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Abstract

Computational modelling of interfacial failure behaviours in
polymer–metal joints

Yoshitake Suganuma

This thesis is broadly aimed at developing a better strategy to achieve enhanced interfa-

cial properties in polymer–metal/metal oxide joints using computational techniques such

as density functional theory (DFT), molecular dynamics (MD), and dissipative particle dy-

namics (DPD) methods. Our calculations provide support to a valuable design principle that

increasing polymer stiffness can improve the strength of polymer–metal/metal oxide joints

even when interfacial failures are observed. Additionally, we reveal that, as the polymer

stiffness increases, the chemical functionality within polymers can work more signi�cantly

to improve the interfacial strength of polymer–metal/metal oxide joints.

Bonding technologies between polymers and metals/metal oxides are required in many

industries such as the transportation sector, including automotive, aviation, and maritime

industries, where multi-material architectures should be achieved with the aim of weight

reductions to decrease global greenhouse gas emissions. However, there is not yet a full

understanding of the contributions of in�uential parameters such as stiffness and chemi-

cal functionality of polymers to the interfacial properties, which makes designing joining

processes dif�cult. This thesis focuses on polymer–metal joints consisting of isotactic

polypropylene (iPP), iPP grafted with maleic anhydride (iPPgMA), or iPP grafted with

amine groups (iPPgNH2) and hydroxylatedg-Al2O3, which is a model for an oxidised alu-

minium surface, and investigates the contributions of the stiffnesses of iPP, iPPgMA, and

iPPgNH2, and chemical functionalities (MA andNH2 groups) in iPPgMA and iPPgNH2 to

the interfacial failure behaviours.

In Part I containing between Chapters 2 and 4, using joints models between iPP, iPPgMA,

or iPPgNH2 and a �at surface of hydroxylatedg-Al2O3, we investigate the in�uences of

the stiffness of a polymer component and the chemical functionalities within two grafted
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polymers, iPPgMA and iPPgNH2, on the interfacial failure behaviours on a �at surface.

Our calculations reveal that higher Young's moduli of iPP, iPPgMA, and iPPgNH2 lead to

a higher tensile strength of the joint models even in interfacial failures. Moreover, as the

Young's moduli of iPPgMA and iPPgNH2 increase, their functional groups of MA andNH2

groups improve their interfacial strengths more signi�cantly.

Additionally, based on these �ndings, we suggest a protocol that requires much reduced

computational resources to compare different functional groups within polymers with regard

to their bonding abilities to metal/metal oxide substrates. This proposed procedure success-

fully provides consistent results that iPPgNH2 shows the highest interfacial strength with an

alumina surface, followed by iPPgMA, and then non-grafted iPP, relative to experimental

observations.

In Part II consisting of between Chapters 5 and 7, a coarse-grained joint model between

iPP and an alumina surface is developed as a preparation for investigating the effect of the

stiffness of iPP on the interfacial failure behaviours on a porous surface in the DPD method.

DPD parameters between iPP beads and those between iPP and surface beads are derived by

Bayesian optimisation and validated from the comparison between MD and DPD methods.

Finally, in Chapter 8 in Part III, using a coarse-grained joint model between iPP and a

porous alumina surface, the effect of the stiffness of iPP on the interfacial failure behaviours

on a porous surface is examined. The results from DPD simulations demonstrate that a higher

Young's modulus of iPP results in an increased interfacial strength on a porous surface even

in interfacial failures.

Generally, when interfacial failures are observed in mechanical tests on polymer–metal/metal

oxide joints, improving the interfacial interactions may seem to be the most effective way to

enhance the strengths. Nevertheless, our �ndings offer another useful strategy of increasing

the polymer stiffness.
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Abbreviations

DFT density functional theory

MD molecular dynamics

DPD dissipative particle dynamics

iPP isotactic polypropylene

iPPgMA iPP grafted with maleic anhydride
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CFRP carbon-�bre-reinforced polymers

PP polypropylene
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Chapter 1

Introduction

1.1 Motivation

The transportation sector, such as the automotive, aviation, and maritime industries, represents

a major source of greenhouse gas emissions worldwide. In 2018, this sector accounted for

14% of the global emissions of greenhouse gases, and this share continues to rise annually.

[1] To address this issue and also meet consumers' demands for more environmentally

sustainable and economically viable products or services, these industries have been making

strenuous efforts to enhance their fuel ef�ciency. Among various strategies to achieve higher

fuel ef�ciency, such as improving the aerodynamics performance of a vehicle, decreasing

friction losses in an engine and a transmission, and minimising rolling resistance, reducing

the weight of vehicle architectures also plays a signi�cant role. A recent study showed that,

in on-highway passenger vehicles, an improvement in fuel ef�ciency of between 6% and

8% is realised by a 10% weight reduction. [2] Moreover, this study also reported that a 20%

weight reduction in the Boeing 787 aircraft lead to a 10–12% improvement in fuel ef�ciency.

These weight reductions often rely on the substitutions of heavier materials such as steel

with lightweight alternatives including plastics. The 20% weight reduction in the Boeing 787

aircraft, mentioned above, was achieved by replacing aluminium alloys with carbon-�bre-

reinforced polymers (CFRP), which accounted for 50% of its total weight. [2] Additionally,

Audi also realised a7:5 kg weight reduction in a body in white1 compared to the previous

model by replacing mild steel with aluminium.[3] These examples highlight the need for

multimaterial vehicle architectures comprising different polymers and metals to achieve

weight reduction and high fuel ef�ciency.

1A car body wherein car body's frame components have been assembled together but before any paint or
trim (glass, door, handles, seats, electronics, etc.) has been applied.
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Chapter 1. Introduction

In order to construct multimaterial vehicle architectures, joining dissimilar materials

is necessary. Although there are many possible combinations of different materials, bond-

ing polymers and metals together is particularly challenging due to their vastly different

properties and poor interactions between them in many cases. Conventional welding pro-

cesses, which are commonly employed to bond similar materials such as metal–metal and

polymer–polymer, often cannot be applied for polymer–metal joints because of their different

melting temperatures. Therefore, alternative bonding methods such as adhesive bonding and

mechanical fastening are primarily relied upon for polymer–metal joints. [4] In addition to

these technologies, new techniques are being developed, such as laser welding, [5] ultrasonic

welding, [6] and direct joining via injection moulding. [7]

However, even when employing these joining methods, designing joining processes for

polymer–metal joints is usually a time and money-consuming task. This is due to many

parameters involved in the processes that must be optimised to achieve desired interfacial

properties. For example, let us consider the bonding process of a direct joining method via

injection moulding, which is one of the most promising technologies in industry because

of its high productivity and ability to create various shapes of polymer–metal joints. First,

prior to joining with a polymer, a metal component is usually subjected to surface treatments,

which include degreasing to remove surface contaminants, chemical etching and anodising to

build micro and nanostructures, and surface grafting to introduce functional groups. [8] From

these diverse surface treatments, suitable methods must be selected for desired interfacial

properties. Furthermore, these methods themselves also have several parameters to be

optimised, such as treatment time and temperature, and solvents, which result in varying

surface topography and chemical functionality.

Following these surface treatments, a polymer is applied to the metal surface via injection

moulding. This step involves parameters such as polymer and mould temperatures, injection

speed, holding pressure, and cooling rate that can in�uence on the polymer's crystallinity and

�lling behaviours on the metal substrate. [9–11] In addition to these parameters in bonding

processes, selecting suitable materials from a wide range of commercially available poly-

mers and metals with diverse chemical functionalities and mechanical properties, including

Young's modulus and tensile strength, is crucial for achieving desired interfacial properties.

To obtain optimal parameters in bonding processes and make informed material selections,

the properties of polymers and metals resulting from these factors, such as their chemical

functionalities and mechanical properties, must be correlated with the interfacial properties of

their joints. Nevertheless, the effects of these properties have been insuf�ciently understood.

2



1.1 Motivation

Thus, many studies have addressed this issue, for instance, Abrahamiet al. prepared

aluminium substrates with a range of pore sizes by anodising treatment for bonding with an

epoxy resin and revealed that these topographical differences on the surface lead to changes in

the polymer penetration into the pores, thus resulting in different peel strengths. [12] Others

reported the effect of the chemical functionalities of metal/metal oxide surfaces, suggesting

functional groups that can enhance bonding abilities with polymers, such as amine (NH2) and

carbonyl (C––O) groups. [13, 14] Meanwhile, there are several research works addressing the

in�uence of functional groups within polymers on interfacial strengths with other materials

including metals/metal oxides. The introduction of polar molecules such as acrylic acid,

[15] itaconic acid, [16] and maleic anhydride [17] into polymers were found to signi�cantly

improve the interfacial interactions.

In addition to these experimental approaches, computational methods, such as the DFT

and MD methods, are also employed to relate the properties of polymers and metals to the

interfacial phenomena. For example, Iwamoto employed coarse-grained MD simulations to

explain the effect of different shapes of surface roughness on the interfacial properties in an

epoxy–copper oxide joint model, revealing a higher contribution of the surface roughness

in a shear mode relative to a tensile mode. [18] Meanwhile, Duguetet al. investigated the

in�uence of chemical functionalities of an epoxy resin on the interfacial phenomena with a

copper surface using DFT calculations as well as analytical methods. They demonstrated the

formation of chemical bonds between epoxide rings in an epoxy resin and hydroxy groups

on a copper surface, which can signi�cantly affect the interfacial properties. [19] Another

research work using the MD method showed that poly(methyl methacrylate) can provide

better interfacial interactions with iron oxide than with aluminium, titanium, and silicon

oxides. Nevertheless, despite these previous studies, some properties of polymers and metals,

such as the stiffness and ductility of polymers, have not been fully investigated.

Therefore, in this thesis, we aim at obtaining an improved understanding of the contribu-

tion of polymer stiffness to the interfacial failure behaviours in polymer–metal joints using

computational techniques such as the DFT, MD, and DPD methods. For this purpose, we

selected iPP, which is the most commonly used polypropylene (PP) among the three PP

structures with different types of tacticity (isotactic, atactic, and syndiotactic PPs), as the

polymer and aluminium as the metal because they are both widely used lightweight materials

in vehicle architectures in industry including the transport sector. Since the aluminium oxide

always forms on the surface of aluminium under normal operating conditions, the surface of

hydroxylatedg-Al2O3 (the most commonly observed oxide surface) was built as a substrate

for joining with iPP.

3



Chapter 1. Introduction

Figure 1.1: Schematic of a ceramic coating
on a metal substrate used in a mechanical
test in which the metal substrate is plastically
stretched and cracks forming on the ceramic
coating are observed. Source: [23]

1.2 Bonding strategies for iPP and aluminium

Similar to other polymers and metals, several methods have been proposed to enhance the

bonding abilities of iPP and aluminium with other materials. For iPP, iPPgMA is com-

mercially available and often employed for better interfacial interactions with metals/metal

oxides. [17] Additionally, another study suggested that the interfacial strength between

iPPgMA and metal/metal oxide substrates is further improved by incorporating amine groups

at the interfaces. [20] These introduced polar molecules interact with functional groups on

metal/metal oxide surfaces, such as hydroxy groups.

Meanwhile, for aluminium surfaces, anodising treatment is commonly utilised to enhance

interfacial strength with polymers. [12, 21, 22] This treatment generates an aluminium oxide

layer with pores on the surface of aluminium. These pores increase mechanical interlocking

with polymers, resulting in an increased interfacial strength. Thus, in addition to the interface

between non-grafter iPP and a �at alumina surface, we also study the interfaces containing

these modi�ed iPP structures and a porous alumina surface.

1.3 Key research works

There are several studies that are pertinent to the effect of polymer stiffness on interfacial

failure behaviours in polymer–metal/metal oxide joints. At the interfaces between brittle

coatings and ductile substrates, such as ceramic coatings on metal substrates, Agrawalet al.

established a theoretical relationship between the Young's modulus of brittle coatings and the

interfacial shear strength that is observed in specially designed samples and mechanical tests.

[23, 24] They prepared a sample in which silica was coated on a copper substrate (Figure

1.1). Then, they elastically stretched the copper substrate and observed the distances between

cracks appearing on the coating during the mechanical test. Figure 1.2(i) shows two cracks

4



1.3 Key research works

Figure 1.2: (i) Two cracks on the ceramic coat-
ing with a distance ofL, (ii) the distribution
of the interfacial shear stress, (iii) diagram
of the in-plane stress within the coating and
interfacial shear stress, (iv) in-plane stress dis-
tribution within the coating, and the distribu-
tions of the interfacial shear stress with (v) a
minimum and (vi) maximum crack distances.
Adapted from [23]

of A and B with a distance ofL during the mechanical test when a new crack occurs between

these two cracks, which means that the maximum of the in-plane stress within the coating

reaches its tensile strength ofŝ . In this situation, the distribution of the interfacial shear

stress between cracks is illustrated as Figure 1.2(ii). Thus, the interfacial shear stress,t , is

approximated by

t =

8
>>>>>>><

>>>>>>>:

t̂ sin
2px

l̂
0 � x � l̂

2 (1.1a)

0 l̂
2 < x < L �

�
l̂
2

�
(1.1b)

� t̂ sin
2p

l̂

"

x�

 

L �
l̂
2

!#
�

L � l̂
2

�
� x � L, (1.1c)

wheret̂ is the maximum interfacial shear stress, andl̂ is the maximum distance between

adjacent cracks in an equilibrium state when the number of cracks reaches constant. Assuming

that the in-plane stress within the coating,s , has a uniform distribution along the thickness
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Chapter 1. Introduction

direction [Figures 1.2(iii)],s is provided as

s =
1
d

Z x

0
t dx; (1.2)

whered is the thickness of the coating [Figure 1.2(iv)]. From these equations,s can be

rewritten as

s =

8
>>>>>>><

>>>>>>>:

l̂ t̂
pd

sin2 px

l̂
0 � x � l̂

2 (1.3a)

l̂ t̂
pd

(= ŝ ) l̂
2 < x < L �

�
l̂
2

�
(1.3b)

�
l̂ t̂
pd

sin2 p

l̂
(L � x)

�
L � l̂

2

�
� x � L. (1.3c)

In this situation when the maximum in-plane stress reaches the tensile strength of the

coating,ŝ , a new crack can form in the region between C and C' in Figure 1.2(iv). When a

crack occurs at the position of C, the distance between the new crack and crack A takes its

minimum value,l 0, and the distribution of the interfacial shear stress is described as shown

in Figure 1.2(v). Meanwhile, when the points of C and C' in Figure 1.2(iv) become identical

due to the generation of a new crack, the maximum spacing ofl̂ is observed, which provides

the distribution of the interfacial shear stress illustrated in Figure 1.2(vi). In this case, the

in-plane stress distribution is obtained by

s = ŝ sin2 px

l̂
; (1.4)

and, from Equation 1.3c, the maximum in-plane shear stress is expressed as

ŝ =
l̂ t̂
pd

(1.5)

This maximum of the in-plane stress within the coating corresponds to its tensile strength

given by

ŝ = efE; (1.6)

whereef is the fracture strain andE is the Young's modulus of the coating. Thus, from

Equations 1.5 and 1.6, the interfacial shear stress is correlated with the Young's modulus by

t̂ =
pdEef

l̂
: (1.7)
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1.3 Key research works

Figure 1.3: Pull-out force observed in CFRP–
concrete joints bonded by epoxy adhesive as
a function of the Young's modulus of the ad-
hesive. Source: [26]

Using this equation, Agrawalet al. investigated the interfacial shear strengths of silica–

copper and silica–nickel interfaces.[23, 24] Additionally, comparing different thicknesses of

the silica coating, they experimentally proved the linear relationship between the thickness

(d) and the maximum distance between cracks (l̂ ) in an equilibrium state as Equation 1.7

suggests.

For polymers, Quet al. applied this relationship to the interface between a �lm of

brittle polymers such as poly(3,4-ethylenedioxythiphene) (PEDOT) and a soft hydrocarbon

substrate. [25] They also correlated the thickness of the coating to the maximum space

between cracks in an equilibrium state to validate Equation 1.7 for their interfaces, estimating

the interfacial shear strengths of the brittle polymers with varying crosslink densities on the

substrate.

On the other hand, Benedettiet al. examined the in�uence of the Young's modulus

of an epoxy adhesive on the failure behaviours of a CFRP–concrete joint bonded by the

adhesive by conducting pull-out tests of the joint, which exert shear stress on the CFRP– and

concrete–epoxy adhesive interfaces. Their experiments demonstrated that the pull-out force

increases almost linearly with the Young's modulus of the epoxy adhesive (Figure 1.3) even

though most of the data points showing the linear relationship are observed in the cohesive

failures of the adhesive.

In summary, some research works examined the in�uence of the Young's modulus of

brittle materials on the interfacial shear strength on ductile substrates such as metals using a

specially designed sample and mechanical test whereas others investigated the effect of the

Young's modulus of polymers on cohesive failure behaviours under shear stress. Nevertheless,

there is still a poor understanding of the contribution of polymer stiffness to the interfacial

failure behaviours in conventional tensile tests on polymer–metal/metal oxide joints. The
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Chapter 1. Introduction

effect of polymer stiffness on the interfacial strength observed in conventional tensile tests

and its underlying mechanism should be further examined.

1.4 Scope of this thesis

This thesis attempts to obtain useful strategies to achieve desired interfacial properties in

polymer–metal/metal oxide joints. We examine how the stiffnesses of iPP, iPPgMA, and

iPPgNH2 affect the interfacial failure behaviours on �at and porous alumina substrates using

computational techniques such as the DFT, MD, and DPD methods.

