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Quantitative Studies of The Nanoscale Mechanical Properties of Metal-Organic Framework Materials

ABSTRACT

The nanoscale mechanical properties of metal-organic framework (MOF) materials
including the elasticity (Young’s modulus), plasticity (hardness, yield stress, ultimate
strength, and work hardening coefficient), adhesion property (adhesive force and energy),
and failure mechanisms (failure modes, corresponding threshold forces and failure strengths)
have been studied in the range of sub-nm to ~100s nm in depth. MOF materials are a topical
class of porous crystalline solids that are constructed from the self-assembly of metal
clusters and organic linkers, to yield tuneable framework structures with a vast range of
physical and chemical properties. Herein, three model MOF systems are of particular interest:
the nanocrystals and micron-sized crystals of ZIF-8, two-dimensional nanosheets of CuBDC,
and submillimetre-sized crystals of HKUST-1. The three MOF materials were prudently
selected because they represent three distinctive structures in terms of the response to stress.

In this work, depth-sensing nanoindentation techniques, particularly the
‘conventional’ instrumented indentation technique (force sensitivity ~50nN) and the
atomic force microscopy (AFM)-based nanoindentation (force sensitivity < 0.05 nN), have
been intensively employed and adapted to enable the accurate characterisation of the
fine-scale mechanical behaviour of MOF materials. By leveraging the force and
displacement sensitivities of the AFM instrument, the AFM-based nanoindentation method
has been rationally established and improved by extending its application to study MOF
mechanics at the nanoscale. This is a challenging field that has not yet been rigorously
addressed by means of detailed experiments. Amongst the depth-sensing techniques, the
AFM-based nanoindentation measurements are usually criticised for their instability and
low reproducibility. Herein, the major factors that could interfere with the measurement
precision have been systematically investigated. The research has led to the development of
comprehensive approaches for AFM instrumental controls to achieve reliable
force-displacement data and improved contact models for nanoindentation data analysis.

Quantification of the nanoscale mechanical properties sheds light on the complicated
deformation behaviour of the porous MOF structures. AFM nanoindentation data obtained
at the nanometre length scale reveal new structure-property information about the surface
energy, incipient plasticity, and fracture mechanisms underpinning the inorganic-organic
building blocks of MOF systems. Accurate materials data about mechanical performance
and durability will be fundamental towards the development of functional devices and

practical applications.
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Chapter 1 Introduction

Chapter 1: Introduction

In this chapter, the motivation of the research, the structure of the thesis, the
materials of interest, the methodology used and developed, as well as the main achievements
are outlined for the convenience of readers to grasp the structure and key features of this
thesis. In Chapter 2 and Chapter 3, two comprehensive literature review chapters cover the
status quo of the intriguing nanomaterials, namely the metal-organic frameworks (MOFs),
summarising the prime characteristics. This is followed by an overview of the experimental
techniques used to date to characterise the mechanical behaviour of MOFs. Chapter 4 gives
a detailed explanation of the experimental, analytical, and numerical approaches employed
in my research. Chapter 5 presents the AFM-based nanoindentation technique to
characterise the nanoscale elasticity, plasticity and adhesion strength of the prototypical
ZIF-8 nano- and micron-sized crystals. As a model material, ZIF-8 exhibits relatively low
elastic anisotropy. Subsequently, an extended mechanical property investigation on the
nanoscale failure modes of ZIF-8 is presented in Chapter 6. Further development of the
established nanoindentation techniques have been made to quantify the fine-scale
mechanical properties of two more complex MOF systems, which behave markedly different
at the nanoscale, they are: the CuBDC nanosheets in Chapter 7 and the auxetic HKUST-1
crystals in Chapter 8. The ultimate objective of the research is to develop reliable
mechanical characterisation techniques along with the establishment of novel analysis tools
to study the structure-property correlations of contemporary porous materials.

1.1 Motivations

Further to the traditional applications of nanoporous materials, such as gas
separations and storage, metal-organic frameworks (MOFs) as a type of hybrid
organic-inorganic materials have potential applications in catalysis, energy production and
transfer, photoluminescence, drug delivery, and electronics. The versatility of MOFs is
evidenced from the myriad of framework architectures as depicted in Figure 1.1, which are
constructed by connecting inorganic building units (e.g. transition metal cations) with
multidentate organic linkers by strong bonds (i.e. coordination bonds) and synthesised via a
broad range of processing routes.! One of the remarkable characteristics of MOFs is the
exceedingly high inner surface area, which is normally in the range of 1,000 to 10,000 m?/g.?
This is complemented by a vast range of physical and chemical properties that can be

rationally designed and tuned to afford technological applications.
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Schematic illustration of eight examples of MOF structures with excellent

gas storage capacity. Reprinted from Ref. [3] with permission. Copyright (2014)
International Union of Crystallography.

Although the study of MOFs has been ongoing for more than 20 years, the evolution

of innovative MOF architectures and the discovery of novel applications are steadily

increasing in the literature.* As summarised in Figure 1.2, MOF-derived nanostructures have

been representing the cutting-edge of nanomaterials science in the last decade.
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Timeline of representative innovations of MOF-derived nanostructures.

Reprinted with permission from Ref. [4]. Copyright (2017) Springer Nature.
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1.2 Research Objectives

In spite of the breakthroughs from the standpoint of chemistry, the structural stability
and the detailed nanomechanical characteristics of MOFs are substantially less well
understood, not to mention the decisive effect of mechanical properties on the long-term
durability and functional performance of these porous nanomaterials. A good example is
their application in hydrogen storage, the capacity of which is directly associated with the
active surface area at 77 K and 10-90 bar.>® The persistent inner surface area is determined
by the nanomechanical property of the framework such as the stiffness and hardness of the
open framework, which will dictate whether the accessible porosity can last under a certain

level of pressure or indeed to survive multicyclic adsorption and release processes.

Since MOFs are crystalline materials, the position of the constituent components is
well-organised, thus the correlation between structure and property can be quantified at very
high accuracy using established techniques such as X-ray and neutron diffraction. On the
contrary, the nanomechanical characterisation tools available today to probe the mechanical
behaviour of MOFs are less developed. In order to investigate their mechanical resilience
and structural robustness, in this thesis, | have dedicated the work to study the different
nanomechanical properties of MOFs, encompassing the elasticity, plasticity, anisotropy,
adhesion strength, and to unravel the underpinning mechanisms behind nanoscale failure

modes and fracture phenomena.
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1.3 Structure of the Thesis

As summarised in the flow chart in Figure 1.3, my research focuses on the
quantification of the nanomechanical properties of porous MOF materials for the purpose of
identifying their functionality and applicability under specific loading conditions. The
mechanical characterisation experiments were mainly performed using depth-sensing
techniques, especially the atomic force microscopy (AFM)-based nanoindentation due to its
unparalleled force and spatial detection sensitivities. Although the major interest lies in
material behaviour at the nanoscale, complementary experiments have also been performed
to investigate the microscale mechanical properties. The goal was to correlate the nanoscale

and the larger scale properties since the latter is pertinent to the practical uses of MOFs.
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Figure 1.3 A flow chart outlines the structure of research contents in the thesis
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In the two literature review chapters (Chapter 2 and Chapter 3), there are five
subsections for each that provide an inclusive summary of relevant research works in the
field. Chapter 2 starts with the introduction of MOFs in terms of the history of research, their
structures, applications, advantages/limitations, and the need for accurate quantification of
their nanomechanical properties. The second subsection briefly explains the three MOF
systems studied in my thesis. The third subsection summarises the relevant experimental
and computational approaches in the field of MOF mechanics. The fourth subsection
introduces the limited available research on the failure modes of MOFs. Finally, the previous

studies related to 2-D MOF materials are discussed.

Chapter 3 begins with the explanation of a typical atomic force microscope (AFM)
apparatus in terms of its basic operating principles and technical specifications. The main
advantages of AFM are then summarised, followed by five representative example
applications. The most frequently measured properties by AFM nanoindentation are
described, encompassing elasticity and plasticity, specifically, elastic modulus and hardness.
The subsequent subsection emphasises the key factors to be considered during indentation
experiment for accurate determination of mechanical properties. To conclude this chapter,

the applicability of the contact models commonly used in the literature are elucidated.

In the materials and methods chapter (Chapter 4), the following experimental
methods are presented: syntheses of the three MOF materials studied in the thesis (ZIF-8
micron- and nano-sized crystals, CuBDC nanosheets, and HKUST-1 submillimetre-sized
crystals), the topography characterisation techniques including the AFM imaging (including
the geometrical characterisation of the cube-corner indenter tip used in the AFM-based
nanoindentation), electron microscopy imaging, and optical imaging, followed by the X-ray
diffraction technique to confirm the crystalline structure. Subsequently, details are given on
the configurations of the mechanical quantification experiments by employing the

5
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instrumented indentation technique (1IT), instrumented scratch technique (IST) and
AFM-based nanoindentation approach. Chapter 4 concludes with a concise overview of the
contact models implemented in the thesis, namely: the adhesion model based on Sneddon
method (Chapter 5), Oliver and Pharr (OP) method (Chapter 5, 7, 8), unloading strain rate
principle to remedy the OP method (Chapter 5, 7, 8), Lennard-Jones potential (Chapter 8),
Derjaguin’s  approximation (Chapter 8), Carpick-Ogletree-Salmeron (COS) and
Piétrement-Troyon (PT) methods (Chapter 8), as well as the numerical simulation method
(Chapter 8). Thereafter, the finite-element (FE) method employed in Chapter 7 and
Chapter 8 was briefly introduced. In the end, the programming languages implemented in
the thesis to process the huge amount of data from experiments and theoretical calculations

are concisely explained.

Chapter 5 is the first results chapter wherein the AFM-based nanoindentation
technique (at shallow indentation depth of ~10s nm) is established for quantifying the
nanomechanical properties of ZIF-8 crystals (Emax ~ 3.8 GPa and Emin ~ 2.8 GPa).” The
ZIF-8 samples studied are in two forms: polycrystalline thin-film coatings composed of
nanocrystals and the standalone micron-sized crystals. Through the AFM technique
development, the Young’s modulus (E ~ 3-4 GPa) and hardness (H ~ 500 MPa) of these
ZIF-8 crystals have been measured with excellent accuracy. Herein, an adhesion model on
the basis of the Sneddon method has been enhanced to calculate the adhesion energy
(y ~0.42-3.31J/m?), and to minimise the unwanted effect of adhesive force on the

measurement of E.

Chapter 6 is the second results chapter wherein the application of the AFM-based
nanoindentation technique is extended to probe the interfacial and fracture strengths of both
polycrystalline thin-film coatings and individual crystals of ZIF-8. For the thin-film coatings
made from nanocrystals of ZIF-8, the failure modes proposed are: shear-induced grain

6
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boundary slippage (interfacial strength up to 3.5 GPa), polycrystalline fracture (strength up
to 1 GPa), cumulative material compaction, and continuous buckling of chemical bonds.
Four similar failure modes for the individual ZIF-8 micron-sized crystals are proposed. But
instead of revealing the interparticle behaviour, the failure modes of a single crystal induced
by the indenter tip reveal plausible deformation patterns of the metal-linker-metal linkages
in the ZIF-8 framework. It is worth noting that upon sample failure, the indentation could
be significantly deeper than the one without failures (Chapter 5) thus resulting in an

erroneously low value of Young’s modulus and hardness.

Chapter 7 is the third results chapter wherein the AFM-based nanoindentation is
applied to explore nanomechanical behaviour of 2-D MOF nanosheets, termed CuBDC.
Building upon the established techniques demonstrated in the last two results chapters, the
Young’s modulus (E ~23 GPa) and hardness (H ~2 GPa) of CuBDC have been measured in
the through-thickness direction. Furthermore, an iteration approach has been developed to
deduce the yield stress (oy ~448 MPa), with which, the ultimate strength (ou ~674 MPa) of
CuBDC was estimated. In the course of analysing the plastic deformation and failure
mechanisms, a finite-element (FE) model was formulated to help interpret data from the
AFM nanoindentation experiment. The nature of the interlayer interactions and
displacements between adjacent monolayers was then studied, where the failure modes of
stacks of CuBDC nanosheets (thickness t ~2—400 nm, bound together by van de Waals
forces) have been characterised. This was possible using the AFM probe because small
forces can be sensed by the AFM instrument rather than the IIT. It was found that the failure
modes of CuBDC nanosheets include: slippage of monolayers, interlayer fracture, and
delamination of nanosheets. The threshold indentation forces and corresponding depths
leading to these failure modes have been quantified as: 42.6 nN (6.47 A), 70.4 nN (6.35 A),

and 56.0 nN (5.80 A), respectively.
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Chapter 8 is the fourth results chapter, in which there is an in-depth investigation on
the applicability of the AFM-based nanoindentation technique to measure the highly
anisotropic crystal of HKUST-1. It was previously predicted by density functional theory
(DFT) that HKUST-1 may exhibit a negative Poisson’s ratio (viz. auxeticity) along the [110]
crystallographic axis.® The size of the HKUST-1 crystals tested here was of the order of
100s um. These relatively large crystals were necessary to allow IIT measurements at
microscales, and the results of which were compared to the AFM nanoindentation at the
nanoscale. The effect of crystal anisotropy was characterised using a combination of
experimental, analytical and numerical methods, and found to be in good agreement with
the DFT calculations. Similar to the above three results chapters, | have identified distinctive
failure modes of HKUST-1: slippage along the aligned porosity, framework fracture, porous
framework densification, buckling and recovery of bonds. The corresponding failure
strengths of the failure modes have been determined, and found to be relatively higher than
that of the 2-D structures in Chapter 7. Finally, the work also led to the demonstration of the
novel “nanoscale tensile test” approach developed in the chapter as a means of investigating

the adhesion properties of relatively soft matter at the nanoscale.

In Chapter 9, the significance of the nanoscale mechanical studies on MOFs as well
as the characterised mechanical properties of the three MOF systems are summarised.
Subsequently, the foreseeable future work is included. It is envisaged that the
nanomechanical characterisation techniques and data analysis tools developed in this thesis

will be useful for the study of other families of nanomaterials and hybrid systems.
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Chapter 2: MOFs and Studies on Their
Mechanical Properties

Amongst a variety of nanomaterials, metal-organic frameworks (MOFs) have
continuously attracted intense attention of researchers due to their crystalline porous
architecture and strongly correlated structure-property relations found at the nanoscale.
This chapter begins with a general overview of the main structural features of MOF
materials, before focusing on the recent reports pertaining to the characterisation of their
mechanical properties, especially the Young’s modulus, hardness and failure modes. This
review chapter has been divided into five sections: (a) history of the discovery and typical
structures of MOFs; (b) chemical structures of the three MOF systems investigated in this
thesis; (c) complementary techniques reported for quantifying the mechanical properties of
MOFs; (d) identification of the failure modes of MOFs; and (e) investigation of 2-D MOF
structures.

2.1 Metal-Organic Framework (MOF) Materials

MOFs are crystalline hybrid (inorganic-organic) compounds, constructed from the
self-assembly of metal clusters and organic linkers to yield porous framework structures
exhibiting tuneable physical and chemical properties.®*° Ever since the term metal-organic
framework (MOF) was proposed in 1995, the exploration and advance towards real life
applications have gone through a rapid development in the field.? To date, there are more
than 69,000 MOF structures stored in the Cambridge Structural Database (CSD) and more
than 6,000 new MOFs are published per year.> While MOF materials may no longer be
considered as a new class of nanomaterials, the novelty has never diminished because the
newly designed and synthesised MOF structures have continued to attract a great deal of

attention from the scientific and technological communities.*

Several topical families of MOF materials are currently under intense study,
encompassing zeolitic imidazolate frameworks (ZIFs),*® zirconium-based UiOs'* and
MIL-140s,'® a vast variety of carboxylate-based MOFs®*® (e.g. MILs,'” HKUST-1,2 and
MOF-74s'®) and isoreticular frameworks (IRMOFs).1® There is considerable interest in the

development of high-performance MOFs targeting gas separations and storage applications,
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catalysis,>% and with more recent emphasis shifting towards technological device
applications for optoelectronics, low-k dielectrics, chemical sensors, energy converters,

photoluminescence, guest (e.g. drug molecule) delivery, and electronics.?’-34

HKUST-1 MIL-101

Figure 2.1  Crystallographic structures of six topical MOFs. Reproduced from Ref. [6]
with permission from The Royal Society of Chemistry.

Several representative MOF structures are presented in Figure 2.1. Notably, MOFs
exhibit a vast range of structural and chemical variability since their crystalline nanoporous
structures are constructed by connecting different combinations of organic and inorganic
building blocks via coordination bonds (bond energy shown in Figure 2.2). There is huge
possibility to tune the geometry, pore size and surface area, physicochemical properties, and
to yield host-guest composite systems by encapsulating functional guest molecules.* 3%
The inorganic building blocks that are generally transition metal cations or clusters
differentiate MOFs from the covalent organic frameworks (COFs), which are also a class of
porous polymeric materials but usually with lower crystallinity. A myriad of organic
building blocks, also known as organic ligands or linkers, can be selectively adopted to

construct MOFs and a number of examples are presented in Figure 2.3.
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In contrast to the major developments witnessed in the chemistry and functional
properties of MOFs, the study of the nanoscale mechanical behaviour of MOFs is relatively
scarce. Understanding the mechanical properties and structural durability of MOFs is central
to the scale up and implementation of MOFs for real world applications.3> 3% For this
reason, in this research | concentrate on the development of novel nanoindentation
methodologies (Chapter 4) that will allow accurate quantification of the mechanical

behaviour of MOF materials at the nanoscale.

2.2 The Three MOF Materials Studied in the Thesis

2.2.1  Zeolitic Imidazolate Framework-8 (ZIF-8) Crystals

ZIF-8 [Zn(2-methylimidazolate)2] is composed of tetrahedrally-coordinated zinc
cations (ZnNa4) linked by 2-methylimidazolate ligands, as depicted in Figure 2.4. ZIF-8
crystallises in the cubic space group 143m. It has porous sodalite framework architecture,
which is topologically isomorphic with (inorganic) zeolites. ZIF-8 possesses a high surface
area of ~1630 m?/g [Brunauer—-Emmett-Teller (BET) model] and the corresponding pore
volume could be as large as ~0.636 cm®/g.*° ZIF-8 exhibits a small degree of elastic
anisotropy and has an exceedingly low shear modulus of ~1 GPa compared with zeolites
whose shear moduli are normally ranging from ~15 GPa to ~50 GPa,*! even though the
value as low as 3.7 GPa was reported in Ref.[42].” It is an excellent candidate material with
good water stability due to its hydrophobicity,*® it may also serve as the scaffolding cages
for hosting functional guest molecules by encapsulation to yield unconventional

properties.**
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Figure 2.4  (a) Porous crystalline framework architecture of ZIF-8, where the purple
tetrahedron represents the ZnNs coordination environment connected by the
2-methylimidazolate (mIm) organic ligands; (right) the yellow surfaces designate the
solvent accessible volume (porosity) in a cubic unit cell of ZIF-8 viewed down the
[100]- and [110]-axes, respectively. Note that the solvent accessible volume is volume
occupied by a number of spherical probes, i.e. the union of atom balls whose radii are 1.2 A.
(b) (top) The sodalite structure of ZIF-8, in which the ZnNj is situated at the nodes and the
mim ligands is represented by the bars. (b) is reprinted with permission from Ref. [45].
Copyright (2010) National Academy of Science.

| have tested ZIF-8 crystals of two different sizes: nanoscale (<500 nm) and
microscale (~2 um). The synthesis methods are described in 84.1.1. As an important step of
the synthesis, size control of ZIF-8 crystals relies on the change of the relative reactants
molar ratios, mixing procedures, reaction conditions, and reaction duration. Figure 2.5
illustrates the morphology evolution of a ZIF-8 crystal with respect to the reaction time.*°
More comprehensive synthesis methods of ZIF-8 crystals together with the X-ray diffraction

pattern of the micron-sized ZIF-8 crystals can be found in Ref. [47].

(a) (b) (d) w
(100) o) || Q’.‘ \0’
: (011) ~

(110)
v o

Reaction Time

Figure 2.5  Schematic illustration of the typical morphology evolution of a ZIF-8 crystal
versus reaction time. Adapted from Ref. [46].
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Figure 2.6  Crystalline framework structure of CuBDC, where the yellow atom
represents the copper centres coordinated by the terephthalate organic ligands; the yellow
surfaces designate the solvent accessible volume (porosity). The crystallographic structure
(a) viewed down the [010]-axis, thus showing the stacking direction; (b) viewed down along

the [201]-axis; (c) viewed down the pore channel, respectively.

CuBDC (BDC = 1,4-benzenedicarboxylate) is constructed by connecting the
square-pyramidal copper centre formed by the square-planar Cu(ll) dimers with the
1,4-benzenedicarboxylate ligands.*® CuBDC crystallises in the monoclinic space group

C2/m. It has a 2-D layered crystalline structure, wherein the components stack along

the(201)crystallographic orientation.*® The layered architecture suggests the promise of
using such a material to selectively adsorb and separate gaseous molecules. For instance, the
composite mixed-matrix membrane formed by integrating the CuBDC nanosheet with the
polyimide matrix exhibits superior performance in separating CO2 from its mixture with

methane.*® The synthesis route of the CuBDC nanosheets is described in §4.1.2.
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Figure 2.7  Porous crystalline framework architecture of CuBTC, where the yellow atom
represents  the  copper  paddlewheel  cluster  interconnected  with  the
benzene-1,3,5-tricarboxylate organic ligands; the yellow surfaces designate the solvent
accessible volume (porosity). The crystallographic structure viewed down the (a) [100]-axis
and (b-c) [111]-axis, respectively.

Cu3(BTC)2 (BTC = 1,3,5-benzentricarboxylate), also known as HKUST-1,
comprises square Cu(ll) paddlewheel clusters coordinated with BTC linkers.>® CuBTC
crystallises in the cubic space group Fm3m. The reported surface area of HKUST-1 ranges
from 1500 to 2100 m?/g (BET model). According to the calculation from the ab initio density
functional theory (DFT), the HKUST-1 crystal is predicted to exhibit negative Poisson’s
ratio (auxeticity) associated with its elastic anisotropy,® while experiments have already
confirmed that it has a negative thermal expansion.® Regarding its auxetic behaviour, DFT
reveals that HKUST-1 may show a negative Poisson’s ratio (v = —0.3) along the [110]-axis.
There are a multitude of applications of HKUST-1, such as preferential adsorption useful
for the separations of gas molecules,>>>* storage of energy molecules,> electronics® and so

forth.

Through adding modulators such as nitric acid®’ and acetic acid®®, the deprotonation
of the organic ligand H3BTC can be inhibited, and thus allowing the growth of large

HKUST-1 crystals (~1.5 mm can be achieved). A good example is the micron-sized
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HKUST-1 crystals synthesised using a microwave-assist method.>® In this method, the
monocarboxylic acid, i.e. lauric acid, acting as the modulator to perturb the coordination
between the Cu(ll) cations and 1,3,5-benzentricarboxylate organic ligands so as to attain the
directional growth habit.>® The following Figure 2.8 displays the SEM images of the crystals

derived from this method.

