching processes, the normal force applied 

on the probe, Fn, was constantly taken as 0.3 N. The ratio of the measured horizontal 

resistance force to the fixed normal force, Fr /Fn, was used to depict the resistance of 

the material to wear.  
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3.2 Theoretical method 

3.2.1 Elastic mechanics 

For elastic problems, equilibrium equations, constitutive equations and geometric 

equations are generally involved to solve the displacement, stress and strain fields in 

the materials. Here, these relationships would be introduced. In Cartesian coordinate 

system, an infinitesimal element is considered (see Figure 3.1). Force equilibrium 

along x and y directions gives rise to 
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in which X and Y represent the components of body force per unit volume. Eqs. (3.1) 

are differential equations of equilibrium for two-dimensional problems. Geometric 

relationship can be expressed as  
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in which u and v denote the displacement components along x and y directions, 

respectively.  

For plane stress condition, we have z=0. The constitutive relationship, i.e., 

Hooke’s law, can be written as 
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in which E, G and  represent the elastic modulus, shear modulus and Poisson’s ratio 

of the material, respectively, and G=E/2(1+).  

For plane strain condition, we have 
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Then the constitutive relationship becomes 
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Figure 3.1 Free body diagram of an infinitesimal element in Cartesian coordinate  

When discussing stresses in circular rings and disks, using polar coordinate would 

be more convenient. In polar coordinate system, the position of a point can be 

described by the distance from the origin O as well as the angle between r and a certain 

axis Ox fixed on the plane (see Figure 3.2). Here, an infinitesimal element is 

considered. Force equilibrium along the radial and circumferential directions gives  
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in which r and  denote the normal stresses along radial and circumferential 

directions respectively, rdenotes the shearing stress, and R and S represent the body 

force per unit volume along radial and circumferential directions, respectively.  

If displacement components along radial and circumferential directions are 

denoted as u and v, respectively, the geometric relationships can be written as 
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It is worth pointing out that the normal strain along the circumferential direction 

depends on not only the circumferential displacement v but also the radial 

displacement u. For plane stress condition, Hooke’s law can be expressed as 
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Combination of equilibrium equations, geometric equations and constitutive 

equations would give rise to the equilibrium in terms of displacement, which can be 

solved with specific boundary conditions. With the displacement field determined, the 

strain and stress fields in the material can then be solved based on geometric equations 

and constitutive equations.  
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Figure 3.2 Free body diagram of an infinitesimal element in polar coordinate. 

3.2.2 Fracture mechanics 

a. Failure criteria  

Failure criterion is a function of stress or strain to predict the failure of the material. 

When this function attains a critical value, which normally is the material strength, 

failure happens. In view of the complexity of stress state in different situations as well 

as distinct mechanical properties for different materials, several different failure 

criteria were exploited.  

Maximum stress criterion postulates that failure happens when the maximum 

tensile stress in the material attains the critical value, i.e., tensile strength. If 1>2>3, 

we have 

  tension 01    (3.9) 

in which 0 denotes the tensile strength of the material. This criterion applies to brittle 
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materials only. Another criterion for brittle materials is maximum strain criterion, 

stating that material would fail when the maximum tensile strain in the material attains 

the critical value.  

Maximum shear stress criterion, also known as Tresca yield criterion, postulates 

that material yields when the maximum shear stress attains the critical value, y, which 

represents the shear strength of the material. If 1>2>3, the maximum shear stress in 

the material can be expressed as 
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This criterion is applicable for ductile materials. Von Mises yield criterion, also known 

as maximum distortion-energy criterion and J2 flow theory, is another failure criterion 

for ductile materials. It suggests that if the von Mises stress of the material under 

loading reaches the yield strength, yielding happens. This criterion can be expressed as 
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in which y denotes the yield strength of material under uniaxial tension.  

b. Fracture mechanics approach 

The aforementioned failure criteria are based on the comparison of two variables, 

i.e., applied stress and material strength. Fracture mechanics approaches quantify the 

combination of three variables, including applied stress, flaw size and fracture 

toughness, to predict material failure [142]. Both energy criterion and stress intensity 
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approach can be employed to predict crack growth.  

According to energy criterion, fracture happens when the energy available for 

crack growth is sufficient to overcome the resistance of the material, which includes 

the surface energy, plastic work and other types of energy dissipation associated with 

crack growth [142]. In linear elastic materials, the energy release rate, G, defined as 

the rate of change of potential energy for creating new surfaces, is applied to determine 

if the preexisting crack would grow or keep stable. When it increases to a critical 

energy release rate Gc, i.e., fracture toughness of the material, crack growth happens. 

For an infinite plate subject to remote tensile stress (see Figure 3.3), the energy release 

rate at the crack tip is given by 
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in which E’=E for plane stress, and E’=E/(1-) for plane strain with denoting the 

Poisson’s ratio of the material. Fracture happens when G= Gc. The energy release rate 

G serves as driving force for crack growth, while Gc represents materials’ resistance.  
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Figure 3.3 An infinite plate with a crack subject to a remote tensile stress 

In linear elastic materials, the stress distribution around a crack tip can be 

characterized by a stress intensity factor, K. If the material would fail at some critical 

combinations of stress and strain, such fracture must correspond to a critical stress 

intensity Kc. For the plate shown in Figure 3.3, the stress intensity factor at the crack 

tip is given by  

 aKI π  (3.13) 

in which the subscript ‘I’ refers to Mode I tensile loading. Failure happens when KI 

=KIc, in which KI serves as the driving force for fracture and KIc is another measure of 

materials’ resistance. By comparing Eqs. (3.12) (3.13), the relationship between KI and 

G can be obtained 
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indicating that for linear elastic materials, energy criterion and stress intensity 

approach are virtually equivalent. Eq. (3.14) is applicable to Mode I tensile loading 

only. When all three modes of loading are involved, Eq. (3.14) can be extended to 
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in which  is shear modulus of the material.  

c. Mixed-mode fracture 

A propagating crack always seeks the path of maximum driving force or the path of 

least materials’ resistance, and may not necessarily be confined to its initial plane. If 

the material is isotropic and homogeneous, the crack will propagate in a way of 

maximum energy release rate [142]. Considering an angled crack oriented (90-) 

degrees from the applied normal stress (see Figure 3.4(a)), the stress intensity factors 

for Modes I and II are given by 

 2
)0( cosII KK   (3.16a) 

  sincos)0(III KK   (3.16b) 

in which KI(0) is the Mode I stress intensity when =0. Then the crack tip stress fields 

can be characterized by KI and KII. If there is an infinitesimal crack kinking at an angle 

away from the crack plane (see Figure 3.4(b)), the stress intensity at the tip of this 
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kink would be different from that of the main crack. Under the local x-y coordinate 

system at the tip of kink, the Mode I and II stress intensity factors can be calculated by 

summing up all the normal and shear stress components, respectively, along the 

direction of  

   IIIyyI KCKCrk 1211π2   (3.17a) 

   IIIxyII KCKCrk 2221π2   (3.17b) 

where kI and kII denote the local stress intensity factors at the kink tip. The coefficients 

are given by  
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Then the energy release rate for the kinked crack is given by 
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Eq. (3.19) actually gives the directional dependence of the energy release rate at the tip 

of the main crack. G() peaks at the point where kI reaches the maximum while kII =0 

[142]. The maximum energy release rate thus is given by 
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in which represents the direction at which both G and kI are maximized while kII =0. 
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Therefore, in a homogeneous material, crack kinking would happen along direction. 

However, if the material is anisotropic with directional-dependent fracture toughness, 

crack would kink into the direction that the driving force firstly reaches the materials’ 

resistance.  

 

Figure 3.4 (a) An infinite plate with an angled crack subject to a remote tensile loading. 

(b) Infinitesimal kink at the tip of a macroscopic crack. 

3.2.3 Finite element method  

For some problems, the stress and strain fields in a body can be solved analytically 

when it is subjected to external force or displacement loading. For example, in Chapter 

5, the strain misfit-induced stress and strain fields in film-substrate bi-material systems 

can be calculated based on the theory of elasticity. For most problems, however, it is 

difficult to derive the closed-form analytical solutions, especially when non-linear 

factors like plasticity and fracture are involved. Under such circumstance, finite 

element (FE) simulation [143] is often employed to give numerical solutions. On the 
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other hand, theoretical solutions can be verified and visualized via FE analysis, like the 

simulation work in Chapter 5 and Chapter 6. Here, the basics of finite element method 

are introduced.  

 

Figure 3.5 (a) Two-dimensional discrete domain, (b) Three-node triangle element 

In finite element analysis, the object of interest is divided into a collection of 

discrete elements (see Figure 3.5(a)). These elements are connected by nodes, on 

which the displacements are continuous between neighboring elements. The element 

type should be chosen based on specific analysis requirement. Here, a typical 

three-node triangular element is taken for illustration (see Figure 3.5(b)). In the 

element with nodes numbered i, j and m in counterclockwise direction, the nodes 

displacements are 
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Assuming that the displacement field (u, v) is a linear function of coordinates, the 

displacement field of this element can be expressed in the matrix form as 
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where  
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and N is the shape function of the element, A is the area of this triangle element. Then 

the strain field within this element can be determined by 
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where L refers to the derivative operator, and B=LN is the strain matrix. It can be 

demonstrated that  
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Then the stress field within this element can be determined by 
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where 
 mji SSSDBS 

 referring to the stress matrix and 
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where E0=E and  for plane stress condition, and E0=E/(1-
) and 

for plane strain condition. 

For this discrete system, the total potential energy can be calculated by 
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in which t denotes the thickness of the 2D object, and f denotes the body force applied 

on the object, and T is the area force applied on the boundary of the object. We denote 
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in which Ke and Pe represent the element stiffness matrix and equivalent nodal loading 

array, respectively. The element displacement array can be expressed in terms of 
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global displacement array as  
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where n denotes the total node number of the object. Inserting Eqs. (3.30-3.33) into Eq. 

(3.29), we have  
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in which  

 
e

e

e

e

PGP       GKGK   TT

 (3.35) 

representing global stiffness matrix and global nodal loading array, respectively. In the 

light of the principle of minimum potential energy [143], we have 

 PKa                               (3.36) 

By introducing boundary conditions and solving Eq. (3.36), the global and element 
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displacement array can be obtained. After knowing the element displacement array, 

displacement, strain and stress fields can then be calculated via Eqs. (3.22) (3.25) and 

(3.27). 

In this chapter, both experimental and theoretical approaches were introduced. 

These methods will be used to investigate the interfacial mechanics in bi-materials and 

structures. 
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Chapter 4. Spiral interface reinforced laminated 

composite  

Spiral or helix is a ubiquitous structural feature that is observed at length scales of 

wide range, from the double helical DNA [144-146] through the pattern of sunflower 

seeds [147, 148], all the way up to the Milky Way galaxy [149, 150], implying the 

essential roles they play in a variety of physical, chemical and biological processes. 