This thesis consists of three parts. Part I, containing between Chapters 2 and 4, investi-

gates the interfacial failure behaviours of iPP materials on a �at alumina surface. In Chapter 2,

we begin by constructing the hydroxylatedg-Al2O3 (001) surface as a representative model

for an aluminium surface using DFT calculations. In Chapter 3, we then build joint models

comprising an iPP component with varying stiffness and the hydroxylatedg-Al2O3 (001)

surface to conduct tensile tests on these models, relating the Young's modulus of the iPP

component to the tensile strength resulting from the interfacial failures of the joint models.

We also compare three different iPP structures of non-grafted iPP, iPPgMA, and iPPgNH2

and discuss how the Young's moduli of these materials contribute to their different interfacial

interactions with the surface and their interfacial failure behaviours. In Chapter 4, based

on the �ndings in Chapter 3, we propose a procedure to compare the bonding abilities of

varying polymer functionalities with metals/metal oxides using a small interfacial model that

requires much less computational resources than the models built in Chapter 3.

Subsequently, Part II, consisting of Chapters 5 and 7, describes a procedure to develop

the coarse-grained models of a bulk iPP structure and its interfacial model with an alumina

surface to prepare for investigating the impact of polymer stiffness on the interfacial failure

behaviours on a porous alumina surface. Chapter 5 provides a brief introduction to the

theoretical framework of the DPD method, which enables the modelling of joint models

containing a porous surface, and introduces Bayesian optimisation to obtain DPD parameters

for the joint models. In Chapter 6, we convert an all-atom model of the bulk structure of

iPP to a coarse-grained model and optimised DPD parameters between iPP beads using

Bayesian optimisation. We validated the parameters by comparing the MD and DPD systems.

Likewise, in Chapter 7, we convert an all-atom joint model between iPP and an alumina

surface to a coarse-grained one and generate DPD parameters between iPP and surface beads

using Bayesian optimisation.

8
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Next, in Chapter 8 in Part III, using these coarse-graining procedures and optimised DPD

parameters, we construct coarse-grained interfacial models between an iPP component with

different Young's modulus and a porous aluminium oxide surface. We then investigate the

contribution of the stiffness of the iPP component to the interfacial failure behaviours on a

porous surface by conducting tensile tests on these joint models. Finally, Chapter 9 concludes

this thesis and outlines possible avenues in future research according to the results presented.
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Part I

Investigations of interfacial failure

behaviours on a �at surface
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Chapter 2

Modelling aluminium surface

Our project begins with modelling a representative aluminium surface under

standard atmospheric conditions. We build the hydroxylatedg-Al2O3 (001)

surface as a model of the surface using DFT calculations. We then place wa-

ter molecules on the surface to evaluate their interfacial structures, comparing

them with those reported in other theoretical works to validate the surface.

We con�rm that the distribution of water molecules on the surface and the ra-

dial distribution functions (RDFs) between atoms constituting water molecules

and those constituting the surface are consistent with the RDFs evaluated in

previous studies.

Building a representative model for a surface is important for evaluating interfacial

phenomena occurring on that surface. We need an appropriate model of aluminium surface

to examine the meaningful interfacial structures and properties of iPP on the surface.

In this chapter, we �rst brie�y review the structure of aluminium surface, selecting the

hydroxylatedg-Al2O3 (001) surface as a representative model of the surface. We then build

the hydroxylatedg-Al2O3 (001) surface by following computational methods to determine

its structure using DFT calculations. First, we construct initial structures of the hydroxylated

surfaces that have different sites for hydroxylation. Next, these initial structures are relaxed

by DFT calculations to select the most plausible model.

Using this structure, we then build an interfacial model between water and the surface.

Subsequently, by conducting MD simulations to evaluate the interfacial structures of water

on the surface, we con�rm that the obtained hydroxylatedg-Al2O3 (001) surface provides

similar interfacial characteristics to those evaluated in previous theoretical works.

13



Chapter 2. Modelling aluminium surface

2.1 Overview of aluminium surface

2.1.1 Overview of crystalline phases of aluminium surface

On an aluminium surface, pure aluminium is easily oxidised in the presence of oxygen at

room temperature to form an amorphous aluminium oxide, alumina. [27] Alumina has a

complex range of polymorphic crystalline phases such asa -alumina (a -Al2O3), b -Al2O3,

g-Al2O3, d-Al2O3, q-Al2O3, h -Al2O3, k -Al2O3, c -Al2O3, andr -Al2O3. [28] Among these

different phases,g-Al2O3 is the �rst transition alumina to form from an amorphous alumina,

followed byd-, q-, anda -Al2O3 at higher temperatures. [29] Additionally, it has a lower

surface energy thana -Al2O3 althougha -Al2O3 is the most thermodynamically stable phase.

[30, 31] Thereby,g-Al2O3 appears to be the most suitable choice for a model of aluminium

surface.

2.1.2 Overview ofg-Al2O3

Althoughg-Al2O3 plays an important role in many industries such as composites for aircraft

and catalyst, the crystalline structure ofg-Al2O3 remains controversial due to the random

distribution ofAl3+ . [32] Traditionally, the structure ofg-Al2O3 is described as a defective

cubic spinel structure with a formulaAB2O4, whereA = B = Al . [33] A typical spinel

structure ofMgAl2O4 is shown in Figure 2.1 as an example. This �gure shows that the

magnesium and aluminium atoms occupy the tetrahedral and octahedral sites. In the crys-

talline structure ofg-Al2O3, oxygen atoms have the same fcc lattice as those in Figure 2.1,

and the magnesium sites are replaced with aluminium atoms or vacancies. If all of the

magnesium sites are substituted by aluminium atoms, the resulting crystalline structure has

the stoichiometryAl3O4. The introduction of vacancies on the cation sites in the spinel

structure provides the correct structure ofg-Al2O3. In order to generate the correct structure,

22
3 Al atoms have to be removed from the 24 available sites in the spinel unit cell. This

results in the random distributions ofAl3+ and vacancies over the tetrahedral and octahedral

sites, leading to the uncertainty in the crystalline structure.

Regarding the surface ofg-Al2O3 in air with the presence of water, water molecules

are readily absorbed and dissociated to a hydroxy group (OH–) and a proton (H+) on

the surface, making it hydroxylated. Therefore, the hydroxylatedg-Al2O3 surface was

prepared to investigate the interfacial phenomena with iPP in this thesis. The structure of

the hydroxylatedg-Al2O3 surface has been of considerable interest due to its signi�cant

contribution to the reactivity of alumina as a catalyst [34, 35] and, therefore, examined
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2.2 Simulation method

Figure 2.1: The spinel structure ofMgAl2O4.

Figure 2.2: (a) The bulk structure ofg-Al2O3
obtained from theoretical works, [38–40] and
(b) g-Al2O3 surface cleaved along the (001)
surface.

using theoretical and experimental methods. [36–40] We built a model of the hydroxylated

g-Al2O3 based on a recently well-de�ned model by DFT calculations in work by Toulhoat

et al. [38–40]

2.2 Simulation method

2.2.1 Hydroxylatedg-Al2O3 (001) surface

First, the bulk structure ofg-Al2O3 was obtained from the results of DFT calculations by

Toulhoatet al: [38–40] as shown in Figure 2.2(a). Then, it was cleaved along the (001)

crystallographic plane as shown in Figure 2.2(b). This surface was chosen because it is well

known as a cleavedg-Al2O3 surface, and many studies have been conducted on the surface.

[41, 42] After that, a15 Å vacuum slab was added over the surface. For the avoidance of

doubt, although this surface was built by cutting the crystal structure ofg-Al2O3 parallel to

the (001) planes, it is often named as theg-Al2O3 “(100)” surface based on a spinel-type

indexation in other works. As mentioned above, the structure ofg-Al2O3 is described as

a defective spinel, and, therefore, the crystallographic orientations ofg-Al2O3 are often

indexed using the spinel orientation. The (001) surface in the defective spinel structure of
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Chapter 2. Modelling aluminium surface

g-Al2O3 shown in Figure 2.2(b) corresponds to the (100), (010), and (001) surfaces in the

spinel structure. Thus, several studies name it as the “(100)” surface while others give the

surface the name of (001) surface. In this work, we will refer the surface to as theg-Al2O3

(001) surface within the orientation of the defective spinel structure in Figure 2.2.

Digne's work suggested that, in the �rst step in the process of hydroxylation of the

g-Al2O3 (001) surface, water molecules are absorbed on aluminium atoms exposed on

the surface. [40] As for the coverage rate of water molecules, DFT calculations in their

work revealed that water absorption on all of the aluminium atoms exposed on the surface

results in the lowest surface energy at room temperature, which is in a good agreement with

experimental data. In Figure 2.2(b), four aluminium atoms are exposed on the surface in the

(001) surface unit cell. Therefore, four water molecules should be absorbed on these four

aluminium atoms. Then, according to the reference study, some of the water molecules are

dissociated to a hydroxy group and a proton, and the nearest oxygen atom is protonated.

To follow the structure of the hydroxylatedg-Al2O3 (001) surface suggested in this work,

we �rst built initial structures where all the four water molecules were absorbed on the four

aluminium atoms and dissociated. In other words, all of the four aluminium atoms were

hydroxylated, and four of the oxygen atoms exposed on the surface were manually protonated

to obtain initial structures for optimisations using DFT calculations. Figure 2.2(b) indicates

that six oxygen atoms are exposed on the surface, and, therefore,6C4 (= 15) different initial

structures were produced as shown in Figure 2.3. Next, DFT calculations were performed

to optimise these structures. After the optimisations, their energies were compared, and the

surface with the lowest energy was chosen as a model for the hydroxylatedg-Al2O3 (001)

surface.

The initial structures were built using a software package BIOVIA Materials Studio 2019,

[43] and the CASTEP code (version 18.1), [44, 45] which is a plane wave DFT package

implemented in the software, was used to optimise these structures. For the geometry opti-

misations, the Perdew-Burke-Ernzerhof (PBE) form of generalised gradient approximation

(GGA) was employed. [46] An on-the-�y generated (OTFG) ultrasoft pseudopotential was

employed, and the kinetic energy cutoff was set to 630 eV. A 3× 2 × 1 Monkhorst-Pack

mesh was used for k-point sampling. [47] During the optimisations, the lower half of the

atoms constituting theg-Al2O3 (001) surface were constrained.
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2.2 Simulation method

Figure 2.3: Initial structures of the hydroxylatedg-Al2O3 (001) surface built by hydroxylating
all of the four aluminium atoms and protonating four of the six oxygen atoms on theg-Al2O3
(001) surface in Figure 2.2. Relative energies (eV) relative to the lowest-energy surface (No.
14) after optimisations using DFT calculations are also shown below these structures.

2.2.2 Liquid water

Next, liquid water was modelled for the validation of the hydroxylatedg-Al2O3 (001) surface

built above. First, a set of 100 different structures of liquid water was obtained by Amorphous

Cell module, [48] which is a modelling tool implemented in BIOVIA Materials Studio 2019

to construct 3D periodic disordered molecular and polymer structures. The calculations

were conducted such that 100 water molecules are quasi-randomly packed with a density of

1:00 gcm� 3 at 298 K into a 3D periodic cell. Then, their energies were compared, and the

structure with the lowest energy among the 100 structures of water was chosen to build an

interface with the hydroxylatedg-Al2O3 (001) surface.

In all-atom MD simulations in this thesis, the polymer-consistent force �eld (pcff) was

employed as a potential energy function. [49–52] The pcff was developed based onab initio
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Chapter 2. Modelling aluminium surface

quantum calculations and experimental data, and is intended for application to polymers,

organic and inorganic materials. It has been validated for water and iPP, which are dealt with

in this work. [53, 54] Additionally, many studies have proved that it can be used to examined

interfacial phenomena on alumina surfaces. [55, 56] This force �eld is one of the Class II

type force �elds with the form given by

Etotal = å Eb + å Ea+ å Et + å Eo + å Ebb0+ å Eba+ å Ebt

+ å Evdw + å Eelec;
(2.1)

where

Eb = kb;2 (r � r0)2 + kb;3 (r � r0)3 + kb;4 (r � r0)4 ; (2.2)

Ea = ka;2 (q � q0)2 + ka;3 (q � q0)3 + ka;4 (q � q0)4 ; (2.3)

Et = kt;1 (1� cosf )+ kt;2 (1� cos2f )+ kt;3 (1� cos3f ) ; (2.4)

Eo = ko (c � c0)2 ; (2.5)

Ebb0 = kbb0(r � r0)
�
r0� r0

0
�

; (2.6)

Eba = kba(r � r0) (q � q0) ; (2.7)

Ebt = ( r � r0)
�
kbt;1 (1� cosf )+ kbt;2 (1� cos2f )+ kbt;3 (1� cos3f )

�
; (2.8)

Evdw = ei j

"

2
�

s
r i j

� 9

� 3
�

s
r i j

� 6
#

; (2.9)

and

Eelec=
qiq j

r i j
: (2.10)

The total energy,Etotal, can be divided into three categories: the valence terms, cross-coupling

terms, and non-bonded interactions. The valence terms represent the energies of deformation
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2.3 Results

of bond lengths (Eb), bond angles (Ea), torsion angles (Et), and out-of-plane bending angles

(Eo). The cross-coupling terms consist of three interactions: the interaction between two

bonds with one common atom (Ebb0), the interaction between a bond and an angle with one

common bond (Eba), and the interaction between a bond and a torsion angle of rotation about

the bond (Ebt). The non-bonded energies include van der Waals interactions (Evdw) and

electrostatic interactions (Eelec). The van der Waals is described by a 9–6 Lennard–Jones

function while the electrostatic interaction is given by a standard Coulombic interaction with

partial charges.

2.2.3 Interfacial model between hydroxylatedg-Al2O3 (001) surface

and water

To validate the hydroxylatedg-Al2O3 (001) surface obtained in Section 2.2.2, an interface

between the surface and liquid water was built, and the interfacial structures of water on the

surface were evaluated to be compared with those reported in other theoretical works. First, in

addition to the hydroxylatedg-Al2O3 (001) surface built above with a size of5:59 Å� 8:41 Å,

those with different surface areas from11:17 Å� 8:41 Å to 44:7 Å � 67:3 Å were prepared

by expanding the obtained surface by from2� 1 to 8� 8 for the investigation of a suf�cient

surface area to evaluate the interfacial structures of water. Then, nanostructures of water

with a thickness of10 Å and the samex- andy-lengths as the surfaces were created from the

amorphous structure of water built in the previous section and placed onto the surfaces to

obtain initial interfacial structures. One initial structure of the interfacial model with a surface

area of22:3 Å � 16:8 Å is shown in Figure 2.4 as an example. Next, they were relaxed by

MD simulations employing NVT ensemble with a timestep of1:0 fs for 1:0 ns. The cutoff

distance for van der Waals interactions was set to18:5 Å. The Ewald summation method was

used to treat long range electrostatic interactions. [57] Hereinafter, MD simulations were

carried out using an open-source software package LAMMPS. [58]

2.3 Results

2.3.1 Hydroxylatedg-Al2O3 (001) surface

After the optimisations of the hydroxylatedg-Al2O3 (001) surfaces, their energies were

compared, and one with the lowest energy, which was obtained from the initial structure of

No. 14 in Figure 2.3, was chosen as a model of the surface [Figure 2.5(a)]. In this �gure,
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Chapter 2. Modelling aluminium surface

Figure 2.4: An initial structure with a sur-
face area of22:3 Å � 16:8 Å of the interfa-
cial model between the hydroxylatedg-Al2O3
(001) surface and water.

Figure 2.5: (a) Optimised structure of the hy-
droxylatedg-Al2O3 (001) surface as a model
of the surface. This corresponds to the opti-
mised structure of the initial structure of No.
14 in Figure 2.3. (b) Modi�ed surface model
for the following all-atom MD simulations.

the two hydrogen atoms marked by black arrows are closer to oxygen atoms in the nearest

hydroxy groups (O atoms marked by blue arrows) than to those constituting the surface that

they were originally bonded to in the initial structure. Therefore, bonds between the hydrogen

atoms and the oxygen atoms that they are connected to were manually cut, and they were

bonded to the nearest oxygen atoms in hydroxy groups as shown in Figure 2.5(b). Although

bonds between atoms do not affect the results of DFT calculations, they play a signi�cant role

to determine the force �eld types of atoms in all-atom MD simulations. Consequently, the

modi�ed surface model contains two water molecules that are absorbed on two aluminium

atoms but not dissociated and two hydroxylated aluminium and two protonated oxygen atoms,

which can be considered to be generated by the absorption and dissociation of two water

molecules. These characteristics are consistent with those obtained in the reference work.