Figure 2.8  SEM images (collected in this work) using the Hitachi TM3030PIus tabletop
microscope. Top view of the HKUST-1 crystals normal to the (a) {111}-oriented facet and
(b) {100}-oriented facet. It is clear that the (100) and (111) crystallographic orientations can
be confirmed by using the software Mercury CSD to predict the crystal morphology.®® Note
that these are the smaller version of the HKUST-1 crystals that were not studied in the thesis.

However, in this thesis, instead of using lauric acid, the glacial acetic acid (the
synthesis approach introduced in 84.1.3) was chosen. The synthesis method was proposed
by Tovaretal., who characterised the crystal morphology and single-crystal X-ray
diffraction pattern as shown in Figure 2.9.% The reason for using acetic acid is that the
synthesised submillimetre-sized HKUST-1 crystals are larger, in fact about two orders of
magnitude greater than the ones in Figure 2.8. Submillimetre-sized HKUST-1 crystals are
preferred in this study, with the view of minimising the influence of the confinement from

the cured epoxy resin used to mount the crystals for the nanoindentation experiments (88.2)
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Figure 2.9  Crystal morphologies of HKUST-1 along the (a) [100]- and (b) [111]-axes.
Cu (yellow), O (red), C (black), and H (not shown). Optical images of HKUST-1 along the
(c) [100]- and (d) [111]-axes. SEM images of HKUST-1 along the (c) [100]- and (d)
[111]-axes. (g) X-ray diffraction pattern of a single crystal of HKUST-1 (100) plane (black)
and (111) plane (red). The simulated diffraction pattern is shown in blue. Reprinted from
Ref. [58] with permission. Copyright (2016) American Chemical Society.

2.3 Characterisation of the Elastic-Plastic Properties of MOFs

There are many challenges surrounding the translation of basic research from the
laboratory to the industry to achieve commercial applications.5! Accurate characterization
of the mechanical properties of emergent functional materials, such as metal-organic

frameworks (MOFs), therefore is central towards the engineering of practical applications.®

38,62
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Design, fabrication and deployment of the foregoing applications will depend on the
availability of comprehensive mechanical properties information, plus a detailed
understanding of the underpinning MOF mechanics which remains lacking in the
literature.® 8 There is, however, a growing body of work adopting theoretical
methodologies, such as density functional theory (DFT) to compute the full set of elastic
constants of an ideal MOF crystal,®*®" and by implementation of group theory, to enable
systematic studies of the structural flexibility of MOFs. Likewise, molecular dynamics
(MD)®-7% and density functional theory (DFT)"! calculations have been used to interrogate
the possible mechanisms that could be accommodating (irreversible) plastic deformation

beyond the elastic regime.

On the contrary, experimental methods for studying the mechanical properties of
MOF crystals are far less established. To measure the Young’s modulus (E) and hardness
(H) properties, the MOF and crystal engineering community thus far has relied on the
instrumented nanoindentation technique (for example, see Refs. [*> >7]), which requires
access to a “large” single crystal of at least ~100 pm across.”® Unfortunately, this is typically
not feasible via most MOF synthesis routes,”” where sub-micron sized crystals of the order
of ~100 nm or polycrystalline powders are commonplace; such fine crystalline samples are
not appropriate for conventional nanoindentation studies. For situations where only
sub-micron crystals are achievable, nanoindentation experiments have been attempted on
um-thick polycrystalline MOF films and coatings,’® " but these results are less quantitative
because the indentation measurements are affected by the bulk substrate underneath (causing
E and H values to artificially rise with indentation depth, see for example Ref. [80]).
Nanoscratch experiments have also been demonstrated for the characterization of the
adhesion behaviour of polycrystalline MOF films, again the data obtained so far are

semi-quantitative.81-82
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The objective for characterising the mechanical properties of MOFs is to understand
their behaviours under specific loading conditions in terms of their different structural
designs, chemical topology, unit building cells, and packing schemes. On this basis, Tan and
Cheetham®® have proposed a mechanical properties selection chart (Figure 2.10) showing
how the elastic modulus and hardness of porous MOFs and dense hybrid crystals are
compared with the conventional engineering materials — metals, ceramics, and polymers.
The mechanical study of MOFs requires sufficient awareness of the localised properties
since MOFs possess small pores ranging from 4 A to 48 A.%3-8 Accurate characterisation of
the local mechanical response will therefore necessitate the application of a combination of

experimental tools and theoretical methodologies presented in the section below.
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Figure 2.10 Materials property map of the elastic modulus as a function of hardness for
the comparison of nanoporous MOFs with the dense hybrids, polymers, metals, and
ceramics. The three MOF systems studied in the thesis are labelled. Adapted from Ref. [38]
with permission from The Royal Society of Chemistry.
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2.3.1 Experimental Approaches to Probe Fine-Scale Mechanical Behaviour
2.3.1.1 Depth-Sensing Nanoindentation Techniques

Depth-sensing techniques such as indentation are still the chief approach to
characterise the mechanical properties of a small volume of material and of a thin structure.
By far, the majority of important investigations on MOFs were achieved by employing
instrumented indentation techniques (I1T). The commercial IIT instruments include the MTS
Nanoindenter® (Agilent),* G200 Nanoindenter® (Agilent),® Tribolndenter® (Hysitron),®-

87 and Knoxville nanoindenter.2®

Amongst these 11T techniques, single-crystal nanoindentation has been demonstrated
as an effective technique to probe the mechanical properties including the elastic and plastic
anisotropy of submillimetre-sized MOFs.%° Through applying a directional compressive
strain, the stiffness of the chemical structure along different orientations can be measured.
For instance, Tan et al. successfully characterised the anisotropic mechanical properties of
a series of hybrid inorganic-organic framework materials.’® These hybrid frameworks are
usually less porous and thus denser than MOFs. Moreover, Tan and co-workers
quantitatively studied the elastic anisotropy of a 2-D inorganic-organic framework MnDMS
[Mn 2,2-dimethylsuccinate] nanosheet stacks (i.e. bulk MnDMS crystals before being
exfoliated into thin nanosheets) by conducting the single-crystal nanoindentation to 1 pum
penetration depth.® Unlike the CuBDC MOF nanosheet (in Chapter 7), the MnDMS is a
dense hybrid framework. The nanoindentation tests were conducted on three different
crystallographic orientations (see Figure 2.11), i.e. the {001}-, {010}-, and {100}-oriented
facets, and showing appreciable differences of the directional Young’s moduli: 9.4 £ 0.3,
20.9 £ 0.2, and 13.6 £ 0.2 (in GPa), respectively. In addition, a systematic study of seven
zeolitic imidazolate frameworks (ZIFs) has been reported by Tan et al. where the ZIFs

crystals (diameter ~ 100 um) were indented down to 1 um depth. The Young’s moduli and
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hardness of these ZIFs that represent five different network topologies have been shown to

be correlated to the framework density and porosity.*

Apart from the IIT techniques, the multifrequency atomic force microscopy under
the amplitude modulated-frequency modulated (AM-FM) mode has also been adopted to
measure the Young’s moduli of MOF nanoparticles. The AM mode is applied for
topographic imaging whereas the FM mode can be used to derive the sample mechanical
properties. For instance, this technique has been used to measure the elastic moduli of
HKUST-1 coatings® and of UiO-66(Zr) powder nanocrystals®®. Nevertheless, the

measurement of Young’s modulus is usually not accurate enough.

Besides, the use of the PeakForce™ quantitative nanomechanical mapping (QNM)
technique can also be employed for measuring the elastic modulus and adhesion strength of
materials as evaluated by Young et al. for a range of polymers® and by Smolyakov et al. on
the textured chitin-silica hybrid films®. The manufacturer of the instrument claims that this
technique can measure Young’s moduli in the range of ~1 MPa to >20 GPa. However, given
that the derivation of Young’s modulus and adhesion strength adopted by this technique is
based on the DMT model (83.5.4), thus the scope of application of the DMT model also
restricts the applicability of the PeakForce™ technique. For example, the DMT model is
normally suitable for the study of stiff samples with low but long-range adhesive forces.
Additionally, there are also difficulties when the elastic modulus of the sample is

significantly different from the calibration one.%*
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Figure 2.11 Representative force-displacement (P-h) curves from the instrumented

nanoindentation experiment of single orthorhombic crystals of MnDMS along the three
principal directions. The pop-in phenomena are indicated. Reprint from Ref. [91] with
permission. Copyright (2012) American Chemical Society.
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Figure 2.12 Representative force-displacement (P-h) curves and the measured elastic
modulus as a function of the indentation depth of the [Zn2(NO2-bdc)2(dabco)]n (denoted as
the number 1 in the figure) hosting four different types of molecules. (a) Indentation
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perpendicular to the plane of the dabco linkers on the {110}-oriented facet for 1L/ DMF and
10/DMSO or on the {100}-oriented facet for 111 mesitylene and 1 /toluene. (b) Indentation
parallel to the dabco axis on the {001}-oriented facet. Reprinted from Ref. [73] with
permission. Copyright (2014) Royal Society of Chemistry.

As a matter of fact, the porous MOF structures are flexible, and thus their mechanical
properties are normally dependent on the encapsulated molecules. By using the
single-crystal nanoindentation technique, Henke and co-workers found the substantial
elastic moduli variances of the soft and porous [Zn2(NO2-bdc)2(dabco)]n, a type of MOF,
containing four different guest molecules: DMF, DMSO, mesitylene, and toluene.” The
effect of mechanical anisotropy with guest encapsulation was investigated by conducting
the indentation experiments along the different crystallographic orientations, as shown in

Figure 2.12.

Replacing the inorganic nodes or clusters of MOFs would also result in considerable
changes of the mechanical properties. A good example is the single-crystal nanoindentation
experiment performed by Tan and co-workers on [(CH3)2NH2]M(HCOO)3 (M = Mn?", Co?*,
Ni%*, Zn?*) wherein the visible difference of the resulting force-displacement (P-h) curves
were observed.®® Likewise, other types of bonds between the constituents of MOF structure
could also cause significant alteration of its mechanical properties. For instance, the
indentation experiment conducted by Li et al. revealed a large degree of Young’s moduli
rising due to the existence of the strong hydrogen bonding, suggesting the scope for

mechanical tunability by exploiting host-guest interactions.®’

Additionally, by implementing cyclic indentations of the same region of a material,
as demonstrated in Ref. [98], the magnitude of energy dissipated in the form of plastic
deformation can be measured, based on which the relative toughness between two porous

organic polymers (FPOP-100 and FPOP-101) can be determined.
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Apart from the indentation approach that applies normal force to the sample surface,
some of the IIT instruments such as the MTS Nanoindenter® XP, are capable of exerting
lateral and tangential forces which are inclined to detach a portion of the materials from the
substrate and crush the other part of the materials into a compacted layer underneath. This
is also known as instrumented scratch technique (IST), by using which Buchan et al. have
identified film-to-substrate adhesion for the Cus(BTC)2 (commonly known as HKUST-1)
thin film coatings.2? Another example described by Van de Voorde et al. concerns the
adhesion strength of three different electrochemical Cu-MOF coatings: Cuz(BTC)2,
Cu(CHDA), and Cu(INA),.” The example scratches on the Cu(INA). coatings produced

using a Berkovich tip are depicted in Figure 2.13.

Pile-up

Figure 2.13  SEM images of the scratch tracks on the Cu(INA)2 coating generated by (left)
the edge-forward (ploughing) and (right) the face-forward (pushing) scratch modes.
Reprinted from Ref. [79] with permission. Copyright (2013) The Royal Society of
Chemistry.

The advantage of these instrumented techniques is their excellent stability in
applying indentation force and standard ability to perform thermal drift so as to minimise
the time-dependent effects such as creep. However, the configuration limits their
applications to the micron-Newton (UN) level in terms of the peak force, in other words, the

instrumented techniques hardly apply loads lower than hundreds of uN even if they claimed
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to have nm-level displacement sensitivities.**1%2 In contrast to 11T, the AFM instruments are
capable of sensing forces as low as a few pico-Newtons (pN), thereby providing a
significantly higher force sensitivity (< 0.05 nN, viz. at least 1000 times lower) and indenter
displacement sensitivity (0.05 nm). Thus weaker forces, such as the van der Waals force,
capillary force, hydrophobic and hydrophilic forces can be detected via AFM. This enables
the AFM to be applied to probe considerably more localised properties (e.g. exploration of
the inhomogeneity of materials)'9-19" and for studying relatively softer matter such as
biological entities and hydrogels (Young’s moduli in the range from 100 Pa to tens of
kPa).1%® There are reports where the stiffness measured using the AFM-based
nanoindentation and 11T is in a good agreement even for soft viscoelastic materials.1® The
outstanding challenge is to obtain a good agreement between the different indentation

techniques, when applied across the length scales covering a broad range of materials.

2.3.1.2 Brillouin Light-Scattering Technique

For many years, the Brillouin scattering technique has been used to characterise the
independent elastic coefficients (Cjj’s) of minerals*'®!! and inorganic zeolites*?!3, More
recently, this non-destructive approach was applied to measure the elasticity of MOF single
crystals, specifically that of ZIF-8.” Through Brillouin scattering, the lateral and transverse
velocities of the acoustic wave travelling along specific crystallographic directions can be
measured directly. The elastic tensor Cjj of the sample can then be determined according to
the velocity of phonons via the Christoffel equation.’**'> For instance, Tan et al. have
established the complete elastic constants of a ZIF-8 crystal (Table 2.1), from which the
directional Young’s moduli, Poisson’s ratios, and shear moduli can be derived. Their results
reveal that the Young’s moduli (E) of ZIF-8 is moderately anisotropic (Figure 2.14), for
example the moduli on three main crystallographic facets are: Ejig ~3.77 GPa,

Er110] ~2.98 GPa, and Ef111) ~2.78 GPa, which are in close agreement with the results from
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the IIT experiments.” Subsequently, the pressure dependence of ZIF-8 has been reported
using high pressure Brillouin scattering,'® which shows flexibility and dynamics of ZIF-8
under external pressure. More specifically, it was evidenced that the elastic constant C11 of
the guest-containing (i.e. the pressure transmitting mediums) ZIF-8 increased by ~183%

when a pressure of only 1.47 GPa was applied.

Table 2.1 Elastic properties of single crystal of ZIF-8 measured by Brillouin scattering
in comparison with the values from the single-crystal nanoindentation experiments and
theoretical predictions based on perfect crystal of ZIF-8. Reprinted from Ref. [7] with
permission. Copyright (2012) Physical Review Letters.

Experimental data (295 K) Ab initio calculations
Elastic properties Brillouin scattering Nanoindentation B3LYP (0 K)
Stiffness coefficient Cu 9.5226 £ 0.0066 11.038
C. (Glsa) ’ Ci 6.8649 + 0.0144 oo 8.325
Y Cyy 0.9667 + 0.0044 0.943
Compliance Si 0.2652 0.2578
s Si2 —=0.1111 —0.1108
. ) -1 12
coefficient, SU (GPa™h) Sus 10345 1.0605
. _ Longitudinal 317 & 3.08 341 & 3.32
Acoustic wave (maximum and minimum)
o = ..
velocities, V(kms™1) . Transvers§ ' 118 & 1.01 119 & 1.00
(maximum and minimum)
Enax = E{100} 3.77 = 0.01 3.29 +0.11 3.879
Young’s modulus, £ (GPa) E{110} 2.98 +0.01 3.07 = 0.07 2.953
E... = E{l11} 2.78 = 0.01 2.87 £0.09 2.736
. i ’ Grax = 1/2(Cy; — C12) 1.329 + 0.005 o 1.36
Shear modulus, G (GPa) G = Cur 0,967 + 0.005 0.94
L Vax = V{110, 110) 0.54 o 0.57
Poisson’s ratio, v v = »(110,001) 033 033
Anisotropy measure Zener, A (= 1 if isotropic) 0.73 cne 0.70
sotropy meas Evax/ Eunin 1.35 1.22 1.42
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Figure 2.14 Representation surfaces of Young’s modulus (E). (a) 3-D surface according
to Cij’s measured by the Brillouin scattering experiments. (b-c) Projection of the polar plots
on the (100) and (110) planes, respectively. (d-€) Normal stresses (o) corresponding to the
maximum, the intermediate, and the minimum stiffnesses. Reprinted from Ref. [7] with
permission. Copyright (2012) Physical Review Letters.

2.3.2 Computational Approaches
2.3.2.1 Density-Functional Theory (DFT)

Density-functional theory is an ab initio computational method to perform quantum
mechanical modelling to calculate atomistic forces and energy of periodic systems. DFT
codes such as CRYSTAL! and CASTEP*® can be used to compute the elastic constants
(Cij’s) of materials at 0 K, from which the Young’s modulus, shear modulus, linear
compressibility and Poisson’s ratio can be derived.!® Now there is an increasing body of
work where DFT calculation has been used to investigate the mechanical properties of MOF
structures. For instance, Mattesini et al.? used the local density approximation (LDA) ex-

change-correlation functional and Tan et al.%” employed the PBE functional*?! to calculate
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the single-crystal elastic constants of MOF-5 and two ZIFs (-4, -zni), respectively. Moreover,
Bahr et al.”? and Kuc et al.*?? utilised the generalised gradient approximation (GGA)
functional and the DFT-based tight-binding method to compute the mechanical properties
of isoreticular MOFs. Amongst the different derivations of the exchange-correlation
functionals, B3LYP is one of the most popular hybrid functionals that is widely adopted for
elasticity calculations. For example, DFT with B3LYP has been applied to predict the
structure-property relations of many MOF systems, recent studies include MI1L-140(A-D),*®
HKUST-1,2 and ZIFs.%* In addition, Ortiz et al. adopted the B3LYP hybrid exchange-corr-

elation functional*?® and then discovered the highly anisotropic elastic behaviour of five
flexible MOFs who exhibited as high as 400 : 1 ratio of anisotropy and extremely large
negative linear compressibility.®® This observation is different from the nonflexible MOFs
such as ZIF-8. Moreover, by using the DFT calculations and first-principles molecular
dynamics (introduced in the following section §82.3.2.2), the dynamical MOF linker disorder
that could have noteworthy impact on the mechanical properties can be characterised. For
instance, the diazo-linker of UiO-abdc with local site disorder stabilises the framework

against compression leading to a large elastic modulus comparing with UiO-67.1%4

Closely related to the study described in Chapter 8, the DFT predictions of the
mechanical properties of HKUST-1 has been reported by Ryder et al. using the B3LYP
functional ® Implications of the predicted Cij’s (C11, C12, Cas) are the cubic symmetry and
elastic anisotropy as presented in Table 2.2. According to the DFT calculations, HKUST-1
exhibits obvious elastic anisotropy (Figure 2.15) and auxeticity (Figure 2.16). Because there
is a lack of experiments to corroborate these theoretical findings, the nanoindentation
experiments have been performed to confirm the theoretical results from DFT (see

Chapter 8).

28



Chapter 2 MOFs and Studies on Their Mechanical Properties

Table 2.2 Mechanical properties of HKUST-1 from the DFT calculations. Reprinted
from Ref. [8] with permission. Copyright (2016) Royal Society of Chemistry

Elastic property B3LYP B3LYP-D
Young's modulus, E (GPa) Ermax 15.15  14.81
Enmin 2.96 3.05
Ap = EmadEmin 512 4.86
Shear modulus, G (GPa) Gmax 5.40 5.27
Gumin 1.00  1.03
A¢ = GmadGmin~ 5.40  5.12
Linear compressibility, # (TPa™") S 12.63  12.74
Poisson's ratio, v Vimax 1.21 1.19
Vmin -0.31 —-0.28
Zener anisotropy, A 5.41 5.11
Acoustic velocities(km s™) max 6.18 6.14
min 5.62 5.59

5
(a) Young’s Modulus (b) Shear Modulus °*
Emin in the <100> Direction Gmin in the <110> Direction
Emax in the <111> Direction & Gmax in the <100> Direction

(c) <110> View (d) <100> View

Figure 2.15 (a) Representation surface of Young’s modulus (E) in 3-D spherical
coordinates. (b) Representation surface of Shear modulus (G). (c) View down the [100]- and
[111]-axes, Emin and Emax are identified, respectively. (d) Gmin along the [110]-axis and G max
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along the [100]-axis are also marked, respectively. Reprinted from Ref. [8] with permission.
Copyright (2016) Royal Society of Chemistry
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Figure 2.16  (a) Representation surface of Poisson’s ratio (v). The blue region denotes the
maximum, and green region signifies the positive Poisson’s ratios, respectively. While the
red region represents the negative minimum Poisson’s ratio. (b) A deduced mechanism
correlated to the cluster rotational dynamics could reason the auxeticity of HKUST-1.
Reprinted from Ref. [8] with permission. Copyright (2016) Royal Society of Chemistry

2.3.2.2 Molecular Dynamics (MD) Simulation

Molecular dynamics (MD) simulation is an alternative method to investigate the
mechanical properties of MOFs. The main advantages of this method over the DFT
calculation are the relatively less demanding computational resources, and the possibility of

125 and tracking the evolution of system in time domain. By

modelling finite temperature
conducting the MD simulation of the MOF-5 (IRMOF-1) structure, Greathouse and
Allendorf calculated its elastic modulus which is in good accordance with the result from
DFT.'?6 But by far, only a limited number of investigations have addressed the mechanical
calculations of MOFs using MD due to several reasons including the restrictions of reliable
force field and the assumption of rigid frameworks.*?” However, there are promising recent
developments on flexible force fields to model the elastic behaviour of MOFs, see Ref. [128],

but the study is still limited by the scarcity of efficient sampling schemes for the

stimuli-driven phase transitions. Meanwhile, large fluctuation of pressure in MD simulations
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could introduce considerable deviation to the calculated properties of MOFs.1?® The
flexibility of MOFs can be related to the variation of their mechanical properties, especially
for the elastic anisotropy of flexible MOFs such as MIL-47 (V) and MIL-53 (Al), which can
be more than 100 times higher than the one of rigid MOFs such as UiO-66 (Zr) and
MOF-5 (Zn).}?® Force fields for MOFs with structural flexibility can be used to predict their
mechanical properties. For example, the Young’s modulus of ZIF-8 obtained using the force
field combining quantum chemical calculations and classical Amber force field in Ref. [130]
Is in a good agreement with the result from the single-crystal nanoindentation experiments

reported in Ref. [45].

2.4 ldentification of the Failure Modes of MOFs

Investigation of failure mechanisms of crystalline materials at the nanoscales has still
rarely been reported, probably this is because there is no specialised technique and model
that can be widely applied to a variety of materials. Recent relevant studies in the literature

are introduced herein to show the opportunities and challenges that exist in this field.