Recently, a unique microscopic spiral structure in the shells of mollusks of different 

species has attracted a bunch of attentions from material researchers. For example, the 

nacre layer of red abalone, which composites the microscopic aragonite tablets and 

proteins in the well-known “brick-and-mortar” structure [8-11], was found containing 

some spiral tablets called “screw dislocations” [151]. Similar spiral connections were 

also observed in the shell of bivalve Placuna placenta, which is a laminated composite 

composed of calcite laminae bonded together by thin layers of organic material [152]. 

The formation mechanism of such biological spiral structures was early attributed to 

the effect of atomistic dislocations on the growth of crystals [153]. Preliminary studies 

on the mechanical functions of these spiral structures indicated that the “screw 

dislocations” in nacre can enhance the strength by interlocking the vertically adjacent 

aragonite tablets and therefore constraining their relative motions [151]. For the shell 

of P. placenta, Li et al. demonstrated, from the perspective of energy dissipation and 

damage localization, that the “dislocation-like connections” can significantly improve 
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the resistance of the shell to the mechanical penetration [152]. The reinforcement 

effects of the spiral structures were basically attributed to the role of connection played 

by the spiral structures. However, if connection is their only function, it may not be 

necessary for nature to develop such a sophisticated structure. Although the spiral 

structures introduced above exhibit a quite similar morphology to screw dislocations, 

they are distinct in length scale. While screw dislocations are atomic defects [154], the 

spiral connectors are in micrometer scale. For distinction, in this chapter below they 

are designated as “microscopic screw dislocations” or μ-SDs in short.  

In this chapter, we first characterized the mechanical reinforcement effect of the 

μ-SDs in the shell of P. placenta by microscopic scratching tests. Finite element-based 

simulation was subsequently performed to disclose the reinforcing mechanism of 

μ-SDs. Theoretical modeling indicated that such reinforcing mechanism is not a 

spontaneous feature of the spiral interface. The condition for it to operate was explored 

and found dependent on the competition between the fracture toughness of the 

interface and substantial solid phase. 

4.1 Characterization of mechanical reinforcement 

Figure 4.1(a) shows the shells of P. placenta obtained from Shui Dong Bay, South 

China Sea, which are laminated composites composed of 99 wt% calcite and a small 

amount of organic material. The thickness of each calcite lamina and organic 

interlayer are 0.2-0.9 μm [55] and 20-30 nm [55-57], respectively. Different from the 
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laminae in the traditional laminated composites [155], the mineral platelets in the shell 

of P. placenta are vertically interconnected through μ-SDs [152]. These μ-SDs exhibit 

either right-handed or left-handed helicity. Normally, μ-SDs with opposite helicity 

appear in pairs, as shown in Figure 4.1(b) [156].  

 

Figure 4.1 (a) Translucent shells of P. placenta. (b) False-colored SEM image of 

μ-SDs in the shell of P. placenta with opposite helicity. 

To evaluate the effect of spiral structure on the mechanical properties of the shell, 

scratching tests were carried out on the specimens incised from the central part of P. 

placenta shells. A typical scratch groove is shown in Figure 4.2(a) along with the 

corresponding wear resistance Fr /Fn with Fn denoting the constant normal force and Fr 

denoting the measured horizontal resistance force. As expected, the scratch groove 

passes through the center of a μ-SD. The wear resistance, which is characterized by Fr 

/Fn, reaches the maximum around 0.8 near the μ-SD center and exhibits relatively 
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lower value in the region distant from the μ-SD. Since the sample surface has been 

well polished and the average groove depth (>15μm see Figure 4.2(b)) is much larger 

than the thickness of laminae (0.2-0.9 μm) [55], such elevated wear resistance near the 

center of the μ-SD should not be attributed to the difference of altitude, if available, 

between the laminae. A plausible factor accounting for the higher resistance near the 

μ-SD center is the spiral interfaces between laminae. For a laminated composite under 

in-plane scratching, cracks (mode-II dominant) form in the front of the probe and 

propagate as the scratching proceeds. Near a μ-SD, the inter-lamina interface, which 

normally is weak compared to the lamina material, is no longer planar but spiral. When 

reaching a μ-SD, cracks have the preference in energy to propagate along the spiral 

interface rather than directly penetrating through the lamina. The prolonged pathway 

of crack propagation along the spiral interface defers the failure of μ-SD, giving rise to 

more energy consumption and higher resistance force. Such reinforcing mechanism of 

the spiral interface, if works in the scratching tests, is believed also functional in the 

fracture processes caused by the other mechanical loadings such as uniaxial tension. 

To verify this hypothesis, finite element analysis (FEA) is carried out to make a 

comparative study on the behaviors of the laminated composites with and without 

μ-SDs.                                                                                            
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Figure 4.2 (a) A scratch groove passing through a μ-SD and the corresponding 

real-time resistance force experienced by the probe. (b) The three-dimensional 

reconstruction of μ-CT model of the scratched surface and the depth contour of the 

scratch groove obtained by surface scanning (Hysitron Ti 900). 

4.2 Numerical verification of the reinforcement of spiral interface 

A virtual model of μ-SD is constructed by embedding a spiral interface (in green) 

into a cylinder (in gray), as shown in Figure 4.3(a). In the accompanying Cartesian 

coordinate system (x, y, z), the spiral interface is described by parametric equations 

with respect to the polar coordinates (r, ) as 
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where p is the spiral pitch, D and l denote the diameter and length of the specimen as 

indicated in Figure 4.3(a). For comparison, a model of conventional laminated 

composite is also constructed by embedding parallel planar interfaces separated by 

distance p into a similar cylinder, as shown in Figure 4.3(b). Take D=18 μm, l =15 μm 
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and p=1 μm. It can be demonstrated that the relative difference between the interface 

area in both models is less than 0.2 %, implying much alike compositions in both 

composites. Displacement-controlled uniaxial tension was simulated with commercial 

FEA package ABAQUS (Version 6.13, Dassault Systèmes). In our simulations, the 

laminae were depicted as linear elastic solid with elastic modulus Ela = 100 GPa [57, 

157] and Poisson’s ratio being 0.33. As the organic layer is normally much thinner 

than the mineral lamina in the shell of mollusks, cohesive element (COH3D8 in 

ABAQUS) with zero initial thickness was applied to describe the interface between 

laminae. By referring to the reported properties of the organic material in the 

biological laminated composites [158], the characteristic parameters of the cohesive 

element in our simulation are taken as typical values shown in Table 4.1. 
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Figure 4.3 Schematics of finite element models for laminated composites with (a) 

spiral and (b) parallel planar interfaces. D=18 μm, l =15 μm and p=1 μm; (c) 

Calculated stress-strain curves for two models under uniaxial tension. SI, SII, EI and EIII 

are the characteristic mechanical properties of μ-SD predicted by theory; (d, e) 

Snapshots of the SDEG (scalar stiffness degradation variable) field at different 

moments as indicated on the stress-strain curves in (c) showing the evolution of the 

interface damage. The deep blue color (SDEG=0) represents zero damage while the 

deep red color (SDEG=1.0) stands for the complete damage. For clarity, the lamina 

phase is hidden here. 
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Table 4.1 Characteristic parameters of cohesive elements (COH3D8 in ABAQUS) 

adopted in the finite element simulations 

Stiffness Kin  

(GPa/μm) 

Fracture energy Gin 

(J/m2) 

Strength Sin  

(MPa) 

1.25 1.0 10 

Figure 4.3(c-e) shows the calculated stress-strain curves in company with the 

snapshots of the interface degradation at several important moments. For the 

composite with spiral interface (μ-SD), the stress-strain curve exhibits three 

characteristic stages (see Figure 4.3(c)). In stage I when the deformation is relatively 

small, the stress increases linearly with the strain. Such linear elasticity ends when the 

strain reaches a value around 1% at point A, giving rise to the strength of ~10.5 MPa. 

After reaching the summit A, the stress drops quickly to ~4.4 MPa. An in-depth 

investigation into the status of cohesive elements indicates that such a drop of 

load-carrying capacity is basically due to the yielding and subsequent delamination of 

the interface, as shown in Figure 4.3(d). With the growth of the delaminated spiral 

interface, the stress is maintained almost at a steady level even though small oscillation 

is present. With the increase of deformation, eventually the spiral interface is 

completely damaged at point D. From then on, deformation enters into stage III, in 

which linear elasticity returns. Such linear elasticity in stage III lasts all along until the 

damage of the lamina material, which has not been considered in our analysis.  

In contrast, for the composite with planar interfaces, the calculated stress-strain 

curve in Figure 4.3(c) exhibits a much more brittle behavior. Firstly, when the strain is 
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smaller than 1%, a linear elasticity is also observed. After reaching the peak at point A’, 

the stress drops abruptly to zero (point C’). Such catastrophic failure of the material is 

basically due to the propagation of the crack throughout a planar interface, as shown in 

Figure 4.3(e). The distinct mechanical behaviors of laminated composites with spiral 

and planar interfaces in Figure 4.3(c) confirm the reinforcing mechanism of μ-SD.  

 

Figure 4.4 (a) SEM image of an area (90 μm × 70 μm) on shell of P. Placenta 

containing 17 μ-SDs as marked by the yellow arrows. The areal density is estimated to 

be ≈ 2,700 mm-2. (b) Schematics of an idealized composite model containing 

periodically distributed μ-SD couples. A representative volume element (RVE) with 

dimensions of DD  22  is highlighted in green. (c) Calculated stress-strain curves 

for composites with μ-SDs of different areal densities using the RVE model shown in 

(b). 

Above analysis demonstrated the reinforcement of an individual μ-SD. To shed 

light on the effect of multiple μ-SDs on the mechanical behavior of laminated 

composites, the density of μ-SDs should be considered. An earlier study [152] 

indicated that the areal density of μ-SDs in the shell of P. Placenta is about 100-400 

mm-2. However, our reexamination indicated that this might be the average density of 

μ-SDs over a relatively large area. For a smaller region, the local density of μ-SDs 

could reach 1,000-4,000 mm-2, which is one order of magnitude higher than the above 
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mean value. Figure 4.4(a) shows a region containing 17 μ-SDs. The local density is 

estimated to be 2,700 mm-2. For simplicity, our study on the effect of density was 

carried out by using an idealized model in which the distribution of μ-SDs was 

assumed periodical (see Figure 4.4(b)). A RVE model with dimensions of DD  22  

was selected for analysis with periodical boundary conditions applied on four lateral 

sides. By applying uniaxial tension on the top and bottom sides, the mechanical 

behavior of a composite with μ-SD density of 21 D/   is simulated. The calculated 

stress-strain curves for composites with different areal densities of μ-SD are shown in 

Figure 4.4(c). As in the case of individual μ-SD (Figure 4.3(c)), three characteristic 

stages can be observed in the cases with high densities (e.g., 2,000, 3,000, 4,000 mm-2), 

implying the operation of the reinforcing mechanism of μ-SDs. In contrast, for the case 

with density as low as 400 mm-2, the stress drops abruptly from the maximum to a 

quite low value. Recovery of stress to a higher level does not happen as in the cases 

with high densities, implying little reinforcement as in the case with planar interfaces. 