[40]

Then, for the following all-atom MD simulations, the charges of the atoms in the surface

were calculated based on the results of the DFT calculation using the Hirshfeld population

analysis. [59] This analysis scheme calculates atomic charges by using the “deformation den-

sity”, which is de�ned as the difference between “molecular” and “pro-molecular” electron
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densities. Therefore, the deformation density,r d(r̄), is given by

r d(r̄) = r mol(r̄) � r pro(r̄)

= r mol(r̄) � å
a

r a (r̄ � R̄a ) ;
(2.11)

wherer mol(r̄) is the molecular electron density at a positionr̄, r pro(r̄) is the pro-molecular

density at the same position,r a is the electron density of an atoma , andR̄a is the position

of its nucleus. Using this deformation density, the atomic charge of an atom,qa , is calculated

by

qa = �
Z

r d(r̄)wa (r̄)d3r: (2.12)

In this equation,wa (r̄) is the contribution of an atoma to the pro-molecular density at a

position ¯r:

wa (r̄) = r a (r̄ � R̄a )

"

å
b

r b (r̄ � R̄a )

#� 1

: (2.13)

2.3.2 Validation of the hydroxylatedg-Al2O3 (001) surface

We �rst examined a suf�cient surface area to analyse the interfacial structures of water on

the surface. Using the interfacial models with surface areas between5:59 Å� 8:41 Å and

44:7 Å � 67:3 Å, the interfacial energy was evaluated as a function of the surface area. In

general, the interfacial energy,Einterface, is estimated as the energy difference per unit area

between the total energy of the system and the sum of the energies of individual parts:

Einterface=
(Esurface+ Ewater) � Etotal

Sinterface
; (2.14)

whereEtotal is the total energy of the system,Esurfaceis the energy of the surface without water,

Ewater is the energy of water without the surface, andSinterfaceis an interfacial area between

surface and water. Although this equation does not consider the entropic contributions, it

is frequently employed to estimate interfacial interactions. The interfacial energies were

averaged over the last500 psin the MD simulations. Figure 2.6 shows the interfacial

energy as a function of surface area. This reveals that the interfacial energy reaches an

almost constant value at the surface area of about376 Å
2
, which corresponds to the size of

22:3 Å� 16:8 Å. The interfacial energy calculated from the interfacial model with the surface

area of376 Å
2

was181:5 mJm� 2. Although this value is dif�cult to be directly compared
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Chapter 2. Modelling aluminium surface

Figure 2.6: Interfacial energy between water
and the hydroxylatedg-Al2O3 (001) surface
as a function of surface area.

with experimental results, it is higher than that between iPP and the surface calculated later

in Chapter 3 due to the higher polarity of water, which seems reasonable. This model was

used for the investigation of the interfacial structures of water on the surface to validate the

surface hereafter.

Using this model, we �rst calculated the distances of O atoms in water molecules

from the surface and evaluated the histogram of the distance [Figure 2.7(a)]. The distance

between each O atom in a water molecule and the surface was de�ned as the difference in

z-coordinates between the O atom and the uppermost Al atoms in the surface, which means

that the distance of0 Å corresponds to the position of the uppermost Al atoms in the surface.

Then, the distribution was compared with that obtained by DFT calculations in another work

[Figure 2.7(b)]. [60] Figure 2.7(a) indicates that the �rst layer of water molecules can be

seen at the distance of around5 Å from the surface, followed by a peak at about8 Å. These

positions of the �rst and second peaks are in good agreement with those observed in Figure

2.7(b).

Then, for the further validation of the surface, RDFs were obtained over the last500 ps

in the MD simulation and compared with those evaluated in another work that studied the

interfacial structure of water on the hydroxylatedg-Al2O3 (100) surface using a DFT-based

ab initio molecular dynamics (AIMD) method. [61] Figure 2.8 shows the RDFs obtained

by our MD calculations and those evaluated in the reference. The sub �gures (a) and (b)

show the RDFs between oxygen atoms in water and hydrogen atoms on the surface, and the

sub �gures (c) and (d) are those between hydrogen atoms in water and oxygen atoms on the

surface. Although the RDFs in Figure 2.8(A) show values greater than one, they converge to

one at a largerr. In this �gure, OH-m1 and OH-m3 correspond to the OH groups connected to

one and three aluminium atoms respectively, and surfaceH2O refers to water molecules that

are absorbed on aluminium atoms on the surface but not dissociated (see Section 2.3.1). In

Figure 2.8(B), the black solid lines show the RDFs evaluated on the hydroxylatedg-Al2O3
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(a) MD (b) DFT

Figure 2.7: Distributions of O atoms in water molecules along the normal direction to the
surface obtained by (a) our MD calculations using the hydroxylatedg-Al2O3 (001) surface
built in this thesis and (b) DFT calculations in another work. [60]

(100) surface that can be compared with the RDFs in Figure 2.8(A). The reference named the

g-Al2O3 (100) surface we built as the “(100)” surface based on the orientation of the spinel

structure, as discussed in Section 2.2.1, and, thus, the black solid lines in Figure 2.8(B) are

shown as the (100) surface.

When comparing the RDFs in Figure 2.8(A) and (B), the RDFs in our calculations show

higher values than those in the reference. One of the possible reasons for this quantitative

difference in the RDFs is a boundary effect, which can occur when RDFs are computed

from �nite sample volumes. [62] Additionally, there are some peaks at a distance less than

2 Å in those obtained by AIMD simulations [Figure 2.8(B)] whereas no peaks are observed

in this region in our MD calculations [Figure 2.8(A)]. This is because, according to the

reference's work, peaks in the region correspond to the transient protonations of interfacial

water by protons provided by the surface, which involve electronic transitions and, thus, is

dif�cult to be reproduced by MD simulations. However, the positions of largest peaks in

our MD calculations observed at around 3, 5, 4, and6 Å in Figure 2.8(A)-(a), (b), (c), and

(d) respectively are in a good agreement with those in Figure 2.8(B). In addition to these

positions, the main peaks in Figure 2.8(A)-(a) and (c) are more pronounced than those in

Figure 2.8(A)-(b) and (d). This indicates that the interfacial water molecules interact more

closely with OH-m1 and surfaceH2O than with OH-m3. This is also consistent with the

trend observed in Figure 2.8(B). Therefore, this surface model was used for the following

investigations of the interfacial properties of iPP structures with different stiffnesses and

chemical functionalities.
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(A) MD

(B) AIMD

Figure 2.8: RDFs obtained by (A) MD calculations ofg-Al2O3 (001) surface from this thesis
(indexed from defective spinel cell) and (B) the AIMD method in the reference. [61]. The
RDFs are between pairs of (a) O in water and H in OH-m1 and surfaceH2O, (b) O in water
and H in OH-m3, (c) O in OH-m1 and surfaceH2O, and H in water, and (d) O in OH-m3 and
H in water (note indices in legend are from spinel cell).
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2.4 Conclusions

We built the hydroxylatedg-Al2O3 (001) surface as a model of aluminium surface using

DFT calculations. Then, we validated the surface by evaluating the interfacial structures of

water on the surface in MD simulations and comparing them with those obtained in other

computational works.

To build the hydroxylatedg-Al2O3 (001) surface, �rst, we referred to the bulk structure of

g-Al2O3 suggested by other theoretical works, cutting the structure along the (001) orientation

and then hydroxylating it. For the hydroxylation, we prepared different initial structures with

different hydroxylation sites to choose a more representative model of the surface, optimising

them using DFT calculations. After the optimisations, an optimised structure with the lowest

energy was selected, and �nally atomic partial charges were assigned to obtain a model of

the hydroxylatedg-Al2O3 (001) surface used for the following investigations.

For the validation of the surface, we built an interface between water and the surface using

MD calculations. Then, the interfacial structures of water were examined and compared

with those evaluated in other theoretical studies. First, we evaluated the distribution of

the interfacial water, con�rming that the interfacial layered structures of water are in a

good agreement with those obtained by DFT calculations. Second, RDFs between atoms

in water and those in the surface were obtained and compared with those evaluated by the

AIMD method. The positions of main peaks in these RDFs are consistent with each other

between our MD simulations and the AIMD method. Additionally, the RDFs obtained by our

MD calculations show that the interfacial water molecules interact with more closely with

OH-m1 (OH groups connected to one aluminium atom) and surfaceH2O (water molecules

absorbed on aluminium atoms on the surface but not dissociated) than with OH-m3 (OH

groups connected to three aluminium atoms) on the surface, which is also in good agreement

with the AIMD method. Therefore, this surface model will be employed for the following

investigations in this thesis.
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Chapter 3

Effect of Young's modulus on interfacial

failure behaviours on a �at surface

Having obtained a representative model for aluminium oxide surface in Chapter

2, we now utilise it to construct joint models with iPP, iPPgMA, and iPPgNH2.

We explore how tensile strengths observed in these joint models are a�ected by

the Young's moduli of the bulk structures of the three iPP materials. Firstly, we

observe that a higher Young's modulus leads to a higher tensile strength even

in interfacial failures. Secondly, our calculations demonstrate that the chemical

functionalities in iPPgMA and iPPgNH2 with a larger Young's modulus operate

more e�ectively to enhance their bonding abilities with the surface. Finally,

iPPgNH2 is capable of signi�cantly increasing the interfacial strength relative

to that of iPPgMA. These results carry substantial signi�cance for improving

interfacial strengths in polymer�metal/metal oxide joints.

In polymer–metal/metal oxide joints, many factors can in�uence interfacial strengths,

including the mechanical properties and functional groups of polymers and metals/metal

oxides, as well as the microstructures of metal/metal oxide surfaces. [63, 64] Several works

have explored the impact of various functional groups in polymers, such as amine, epoxy,

and methacrylate groups, on their interfacial interactions with metal/metal oxide surfaces.

[65, 19, 66] Other studies have revealed the contributions of different microstructures of

metal/metal oxide substrates to the interfacial strengths with polymers. [18, 10] Nevertheless,

some in�uential parameters that could affect interfacial properties between polymers and
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metals/metal oxides, such as stiffness and ductility of polymers, have not yet been examined

in any detail.

To address this issue, we aim at gaining a deeper understanding of the contribution

of polymer stiffness to interfacial failure behaviours in polymer–metal/metal oxide joints

through MD calculations using a joint model between iPP and the hydroxylatedg-Al2O3

(001) surface built in Chapter 2. In addition to the contribution of the stiffness of non-grafted

iPP, our calculations also examine how the Young's moduli of grafted iPP materials affect

the in�uence of their varying interfacial interactions on the interfacial failure behaviours on

the surface. To enhance its bonding abilities to metals and other dissimilar materials, iPP

is often grafted with maleic anhydride (MA) to synthesise iPPgMA. Several studies have

reported that iPPgMA provides higher interfacial interactions with metals/metal oxides than

non-grafted iPP, leading to increased interfacial strengths. [67] In addition to iPPgMA, an

experimental work has suggested that amine groups further improve the bonding abilities of

iPPgMA. [20] Another theoretical study has also shown the high interfacial interaction of

amine groups with aluminium oxide surface. [66] However, the effect of polymer stiffness on

the contribution of the higher interfacial interactions of these grafted materials still remains

unclear. Therefore, MD calculations are performed using iPPgMA and iPPgNH2 structures

with different stiffnesses, as well as non-grafted iPP.

In this chapter, we �rstly build the bulk structures of amorphous iPP, iPPgMA, and

iPPgNH2 with a range of Young's moduli by manipulating their entanglement structures.

We subsequently conduct mechanical tests and evaluate their Young's moduli from their

stress–strain curves. On the other hand, we also build joint models between iPP, iPPgMA, or

iPPgNH2 with varying Young's modulus and the hydroxylatedg-Al2O3 (001) surface. We

perform tensile tests on these joint models to obtain their stress–strain curves, examining

their tensile strengths. Finally, by analysing the correlation between the Young's modulus

of the polymer component in the joints and the tensile strength observed in the joints, we

discuss the impact of polymer stiffness on the tensile strength of polymer–metal/metal oxide

joints.

Moreover, from the comparison between non-grafted iPP and two functionalised iPP

structures of iPPgMA and iPPgNH2, we reveal how the Young's moduli of these grafted

materials affect the contribution of their varying interfacial interactions to the interfacial

failure behaviours on the surface. We also compare the bonding abilities of iPPgMA and

iPPgNH2 to the surface.
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3.1 Simulation method

We �rst prepared the bulk structures of amorphous iPP, iPPgMA, and iPPgNH2 to assess

their bulk properties. Then, using them, we created sandwich-structured models in which an

iPP, iPPgMA, or iPPgNH2 was placed between the two hydroxylatedg-Al2O3 (001) surfaces

to investigate their interfacial failure behaviours.

3.1.1 Bulk structures of amorphous iPP, iPPgMA, and iPPgNH2, and

sandwich-structured models

Bulk structure of amorphous iPP

In order to build a representative model for amorphous iPP, we initially generated 100

amorphous structures of iPP independently at298 Kby Amorphous Cell module in BIOVIA's

Materials Studio 2019 such that 25 iPP molecules each consisting of 100 repeat units were

packed into a periodic cell with an experimental density of0:85 gcm� 3. [68] Amorphous

Cell grows polymer chains one repeat unit at a time while monitoring their conformational

energies. [69] Then, we compared their con�gurational energies, choosing the structure with

the lowest energy as an initial structure of iPP. This structure was further relaxed by an MD

simulation employing NpT ensemble for5 nsat298 K. The cutoff distance was set to18:5 Å,

and the timestep was set to1:0 fs. For the NpT ensemble, Nosé–Hoover form of barostat was

employed. [70, 71] To validate this bulk structure of amorphous iPP, several properties were

evaluated and compared with experimentally obtained values, as detailed in Appendix 3.A.

Bulk structure of amorphous iPPgMA

For the bulk structure of amorphous iPPgMA, we �rst built iPPgMA chains comprising

100 repeat units as below. According to the grafting mechanism of iPP by MA molecules

suggested by Shiet al:, [72] MA groups can be introduced on primary carbons at the

molecular ends of iPP, and secondary and tertiary carbons in the backbones, which yields

three possible structures of grafting shown in Figure3.1(a), (b), and (c) respectively. This

means that hydrogen atoms attached to these carbon atoms can be replaced with a MA group

to obtain these structures. Additionally, the �ve-membered rings of MA groups in iPPgMA

are easily hydrolysed under ambient humidity and via absorbed water on metal/metal oxide

surfaces even at room temperature, forming two carboxylic acids (Figure 3.2). [17]

To reproduce these structures, we �rst randomly selected three hydrogen atoms from

those attached to primary carbons at the molecular ends and secondary and tertiary carbons
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Figure 3.1: Three possible structures of grafting in iPPgMA. MA groups can be introduced
on (a) primary carbons at the molecular ends of iPP, and (b) secondary and (c) tertiary
carbons in the backbones according to the grafting mechanism suggested by Shiet al: [72]

Figure 3.2: Hydrolysis of the �ve-membered rings in iPPgMA.

of the backbone in an iPP molecule with 100 repeat units, and then manually substituted

these hydrogen atoms with MA groups. This results in a grafting ratio of3:2 wt%, slightly

higher than approximately1 wt% in commercially available iPPgMA materials. [73] Next,

to hydrolyse the introduced MA groups as shown in Figure 3.2, we opened all of the �ve-

membered rings to form two carboxylic acids. We repeated this procedure to produce 25

iPPgMA molecules each randomly grafted with three ring-opened MA groups.

To build the bulk structure of amorphous iPPgMA, we built 100 different amorphous

structures of iPPgMA such that these 25 iPPgMA molecules were packed with a density of

0:85 gcm� 3 by using Amorphous Cell. Then, we compared their con�gurational energies

and selected a single structure with the lowest energy as an initial structure of iPPgMA,

�nally relaxing it by an MD simulation using NpT ensemble for 5 ns at 298 K.

Bulk structure of iPPgNH2

We built the bulk structure of amorphous iPPgNH2 by following an experimental work that

synthesised iPPgNH2 by incorporating amine groups into iPP via iPPgMA. [74] This study

utilised 1,12-diaminododecane [NH2 – (CH2)12–NH2] for the modi�cation of iPP. Its amine

groups can react with an anhydride ring in iPPgMA to form an amide and a carboxylic acid

(Figure 3.3). The introduced molecule of 1,12-diaminododecane, with its linear chain of

12 carbon atoms, results in longer side groups in iPPgNH2 compared to those in iPPgMA,

which may make it dif�cult to isolate the contribution of their chemical functionalities to

the interfacial failure behaviours. However, the in�uence of the longer side groups should

be taken into account in determining the Young's modulus of iPPgNH2, as discussed later,
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Figure 3.3: Reaction between 1,12-diaminododecane and MA ring in iPPgMA. [74]

and thus we employed the real material generated from 1,12-diaminododecane rather than a

model polymer that has yet to be experimentally synthesised.

The procedure began with the generation of iPPgMA chains comprising 100 repeat

units, which were randomly grafted with three MA groups, as described in the previous

section. We then manually introduced 1,12-diaminododecane to each MA group in these

molecules according to Figure 3.3, generating 25 iPPgNH2 molecules each with three

randomly introduced side groups. These molecules were then packed with a density of

0:85 gcm� 3 to construct 100 independent amorphous structures using Amorphous Cell. The

structure with the lowest energy was chosen to be relaxed by an MD simulation employing

NpT ensemble for 5 ns at 298 K.

Sandwich-structured models

To evaluate the interfacial properties between iPP, iPPgMA, and iPPgNH2 and the hydrox-

ylatedg-Al2O3 (001) surface, we built sandwich-structured models of iPP, iPPgMA, and

iPPgNH2 by using their bulk structures obtained above and the surface obtained in the

previous chapter. First, we expanded the surface to the dimension of44:7 Å � 67:3 Å to

produce a lower surface for the joint models. The surface area was con�rmed to be suf�-

ciently large to investigate interfacial properties (see Appendix 3.B). We then created the

nanostructures of iPP, iPPgMA, and iPPgNH2 with the samex- andy-widths as the surface

and an approximate thickness of100 Å from their bulk structures and placed them onto the

lower surface. Thereafter, the lower surface was duplicated, inverted, and positioned above

the iPP, iPPgMA, or iPPgNH2 component as the upper surface to obtain initial structures of

the sandwich-structured models of the three iPP materials.

Next, we performed a four-step MD simulation protocol to relax them. Throughout

the following MD calculations, all of the atoms in the lower surface were constrained.

Meanwhile, a pressure of1 atmwas applied onto the upper surface in the �rst three steps.