Indentation on some materials such as silicon may induce very complicated
responses because these responses reflect not only the elasticity of materials but also involve
the stress-induced failures such as cracking that may lead to fracture.r®13 Accurate
measurement of the Young’s modulus may not be possible if the failures have not been
properly addressed. There are multiple types of cracks, some of which may occur at the
place of highest stress concentration (mostly generated during indenter loading stage) and
others, such as lateral crack, usually happens at subsurface parallel to the surface so as to
push the surface outwards (often takes effect with the unloading indenter).*3! As a result,
pile-up or sink-in may interfere with the precise measurement of contact area. Materials

could develop distinct cracking patterns if a sharper indenter tip is employed. A good
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example is the radial cracks generated by using a cube-corner indenter tip to indent thin
sheets placed on the surface of a hard substrate. This phenomenon was not reproduced

employing a blunter tip such as a Berkovich indenter tip.*3

Important studies on the fracture of the hybrid inorganic-organic framework
materials (denser than nanoporous MOFs) have been taken by Tan and co-workers aiming
at investigating the structure-property relationships. For instance, by employing the
instrumented indentation experiments, they bridged the subsurface fracture morphology
with the underlying crystalline structure of a pair of hybrid polymorphs (i.e. CuPA-1 and
CuPA-2) and then differentiating their crack initiation mechanisms linked to different
crystallographic orientations.®® %° It was suggested that the breakage of chemical functional
groups and bonds (such as the rupturing of hydrogen bonds) are responsible for the initiation

and propagation of the different crack patterns.

There are recent attempts to study the permanent deformation (notably plasticity),
defects, and collapse mechanisms/amorphisation of MOF structures using theoretical

methods such as MD and DFT. For instance, the MD simulation sheds light on the molecular

134

process of pore collapse*®* and the directional plastic deformation of MOF-5% as well as the

DFT-based MD simulation elucidates the amorphisation process of ZIF-87°.

2.5 Investigation on the Mechanical Behaviour of 2-D MOF
Structures

2-D metal-organic framework (MOF) nanosheets have attracted increasing attention
because of their thin thickness so as to offer highly accessible active sites and thus showing

extraordinary advantages in many targeted applications such as capacitance,*>**¢ energy

137 139

storage,'®” electrocatalysis,’® luminescence,’®*® and gas separation*®. Currently, the

widely-used synthesis methods of 2-D MOFs incorporate the sonication exfoliation,
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interfacial synthesis, three-layer synthesis, and surfactant-assisted synthesis (summarised in

Ref. [140]).

The mechanical characterization of 2-D materials is often difficult owing to the
mutual interplay between the adjacent nanosheets and the structural failures. Even so, there
have been a number of attempts to mechanically characterise materials in 2-D form. This
includes the employment of the AFM nanoindentation on the graphene nanosheets (thickn-
ess t ~ 20-50 nm)**, the instrumented nanoindentation and AFM nanomechanical property
mapping (PeakForce™ QNM) on the MnDMS nanosheets (a typical multilayer thickness
t ~10 nms)®L. In addition, the complex moduli of MOF nanosheets can be measured as a
function of temperature by conducting the dynamic mechanical analysis (DMA)
experiments. For instance, the thermo-mechanical property characterisation of a type of 2-D
MOF nanosheets, NUS-8, was reported by Hu and co-workers.*? In their study, it was
observed that the NUS-8 nanosheets experienced substantially higher thermo-mechanical
dissipation than the 3-D interpenetrated NUS-16 and this may be attributed to the coupled
effect of both interlayer shear sliding deformation and tension/compression out of the
plane.!*? However, to date, there is no reliable experiment executed in order to quantify
nanoscale mechanical properties of compliant nanosheets, let alone the MOF nanosheets
which are apt to be porous thus more compliant. Even though, the depth-sensing indentation
techniques have been regarded as a promising approach to explore the mechanical properties
at the nanoscale.**34" Amongst these techniques, the AFM-based nanoindentation wherein
the instrument exhibits extraordinary capability in sensing atomistic force and displacement
has been employed in this study. In my work, a novel and reliable technique using AFM
nanoindentation has been established to quantify the mechanical properties of nanosheets.
Furthermore, the measurement is much more localised (indentation depth is as low as ~4 nm)

than the aforementioned techniques.
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Chapter 3: AFM-Based Nanoindentation

Amidst a variety of mechanical characterisation techniques, in this study, significant
effort has been made on the enhancement of the nanoindentation approach based on an
atomic force microscope (AFM). Thanks to the high sensitivity of AFM in detecting small
forces and displacements, it is a powerful tool for exploring the nanoscale behaviour of
materials. In essence, the microscale mechanical properties of MOFs quantified by the
conventional instrumented techniques (introduced in Chapter 2) bridge the gap between the
nanoscale properties measured by AFM and the macroscale properties central to
engineering applications. In this review chapter, the five key aspects of AFM
nanoindentation are considered: (a) operating principles of the AFM instrument; (b)
advantages of the AFM-based nanoindentation technique; (c) applications of the technique
to mechanically characterise a range of materials; (d) important factors to be addressed in
an indentation experiment to yield reliable data; and (e) common analytical models for
contact mechanics.

3.1 Atomic Force Microscopy (AFM)

AFM is a type of scanning probe microscopy (SPM), which scans the specimen
surface using a physical probe to capture its height topography. The schematic in Figure 3.1
illustrates the fundamental operation principle of an AFM. The most common use is for
tracing sample surface via the indenter-to-sample interaction force produced by the
cantilever deflection. In the imaging mode, the indenter-to-sample force is persistently
stabilised at a constant level (the magnitude is dependent on the set-point value input by the
user) through an electronic feedback loop. While the AFM tip raster scans a rough surface,
the degree of the cantilever deflection fluctuates, thereby resulting in the shift of the
projected beam (reflected from the top face of the cantilever) on a photodiode. Depending
on the sample surface topography, there are four possible degrees of freedom of the
cantilever deflection (see Figure 3.1b). On the other hand, the AFM can also operate in an
indentation mode, wherein the cantilever undergoes a vertical bending motion such that the
tip penetrates normal into the specimen and generates the force-displacement data (i.e. P-h

curve, the raw data from indentation experiments).
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Figure 3.1  (a) Schematic illustrating the operating principle of a typical AFM apparatus.
(b) Degrees of freedom of a deflected AFM cantilever.

3.2 Advantages of the AFM-Based Nanoindentation

One of the main advantages of AFM is its ability to control and detect small
indentation load (force sensitivity <0.05nN) and to apply shallow indentation
(displacement sensitivity < 0.05 nm).*8 During indentation, the P-h curve is recorded by
converting the data of the output voltage on the photodiode as a function of the input voltage

applied to the piezoelectric element, which controls the bending motion of the AFM

cantilever.

While AFM nanoindentation has been employed to study the mechanical behaviour
of a range of soft solids, e.g. polymers, hydrogels and biological samples,***% its
applicability to the field of MOF-type materials has not yet been widely demonstrated. Given
the aforementioned outstanding sensitivities, the AFM-based nanoindentation technique
offers us the opportunity to probe local mechanical properties of small crystals and thin-film

samples that were previously inaccessible via the instrumented indentation techniques (I1T,

see 82.3.1.1). Although some of the instrumented techniques have nanoscale level sensitivity,
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in practice it is not feasible to perform indentation as subtle as the AFM, whose load
sensitivity is on the picoNewton (pN) range as depicted in Figure 3.2. Not to mention that
AFM nanoindentation also enables high-resolution 3-D imaging to map out the surface
height topography immediately after the indentation step, thus providing a nearly in situ

quantification of the shape of the residual indents.
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Figure 3.2  Relative magnitude of forces below 0.01 N and the applicable instruments
for performing the measurement. Reprinted from Ref. [151] with permission. Copyright
(2004) Materials Research Society.

3.3 Example Applications of AFM Nanoindentation

Nanoscale characterisation of the local mechanical properties of nanostructured
materials is challenging. For porous crystalline materials like metal-organic frameworks
(MOFs) and their nanosheets, the fine-scale behaviours of coordinated metal-organic
linkages require even more sensitive instruments such as an AFM to probe. To date, many
materials have been tested using AFM nanoindentation, and these include soft matter
(biological entities,>21"8 polymers,14% 179-184 gg|g 104-105 170, 185187 fihregl®8-189 atc ) and

relatively harder materials such as graphene,'®%-'% as well as materials with distinctive
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attributes, such as viscoelastic materials,'8% 19219 Jayered materials,'® anisotropic

materials® 1°¢ and so forth.

3.3.1 AFM Nanoindentation of Polymers

Knowledge of the mechanical properties of polymers is important to gauge their
durability, in the last few decades, there have been many indentation experiments being
conducted on polymers. More recently, AFM nanoindentation on polymers has also been
reported due to its capability in extracting the local mechanical properties at a much finer
scale. For instance, Jee and Lee utilised AFM nanoindentation to measure the Young’s
modulus and hardness of ten polymers, namely: low density polyethylene (LDPE), high
density polyethylene(HDPE), polyvinyl alcohol (PVA), polyvinyl chloride (PVC), ultrahigh
molecular weight polyethylene (UHMWPE), polycarbonate (PC), Nylon 6, poly(methyl
methacrylate) (PMMA), polystyrene (PS) and polyacrylic acid (PAA).1"® However, the
indentation depths on these polymers are in the range of 630-3430 nm, which are

comparable with the depth indented using the instrumented indentation techniques (I1T).

Indentation of polymers may be susceptible to various instrumental factors, such as
geometrical deviation of the indenter and the varying indentation rate due to viscoelastic
response associated with creep and stress relaxation. As Moeller pointed out that sometimes
the equivalent circuit models cannot accurately derive the elastic modulus of materials of

high viscoelasticity because of the substantial plastic flow contributing to the creep.°

Further to the influence of viscoelasticity, soft polymers usually have appreciable
adhesion properties, which is challenging to characterise. Polydimethylsiloxane (PDMS), is
a representative soft polymer, which is a popular candidate for many applications, especially
in medicine and cosmetics. In the last decade, PDMS has been selected as a candidate

material to test a number of adhesion models including the well-known
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Johnson-Kendall-Roberts (JKR) model.®" Sirghi and Rossi succeeded in measuring the
Young’s modulus (1.91+0.33 MPa) and the thermodynamic work of adhesion

(0.095 * 0.023 N/m) of PDMS by utilising a silicon conical indenter (k = 11.5 N/m).182

Nevertheless, it is difficult to provide definitive mechanical properties of polymers
because they are highly dependent on the degree of curing and crystallinity.**° What is more
troublesome is the aging problem of polymers that could lead to gradual transformation of

their initial mechanical properties.'8

3.3.2 AFM Nanoindentation of Biological Entities

AFM nanoindentation of biological entities have been reported on biological
cells, 2178 microtubules, %1% viruses, 3 200-202 gnd tissue. 166293205 For example, Roos et al.
used AFM nanoindentation to characterise the mechanical properties (stretching and
bending moduli) and fatigue of viral shells (see Figure 3.3a).1°® Raman et al. employed a
dynamic AFM technique with high throughput to quantify the nanomechanical properties of
living cells. It was claimed that the sampling rate was about a thousand times higher than
the conventional quasi-static AFM methods.t*® Using this technique, they acquired stiffness,
stiffness gradient and viscoelastic dissipation of a number of living cells. A few examples

of the AFM nanoindentation experiments of biological entities are shown in Figure 3.3.
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Atomic force

Figure 3.3  AFM nanoindentation of biological entities: (a) from left to right columns,
schematic images, X-ray crystallographic images, and AFM images of the oriented capsids
of a virus of mice with five-, three- and two-fold symmetry axes. Reprinted from Ref. [153]
with permission. Copyright (2010) Springer Nature. (b) Embryo fibroblasts of mice, where
the white line indicates the approximate scanning direction. Reprinted from Ref. [157] with
permission. Copyright (2012) Springer Nature. (c) A live cell in liquid, nonlinear interaction
between the tip and the sample results in the anharmonic frequencies. Reprinted from
Ref. [156] with permission. Copyright (2011) Springer Nature. (d) A microtube at a
nanoscale before and after being indented. Reprinted from Ref. [199] with permission.
Copyright (2003) American Physical Society.

3.33 AFM Nanoindentation of Viscoelastic Materials
Optimally, a less sharp indenter tip is favourable to reduce the stress concentration
on viscoelastic materials. Moeller developed an AFM creep test using spherical indenters
with large apex radii (10 nm to 50 nm) in order to determine the instantaneous elastic moduli
of four resins.'® By using AFM nanoindentation, they quantified the percentages of creep

deformation contributed by viscoelastic and plastic flow. According to the results, they
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found that strong plastic flow occurred even at small loads (as low as 25 xN). This is because
for viscoelastic materials, the P-h characteristics could be markedly different with the Hertz
contact. To simulate the viscoelastic behaviour of materials, three equivalent circuit models
were proposed to calculate the elastic moduli: Maxwell model, Kelvin-Voigt model, and
Maxwell-Kelvin-Voigt model.!8 192 These models can be employed to describe a range of
time-dependent behaviours of viscoelastic materials. For instance, the indentation load on
PDMS at the displacement holding period drops over time owing to the Maxwell-like stress
relaxation, which may lead to the overestimated adhesive force (Paq).'% But by decreasing
the indentation rate, the hysteresis could be alleviated because of the reduction of the

dissipated energy during the unloading stage.%

3.3.4 AFM Nanoindentation of Anisotropic Materials

The mechanical properties, notably the elastic modulus, measured by indentation on
anisotropic materials are essentially weighted magnitudes, viz. average properties. As
dictated by Fan et al., the indentation imprint involves deformation along all three principal
directions.?® Likewise, for the two of the six representative materials, sapphire and quartz,
chose by Oliver and Pharr to verify their well-known Oliver and Pharr (OP) method, are
anisotropic.®8 They deduced that the indentation along a specific orientation of an
anisotropic material may reveal some average properties owing to the deformation in many
other directions. Particularly for AFM nanoindentation, which probes properties at the

nanoscale, the interference from other directions could be even more apparent.1%

Therefore it is envisaged that the effect of anisotropy varies with tip included angles,
tip radius of curvature and the indentation depth (also evidenced in Ref. [207]). In theory,
the difficulty of predicting the elastic modulus in a specific direction decreases with lower

degree of anisotropy. For instance, for transversely isotropic materials indented using a
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conical indenter, their elastic moduli in the orthogonal directions of symmetry axes may be

approximated on the basis of pressure distribution as proposed by Delafargue and Ulm.2%®

For some materials, the influence from the directions other than the indentation
direction can be small. For instance, by using the model that predicts the elastic moduli of

ceramics?®®

and human tibial cortical bone?' in specific directions (a conical tip was used),
Fan et al. evaluated the relatively small effect of anisotropy on nanoindentation experiments,
and thus suggesting that the anisotropy of cortical bone is mainly due to the osteonic and

interstitial lamellae.2%

3.3.5 AFM Nanoindentation of 2-D Materials

Another intriguing application of AFM nanoindentation is on the nanoscale study of
2-D materials such as graphene, which is a topical class of atomically thin 2-D material and
has been very striking owing to its enormous potentials. Over the last decade, the mechanical
properties such as elastic modulus, friction, and fracture behaviour of graphene have been
characterised using different techniques.?!* Because the graphene sheets (E ~1 TPa)?!? are
usually much stiffer than their substrate, substrate effect may interfere with the stiffness
measurement of graphene. As a result, direct measurement by means of traditional
instrumented indentation is very difficult. However, despite graphene is one of the strongest
materials, whether the localised grain boundaries (synthesised using the chemical vapour
deposition method) would reduce its strength was in doubt until the AFM nanoindentation
experiments implemented by Lee and co-workers, who confirmed that the grain boundaries
have minor influence (< 15% reduction compared to its intrinsic value) on the strength of
the graphene thin film (Figure 3.4b).2!3 Moreover, instead of indenting on the suspended
graphene film, Malina performed a number of AFM nanoindentation tests on graphene
placed on the SiO2 (~70 GPa) substrate with varying maximum loads (from 13 uN to
45 1IN).1%° One may notice the graphene is still much stiffer than the substrate, but because
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the AFM instrument can exert a tiny force and apply much shallower indentation, the
substrate effect can thus be minimised. Furthermore, AFM nanoindentation is useful to
characterise other properties of graphene, for instance, Nemes-Incze et al. came up with an
approach using AFM nanoindentation to map the local strain patterning of graphene

(Figure 3.4a).1%

Load (nN)
8
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40 60 80 100
Indentation depth (nm)

20

Figure 3.4  (a) The local strain field, (i) a line pattern and (ii) a dot pattern, assisted by
AFM nanoindentation is mapped by using Raman spectroscopy, in which AFM shows the
stretch orientation of the two patterns, namely (iii) line and (iv) dot. Reprinted from
Ref. [191] with permission from the Creative Commons License. (b) Graphene membrane
on a perforated silicon substrate: (i) schematic of a graphene membrane indented by AFM;
(i) optical microscopic image; (iii) a P-h curve from AFM nanoindentation (insets are the
AFM images of part of the graphene membrane suspended over a hole before indentation
and after fracture). Reprinted for Ref. [213] with permission. Copyright (2013) The
American Association for the Advancement of Science.
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Likewise, AFM nanoindentation can also be adopted to study multilayer samples
although this type of materials has rarely been investigated because of the uncertainties of
the interaction between layers. There still is to some extent breakthrough such as the work
in Chapter 7. Another excellent example is the AFM nanoindentation on polyelectrolyte
multilayer thin films of varying charge density.!% Hereby, the elastic moduli of the films
were measured ranging from 1072 to 10* kPa. In consideration of the identical thickness of
each layer, the relative Young’s moduli of the thin films can be expressed as a function of
ionization fraction. Moreover, interestingly, it was found that the thin films of high charge
densities are much stiffer (by about two orders of magnitude) than those of low charge
densities.!® Mermut and co-workers suggested that the measurement of Young’s modulus
can serve as an indicator of the underlying interface and layered architectures, which enabled
the comparison of the thin-film internal architectures at different pH conditions. In the
course of the study, the feasibility of using AFM nanoindentation to quantify the

layer-to-layer adhesive forces has also been demonstrated.'%

3.4 Factors Affecting the Accuracy of AFM Nanoindentation

AFM-based nanoindentation is a powerful technique for studying the properties of
fine-scale materials and nanostructures. However, it also comes with merits and drawbacks
since AFM instrument senses the indentation force at least 1000 times lower than the
conventional IIT instruments, and thus the smaller forces such as the van der Waals force,
capillary force, hydrophobic and hydrophilic forces are no longer negligible. For instance,
the elastic-plastic properties vary with changing temperature that will alter the adhesion

interaction between the indenter and the sample. 8
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Besides, many other instrumental- and sample-related conditions may also affect the
precision and reproducibility of the resulting force-displacement (P-h) data. Amongst the
foreseeable challenges, a few representative examples are: (i) distorted P-h curve results
from the interfering factors including the structural failure and fracture of crystalline
framework as well as the time-dependent deformation such as creep and thermal drift; (ii)
erroneous contact area determination due to the roughness of sample surface; (iii) an AFM
probe with a larger tip angle is generally preferred for indentation but at the expense of
reduced resolution in 3-D post-indentation imaging; (iv) indentation-triggered effects, such
as “pile-up” and “sink-in” at the periphery of the indenter,’”® creep/viscoelasticity and

adhesion interactions during indenter unloading.!®?

In order to execute an accurate measurement, a range of factors need to be considered.
Factors to be considered prior to or during the indentation experiment are summarised in

Table 3.1 and discussed in detail in this section.

Table 3.1 Summary of factors that could affect accurate measurement using AFM
nanoindentation along with the corresponding examples in the literature.
Factors Influence if overlooked References
Cantilever’s spring constant False load [106, 214-220]
Deflection sensitivity False displacement [106, 151]
False contact area and 1[3573' 123'11%’
Indenter tip geometry unsuitable contact 182 195 291,
IS mechanic models 232
% -
S Deflection angle of cantilever Indentation not normal to [228, 233-234]
= sample surface
O Non-linearity, hysteresis,
S and creep leading to
£ Piezoelectric effect deviation from the desired [235]
= displacement and voltage
= relationship
Compliance of the load frame Erroneous me'as'urement of [88, 228]
elasticity
Alignment of laser spot* Offset and noise In N/A

force-displacement curve
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False characterisation of
residual indent area and

Indent-to-Sample Interaction

Pile-up and sink-in*

Inaccurate contact area

. S .
Post-indentation imaging resolution height of pile-up and [180, 236]
sink-in
Erroneous measurement of
* mechanical properties, e.g. | [88, 228, 237-
Indenter-to-sample contact area Young’s modulus and 239]
hardness
Sample surface roughness . False contact point, [240-244]
inaccurate contact area
[87, 103-104,
Contact point uncertainty False indentation depth 173, 185-186,
245-255]
Deviated Young’s
Poisson’s ratio* modulus caused by [238]
compressibility
[88, 224, 228,

238, 256-264]

Loading strain rate*

Creep, thermal drift,
fracture, slippage etc.
resulting in the distorted
force-displacement curve

[106, 265-266]

Slope augment (even
negative slope) of the

of materials properties

Unloading strain rate* incipient segment of the [147]
unloading curve, i.e. false
contact stiffness
g Creep effect (hold time)* Ditto [147, 180]
= Erroneous measurement of 86, 104. 147
2 Adhesion effect* mechanical properties, e.g. [86, 104, 147,
S , 183, 267-270]
o Young’s modulus
= [103, 107
C L L
= Substrate effect* Erroneo_us of sample 157, 263, 271-
© stiffness
[} 272]
o
') False contact area;
Friction inaccurate load-vs-contact [239]
area correlation
Temperature Drift causing fluctuation [181, 273-274]

Hydrated condition

Change of materials
properties due to liquid
molecule encapsulation;

inference on the
indent-sample interplay

[65, 275-284]

* Factors with asterisk are elucidated in this subsection.
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3.4.1 Substrate Effect

One of the most important applications of AFM nanoindentation is the study of thin
films, which are usually coated on a substrate. However, on many occasions, the presence
of a substrate may dramatically affect the indentation measurement. Indentation experiments
of the same thin film either situated on a harder or softer substrate can produce enormously
different results in terms of stiffness, hardness, pile-up or sink-in, and so forth. The substrate
effect can be reflected by a normalised P-h curve, which can be expressed as either a
quadratic or power-law force as a function of depth. In the logarithmic chart of the
normalised P-h curve, generally it starts to deviate from the linear trend when the indentation
depth exceeds ~10% of the sample thickness.'%” Saha and Nix examined the substrate effect
of six combinations comprising aluminium and tungsten films adhered to four different
substrates: aluminium, glass, silicon and sapphire.?®® For the purpose of minimising the
influence from a substrate, a substrate that is much harder than the test specimen is desirable
to prevent plastic deformation of the substrate, or such that the plastic deformation can be
confined to a negligible degree as long as the indenter does not penetrate the substrate. On
the contrary, the measurement of a specimen placed on a soft substrate is in all probability
erroneous if the indentation depth exceeds 10% of the specimen thickness since by then the
substrate has already been plastically deformed.?® Therefore, the substrate effect could be
avoided under the circumstance of shallower indentation that is below 10% of the sample

thickness.

Substrate effect is not only incurred by the spread of the plastic deformation to the
substrate, but also caused by its elastic deformation, which explains why the substrate has a
significantly greater influence on the measurement of Young’s modulus (E) than

hardness (H). In other words, the interference of substrate on E is a coupling effect of both
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elastic and plastic deformation while on H is primarily because of the plastic deformation of

the substrate.