Therefore, the reinforcement of the spiral interface in the laminated composites 

depends on the μ-SD density very much. The higher the density the higher the 

reinforcement. 

4.3 Theoretical prediction of mechanical behaviors of μ-SD 

The preceding FEA simulation results disclose the reinforcing mechanism of μ-SD.  

In this section, theoretical models will be further established to predict the mechanical 
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behaviors of μ-SD under uniaxial tension. A μ-SD can be taken as a composite of a 

spiral lamina and interfacial adhesive. We assume lamina is elastic solid and interface 

can be described by a traction-separation law as shown in Figure 4.5(a). According to 

the FE simulation result, a μ-SD under uniaxial tension is believed to experience 

three distinct stages of deformation as depicted by three characteristic segments on a 

schematic stress-strain plot (see Figure 4.5(b)). At stage I, both the spiral lamina and 

interface deform elastically, leading to the elastic behavior of the composite 

characterized by the effective elastic modulus EI. With the increase of deformation, 

such elasticity continues until the interfacial traction reaches its maximum allowable 

value Sin (see Figure 4.5(a)), giving rise to the strength SI of the μ-SD at stage I (see 

Figure 4.5(b)). From then on, interfacial delamination starts, resulting in a drop of 

load-bearing capacity of the μ-SD. However, due to the spiral morphology of the 

interface, interfacial delamination will not propagate thoroughly across the μ-SD as 

that in the regular laminated composite. Instead, it will grow progressively along a 

spiral path under stress SII which gives rise to the strength of the μ-SD at stage II. 

Once the spiral interface delaminates completely, the μ-SD turns to be a monolithic 

spiral structure. Afterward, the μ-SD is expected to deform elastically with effective 

elastic modulus being EIII. In the following, theoretical estimations of EI, SI, SII and 

EIII are carried out. 
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Figure 4.5 (a) Schematics of traction-separation law for bilinear cohesive elements 

modelling adhesive interface, (b) Schematic stress-strain curve of μ-SD under 

uniaxial tension. 

The effective elastic modulus of a μ-SD with intact interface (EI) should be a 

function of the effective elastic modulus of interface (Kinp, see Eq. (4.16)), the 

effective modulus of the plain spiral structure (EIII, see Eq. (4.12) for deviation), and 

the elastic modulus of lamina materials (Ela). To shed light on the form of this 

function, discussion on its asymptotic values is helpful. Clearly, if the interface 

stiffness is quite large ( inK ), no separation is allowed before the initiation of 

damage. Therefore, the μ-SD behaves like a monolithic cylinder made of the lamina 

material, implying that EI approaches Ela as inK . On the other hand, if 

0in K , EI must approach to the effective elastic modulus of μ-SD with completely 

failed interface (EIII). These two asymptotic properties of EI in combination with the 

basic mixture laws of composites [159, 160] inspire us to write EI in the following 

form 
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as 0in K . Considering p/D << 1, the expression of EIII (see Eq. (4.12)) implies that

laIII EE  . Therefore, IIII EE   as 0in K . Two asymptotic values of EI are both 

confirmed. Inserting the expression of IIIE  (see Eq. (4.12)) into Eq. (4.2), EI can be 

rewritten as 
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where Q is a correction factor determined to be around 2.4 from our simulation. 

The maximum stress that a μ-SD can sustain before the initiation of damage of the 

included spiral interface contains two portions. One is the portion to overcome the 

maximum interfacial traction, which is equal to the strength of interface (Sin). The 

other portion is to deform the spiral solid to such an extent that makes the interfacial 

traction reach its maximum Sin. Since the interfacial separation at the maximum 

traction is Sin/Kin (see Figure 4.5(a)), the effective strain of the spiral solid with 

effective modulus EIII is pKS inin , implying that the stress required for such 

deformation is pKES inIIIin . Therefore, we have 
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which gives SI =10.2 MPa according to the associated parameters we selected, 

showing good consistence with the FEA result (see Figure 4.3(c)).  

In stage II, the spiral interface of μ-SD delaminates progressively under the tensile 

loading of IIS . From the point of view of energy equilibrium, during this process the 

energy required to fracture the interface should be equal to the released strain energy 

of a unit segment of μ-SD transforming from intact state to delaminated state. We 

therefore have 
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where Gin is the fracture energy of interface. From Eq. (4.6), the strength of μ-SD in 

stage II (SII) is thus given by 
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By inserting Eq. (4.3) and EIII (see Eq. (4.12)) into Eq. (4.7), SII can be given as 
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By substituting the values of associated parameters into Eq. (4.8), we have SII = 7.3 
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MPa which is in good agreement with the simulation result, as shown in Figure 4.3(c). 

The ratio of SII/SI, which can be used to assess the reinforcement of a μ-SD, is shown in 

Figure 4.6. For a given ratio D/p, SII/SI decreases with increasing D, implying strong 

size dependence of the reinforcement. The smaller the μ-SD, the higher the 

reinforcement.  

 

Figure 4.6 Dependence of SII/SI of a μ-SD on the length scale characterized by D. 

Here, following representative values are taken: Gin =1.0 J/m2, Kin=1.25 GPa/μm, 

Sin=10 MPa, Ela=100 GPa and Q=2.4. 

Once the spiral interface fails completely, the μ-SD turns to be a monolithic solid 

with spiral structure. To estimate its effective elastic modulus, EIII, a unit segment is 

considered as shown in Figure 4.7(a), from which we select an annular element with 

infinitesimal thickness dr for analysis. The free body diagram is shown in Figure 

4.7(b). Considering the analogy of this problem in mechanics to a clamped beam 

under transverse loading (see Figure 4.7(b)), the correlation between the force, dF, 
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and the resulting deflection  can be easily established as 
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where Q is the correction factor to be determined by simulation, /12d3 rpI   and 

 22 2πrpL   are the moment of inertia and length of the analogic beam with p 

being the pitch of the spiral structure. Eq. (4.9) thus can be rewritten as 
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Figure 4.7 (a) Schematics of a unit segment of μ-SD with failed interface. (b) Free 

body diagram of an annular element for analysis and its analogy. 

Taking integration on both sides of Eq. (4.10) gives rise to 
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where D is the diameter of the unit segment of μ-SD (see Figure 4.7(a)). The effective 

modulus of μ-SD with completely failed interface can be determined as 
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By inserting the values of the associated parameters into Eq. (4.12), EIII is estimated to 
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be around 26.1 MPa, which is in good consistency with the simulation result, as shown 

in Figure 4.3(c). Thus, the mechanical behaviors of an individual μ-SD under uniaxial 

tension are well predicted. When pD  , Eq. (4.12) can be further simplified as 

 la22
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III
π

2
E

DQ

p
E   (4.13) 

In addition, the effective elastic modulus of laminated composite with planar 

interface is also predicted here (see Figure 4.3(b)). Similarly, we assume that the 

constitutive behavior of the adhesive interface between laminae can also be described 

by a traction-separation law as shown in Figure 4.5(a). Under external uniaxial loading 

, the axial elongation of a unit segment consisting of one lamina and one layer of 

adhesive interface is given by 

  


 in

la

 p
E

 (4.14) 

where Ela and p are the elastic modulus and thickness of the lamina, respectively;in() 

is the interfacial separation of the adhesive under traction . The effective strain of the 

segment or the composite is thus given by 

 
 
pEp
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Here, the original thickness of the adhesive interface is neglected. The effective elastic 

modulus of the laminated composite with planar interfaces thus can be given by 
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where Kin denotes the initial slope of the traction-separation curve for the interface (see 

Figure 4.5(a)). In the light of Eq. (4.16), it can be seen that Kinp represents the effective 

elastic modulus of the interface material. Comparing Eq. (4.16) with Eq. (4.3), it is 

found that when D >> p, the effective elastic modulus of spiral structure (EI) and 

planar structure (Eplanar) is quite close.  

4.4 Working condition for the reinforcing mechanism of μ-SD 

The enhancement of μ-SDs to the mechanical properties of laminated composites 

shown above is mainly attributed to the spiral interface which could guide the crack to 

propagate along a prolonged helical path. Clearly, this is not always the case because if 

the interface is much tougher compared to the lamina material, most likely a growing 

interfacial crack will deviate from the interface and penetrate into the laminae. 

Preventing the deviation of a growing interfacial crack from the spiral interface is 

crucial for ensuring the operation of the underlying reinforcing mechanism. For this 

purpose, a theoretical model was developed by analogizing the frontier of a spiral 

interfacial crack (see Figure 4.8(a)) to a 2D (plane strain) crack under mixed mode 

loading (see Figure 4.8(b)). The problem now comes down to finding the condition for 

ensuring the propagation of an interfacial crack along the interface under any external 

mixed-mode loading. 
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For a mixed-mode crack shown in Figure 4.8(b), the directional dependence of 

the energy release rate at the crack tip is given by [161] 
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  (4.17) 

where  denotes the direction angle with respect to the preexisting crack plane, µ is the 

shear modulus, and for plane strain with  being the Poisson’s ratio of the 

material. Ki represents the stress intensity factor of mode i (i = I, II, III).  

 

Figure 4.8 The crack frontier of a spiral interface in (a) is equated to a 2D (plane strain) 

mixed-mode crack shown in (b). 

Introduce two mode ratio angles defined as  III
1tan KK  and 

 2
II

2
IIII

1-tan KKK   to correlate the loadings of different modes. Then the stress 

intensity factors can be expressed in terms of  and  as 
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where 2
III

2
II

2
Iall KKKK  . Thus, Eq. (4.17) can be rewritten in terms of Kall,  and 

 as 
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 Assume crack propagates along the interface (). According to the Griffith 

criterion [162], crack propagation happens when allK  reaches the critical value in-allK  

satisfying the following condition: 
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where inG  represents the fracture toughness of the interface.  

If the crack deflects and penetrates into the lamina material, according to the 

maximum energy release rate criterion [161], the fracture angle *  is determined by 

following conditions: 
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In accordance with the Griffith criterion, crack propagation along *  direction 

happens when the load Kall reaches the critical value  Kall-la satisfying following 
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condition 
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where laG  represents the fracture toughness of the lamina material. Preference of 

crack propagation along the interface requires 
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2
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Substituting Eqs. (4.20) and (4.22) into (4.23) gives rise to 
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To satisfy the above condition for arbitrary   and  , the maximum value of 

function 
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is expected, which can be determined by solving equations 
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Since Eq. (4.21) implies that 
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Eq. (4.26) can be further simplified to be 
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Solving Eqs. (4.21) and (4.28) for ,  and * , we have  60 ,  0  and 

 60* . The maximum value of function f thus is given by 

   69.160 ,0 ,60 *
max   ff  (4.29) 

Therefore, Eq. (4.24) always holds as long as 

 6.0
1

maxla

in 
fG

G
 (4.30) 

That is, if the ratio of the fracture toughness of the interface to that of the lamina is less 

than 0.6, crack initiated on the interface will always grow along the interface 

irrespective of the direction of external loading. The operation of the enhancing 

mechanism of spiral interface and μ-SD thus is ensured.  