Additionally, a set of all the atoms in the upper surface was treated as a rigid body that was

allowed to move only along thez-axis during the �rst three steps. The �rst MD simulation

was conducted for2 nsat 498 K, which is above the melting temperature of iPP of about

460 K. [75, 76] In the second step, the sandwich-structured models were cooled to298 K
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Figure 3.4: (a) Initial and (b) �nal (“relaxed”) sandwich-structured models of iPP.

over2 ns, followed by the third MD simulation at298 K for 2 ns. Finally, we removed the

pressure from the upper surface and conducted a MD simulation at298 K for 1 nswhile

constraining all of the atoms in the upper surfaces to their last positions in the previous MD

simulation. Figure 3.4 shows the initial and �nal (“relaxed”) sandwich-structured models of

iPP, as an example.

3.1.2 Introduction of “entanglement points”

We then obtained the bulk structures of amorphous iPP, iPPgMA, and iPPgNH2 with varying

Young's moduli by introducing different numbers of “entanglement points” that cannot

be disentangled and behave like crosslinks during mechanical tests. This is based on an

experimental study that investigated structural changes in iPP during uniaxial tensile tests

usingin situsmall-angle X-ray scattering (SAXS) and wide-angle X-ray diffraction (WAXD)

measurements by Zuoet al. [77] They estimated the mass fractions of amorphous, meso-

morphic, and crystal phases in iPP during the tensile tests from the WAXD data, relating

them to the relative strength between interlamellar amorphous phase containing entangled

structures and crystal lamellae in iPP. As a result, they concluded that, at room temperature,

entanglement points in iPP are hardly disentangled during the tensile tests due to the low

mobility of iPP chains.

For iPP and iPPgMA, to introduce “entanglement points” into their bulk structures and

those in the sandwich-structured models, we �rst randomly selected carbon atoms from

the backbones depending on targeted numbers of entanglement points while ensuring their

uniform distributions (see Appendix 3.C). Next, we identi�ed the closest backbone carbon

atom to each selected atom from another molecule to form a pair. During mechanical tests

in MD simulations, these pairs were treated as independent rigid bodies; forces and torques

exerted on atoms in a rigid body were summed to calculate the total force and torque on the
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body at each timestep, and then the velocities and orientations of the atoms in each body

were updated such that the movement of the body was consistent with the total force and

torque. We introduced entanglement points into the bulk structures of amorphous iPP and

iPPgMA, and those in the sandwich-structured models every 20 (EP1/20), 10 (EP1/10), 5

(EP1/5), 4 (EP1/4), 3 (EP1/3), 2 (EP1/2), 1.75 (EP1/1.75), and 1.5 (EP1/1.5) iPP repeat units

on average.

Regarding the iPPgNH2 models, carbon atoms were randomly chosen from not only the

backbones of iPPgNH2 molecules but also their side groups to form entanglement points. We

�rst introduced the same numbers of entanglement points as in the iPP and iPPgMA models

into the bulk structure of amorphous iPPgNH2 and its sandwich-structured model to establish

models ranging from EP1/20 to EP1/1.5 for iPPgNH2. This means that the frequency of

entanglement points against iPP repeat units is lower in each model of iPPgNH2 compared

to the corresponding models of iPP and iPPgMA. Hence, we also prepared the bulk and

sandwich-structured models of iPPgNH2 with the same entanglement frequency against the

carbon atoms from which the entanglement points were selected as the EP1/1.5 models of

iPP and iPPgMA (EP1.5-NH2).

The ratios between molecular weight (Mw) and entanglement molecular weight (Me),

Mw=Me, are calculated as between 2.5 and 40 in our models, comparable to the experimen-

tally obtained values of more than 15 in molten PP materials with different molecular weights.

[78] The densities of entanglement points range from2:0� 1020 cm� 3 to 4:0� 1021 cm� 3.

We compared these values with crosslink densities in real materials because the entangle-

ment densities especially in solid states cannot be easily measured experimentally, and the

entanglement points we introduced function similarly to crosslinking points in our computa-

tional mechanical tests. The calculated entanglement densities are of a similar magnitude to

experimentally observed crosslink densities (1020 cm� 3–1021 cm� 3) in real materials, such

as cross-linked polyole�ns. [79, 80] The bulk structures with entanglement points are further

validated by evaluating their stress–strain curves in Section 3.2.2.

3.1.3 Mechanical tests in MD simulations

We then evaluated the properties of the bulk structures of amorphous iPP, iPPgMA, and

iPPgNH2 with different numbers of entanglement points and the failure behaviours of

their sandwich-structured models by conducting mechanical tests in MD simulations to

derive stress–strain curves. The bulk structures underwent three MD calculations for the

deformations along thex-, y-, andz-axes with an engineering strain rate of1:0� 1010 s� 1.
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During the simulations with the deformations imposed along thex-, y-, andz-axes, thexx-,

yy-, andzz-components of the stress tensors were recorded respectively every 100 steps to

obtain three stress–strain curves. They were smoothed by a moving average with 15 data

points and then averaged over the three directions to obtain a single stress–strain curve.

For the sandwich-structured models, the upper surface was moved along the normal

direction to the surfaces such that the polymer component between the surfaces was deformed

with the same engineering strain rate as employed for the bulk structures. Thez-components

of the forces exerted on the upper and lower surfaces were recorded every 100 steps and

divided by the surface area to obtain two stress–strain curves. They were smoothed via a

15-point moving average and averaged over the two surfaces to yield a stress–strain curve.

3.2 Results

3.2.1 Validation of sandwich-structured models

We �rst validated the sandwich-structured models prior to the introduction of entanglement

points. We investigated the pro�les of the density of iPP, iPPgMA and iPPgNH2 and those

of orientational order parameters between the surfaces using trajectories of the �nal MD

calculations in the four-step MD simulations and compared them with those reported in

previous studies.

To evaluate the density pro�les, atoms of iPP, iPPgMA, and iPPgNH2 were grouped into

bins of an approximate1 Å thickness based on theirz-coordinates. The density of each bin

was then calculated and plotted against the distance from the lower surface. In regard to the

pro�les of orientational parameters, we de�ned two vectors within the polymer molecules:

one between 1–2 neighbouring backbone carbon atoms and the other between the backbone

and side group carbon atoms (vectors shown with solid and dotted lines, respectively, in the

pro�les of orientational order parameters in Figure 3.5). We then evaluated their orientational

order parameters (P) given by

hPi =



3cos2q � 1

�

2
; (3.1)

whereq is an angle between the vectors in the polymer molecules and the surface normal.

The positions of these vectors were assigned to their geometry centres of mass. Similarly to

the density pro�les, these vectors were divided into bins based on theirz-coordinates, andP
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was computed as the average value of the vectors in each bin. The pro�les of density and

orientational order parameters were averaged over the last 500 ps in the MD simulations.

Figure3.5 shows the pro�les of density and orientational order parameters as a function

of the distance from the lower surface for the sandwich-structured models of iPP, iPPgMA,

and iPPgNH2 before the incorporation of entanglement points. The left and right edges

of these pro�les correspond to thez-coordinates of the uppermost hydrogen atoms of the

lower and upper surfaces respectively. In the density pro�les in Figure 3.5, there are a few

layers of dense and sparse areas near the surfaces. Meanwhile, the pro�les of orientational

order parameters show that the backbone vector takes the minimum values of about –0.5

in the interfacial areas. This indicates the in-plane alignment of the polymer chains due

to the absorption of their backbones on the surfaces. Consequently, the orientational order

parameter of the side-group vector takes a value close to 0.5 near the surfaces, corresponding

to their normal direction to the surfaces, and dense areas were observed at the surfaces in the

density pro�les. These layered structures observed in the sandwich-structured models are in

accordance with prior computational works on interfaces between polymer molecules and

metal/metal oxide substrates. [81, 82]

3.2.2 Properties of bulk structures

Figure 3.6 shows the stress–strain curves of the bulk structures of amorphous iPP, iPPgMA,

and iPPgNH2 to demonstrate the impact of the entanglement points introduced into these

structures on their properties. The behaviours in these curves are similar to those observed in

real materials. [83] For those with the lower number of entanglement points, such as EP1/20

and EP1/10, the stress is relaxed after the yield point at a true strain of around 0.1, followed

by a subsequent rise due to the alignment of polymer molecules. Then, assuming that all of

the iPP, iPPgMA, and iPPgNH2 structures fail at a similar stress, the stress reaches a fracture

stress at a relatively larger true strain. These features can be observed in the stress–strain

curves of soft, tough materials like rubbers. Conversely, as the number of entanglement

points increases, the stress value steeply rises after the yield point, and the fracture strain

decreases. This is a similar behaviour to hard, tough materials including polycarbonate,

and even more brittle polymers such as nylon rather than rubbers. These characteristics

align with experimental observations, thus indicating that introducing different numbers of

“entanglement point” produces reasonable materials with a range of different properties.

Subsequently, we evaluated the Young's moduli of these bulk structures using their stress–

strain curves. We obtained a best-�t line by a linear regression for the data at true strains
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Figure 3.5: Pro�les of density and orientational order parameters evaluated in the sandwich-
structured models of iPP, iPPgMA, and iPPgNH2.

36



3.2 Results

Figure 3.6: stress–strain curves of the bulk structures of amorphous (a) iPP, (b) iPPgMA,
and (c) iPPgNH2 with different numbers of entanglement points.

of between 0.02 and 0.1, where a linear relationship between the stress and strain values

was observed, and the Young's modulus was determined from its slope. Figure 3.7 shows

Young's modulus as a function of the density of entanglement points for the bulk structures

of amorphous iPP, iPPgMA, and iPPgNH2. This �gure suggests a positive correlation

between the density of entanglement points and Young's modulus. This is consistent with

experimental works that report a similar trend using cross-linked polymers with different

densities of crosslinking points. [84] Additionally, this trend is in a good agreement with

experimental observations that the Young's modulus increases during the polymerisation

process of crosslinked polymers. [85]

When comparing the three different iPP structures with the same number of entanglement

points (e.g. EP1/1.5 models of iPP, iPPgMA, and iPPgNH2 shown with blue, orange, and

green arrows respectively in Figure 3.7), an iPPgNH2 model shows a smaller entanglement

point density due to its long side chains, resulting in a smaller Young's modulus relative

to the corresponding iPP and iPPgMA models. However, iPPgNH2 structures provide a
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Figure 3.7: Young's moduli of the bulk structures of amorphous iPP, iPPgMA, and iPPgNH2
as a function of the density of entanglement points.

similar linear relationship between entanglement point density and Young's modulus to

iPP and iPPgMA structures. This indicates that the in�uence of the longer side chains of

iPPgNH2 structures has been taken into account in determining their Young's moduli. Thus,

the contribution of Young's modulus to the interfacial failure behaviours observed in the

sandwich-structured models of iPPgNH2 demonstrated later is comparable to those observed

in the iPP and iPPgMA models.

3.2.3 Failure behaviours of sandwich-structured models

Next, we investigated the failure behaviours of the sandwich-structured models of iPP,

iPPgMA, and iPPgNH2. Figure 3.8 shows their stress–strain curves. In the joint models

with a smaller number of entanglement points, such as EP1/20, EP1/10, EP1/5, EP1/4, and

EP1/3, the stress reaches the �rst maximal value at a true strain of just under 0.1, followed

by a decline, and then an increase again to reach the second maximal value. On the other

hand, the models with a larger number of entanglement point show an in�ection point at

almost the same true strain of around 0.1 as the �rst maximal value observed in the models

with a smaller number of entanglement points. Next, the stress remains nearly constant or

continues to increase, suddenly dropping. To demonstrate the failure modes, Figure 3.9

shows the snapshots of the sandwich-structured model of iPP-EP1/20, as an example, at

true strains of 0.0, 0.1, 0.2, 0.4, 0.6, 0.8, and 1.0 during a tensile test. In this �gure, some

voids are formed within the iPP component at the �rst step of failure. Then, they grow

and reach the interface, �nally leading to an interfacial failure. All the sandwich-structured

models in Figure 3.8 show the same interfacial failure mechanism: void generations within a

polymer component, their development, and an interfacial failure caused by their reaching
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Figure 3.8: stress–strain curves of the sandwich-structured models of (a) iPP, (b) iPPgMA,
and (c) iPPgNH2 with different numbers of entanglement points.

the interface. Introducing entanglement points into the sandwich-structured models resulted

in very different stress–strain behaviours whereas all these models fail at the interface.

3.2.4 Contribution of Young's modulus to tensile strength

We then evaluated the tensile strengths of the sandwich-structured models using their stress–

strain curves in Figure 3.8 and related them to the Young's moduli of the bulk structures

of amorphous iPP, iPPgMA, and iPPgNH2 obtained in Section 3.2.2. We �rst found the

maximum value of the true stress in a stress–strain curve, and averaged over the 15 data points

surrounding the maximum value to obtain a tensile strength. Figure 3.10 shows the tensile

strengths observed in the sandwich-structured models of iPP, iPPgMA, and iPPgNH2 as a

function of the Young's moduli of their bulk structures. All the three iPP structures show the

same tendency that the tensile strength observed in the sandwich-structured models becomes

larger as the Young's modulus of the bulk structure increases. As observed above, all of
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Figure 3.9: Snapshots of the sandwich-structured model of iPP-EP1/20 at true strains (et) of
0.0, 0.1, 0.2, 0.4, 0.6, 0.8, and 1.0, respectively, during a tensile test in an MD simulation.

Figure 3.10: Tensile strength observed in the sandwich-structured models of iPP and iPPgMA
as a function of the Young's moduli of their bulk structures.

the sandwich-structured models failed at the interface. This means that, even in interfacial

failures, the tensile strength is signi�cantly affected by the Young's moduli of iPP, iPPgMA,

and iPPgNH2.

To understand how Young's modulus effects the tensile strength observed in interfacial

failures, we further examined the failure behaviours in the tensile tests on the sandwich-

structured models. In Figure 3.8, the stress–strain curves of the joint models with a smaller

number of entanglement points such as EP1/20, EP1/10, EP1/5, EP1/4, and EP1/3 have

signi�cant two maximal values of true stress. One of the maxima is observed at a true strain

of around 0.1, which is almost the same as for the yield strain of the bulk structures of

iPP, iPPgMA, and iPPgNH2 observed in Figure 3.6. Additionally, at this strain, although

voids start to form within the polymer, no signi�cant defects can be seen at the interfaces

(Figure 3.9). These facts indicate that this maximum value is recorded when iPP, iPPgMA,

or iPPgNH2 between the surfaces yields, and, thus, we de�ned the true stress at this point as

a yield stress observed in the sandwich-structured models. After yielding, the stress in these
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models is relaxed, followed by an increase due to the alignment of polymer chains along

the applied strain direction. Then, it takes the second maximal stress value and decreases

again. The second maximal value is observed when the interface starts to fail and, therefore,

corresponds to an interfacial strength in the sandwich-structured models. For another models

that have a larger number of entanglement points including EP1/2, EP1.75, EP1.5, and

EP1.5-NH2, although they do not clearly show these two maximal stress values, similar

behaviours are observed in their stress–strain curves. There is an in�ection point at a true

strain of around 0.1, which corresponds to the yield point of a polymer between the surfaces.

After this point, the stress is not clearly relaxed and then abruptly falls at a true strain of

between 0.1 and 0.3, at which an interfacial failure starts in the sandwich-structured models.

We evaluated these two characteristic values, yield stress and interfacial strength, using

the stress–strain curves of the sandwich-structured models in Figure 3.8 to discuss how

Young's modulus affects the tensile strength observed in interfacial failures. For the sandwich-

structured models that have a clear maximal value in the region of true strain less than 0.1,

the yield stress was de�ned as the maximum stress value in this region. For another models,

we found their yield points by evaluating the determination coef�cient of a best-�t line to

the stress–strain curves with different elastic regions. We �rst set the left edge of the elastic

region to a true strain of 0.02. Then, its right edge was moved from a true strain of 0.03 one

data point at a time. While the right edge was displaced, we monitored the determination

coef�cient for a least squares best �t line to the region and de�ned the true strain that provided

its maximum value as the yield point. The yield stress was calculated as an average over

the 15 data points surrounding the stress value at the yield point. On the other hand, the

interfacial strength was averaged over the 15 data points surrounding the maximum stress

value after the yield stress.

Figure 3.11 shows the yield stress and interfacial strength observed in the sandwich-

structured models as a function of the Young's modulus obtained in the bulk structures for

iPP, iPPgMA, and iPPgNH2. In this �gure, not only the yield stress, which often shows a

linear relationship with Young's modulus, [86, 87] but also the interfacial strength observed

in the sandwich-structured models increase as the Young's modulus of the bulk structures

increases. This is because different Young's moduli lead to different interfacial failure modes

of polymer chains. At a lower Young's modulus, which corresponds to the lower number

of entanglement points, polymer molecules have fewer �xed points acting as pulling points

during tensile tests. Therefore, the chains are detached from the surface in more like a peel

mode, in which a smaller number of atoms are gradually peeled from the surface. This

results in a reduced interfacial strength. Meanwhile, at a larger Young's modulus, polymer
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Figure 3.11: (a) Yield stress and (b) interfacial strength observed in the sandwich-structured
models of iPP, iPPgMA, and iPPgNH2 as a function of Young's modulus.

molecules are removed from the surface in more like a tensile mode because of the higher

rigidity caused by the larger number of entanglement points. A tensile mode requires more

number of atoms to be pulled and detached from the surface simultaneously to cause an

interfacial failure, resulting in a higher interfacial strength. Therefore, a higher Young's

modulus enhances both the yield stress and interfacial strength, the larger one of which is

observed as a tensile strength, leading to a higher tensile strength even in interfacial failures.