In many instances, however, it is required to indent cellular samples over the 10% of
their thickness owing to their heterogeneity as well as the cellular cores of interest. To this
end, Gavara and Chadwick developed a thickness-independent method called “Bottom
effect cone correction (BECC)” on the basis of the Sneddon model (see §3.5.2), which is
able to overcome the substrate effect that overestimates E.!®" Their experiment was
preformed using AFM nanoindentation equipped with a conical indenter to indent cells (e.g.

polyacrylamide gels and fibroblasts).

Substrate effect may also occur in the form of binding strength with the specimen.
In general, a strong adherence of a specimen to a substrate is wanted during indentation, P-h
curves from experiments on well-bonded and loosely-bonded specimens differ
significantly.?’*?"2 Dimitriadis refined the integral transform methods proposed by
Sneddon?® in order to deal with samples of finite thickness.®® In the derived force function,
the distinction between systems where samples bonded and not bonded to the substrate has

been expressed by two parameters as functions of the Poisson’s ratio.

3.4.2 AFM Imaging Resolution of Indents

Post-AFM topography imaging of the indentation indent is undoubtedly one of the
most widely-used approaches to measure the contact area, profiles of the possible pile-up
and sink-in as long as the influence of elastic recovery can be neglected (actually in some
cases, the curvature caused by elastic recovery could appreciably modify the projected area
as pointed out in Ref. [228]). However, as shown in Figure 3.5a-c, one shall realise that
AFM imaging is not perfectly accurate in reconstructing the features of the sample surface

since AFM imaging is usually broadening protrusions and narrowing holes during the
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tip-sample convolution. Moeller conducted an in-depth investigation of the broadening
effect through equipping AFM tips of varying radii to image a type of epoxy polymer. The
tips are of small apex-radius from 30 nm to 50 nm and of large apex-radius 451 nm, 553 nm,

642 nm, and 761 nm.1&

Artefacts from AFM imaging would also affect the clear visualisation of an indent,
such as the streaks appearing on an image due to the contamination of the AFM tip
(Figure 3.5d), the edge overshoots because of the piezoelectric scanner hysteresis
(Figure 3.5e), the image distortion from thermal drift (Figure 3.5f), and the different
captured profiles of the same object at different spots (Figure 3.5g) and so on. Therefore, it
is important to recognise the image artefacts. To overcome this, Gotek et al. suggested an
approach to search for the switching lines where the scanning of the sample features switches
to tip self-imaging, in order to identify the image artefacts.?®® Additionally, they also

summarised other common artefacts that one may encounter during AFM imaging.
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Figure 3.5  (a) (i) Schematic of the broadened protrusion and narrowed groove; S1 and
S2 are the switching points indicating the emerging convolution artefacts; (ii) an irregular
LiF grid; (iii) height profile along the line labelled in (ii). (b) (i) AFM height image and (ii)
error signal image of the broadened image of a slim LiF block coated on Si(001), in which
the switching points are marked by arrows; (iii) schematic of the line scanning producing
the AFM images in (i-ii). (c) Owing to the artefacts generated by friction, the AFM images
obtained from (i) the trace and (iii) the retrace scanning exhibit completely different line
height profiles (ii) valley (iv) peak of the same region. (d) (i-i) AFM images with streaks
because of the tip contamination; (iii) AFM image recovered after a noise reduction. (e)
Schematic of the edge overshoots. (f) (i) Distorted AFM image due to thermal drift; (ii)
AFM image of the same sample with alleviated thermal drift. (g) Two particles of the same
dimensions but in different spots can be imaged differently (hi>hz), meanwhile the
existence of the particles implies the possibility of exfoliated debris on an indent leading to
false characterisation of the contact area. Reprinted from Ref. [236] with permission.
Copyright (2014) Elsevier.
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3.4.3 Tip Geometry (Including Tip-Apex Radius)

Real indenters usually deviate from the ideally presumptive geometry, and this
deviation results in erroneous contact area and invalidates the application of idealised
contact theories. The influence of non-ideal indenter geometry, especially in terms of its
sharpness, included angle, and apex radius of curvature, is more pronounced for shallow
indentation, such as AFM nanoindentation. Moreover, pile-up and sink-in are two
phenomena, which are closely associated with the geometry of the indenter used. Therefore,
efforts have been done to quantify the effect of geometric deviation on mechanical property

measurement via both analytical?®® and experiment?®’ methods.

In fact, accurate measurement of contact area is crucial for calculating the Young’s
modulus (E) and hardness (H). To this aim, knowledge of the geometry of an AFM indenter
prior to indentation is needed. Regarding the effect of different included angles, taking
conical indenters as an example, which of larger included angle tends to alleviate the
dependence of Young’s modulus on indentation depth.’® %7 Besides, Calabri et al. had
utilised three different methods: theoretical model, numerical simulation (via finite-element
method), and experimental method (via AFM nanoindentation), which all show that H
decreases with the increasing tip included angle.?®° This trend of H can be explained by the
theoretical dislocation theory (it is often concerned for metals), which is also referred to as
energy dissipation theory wherein H is a function of the surface-to-volume ratio where there

is energy dissipated.®

For the measurement of E, deviation of radius of curvature by a factor of two could
lead to a 41% error for thick samples and it has been demonstrated to be more pronounced
for thin samples.®® A correction factor was proposed by Calabri et al. for converting H from
an ideal indenter (apex radius R = 0) to the value garnered from a real indenter since the tip
can be worn somewhat (R # 0).%° Apart from the correction on indenter apex radius, in
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most theoretical models, asymmetric indenters are assumed. Therefore, for experiments
using non-axisymmetric indenters, the correction factor S is required (refer to Ref. [228] for

more details).

For specific materials, careful selection of indenters of suitable geometries is
important. To enumerate a few examples, flat punches have been proven to be inadequate to
study many materials because even the incipient part of the unloading curve is non-linear in
most instances due to the continuous elastic recovery in time of unloading.®® 228 In addition,
spherical indenter performs better than sharp indenters if the sample is soft for the reason
that sharp indenters generally induce much larger strains that exceed the linear elastic regime.
As a result, Young’s modulus measured by a non-spherical indenter can be markedly
overestimated and the degree can be as much as 20 times.'® In terms of sharp indenters
such as cone and pyramids, the influence of inaccurate geometry is even larger because of
its high non-linearity of force-displacement relation.??® The effect of the indenter geometry
is even more obvious when thin film on a substrate is indented.??* However, it is difficult to

identify the precise tip-apex radii of these blunt indenter tips that were worn away.

Of course, it is worthwhile to remember that some contact models (83.5 and 84.7) are
restricted to specific tip geometries. For example, Hertz model is not suitable for indentation

by a pyramidal indenter.1%4

There are mainly two ways of acquiring the tip geometry: direct imaging and indirect
tip geometry reconstruction. Depending on the tip-apex radius, one may choose a suitable
imaging techniques, such as scanning electron microscopy (SEM)8223L and AFM. The latter
one prevails by right of its ability to generate 3-D topography. However, direct imaging
method by AFM may introduce deviation due to elastic recovery and this issue exists for

both true contact area and projected contact area such as the convex curvature reported by
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Oliver and Pharr,®®® and the incomplete projected square indent described by
Giannakopoulos and co-workers.??* A prevalent indirect approach is the blind tip geometry
estimation algorithm developed by Villarrubia.??® Basically, this algorithm is based on a fact
that while the probe is scanning along sample surface whereon those protrusions of smaller
size than the tip-apex radius are actually reversely imaging the probe. Therefore, samples
with sharp features (e.g. a NiO pattern)?*? and sufficient height variance (e.g. a calibration
grid)!*° serve as good candidates for implementing this algorithm. Indenters made from hard
materials such as diamond are often in a less need for frequent tip geometry measurement.
For instance, the diamond cube-corner indenter survives after more than 100 indentations
without appreciable change of the apex radius (see Figure 4.2g).1*’ But quite on the contrary,
indenter tips designed to indent soft matters are usually made from less durable materials
such as silicon and silicon nitride. Moreover, indenters could be readily contaminated.®
Overlooking the evolution of the tip geometry and/or artefacts from tip contamination could

produce dramatic errors on the contact area.'*°

Nonetheless, there are potential issues that may affect the accuracy of the blind tip
estimation algorithm such as the scanning scale and noise from the instrument.
Tranchida et al. found that instrument noise is apt to underestimate the tip size, whereas
larger scanning scale has an opposite effect because the resolution reduces accordingly.

Fortunately, the influence of noise diminishes with increasing scanning scale.?%°

Besides the true radius of an AFM probe, scientists have been exploring the concept
of effective tip radius, which produces the same shape of indent thus simulating the influence
of plasticity on the distribution of pressure under the indenter.??” Date back to 1993, Hutter
and Bechhoefer came up with a non-destructive procedure to deduce an effective tip radius
based on the measurements of van der Waals forces (Hamaker constant).??? However, the
effective radius (150 = 16 nm) was larger than the nominal value (40 nm), and it was
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explained that the pyramidal tip apex may end in a line along the edges or the tip had been
through a plastic deformation. Thereafter, the “effective indenter shape” had been developed
to explain the power-law expression of an unloading curve.??> 227-228 Amongst the different
effective shapes, the paraboloid of revolution that behaves similarly on numerous materials
as a rigid cone, or a sphere indenting to shallow depths has been well received.??® As a matter
of fact, many materials exhibit similar unloading behaviour which can be elucidated by a

single indenter geometry, i.e. a paraboloid of revolution.??®

3.4.4 Laser Spot Alignment

Centring the laser spot is a critical step to ensure the force recorded starting from
zero when the AFM tip is far away from the sample surface. But the position of the laser
spot may drift away from the centre over time, overlook of which will lead to the offset of
the P-h curve along the ordinate as shown in Figure 3.6b. Apart from the misalignment, laser
spot may spill over the cantilever and get reflected off from either the sample surface or the
substrate surface so as to interfere with the reflected beam from the cantilever Figure 3.6c.
This will cause the wavy artefact of the P-h curve, which should be consistently equivalent
to zero when there is no interaction between the tip and sample. To solve this problem, the
laser need be properly focused, or alternatively by using a laser with shorter coherence

length instead, which facilitates the reduction of the laser speckles shown in Figure 3.6c.
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Figure3.6  (a) Schematic of the operating principle of an AFM instrument. (b)
Off-centred laser beam and the consequence of the shifted P-h curve. (c) Interference of the
spilled laser reflected from the sample or substrate surface and the resulting wavy segment
of the P-h curve.

3.45 Adhesive Force

In fact, all materials have certain levels of adhesive interaction with the indenter tip.
On account of the influence of adhesive force on the mechanical measurement, a number of
adhesion models have been developed such as the Johnson-Kendall-Roberts (JKR) and
Derjaguin-Muller-Toporov (DMT) models, see §3.5.3 and 83.5.4. These models are able to
shed light on both the adhesion characteristics and intrinsic mechanical properties of

materials, such as the work of adhesion and elastic modulus.8

The presence of adhesive force complicates the mechanical characterisation in
different ways. For example, the indenter-to-sample contact area becomes a function of load
(P), sample elastic modulus, indenter tip radius, and energy release rate (refer to Ref. [268]
for more details), and it tends to be exaggerated if the adhesion effect is neglected. In other

scenarios, elastic modulus may be overestimated as well.2’® The deviation would be even
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more significant if the sample stiffness and the indentation depth is relatively low. In
addition, massive adhesion could offset the identification of the surface contact point
because of the “jump-in” contact when the indenter approaches the surface.!®® From the
numerical simulation standpoint (in 88.6.2), indenters of different geometries trigger

distinctive adhesion effects.

It is advisable to leverage the energy release rate (G) and the work of adhesion (y) to
analyse the adhesive behaviour and this is not merely because of the complication of the
force analysis, but also due to the probable imperfections of sample, such as roughness and
heterogeneity. It is worth noting that only for a system in equilibrium, G equals to y since G
is loading rate dependent.!8 26° Otherwise, error of the elastic modulus will occurs as
pointed out by Notbohm et al..!® It is generally recognised that the adhesion effects on the
loading and unloading segments are not analogous, and this can be explained from the
energy standpoint that y at the unloading stage is not constant within the contact area but
descends from the centre to the periphery.?®” Therefore, sometimes it turns out to be better
while applying certain adhesion models (e.g. JKR model) to the loading segment rather than

the common option, i.e. the unloading part.'83 267

Adhesion effect may differ under the load-controlled or displacement-controlled
loading schemes. Through the investigation of G, Notbohm et al. found that the
displacement-control experiment is more stable than the load-control experiment with

respect to the growth of fracture.®
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3.4.6 Pile-up and Sink-in

Pile-up and sink-in are two common surface phenomena in indentation experiments.
Losing sight of both introduces measurement errors on E and H, and the discrepancy could
be as much as 50%. The errors are mainly owing to the deviation of contact areas. A case in

point is the well-known Oliver-Pharr (OP) method which neglects the effect of pile-up. 22

With a view to the fact that plastic deformation plays the major role on the formation
of pile-up and sink-in, Bolshakov and Pharr used finite-element (FE) method to explore their
influence on a range of materials by simulating them to von Mises solids with discrete
yielding as well as linear and isotropic strain hardening.?®® Notably, they discovered that
pile-up predominates and increases under either one of the two subsequent conditions:
reducing work hardening or the ratio hs/hmax approaches to 1 where hr denotes the final
depth after fully unloading and hmax is the maximum depth. In essence, the implication of
ht /hmax can be explained by the close relevance of the pile-up and sink-in with the size of
the plastic zone. While at h¢/hmax < 0.7, sink-in happens regardless of the degree of work
hardening. But when h¢/hmax > 0.7, increasing work hardening starts to surpass pile-up, in
other words, to stimulate sink-in. The impact of incremental work hardening becomes more
pronounced when hs /hmax is larger. These findings, of course, were derived from the study
of conventional materials such as metals and ceramics, the applicability of this approach to

nanoporous framework materials is not yet clear.

More effectively, Bolshakov and Pharr introduced the ratio between effective elastic
modulus and yield stress (Eeft /oy).2% They found the plastic zone decreases with decreasing
Eetf /oy alongside the reduction of hf/hmax (see Figure 3.8). In accordance with the
aforementioned trend caused by decreasing hs/hmax, once the plastic zone shrinks back to
the contact circle, sink-in occurs instead of pile-up because there is only elastic deformation
at the outer contact periphery. The concept of the plastic zone can also be used to explain
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the inhibiting effect of work-hardening on pile-up because the large extent of the plastic
deformation is squeezed to deeper area rather than being spread along the sample surface.?*®
In other words, work-hardening of materials constrains the material flow towards the surface.
Using the finite-element method, Cheng et al. examined the formation of pile-ups while
indenting on a number of materials of different work-hardening behaviour.?6%-22 They also
proposed the possibility to analyse pile-up from an energy standpoint, i.e. the areas under

the P-h curves.

In order to evaluate the distribution of plastic zone, Giannakopoulos et al. reported
the elastic-plastic boundary produced by a Vickers indenter using the numerical (i.e.
finite-element) and analytical methods.?** Similarly, Larsson and co-workers utilised the
finite-element and experimental methods to evaluate the performance of a Berkovich
indenter.?®® Apart from Vickers (tetragonal base) and Berkovich (trigonal base) indenters,
Giannakopoulos and Larsson also studied the plastic zone produced by a Knoop (rhomboid

base) via the classic Drucker-Prager plastic potential to simulate the induced stress field.?>®
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Figure 3.7  Contact profiles of an indentation of materials without work hardening
presenting the influences of Poisson’s ratio (v) on the contact geometry. Reprinted from
Ref. [238] with permission. Copyright (1998) Materials Research Society.
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As Bolshakov et al. pointed out, the influence of Poisson’s ratio (v) in the range of 0
to 0.45 on the generation of pile-up and sink-in can be broadly neglected.?*® Moreover, for

work-hardening materials, the influence is even more subtle.

(a) 200 (b) 200

Eerloy=653; (h/hmax=0.97) Eerlo,=653; (hifhmax=0.95

100 _ 100 F eftf Oy’ ,( 1Mmax=U. )

&é/_ 89 (0.85) =178 (0.86)

of ——E=—==4 B

- TSR S _,,,:_f__-_:.—.-r\:-’--’-----"-

__-100} N.=28(068) | -0} = 52 (0.66)

ndenter /- Indenter /.
£ indenter S=14(052) | E \\= 28(0.50)
:: -200 ",:I'A2DO r

-300 -300
-400 / no work-hardening, n =0 -400 F linear work-hardening, n = 100y

1 L " 4 L - _Sm 1 1 1 1 1 1 1
0 500 1000 1500 2000 2500 3000 3500 4000 0 500 1000 1500 2000 2500 3000 3500 4000
r(nm) r(nm)

Figure 3.8 Contact profiles revealing the influence of the degree of work-hardening ()
(@ n=0, (b) n = 100y, as well as the elastic-plastic properties of materials (Eeft /oy) on
pile-ups and sink-ins. Reprinted from Ref. [228] with permission. Copyright (2004)
Materials Research Society.

For indentation of films attached onto a substrate, Saha and Nix found that pile-up
is easier to form when a soft film situates on a hard substrate. Conversely, indentation tends
to induce sink-in.?%® In regard to elastically homogeneous materials, accurate hardness value
(considering both pile-up and sink-in) can be obtained on the condition that elastic modulus

is known.?’

Pile-up is not only formed due to plastic deformation, but also probable to generate
by other factors, such as the lamellar deformation reported by Bedoui et al., who observed
double pile-ups while indenting a semi-crystalline polymer;?®* and the result discussed in
Chapter 7. Another good example is the instrumented nanoindentation experiment of an
anisotropic hybrid inorganic-organic framework material, Cu1s5(H20)(O3PCH2CO>),
wherein the extent of pile-up on the {010}-oriented facet is substantially higher than the

{100}- and {001}-oriented facets owing to the underlying 2-D layered structures.*
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3.4.7 Effect of Poisson’s Ratio

Generally, for soft matter such as gel-like and biological entities, their Poisson’s
ratios (v) are assumed to be 0.5 by right of their incompressibility,104 170.:289-2% Ajternatively,
instead of neglecting the uncertainties of compressibility, one may also combine Young’s
modulus and Poisson’s ratio into a single material constant, which is termed the indentation
modulus (1). Nevertheless, under many circumstances of indentation, the variance of v
ranging from 0 to 0.45 has only a minor impact on the contact profiles in terms of the pile-up
and sink-in effect (see Figure 3.7).2%® However, the indentation analysis of materials with a

highly anisotropic Poisson’s ratio is not well investigated.

3.4.8 Influence of Loading Rate

For soft matter, slow loading rate usually leads to a much deeper indentation under
the same load because of time-dependent behaviours, such as creep and thermal drift, as well
as due to structural failure and fracture. As a consequence, the accurate measurement of both

elastic modulus and hardness could be affected.

In the case of the creep effect, slow loading rate means longer indentation time,
which facilitates the further indentation displacement leading to the exaggeration of contact
area. To put it differently, indentation performed with a high loading rate tends to increase
the measured elastic modulus, resulting in a value that is closer to the true stiffness of the
specimen. It has been demonstrated by experiments that high loading rate could help to
minimise the viscoelastic effects.?®>26 Moreover, the ascending trend of the elastic modulus
with increasing loading rate were also observed in other mechanical property
characterisation techniques such as uniaxial tensile test.!% Therefore, by applying a high
loading rate, the elastic moduli of viscoelastic materials can be solely extracted since the

viscous component is diminished.
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Likewise, the slow unloading rate could also result in the distortion of the unloading
curve acquired as discussed in Chapter 5. Recently, it has been demonstrated that the
distortion of the unloading curve can be overcome employing high unloading strain rate (see

84.7.3 and §5.3.1).1%

3.4.9 Creep Effect (Load Holding Time and Unloading Rate)

The importance of an accurate unloading curve is unquestionable since majority of
contact models concentrate on analysing its incipient portion. However, as introduced earlier
in 83.4, there are several interfering factors that could obstruct the precise acquisition of it.
More specifically, these factors tend to deviate the unloading process from the genuine
elastic recovery reflecting the elasticity of material, thus leading to distorted unloading curve.
More severely, if the unloading strain rate is rather small, the initial segment of the unloading

curve would become a negative slope (bulging, see Figure 5.5).14

Taking the additional displacement caused by creep effect as an example, the most
common way to alleviate it is to apply a stress or load hold period before the tip withdrawal.
Moeller investigated the effect of the hold period on the measurement of E using AFM
nanoindentation and reported that the measured E was closer to the literature value with

increasing hold period.&

In addition, creep could also emerge during the entire unloading stage, and thus
increasing unloading rate which corresponds to the reduced unloading time, will appreciably
increase the residual depth.'® Another method to diminish the creep effect is to do a cyclic
indentation on the same position of a sample as | have demonstrated in Ref. [98]. Both
methods are particularly useful for the equipment that cannot apply the hold period such as
the Veeco Dimension 3100 AFM instrument. However, this cyclic indentation method might

not be suitable for materials of high stiffness but relatively low hardness, e.g. aluminium,
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and this is because of the hysteresis loops, namely reverse plasticity.3® Actually, the
hysteresis implies the persistent creep effect since creep deformation is mainly due to
viscoplasticity rather than viscoelasticity.’® Meanwnhile, the effect of compaction
(densification) should also be considered. Given these shortcomings, in this work the
unloading strain rate principle was suggested since a high unloading strain rate was found
to be able to surpass these interfering factors (see 84.7.3 and 85.3.1). Note that it differs

from the unloading rate implemented in load control indenters.

3.5 Contact Mechanics Models

Note that the contact models directly used in the thesis are summarised in §4.7.

3.5.1 Hertz Model

Date back to 1881, Hertz reported his pioneering work on the pure linear elastic
contact between two spheres without considering any form of surface force such as adhesive
force or shear force.?®! In this classic contact mechanism, the two surfaces are assumed to
be continuous and non-conforming (i.e. small displacements comparing with the dimensions
of the contact bodies and no interpenetration). As a result, the contact area (A) can be treated

as a flat and circular area, and it is:2%?

RegeP 2

A=n(=2)s (3.1)

eff

where Re is the effective radius of the two spheres, Resf = R1R2 / (R1 + R2), and Ry and R»
are the radii of the two spheres in contact; Ees is the effective elastic modulus (also known

as the reduced modulus) of the two spheres, and P is the load.

Hertz also discussed the case that indentation of an elastic 2-D half-space by using a

rigid object. Soon after, Boussinesq extended this model to the 3-D cases.?%2
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For indentation on a flat surface, Hertz model is valid if the elastically deformed
material is isotropic and homogenous at the length scale of the indenter. However, the

traditional Hertz model could result in appreciable deviations if the specimen is very thin.1%

In the original Hertz model, the contact occurs between two semi-infinite spheres.
Aiming at more practical uses, considerable efforts have been made to apply the Hertz model
to experiments using indenters of other geometries including conical,'%- 17029 pyramidal,?%*

paraboloid,?®® and hyperboloid.?®® Since an indenter is hardly absolutely sharp, many

attempts have also been made to characterise such geometrical imperfections,04 107, 295-296

3.5.2  Sneddon Model

Generalising the contact between two curved surfaces in the Hertz model, Sneddon
obtained a more widely-applicable solution describing the contact between an axisymmetric
indenter and a flat sample. In this method, the relationship between the loading force, depth,
and contact area was expressed. More specifically, five special indenter geometries were
discussed, and these incorporate a flat-ended cylindrical indenter, a conical indenter, a
spherical indenter, an indenter of a paraboloid of revolution, and an indenter of an ellipsoid
of revolution.?® According to these relationships, the analytical model connecting the load
and depth with the sample stiffness can be derived. The following equation is an example of
using a conical indenter on an elastic sample:

P=tan(3)h2 = (3.2)
/s 2 (1-v?)

where 8 is the included angle of the indenter.