4.5 Summary 

In this chapter, the mechanical behavior of μ-SD, a type of helical structure in 

biological laminated composites, was systematically studied. Finite element analysis 

on an individual μ-SD showed that the failure of the μ-SD under tension involves the 
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delamination of the prolonged spiral interface, giving rise to much higher toughness 

compared to those of the planar counterpart. Moreover, the cooperation of multiple 

μ-SDs was investigated by studying the effect of μ-SD density on the mechanical 

reinforcement. It was found that the reinforcing effect was highly dependent on the 

density of μ-SDs. Theoretical modelling was further performed to predict the 

mechanical behaviors of μ-SD under uniaxial tension, which are well consistent with 

the FE analysis. The operation of such reinforcing mechanism of μ-SD requires the 

delamination of spiral interface, which is not spontaneous but conditional. Theoretical 

analysis revealed that the proclivity of crack propagation along the spiral interface can 

be ensured if the fracture toughness of the interface is less than 60% of that of the 

matrix material. These findings not only uncover the reinforcing mechanisms of the 

μ-SDs in biological materials but also imply promising application of μ-SDs in 

reinforcing the synthetic laminated composites in engineering. 
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Chapter 5. Homogenizing interfacial shear stress in 

bi-materials via thickness gradient 

Interfaces in bi-materials such as film-substrate systems are often subjected to 

shear stress due to the distinct deformation responses of two bonded materials to the 

external stimuli such as mechanical loading, change of temperature or humidity, or 

variation of internal structure induced by for example phase transformation. The 

distribution of such shear stress over the interface normally exhibits high 

concentration, which tends to initiate crack and evoke interface delamination. In such 

a crack propagation-mediated process of failure, the load-carrying capacity of 

interface has not been fully exerted as most of the interface bears little stress. To 

enhance the interface’s resistance to delamination in bi-materials, homogenizing 

interfacial shear stress becomes a matter of necessity.  

Over the past few decades, a lot of efforts have been devoted to the study on 

interfacial stress in bi-materials, yielding various strategies for homogenizing 

interfacial stress. For example, by moderating the transition slope of mechanical 

property across the interface between coating and substrate, functionally graded 

materials (FGM) were found effective in mitigating the stress concentration on the 

interface [97]. Moreover, materials with designed gradient in elasticity were also 

found to homogenize distribution of adhesion stress between materials and therefore 

enhance the adhesion strength [95]. In addition to FGM, size reduction is an 
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alternative approach to mitigating the concentration of adhesion stress mediated by 

intermolecular interactions between two contacting surfaces [83, 92]. It is 

noteworthy that the interfacial stress in bi-materials caused by strain misfit is 

shearing-dominant while the adhesion between two contacting surfaces is primarily 

normal traction. For the inter-surface adhesion, previous study indicated that the 

traction distribution over the contacting region can also be homogenized by 

optimizing the profile shapes of the surfaces [83, 84]. Whether such strategy of shape 

optimization is capable of homogenizing the shear stress caused by strain misfit in 

bi-materials remains an open question. In this chapter, theoretical analysis will be 

carried out to explore the feasibility of shape/geometry optimization as a novel 

strategy to homogenize the interfacial shear stress in bi-materials. Two sorts of 

bi-material systems will be considered, including continuous film on disk-like 

substrate and island film on half-space substrate. Our objective is to find the optimal 

design of the film thickness in each case, whereby the shear stress induced by strain 

misfit between the film and substrate, if developed, is uniformly distributed over the 

whole interface. 

5.1 Theoretical modelling 

5.1.1 Continuous film on disk-like substrate 

We first consider a bi-material consisting of a continuous thin-film coating 

perfectly bonded on a disk-like substrate with radius R and thickness st , as 
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schematically shown in Figure 5.1(a). The thickness of the film, which may not 

necessarily be uniform, is to be determined to achieve such an optimal scenario that 

uniform shear stress ( de ) is developed over the interface upon strain misfit ( mis ) in 

between them. In other words, if such optimal thickness profile of the film, designated 

as  rtf , is found and adopted, the shear stress on the interface should be uniform and 

equal to de . Determination of  rtf  can be made based on the equilibrium 

conditions and deformation compatibility between the film and substrate, as illustrated 

below. Such reverse approach for problem solving will also be applied to find the 

optimal thickness profile for other bi-material configurations.  

Figure 5.1(b) and (c) show the free body diagrams of infinitesimal elements in the 

substrate and film, respectively. For the substrate, equilibrium condition along the 

radial direction requires 

 0
s

de
)s()s()s(









trr
rr    (5.1) 

where )s(
r  and 

)s(
  denote the normal stresses along the radial and circumferential 

directions, respectively. In Eq. (5.1), variables with super- or subscript ‘s’ pertain to 

the substrate. 
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Figure 5.1 (a) Schematics of a bi-material consisting of a circular film on a disk-like 

substrate. The nonuniform thickness of the film is to be determined so that the 

interfacial shear stress induced by strain misfit, if available, is uniform and equal to 

de. Here, the direction of the shear stress plotted is based on the assumption that 

f0 >s0. If f0 <s0, the direction of the shear stress should be opposite or de<0. (b, c) 

Free body diagrams of infinitesimal elements in the substrate and film, respectively. 

For an axisymmetric problem, the normal strains in the substrate can be expressed 

in terms of displacement as 

 
r

ur
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where )s(
ru  denotes the radial displacement of the substrate. Eq. (5.2) implies an 

important correlation between )s(
r  and 

)s(
 , namely 
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The total strain of the substrate contains two parts. One is the intrinsic, equiaxed strain 

( s0 ) caused by volume change due to factors such as thermal expansion, phase 

transformation or moisture absorption. The other is the strain caused by stress applied 

on it. This part of strain can be calculated by Hooke’s law if the materials are elastic as 

we assume here. Therefore, strains of the substrate in the radial and circumferential 

directions are given by 
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where sE  and s  stand for the Young’s modulus and Poisson’s ratio of the substrate, 

respectively. In Eq. (5.4), the normal stress along z direction is neglected due to the 

thin thickness and free surface of the substrate. Rearrangement of Eq. (5.4) yields the 

stresses in terms of strains as 
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Substituting Eq. (5.3) into Eq. (5.5) to eliminate )s(
r  leads to 
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Inserting Eq. (5.6) into Eq. (5.1), the equilibrium equation can be rewritten in terms of 
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circumferential strain 
)s(

  as  
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Solving Eq. (5.7) for 
)s(

  yields 
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where constant C1, according to Eq. (5.6) and boundary condition of 0)s( 
Rrr , is 

determined as 
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 . Consequently, the circumferential strain 
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  is given by 
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On the other hand, for the thin film, force equilibrium along the radial direction 

(see Figure 5.1(c) for the free body diagram) implies 
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where )f(
r  and 

)f(
  represent the normal stresses along the radial and 

circumferential directions respectively. In Eq. (5.9), variables with super- or subscript 

‘f’ pertain to the film. The opposite signs of de  in Eqs. (5.9) and (5.1) are due to the 

opposite direction of the shear stresses applied on the film and substrate.  
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Similarly, for this axisymmetric problem, the normal strains in the film can be 

expressed in terms of displacement as 
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where )f(
ru  denotes the radial displacement of the film. According to Eq. (5.10), the 

correlation between )f(
r  and 

)f(
  can be written as 
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Likewise, the total strain of the film contains both volume change-induced intrinsic, 

equiaxed strain ( f0 ) and the strain caused by stress applied on it. Therefore, strains of 

the film in the radial and circumferential directions are given by 
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where fE  and f  represent the Young’s modulus and Poisson’s ratio of the film, 

respectively. In Eq. (5.12), the normal stress along z direction is also neglected due to 

the thin thickness and free surface of the film. Rearrangement of Eq. (5.12) yields the 

stresses in terms of strains as 
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Substituting Eq. (5.11) into Eq. (5.13) to eliminate )f(
r  leads to 
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Assume that the film and substrate are perfectly bonded during deformation. No slip 

between them implies that )s()f(
rr uu  or 

)s()f(
    on the interface. Substituting 

s0
)s()f(    brk  into Eq. (5.14), we have 
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Defining strain misfit between the film and substrate as s0f0mis   , Eq. (5.15) 

thus can be rewritten as 
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From Eq. (5.16), it is easy to see that the radial normal stress )f(
r  in the thin film 

increases linearly from the center to the edge. This distribution of the normal stress is 

quite different from the uniform-thickness case, in which the radial normal stress is 

almost uniform along the radial direction. For the gradient thin film, therefore, failure 

such as fracture or buckling is prone to happen near the edge. 

Inserting Eq. (5.16) into Eq. (5.9), the equilibrium equation becomes 
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Solving Eq. (5.17) for )(f rt  gives rise to 
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where C2 is a constant to be determined. Stress-free condition at the edge of the film 

requires 
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As the intrinsic strains of the film and substrate f0  and s0  represent their 

deformation at stress-free state, the interfacial stress should affect their deformation 

in an either positive or negative way, depending on the direction of the interfacial 

stress. Without loss of generality, we assume that s0f0    or 0s0f0mis   . 

Such strain misfit causes opposite shear tractions on the film and substrate as shown 

in Figure 5.1(a), resulting in contracting and expanding additional displacements in 

the film and substrate, respectively. Since rur , we have s0
)s()f(

f0    , 

which implies miss0f0s0
)s(   . Recalling Eq. (5.8), we have 
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which unveils the implicit upper limit of the ratio of misde   in the design. This limit 

also exists in the case with s0f0   . Eq. (5.19) implies that 0)f( 
Rrr , namely the 

boundary condition of Eq. (5.18) is unrealistic and can hardly be satisfied. 

Alternatively, a weak-form boundary condition is thus proposed that the radial force 

per unit length f
)f( tr  or ft , rather than stress )f(

r , vanishes at the edge r=R. In 
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doing so, constant C2 is determined as  
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Eventually, the analytical solution to the optimal thickness profile is given by 
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By taking Ef =100 GPa, f =0.3, Es =200 GPa, s =0.25, R=10 mm, ts=10 m, mis =1% 

and de =1 MPa, the thickness profile of the nonuniform film given above is plotted in 

Figure 5.2(a), which appears like a cone. 