We next compare the three iPP structures with different chemical functionalities. To

discuss their differences, we �rst calculated the interfacial energies between iPP, iPPgMA,

and iPPgNH2 and the hydroxylatedg-Al2O3 (001) surface using their sandwich-structured

models before the entanglement points were introduced. The interfacial energy was calculated

by Equation 2.14 in Chapter 2. The surface area of the surfaces was set as the interfacial area,

and the interfacial energies were averaged over the last1 nsin the last MD simulations. The

sandwich-structured model of iPPgNH2 shows the highest interfacial energy of148:4 mJm� 2,

followed by iPPgMA with140:9 mJm� 2 and then non-grafted iPP with121:2 mJm� 2, which

is consistent with experimental observations. [20, 17, 88]

When comparing these iPP structures in Figure 3.11(a) and (b), their differences in the

relationship between the yield stress and Young's modulus in Figure 3.11(a) are not as clear

as those observed in the relationship between the interfacial strength and Young's modulus in

3.11(b). The yield stress is observed when a polymer component between the surfaces yields

in the sandwich-structured models. Thus, it is mostly in�uenced by the Young's moduli of

iPP, iPPgMA, and iPPgNH2 and not signi�cantly affected by their interfacial interactions. On

the other hand, in the trend of interfacial strength in Figure 3.11(b), although the interfacial

strengths of the three iPP structures are almost overlapping each other at a Young's modulus
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below about2 GPa, those of the grafted iPP materials are larger than those of non-grafted iPP

at a larger Young's modulus, resulting in their greater slopes. This indicates that the interfacial

strength is affected not only by the Young's moduli of iPP, iPPgMA, and iPPgNH2 but also

by their interfacial interactions, and that the higher interfacial interactions of iPPgMA and

iPPgNH2 contribute to improve the interfacial strength more signi�cantly at a larger Young's

modulus than at a lower Young's modulus. This is because of the difference in the interfacial

failure modes depending on Young's modulus, as discussed above. In a peel-like mode at a

lower Young's modulus, functional groups within iPPgMA and iPPgNH2 are pulled from the

surface one by one, which decreases the contribution of their higher interfacial interactions.

Meanwhile, in a tensile-like mode at a larger Young's modulus, their chemical functionalities

work more effectively to improve the interfacial strength due to the simultaneous removals

of the functional groups from the surface.

Then, we compared the bonding abilities of iPPgMA and iPPgNH2 with the surface.

Figure 3.11(b) indicates that iPPgNH2 shows higher interfacial strengths than iPPgMA in the

region of Young's modulus above around2:5 GPa, which leads to higher tensile strengths in

this region in Figure 3.10. These differences between the three iPP models at a larger Young's

modulus are suf�ciently larger than the variation within an individual sandwich-structured

model (see Appendix 3.D). This demonstrates that iPPgNH2 provides better bonding abilities

to metal/metal oxide surfaces, which is in good agreement with an experimental implication

that, in joints between iPPgMA and metal/metal oxide substrates, the presence of amine

groups at the interface can further improve the interfacial strengths. [20]

Additionally, we refer to the relationship between Young's modulus and interfacial shear

strength obtained in the interfaces between brittle coatings and ductile substrates, as given by

Equation 1.7 in Chapter 1, to be compared with our results. [23, 24] Although the materials

and mechanical tests they employed are different from those in our calculations, the linear

relationship between Young's modulus and interfacial strength observed in our calculations

seems in good agreement with the trend their equation suggests.

3.3 Conclusions

We demonstrated how the stiffness and chemical functionality of polymers affect the interfa-

cial failure behaviours on metal/metal oxide surfaces using iPP–, iPPgMA–, and iPPgNH2–

g-Al2O3 joints. We discovered that a higher Young's modulus results in a higher tensile

strength even in interfacial failures and that functional groups within polymers more signi�-

cantly improve the tensile strength as the Young's modulus of the polymers increases.
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We �rst built the bulk structures of amorphous iPP, iPPgMA, and iPPgNH2 with a range

of Young's moduli by introducing different numbers of “entanglement points” that cannot

be disentangled during mechanical tests. Conducting mechanical tests in MD simulations,

we obtained their stress–strain curves and evaluated their Young's moduli. Meanwhile, we

also constructed sandwich-structured models in which an iPP, iPPgMA, or iPPgNH2 with

different Young's modulus is placed between the two surfaces of the hydroxylatedg-Al2O3

(001), performing tensile tests on these models to gain their stress–strain curves and evaluate

their failure behaviours.

By relating the Young's moduli of the bulk structures of amorphous iPP, iPPgMA, and

iPPgNH2 to the tensile strengths observed in their sandwich-structured models, we found

that the tensile strength observed in the sandwich-structured models increases as the Young's

moduli of iPP, iPPgMA, and iPPgNH2 rise even in interfacial failures. This is because a

higher Young's modulus enhances not only the yield stress of a polymer component between

the surfaces but also the interfacial strength, either of which is recorded as the tensile strength.

The interfacial strength is affected by Young's modulus because the interfacial failure mode

of polymer chains varies from peel to tensile modes with an increase in Young's modulus. In

a peel mode at a lower Young's modulus, polymer atoms are gradually removed from the

surface while a tensile mode at a higher Young's modulus requires more number of atoms to

be detached simultaneously to cause an interfacial failure.

This difference in the interfacial failure mode also results in the different contributions

of the functional groups within iPPgMA and iPPgNH2. Their higher interfacial interactions

function more effectively to improve the interfacial strength at a higher Young's modulus

due to the tensile mode failure at the interface in which more number of functional groups

are required to be pulled from the surface at the same time. Additionally, our calculations

demonstrated that iPPgNH2 gives the highest interfacial strength at a higher Young's modulus,

followed by iPPgMA and �nally non-grafted iPP, which is consistent with the trend in

experimental mechanical tests.

These �ndings can provide useful design strategies to improve tensile strengths resulting

from interfacial failures in polymer–metal/metal oxide joints. Although enhancing interfacial

interactions might appear to be the most effective way to improve interfacial strengths when

interfacial failures are observed in polymer–metal/metal oxide joints, our results offer another

useful strategy of increasing polymer stiffness.
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3.A Properties of iPP model

Table 3.1: Comparison between calculated properties of iPP and experimental results.

Density Rg Cn

[gcm� 3] [Å]
Calc. 0.82� 0.002 19.0� 0.02 4.7� 0.01
Exp. 0.85 [68] 22.1 [89] 4.15–6.2 [90]

Appendix 3.A Properties of iPP model

3.A.1 Density, radius of gyration, and characteristic ratio

To validate the bulk structure of amorphous iPP, its properties were evaluated and compared

with those obtained in experiments. We calculated its density, radius of gyration (Rg), and

characteristic ratio (Cn) before the entanglement points were introduced by averaging them

over the last1 nsin the MD simulation conducted to relax the bulk structure of amorphous iPP.

Table 3.1 shows the comparison between these values obtained in our model and experimental

results. The radius of gyration in experiments in this table was estimated by

Rg = 0:34M0:5
w ; (3.2)

whereMw is the molecular weight of iPP. This is an equation relatingMw to the radius of

gyration for iPP suggested by Ballardet al. using a small-angle neutron scattering (SANS)

technique. [89]

In Table 3.1, the density in our model is slightly smaller than the experimentally obtained

value. This might be because our model of iPP is an amorphous structure and, therefore, does

not contain crystal phases that are usually observed in iPP in experiments. However, it is not

very different from the density in experiments, and other two properties in our simulations

are also in a good agreement with experimental results.

3.A.2 Tensile strength and Young's modulus

We then obtained the stress–strain curve of the bulk structure of amorphous iPP before the

entanglement points were introduced (Figure 3.12) and evaluated its tensile strength and

Young's modulus to be compared with those in experiments.

We averaged the maximum stress value in the stress–strain curve and the seven data

points either side of it to obtain the tensile strength. For the Young's modulus, similarly to the

procedure in Section 3.2.2, a best-�t line for the data at true strains of between 0.02 and 0.1

was evaluated by a linear regression, and the Young's modulus was determined from its slope.
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Figure 3.12: The stress–strain curve of the bulk structure of amorphous iPP before the
entanglement points were introduced.

Table 3.2 shows these properties simulated in our models and those in experiments. Since

the mechanical properties of iPP are signi�cantly affected by its crystallinity, the calculated

values, which were evaluated in amorphous iPP, were compared with the experimental results

obtained in an iPP material with a relatively low crystallinity. [91] This table indicates

that the calculated properties are overestimated compared to the experimental values. One

possible reason for this overestimation is that the strain rate used in our mechanical tests

in MD simulations,1:0� 1010 s� 1, is much higher than those usually employed in exper-

iments,� 10� 1 s� 1–10� 3 s� 1. Alberola and Fugier demonstrated that the tensile strength

and Young's modulus of iPP increases with increasing strain rate by conducting tensile tests

of iPP using a range of strain rates. [92] Another reason for the difference between the

calculated and experimentally observed values is the crystallinity. Although the iPP material,

whose mechanical properties are shown in this table, has a relatively low crystallinity, its

crystallinity is still estimated as45 %, [91] whereas our model in MD simulations is com-

pletely amorphous structure. Nevertheless, the lack of crystallinity in our model would lead

to an underestimation in the mechanical properties such as tensile strength and Young's

modulus instead of the overestimation reported in Table 3.2, and thus its contribution seems

to be limited compared to the in�uence of the strain rate mentioned above. Despite the

overestimated values in our calculations due to a higher strain rate than those employed in

experiments, an experimental work has demonstrated that the difference in a strain rate does

not signi�cantly change the trend of mechanical properties such as yield stress observed in

amorphous polymers at different temperatures, which corresponds to polymers with different

Young's moduli. [93] This implies that even in mechanical tests using a high strain rate,

mechanical properties are still comparable and their trend can be meaningfully discussed.
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Table 3.2: Comparison between calculated mechanical properties of iPP and experimental
results. [91]

Tensile strength Young's modulus
[MPa] [GPa]

Calc. 137� 1.55 0.94� 0.01
Exp. 20.3 0.74

Appendix 3.B Surface area

Before examining the interfacial properties on the hydroxylatedg-Al2O3 (001) surface, we

investigated how the surface area affects the interfacial properties to con�rm a suf�cient

surface area. We expanded the surface built in the previous chapter in Figure 2.5(b) to

the dimensions between22:3 Å � 16:8 Å and89:4 Å � 67:3 Å to obtain the surfaces with

different surface areas, and added a vacuum slab with a thickness of150 Åon each surface.

Then, the nanostructures of iPP were created from its amorphous structure such that they have

the samex- andy-widths as the surfaces and a thickness of30 Å and placed on the surfaces

to form initial structures. After that, they were relaxed by MD simulations for1 ns. Figure

3.13 shows the initial and last structures of the interface between iPP and the hydroxylated

g-Al2O3 (001) surface with a surface area of 44:7 Å � 67:3 Å, as an example.

Using trajectories obtained in the MD simulations, interfacial energies given by Equation

2.14 were averaged over the last500 ps. Figure 3.14 shows the interfacial energy as a function

of the surface area. This indicates that the interfacial energy reaches almost the constant

value at the surface area of around44:7 Å � 67:3 Å � 1500 Å
2
. Additionally, we compared

the radius of gyration of iPP with thex- andy-widths of the surface, con�rming that it is

larger than 2� Rg to avoid the self-interactions of iPP chains. The radius of gyration was

found to be19:0 Å (Table 3.1), which means that both thex- andy-widths of44:7 Å and

67:3 Å, respectively, are suf�ciently large. Therefore, the surface with the dimension of

44:7 Å � 67:3 Å was used to build the sandwich-structured models.

As mentioned above, this surface was prepared by expanding the unit cell of the hydroxy-

latedg-Al2O3 (001) surface. Thus, this leads to a periodic surface structure, which can also

result in the periodic interfacial structure of polymer molecules. However, considering the

mechanism of the effect of polymer stiffness discussed in Section 3.2.1, even if such periodic

interfacial structure of polymer chains is formed, it does not signi�cantly affect the trend

observed in the sandwich-structured models.
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Figure 3.13: (a) The initial and (b) �nal (“relaxed”) models of the interface between iPP and
the hydroxylatedg-Al2O3 (001) surface with the surface area of 44:7 Å � 67:3 Å.

Figure 3.14: Interfacial energy between iPP and the hydroxylatedg-Al2O3 (001) surface as a
function of the surface area.

Appendix 3.C Protocol to introduce entanglement points

We introduced the entanglement points uniformly into the bulk structures of amorphous

iPP, iPPgMA, and iPPgNH2 and their sandwich-structured models such that they have no

speci�c distributions, which can cause unexpected failure behaviours. To achieve uniform

distributions of the entanglement points, they were introduced as following procedure. For

the bulk structures, the carbon atoms from which the entanglement points were chosen were

separated into bins along thex-, y-, andz-axes with a bin width of about 2 Å. Then, a target

number of the entanglement points in each bin was calculated based on the total number of

the entanglement points to be targeted such that each bin has almost the same ratio between

the number of entanglement points and that of the total carbon atoms. We next randomly

introduced entanglement points while the ratio in each bin was monitored. A number of the

entanglement points in each molecule was also observed such that almost the same number

of entanglement points were introduced into each molecule. For the sandwich-structures, the
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3.D Variations of characteristic stress values

Figure 3.15: (a) The ratio between the number of the entanglement points and that of the
total carbon atoms from which the entanglement points were selected as a function ofx-, y-,
or z-coordinates for the bulk structure of iPP-EP1/2, and (b) the ratio as a function of the
z-coordinate the sandwich-structured model of iPP-EP1/2.

carbon atoms from which the entanglement points were selected were separated into bins

along thez-axis with a bin width of around2 Å. Then, similarly to the procedure for the bulk

structures, entanglement points were introduced based on the ratio between the number of

entanglement points and that of the total carbon atoms in each bin.

Figure 3.15 shows the ratio between the number of the entanglement points and that of

the total carbon atoms from which the entanglement point were selected as a function of

x-, y-, or z-coordinates for the bulk structure of iPP-EP2, and the ratio as a function of the

z-coordinate for the sandwich-structured model of iPP-EP2, as an example, to ensure the

uniform distributions of the entanglement points. This indicates that the entanglement points

were evenly introduced into the bulk structure of iPP and the sandwich-structured model of

iPP. Regarding other bulk structures and sandwich-structured models, we con�rmed that the

entanglement points have no speci�c distributions similarly to the distributions shown in this

�gure.

Appendix 3.D Variations of characteristic stress values

We have concluded that, at a high Young's modulus of more than approximately3 GPa,

iPPgNH2 shows the highest tensile strength, followed by iPPgMA and then iPP. When

comparing the EP1/1.5 models of iPP and iPPgMA, and EP1/1.5-NH2 model of iPPgNH2,

with the almost the same Young's moduli of just more than3 GPa, in Figure 3.10 in Section

3.2.4, the tensile strength of iPPgNH2 is about15 MPahigher than that of iPPgMA, which in
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Figure 3.16: Stress–strain curves of three independently developed sandwich-structured
models of iPP with EP1/20 and EP1/1.5.

turn exceeds that of iPP by around35 MPa. To con�rm that these differences can be discussed,

we evaluated the variations in the characteristic stress values of tensile strength, yield stress,

and interfacial strength observed in the sandwich-structured models. Following the procedure

detailed in Section 3.1, we independently generated two bulk structures of iPP and created two

sandwich-structured models of iPP using these bulk structures. We subsequently introduced

entanglement points to these two sandwich-structured models to obtain the models of EP1/20

and EP1/1.5. Then, mechanical tests on these sandwich-structured models were conducted to

obtain their stress–strain curves and evaluate the three characteristic stress values from these

curves.

Figure 3.16 shows the stress–strain curves of the these sandwich-structured models (N =

2 and N = 3) in addition to the one built in Section 3.1 (N = 1). This �gure demonstrates that

the stress–strain curves of the three different samples are almost identical in the both models

of EP20 and EP1.5 although the third model of EP1/20 fail at a lower strain than the other

two models due to the void generation near an interface at the beginning of the failure. We

compared the characteristic properties of tensile strength, yield stress, and interfacial strength

observed in these curves in Table 3.3. The interfacial strength observed in the models of

EP1/20 shows a relatively large standard deviation. This is because that the polymer chains

are detached in a peel mode in these models, as discussed in Section 3.2.4. This decreases

the number of atoms signi�cantly affecting the stress behaviour, leading to a larger variation

and also larger �uctuations in the stress–strain curves at true strain of between 0.2 and 1

in Figure 3.16. On the other hand, other characteristic values, including tensile strength,

provide standard deviations of less than5 MPa. This is suf�ciently small compared to the
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Table 3.3: Tensile strength, yield stress, and interfacial strength observed in three samples of
the iPP sandwich models of EP1/20 and EP1/1.5, and the standard deviations (S. D.) of these
values.

Tensile strength Yield stress Interfacial strength
[MPa] [MPa] [MPa]

EP20 N = 1 158.5 158.5 106.5
N = 2 164.3 164.3 91.6
N = 3 163.8 163.8 80.0
S. D. 2.6 2.6 10.9

EP1.5 N = 1 268.1 246.8 268.1
N = 2 276.5 249.6 276.5
N = 3 267.4 249.0 267.4
S. D. 4.1 1.2 4.1

differences between the three iPP materials calculated above, and thus we can reasonably

compare the tensile strengths at a high Young's modulus between the three iPP structures.
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Chapter 4

Protocol to compare different chemical

functionalities within polymers

The previous chapter has revealed that, using sandwich-structured models,

a higher Young's modulus of grafted iPP materials leads to a more signi�-

cant contribution of their chemical functionalities to interfacial strengths in

polymer�metal joints. Based on this �nding, we propose a more computation-

ally e�cient protocol to compare various functional groups within polymers in

terms of their bonding abilities to metals/metal oxides. We construct small

interfacial models in which a single molecule of non-grafted iPP, iPPgMA,

or iPPgNH2 is placed on the hydroxylatedg-Al2O3 (001) surface. We sub-

sequently conduct single-molecule �mechanical tests� by pulling up di�erent

numbers of polymer atoms molecules from the surface to reproduce the dif-

ferent interfacial failure modes of polymer chains depending on the Young's

modulus of a polymer component in sandwich-structured models. This pro-

cedure demonstrates that iPPgNH2 provides the highest interfacial strength,

followed by iPPgMA, and ultimately non-grafted iPP. These results are consis-

tent with the trend observed in the sandwich-structured models in the previous

chapter and experimental observations, giving a faster and more e�cient way

of predicting e�ect of polymer functionalisation on interfacial strength.