In light of its generalisation, the Sneddon method can be extended to cases with
significant adhesion by appending a linear term of adhesion to the force-displacement

equation (see §4.7.1 and §5.4.2).147. 182
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3.5.3 Johnson-Kendall-Roberts (JKR) Model

On the basis of Hertz model, Johnson, Kendall, and Roberts refined the
determination of contact area (A) by taking adhesive interaction between indenter and
sample surface into account.’®” But only the adhesive forces within the contact area was
considered. Regarding the adhesive interaction, the work of adhesion (i.e. the work required

to separate per unit area, in J/m?) can be defined as:?*?

Y = Yindenter T Vsample + Yinterfacial (33)
where yindenter and psample are the surface energy of the indenter and the sample surface,

respectively; and yinterfacial IS the interfacial energy.

For adhesive contact between two spheres, the contact area (A) and indentation
depth (h) in the JKR model can be expressed by adding three terms of y to the classical

Hertzian model:

wIN

eff

A=l
_7'[E

(P + 37y Regr + +/ 6Ty RegeP + (37TVReff)2)] (3.4)
eff

1

Rer |3 3
a=|—=—( |5mYRest + |P +=7yResr) (3.5)
Eotr 4|2 2

2 4 |3
& 4 |Bamy (3.6)
Rege 3| 2E¢r

Combining equations (3.5) and (3.6), the applied force and indentation depth can be

directly correlated and then being used to fit the experimental data.

The pull-off adhesive force provided by the JKR model is:

3
Py = _EnVReff (3.7)
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The JKR model can also be extended to other geometries, such as flat punches,

spheres, and cones.?’

The JKR model is propitious to systems where the indenter tip has a large radius of
curvature and the sample surface has both strong and short-range forces with the indenter.?*?
Furthermore, in the JKR model, the sample should be compliant enough to permit surface

deformation to be attracted towards the indenter (see Figure 3.10).1%

3.5.4 Derjaguin-Muller-Toporov (DMT) Model

The DMT model differs from the JKR model in the treatment of the adhesive force
(Pad). More specifically, in the DMT, Paq is essentially being regarded as the addition of
indentation load in order to maintain the shape of Hertzian contact.?®® That is to say that
there is no effect of the interfacial forces on contact profile although the contact area
increases with deeper indentation.?®? Unlike the JKR model, the DMT model considers the
adhesive forces at the exterior region of the Hertz contact area by using the Lennard-Jones
potential 2% And thus Paq in the DMT model is a long-range force in contrast to the one in

the JKR.

The contact area allowing for the exterior adhesive force can be written as:

2
R 13
A =T [ eff (P + 27T]/Reff) (38)
Eeft ]
R 1
13
a= [ Ee: (P + 21y Regr) (3.9)
e B
2
a
h = (3.10)
Refe
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Thereby, P and h can also be related in this model. The pull-off adhesive force
predicted by the DMT is:
Paq = =27y Regs (3.11)
In contrast to the JKR model, the DMT model is suitable for the study of stiff samples
exhibiting a low but more long-range adhesive forces, viz. shallower indentation and lower

indention rate, when an indenter of smaller apex radius is used.

35,5 JKR-DMT Transition (Maugis-Dugdale) Model
As the consensus, either the JKR or DMT describes the extremities of the adhesive
contact. To better capture the intermediate regime, Tabor’s parameter (1) has been proposed

to bridge the JKR and DMT models, which is defined as:3%

1

5 L

_ ( 4 )3 (3.12)
Eett’Zo°

where Zo is the equilibrium separation distance between the indenter and the sample surface.

A step forward, in the MD model, Maugis introduced a non-dimensional parameter
/. for the JKR-DMT transition, in which the interaction between the contact surfaces was
described using the Dugdale model (see Figure 3.10 for visualisation of the different zones

attributed to the Hertz, DMT, JKR, and MD models), and A can be expressed as:3%

1

R 3
A=116u= 200< e 2) (3.13)
1y Eefe

where gg is the constant adhesive stress.

As shown in Figure 3.9, the applicability of these adhesion models spans along an

exclusive range of /1 and the normalised load P.
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Figure 3.9  Adhesion map. Reprint from Ref. [302] with permission. Copyright (1997)
Elsevier.

In order to analytically solve the adhesion effect on the P-h curve, Maugis suggested

the use of four dimensionless parameters P, a, 4, and m:3%

_ P
P = 3.14
Y Refr (3.19
1
3
7= a( Eer 2) (3.15)
Y Reg
5 1
3
A= h Eefr (3.16)
%Y ? Rt
c
= — 3.17
m = (3.17)

where a is the radius of Hertz contact area and c is the radius of the entire stressed area in
the DMT model. By virtue of these parameters, the normalised load (P) and depth (/) can

be linked up by the following two equations:3%

2

_ m
P = a3 — )a? +ym2 -1 3.18
¢ “ tan(\/m2 — 1) m ( )
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_ 4
h =a?— §Adx/m2 -1 (3.19)

In view of the difficulty for applying the MD equations to experimental data since P
and h are not explicitly related, Piétrement and Troyon generalised the MD model into the
PT model*® on the basis of the Carpick-Ogletree-Salmeron (COS) equation®®®. The COS
equation suggests that the external applied force (P) is related to the contact radius. More
conveniently, the PT model proposes the direct correlation between P and h thus facilitating
the practical fitting of experimental data. Both COS and PT models are empirical
approximations of the MD scenario with reasonably good precision. Generalisation of the
PT model benefits from the fact that the determination of contact area is not a prerequisite.
Therefore it is easier to be applied to experimental results for working out the interfacial

energy and elastic modulus.
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Figure 3.10  Schematic of P-h curves based on the four popular models and the later three
considers adhesive interactions between the indenter and the sample surface: Hertz, DMT,
JKR, and MD models. Reprinted from Ref. [105] with permission. Copyright (2007)
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Chapter 4 Materials and Methods

Chapter 4: Materials and Methods

In this chapter, the methods used throughout the thesis are summarised. It starts by
an introduction of the synthesis approaches of the three model MOF systems: ZIF-8, CuBDC,
and HKUST-1, which exhibit distinctive structural characteristics. ZIF-8 crystal represents
the nanomaterials of porous crystalline framework architecture with a low elastic
anisotropy; CuBDC nanosheet typifies the crystalline nanomaterials in the 2-D form;
HKUST-1 crystal epitomises anisotropic nanomaterials showing a strong adhesion property,
and more importantly, it shows the auxetic behaviour which has not been properly addressed.
Thenceforward, techniques for characterising sample topography and crystallinity are
introduced, which are followed by the techniques aiming at quantifying the nanoscale
mechanical properties of MOFs. Amongst them are the instrumented nanoindentation and
scratch technique as well as the AFM-based nanoindentation method. Subsequently, the
contact models that were employed in the thesis are elucidated and then specifications of
the finite-element models are covered. In the end, application of programming languages,
viz Matlab and Python, are briefly described for processing the experimental and theoretical
data.

4.1 Sample Preparation: Synthesis of Metal-Organic Framework
(MOF) Crystals and Nanosheets

All the reagents and solvents used in the following synthesis methods were

purchased from commercial sources without further purification.

411 ZIF-8
In order to study the size effect of the nanostructural response of ZIF-8 to

indentation, crystals of two different length scales were synthesised as follows.

4.1.1.1 Synthesis of Nanocrystals of ZIF-8

The nanocrystals of ZIF-8 used in this study were typically of 300 to 500 nm in
diameter, as characterised in Figure 4.1 and Figure 5.1. Such ZIF-8 nanocrystals were
synthesised by dissolving 4.5 mmol of zinc nitrate hexahydrate (Zn(NO3)2-6H20, 98%,
Sigma-Aldrich), and 13.5 mmol of 2-methylimidazole (98%, Sigma-Aldrich) in 60 mL
methanol, respectively. The precursors were sonicated until the solutes were completely
dissolved, then combined and heated in an oven at 40 °C for 1 hr, resulting in the formation
of a white colloidal suspension comprising ZIF-8 nanocrystals. Sonication of the mixture
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solution was avoided to prevent growth of ZIF-8 clusters; likewise, increasing the reaction
time might lead to the formation of unwanted polycrystalline aggregates. Nanocrystals were
isolated by centrifugation at 8000 rpm for 10 min, then the clear solution was removed
before re-dispersing the extracted ZIF-8 in fresh methanol. The washing step was repeated

3 times to ensure the complete removal of excess reactants.

ZIF-8 nanocrystals were used to prepare a concentrated suspension in methanol
(~5 mL), which was then drop casted onto a dust-free glass substrate held inclined at ~10°
to 20° to the vertical direction. Using this approach, a polycrystalline thin film of ZIF-8 with
a nominal thickness of ~2 um was achieved and a root-mean-square roughness of ~80 nm
(measured by a non-contact optical profilometer, Alicona InfiniteFocus). Figure 5.1b in
Chapter 5 shows the X-ray diffraction pattern obtained from the drop-cast thin film,

confirming the high crystallinity and phase purity of the ZIF-8 nanocrystals.

Figure4.1  Sampling of ZIF-8 nanocrystals from an AFM image obtained using a silicon
tip (Tap300AI-G) under the tapping mode. The averaged nanocrystal size was found to be
417.9 £ 170.1 nm, derived from 20 crystals.
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4.1.1.2 Synthesis of Micron Crystals of ZIF-8

The micron-sized crystals of ZIF-8 employed in this study had a mean diameter of
~1-2 pm, synthesised using a solvothermal method. Two precursor solutions were prepared
by dissolving 1.34 g (4 mmol) of zinc nitrate hexahydrate, and 0.334 g (4 mmol) of
2-methylimidazole in 40 mL of methanol, respectively. A mixture of 80 mL was obtained
by combining the two precursor solutions, which was then left (without stirring) for 24 hr at
room temperature. The product comprising micron-sized crystals of ZIF-8 (see
Figure 5.10a-c in Chapter 5) was washed several times with methanol, centrifuged, and then

dried overnight in a vacuum oven at 90 °C.

412 CuBDC

The CuBDC nanosheets were synthesised by a collaborator using the layering
technique reported by Rodenas and co-workers.*® In detail, 0.29 g of copper(ll) nitrate
trihydrate (Sigma-Aldrich) was dissolved in a mixture of 5 mL of N, N-dimethylformamide
(DMF) and 10 mL of acetonitrile in a glass vial with the assistance of ultra-sonication.
Similarly, equimolar quantity of terephthalic acid (0.2 g, Sigma-Aldrich) was dissolved in a
mixture of 10 mL of DMF and 5 mL of acetonitrile. The terephthalic acid solution was
placed in a glass test tube. A mixture of 2 mL of DMF and 2 mL of acetonitrile was added
on the top of the terephthalic acid layer dropwise to create a separation layer. The copper(1l)
terephthalate solution was added slowly dropwise as a third layer. The test tube was left in
an oven at 40 °C overnight. As a result of the Cu?* ions diffusion to the bottom layer and
interaction with terephthalic acid, the CuBDC nanosheet crystals were formed. The CuBDC
crystals were centrifuged and washed with DMF three times and then methanol three times
with ultrasonication. After drying in a vacuum oven at 40 °C overnight, the yield of CuBDC
was determined to be ~18 wt.% (a fractional amount of solvent may remain in the pores, and

thus introducing deviations), this relatively low yield is in agreement with Ref. [304].
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413 HKUST-1(CuBTC)

The submillimetre-sized crystals of HKUST-1 were prepared using a solvothermal
method. Similar to the role of the lauric acid (see Figure 2.8), in this method, the glacial
acetic acid was used as the modulator and found to be more effective and reproducible.>®

The procedure is summarised below.

0.49 g of Cu(NO3)2-3H20 was first fully dissolved in 3 mL of deionized water and
then mixed with 3 mL of N,N-dimethylformamide (DMF) in a scintillation vial (20 mL)
forming the Cu(NO3)2 solution. Meanwhile, 0.24 g of H3BTC (trimesic acid) was dissolved
in 3 mL of ethanol (mild heating to assist with dissolution). Thereafter, the H3BTC solution
and 12 mL of glacial acetic acid were successively added to the Cu(NO3)2 solution and then
the vial was placed in a furnace at 55 °C for 3 days. The synthesis resulted in the growth of
blue HKUST-1 crystals found on both the wall and the bottom of the vial. The solution then
removed and the crystals were immersed in ethanol for a minimum of 3 days for solvent
exchange. It is worth noting that the crystals collected from the bottom of vial were
susceptible to defect since they were prone to aggregate. Therefore, it is advisable to store
the crystals from the wall and the bottom separately in different vials of ethanol. If needed,

the crystals can be activated in a vacuum oven at 120 °C overnight.

4.2 Topography of Nanomaterials: Atomic Force Microscopy

4.2.1  Atomic Force Microscopy (AFM)-Based Imaging

One of the primary applications of AFM is for imaging, which offers superior
resolution (over 1000 times higher than the optical microscope, which is limited by the
diffraction limit). In addition to provide the similar level of resolution as those of

transmission electron microscopes, AFM is also capable of reconstructing the 3-D height
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topography of specimen, which enables quantitative characterisation of surface waviness

and roughness at the nanoscale.

However, the topographic image captured by AFM is usually not absolutely precise
and the inherent artefacts of AFM imaging are associated with the incomplete convolution
between the indenter tip and the sample surface. Typically, certain features of the sample
surface, such as protrusions in AFM image become wider than the real ones, likewise holes
appear to be narrower and shallower (more details are available in §83.4.2). For the purpose
of error reduction, ideally the radius of indenter tip should be smaller than the radius of
surface features to be measured. Implementation of a suitable tip deconvolution approach

can be used to reduce the imaging errors.3®

AFM imaging were performed herein using the Veeco Dimension 3100 instrument
operating under the tapping mode. Different types of probes have been employed including
the silicon probes such as Tap300AI-G (BudgetSensors), Scout 350 and Scout 350
HAR - high aspect ratio (NuNano). In addition to the three silicon AFM probes that were
designed for high imaging accuracy, under certain circumstances, a less sharp diamond
indenter tip has also been employed for in situ imaging of indents at the expense of losing
sharpness of the images (accurate characterisation of the indenter tip geometry is given in
84.2.2). The specifications of the cantilevers and tips of the three silicon probes are

summarised in Table 4.1.

Table 4.1 Specifications of the AFM imaging probes from manufacturers

AT ISX Cantilever | Cantilever | Cantilever | Resonance | Spring
AFM Tip Manufacturer pe Length Width Thickness | Frequency | Constant
Radius
(Hm) (Hm) (Hm) (kHz) (N/m)
(nm)

Tap300AI-G | BudgetSensors <10 125 30 4 300 40
Scout 350 NuNano <10 125 30 4.5 350 42
Scout 350
HAR (high NuNano <10 125 30 4.5 350 42

aspect ratio)
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4.2.2 Geometrical Characterisation of the Cube-Corner Indenter Tip
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Figure 4.2  (a-b) Schematics of a cube-corner indenter, which can be used to implement
both AFM imaging and in situ nanoindentation.'*’ (c-d) Height topographic images (in two
distinguishable modes of colour map) of the indenter tip geometry reconstructed via the
Villarrubia algorithm.??® (e) Residual indents generated by the indenter after unloading, and
(f) the corresponding line profiles indicating the radius of the diamond indenter apex
(r ~50 nm) acquired by the Villarrubia algorithm.

The Villarrubia blind estimation algorithm??% 3% was adopted to reconstruct the
geometry of the indenter tip due to the fact that the indenter could be worn/abraded over a
period of time leading to the change of contact area at a certain depth. The algorithm was
implemented in the Gwyddion software®®’. Essentially, the blind estimation algorithm is an
indenter reconstruction method, which is able to determine similarly represented indenter
geometry based on the fact that AFM image of tested sample contains information of both
the sample morphology and tip geometry. In order to extract the tip geometry, the algorithm
iterates over each point of the input AFM image. The algorithm complies with the rationale
that when an indenter tip is imaging a surface feature, such as a protrusion, in the meantime,

the surface protrusion is actually scanning the indenter tip in the opposite direction. By
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means of the algorithm, it was confirmed as shown in Figure 4.2g that the geometry of the
diamond indenter has been consistently intact even after performing more than 200
indentations on relatively soft materials (Young’s moduli of the samples tested in this study

are <50 GPa).

As shown in Figure 4.3d, usually the features imaged are broadened compared to the
actual features of the sample (more examples are in §3.4.2). Conversely, regarding the
scanning as a process to image the indenter by surface protrusions as shown in Figure 4.3c,
these protrusions are actually broadened replicas of the indenter. Therefore, as illustrated in
Figure 4.3e, an estimated geometry can be obtained by using the blunt indenter as a reference
to fit each point of the 3-D image of the sample surface, and then subtracting all the restricted
portions (represented as the regions enclosed by the dashed green boundary and the sample

surface).

AFM scanning direction

[
L

Estimated
Indenter

—>

Figure4.3  (a) Depth image of polycrystalline ZIF-8 nanocrystals (deposited as a
thin-film coating on a glass substrate) obtained by using the AFM PDNISP indenter tip,
which later served as the input data for the blind tip estimation algorithm. (b) Profile curve
is a 1-D topography at the red-line position shown in (a). (c) From a different perspective,
AFM tip had been imaged by protrusions of sample surface during the scanning process. (d)
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AFM images are broadened replicas of the real surface features. (e) Schematic illustrating
the procedure of the blind tip geometry estimation algorithm developed by Villarrubia.??®

Table 4.2 shows the dimensions estimated for the cube-corner indenter tip used in
this thesis, with which the nominal contact area as a function of the indentation depth, A(h),
can be determined.
Table 4.2 Dimensions of the diamond cube-corner indenter tip: (left) included angles

and (right) side lengths at the indentation depth hps = 50 pm, they were derived by applying
the Pythagorean Theorem.

Angles of the indenter At indentation depth (um)
*1 *2 hps =50
Front angle Zaps 55 + 2° | 58.2422° Side length Lag 71.4074
Back angle zcops 35+ 2° | 35.1542° Side length Lcg 35.0104
_ 49.1985° Side length Lrc
Side angle Zcer 51 +2° 61.7449
(Lec)
Equivalent conical angle 91.4667° Side length Lac
123.0332
(20)* (Lar)

*1: The manufacturer’s specifications

*2: The real-time included angles of the cube-corner tip reconstructed by applying
the Villarrubia algorithm.

*: An equivalent conical indenter tip of the included angle is 26, which has the same
surface area as the cube-corner indenter tip (see the concept of “effective indenter shape” in
§3.4.3).
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4.3 Topography of Nanomaterials: Electron Microscopy

4.3.1 Scanning Electron Microscopy and Transmission Electron Microscopy

The scanning electron microscopy (SEM) images in this thesis were taken using two
instruments, and they are the Carl Zeiss Evo LS15 VP-scanning electron microscope and
the Hitachi TM3030PIus tabletop microscope. Both microscopes were equipped with the
back-scatter detectors and secondary electron detectors. Charging-up damage could
accumulate on the MOF sample surface in both microscopes. To deal with this issue, in the
Carl Zeiss SEM, gaseous environment can be created under the environmental SEM mode.
For the Hitachi tabletop SEM under a high vacuum condition, a reduced charge-up mode
works well in the MOF systems. For improved imaging, a gold sputter coating favours the
protection of a sample surface by coating it with a nanoscale gold layer. However, none of
the sample surfaces prepared for indentation was sputter coated since it was likely to alter

their mechanical properties.

The transmission electron microscopy (TEM) images were collected using a JEM
2100 LaB6 TEM operating at 200 keV. TEM was required to image the ultrathin samples of

the CuBDC nanosheets (Chapter 7).

4.4 Topography of Nanomaterials: InfiniteFocus Profilometry

4.4.1 Alicona Profilometer

The majority of the optical images in this thesis were collected using an Alicona
InfiniteFocus 3-D profilometer, which is equipped with 5, 10, 20, 50, 100x objectives.
Alicona profilometer is also an excellent instrument for acquiring the waviness and
roughness of sample surface by right of its non-contact InfiniteFocus technique, which

realises the vertical scanning through varying the focal plane. Submicron roughness can be
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measured using this instrument (>30 nm). An example of the optical images is for the

polished HKUST-1 crystal embedded in a cured epoxy resin (see Figure 8.2b-c).

4.5 Crystallography of Nanomaterials

45.1 X-ray Diffraction

For the purpose of confirming the crystallinity of the MOF samples, X-ray
diffraction (XRD) has been used. Briefly, as waves of electromagnetic radiation elastically
scatter by the electrons of atoms, they are augmented constructively in specific directions.
Along these directions, the spacing between diffracting planes and corresponding incident

angles can be determined by the Bragg’s law.3®

Two instruments were utilised to perform the X-ray diffraction, they are: Rigaku
Smart Lab diffractometer [Cu Ka source (1.541 A)]. XRD measurements were performed
at 1° min! step speed and 0.01° step size, to confirm the crystallographic structure of the
synthesised samples, which were prepared by drop casting of uniform MOF samples onto

glass substrates and were activated subsequently via heat treatment in a vacuum oven.

4.6 Mechanical Properties of Nanomaterials

4.6.1 Instrumented Nanoindentation Technique (11T)

For micron-sized materials, the instrumented nanoindentation technique (I1T) was
performed using the MTS Nanoindenter® XP (Agilent) to determine the continuous stiffness
data. The instrument was well isolated from external perturbation by a buffering platform
and a cabinet. The MTS nanoindenter was equipped with a Berkovich indenter of tip apex

radius ~100 nm, whose total included angle is ~142.3°. The MTS nanoindenter can sense
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load below 50 nN, which determines that it can only be employed for measuring materials

of much larger surface area (~4 million times larger) than AFM (load resolution < 0.05 nN).

The maximum indentation load provided by the MTS nanoindenter was usually
larger than 1000 pN. In this thesis, samples were consistently indented down to 2 pm since
this depth was found to be optimal to avoid any tip geometry calibration errors at shallow

depth and minimising damages on MOFs such as cracks at deeper depth.

4.6.2 Instrumented Scratch Technique (IST)

Nanoscratch experiments were also implemented using the MTS Nanoindenter® XP
in order to characterise the failure mechanisms and adhesion behaviours of thin film coatings
that were composed of MOF crystals. The lateral stresses exerted by scratching into the
MOF coatings is able to determine their attachment on different substrates and this is of
crucial importance in practical applications. The results are shown in 86.4 of Chapter 6.

Likewise, AFM indenter is also capable of doing nanoscratch but at a much smaller area.