Finite element analysis was carried out to examine the shear stress developed on 

the interface between a film with thickness given by Eq. (5.20) and a disk-like 

substrate. In simulation, both the film and substrate were depicted as linear elastic 

materials, while the interface between them was modelled by zero-thickness cohesive 

element. The intrinsic strain was equivalently implemented by thermal expansion with 

expansion coefficient misfit between the film and substrate taken as mis . The 

simulated results at different levels of strain misfit, which were implemented by 

applying different temperature increments, are displayed in Figure 5.2(b). As expected, 

the shear stress, except that in the vicinity of the central symmetric point, displays a 
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uniform distribution over the interface. The magnitude of the uniform shear stress is 

linearly proportional to the applied strain misfit with slope being misde  , which 

stands for the shear stress developed by unit strain misfit. 

 

Figure 5.2 (a) Profile of the optimal gradient film thickness. (b) The simulated shear 

stress field on the interface between the thin film and substrate at different degrees of 

strain misfit. Parameters adopted: Ef =100 GPa, f =0.3, Es =200 GPa, s =0.25, R=10 

mm, ts=10 m, mis =1% and de =1 MPa. The stiffness of the cohesive interface is 

taken as 100 GPa/mm.  

It is worth pointing out that in the above analysis, the bending effect has not been 

taken into account since in many cases of bi-material, such as the electrode-current 

collector system in lithium-ion batteries, the out-of-plane deformation is firmly 

constrained. But for free-standing bi-materials, the strain misfit would result in curved 

configuration which in return affects the interfacial shear stress distribution. In that 

case, the above solution to the optimal gradient thickness for homogenizing the shear 

stress may not be applicable anymore. Separate analysis is needed to shed light on the 

effect of bending on the interfacial shear stress distribution.  

5.1.2 Island film on half-space substrate 

Above solution to the optimal thickness profile applies to bi-material systems in 
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which the film continuously and fully covers the substrate. In some circumstances, 

however, film and substrate may have quite distinct sizes in plane and/or thickness. 

Examples include discontinuous wear-resistant coating on cutting tools [163-166] 

and silicon islands on current collector in electrodes of lithium-ion batteries [91, 

167-169]. To extend our conception of stress homogenization to these cases, we keep 

on exploring the optimal thickness profile for an island film attached on a half-space 

substrate, as schematically shown in Figure 5.3(a). Similarly, we designate the 

optimal thickness profile of the film as )(f rt , whereby uniform shear stress de  is 

developed over the interface when strain misfit of mis  takes place between the film 

and substrate. The determination of function )(f rt  is made as follows. 

For the half-space substrate, when a uniform shear stress with magnitude of de  

is applied over a circular region of radius R (see Figure 5.3(b)), the resulting radial 

displacement in this region is given by [170] 

 



d

)(

]ln)11[ln(

π

)1(4
)(

0 22

22

s

2

sde
2

)s(







Rr

r
RrrE

R
ru  

where sE  and s  represent the Young’s modulus and Poisson’s ratio of the 

substrate, respectively. Here, super- and subscript ‘s’ pertain to the substrate. The 

corresponding circumferential strain is given by 
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Thus, the total circumferential strain, including the intrinsic portion, can be expressed 
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as 
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Figure 5.3 (a) Schematics of a bi-material consisting of a circular island film on a 

half-space substrate. The thickness of the film is to be optimized so that the 

interfacial shear stress induced by strain misfit, if available, is uniform and equal to 

de as shown in (b).   

For the circular island film, Eqs. (5.9) and (5.14) still apply. We therefore have 
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Assuming that the island film and substrate are perfectly bonded during deformation, 

we have s0
)s()s()f( ~    . Substitution of this relationship into Eq. (5.23) to 

eliminate 
)f(

  gives 
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where s0f0mis   . Substituting Eq. (5.24) into (5.22) yields 
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The mathematical complexity of Eq. (5.25) implies the difficulty of finding the 

analytical solution to the function )(f rt . Finite difference method was adopted to 

solve the equation numerically. For this purpose, the stress-free boundary condition 

in the film , i.e., 0)f( 
Rrr , needs to be examined. We denote 

(s)~
θ  as 
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(5.26) into Eq. (5.24), we have 
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Stress-free boundary condition requires 0
1

)f( 
rr , that is, when 1r , 
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Since .41601)( rf , 
 )1(

)(
r

rfr  and 0
)1(4

π
2

sde

miss 


E
, Eq. (5.27) 

cannot be satisfied, namely, the stress-free boundary condition of 0)f( r  at the 

edge (r=R) is unrealistic. Thus, alternative weak-form boundary condition of 

0f
)f( tr  or 0f t  at r=R is adopted to determine the profile function )(f rt . If we 

take Ef =100 GPa, f =0.3, Es =200 GPa, s =0.25, R=10 mm, mis =1% and de =1 

MPa, the calculated solution to the thickness profile of the optimal island film is 

displayed in Figure 5.4(a). Likewise, finite element analysis was carried out to 

examine the shear stress distribution over the interface between an island film with 

thickness profile shown in Figure 5.4(a) and a substrate of sufficiently large size. As 

shown in Figure 5.4(b), the shear stress on the interface, except that in the area very 

close to the symmetric center, keeps uniform under different levels of strain misfit with 

magnitude growing at a rate of misde  . Therefore, the validity of the numerical result 

is confirmed.  
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Figure 5.4 (a) Profile of the optimal nonuniform island film thickness. (b) The 

simulated shear stress field on the interface between the thin film and substrate at 

different degrees of strain misfit. Parameters adopted: Ef =100 GPa, f =0.3, Es =200 

GPa, s =0.25, R=10 mm, mis =1% and de =1 MPa. The stiffness of the cohesive 

interface is taken as 100 GPa/mm.  

It is observed from Figure 5.4(a) that )(f rt  is very close to a linear function, 

implying the possible presence of a linear approximation of )(f rt  at least under 

some proper conditions. Suppose the thickness profile function can be approximated 

by a linear function as 

 )()(f Rrmrt   (5.28) 

where R is the radius of the island film and m is the slope to be determined. 

Substituting Eq. (5.28) into Eq. (5.25), we have  
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Inserting Eq. (5.26) into Eq. (5.29) to eliminate 
(s)~

θ  gives 
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Numerical integration was adopted to calculate )(rf  and )(rg  above. Figure 5.5 

shows the calculated variation of )(rg  with r . As r  varies from 0 to 1.0, it can 

be seen that function )(rg  takes finite value except in the vicinity of 0r . Further 

analysis indicated that as 0r , )(rg  asymptotically approaches r2  which is 

also plotted in Figure 5.5 for comparison. Considering that the Young’s modulus of 

the substrate ( sE ) is more than 4-5 orders of magnitude higher than the design shear 

stress ( de ) and the strain mismatch ( mis ) is around a few percent, the value of   

in Eq. (5.31c) should be on the order of magnitude of 1000. In most of the region of 

 1,0r , )(rg except in the vicinity of 0r . Therefore, m in Eq. (5.30) can be 

approximated as a constant of 
misf

fde )1(





E
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 . Therefore, when the 

nondimensional parameter 
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 is large enough, the thickness profile 

can be approximated by a linear function as 
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Figure 5.5 Variation of )(rg  with r  in comparison with its asymptotic form of 

r2 . Here, the Poisson’s ratio of the film is taken as f =0.3. 

which describes a cone with included angle of  fde

misf

1
2arctan







E
. It is worth noting 

that the ratio misde   in Eq. (5.32) also represents the interfacial shear stress 

developed by unit strain misfit. The validity of this approximation and its 

dependence on the nondimensional parameter   were examined by finite element 

analysis. Figure 5.6 displays the linear approximations of the optimal thickness 

profiles (namely Eq. (5.32)) for cases with different   and the corresponding 

calculated shear stress distribution on the interface under strain misfit of mis . As can 

be observed, if   is on the order of magnitude of 103 or above, the stress field, 

except that in the vicinity of the central symmetric point, is uniform throughout the 

interface. When   is on the order of magnitude of 102 or below, the stress field 

exhibits nonuniform distribution, implying the significant deviation of Eq. (5.32) 

from the actual solution to the optimal thickness.  
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Figure 5.6 (a) Linear approximations of the optimal thickness profiles of island film 

for different �. (b) The simulated shear stress field on the interface between the island 

film and substrate under the strain misfit mis. Here, Ef =100 GPa, f =0.3, Es =200 

GPa, s =0.25, R=10 mm, mis =1% and de =0.277, 2.773, 27.733 or 277.333 MPa. 

The stiffness of the cohesive interface is taken as 100 GPa/mm.  

5.1.3 Solutions to plane-strain configurations 

In addition to the above axisymmetric configurations of bi-material, thin film 

strips bonded on substrate have also been widely used. Typical examples include metal 

conduction lines in microelectronic devices [171] and optical waveguides in photonic 

devices [171]. To tackle the stress concentration problem in these configurations, we 

further extend our study to the configuration of a thin film strip attached on a substrate 

(see Table 5.1), where plane-strain condition prevails. Similarly, we aim to find the 

optimal thickness profile )(f xt  for the film strips, whereby a uniform shear stress 

field de  will be developed on the interface when strain misfit mis takes place 

between them. 

The approach to solving )(f xt  for the plane-strain configurations is similar to 

that applied in the preceding axisymmetric cases. Firstly, we need to determine the 
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strain field of the substrate 
)s(

x  which can be obtained based on equilibrium 

conditions or by referring to existing solutions in contact mechanics [170]. Then with 

the assumption that film and substrate are perfectly bonded, the strain field in the 

film (
)f(

x ) and substrate (
)s(

x ) should be equal. Knowing the strain field in the film 

)f(
x , the film thickness )(f xt  can be determined based on equilibrium conditions. 

This method was repeatedly used here to determine the optimal film thickness under 

different plane-strain configurations.  