The previous chapter has shown that as the Young's moduli of iPPgMA and iPPgNH2

increase, the functional groups within these iPP materials, namely MA and amine groups

respectively, more signi�cantly enhance the interfacial strengths with the alumina surface
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relative to non-grafted iPP due to the interfacial failure mode changing from a peel-like mode

to a tensile-like mode. Additionally, among these three iPP structures with a larger Young's

modulus, iPPgNH2 provides the highest interfacial strength, followed by iPPgMA and lastly

non-grafted iPP, which is consistent with experimental observations. [17, 20] These results

suggest that, as demonstrated in Figure 3.11(b) in the previous chapter, comparing the

relationships between Young's modulus and interfacial strength among different types of

grafted polymers can be helpful to compare the bonding abilities of these polymers with

metals/metal oxides and, thus, assist in making informed material selections.

However, the computational expense of this procedure to evaluate the relationship be-

tween Young's modulus and interfacial strength, which includes building bulk structures of

polymers and their sandwich-structured models and conducting mechanical tests on these

models using molecular dynamics simulations, can limit its practicality especially in environ-

ments where access to suf�cient computational resources is not available. Therefore, in this

chapter, we suggest an alternative protocol that utilises smaller interfacial models, requiring

fewer computational resources, and thus can be more widely employed to fairly compare

different functionalities within polymers regarding their bonding abilities with metal/metal

oxide substrates.

Initially, we construct small interfacial models consisting of a single molecule of either

iPP, iPPgMA, or iPPgNH2 on the alumina surface and subsequently relax these interfacial

structures. Next, we perform single-molecular “mechanical tests” by pulling up different

numbers of polymer atoms from the surface, thereby reproducing different interfacial failure

modes induced by different polymer stiffnesses observed in the sandwich-structured models.

Then, we evaluate the force exerted on the surface during these mechanical tests and compare

the interfacial strengths of the three iPP structures of non-grafted iPP, iPPgMA, and iPPgNH2

with the trend observed in the sandwich-structured models, thus validating the proposed

procedure.

4.1 Simulation method

4.1.1 Small interfacial models

We �rst built iPP, iPPgMA, and iPPgNH2 molecules each consisting of 50 repeat units. To

obtain iPPgMA and iPPgNH2 molecules, we introduced three molecules of either MA or

1,12-diaminododecane according to the protocol outlined in Section 3.1.1. Meanwhile, we

extended the hydroxylatedg-Al2O3 (001) surface, used in the previous chapter, to a size
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Figure 4.1: (a) Initial and (b) �nal (“relaxed”)
interfacial models of iPP.

of approximately100 Å� 100 Å and added a vacuum slab with a thickness of500 Å on it.

We then placed each polymer chain on the surface to build three interfacial models. Next,

these structures were relaxed by a500 psMD simulation at298 K. The simulation length

of 500 ps was con�rmed to be suf�cient for the interfacial models to reach equilibrium (see

Appendix 4.A). Figure 4.1 shows the initial and �nal (“relaxed”) interfacial models of iPP,

as an example.

4.1.2 Mechanical tests

Using the last snapshots in the previous MD simulations as initial structures, we performed

“mechanical tests” on the interfacial models. Tensile tests on the sandwich-structured models

in Chapter 3 showed that, as the Young's moduli of iPPgMA and iPPgNH2 increase, the

interfacial failure modes of these polymer molecules change from a peel-like mode to a

tensile-like mode, thus leading to increased contributions of their functional groups to the

interfacial strengths.

To reproduce this trend in the interfacial models containing a single polymer molecule,

we pulled up different numbers of polymer atoms from the surface at a constant velocity. The

z-components of the displaced atoms were set to around1 Åfs� 1, which is almost the same as

that employed to move the upper surfaces of the sandwich-structures in their mechanical tests.

We expected that fewer displaced atoms would lead to a peel-like interfacial failure mode of

a polymer chain whereas a larger number of displaced atom would result in a tensile-like

interfacial failure mode. In the models of iPP and iPPgMA, we randomly selected from 1%

to 100% of carbon atoms forming the backbones to be displaced during the mechanical tests.

For the iPPgNH2 model, we chose displaced atoms from both the backbone and side groups.

During the mechanical tests, thez-component of the force exerted on the surface was

recorded every 100 steps and then smoothed by a moving average with three data points to

obtain a force pro�le as a function of the displacement of the displaced atoms. To convert
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this force to a stress, we calculated the interfacial area between a polymer chain and the

surface for each interfacial model using trajectories obtained in the previous MD simulations.

We �rst placed grid lines along thex- andy-directions on the surface with a width of around

1 Å. In each snapshot in the trajectories, we calculated the distances between the centres of

the bins generated by these grid lines and their closest atoms of a polymer molecule. When

the distance was smaller than9 Å, the bin was de�ned as a “contact area”. The distance of

9 Å corresponds to the position of the �rst valleys from the surfaces in the density pro�les of

the sandwich-structured models (Figure 3.5). The contact areas were summed to obtain the

interfacial area between a polymer molecule and the surface in each snapshot, which was

then averaged over the last100 psin the previous MD simulation. The force recorded during

the mechanical tests was divided by the interfacial area to obtain a stress pro�le as a function

of the displacement of displaced atoms.

4.2 Results

4.2.1 Interfacial strengths

Figure 4.2 shows the pro�les of the stress exerted on the surface as a function of the

displacement of dislocated atoms during the mechanical tests on the interfacial models. In

the pro�les of all the three iPP structures, the pro�le of a smaller percentage of displaced

atoms shows that the stress more �uctuates and becomes zero at a larger displacement. This

indicates that the polymer chain is gradually detached from the surface, leading to a peel-like

failure mode. On the other hand, a higher percentage of displaced atoms provides a larger

peak and decays to zero at a smaller displacement, resulting in a tensile-like failure mode.

Additionally, this difference in the interfacial failure mode was also demonstrated in the

snapshots during the mechanical tests. As an example, Figure 4.3 shows the snapshots

of the interfacial model of iPP during the mechanical tests when 2.5% and 100% of the

backbone carbon atoms were displaced by10 Å from their initial positions. When 2.5% of

the backbone carbon atoms is displaced [Figure 4.3(a)], the polymer molecule can change its

con�guration, thus showing a peel mode failure. Meanwhile, when 100% of the backbone

carbon atoms are pulled [Figure 4.3(b)], the molecule retains its con�guration and is removed

simultaneously in a tensile mode. Therefore, the mechanical tests conducted by pulling up

different numbers of polymer atoms successfully reproduced the change in the interfacial

failure mode observed in the sandwich-structured models due to an increase in the Young's

modulus of their polymer components, as intended.
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Figure 4.2: Pro�les of the stress exerted on the surface as a function of the displacement of
displaced atoms observed in the interfacial models of (a) iPP, (b) iPPgMA, and (c) iPPgNH2.

Then, we compare the interfacial strengths of the three different iPP structures of iPP,

iPPgMA, and iPPgNH2 using their stress pro�les. The interfacial strength was computed by

averaging over the three data points surrounding the maximum stress value in each pro�le.

Figure 4.4 shows the interfacial strength as a function of the percentage of displaced atoms

in the total carbon atoms from which the displaced atoms were selected. All the three

iPP structures show the same trend of increasing interfacial strength with an increase in the

percentage of displaced atoms. Additionally, at a low percentage less than approximately 15%,

there is no signi�cant difference between the three iPP structures. At a higher percentage,

iPPgNH2 model show the highest values, followed by iPPgMA and �nally non-grafted iPP,

as experimental works suggested. [17, 20] These trends are also in good agreement with

those observed in the sandwich-structured models. Therefore, this procedure of conducting

mechanical tests by displacing different numbers of polymer atoms using interfacial models

with a single polymer molecule can be used to compare the bonding abilities of different

functional groups within polymers with metal/metal oxide surfaces.
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Figure 4.3: Snapshots of the interfacial model
of iPP during the mechanical tests when (a)
2.5% and (b) 100% of the backbone carbon
atoms were displaced by10 Å from their ini-
tial positions.

Figure 4.4: Interfacial strengths of iPP,
iPPgMA, and iPPgNH2 obtained from the
pro�les in Figure 4.2 as a function of the per-
centage displaced atoms in the total carbon
atoms from which the displaced atoms were
selected.

On the other hand, further investigations should be required to build appropriate interfacial

models for this protocol. Parameters such as the length and grafting ratio of polymers

used for the interfacial models should be discussed to better understand their contributions.

Nevertheless, the interfacial models constructed in this chapter provided the consistent trends

with the results obtained from the sandwich-structured models and experimental works,

indicating that the proposed procedure can be useful tool for making a fair comparison

between different chemical functionalities within polymers.

4.2.2 Computational costs

We next compared the computational costs required to conduct mechanical tests using

sandwich-structured models versus interfacial models with a single polymer molecule for

non-grafted iPP, as an example. In order to build the sandwich-structured model of iPP, we

�rst built 100 amorphous structures of iPP independently, which took about 320 core hours.

Only this step was performed on our local computer. Then, one selected amorphous structure

was relaxed by a5 nsMD simulation, which needed approximately 2,240 core hours on the

Cambridge Service for Data-Driven Discovery (CSD3) with Intel Xeon Scalable Processors

(2.6 GHz). After that, a sandwich-structured model was constructed using the amorphous iPP

structure and subsequently relaxed by a four-step MD simulation protocol, requiring roughly

17,000 core hours. Hence, it cost approximately 19,500 core hours in total to prepare the
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sandwich-structured model of iPP, and, additionally, each mechanical test needed roughly

400 core hours on average.

On the other hand, building an interfacial model with a single molecule of iPP required

no calculations to obtain its initial structure, and it took only about 450 core hours to relax

it. After that, each mechanical test on this model needed around 10 core hours on average.

As a result, the proposed procedure employing the interfacial models with a single polymer

molecule is around 40 times more computationally ef�cient to compare the bonding abilities

of different chemical functionalities within polymers with metals/metal oxides. Therefore,

this method can be performed even in environments without the provision for large amounts

of computational resources.

4.3 Conclusions

We proposed a protocol requiring only limited computational resources to compare different

functional groups within polymers regarding their bonding abilities with metals/metal ox-

ides. Although the contributions of the length and grafting ratio of polymers used for the

protocol may need further investigations, it can be useful in a wide range of settings, even in

environments where computational resources are scarce.

We �rst constructed interfacial models in which a single molecule of iPP, iPPgMA, or

iPPgNH2 was placed on the hydroxylatedg-Al2O3 (001) surface, then relaxing these struc-

tures by short-time MD simulations. We then pulled up different numbers of polymer atoms

from the surface along the normal direction while recording the stress exerted on the surface

to obtain a stress pro�le as a function of the displacement of the displaced atoms, evaluating

interfacial strengths from these pro�les. The results obtained in this procedure show similar

characteristics to those obtained in mechanical tests using the sandwich-structured models

in the previous chapter. As the number of the displaced atoms increases, the interfacial

failure mode of a polymer chain changes from a peel-like mode to a tensile-like mode with

an increased interfacial strength. Furthermore, when a larger number of polymer atoms are

displaced, iPPgNH2 provides the highest interfacial strength, followed by iPPgMA and then

non-grafted iPP, which is also the same order evaluated in the sandwich-structured models

and in experimental works.

Comparing the computational costs between the protocol using sandwich-structured

models and that using interfacial models containing a single polymer molecule, the smaller

model is approximately 40 times computationally ef�cient than the sandwich-structured

models. Therefore, despite the fact that there may remain several parameters whose in�uences
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Chapter 4. Protocol to compare different chemical functionalities within polymers

Figure 4.5: Radius of gyration (Rg) of the iPP molecule on the surface (left) and interfacial
area (right) as a function of time in a500 psMD simulation conducted to relax an interfacial
model containing a single molecule of iPP.

should be investigated such as the length and grafting ratio of polymers, this protocol can be

useful in comparing different functional groups within polymers in terms of their bonding

abilities with metal/metal oxide surfaces even in environments where access to computational

resources is limited.

Appendix 4.A Equilibrium time in a small interfacial model

In order to con�rm that a500 psMD simulation was suf�ciently long to relax the interfacial

models containing a single molecule, we evaluated the radius of gyration (Rg) of an iPP

molecule and its interfacial area with the surface using an interfacial model of iPP. Figure

4.5 shows these properties as a function of time during the MD simulation. This indicates

that these two properties rapidly reach almost constant values.
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Part II

Parameterisations of bulk iPP and its

interfacial model with an alumina surface
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Chapter 5

Introduction of Bayesian optimisation

We now proceed to examine the interfacial failure behaviours of iPP on a

porous alumina surface, instead of the previously studied �at surface. For

the preparation, in this chapter, we introduce Bayesian optimisation to obtain

interaction parameters for a coarse-grained technique of DPD, which makes

it possible to overcome the length limitation of all-atom MD simulations and

thus to model interfacial models containing a porous surface. Before this

optimisation method is applied to the interfacial model between iPP and a

porous alumina surface, we present its theoretical framework and illustrate its

functioning through a simple system of liquid water

In polymer–metal/metal oxide joints, surface topographies of metal/metal oxide substrates

signi�cantly affect the interfacial strength, [64] in addition to the stiffness and chemical

functionality of polymers discussed in Chapter 3. Regarding aluminium/aluminium oxide

surfaces, a variety of surface treatments have been suggested to construct micro and nanos-

tructures to improve their bonding abilities to other materials including polymers. For this

purpose, an anodising treatment is one of the most commonly used methods. [21, 12, 22]

This treatment builds an aluminium oxide layer with pores that can increase the interfacial

area and mechanical interlocking with polymers. These porous surfaces can lead to different

interfacial failure behaviours and different contributions of in�uential parameters, such as

polymer stiffness, compared to �at surfaces. However, interfacial phenomena on porous

surfaces have not been thoroughly explored.

To mitigate this de�ciency, we model the interface between iPP and a porousg-Al2O3

surface and explore its failure behaviours. We employ the DPD method, [94, 95] which is

one of the common theoretical techniques for coarse-grained models, instead of the all-atom
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MD method because its length limitation makes it too computationally expensive to measure

the mechanical properties of interfacial models containing a porous surface. This requires us

to derive interaction parameters for DPD simulations using these interfacial models. Many

methods have been developed to generate DPD parameters from all-atom models, which we

have already developed for the interface between iPP and an alumina surface in the previous

part. [96–98] We here select Bayesian optimisation for the parameterisation because of

its advantages compared to other methods: It gives time-averaged values, is less likely to

result in over�tting, and provides all parameters required in DPD simulations simultaneously.

[99–101]

In this chapter, we �rst brie�y review the theory of the DPD method. Next, we introduce

the details of Bayesian optimisation, demonstrate how it works using a simple example of

liquid water, and con�rm that Bayesian optimisation by Python scripts written by the author

reaches appropriate solutions.

5.1 Introduction of DPD

To target larger length and time scales than those allowed in all-atom MD simulations, we

need to reduce the number of particles by coarse-graining, which means grouping a few

atoms into one particle (bead). One of the most common computational techniques for

coarse-grained models is the DPD method, [94, 95] which uses soft potentials to accelerate

the dynamics. In the DPD system, the force acting on a beadi, f i , contains three parts:

f i = å
j6= i

�
fC
i j + fD

i j + fR
i j

�
; (5.1)

wherefC
i j , fD

i j , andfR
i j are the conservative, dissipative, and random forces respectively. The

sum runs over all other particles within a certain cutoff radius ofrc. The conventional form

of the conservative force is a soft repulsion acting along the line of centres and is provided by

fC
i j =

8
<

:

ai j

�
1� r i j

rc

�
ei j

�
r i j < rc

�

0
�
r i j � rc

� ; (5.2)

whereai j is the maximum repulsion between beadi and j, r i j =
�
�r i j

�
� =

�
�r i � r j

�
� is the distance,

andei j = r i j =r i j is a unit vector with the direction ofr i j . This force is complemented with
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the dissipative and random forces, acting as a thermostat, given by

fD
i j = � gw2

i j
�
ei j � vi j

�
ei j (5.3)

and

fR
i j = s wi j qei j ; (5.4)

whereg is a friction parameter for the dissipative force,wi j is a weight function dependent

of r i j , vi j = vi � v j is a relative velocity,s is a noise parameter, andq is a Gaussian random

number with zero mean and unit variance. We can arbitrarily choose the weight function,

wi j , for these forces. As a simple choice, a linear function has been employed in most cases:

wi j =

8
<

:

�
1� r i j

rc

� �
r i j < rc

�

0
�
r i j � rc

� : (5.5)

The friction parameter,g, for the dissipative force and the noise parameter,s , for the random

force are related via the �uctuation-dissipation theorem by

s =
p

2gkBT: (5.6)

According to these de�nitions of the DPD forces, we have to determine the maximum

repulsion parameter(s) between beadi and j for the conservative force and the friction

parameter(s) for the dissipative force to conduct DPD simulations.