4.6.3 Atomic Force Microscopy (AFM)-Based Nanoindentation
4.6.3.1 AFM Nanoindentation Using a Diamond-Tipped Cantilever Probe

AFM nanoindentation experiments were performed using the Veeco Dimension
3100 instrument operating under the indentation mode, equipped with a Bruker PDNISP
probe. The AFM probe consists of a 350 um long stainless steel cantilever, at the end of
which mounted a cube-corner diamond indenter tip. Its spring constant and contact
sensitivity have been calibrated by the manufacturer, and given as 152.285 N/m and

256.6 nm/volt, respectively.

Establishing accurate geometry of the indenter tip is extremely important for
enabling quantitative measurements of the fine-scale mechanical properties since it is often

necessary to accurately measure the true contact area established between the indenter tip
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and material. Herein to ascertain the actual tip geometry, the blind tip estimation algorithm
developed by Villarrubia was adopted (Figure 4.3),2%® which has been validated by
experiments.®®® The dimensions of the cube-corner indenter tip are shown in Table 4.2 in

§4.2.2.

4.6.3.2 Loading Scheme of the Veeco Dimension 3100 AFM Instrument
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Figure 4.4  Loading versus time plot illustrating the loading scheme of the AFM
instrument

As shown in Figure 4.4, the strain rate decreases continuously with indentation depth
during the loading stage. Then after the singularity, i.e. the deepest point (hmax), the strain

rate increases at the opposite direction until the detachment between the indenter and the
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specimen occurs. This phenomenon explains why the occurrence of the negative-gradient
curve only exists at the incipient segments of the unloading curves. In other words, the

increasing unloading strain rate over time is favourable to minimise the creep effect.

The indentation strain rate (s™*) can be correlated to the vertical displacement of the
indenter tip, penetrating into the surface:

R % (4.1)

In the Veeco Dimension 3100 AFM instrument, the load variation over indentation
time, P = 0P/ot, can be maintained constant during each of the indentation cycle (Figure 4.4).
In the experiments, the magnitude of P during the loading and unloading test segments can
be tuned by varying the AFM scan rate (V) and the cantilever probe deflection (&). The strain

rate at the maximum indentation depth can be determined from & = P/Pmax,2® coinciding

with the initial point where the indenter starts to unload.

Therefore, in this work, the loading rate (P) is a controllable parameter. Assuming
that hardness (H) of ZIF-8 crystals is homogeneous, i.e. invariant during the entire
indentation process, the mathematical expression of the strain rate can be simplified into:

, (h) (1 dh) (,/czﬂ 1 1 1 dP)
g:c —_— :C _—— :C " — e b ——
\n \h dt ‘\VP Jo,H 2 P dt

B (1 dP)_clP_ P
“a\op ) T2 pT e

In equation (4.2), P is the indentation load that can be expressed in terms of the

contact area (A) and hardness (H) as:

B mh?tan

P=A-H= ‘H = c,h*H (4.3)

cos@

Thus, the indentation depth that can be substituted into equation (4.2) is:
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(4.4)

where 6 in equation (4.3) is the equivalent conical half-angle, and c1 to c3 are material

constants that are sample dependent.

4.7 Contact and Adhesion Models

A suitable contact model that precisely describes the response of material to
indentation is central to extract mechanical properties of interest. There are a number of
contact models formulated in the literature to adapt to the different complexities of different
contact problems. In the thesis, twelve prevailing contact models have been summarised in
Chapter 3 and Chapter 4, and they can be divided into two categories. Models in the first
category (83.5) are relevant but not being directly used in my study, they are: Hertz model,?*
Sneddon model,?® Derjaguin-Muller-Toporov (DMT) model,?*® Johnson-Kendall-Roberts
(JKR) model,**” and Maugis-Dugdale (MD) model.*** The remainders are the models either
being adopted or further expanded in this work (84.7): the adhesion model developed based
on Sneddon method, Oliver and Pharr (OP) model,® 228 unloading strain rate principle,
Lennard-Jones (LJ) model,?® Derjaguin’s approximation,3°® Carpick-Ogletree-Salmeron

(COS)*° and Piétrement-Troyon (PT)*®® approximations, as well as the numerical

simulation method.
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4.7.1 The Adhesion Model Based on the Sneddon Method

Adhesion usually has significant influence on the unloading process of AFM
indenter, which exerts and senses nN-uN level forces. Under the coupling effect of elastic
and adhesive forces, the resulting force-displacement (P-h) curve is often distorted from the
pure elastic-plastic deformation. The true interaction force between the indenter and the

sample is given by the following equation:82

P = Pgjastic T Padnesive (4.5)
The cube-corner geometry can be converted into equivalent conical indenter
geometry based on the same contact area criterion (a type of “effective indenter shape”, see

83.4.3 and Table 4.2).

Reontact = f(hcontact) (4-6)

Due to the possible sink-in, the real indentation depth of the contact surface is a

function of displacement from the sample surface:82

heontact = (1- 62)h (4.7)
where e, =1 — % for a conical indenter-to-sample contact mechanism. According to the

Sneddon solution of elastic behaviour for a conical indenter,?% elastic force on the sample

can be represented by a function of the indentation depth:

2E
Pelastic = < T

The correlation of the true indenter-to-sample contact area and indentation depth for

*

) tan 6 - h? (4.8)

the equivalent conical indenter of semi-vertical included angle 6 is:

m-tan 6 2
" Mcontact

(4.9)

A —
tact
contac c 59
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In order to investigate the influence of adhesive force on the sample behaviours in

response to indentation, the energy of adhesion is considered as follows:!8?

Wada = —VAcontact (4-10)

where y is the thermodynamic work of adhesion.

Substituting equations (4.4), (4.6)and e, = 1 — % into equation (4.7), an expression

for the energy of adhesion can be derived. Subsequently, differentiating energy with respect

to the indentation depth gives the adhesive force, which is:

8tan 0
cos 0

Pidhesive = —V (4-11)

Therefore, substituting equations (4.5) and (4.8) into equation (4.2) returns the true

interaction force produced between the indenter and the sample:

p 2E - tan @ B2 8tan 6 L 4.12)
T (-v)n Y '

" TtcosH
In this work, the thermodynamic work of adhesion, can be expressed as a linear

function of indentation depth, which is:

=2E-tan9.h2_(k htk )_8tan9_
1-v)m 1 2 cosH
(4.13)
_ 2E-tan9_8k1tan9 . 2_8k2tan9.h
(1-v3)nm mcosh mcos6

4.7.2  Oliver and Pharr (OP) Method

Normally, four quantities can be extracted from an undistorted P-h curve, they are:
(i) the maximum indentation depth, hmax; (ii) the maximum load, Pmax, developed at hmax;
(iii) the final (residual) indentation depth after complete unloading, hs ; (iv) the elastic

contact stiffness, S = dP/dh, corresponding to the slope of the incipient segment of the
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unloading curve. To determine S, the unloading curve fitted with the power-law relation

shown below is differentiated:?%®

P(h) = a(h — hgna)® (4.14)

where a and b are the curve fitting constants.

As Oliver and Pharr mentioned in Ref. [88], unloading curves including the initial
parts of most materials are nonlinear, which invalidates many models at the early stage, such
as the Doerner-Nix method.3! As a result, it became a controversial issue to which fraction
of an unloading curve should be fitted. With regard to this issue, the power law fitting is
recommended to derive the contact stiffness.?® First derivation of the power law equation

311

on the initial portion suggests that the upper 1/3 portion>** of an unloading curve can be

fitted to determine the contact stiffness of material.

In the standard OP model,?®® indentation of the elastic half-space by a rigid
axisymmetric indenter was used to model the contact periphery sink-in of an elastic material,
but the pile-up effect caused by elastic-plastic deformation has been neglected. In this case,

the indentation depth is given by:

Pmax

hcontact = Amax — Rsink-in = Amax — €1 “dP~\ (4.15)

(@)
where €; is a geometrical constant, equivalent to 0.75 for an effective indenter shape that is

resembling a paraboloid of revolution.?®® Therefore, the contact area can be defined as:

Acontact = f(hcontact) (4-16)

Some AFM instruments are equipped with accurate depth-sensing and contact-point
recognition capabilities, to facilitate the determination of f (hcontact) provided that the tip

geometry is known. In the analysis, the criterion for contact point to be established was
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applied when the contact stiffness, S > 25 N/m. The value of contact area can then be found

and applied for calculating the “indentation hardness”, defined by:

R
H=—= (4.17)

Acontact

Likewise, accurate determination of the magnitude of contact area is important for

quantification of the effective (reduced) modulus:?%

1 e
Eeff = =S —— (4.18)

Zﬁ V Acontact

where £ is a dimensionless correction factor to account for the non-symmetrical pyramidal
shape of the indenter tip. Using finite-element analysis and analytical method, Hay et al.
developed the following expression to approximate the g parameter for an equivalent conical

indenter:312

™ [E +0.1548 cot 0 ﬂ]
4 4(1 —v)
p = - 120 12 (4.19)
[7 —0.8312 cot 0 m]

where 6 is the included half-angle of the indenter. Because the axisymmetric equivalence of
the cube-corner indenter is a cone, for the indenter tip used in this thesis the value of 8 was
45.7333° (see Table 4.2). In Chapter 5, the Poisson’s ratio (v) of ZIF-8 was taken as 0.4,
corresponding to that of a polycrystalline (isotropic aggregate) ZIF-8.” Applying

equation (4.19), returns § = 1.1093.

Because the stiffness of the diamond indenter tip (1141 GPa) is substantially higher
than that of the MOF samples to be probed (typically in the range of several GPa as reported

in Ref. [38]), the effective modulus equation can be simplified as follows:

1 1-v 21—y 2 1-v 2
_ sample + indenter ~ sample (4'20)

Eeff Esample Eindenter Esample
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Thus the elastic modulus of the sample can be expressed as:

1 A (4.21)
Esample ==—1- UZ)S

Zﬂ V Acontact

Another advantage of the OP method is its extensive applicability since it is not only
suitable for geometrically self-similar sharp indenter tips, but also fits majority of
axisymmetric ones. The parameter f was introduced to correct the errors caused by the
deficiency of asymmetry of the indenters. More importantly, Oliver and Pharr delivered an
in-depth discussion about the concept of “effective indenter shape” (see 83.4.3 and
8§4.2.2).228 This concept has been used in my studies to transform some mathematical

expressions and simplify the finite-element models.

However, in spite of the foregoing merits of the OP method, there are some
limitations of it generally associated with the possible distortions of P-h curves. For
example, since it is not explicit to the degree of the influence from other orientations rather
than the indented orientation on the measure value of the elastic modulus, the OP method is
normally inadequate for samples of high elastic anisotropy. A good evidence is the ZIF-8
crystals studied in Chapter 5 and Chapter 6. Even though they exhibit a relatively low elastic
anisotropy,’ the effect of such anisotropy on the measured Young’s modulus as shown in
Figure 5.6. In addition, for indentation on materials of high viscoelasticity such as
polymers3t331 as well as on those susceptible to fracture such as MOFs,** the OP method
is no longer applicable because the initial portions of unloading curves may be severely
distorted. Similarly, the method is also not appropriate for indentation producing massive
plastic deformation.'® In regard to plasticity, the relationship between hardness and elastic
modulus (the ratio H/E) can be regarded as an indicator to tell whether an indenter-to-sample

system is elasticity or plasticity governed (see Figure 4.5).260. 316
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Figure 4.5  Empirical relationship between elastic recovery (W) and H/E. Data are
provided for three types of materials: zinc dicyanoaurate, porous ZIFs, and dense hybrids.
For the purpose of comparison, conventional materials such as ceramics, summarised by
Ref. [260], are included (data symbols in black and white). What stands out are these porous
ZIFs showing significant elastic recovery. Zinc dicyanoaurate has negative compressibility
behaving as if dense hybrids when stress is exerted on the {001}-oriented facet, but similar
to an open MOF-type system when compressed along the {100}-oriented facet. Reprinted
with permission from Ref. [316] under a Creative Commons Attribution License.

Another limitation of the OP method is that the underlying pile-up is not taken into
account albeit sink-in is corrected, both of which would introduce considerable errors in
contact area determination. Moreover, it is not an appropriate model for a system where
there is a recovered displacement owing to reverse plasticity in the course of tip unloading
although the reversing effect is often insignificant.??’” Furthermore, since adhesion is

neglected, as depth increases, hardness measured usually exhibits an ascending trend.?
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4.7.3  Oliver and Pharr Method with the Unloading Strain Rate Principle
Accurate implementation of the OP method is on the basis of reliable P-h data, which
as mentioned above, can be susceptible to some interfering factors such as creep, thermal
drift, and cracking. These factors could dramatically distort the P-h curves leading to an
erroneous measurement. These interfering factors are common while indenting on porous
frameworks such as MOFs. Given this, an unloading strain rate principle was proposed to
guide the indentation experiment.*” As demonstrated in Chapter 5, a sufficiently high
unloading strain rate is effective to surpass the interfering factors thus garnering reliable
measurement of the Young’s modulus of ZIF-8 crystals. Additionally, as introduced in
84.6.3.2, the strain rate can be readily controlled by tuning the two AFM operating
parameters: scan rate and cantilever probe deflection. This principle has also been extended

to study the CuBDC nanosheets in §7.6.3 of Chapter 7.

4.7.4 Lennard-Jones Potential
The Lennard-Jones potential is a model that mathematically describes the interplay
between two neutral atoms or molecules. The local pressure (p) of atomic interaction

between two objects in the Lennard-Jones potential can be defined as:30% 317

3

pw=5(;) - (;) (22)

where ¢ is the length parameter representing the range of interaction.
This model has been employed in the numerical simulation method in 84.7.6.

4.7.5 Derjaguin’s Approximation

For indentation experiment, the specimen of interest usually possesses a flat surface
other than the surface of curvature. With this in mind, the Derjaguin’s approximation was
utilised to construct the numerical simulation, which governs the interaction between two

planar surfaces at a distance of the potential-related separation within a finite domain. In this
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method, the repulsive force between the two objects and shape of the gap conforms to the
Hertz model and the adhesive force is deemed to be the energy consumed in order to separate

the two contacting objects. Separation between the two objects can be expressed by:27% 310

318

1 p(x',y)dx'dy’
h(x,y) = —a+e+hy + jf - , (4.23)
Y O MEer My G—xNEH (= y)?

where « is the displacement of indenter and ho is the initial separation between the two

surfaces; 2 determines the scope of the domain in-plane of the sample surface.
This model has been adopted in the numerical simulation method in 84.7.6.

4.7.6  Numerical Simulations

The numerical simulation method was reported by Jin et al. for the purpose of
overcoming the limitations of other analytical adhesion models due to the lack of general
applicability in terms of the tip geometry.2’% 31° For instance, the traditional JKR method
can only be adopted when a perfectly spherical indenter is used (or assumed). The method

has been adopted to study the HKUST-1 crystals in 8.6.2 of Chapter 8.

The numerical simulation is on the basis of two theories, they are: the Lennard-Jones
potential (84.7.4) and the Derjaguin’s approximation (84.7.5). The former is an empirical

model to describe the atomic interplay between two curved surfaces.

In order to transform the solutions from the two theories into a pure mathematical

problem, the terms of the equations (4.22) and (4.23) need to be replaced by the

dimensionless (namely normalised) variables (added overbars): h, 7, @, hq, X, and y.

— h . _ « . —  hy . -  pe .= n . n
h — —_— 1 3 a= — y hO — — ) p = —_— ) X = xXx— ]
& & & Y &em &m

Equation (4.23) can be re-written in a vector form as follows:2"
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3

= = 2
h=—T+ho + %Cﬁ (4.24)

where C is the influential coefficient, which denotes the tessellation of the adhesion domain.

Further on, the model can be transformed to a dynamic system using a virtual state

relaxation (VSR) method.?’® 3'° The function of the dynamic system is:

= dﬁ = = 2 -
f(h)z—zh—&+h0+%C5 (4.25)
Apparently, the state described in equation (4.24) is the equilibrium of the dynamic

system. The problem is transformed to the root-finding iteration of function f (E) =0.

After executing the iterative bisection algorithm using Matlab (84.9.1), we can get
the value of h. Consequently, according to the Lennard-Jones theory, the discrete interactive

potential field (see Figure 8.10) can be determined by substituting & into the following

equation, which is the equation (4.22) with dimensionless variables:

=i+ -+ (4.26)
Given that the Tabor parameter («) represents the response of sample to adhesive
interaction with the indenter, which is clearly depending on the intrinsic attributes of the
entire indenter-to-sample system, it is essential to determine x« for the tested sample (i.e.
HKUST-1 in Chapter 8). The normalised force (P) versus normalised displacement (k) in
Figure 8.9a shows the variance of response of materials with different x to the attractive
forces. P can be derived from the following equation integrating the local pressure over the

specific domain (2:
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— 1 —
pP= E.UQ P(x,y)dxdy (4.27)

As deduced by Jin et al., for the Berkovich and cube-corner indenters in the

numerical simulation, the functions of the normalised force (P) and Tabor parameter (u) are

as follows:
— n\%? P
P= (E) e (4.28)
2
= (ﬁ 14 )3 (4.29)
n Eeffg

where P is the load which can be measured on the P-h curves from AFM nanoindentation;
m is the side length and n is the effective height of the Berkovich indenter. Whereas for the
cube-corner indenter, the base triangle is not equilateral. And hence the arithmetic mean of

the three sides of the base triangle was taken as the magnitude of m.

To remove the length parameter &, which cannot be readily determined from the

experiment, the equations (4.28) and (4.29) can be combined to output the adhesion energy:

1
3 Pl
y = (2)3% (4.30)
3nP

Furthermore, one may notice that adhesion energy (y) cannot be directly measured
from the experimental P-h curves. Therefore, the equation (4.30) needs to be rewritten by

means of the following equations because it contains two important parameters that are

measured from the numerically simulated P-h curve (see Figure 8.9a) and the
experimentally measured P-h curve (see Figure 8.5c). These two parameters are the
displacement from the point at zero load to the point at the pull-off force, viz. P puir-oft

(normalised pull-off force) and Ppunof (experimental pull-off force from AFM

nanoindentation): 4h and Aa, respectively.
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Aa = Aﬁg (431)

Substituting the equation (4.29) into (4.31) to replace ¢, gives:

3
_ nAaEegu?

) = (4.32)

m Aa
Then the effective modulus can be derived by combining equation (4.30) and (4.32):

Ep=— <M>2 P (4.33)
eff = —| 7= 5 :
m\A«a 3uzP

Therefore, the elastic modulus can be determined by employing equation (4.33).

4.7.7 Carpick-Ogletree-Salmeron (COS) and
Piétrement-Troyon (PT) Methods

A pioneering study conducted by Tabor, pointed out the contradiction of the JKR
and DMT models and proved they are actually two extreme limits of the adhesion theory.3%
Thereafter, in the Maugis-Dugdale (MD) model, the insight of the JKR-DMT transition zone
(also known as the MD zone) has been further enhanced by regarding the surface adhesive
force as a constant in a Dugdale cohesive zone rather than utilising the Lennard-Jones
potential that describes the true adhesive force between surfaces.>** However, owing to the
deficiency of a direct correlation between indentation load (P) and depth (h), meanwhile the
dimensionless elasticity parameter 4 (see §3.5.5) is a-priori unknown, the MD model can
only be solved via a lengthy iteration with no guarantee of convergence. Considering the
P-h data is the prime output of an indentation experiment, Carpick, Ogletree, and Salmeron
introduced the COS empirical equation that directly links P with contact radius, i.e.
associated with h, and they also suggested the derivation of 1.2 Based on the COS equations,
Piétrement and Troyon proposed the PT empirical equation by bridging the contact stiffness

with adhesion energy.>® The equation describing the P-h relation is rearranged as follows:
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4
3
I
h= - | — ¥ (-2.160a%0% 4 2.753006*
Reffl 1+a
| (4.34)

%(0.5160.'4—0.6830.'3+O.235a2+0.429a)]

+0.073a1919) (—a T PL?“) ‘|

1+a

Fitting above equation to the experimental data, the values of ao?/Reft, & can be
obtained given the magnitude of adhesive force (also known as pull-off force, Pag) can be
measured from the experimental P-h curve. In order to relate the force and displacement
data, the two dimensionless parameters are introduced: P,4 and @,.3* In the PT method, the

following equations were derived:

P
=< = Ty Regr (4.35)
ad
@ = —0.451a* + 141703 — 1.365a2 + 0.950a + 1.264 (4.36)
Poq = 0.267a% — 0.767a + 2.000 (4.37)

As introduced before, y is the adhesion energy, i.e. the work done by adhesive force
in order to counteract the tensile force which pulls apart two objects. In Chapter 8,
Figure 8.12b suggests tensile force could either lead to surface detachment or splitting
fracture of one surface adhering to another one. y can be acquired by substituting

equation (4.37) into (4.35).

In the MD zone, the effective elastic modulus can be expressed by the
non-dimensional contact radius, normalised curvature of the indenter apex, and the adhesion
energy:

—\ 3
a
Eefr = <a—0> Ty Regt” (4.38)

0

Since we know (note that this is not equivalent to the Eef in 84.7.2 and 84.7.5):

94



Chapter 4 Materials and Methods

(4.39)

1 4 (1 — Vindenter> 1 — vHKUST-12>
+
Eoe 3

Eindenter EHKUST-l
Therefore, Young’s modulus of the HKUST-1 framework along different
orientations can be obtained. Additionally, the elasticity parameter (1) and Tabor parameter

(«) associated with the adhesive response during indentation is defined as:

A=1.16u = —0.913In(1 — 1.018a) (4.40)
Tabor parameter (W) is a quantity that depicts the elastic deformation that is normal

to the indented surface generated exclusively by attractive forces.

In order to construct the adhesion map in Figure 8.8, the normalised force (P) in both

MD and PT methods can be derived as follows:3%°

ol
I

(4.41)
Y Refr
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4.8 Finite-Element (FE) Method

In general, we use analytical equations to describe physical and engineering
phenomena, and to resolve unknown quantities of interest. However, we are not always able
to find satisfying analytical solutions for all the phenomena encountered in real life
applications. To solve these physical or engineering problems, finite-element (FE) method,
a versatile numerical simulation has been introduced as early as the 1940s by Hrennikoff
and Courant.??322 Today, the FE method is widely used in diverse fields in order to solve

complex physical problems.

In this thesis, | have adopted the FE method in simulating the indentation experiment
for the purpose of gaining a better insight of the underlying contact mechanics for the two

MOF systems: CuBDC nanosheet and HKUST-1 submillimetre-sized crystal.