Table 5.1 lists the analytical solutions to )(f xt  (in normalized form) for different 

plane-strain configurations. Case (a) describes a bi-material consisting of a strip film 

and substrate which have comparable sizes in plane and thickness. The film and 

substrate have different intrinsic deformation. In case (b), no intrinsic deformation 

occurs in the film, while the substrate deforms along transverse direction under 

uniaxial loading. Both cases (c) and (d) depict a strip film attached on a half-space 

substrate. In case (c), the film and half-space substrate have different intrinsic 

deformation, while in case (d) only the substrate deforms due to the external 

mechanical loading along the transverse direction. For each case, the theoretical 

solution to the optimal thickness of the film was well verified via finite element 

simulation, as shown in Table 5.1. It is worth pointing out that the solutions for cases 

(c) and (d) provided in Table 5.1 are the asymptotic solutions under conditions as 

indicated. 
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Table 5.1 The optimal film thickness for different plane-strain configurations 

 

5.2 Experimental validation 

The preceding section gives the theoretical solutions to the optimal film 

thickness, whereby the shear stress field on the interface of bi-material is expected to 

be homogenized. In this section, experimental validation of this strategy was carried 
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out. For the sake of simplicity, we choose the plane-strain configuration displayed in 

Table 5.1(b) for illustration, namely, a substrate expands by strain s0  along x 

direction under a tensile loading t . Based on Hooke’s law and plane-strain 

condition, it is easy to demonstrate that 
 

s
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 . Thus, the optimal film 

thickness can be rewritten in terms of t  as 
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To verify this solution to the optimal thickness, acrylonitrile butadiene styrene (ABS) 

and Al 6061-T6 were employed to produce film-substrate bi-materials. Taking 

GPa 2.2f E , 0.35f  [172], and GPa 68.9s E , 0.33s  [173], 300det  , 

mm 03a and mm 5s t , the optimal film thickness can be calculated as displayed 

in Figure 5.7(a). The gradient films were manufactured by 3D printing (µPrint SE Plus, 

Stratasys) using ABS (ABSplus-P430, Stratasys) and adhered onto the substrate 

surface with all-purpose superglue (Aron Alpha), as schematically shown in Figure 

5.7(b). For comparison, uniform films were also prepared with thickness profile 

shown in Figure 5.7(a). Since direct measurement of stress field is challenging, the 

shear strain field, which is believed proportional to the shear stress filed for elastic 

deformation, was measured instead by using Digital Image Correlation technology 

(DIC) [174]. For this purpose, before the experiment the side surfaces to be tracked 

were spray-pained with uniform random speckle pattern as schematically shown in 



  Chapter 5. Homogenizing interfacial shear stress in bi-materials via thickness gradient 

   107 

Figure 5.7(b). Tensile loading was then applied on the substrate with a universal 

testing machine (GP-TS2000M, Gopoint) at a crosshead speed of 2 mm/min. During 

deformation, digital images of speckle pattern were captured every 10 s using a 

digital camera (Sony ) with resolution of 31-33 pixels/mm. Based on the 

obtained images, DIC analysis was carried out with Ncorr [175], an open-source 

subset-based 2D DIC software package, to gain the shear strain field. 

Figure 5.7(c) shows the obtained shear strain field of the side surface under 

tensile loading of t = 173.3 MPa, from which the shear strain along the interface 

was extracted and displayed in Figure 5.7(d). As expected, in the case with gradient 

film, the shear strain field developed along the bonded interface is almost uniform 

despite of some fluctuations which might be mainly attributed to the limitation of 

experimental conditions. In contrast, in the control case with uniform-thickness film, 

severe strain concentration occurred at interface edge. It is confirmed that gradient 

film thickness in bi-materials could effectively homogenize the shear stress on the 

interface, and consequently improve their resistance to interfacial crack initiation. As 

the shear stress along the interface is homogenized, the whole interface, upon 

sufficiently high loading, would fail simultaneously if the interfacial strength is 

uniform everywhere. In reality, however, interfacial crack would be firstly initiated at 

the weakest point on the interface. Once the crack is initiated, the distribution of shear 

stress along the interface is changed and becomes non-uniform. After that, gradient 

thickness would not be too much different from a uniform counterpart in resisting 
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crack propagation. 

 

Figure 5.7 (a) Thickness profiles of the optimal gradient film and uniform control. (b) 

Schematics of the experimental setups (units: mm). (c) Shear strain field (xy) on the 

side surface under a tensile loading t = 173.3 MPa, which was obtained by DIC 

analysis using software Nccor with the subset size, subset spacing and strain radius 

being taken as 40 pixels, 1 pixel and 15 pixels, respectively. (d) Shear strain (xy) 

distribution along the interface between film and substrate under tensile loading t = 

173.3 MPa. 

5.3 Summary 

In summary, in this paper we proposed to homogenize interfacial shear stress in 

bi-materials caused by strain misfit via thickness gradient. The solutions to the 

gradient thickness were obtained and the effectiveness of this strategy was 

demonstrated based on two typical bi-material systems: continuous film on disk-like 

substrate and island film on half-space substrate. The results in this paper are 
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believed to be of great value to the enhancement of resistance to interface 

delamination, either instant or fatigue-caused, in a variety of thin films such as 

thermal barrier coating [176], wear-resistant coating [177], electrode film on current 

collector in batteries [178] and discontinuous islands coating on biomedical devices 

[179]. In practice, however, there might be some occasions in which the film thickness 

has to be uniform due to some specific functional requirement. Under such kind of 

circumstances, adopting gradient stiffness (i.e., elastic modulus) would be an 

alternative strategy, because it is easy to see from our theoretical solutions that 

gradient stiffness actually plays an equivalent role in homogenizing the interfacial 

shear stress distribution as gradient thickness does. Different from the traditional 

FGMs with stiffness gradient along thickness direction, here stiffness varies in a 

designed manner along the direction parallel to the interface. Implementation of such 

gradient stiffness is more challenging in manufacturing compared to that of the 

gradient thickness. On the other hand, limitations remain present in our work. First, 

our analysis assumed that both the film and substrate are elastic. This might not be 

always the case as the mechanical properties of a material may change in service as 

exemplified by the electrode of lithium-ion battery in process of lithiation and 

delithiation [180]. Additionally, in our theoretical analysis for determining the 

optimal gradient thickness of film, the possible buckling of the film caused by 

compressive stress has not be considered. Further investigations are needed to take 

these issues into account.  
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Chapter 6. Controllable morphing behavior of SAG/PE 

bi-material by utilizing strain misfit 

Strain mismatch is widely present in bi-material systems due to distinct 

deformation responses of the bonded materials to the external stimuli such as change 

of temperature or humidity. Generally, such strain misfit is considered detrimental to 

bi-materials since it will cause stress concentration on interface, and then lead to crack 

initiation and subsequent interface delamination. Therefore, quite a few strategies [23, 

91, 97] have been developed to mitigate or eliminate the strain misfit-induced stress 

concentration on interface. On the other hand, strain misfit can be exploited instead to 

achieve controllable morphing behaviors, such as bending, for a wide range of 

applications. In 1925, Timoshenko [108] developed a theoretical model to predict the 

bending curvature of bi-metal strip thermostat when being uniformly heated, with the 

assumption that both the two materials are elastic solids. This model has been 

extensively employed to predict the bending curvature of diverse bi-materials and 

structures under various stimuli such as electricity [117] and moisture [107].  

Recently, a stacked assembly of graphene (SAG)/polyethylene (PE) bi-material 

was developed by our collaborators [181]. Interestingly, the SAG/PE bilayer was 

found exhibiting abnormal morphing behaviors under thermal variations. When the 

SAG/PE bilayer is being heated, it will curl into a roll with SAG being wrapped inside, 

which is basically attributed to the misfit of thermal strain between the two layers. 
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However, when the SAG/PE bilayer is pretreated by a heating and subsequent cooling 

process under constrained condition, which is quite similar to the tempering treatment 

in metallurgy, it will curl spontaneously after releasing the constraint. Surprisingly, 

now the PE layer is wrapped inside by the SAG layer, which is opposite to that of the 

as-prepared sample without tempering. Clearly, such abnormal morphing behaviors in 

SAG/PE bi-material cannot be predicted by Timoshenko’s model [108] directly. We 

suspect such abnormal morphing behaviors might be attributed to SAG, which was 

found exhibiting asymmetric elastoplastic properties under tension and compression. 

In this chapter, by considering the asymmetric elastoplasticity in SAG layer, the 

morphing behaviors of SAG/PE bilayer in response to thermal variations were 

systematically studied via a combination of theoretical modelling and finite element 

simulation. The obtained results are expected to provide explanation for the abnormal 

morphing behaviors of SAG/PE observed in experiment, and also guidelines for the 

application of SAG/PE and other alike bilayer materials in the field of sensors, 

actuators and soft robotics, etc. 

6.1 Deformation of SAG/PE bi-material driven by thermal misfit 

Through molecular dynamics (MD) simulation, the SAG layer was found 

exhibiting asymmetric elastoplastic properties under tension and compression, namely, 

elastic and ideally plastic under tension and purely elastic under compression, as 

schematically shown in Figure 6.1 [181]. Thus, the mechanical behavior of SAG layer 
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can be described by four independent parameters including tensile elastic modulus 

( t
SAGE ), tensile strength ( t

SAGS ), compressive elastic modulus ( c
SAGE ) and Poisson’s 

ratio ( SAG ) if it is assumed to be an isotropic continuum material. While PE layer can 

be taken as an elastic solid described by elastic modulus ( PEE ) and Poisson’s ratio 

( PE ). In the following, theoretical modelling (plane strain assumption) was carried 

out to predict the bending curvature of SAG/PE bilayer when subject to thermal 

variations.  

 

Figure 6.1 Asymmetric mechanical properties of SAG layer under tension and 

compression. (Adapted from [181]) 

Consider an SAG/PE bilayer (see Figure 6.2(a)). The thermal expansion 

coefficient of graphene is almost negligible [182] in comparison to that of PE 

( C/104 -4  ) [183]. When temperature increases, the resulting shear stress on the 

SAG/PE interface produces bending moments, making the bilayer film to curl with the 

SAG layer being wrapped inside the PE layer. Under such condition, the stress along 
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lateral direction is tension dominant in SAG layer, while compression dominant in PE 

layer. We assume that the whole SAG layer is in tensile elastic deformation along the 

lateral direction. Consider a segment cut out from the strip by two cross-sections mn 

and m1n1. All the forces acting on the cross section of bilayer can be equivalently 

represented by axial forces F and a bending moment M (see Figure 6.2(b)). Perfect 

bonding along the interface implies that  

  
btE
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SAGPEPE
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in which  2
PEPEPE 1  EE ,  2

SAG
t
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t
SAG 1  EE , α and PEt  are the thermal 

expansion coefficient and thickness of PE layer respectively, and SAGt  denotes the 

thickness of the SAG layer, and b is the width of the bilayer strip. From Eq. (6.1), F 

can be solved as 

  
1

SAG
t

SAGPEPE

PE

11
1


















btEbtE
TF   (6.2) 

 

Figure 6.2 Bending of SAG/PE bilayer under uniform heating 
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Denote the radius of curvature of the neutral surface as ρ, as shown in Figure 6.2(b). 

Then the bending-induced strain is given by 

 



y

x bend  )( SAGPE thyth   (6.3) 

where h denotes the distance from the SAG/PE interface to the neutral surface. The 

stresses along lateral direction caused by axial force and bending moment in both 

SAG and PE layers are given by 

  
SAG

t
SAG

)SAG(
axial

)SAG(
bend

)SAG(

bt

Fy
Exxx  


 )( SAGthyh   (6.4a) 

  
PE

PE
)PE(

axial
)PE(

bend
)PE(

bt

Fy
Exxx  


  )( PE hyth   (6.4b) 

In Eq. (6.4a), the whole SAG layer is assumed under tensile elastic deformation along 

the lateral direction, which will be discussed later.   