Now, for the convenience of the following calculations in Bayesian optimisation, we use

vector and matrix forms of all bead positions, velocities, and forces at a time oft. We �rst

introduce vectors of all bead positions (Rt), velocities (Vt), and forces (Ft) at a time oft:

Rt =

0

B
B
B
B
@

r1

r2
...

rN

1

C
C
C
C
A

; (5.7)

Vt =

0

B
B
B
B
@

v1

v2
...

vN

1

C
C
C
C
A

; (5.8)
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Ft =

0

B
B
B
B
@

f1

f2
...

fN;

1

C
C
C
C
A

=

0

B
B
B
B
@

fC
1

fC
2
...

fC
N

1

C
C
C
C
A

+

0

B
B
B
B
@

fD
1

fD
2
...

fD
N

1

C
C
C
C
A

+

0

B
B
B
B
@

fR
1

fR
2
...

fR
N

1

C
C
C
C
A

; (5.9)

whereN is the number of bead,r i, vi, andf i is the position, velocity, and force vectors of

beadi at a time oft respectively, andfC
i , fD

i , andfR
i are the conservative, dissipative, and

random forces exerted on beadi at a time oft respectively. For simplicity,t subscripts are

omitted in these vectors. As shown in these de�nitions,Rt , Vt , andFt are all3N-dimensional

vectors. Additionally, given that the system contains a single type of bead with a repulsion

parameter ofai j = xC in Equation 5.2, a vector of the conservative forces of all beads at a

time of t (FC
t ) is given by

FC
t =

0

B
B
B
B
@

fC
1

fC
2
...

fC
N;

1

C
C
C
C
A

=

0

B
B
B
B
B
B
B
B
B
@

å
j6= 1

�
1� r1j

rc

�
e1j

å
j6= 2

�
1� r2j

rc

�
e2j

...

å
j6= N

�
1� rN j

rc

�
eN j

1

C
C
C
C
C
C
C
C
C
A

xC (5.10)

= AtxC; (5.11)
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where each summation runs overj satisfyingr i j < rc, andFC
t andAt are also3N-dimensional

vectors. From Equation 5.3, the dissipative contribution at a time oft (FD
t ) is calculated as

FD
t =

0

B
B
B
B
@

fD
1

fD
2
...

fD
N;

1

C
C
C
C
A

=

0

B
B
B
B
B
B
B
B
@

å
j6= 1

� gw2
1j

�
v1 � v j

�
e�

1 je1j

å
j6= 2

� gw2
2j

�
v2 � v j

�
e�

2 je2j

...

å
j6= N

� gw2
N j

�
vN � v j

�
e�

N jeN j

1

C
C
C
C
C
C
C
C
A

(5.12)

= � g

0

B
B
B
B
B
B
B
B
@

å
j6= 1

w2
1je1je�

1 j � w2
12e12e�

12 � � � � w2
1Ne1Ne�

1N

� w2
12e12e�

12 å
j6= 2

w2
2je2je�

2 j � � � � w2
2Ne2Ne�

2N

...
...

...
...

� w2
1Ne1Ne�

1N � w2
2Ne2Ne�

2N : : : å
j6= N

w2
N jeN je�

N j

1

C
C
C
C
C
C
C
C
A

0

B
B
B
B
@

v1

v2
...

vN

1

C
C
C
C
A

(5.13)

= � gBtVt (5.14)

= � GGGtVt ; (5.15)

where� denotes a transpose of a vector or matrix, andBt andGGGt are symmetric matrices with

a dimension of3N � 3N. In this equation, each summation is only forj satisfyingr i j < rc.

These vector and matrix expressions are used in the process of Bayesian optimisation in the

next section.

5.2 Introduction of Bayesian optimisation

We now introduce Bayesian optimisation to generate DPD parameters. [99–101] This

method allows us to optimise them simultaneously using only a reference trajectory,T ref =

{ R0;R1; :::}, obtained by an all-atom MD simulation. The basic idea of this optimisation is

Bayes theorem. A coarse-grained model can be reproduced by a set of parametersx including

the parameters to be optimised for the conservative and dissipative forces in DPD simulations.

According to Bayes theorem, the probability of the set of parametersx when the process of

T ref occurs is proportional to the likelihood that the reference trajectoryT ref is produced

by the system using the parametersx with initial conditions ofR0 andR1:

P (xjT re f ) = P (xjR0;R1;R2;R3; :::) µ P (R2;R3; :::jx;R0;R1) : (5.16)
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The parameters to be targeted are those that maximise the probabilityP (xjR0;R1;R2;R3; :::).

Assuming that a �rst order integration scheme such as a Verlet algorithm is used in DPD

simulations, velocities and forces are calculated from positions by

Vt =
1
Dt

(Rt � Rt� 1) (5.17)

Ft =
1
Dt

M (Vt � Vt� 1) (5.18)

=
1

Dt2M (Rt+ 1 � 2Rt + Rt� 1) ; (5.19)

whereM is a diagonal matrix consisting of bead masses, andDt is a time interval in the

reference trajectory.

The de�nition of conditional probabilities provides

P (R2;R3; :::jx;R0;R1) = P (R2jx;R0;R1) � P (R3; :::jx;R0;R1;R2) : (5.20)

From Equation 5.19,R2 is replaced withF1 if R0 andR1 are provided:

P (R2jx;R0;R1) µ P (F1jx;R0;R1) : (5.21)

This substitution is applied to Equation 5.20 step by step to obtain

P (xjT re f ) µ Õ
t� 1

P (Ft jx;R0;R1; :::;Rt) : (5.22)

As shown in the previous section, the forceFt in the DPD system depends only onRt , Vt ,

and random numbers with no time correlations. Thus, Equation 5.22 is rewritten to

P (xjT re f ) µ Õ
t� 1

P (Ft jx;Rt ;Vt) : (5.23)

Now, if we know the positionsRt , velocitiesVt and parametersx, the forcesFt can be

calculated apart from their random termFR
t . This means that the probability to be maximised

is given by

P (x) µ Õ
t

P
�
FR

t = Ft � FC
t � FD

t jx;Rt ;Vt
�

: (5.24)

The �uctuation-dissipation theorem in the DPD system requires the random forces to satisfy



FR

t FR
t0

�
= 2kBTGGGtd(t � t0); (5.25)
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wherekB is Boltzmann's constant,T is the temperature, andGGGt is a symmetric matrix in the

dissipative force (Equation 5.15). Assuming thatFR
t show a normal distribution, we obtain

the probability to be maximised as

P (x) µ Õ
t

1
p

det(2pGGGt)
exp�

DtFR�
t GGG� 1

t FR
t

4kBT
: (5.26)

Maximising this probability corresponds to minimising

L (x) = � logP (x) =
1
2å

t
logdetGGGt +

DtFR�
t GGG� 1

t FR
t

2kBT
: (5.27)

Now, using a trajectory obtained by an MD simulation, we can calculate the total forces

exerted on all beads at a time oft (Fref
t ) using Equation 5.19 andAt andGGGt matrices for the

conservative and dissipative forces given by Equations 5.10 and 5.15 respectively from bead

positions. Thus,FR
t can be described as

FR
t = Fref

t � AtxC + GGGtVt : (5.28)

From Equation 5.27 and 5.28, the optimisation with respect toxC provides

¶L (x)
¶xC =

Dt
2kBT å

t
A�

t GGG� 1
t

�
AtxC � Fref

t

�
: (5.29)

We can then obtain the optimal parameters for the conservative force by

xC =
�

å
t

A�
t GGG� 1

t At

� � 1 �

å
t

A�
t GGG� 1

t Fref
t

�
: (5.30)

From Equation 5.14 and 5.15, this is rewritten as

xC =
�

å
t

A�
t B� 1

t At

� � 1 �

å
t

A�
t B� 1

t Fref
t

�
: (5.31)

Regarding the parameterg for the dissipative force, it satis�es

¶L (x)
¶g

= g
2NCGkBT

Dt
+ g2 1

nt
å
t

V�
t BtVt �

1
nt

å
t

�
Fref

t � FC
t

� �
B� 1

t

�
Fref

t � FC
t

�
= 0;

(5.32)
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whereNCG = 3N � 2 is the number of independent degrees of freedom, andnt is the number

of snapshots in the reference trajectory.

Therefore, using a reference trajectory obtained in an all-atom MD simulation, we can

calculateAt andBt matrices, and the parameters for the conservative and dissipative forces

in DPD simulations can be derived from Equation 5.31 and 5.32 respectively.

5.3 Application to water

We then apply Bayesian optimisation to develop a coarse-grained model of liquid water with

the optimal parameters for DPD simulations to demonstrate how it reproduces the all-atom

MD system by the DPD method and also to verify the functionality of our hand-written

Python scripts for the parameterisation.

5.3.1 Parameterisation

Atomistic simulation

We �rst conducted MD simulations to generate a reference trajectory for Bayesian optimi-

sation. We packed 900 water molecules into a simulation cell with a density of1:0 gcm� 3

using Amorphous Cell to obtain an initial structure. The pcff force �eld was employed.

Then, it was relaxed by an MD simulation employing NpT ensemble for1 nsat 298 K. After

that, the last snapshot was subjected to another simulation to obtain a reference trajectory

for Bayesian optimisation. It was performed for50 pswith a timestep of1 fs while the

con�gurations were recorded every50 fs. This generated a reference trajectory containing

1001 snapshots with a time interval of 50 fs.

Bayesian optimisation

We then converted the all-atom expression of the reference trajectory to a coarse-grained

MD trajectory (CGMD trajectory) by treating one water molecule as one bead. From the

CGMD trajectory, we calculated the positions, velocities, and forces of all beads at each time

t and performed Bayesian optimisation. The cutoff distance used in Bayesian optimisation

was changed from3 Å to 5 Å to observe its impact on the optimised parameters and bead

behaviours in the DPD system. These processes were carried by Python scripts written by

the author.
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Table 5.1: Cutoff distances (rc) employed in Bayesian optimisation processes and optimised
DPD parameters for water. Thea andg are the parameters for the conservative and dissipative
forces respectively

rc a g

[Å] [kcalmol� 1Å
� 1

] [kcalpsmol� 1Å
� 2

]
3.0 240.7 1999.66
3.05 55.81 1254.34
4.00 3.52 4.26
5.50 3.18 1.50
5.00 2.94 0.83

DPD simulation

Next, we conducted DPD simulations employing the optimised parameters and compared

the structural properties of water in DPD simulations with those observed in the CGMD

trajectory and those reported in other studies. We performed DPD simulations for1 nswith a

timestep of50 fsusing the cutoff distances employed in the Bayesian optimisation procedures

and their corresponding optimised parameters. The DPD simulations were performed by an

open-source software package of LAMMPS.

5.3.2 Results

First, Table 5.1 summarises cutoff distances employed in Bayesian optimisation processes and

optimised DPD parameters ofa andg for the conservative and dissipative forces respectively.

This table indicates that both of the parameters are signi�cantly affected by the cutoff distance

as previous works suggest. [95, 102] This is because according to the relationship between

the cutoff distancerc and the parametera discussed later in Equations between 5.33 and 5.38,

a is approximately proportional to1r3
c
. Additionally, another possible reason for the sensitivity

of the parametersa andg is the number of beads employed to reproduce the reference force.

The RDF obtained in an MD simulation, shown in Figure 5.1 below, provides a large peak at

distances between less than3 Å and4 Å. This means that, when changingrc from 3 Å to 4 Å,

the number of beads used to reproduce the reference force signi�cantly varies, which may

also lead to sudden changes in the both parameters in Table 5.1.

Figure 5.1 shows the RDFs of water beads obtained in DPD calculations employing

different cutoff distances and their corresponding DPD parameters in Table 5.1. This �gure

demonstrates that a DPD simulation with a cutoff distance of5 Å provides a gas-like RDF,

with no clear peaks. As the cutoff distance decreases, the RDF shows sharper peaks and
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Figure 5.1: Comparison of RDFs between
CGMD trajectory and those obtained by DPD
simulations using cutoff distances between
3 Å and 5 Åand their corresponding parame-
ters.

changes to a liquid-like distribution. This is in good agreement with previous DPD work

investigating the in�uence of different cutoff distances on the behaviours of water simulations.

[102] Although it has been demonstrated that the DPD method is capable of preserving

hydrodynamics, which is the motion of beads following the Navier-Stokes equations, using

an arbitrarily determined cutoff distance for the conservative force, [103] an appropriate

cutoff distance should be chosen to reproduce structural properties such as RDF and density.

Regarding the RDF of water, the cutoff distance of3:05 Å achieves the best agreement with

that evaluated in the CGMD trajectory (Figure 5.1).

Next, we quantitatively compared the parameter for the conservative force optimised

by Bayesian optimisation using our hand-written Python scripts with an empirically sug-

gested value. Groot and Warren demonstrated that, in a single-component DPD �uid, the

conventional DPD potential leads to a quadratic equation of state given by

p = r kBT + a ar 2 (a = 0:101� 0:001forr > 3); (5.33)

wherer is the number density in DPD, anda is an experimentally obtained �tting constant.

[95] From the de�nition of compressibility,k , and Equation 5.33,k is expressed by

k � 1 = r
�

¶ p
¶r

�

N;T
= r kBT + 2a ar 2: (5.34)

The parameter for the conservative forcea is obtained as

a =
k � 1 � r kBT

2ar 2 : (5.35)
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In reduced units,k � 1 can be non-dimensionalised tok � 1
nd = 1/(knkBT), wheren is molecular

number density. Therefore, Equation 5.35 is rewritten as

a =
k � 1

nd � 1
2ar

kBT: (5.36)

For water at room temperature (T = 298 K) with a compressibility of4:52� 10� 10 Pa� 1,

[104] k � 1
nd is calculated as about 16, and thus the parameter for the conservative force is

obtained as

a =
75
r

kBT: (5.37)

On the other hand, Groot and Rabone related the DPD system with real materials by

de�ning the cutoff distance,rc, by

rc = ( r NmV0)
1
3 ; (5.38)

whereNm is the number of molecules in a bead andV0 is a bead volume. [105] In general,

r andNm can be set arbitrarily, andrc is used as a length unit. As an example for water,r

andNm are often de�ned to 3 and 1 respectively. In this case, the parametera and the cutoff

distance are calculated as 25 in reduced units and4:5 Å in real units by Equations 5.37 and

5.38 respectively (a volume of water molecule of30 Å
3

was used in Equation 5.38). On the

other hand, Bayesian optimisation usingrc of 4:5 Å by our author-written Python scripts

resulted ina = 3:52 in real units (Table 5.1), corresponding to 24.2 in reduced units. It is

almost consistent with that estimated above, and hence Bayesian optimisation procedure

using author-written Python scripts gives a reasonable parameter.

5.4 Conclusions

This chapter began with brie�y reviewing the theoretical framework of the DPD method,

introducing the conventional forms of the conservative, dissipative, and random forces, and

their vector and matrix expressions. We then introduced Bayesian optimisation, which

derives DPD parameters from a reference trajectory obtained by the all-atom MD method.

Next, we applied Bayesian optimisation to create a simple coarse-grained model of liquid

water. We conducted DPD simulations using different potential cutoff distances and their

corresponding optimised parameters to explore the impact of the cutoff distance on the bead
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behaviours in DPD simulations and to con�rm the correct operation of our author-written

Python scripts built for the parameterisation. The results show similar features as reported

in previous studies. First, the behaviour of water in the DPD system varies depending on

the cutoff distance. As the cutoff distance decreases, water in the DPD system changes from

a gas-like to a liquid-like �uid. Thus, an appropriate cutoff distance needs to be selected

to reproduce its structural properties such as density and RDF observed in all-atom MD

simulations by DPD simulations. Second, comparing a DPD parameter obtained by Bayesian

optimisation using our author-written Python scripts with that reported in other work, they

are quantitatively in good agreement with each other. Thus, we are now prepared to derive

DPD parameters for the bulk structure of iPP and its interfacial model with the alumina

surface from their atomistic trajectories.
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Development of a coarse-grained model of

iPP

Having introduced and validated Bayesian optimisation to generate DPD pa-

rameters from an atomistic trajectory, we now apply it to the bulk structure of

iPP to optimise DPD parameters for a coarse-grained iPP model. We then con-

duct DPD simulations employing the optimal parameters. The coarse-grained

model of iPP with the optimised parameters is validated by comparing the

properties of iPP in the DPD simulations with those in all-atom MD simula-

tions.

In Chapter 5, we have demonstrated the theoretical frameworks of the DPD method and

Bayesian optimisation. We have also con�rmed that, with an appropriate cutoff distance,

Bayesian optimisation using our author-written Python codes successfully derives DPD

parameters that enable the reproduction of structural properties such as the RDF in DPD

simulations compared to the all-atom MD system for liquid water.

We now apply Bayesian optimisation to the bulk structure of iPP in preparation for

DPD simulations that investigate the contribution of the Young's modulus of iPP to the

interfacial failure behaviours on a porous alumina surface. According to the protocol

illustrated in Chapter 5, we develop a coarse-grained model of iPP with optimal DPD

parameters. The procedure begins with an all-atom MD simulation to generate a reference

trajectory for Bayesian optimisation. Using this trajectory, DPD parameters for the coarse-

grained bulk structure of iPP are derived by Bayesian optimisation. Finally, we performed

DPD simulations to evaluate the properties of iPP in the DPD system and compared them
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Chapter 6. Development of a coarse-grained model of iPP

Figure 6.1: Bead de�nitions to convert an
atomistic model of iPP to a coarse-grained
model. For brevity, they are shown in a
molecule of iPP comprising of six repeat
units, but the actual chains used in DPD sim-
ulations and MD parameterisation are much
longer.

with those in MD simulations, thereby validating the coarse-grained model of iPP with the

optimised parameters.