4.8.1 CuBDC Nanosheets

Elastic-plastic properties of the CuBDC nanosheet were simulated using
ABAQUS/CAE 2016 (Explicit solver)®?® by inputting the Young’s modulus (obtained from
the AFM nanoindentation in 87.4), and the stress-strain relation (acquired by implementing
the iteration method in 87.5). Four distinctive indenter-sheet assembly models were created
representing the four different responses while indenting the CuBDC nanosheet stacks. The
sheet parts in the FE models are: a continuum part (Figure 7.3), lamella stacks bound with
cohesive layers (Figure 7.5), lamella stacks with fracture criterion defined (Figure 7.6). The
CuBDC lamella was meshed using the 8-node linear brick elements (C3D8R) with reduced
integration and hourglass control, and the indenter was modelled as an equivalent conical
discrete rigid part, in which a curved apex of dimensionless radius 0.7 was allocated to avoid
the excessive distortion of the meshes. The damage criterion of the cohesive layer was based

on the maximum nominal stress criterion (Maxs Damage) using a traction-separation
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description implemented in ABAQUS.3?® Moreover, the Johnson-Cook fracture criterion

was used to model the failure of the CuBDC lamellae.??*

48.2 CuBTC (HKUST-1) Submillimetre-Sized Crystals

The elastic anisotropy of the HKUST-1 crystals was simulated using
ABAQUS/CAE 2016 (Explicit solver)®?® by importing the single-crystal elastic stiffness
coefficients obtained from the DFT calculations (Ci =27.719, Ci12 =25.722, and
Cs4 =5.399) in Ref. [8]. The continuum model was meshed by utilising the 8-node linear
brick elements (C3D8R) with the reduced integration and hourglass control. In the
indenter-crystal assembly, the indenter was modelled as a spherical discrete rigid part. In the
FE model, the indentation proceeds normal to the two crystallographic facets: (100) and

(111), without considering plasticity of HKUST-1. More details are explained in §8.4.

4.9 Programming Codes

4.9.1 Matlab and Python

| wrote a package of Matlab scripts on Matlab R2018a%%° to process the great
majority of experimental data, especially for data from AFM nanoindentation. The efficacy
of the scripts include data acquisition, data transformation, curve fitting of the experimental
data, theoretical modelling, iterative calculation such as the operation of the root-finding
algorithm employed in the numerical simulation (in Chapter 8). Data processing and data

graphing were conducted using the software Origin 2017326-327,

Python 3.628 has also been leveraged to refine the finite-element models to realise

the analysis of more complex systems in ABAQUS reported in Chapter 8.
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Chapter 5: Elastic-Plastic and Adhesion
Properties of ZIF-8 Crystals

Atomic Force Microscopic (AFM) nanoindentation
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The mechanical properties of individual nanocrystals and small micron-sized single
crystals of metal-organic frameworks (MOFs), hitherto, cannot be measured directly by
employing the conventional instrumented nanoindentation techniques (IIT). Here the
application of atomic force microscopy (AFM)-based nanoindentation technique is
proposed. The instrument was equipped with a calibrated diamond cube-corner indenter tip
to quantify the Young’s modulus, hardness, and adhesion energy of a zeolitic imidazolate
framework (ZIF-8) porous material. ZIF-8 was selected as a model MOF system to develop
AFM nanoindentation by leveraging the concept of unloading strain rate, so as to critically
assess the practicality and technical limitations of AFM to achieve quantitative
measurements of fine-scale MOF crystals. Herein, the advantages of using a high unloading
strain rate (¢>60 s) to yield reliable force-displacement data in the few uN load range
have been demonstrated, corresponding to a shallow indentation depth of ~10s nm. It was
found that the Young’s moduli (~3-4 GPa) determined by AFM nanoindentation of the
nanocrystals (<500 nm) and micron-sized crystals (~2 um) are in agreement with
magnitudes derived previously from other techniques, namely instrumented nanoindentation
and Brillouin spectroscopy (but these methods requiring large 100-um sized crystals), and
also in line with density functional theory predictions of an idealised ZIF-8 crystal.
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5.1 Introduction

In this chapter, the first use of AFM nanoindentation to accomplish quantitative
characterization of the mechanical properties of ZIF-8 [Zn(mIM)2, mIM = 2-methylimida-
zolate],*® which features a porous sodalite framework architecture (Figure 5.1d) is presented.
Accurate measurements have been performed on the nanocrystals (<500 nm) and isolated
micron-sized (~1-2 pum) crystals of ZIF-8, whose averaged size was about one thousand
times smaller” % than those quantifiable utilizing the established instrumented
nanoindentation approach. By monitoring the strain rates of the AFM indenter tip during the
indentation process, the strategy to determine reliable Young’s modulus and hardness values
using very small crystal samples has been demonstrated. Furthermore, the effects of

adhesive forces developing at the indenter-to-sample interface have been elucidated.

The synthesis methods of the nanocrystals and micron-sized crystals of ZIF-8 have

been presented in Chapter 4 — §4.1.1.
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Figure5.1  (a) Scanning electron microscope (SEM) images of a polycrystalline
thin-film coating prepared by drop casting of uniform ZIF-8 nanocrystals. (b) X-ray
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diffraction pattern of the drop-cast ZIF-8 film, matching all the simulated hkl Bragg peaks
of an ideal ZIF-8 structure. Intense diffraction attributed to the (110) crystallographic planes.
(c) AFM height topographic images acquired using an imaging silicon tip (Tap300AI-G).
Contour maps revealing the crystallographic orientation of the nanosized crystals, where the
{110}-oriented rhombic facets are prevalent and with the occasional detection of the (100)
square facets. (d) Crystal habits of the ZIF-8 crystal, where in this study the majority
consisted of rhombic dodecahedron with {110}-oriented facets. Porous crystalline
framework architecture of ZIF-8, where the purple tetrahedron represents the ZnNg4
coordination environment bridged by the 2-methylimidazolate (mIM) organic linkages; (far
right) the yellow surfaces designate the solvent accessible volume (porosity) in a cubic unit
cell of ZIF-8 viewed down the [100]- and [110]-axes, respectively.

5.2 AFM Nanoindentation Methodology and P-h Data Analysis

The AFM nanoindentation measurements yield a set of indenter force-displacement
(P-h) curves, from which the mechanical properties particularly the Young’s modulus (E)
and hardness (H) can be quantified. In this study, the Oliver and Pharr (OP) method??® (see
84.7.2) has been adopted, which is applicable to the cube-corner indenter geometry. The
approach developed in this study, therefore, is different from the common methods typically
implemented for the analysis of AFM nanoindentation data, namely the Hertz, JKR
(Johnson-Kendall-Roberts) and DMT (Derjaguin-Muller-Toporov) contact models,3%°
which have simplified the analysis by assuming a spherical-tip indenter geometry. The
aforementioned methods (OP included) share certain limitations: firstly, they assume an
isotropic material response® and disregard the effects of pile-up and/or sink-in;’® secondly,
they disregard any time-dependent deformation mechanisms, such as creep or viscoelastic

effects.

Importantly, herein the unloading strain rate of the indenter tip, &, has been
demonstrated as a leading parameter to control during AFM nanoindentation of compliant
materials, to allow reliable measurements of the Young’s modulus of nano- and

micron-sized crystals of ZIF-8. Moreover, | show that the loading and unloading strain rates
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can be tuned by varying the AFM scan rate (V) and the cantilever probe deflection () in the
Veeco Dimension 3100 AFM. Given that this is a basic AFM setup, it is envisaged that the
proposed approach will be easily adapted to other more sophisticated systems. The strain
rate at the maximum indentation depth can be determined from é = P/P,,., (see detailed
explanations in §4.6.3.2),%%® coinciding with the initial point when the indenter starts to
unload. By applying this AFM nanoindentation methodology, | have measured the local
mechanical properties of MOF crystals over a wide range of unloading strain rates. In the
meantime, in order to address the influence of adhesive forces on mechanical properties
measurement, | also proposed an improved method that successfully reduces the deviations
of the Young’s moduli of micron-sized ZIF-8. First attempts in the fine-scale
characterisation of fracture mechanism as well as interfacial strength between ZIF-8
polycrystals have been undertaken, by virtue of the superior sensitivity conferred by the

AFM-based nanoindentation approach.

5.3 AFM Nanoindentation of ZIF-8 Nanocrystals

AFM nanoindentation experiments were performed in accordance with the strain-
rate controlled approach outlined, to study thin film samples (Figure 5.1) prepared via drop
casting of (submicron sized) ZIF-8 nanocrystals. | have conducted indentation
measurements with a surface penetration depth (h) ranging from 10 nm to 80 nm,
corresponding to an applied load (P) of between 0.3 uN and 15 puN. Figure 5.2a shows a set
of representative P-h curves for indentation depths of just ~10 nm to 30 nm onto the top
facets of the individual nanocrystals, whose size is ca. 300 to 500 nm. These shallow
indentations lie within the recommended 10% rule of the sample thickness,**° vis-a-vis the

size of the rhombic dodecahedron nanocrystals of ZIF-8, so as to avoid any substrate effects.
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Figure 5.2b shows the relatively deeper P-h indentation curves, for a surface penetration
depth of up to hmax ~60 nm. Direct 3-D mapping of the residual indents using AFM
topographic imaging was found to be not attainable for the shallow indentation
measurements described above, because of two factors: (i) the large elastic recovery upon
tip unloading is clearly evident in Figure 5.2a where the final depth after fully unloaded
ht < 10 nm, and (ii) the 50 nm tip radius (r) of the diamond cube-corner probe (84.2.2) is
not sufficiently sharp for imaging the very shallow residual indents (~few nm) after elastic

recovery, because hs S r.
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Figure5.2  AFM nanoindentation force-displacement (P-h) curves of individual
nanocrystals of ZIF-8 showing (a) shallow indents with hmax < 30 nm, and (b) relatively
deeper indents with hmax = 60 nm. Note that the displacement axis on the abscissa has been
shifted for clarity. Note that the numbers in the brackets represent the maximum indentation
depths in nm.

Localised indentation on a polycrystalline specimen is complicated because of the
interaction between neighboring crystals. In the perspective of energy storage and
dissipation, the work done by the indenter might be consumed by either the plastic
deformation of the crystalline structure or due to the slippage between the neighbouring

crystals. Due to this complexity, the P-h curves obtained from the indentation on the
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polycrystalline coatings show a range of variabilities, some examples are shown in

Figure 5.3.

12

104

Load, P (uN)

== = T |":' —
0 50 100 150 200 250 300 350 400 450 500 550 600

Indentation depth (shifted), h (nm)

Figure 5.3  AFM nanoindentation measurements performed on the different regions of
the (submicron sized) ZIF-8 nanocrystals, deposited as thin-film coating on a glass substrate
(Figure 4.1).

As shown in Figure 5.4, there are two primary AFM instrument parameters
controlling the indentation strain rate (¢), specifically: the scan rate of the cantilever probe
(V is speed of indenter spanning the load-unload motion of the piezo-electronics), and its
pre-set vertical deflection (&) of the cantilever tip. In this study, the load-unload strain rates
(¢ = P/P) of the probe for each individual indentation test (see Figure 4.4 in §4.6.3.2) could
be controlled. It can be seen in Figure 5.4a-b that a high unloading strain rate approaching
140 s could be achieved by raising the scan rate V to ~1 Hz, while reducing the cantilever
deflection § to under 10s nm. There is a reasonably good control over the unloading strain
rates of the AFM indenter; for example, Figure 5.4c shows the upward trend of ¢ with

different pre-set scan rates, whereas an inversed scaling relation can be observed in
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Figure 5.4d with respect to the cantilever deflection of varying scan rates. Together, the
results revealed that optimal combinations of V and § parameters do exist, as presented in
the contour plot of Figure 5.4e. In essence when indenting soft materials and/or compliant
interfaces, one should maximise the unloading strain rates to yield an € which is sufficiently
high to surpass any unwanted creep effects (to be elucidated below), as well as to prevent
extensive fracture of porous frameworks that will result in an erroneous contact area
attributed to distorted P-h curves (see Figure 5.5). In this study, it is validated that by
maintaining a high unloading strain rate (Figure 5.4), it is possible to alleviate the
negative-gradient test segment of unloading curves when measuring small-sized crystals of

ZIF-8.
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Figure 5.4  (a) Unloading strain rate (¢) of the AFM indenter probe as a function of the
cantilever scan rate V. (b) € as a function of the cantilever deflection ¢. Data plotted in (a)
and (b) were obtained from a total of 72 measurements conducted on individual ZIF-8
nanocrystals like those depicted in Figure 5.1. Selected data highlighting the effects of
increasing (c) the cantilever deflection from 5-30 nm, and (d) the scan rate between
0.1 -1 Hz. (e) Contour plot of all 72 indention experiments, showing the combined effects
of different scan rate and cantilever deflection, in which the red region marks the desired
strain rates for overcoming the creep effects upon unloading of the indenter tip.

The Young’s modulus (E) of the ZIF-8 nanocrystals has been determined by
analysing the individual P-h curves, using the equations set forth in 84.7.2. The results

obtained from a total of 72 indentation experiments are plotted in Figure 5.6, allowing us to
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understand the effects that the unloading strain rate (£) and/or the maximum indentation
depth (hmax) might have on the quantified values of E. In fact, the Young’s modulus of ZIF-8
is well-established in the literature, both using instrumented nanoindentation technique on a
significantly larger ~150 um crystal (Epi0; = 3.2 GPa)* and by Brillouin spectroscopy
technique validated by density functional theory (Eji10; ~3 GPa and Evrn = 3.15 GPa, the
latter is the Voigt-Reuss-Hill averaged value for a polycrystalline ZIF-8 sample). The cubic
symmetry of ZIF-8 also exhibits elastic anisotropy, where Emax ~3.8 GPa and Emin ~2.8 GPa
corresponding to the Young’s moduli of the {100}- and {111}-oriented crystal facets,
respectively (NB. readers should consult Ref. [7] about the source of elastic anisotropy and

associated mechanisms).

In the light of this, ZIF-8 was chosen as the “model system” to develop the AFM
nanoindentation technique based on the concept of unloading strain rate, in order to critically
assess the feasibility and technical limits of this AFM approach, and, to understand its
applicability to probe fine-scale MOF crystals. Notably it can be seen in Figure 5.6a that
when the applied ¢ is exceeding ~60 s the measured E values start to converge towards the
known literature value of ~3 GPa. In contrast, it is evident that there are major
overestimations (up to 900%) of the elastic moduli when the ¢ is below 25 s. Particularly
it was found that when ¢ <3s?, the incipient unloading curves began to develop a
negative-gradient segment indicating that the creep rate is becoming significantly higher
than the indenter unloading rate (see Figure 5.5); notably when creep dominates the initial
unloading stage this will result in a spuriously high Young’s modulus value. The adverse
effects of creep deformation to AFM nanoindentation measurements are well recognised in

viscoelastic solids and polymers. 1833
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Figure 5.5  Force-displacement (P-h) curves for nanoindentation measurements
performed using a high cantilever deflection. Note that the incipient segments of the
unloading curves show a negative gradient, —dP/dh.

Apparent strain-rate sensitivity effect was observed in ZIF-8 thin film coatings when
the unloading strain rate is less than ~60 s (Figure 5.6a). It is proposed that this strain-rate
effect is relevant to the negative gradient at the incipient unloading curve as shown in
Figure 5.5. More specifically, indentation with smaller unloading strain rate than a certain
threshold value (this is also likely to be material dependent, for instance, 60 s* for ZIF-8
and 140 s for CuBDC introduced in Chapter 7), the gradient of the incipient segment of the
unloading curve starts to increase, which corresponds to the increasing contact stiffness
measured until the negative gradient occurs and invalidates the OP model (the power law
equation in this method cannot fit the negative-gradient segment of the unloading curve).??8
Therefore bulging of the unloading curves of ZIF-8 thin film coatings was observed under

imposed high loading conditions, i.e. excessive cantilever deflection.
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Briscoe et al. pointed out that at the incipient segment of the unloading stage, the
indentation depth continuously increases slightly with the decreasing forces due to the creep
effect.3%® This means that the creep rate at the opposite direction surpasses the unloading rate
even at the peak force where the highest unloading rate is reached (see Figure 4.4).
Cohen et al. suggested that this bulging appears due to the fact that a time lag between the
change in stress and the induced strain of testing material.1*® In other words, the material has
residual “memory” of increasing stress during the incipient stage of unloading. Typical
method to eliminate the undesired effect is to hold the maximum indentation load until a
mechanical equilibrium is reached (typically adopted in the test procedures of instrumented
nanoindenters). It is worthwhile to mention that the creep effect is apparent in viscoelastic

materials such as polymers.*&°

Post-processing, computational approaches can also be used to remove this effect by
correcting for the contact mechanisms, for example see Refs. [*°° and *%2]. Negative-gradient
unloading curve was also reported on hard materials, such as ceramics, because of grain
dislocation. Materials showing viscoplasticity could also be susceptible to this effect leading
to a bulging curve in the incipient unloading test segment. Another undesired effect, thermal
drift, could accompany the creep effect, and this is indistinguishable from the creep

contribution.
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5.3.1 Young’s Modulus and Hardness Quantification of the ZIF-8
Nanocrystals
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Figure 5.6  (a) Young’s modulus, E, plotted as a function of the (initial) unloading strain

rate of the indenter tip, where a higher unloading strain rate stabilises the magnitude of the
measured moduli coinciding with the literature value for ZIF-8 (the green line is the
literature value,’” assuming an isotropic polycrystalline ZIF-8 sample). The inset compares
the AFM results against the reported upper bound Ejio0 and the lower bound E11; of a
ZIF-8 single crystal due to elastic anisotropy. (b) The variation of E plotted as a function of
the maximum indentation depth. (c) Contour plot correlating Young’s modulus with the two
indicative parameters, i.e. unloading strain rate and maximum indentation depth. Projection
of the contour plot is placed on the top for clarity.
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As shown in Figure 5.6b akin to instrumented nanoindentation data, the results of
Young’s modulus acquired from the AFM nanoindentation method can also be presented as
a function of the maximum indentation depth, i.e. hmax, determined at the point of indenter
unloading. Although a reasonable agreement to the literature value (E ~ 3 GPa) can be
attained when hmax is much deeper than ~30 nm, it was found that the correlation to the
unloading strain rate is more important (Figure 5.6a). This is because the unloading strain
rate is a more versatile parameter to be tuned when indenting compliant materials susceptible
to creep deformation (such as an aggregate of MOF nanocrystals), where the & parameter
can be varied to obtain a consistently high value of >60 s across a range of indentation
depths. The hardness (H) property of the ZIF-8 nanocrystals can be obtained in accordance
with the definition: H = Pmax/A. Because the contact area established under the maximum
load is determined only by the maximum indentation depth (hmax) of the loading test segment,
hardness derived from AFM nanoindentation is thereby independent of the unloading strain
rate. The hardness results are given in Figure 5.7, showing a convergence towards the
literature value for indentation depths of much greater than ~30 nm. This is a remarkable
improvement given that the reported hardness (H ~500 MPa) required the use of a
considerably larger single crystal (150 um) of ZIF-8, whose results were averaged over
depths of 100-1000 nm.* Significantly, in this work, nanocrystals (300-500 nm) which are
about 1000x smaller have been indented and yet | have established comparable H values for
an indentation depth of between ~30-80 nm. The rapid rise in the hardness values for depths
of below ~30 nm might be linked to the indentation size effects,?% 333 evidenced also in
instrumented nanoindentation studies®* (but typically detected at < 200 nm, see Figure 5.7

inset).
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Figure 5.7  Variation of the hardness of ZIF 8 single crystals as a function of the
maximum indentation depth. Blue diamonds represent AFM measurements on nanocrystals
of ZIF-8 (size < 500 nm), while red triangles are results for micron-sized crystals (~1-2 um),
for a total of 97 and 18 indentation experiments respectively. The green dotted line
designates the averaged hardness value reported by Ref. [45], but note that this value was
obtained using a much larger (~150 um) single crystal of ZIF-8 to enable testing using an
instrumented nanoindenter as shown in the inset (adapted from Ref. [45]).

For the first time, the AFM approach has offered us the unique opportunity to
selectively indent individual sub-micron sized MOF crystals, hitherto, not possible utilising
an instrumented nanoindenter setup that will require the preparation of a considerably larger
crystal size, of at least ~100 um."” 8 The study shows that direct quantification of the AFM
nanoindentation data is possible to achieve reliable measurements of the E and H values,
consistent with instrumented nanoindentation tests but requiring only crystals that are about
1000x smaller. There are other advantages for using AFM-based nanoindentation to study
MOF mechanics: the load sensitivity of the AFM is about three orders of magnitude better

than that of an instrumented nanoindenter,'*® hence enabling precise deformation of
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relatively pliant porous structures such as MOFs. Moreover, because of the implementation
of screw-driven translation stages in instrumented indenters, their spatial positioning
accuracy is limited to ~1 um, thereby not suitable to accurately locate and probe standalone

nanoparticles and sub-micron scale crystals.

It is worth emphasizing that the successful AFM nanoindentation of sub-micron
crystals (nanocrystals) will depend on several factors: (a) High surface roughness of
polycrystalline films and coatings could affect the stability of the indentation measurement,
therefore minimum sample roughness is desirable to avoid error in contact area
determination; (b) Accurate calibration of the indenter geometry and tip radius is important
to prevent erroneous results when analysing the Young’s modulus and hardness based on
the P-h curves. (¢) High unloading strain rates are necessary to overcome time-dependent

deformation, such as creep effects that may lead to spurious stiffness values.

5.4 AFM Nanoindentation of Micron-Sized ZIF-8 Crystals

AFM nanoindentation was also conducted on isolated single crystals of ZIF-8,
specifically on the {110}-oriented facets, whose lateral dimensions are ca. 1-2 um as
depicted in Figure 5.8, Figure 5.9, and Figure 5.10a-c. To put this work into context, while
the micron-sized crystals concerned are about 10x bigger than the nanocrystals, notably they
are at least 100x smaller than that of a ZIF-8 single crystal previously quantifiable via
instrumented nanoindentation technique.* Figure 5.10d presents the representative P-h data
measured by the AFM approach, demonstrating the indentation of 16 individual
micron-sized crystals of ZIF-8. It can be seen that the surface penetration depths were
approximately 20-30 nm (satisfying the 10% depth rule to mitigate substrate effects®*),
corresponding to indentation loads measured in the few uUN levels. It is worth noting that

there was no sign of sample movement by comparing the positions of crystals before and

112



Chapter 5 Elastic-Plastic and Adhesion Properties of ZIF-8 Crystals

after the indentation process, because crystals were well attached on the substrate after
evaporation of solvent and became immobilised for indentation under the AFM probe.
Otherwise, the corresponding force-displacement curves will exhibit abnormal behaviour,
such as the “pop-in” phenomenon when crystals are not securely mounted onto substrate.
This finding also reflects the advantage of AFM nanoindentation whose loading increment
is on the pN level, thereby allowing direct probing of small crystal samples prepared via

drop casting.

The micron-sized crystals of ZIF-8 studied in this work were approximately 3 um in
height, and thus the measurement of mechanical properties, especially the Young’s modulus

is not affected by the substrate (indentation depth < 10% sample thickness).

The position of the indent is very important to accurately quantify the mechanical
properties. As shown in Figure 5.8 and Figure 5.9, indentations made near to the edges of
crystals had resulted into crystal fracture. Mechanical properties such as the Young’s
modulus and hardness derived using such P-h curves will be erroneous. Transverse AFM
profiles of the four residual indents in Figure 5.8 and Figure 5.9 can be used to characterise
the degree of pile-up and/or sink-in, which will result in deviation of the contact area

calculated.
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Figure 5.8 AFM images of the individual ZIF-8 crystals: 2-D images (left) and 3-D
images (middle). (a-b) Crystals without being indented. (c) Indented crystal. Note that the
root-mean-square roughness (Rrms) of the crystal surface in (c) was derived before the
indentation. Profile plots are shown on the right panels.
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Figure 5.9  AFM images of indents on individual crystals of ZIF-8: 2-D images (left) and
3-D images (middle); root-mean-square roughness (Rms) of surface before indentation.
Profile plots (right).