The resultant force on the entire cross-section of the bilayer is zero, which implies 
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Substituting Eq. (6.4) into Eq. (6.5) determines h as 
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The resultant moment on the entire cross-section is also zero, giving rise to 
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Inserting Eq. (6.4) into Eq. (6.7) yields 
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Combining Eqs. (6.2) (6.6) and (6.8) gives the curvature of the bilayer strip, κ, as 
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which is consistent with the prediction by Timoshenko [108]. Here, it should be 

noted that the curvature of SAG/PE bilayer is predicted based on the assumption that 

the whole SAG layer is under tensile elastic deformation along lateral direction, which, 

according to Eq. (6.4a), requires tensile stress at  SAGthy  while not yielding at 

y=h. Firstly, the stress in SAG layer at SAGthy   should satisfy 
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By recalling Eqs. (6.2) and (6.9), Eq. (6.10) can be rewritten as 
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By taking GPa 20.7t
SAG E , 0.19SAG  ,  MPa300PE E , 0.46PE   and 

μm 10PE t , the satisfaction of above inequality requires μm 75.0SAG t . Secondly, 

the stress in SAG layer at y=h is 
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According to Hooke’s law and plane strain condition, it is readily to demonstrate that 

the stress along z direction is 
)SAG(
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xz   . The normal stress along y 

direction is neglected due to the thin thickness and free surface of SAG layer, i.e., 

0)SAG( y . Based on von Mises criterion, yielding will not happen in SAG layer 

until 
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in which 
t
SAGS  is the yield strength of SAG under tension. By combining Eqs. (6.2) 

(6.6) (6.9) (6.12) and (6.13), the maximum temperature increment ( eT ) without 

causing plastic deformation in SAG layer can be determined as 
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This result was then examined via finite element simulation. In our modelling, a 

two-dimensional (2D) plane strain model was employed. The PE layer was modeled 

as a purely elastic solid with Young’s modulus  MPa300PE E  [184], Poisson’s 

ratio 46.0PE   [185]. The SAG layer was assumed to be an isotropic continuum 
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material with asymmetric elastoplastic properties under tension and compression, 

which were adopted from the MD simulation results as displayed in Table 6.1. The 

thicknesses of PE and SAG were taken as μm 10PE t  and μm 6.01.0SAG t

(satisfying the requirement of Eq. (6.10)), respectively. The thermal expansion 

coefficients of PE and SAG were taken as C/104 -4   [183] and zero, 

respectively. The interface between them was assumed perfectly bonded. 4-node 

plane strain thermally coupled quadrilateral elements (CPE4RT) were employed for 

analysis. Self-contact of the bilayer was neglected to avoid over complicated 

calculation. Figure 6.3 shows both the simulation results and theoretical estimations 

(by Eq. (6.14)) on the maximum temperature increment ( eT ) without causing 

plastic deformation in SAG layer, and a good agreement can be found. Therefore, for 

SAG/PE bilayer with μm 75.0SAG t , its deformation can be predicted by Eq. (6.9) 

when the temperature increment eTT  . Under such condition, reversible 

curling-uncurling process can be realized in SAG/PE bilayer with the application of 

cyclic thermal loadings.  

Table 6.1 Mechanical properties of SAG layer obtained from MD simulation (Adapted 

from [181]) 

t
SAGE  

t
SAGS  

c
SAGE  SAG  

20.7 GPa 20.4 MPa 2.2 GPa 0.19 
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Figure 6.3 Maximum temperature increment (Te) for SAG/PE bilayer without 

triggering plastic deformation in SAG layer. Parameters adopted: EPE=300 MPa, 

PE=0.46, tPE=10 m, 4×10-4/℃, Et 
SAG=20.7 GPa, St 

SAG=20.4 MPa, Ec 
SAG=2.2 GPa, 

SAG=0.19.  

6.2 Deformation of SAG/PE bi-material driven by plastic strain 

With asymmetric elastoplastic properties in SAG layer, plastic deformation might 

be triggered in SAG through a tempering-like treatment and cause the SAG/PE bilayer 

to curl, as schematically shown in Figure 6.4. Firstly, the as-prepared SAG/PE bilayer 

is sandwiched by two rigid plates to constrain its possible out-of-plane deformation 

(Figure 6.4(a)). Then a tempering-like treatment, i.e., heating and subsequent cooling 

process (Figure 6.4(b, c)), is applied. During the heating stage, the PE layer expands 

laterally, resulting in tensile force in SAG layer and compressive force in PE layer. If 

the temperature increment (ΔT) is large enough, plastic deformation might occur in 

SAG. Then during the cooling stage, PE would return to its initial configuration, while 

the deformation in SAG layer cannot be fully recovered due to the presence of plastic 

deformation. This will result in residual compressive force in SAG layer and residual 
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tensile force in PE layer. Consequently, after releasing the constraint (Figure 6.4(d)), 

the SAG/PE bilayer will curl spontaneously with PE layer being wrapped inside the 

SAG due to the residual internal force. This process can be well reproduced via finite 

element simulation, as shown in Figure 6.5. Therefore, by considering the asymmetric 

elastoplasticity in SAG layer, the abnormal morphing behaviors of SAG/PE bilayer 

film observed in experiment can be well explained. In the following, theoretical 

analysis will be performed to predict the bending curvature of SAG/PE bilayer after 

constrained tempering.  

 

Figure 6.4 Schematic illustration showing the constrained tempering process of 

SAG/PE bilayer. (a) An SAG/PE bilayer is sandwiched by two rigid plates. (b) Upon 

heating by ΔT, the PE layer expands laterally, resulting in tensile force in SAG layer 

and compressive force in PE layer. (c) Upon cooling, the PE layer would return to its 

initial configuration while the deformation in SAG layer cannot be fully recovered due 

to the plastic deformation in step (b), resulting in the residual tensile force in PE layer 

and residual compressive force in SAG layer. (d) After releasing the constraint of the 

plates, the SAG/PE bilayer film coils due to the internal residual stress. 

 

Figure 6.5 Simulated deforming process of a tempered SAG/PE bilayer film after 

being released from external constraint. (a) Configuration of an SAG/PE bilayer film 
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after constrained tempering. (b-f) Snapshots of the deforming process of the 

tempered SAG/PE bilayer after removing the constraint. Parameters adopted in the 

simulation: EPE=300 MPa, PE=0.46, tPE=10 m, 4×10-4/℃, Et 
SAG=20.7 GPa, St 

SAG

=20.4 MPa, Ec 
SAG=2.2 GPa, SAG=0.19, tSAG=0.6 m, ∆T = 40 °C. 

Firstly, during heating stage (Figure 6.4(b)), given the negligible thermal 

expansion of the SAG layer, its deformation mainly results from the stretching by the 

attached PE layer. For the PE layer, on the other hand, the deformation includes two 

portions. One is the thermal expansion and the other is the strain caused by the 

reaction forces (compression) from the SAG layer. Consider a segment of a bilayer 

strip. The forces experienced are shown in Figure 6.6. The perfect bonding condition 

between the SAG and PE layers implies that 

  
SAG

t
SAGPEPE

PE1
btE

F

btE

F
T





   (6.15) 

where T  is the temperature increment during heating, F is the lateral interaction 

force between the SAG and PE layers,  2
PEPEPE 1  EE  and 

 2
SAG

t
SAG

t
SAG 1  EE   with PEE , PE  being the elastic modulus and Poisson’s 

ratio, α and PEt  are the thermal expansion coefficient and thickness of the PE layer 

respectively, and 
t
SAGE , SAG , SAGt  denote the tensile elastic modulus, Poisson’s 

ratio and thickness of the SAG layer respectively, and b is the width of the bilayer 

strip. The normal stress in the SAG layer along x direction, if assumed uniform on 

the cross-section, is given by 

 
   

PEPESAG
t

SAG
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SAG
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1

1

EttE

T

bt

F
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  (6.16) 
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Figure 6.6 Forces experienced by the SAG/PE bilayer under constrained heating 

Similarly, according to Hooke’s law and plane strain condition, we have 

)SAG(
SAG

)SAG(
xz   . The constraint applied along y direction mainly functions to 

restrain the bending deformation of bilayer strip, while the compressive stress 

exerted is negligible compared with the stresses along x and z directions. In our 

analysis, therefore, the stress along y direction is neglected, i.e., 0)SAG( y . Based 

on von Mises criterion, yielding will not happen until 
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 (6.17) 

in which 
t
SAGS  is the tensile yield strength of SAG layer. By inserting Eq. (6.16) 

into Eq. (6.17), the minimum temperature increment to cause plastic deformation in 

the SAG layer is determined as 
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 (6.18) 
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Taking GPa 20.7t
SAG E ,  MPa20.4t

SAG S , 0.19SAG  , μm 3.0SAG t , 

 MPa300PE E , 0.46PE  , C/104 -4   and μm 10PE t , estimation based on 

Eq. (6.18) indicates that C4.8t
p T . At the critical moment of yielding, F 

saturates at its maximum value, which can be determined by 

  
SAG

t
SAG

max

PEPE

max
PE

t
p 1

btE

F

btE

F
T





   (6.19) 

When 
t

pTT  , temperature increment will only cause plastic strain (
t
p ) in the 

SAG layer, while Fmax remains constant. Therefore, when 
t

pTT  , the perfect 

bonding condition implies  

   t
p

SAG
t

SAG

max

PEPE

max
PE1  







btE

F

btE

F
T  (for 

t
pTT  ) (6.20) 

Eqs. (6.19) and (6.20) imply that the plastic strain 
t
p  can be written as 

   t
pPE

t
p 1 TT    (6.21) 

After the heating stage, the temperature then is reduced to the initial value (Figure 

6.4(c)). The PE layer contracts, and the tensile load applied on the SAG layer gets 

released. This causes the recovery of the elastic tensile strain in the SAG layer. Since 

the SAG layer has experienced permanent elongation during the heating stage, 

contraction of the PE layer would lead to compressive stress in the SAG layer while 

tensile stress in the PE layer. After removing the external constraint, the strain misfit 

between the SAG and PE layers, which is equal to the plastic strain (
t
p ) of the SAG 
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in the heating stage, causes the bilayer to curl with the PE layer being wrapped inside 

(Figure 6.4(d)). Consider a segment of the bilayer strip (see Figure 6.7). All the 

forces acting on the cross-section of the bilayer can be equivalently simplified as 

axial forces F plus a bending moment M (Figure 6.7). Perfect bonding along the 

interface implies that 

 
PEPESAG

c
SAG

t
p

btE

F

btE

F





  (6.22) 

where  2
SAG

c
SAG

c
SAG 1  EE  with 

c
SAGE  being the compressive elastic modulus of 

the SAG layer. Here, compressive elastic modulus of SAG layer is used since the 

stress in the SAG layer is compression dominant, which will be discussed later. From 

Eq. (6.22), we can determine F as 

 

1

SAG
c

SAGPEPE

t
p

11

















btEbtE
F   (6.23) 

 

Figure 6.7 Curling of SAG/PE bilayer after constrained tempering and releasing 

Denote the radius of curvature of the neutral surface as �, as shown in Figure 6.7. 
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The bending-induced strain is given by 

 



y

x bend )( SAGPE thyth   (6.24) 

where h is the distance from the SAG/PE interface to the neutral surface. The stresses 

along lateral direction caused by axial force and bending moment in both SAG and 

PE layers are given by 

  
SAG

c
SAG

)SAG(
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)SAG(
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  )( SAGthyh   (6.25a) 
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   )( PE hyth   (6.25b) 

In Eq. (6.25a), the whole SAG layer is assumed under compression along the lateral 

direction. This point will be discussed later. 