6.1 Coarse-grained model development

6.1.1 Atomistic simulation

We �rst generated a reference trajectory for Bayesian optimisation using an all-atom MD

simulation. In Section 3.1.1, we conducted an MD simulation to relax the bulk structure of

amorphous iPP. We used the �nal snapshot in this calculation as an initial structure for an MD

simulation to obtain a reference trajectory. An MD simulation was performed employing NpT

ensemble at 1 atm with a timestep of1 fs for 50 pswhile the con�gurations were recorded

every50 fs. This calculation produced a reference trajectory consisting of 1001 snapshots

with a time interval of50 fs. The total length of50 psis suf�ciently long to derive DPD

parameters that can reproduce the MD system. [106, 100]

6.1.2 Coarse-graining procedure

To convert the atomistic reference trajectory to a coarse-grained one, we grouped two repeat

units to form a single bead. This produced three types of beads with different structures and

masses: two types correspond to the repeat units at the terminal positions of iPP (Bead1 and

Bead3 in Figure 6.1), and the other represents those apart from the polymer ends (Bead2

in Figure 6.1). The two types of bead for the polymer ends both compriseC3H7 –C3H6

with a mass of85:17 gmol� 1 despite their slightly different structures, whereas the other

one consists of(C3H6)2 with a mass of84:16 gmol� 1. Although these beads have slightly

different structures and masses, we set identical interaction parameters. Using these beads,

we converted the atomistic reference trajectory to a coarse-grained description (CGMD

trajectory) for Bayesian optimisation.

76



6.1 Coarse-grained model development

6.1.3 Parameterisation

Functional forms for interactions

We employed the following interactions between iPP beads in addition to the conventional

forms of the dissipative and random forces given in Equations 5.3 and 5.4.

First, the conservative non-bonded interactions between iPP beads were described by the

Lennard-Jones (LJ) potential:

Vnb(r i j ) = 4e

" �
s
r i j

� 2n

�
�

s
r i j

� n
#

; (6.1)

wheree is the minimum at a bead separation ofn
p

2s , ands is the bead separation at which

the force changes sign. Although the conventional form of the LJ potential usesn = 6, we

started with the general form containing the parametern. This is because the 12-6 LJ potential

might be too steep to reproduce soft interactions between iPP beads in DPD simulations.

The weighting factors for 1–2, 1–3, and 1–4 neighbouring beads were set to 0, 0.5, and 1

respectively.

For bonding interactions to connect adjacent iPP beads, we employed two different

harmonic potentials switched at a threshold distance ofrb:

Vbond(r i j ) =

8
<

:
kb;1

�
r i j � r0;1

� 2 �
r i j < rb

�

kb;2
�
r i j � r0;2

� 2 �
r i j � rb

� ; (6.2)

wherekb;1 andkb;2 are force constants, andr0;1 andr0;2 are reference bond distances. This

is because the reference CGMD trajectory demonstrates the distribution of bond length

with two sharp peaks [shown in Figure 6.6(a) below], which a single harmonic potential

cannot reproduce. The appearance of these two peaks is attributed to the fact that the bond

lengths between iPP beads are affected by the rotations of iPP's methyl side groups around

the backbones (see Appendix 6.A). The threshold distance ofrb was set to4:9 Å based on

the position of the local minimum between the two peaks in the bond length distribution.

This resulted in a discontinuity of the optimised bond potential atrb, and thus also led to a

discontinuous function of the bond force, which is employed to compute forces exerted on

bonds at each timestep in DPD simulations using LAMMPS. Thus, this discontinuity can

cause unexpected behaviours of iPP beads and make the system unstable. To mitigate this

issue, the bond force function was modi�ed to be continuous atrb by mixing the two forms
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of bond force obtained from the two harmonic potentials in Equation 6.2 in a region around

rb (see Appendix 6.B).

Meanwhile, for angle interactions, we used a single harmonic potential:

Vangle(qi jk) = ka
�
qi jk � q0

� 2 ; (6.3)

whereka andq0 are a force constant and reference angle between beadi, j, andk, respectively.

These de�nitions of DPD interactions changed the component ofAt matrix given in Equation

5.10. The component ofAt matrix for our DPD interactions is described in Appendix 6.C.

Bayesian optimisation

We then optimised the DPD parameters between iPP beads by Bayesian optimisation. During

a Bayesian optimisation process, as demonstrated in the previous chapter, theAt andBt

matrices are computed for each snapshot in the reference trajectory according to the bead

positions and a speci�ed cutoff distance. In general, a single cutoff distance is employed for

all of the snapshots. However, we introduced two different cutoff distances: the �rst one

(a larger cutoff distance) is used with a probability of 90%, and the second one (a shorter

cutoff distance) is applied with a probability of 10%. This means that the two matrices were

calculated based on the larger cutoff distance in 90% of the snapshots whereas the shorter

cutoff distance was applied in the remaining 10% of the snapshots. In DPD simulations after

the parameterisation by Bayesian optimisation, the same distance as the larger cutoff distance

in Bayesian optimisation was employed as a cutoff distance.

By setting the shorter cutoff distance, we aimed at avoiding undesirable solutions in

Bayesian optimisation. Bayesian optimisation derives DPD parameters maximising the

probability of reproducing the forces observed in the reference trajectory through adjusting

DPD parameters. This implies three possible ways of reproducing the reference forces:

the �rst is by using only repulsive forces, like the conventional form of the conservative

force in Equation 5.2, the second is by using only attractive forces, and the third is by

using the mixture of repulsive and attractive forces. To evaluate mechanical properties in

DPD simulations, we need to reach the third one, and thus we choose the LJ potential,

which contains both repulsive and attractive terms. However, even when the LJ potential

is employed, �xing a cutoff distance during Bayesian optimisation can lead to undesirable

optimisations, where either only repulsive or attractive forces were employed to reproduce

the reference forces.
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6.1 Coarse-grained model development

Figure 6.2: LJ force curves obtained by
Bayesian optimisation employing a �xed cut-
off distance of 20 Å.

For example, using a single cutoff distance of20 Å, we optimised the parameters for the

LJ potentials withn between 2 and 6 in Equation 6.1 by Bayesian optimisation. Figure 6.2

shows the force curves obtained by taking the derivatives of the optimised LJ potentials. In

the reference trajectory, the minimum distance between non-bonded beads is observed as

about5 Å. This means that these force curves in the region between the minimum distance of

around5 Å and the cutoff distance of20 Å were employed to reproduce the reference forces

in the Bayesian optimisation procedures. In this �gure, all these curves consistently show

negative values throughout this region and do not change their signs. In other words, they all

do not have a valid value ofs , at which the LJ forces change their signs, in this region. This

indicates that the forces always work attractively in that region and thus that the Bayesian

optimisation procedures using a single cutoff distance of20 Å reached undesirable solutions

where the reference forces were reproduced only by attractive forces.

By using the shorter cutoff distance, it may serve as a penalty to avoid these inappropriate

optimisations, thereby enhancing the probability to reach the desired optimisation. This is

based on an assumption that such undesirable solutions may be more signi�cantly affected by

the cutoff distance than the targeted optimisation because the reference forces are generated

either only by repulsive or attractive forces.

Exponents for the LJ potential

First, we determined the parametern for the LJ potential using a larger cutoff distance of20 Å

and a shorter cutoff distance of7:5 Å. Figure 6.3 shows the force curves calculated from the

optimised LJ potentials. In this �gure, the force curve obtained from the 4-2 LJ potential has

a value ofs = 9:6 Å, changing its sign in the region between5 Å and 20 Å. This con�rms

the successful reproduction of the reference forces by the mixture of repulsive and attractive

forces. On the other hand, other types of LJ forces do not yield valid values ofs in the region
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Figure 6.3: The LJ force curves obtained by
Bayesian optimisation employing a single cut-
off distance of 20 Å.

and always exhibit negative values. This means that the Bayesian optimisation processes

failed to reach the targeted solutions by using these types of LJ potentials. This trend was

consistent across varying larger cutoff distances. Therefore, we chose the 4-2 LJ potential

for the non-bonded interactions between iPP beads.

Cutoff distance

Regarding the larger cutoff distance, which was employed with the probability of 90%

in Bayesian optimisation and was also used as a cutoff distance in DPD simulations, we

determined it by comparing the densities of iPP in DPD simulations with that in the reference

trajectory obtained by an MD simulation. Generally, in simulations employing a LJ potential,

a cutoff distance can affect structural properties such as density and RDF. [107] The 4-2 LJ

potential we selected for iPP beads may lead to a more pronounced effect of a cutoff distance

on the structural properties due to the slower decay of its attractive term with the exponent

value of two compared to the most commonly used 6-12 LJ potential. We changed the larger

cutoff distance from17 Å to 23 Åand choose a suitable value through a comparative analysis

of the density between DPD and MD systems. The shorter cutoff distance was set to7:5 Å

for all of the larger cutoff distances because it does not signi�cantly affect the optimised

DPD parameters (Appendix 6.D).

For this investigation, we �rst obtained a parameter set for each larger cutoff distance

by Bayesian optimisation. Then, we performed short-time DPD simulations employing the

larger cutoff distances as cutoff distances and their corresponding parameter sets. The DPD

simulations were performed with a timestep of50 fsfor 1 nsat298 Kusing NpT ensemble.

The density reached equilibrium so quickly in DPD simulations that1 ns-simulations were

suf�ciently long to evaluate the densities. Figure 6.4 shows the density as a function of the

larger cutoff distance. This demonstrates that the larger cutoff distance of21:5 Å provides the
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6.1 Coarse-grained model development

Figure 6.4: The density of iPP in DPD calcu-
lations as a function of the cutoff distance em-
ployed as a larger cutoff distance in Bayesian
optimisation and as a cutoff distance in DPD
calculations.

Parameter Optimised value Unit

ep� p 0.20 kcalmol� 1

sp� p 7.03 Å

kb;1 1.49 kcalmol� 1Å
� 2

r0;1 4.78 Å

kb;2 4.83 kcalmol� 1Å
� 2

r0;2 5.08 Å

ka 0.82 kcalmol� 1

q0 143.28 degree

gp� p 0.15 kcal fsmol� 1Å
� 2

Table 6.1: Optimised parameters for
the DPD force �eld between iPP beads
by Bayesian optimisation employing
the larger cutoff distance of 21:5 Å.

closest density to that obtained in the reference trajectory of an MD simulation. Therefore,

we selected a parameter set obtained by the larger cutoff distance of21:5 Å in Bayesian

optimisation (Table 6.1) and also employed the distance as a cutoff distance in the following

DPD simulations.

6.1.4 DPD simulations

To validate the coarse-grained iPP model and the optimised force �eld obtained above, we

performed a DPD simulation to evaluate the structural properties of iPP, such as RDF, and

compared them with the results from MD simulations. We used the last snapshot in the MD

simulation conducted to relax the bulk structure of amorphous iPP in Section 3.1.1 to build

an initial structure for a DPD simulation. We �rst converted it to a coarse-grained model

and then duplicated it along thex-, y-, andz-directions to construct an initial structure with

23(= 8) times the volume of the original all-atom model. Next, using the initial structure, a
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DPD simulation employing NpT ensemble was conducted with a timestep of50 fsfor 100 ns

at 298 K. The cutoff distance was set to21:5 Å, which provided the closest density to that in

an MD simulation as discussed above. The structural properties of iPP were averaged over

the last 10 ns to be compared with those in MD simulations.

Additionally, we performed mechanical tests to obtain the stress–strain curve of the

coarse-grained iPP model with the optimised parameters. The last snapshot in the DPD

calculation described above was used as an initial structure. We independently conducted

three DPD calculations to deform it along thex-, y-, andz-directions with an engineering rate

of 1:0� 1010 s� 1, which is the same rate as employed in mechanical tests in MD simulations

in Section 3.1.3. During these simulations with the deformations imposed along thex-, y-,

andz-axes, thexx-, yy-, andzz-components of the stress tensors were recorded respectively

every 100 steps to obtain three stress-strain curves. They were smoothed by a moving average

with 100 data points and then averaged over the three directions to derive a stress-strain curve.

We repeated this procedure to independently observe three stress–strain curves using different

initial structures, thereby con�rming the reproducibility of stress–strain behaviours in DPD

simulations, and comparing these results with that obtained in an MD simulation. The details

of the mechanical tests in MD simulations are outlined in Section 3.1.3 and Appendix 3.A.2.

6.2 Validation

6.2.1 Structural properties

RDF

We �rst compared the RDFs between MD and DPD simulations (Figure 6.5). The RDF in

the MD system was evaluated from the MD trajectory after retrospective coarse-graining

(CGMD trajectory). This �gure shows that the RDF obtained in the DPD calculation is in

good agreement with that in the CGMD trajectory. Although the two peaks at approximately

5 Å in the DPD system are not as sharp as those in the CGMD trajectory, their positions are

consistent in both methods. Additionally, the broad peaks at around7 Å are almost identical

with each other.

Bond and angle distributions

Then, Figure 6.6 compares the distributions of bond length and angle in the DPD simulation

with those obtained in the CGMD trajectory. The bond distribution of the CGMD trajectory

82



6.2 Validation

Figure 6.5: RDFs of iPP beads in CGMD and
DPD trajectories.

Figure 6.6: The comparisons of the distributions of (a) bond length and (b) angle between
CGMD and DPD trajectories.

has sharp two peaks at about4:5 Å and 5:0 Å, which correspond to the two peaks at similar

positions in the RDF in Figure 6.5. Similarly to the RDFs, although the two peaks in the

DPD calculation are broader, their positions are well reproduced. Additionally, the angle

distributions are also in good agreement with each other.

Radius of gyration

As a property in a larger length scale, we compared the radii of gyration between MD and

DPD methods. The MD simulation yields a value of19:0 Å while the DPD method yields

20:4 Å. Although the radius of gyration is not directly taken as a targeted property when

optimising the DPD parameters, the value in the MD simulation was well reproduced in the

DPD method.
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Figure 6.7: Stress–strain curves of iPP (a) around yield point and (b) in full range, and (c)
orientational order parameter (P) as a function of true strain in MD and DPD simulations. To
con�rm the reproducibility of the yield point of iPP in DPD simulations, three independently
obtained stress–strain curves are shown in the �rst �gure while the full-range stress–strain
curve of DPD simulation in the second �gure is the average of these three curves.

6.2.2 Stress–strain behaviours

Next, Figure 6.7 shows the stress-strain curves and the pro�les of orientational order pa-

rameter as a function of true strain during mechanical tests in MD and DPD simulations.

For the orientational order parameter, trajectories obtained in the mechanical tests in MD

simulations were coarse-grained to generate CGMD trajectories. Then, in the CGMD and

DPD trajectories, bond vectors between 1–2 neighbouring beads were de�ned, and we

computed the orientational order parameters between these vectors and the applied strain

directions according to Equation 3.1. The stress–strain curves measured in both methods

illustrate similar characteristics, despite the DPD simulations yielding underestimated stress

values due to the optimisation of the DPD parameters based on the equilibrium state of iPP

to reproduce its static properties such as density and RDF. First, the yield points of iPP are

observed at true strains of about 0.15 in an MD simulation and 0.2 in DPD calculations,
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followed by a relaxation of the stress [Figure 6.7 (a)]. Although the yield points in DPD

simulations are not as clear as that in an MD simulation, they are reproducible across the

three independently derived stress–strain curves, which indicates that the relaxation of stress

at a true strain of approximately 0.2 is likely a result of the yielding of iPP. Second, the

full-range stress–strain curves and the pro�les of the orientational order parameter in Figures

6.7(b) and (c) show that, after the yielding, the stress increases as the orientational order

parameter elevates, which corresponds to the increased alignment of iPP chains along the ap-

plied strain directions. Finally, the maximum stress is observed when the orientational order

parameter also approaches almost the maximum, before the stress relaxes as the alignment

decreases. After the strain when the maximum stress is recorded as well as after the yielding,

the stress drops more signi�cantly in the MD simulation than in DPD simulations. This is

because of the softer interactions employed in DPD simulations. The softness of the DPD

interactions leads to gradual changes in the stress and the iPP structure during mechanical

tests. Thus, the yield points in DPD simulations are not clearly observed compared to that

in the MD simulation, and the stress is relaxed more gradually after the maximum stress in

DPD simulations. However, despite these differences, the stress–strain behaviours during the

mechanical tests between the two methods are consistent with each other as discussed above,

demonstrating that the coarse-grained iPP model with the optimised force �eld is suf�ciently

established to evaluate the trend in stress–strain curves in DPD simulations.

6.3 Conclusions

We demonstrated protocols for developing a coarse-grained iPP model and deriving its DPD

parameters by Bayesian optimisation using a reference trajectory obtained in an atomistic

MD simulation. The coarse-grained model with the optimal DPD parameters was then

validated by comparing the structural properties and stress–strain curves of iPP between the

MD and DPD methods.

We �rst generated a reference trajectory for Bayesian optimisation using an all-atom

MD simulation. Next, de�ning bead types comprising iPP two repeat units, we converted

this trajectory to a coarse-grained one. The functional forms of the DPD force �eld for the

coarse-grained iPP model were subsequently introduced and the parameters in these functions

were optimised by Bayesian optimisation. In Bayesian optimisation, we introduced a shorter

cutoff distance employed in 10% of the snapshots in the reference trajectory to compute

matrices used for the optimisation of DPD parameters as well as a larger cutoff distance

used with a probability of 90%. This was aimed at avoiding inappropriate solutions where
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