The resultant force on the entire cross-section of the bilayer is zero, which implies 

  0
PE

SAG )PE()SAG(   

 h

th
x

th

h
x bdybdy   (6.26) 

Inserting Eq. (6.25) into Eq. (6.26) determines h as 
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  (6.27) 

The resultant moment on the entire cross-section is also zero, giving rise to 

  0
PE

SAG )PE()SAG(   

 h

th
x

th

h
x ydyydy   (6.28) 

Inserting Eq. (6.25) into Eq. (6.28) yields 
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Combining Eqs. (6.21) (6.23) (6.27) and (6.29) gives the curvature of the bilayer 

strip, κ, as 
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 (6.30) 

The prediction of the curvature of SAG/PE bilayer above is based on the assumption 

that the whole SAG layer is under compression along lateral direction. This, according 

to Eq. (6.25a), requires that 

 0 
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SAGc
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Recalling Eqs. (6.23) and (6.30), Eq. (6.31) can be rewritten as 
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  (6.32) 

Taking GPa 2.2c
SAG E , 0.19SAG  ,  MPa300PE E , 0.46PE   and 

μm 10PE t , the satisfaction of above inequality requires μm 2.2SAG t . Thus the 

assumption of compressive stress in SAG layer is ensured.  

By substituting related parameters into Eq. (6.30), the bending curvature of the 

SAG/PE bi-material after constrained tempering can be calculated. Figure 6.8 shows 
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the dependence of bending curvature on the thickness of SAG, which is well verified 

via finite element simulation. Therefore, the deformation of SAG/PE bilayer after 

constrained tempering can be well predicted and controlled. Based on these results, 

the configuration of SAG/PE bilayer can be programmed and customized.  

 

Figure 6.8 Bending curvature of the SAG/PE bi-material after constrained tempering 

predicted by theory and simulation. Parameters adopted: EPE=300 MPa, PE=0.46, 

tPE=10 m, 4×10-4/℃, Et 
SAG=20.7 GPa, St 

SAG=20.4 MPa, Ec 
SAG=2.2 GPa, SAG=0.19, 

tSAG=0.1-0.6 m. 

The curling of the SAG/PE bi-material after constrained tempering is owing to 

the residual plastic strain ( t
p ) in SAG layer serving as misfit strain between them. 

When the bi-material is reheated to such an extent that the thermal expansion in PE 

layer can exactly counterbalance the residual plastic strain ( t
p ) in SAG, the 

bi-material can be re-flattened. At this critical moment, the strains in SAG and PE 

layers should be equal without interaction forces between them, that is, 
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   t
pPEf 1  T

                        (6.33) 

in which Tf is the temperature increment to re-flatten the SAG/PE bilayer. By 

recalling Eqs. (6.18) and (6.21), we have  

 
  2

SAGSAGPE

PEPESAG
t
SAG

t
SAG

t
SAG

f

11  




tEtSES
TT               (6.34) 

Clearly, the discrepancy between temperatures fTT   is only dependent on the 

properties and dimensions of the bilayer. By substituting associated parameters into 

Eq. (6.34), the temperature difference fTT   can be calculated as shown in 

Figure 6.9, which is well validated by finite element simulation. The re-flattening of 

SAG/PE is a reversible process and the bilayer will coil again upon temperature 

decrement. That is, the curled SAG/PE bi-material after constrained tempering can 

achieve a reversible uncurling-curling deformation under thermal cycles.  

 

Figure 6.9 The dependence of (T-Tf) on the thickness of SAG layer. Here, T and 

Tf represent the tempering temperature and the critical temperature increment to 
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re-flatten the tempered SAG/PE bilayer, respectively. Parameters adopted in 

simulation: EPE=300 MPa, PE=0.46, tPE=10 m, 4×10-4/℃, Et 
SAG=20.7 GPa, St 

SAG

=20.4 MPa, Ec 
SAG=2.2 GPa, SAG=0.19, tSAG=0.1-0.6 m. 

6.3 Summary 

In this chapter, the morphing behaviors of SAG/PE bilayer under thermal 

variations were systematically studied via a combination of theoretical modeling and 

finite element simulation. As SAG layer exhibits asymmetric elastoplastic properties, 

i.e., high plasticity under tension and high elasticity under compression, the strain 

misfit between the two distinct materials can be from either thermal mismatch or 

plastic strain. Through theoretical analysis, the morphing behaviors of SAG/PE 

bilayer under different thermal loadings were well predicted. These theoretical 

results can not only explain the abnormal morphing behaviors of SAG/PE bilayer 

observed in experiment, but also provide guidelines for controllable morphing 

behaviors in SAG/PE bilayer, which is of great importance for its application in the 

field of sensors, actuators and soft robotics, etc. 
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Chapter 7. Conclusions and future work 

In this thesis, interfacial mechanics were systematically studied to solve the 

interface-related problems in bi-materials and structures. Some strategies and 

guidelines were proposed for the design of bi-materials and structures with enhanced 

or controllable mechanical behaviors. In this chapter, we will summarize and discuss 

these strategies and guidelines, and an outlook to the future work will be presented.  

7.1 Conclusions 

By taking advantage of the merits of the individual constituents and minimizing 

their weaknesses, bi-materials and structures always exhibit exceptional mechanical 

performance over monolithic counterpart. Nevertheless, they still suffer 

interface-related problems. One is the weak interface between the two bulk 

constituents, which makes interfacial crack and subsequent interfacial delamination 

easy to happen, and finally leads to reduced mechanical properties of the materials. 

The other is strain misfit-induced stress concentration on the interface between the two 

monolithic materials, which tends to evoke crack initiation and propagation. Here, 

several design strategies were proposed to solve these interface-related problems for 

enhanced mechanical performance in bi-materials and structures. On the other hand, 

the controllable morphing behaviors of bi-materials by taking advantage of the strain 

misfit were systematically studied. The typical conclusions are summarized as 

follows. 
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 We systematically studied the mechanical behavior of microscopic screw 

dislocation (μ-SD), a type of helical structure in biological laminated 

composites. Analysis on an individual μ-SD showed that the failure of the 

μ-SD under tension involves the delamination of the prolonged spiral 

interface, giving rise to much higher toughness compared to those of the 

planar counterpart. Moreover, the corporation of multiple μ-SDs was 

investigated by studying the effect of μ-SD density on the mechanical 

reinforcement. It was found that the reinforcing effect was highly dependent 

on the density of μ-SDs. The higher the density, the higher the reinforcement. 

The operation of such reinforcing mechanism of μ-SD requires the 

delamination of spiral interface, which is not spontaneous but conditional. 

Theoretical modeling revealed that the proclivity of crack propagation along 

the spiral interface can be ensured if the fracture toughness of the interface is 

less than 60% of that of the matrix material. These findings not only uncover 

the reinforcing mechanisms of the μ-SDs in biological materials but also 

imply promising application of μ-SDs in reinforcing the synthetic laminated 

composites in engineering. 

 We proposed to homogenize the interfacial shear stress distribution in 

film-substrate bi-material systems caused by strain misfit via thickness 

gradient. The solutions to the gradient thickness in the films were obtained 

based on two typical bi-material systems: continuous film on disk-like 
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substrate and island film on half-space substrate. The effectiveness of these 

theoretical solutions were well demonstrated via finite element simulation 

and experimental test. This strategy is believed to be of great value to the 

enhancement of resistance to interface delamination in a variety of 

film-substrate bi-material systems.  

 We systematically studied the morphing behaviors of stacked assembly of 

graphene (SAG)/polyethylene (PE) bi-material under thermal variations via 

a combination of theoretical modeling and finite element simulation. As 

SAG layer exhibits asymmetric elastoplastic properties, i.e., high plasticity 

under tension and high elasticity under compression, the strain misfit 

between the two distinct materials can originate from either thermal 

mismatch or plastic strain. Through theoretical analysis, the deformation of 

SAG/PE bilayer under different thermal loadings was well predicted. These 

theoretical predictions apply to not only SAG/PE bi-material, but also other 

alike bi-material systems with asymmetric elastoplastic properties. These 

results are expected to provide guidelines for the application of such 

bi-material systems in the field of sensors, actuators and soft robotics, etc. 

Therefore, in our investigation, some strategies and guidelines were proposed to 

tackle the interface-related problems in bi-materials and structures. These results 

would be of significant value for the design of bi-materials and structures with 
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enhanced or controllable mechanical behaviors. 

7.2 Outlook to the future work 

7.2.1 Application of gradient strategy in bi-material systems  

In Chapter 5, theoretical solutions to the film thickness for a uniformly distributed 

shear stress on the interface of bi-material systems were demonstrated. Further studies 

on practical applications will be carried out. In lithium-ion batteries, the electrode film 

often suffers huge volume change (up to 300%-400% for Si) during charging and 

discharging cycles, leading to strain mismatch between the electrode film and current 

collector. As a result, shear stress concentration would be developed on the interface 

and interfacial delamination follows. If either the electrode film or the current 

collector is fabricated with well-designed gradient thickness, the shear stress on the 

interface would be homogenized during charging-discharging cycling. Such 

lithium-ion batteries are expected to have better electrochemical performance as well 

as longer cycle life.  

Another potential application of our results may lie in the measurement of shear 

strength of interfaces between coating and substrate or fiber and matrix in 

composites. Traditionally, shear test [186] or pull-out test [187] is adopted to 

characterize the shear strength which is often taken as the pull-off force divided by 

the contact area. Such method tends to underestimate the shear strength because of 

the presence of stress concentration on the interface [188, 189]. If a uniform shear 
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stress distribution is achieved with the application of the proposed strategy of 

gradient thickness, more accurate measurement of shear strength is expected. 

7.2.2 Determination of the stress-strain curve of SAG 

In Chapter 6, the distinct morphing behaviors of stacked assembly of graphene 

(SAG)/polyethylene (PE) bilayer under thermal variations are mainly attributed to the 

unique asymmetric elastoplastic properties in SAG. At present, such distinct 

mechanical properties of SAG are mainly demonstrated via molecular dynamics (MD) 

simulation. In the following, the stress-strain curve of SAG layer under tension and 

compression will be determined via experiment, following a similar method adopted 

in the study [190], in which the residual stress/strain in the coatings is determined via 

curvature measurement on bi-materials. On the other hand, the mechanical properties 

of SAG might be dependent on many factors, such as the average size of graphene 

flakes, and overlapping length between the graphene flakes. Theoretical modelling 

will be carried out to predict the mechanical behaviors of SAG under tension and 

compression.  
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