5.4.1 Young’s Modulus and Hardness of Micron-Sized ZIF-8 Crystals

The basic methodology applied to derive the magnitudes of the Young’s modulus (E)
and hardness (H) properties of micron-sized crystals based on the measured P-h data is
identical to the one implemented for analysing the nanocrystal counterparts. The results of
E and H properties obtained as a function of unloading strain rate and indentation depth, are
plotted in Figure 5.10e and Figure 5.7 respectively. The Young’s modulus determined, is in
fact: E1107, which is in good agreement with the literature value of ~3 GPa (via instrumented
nanoindentation of a larger 150 pum crystal, Brillouin scattering and DFT calculations’).

Unlike AFM nanoindentation of the nanocrystals (see Figure 5.6a) that exhibits a strong
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dependence towards the unloading strain rate (ideally & > 60 s2), in the case of micron-sized
crystals no direct correlation between E and the ¢ parameter (Figure 5.10e) was observed
because of the absence of interparticle sliding prevalent in the polycrystalline sample. Indeed,
the results suggest that a ~10 nm deep indent is sufficient to yield a reliable E value. This
finding shows that AFM nanoindentation can be developed into an excellent mechanical
characterization tool for probing few-micrometer sized MOF crystals and other
nanostructured compounds, which cannot be directly measured by instrumented
nanoindentation technique. Furthermore, as shown in Figure 5.7 the hardness values
determined are consistent with the literature (H ~500 MPa, obtained from a large ZIF-8
crystal),*® albeit with a stronger dependence on the indentation depth. The clear advantage
here, however, is the ability to quantify hardness by employing a MOF crystal whose
dimension is a hundred times smaller than the minimum size’® previously required to enable

reliable nanoindentation measurements.
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Figure 5.10 (a) SEM image of an isolated micron-sized single crystal of ZIF-8 used in the
AFM nanoindentation study. (b-c) AFM topographic images showing the residual indent on
the {110}-oriented crystal facets. This sample corresponds to the P-h curve of indent #4
shown in panel (d). (d) Representative P-h curves of indentation measurements performed
on 16 individual crystals. The insets show three examples of unloading data with the
adhesion segments (negative load), which were fitted using the adhesion model in
equation (5.1). Note that numbers in brackets are the indentation depths in nm. (e) Young’s
modulus as a function of the unloading strain rate, in which each data point was determined
from an individual single crystal whose sample # is matching the P-h curve in panel (d). The
green dotted line indicates the literature value of Efi11q, based on Ref. [7].
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5.4.2 Contact Adhesion Forces at the Nanoscale

In this section, the additional effects due to contact adhesive forces at the nanometer
length scale have been considered, and the forces are established between the indenter tip
and crystal surface during the unloading stage of tip withdrawal (from hmax to hs). Herein,
the adhesion contact model proposed by Sirghi and Rossi‘® was implemented. In the model,
they demonstrated that the total interaction force at unloading which accounts for both

elastic and adhesive interactions, can be expressed as:

2E -tan 0 5 8tan 0
“d—von (h = Rfina)®* — v -

TcosO ' (h - hfinal) (5-1)

where y is termed the thermodynamic work of adhesion®*® developed between the indenter

and the sample surface in contact. More details are presented in §4.7.1.

Equation (5.1) together with the measured P-h data (Figure 5.10d) have been applied
to solve for the magnitudes of y. For example, the analysis of the values of y for these
selected indents: #3, #9, #10, #11 and #16, has been taken since all of these indents exhibit
negative loads in their unloading test segments (see Figure 5.10d insets) signifying the
effects of adhesion interactions. The insets of Figure 5.11a-b show the values determined
for the thermodynamic work of adhesion; first by letting y to be a constant (i.e. independent
of depth),'® and, subsequently | propose the use of y that scales linearly with the surface
penetration depth such that y o« h. The latter approach was shown to result in a more realistic
response demonstrating the local variation of adhesion interactions (~ J/m?) with respect to
the indenter position s during tip unloading, see Figure 5.11b inset. The magnitudes of the
thermodynamic work of adhesion determined are broadly found in the range of
~0.4 —3.3J/m?, whereby its precise value is dependent on the local nature of the
indenter-to-surface contact. And interestingly by comparison to the situation where there is

no indenter interaction, the “free” surface energy (ys) of ZIF-8 has been estimated by DFT
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to be ~0.28 J/m2.™ Not surprisingly, the thermodynamic work of adhesion obtained are
markedly higher than those found on soft polymers (with low Young’s modulus and
hardness), for example polydimethylsiloxane, PDMS (y is 0.095 J/m? and E ~2 MPa)®2 and

for a polyimide interface whose y ~0.11 J/m? 3¢

Upon indenter unloading, it follows that the release of the energy of adhesion Waq

(negative sign) can be determined from:

where A is the actual indenter-to-sample surface contact area.

The relation for an equivalent conical indenter with an included angle of 26 is given
by:

_ T - tan 9 ] hz (5.3)
cos 6

Adhesion energies determined based on the assumptions of, either a constant y adhesion
or a linear correlation of y, are presented in Figure 5.11a-b, respectively. The difference
between the two approaches becomes even clearer while comparing their first derivatives,
i.e. the slope dWag/ds, as demonstrated in the matching Figure 5.11c-d. Taking the linear
correlation of y, variation in adhesion energy was detected, and this can be used to elucidate
the salient nature of the indenter-to-surface contacts as illustrated in Figure 5.11d inset,
where: (i) the elastic work (We) > plastic work (Wp) for P-h curves featuring a
predominantly elastic recovery (e.g. indents #3, 16), whereas (ii) We < Wp for an
elastic-plastic dominated response experienced in the unloading test segment (e.g. indents

#9, 10,11).
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Figure 5.11 Top panels: (a-b) Reduction in adhesion energy (—Wag) as a function of the
position of the indenter tip measured from the deepest point of contact, here designated as s.
The insets show the values of y, derived from equation (5.1), first by letting y to be a constant
in accordance with Ref. [182], and by assuming as a linear function of indentation depth.
Bottom panels: (c-d) Plots of dWad/ds as a function of the tip withdrawal distance from the
maximum indenter penetration depth. The indentation numbers # correspond to the P-h
curves in Figure 5.10d.

As presented in Figure 5.10e, the Young’s modulus (E) corrected for adhesion
interaction has a relatively lower magnitude than the ones derived using the standard OP
method. It was found that when the adhesive forces are hindering the unloading process, the
magnitude of E determined may be overestimated by as much as ~1-2 GPa; by correcting

for the influence of adhesion, this discrepancy could be addressed. The Young’s moduli
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determined, i.e. data points in Figure 5.10e, with and without considering the contribution
from adhesive forces are compared in Table 5.1.
Table 5.1 Young’s moduli measured by using the OP method to process

load-displacement data obtained from AFM nanoindentation of micron-sized crystals of
ZIF-8. Note that the numbering of indents corresponds to the ones in Figure 5.10.

Indentation Young’s Modulus | E with adhesion Weastic
number # E (GPa) correction (GPa) W pjastic

1 5.365 0.753

2 4.279 0.847

3 5.339 2.385 2.638

4 2.455 0.979

5 4.594 1.370

6 4.343 1.260

7 4.427 0.807

8 4.425 2.120

9 4.807 4.050 1.064

10 5.013 4.485 1.254

11 6.264 3.903 0.857

12 5.140 0.734

13 3.347 0.168

14 1.971 0.607

15 5.088 0.378

16 3.197 2.698 1.828

5.5 Summary of the Chapter

It has been demonstrated, for the first time, the efficacy of the AFM nanoindentation
approach to achieve quantitative measurements on the fine-scale crystals of a prototypical

MOF material: ZIF-8. The primary results are summarised below.

e General AFM nanoindentation methodologies have been established for individual

MOF nanocrystals (~300 to 500 nm) and isolated micron-sized MOF crystals
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(~1to 2 um), which to date cannot be characterised accurately using the

instrumented nanoindentation techniques (11T), because of the very small crystal size.

e AFM nanoindentation enables the acquisition of force (few UN) versus displacement
(10s nm) measurements at a significantly higher resolution, from which to derive
guantitative mechanical properties such as the Young’s modulus and hardness
properties. Moreover, AFM allows direct imaging of the residual indent to study

surface deformation right after unloading.

e The work elucidates the optimal combination of the AFM instrument parameters,
specifically the probe scan rate and the cantilever deflection can be tuned to
maximise the unloading strain rate (¢). It was found that € > 60 s is necessary to
surpass the effects of creep deformation (e.g. in ZIF-8) upon unloading of a
compliant sample, to enable accurate determination of the contact stiffness (and

subsequently the derived Young’s modulus).

e It was shown that the high sensitivity of the AFM force transducers (pN) enables the
characterisation of adhesive force interactions between the indenter tip and the MOF
crystal, with which the thermodynamic work of adhesion was determined to be of

the order of a few J/m?.

e The methodologies described in this study will be applicable to the fine-scale
mechanical characterisation of other porous MOFs, 3-D framework crystals, 2-D
nanosheet materials and polycrystalline films. Specifically, the application of AFM
nanoindentation technique to quantify the mechanical properties of 2-D nanosheets
of CuBDC and submillimetre-sized crystals of HKUST-1 will be discussed in

Chapter 7 and Chapter 8, respectively.
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Chapter 6: Failure Modes of ZIF-8 Crystals
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This chapter will focus on the failure mechanisms of ZIF-8 nanocrystals and
micron-sized single crystals. To maintain consistency, the ZIF-8 samples used herein are
the same as the ones employed in Chapter 5. To the best of my knowledge, this is the first
attempt to develop a systematic approach to quantify the nanoscale mechanical failure
modes of MOFs. By harnessing the force and displacement sensitivities of atomic force
microscopy (AFM)-based nanoindentation, four distinctive failure modes of individual
crystals of ZIF-8 were studied. Besides, | also investigated the interfacial strength of the
closely-packed ZIF-8 nanocrystals. This was achieved on account of the fact that the
measured threshold loading conditions of these failure modes can be understood by
examining the distortions of the loading portion of the force-displacement (P-h) curves, thus
disclosing the interfacial and fracture strengths of ZIF-8. Moreover, the AFM-based
characterisation technique established here has been applied to other challenging systems:
the MOF nanosheets in Chapter 7 and the anisotropic and auxetic MOF crystal in Chapter 8.
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6.1 Introduction

MOFs, unlike the dense hybrid frameworks, often possess very high porosity with
promising functionalities. It is obvious that mechanical robustness is important because
structural failures of the underlying framework could affect the performance of MOF
products. In order to investigate the failure modes and the threshold triggering conditions,
the high-resolution nanoindentation technique employing the AFM instrument has been
developed. The aim is to identify and quantify the failure modes of porous MOF structures,
by probing closer to the scale of the constituent components and nanoporosity. In this

chapter, the study of the failure modes is focused on the ZIF-8 materials.

6.2 ldentification of Framework Failure based on the P-h curves

This work shows that the AFM-based nanoindentation method can be adapted to
quantify the interfacial mechanical properties of a polycrystalline thin-film material,
comprising a compact “coating” of MOF nanocrystals as shown in Figure 5.1c. The
cube-corner AFM diamond probe was used to generate significantly deeper indentations, for
example with hmax >100nm to be able to measure the collective response of a
polycrystalline film. It was found that the occurrence of failures usually causes severe
distortions of the force-displacement (P-h) curves, as exemplified in Figure 6.1 and
Figure 6.2. These failures can originate from either the individual crystals or the
polycrystalline structures. For instance, Figure 6.3 shows the residual indent obtained from
a 270 nm deep indentation experiment, it is clear that the response measured here could no
longer be associated with that of a single crystal alone. The P-h curve reveals a distinctive
“pop-in” effect®® that can be attributed to interfacial sliding or interparticle slippage of

adjacent polycrystalline aggregates due to shear-induced glide.
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Figure 6.1  Examples of the distorted P-h curves obtained from indentation on individual
micron-sized crystals of ZIF-8, indicating different failure events. The proposed failure
modes are presented in Figure 6.14.
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Figure 6.2  Examples of the distorted P-h curves on polycrystalline ZIF-8 nanocrystals,
indicating different failure events; see the proposed modes in Figure 6.5.
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It was found that such interfacial deformation on a polycrystalline film can yield a
much larger surface penetration depth, achieved even with a relatively small indentation
load. To illustrate this effect, at the equivalent Pmax of 12 uN, a 60 nm indentation depth was
detected without slip (see Figure 5.2b for a single-crystal response) compared to the 270 nm
deep indent in Figure 6.3a associated with a deformation dominated by polycrystalline
sliding. Of course, if there is a substantial polycrystalline interfacial contribution to the
overall indentation process, it is important to note that the hardness calculated from
H = Pmax/A will become erroneously low because the contact area becomes significantly

larger from interfacial sliding combined with pop-in deformation.
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Figure 6.3  (a) An example of a 270 nm deep indent on the polycrystalline film
comprising nanocrystals of ZIF-8, where pop-ins can be associated with the interfacial
sliding of adjacent nanocrystals occurring in the periphery of the indenter. (b) AFM
topographic scans corresponding to the 3-D height images in (c) and (e), height mapping
was achieved using the indenter probe. (d) AFM amplitude image revealing the pyramidal-
shape of the residual indents.
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The characterization of the interfacial sliding effects occurring at the grain boundary
interface of adjacent polycrystals is discussed here, when the cube-corner AFM probe was
used to indent the polycrystalline film fabricated by drop casting technique. Figure 6.4a
shows three example experiments in which the indents of the residual indents were imaged
by using the AFM PDNISP indenter tip. It is proposed that the deformation mode associated
with interfacial sliding of polycrystals can be represented by the schematic in the bottom
panel of Figure 6.4b, in which shear-induced sliding and compaction of the nanocrystals will
accommodate the large penetration of the tip. Figure 6.4c-d present the scenario whereby
the load-displacement curves of indents P1 and P2 indicate a final penetration depth of ~200
nm, but the maximum load of the former indent was relatively lower. Intriguingly, while the
maximum load of indent P3 was ~7 uN resembling that of indent P1, its maximum

indentation depth was nearly three times lower.

The data, therefore, revealed that the exact nature of the sliding deformation
underpinning a polycrystalline film (constituting MOF nanocrystals) is a complex
phenomenon. It may be triggered by a small external load, of an order of just several uN.
Irregularity detected in the P-h curve can be analysed by comparing it to the ideal function
(without pop-in), with the form of P(h) = Ah? + Bh, given by the red curves in Figure 6.4c-e.
This approach can be used to pinpoint the threshold depth (h*) at which an interfacial sliding
deformation occurs, see highlighted regions marked in Figure 6.4f-h. It was found that h* is
ranging from ~50-80 nm for the polycrystalline film of ZIF-8, which indicates that
grain-boundary slippage can be triggered by an indentation depth that is not exceeding 1/3

of the size of the smallest individual nanocrystal (~300 nm).
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Figure 6.4  (a) AFM scans showing three residual indents on the polycrystalline film
comprising ZIF-8 nanocrystals. (b) Schematic (top to bottom) illustrating the common
sink-in or pile-up deformations against the grain-boundary sliding of polycrystals occurring
under the indenter tip. (c-e) Force-displacement (P-h) curves comparing the measured data
to the idealised P-h curve in accordance with the relation P(h) = Ah? + Bh, where A and B
are curve fitting coefficients. The indent numbering P# corresponds to the ones denoted in
panel (a). (f-h) Pop-in/sink-in phenomenon where the first major slip events are highlighted,
identified by tracking the sharp decline in the contact stiffness, dP/dh.
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6.3 Quantitative Measurements of Interfacial Sliding and Fracture
Strengths of ZIF-8 Nanocrystals (Thin Film Coatings) Using
AFM Nanoindentation

The application of AFM nanoindentation can be extended to characterise the
mechanical failure modes of polycrystalline ZIF-8 nanocrystals. Six examples of the
topographic images collected by AFM are shown in Figure 6.5, Figure 6.6, and Figure 6.7,
along with the method presented in Figure 6.8 to identify the distortions/turning points on
the P-h curves. The results are compiled in Figure 6.5c-d. Pile-up and sink-in phenomena
can be observed in Figure 6.5a-b, which was confirmed by tracking the evolution of the
surface topography before and after each indentation measurement. It can be seen that the
deformation behaviour is complex, and this will be dependent upon the interfacial strength
of the grain boundary between adjacent crystals and the local packing pattern in the vicinity

of the indenter tip (Figure 6.5c-d).

The representative failure modes are presented in Figure 6.5e-f. For instance, the
first hump of the loading curve of the indent P5 in Figure 6.5d was due to the combined
effects of crystal fracture and crystal slippage, as evidenced by the AFM image and the
height profiles in Figure 6.5b. These failure modes could lead to a reduction in the Young
modulus and hardness values measured in the experiment.>¥" Subsequently the
corresponding threshold stresses for the four distinctive failure modes A-D were determined,
and plotted as a failure map shown in Figure 6.5h. It can be seen that Mode A due to grain
boundary slippage could occur at a relatively shallow penetration depth of under ~50 nm,
while Mode B is linked to polycrystalline fracture where a failure strength of up to 1 GPa
has been determined. Mode C indicates the accumulated compaction of porous materials

during indentation, while Mode D suggests the continuous buckling of bonds along the

129



Chapter 6 Failure Modes of ZIF-8 Crystals Under Indentation

indentation direction (resembling the buckling response of highly-aligned carbon nanotubes

under compression®3),
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Figure 6.5  AFM nanoindentation on the polycrystalline ZIF-8 nanocrystals in the form
of a thin-film coating (example #1 and #2): (a) Interfacial slippage-dominant indentation,
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where the contour map and profiles show the displacement of the surrounding nanocrystals.
(b) Crystal facture-dominant indentation, where the contour map and profiles show the
fragmentation of a crystal and subsequent slippage. (c-d) Force-displacement curves
comparing the measured data to the idealised P-h curve in accordance with the relation
P(h) = Ah?+ Bh, where A and B are curve fitting coefficients. Interfacial slippage and crystal
fracture are highlighted, identified by tracking the sharp decline in the contact stiffness,
dP/dh. (e) Force-displacement curves. (f) Schematic illustrations of the proposed dominant
failure modes. (g) Threshold loads that resulted in interfacial slip and crystal fracture modes,
and, (h) the corresponding stresses of the different failure modes. Note that the open symbols
in (g-h) correspond to the data extracted from indents marked P4-P8 in panel (e). Note that
the indent contour maps, profiles, and P-h curves for indents P6-8 are shown in Figure 6.6,
Figure 6.7, and Figure 6.8 respectively.
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Figure 6.6  AFM nanoindentation on the polycrystalline coatings comprising
nanocrystals of ZIF-8 (example #5 and #6): (a) Fracture and interfacial slippage; (b)
Cleavage of a ZIF-8 crystal.
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(a) Indent P8
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Figure 6.7 AFM nanoindentation on the polycrystalline coatings comprising

nanocrystals of ZIF-8 (example #3 and #4): (a) Fracture-dominant failure; (b) Indentation
on the interface between two neighboring ZIF-8 crystals.
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Figure 6.8  (a, c, e) Force-displacement curves comparing the measured data to the

idealised P-h curve in accordance with the relation P(h) = Ah? + Bh, where A and B are
curve fitting coefficients. The indent numbers P# correspond to the ones denoted in
Figure 6.6 and Figure 6.7. (b, d, f) Pop-in/sink-in phenomenon where the major events are
highlighted, identified by tracking the sharp decline in the contact stiffness, dP/dh.
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6.4 Quantitative Measurements of Film-to-Substrate Adhesion
Strength of ZIF-8 Nanocrystals (Thin Film Coatings) Using
Instrumented Scratch Technique

Nanoscratch experiments using the instrumented scratch technique (IST) is a
relatively more established approach to qualitatively characterise the failure mechanisms. It
works by imposing the lateral and normal stresses simultaneously to study the adhesion
behaviour of thin film coatings, which is one of the crucial factors to be considered for
constructing robust thin film products.®? For instance, the antireflection coating of a thin-
film photovoltaic cell should attach on a glass substrate firmly without debonding when

subjected to a shear deformation or bending moments.

I have carried out the nanoscratch experiments on the ZIF-8 polycrystalline thin-film
coatings. These experiments were conducted using the MTS Nanolndenter® XP fitted with
a Berkovich diamond tip. There were 30 nanoscratch experiments conducted to ensure the
consistency of the results. The schematic in Figure 6.9 illustrates the ramp-load test

procedure conducted in four steps.

F———,h——'h—\\\3,/l— - - -
” \ i Y2
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Figure 6.9  Schematic illustrating the four steps of the scratch test. Step #1 — topological
scan of the coating surface (in blue). Step#2 —ramp-load scratch (in green).
Step #3 — topological scan of the residual deformed surface to detect recovery after
scratching (in orange). Step #4 — transverse scan to capture the cross-sectional profile at the
middle of scratch track.
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In the IST experiment, a ramp-increasing normal load was precisely controlled. In
fact, nanoscratch test measures not only the adhesion strength; more importantly, it probes
the coupled deformations of both the thin film coating and the substrate. As shown in
Figure 6.14, the ZIF-8 polycrystalline thin-film coatings with an average thickness of ~2 pm
were scratched along both the edge-forward (ploughing) and face-forward (pushing)
directions of the Berkovich tip. Because the Berkovich probe is sharper than a spherical one
it has been widely applied in scratch test, it results in better-defined plastic deformation with
smaller threshold load into the coatings, as exemplified in Figure 6.10 using a smooth

polymer film (Matrimid).
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Figure 6.10 (a) Schematic showing the two scratching modes on the smooth
(root-mean-square roughness ~20 nm) Matrimid coatings to characterise the scratch tracks.
AFM height topographic images of the (b) edge-forward scratch, and (c) face-forward
scratch.
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Figure 6.11  3-D topographic images collected using the Alicona InfiniteFocus technique
(see 84.4) for the (a) edge-forward and (b) face-forward scratches. Corresponding
cross-sectional profiles at the middle of the scratch tracks made on the ZIF-8 coatings.

Inspection of Figure 6.11 shows that under the same loading condition, the scratch
in the face-forward direction is penetrating deeper into the surface compared with the
experiment along the edge-forward direction since the ploughing action (edge-forward)
produces higher stress through the thickness and thus more likely to propagate the minor
cracks in the coating and compress the ZIF-8 crystals against the underlying substrate. To
put it differently, in contrast to the ploughing scratch, the pushing scratch exerted higher
lateral force that releases the stored elastic energy thus leading to a more localised, or even

gross spallation along the slide track.

Nevertheless, through a series of experiments at the varying operating conditions in
terms of the load rate and scratching direction, | found the quality of the scanned residual

topography of the edge-forward scratch is quite unstable as observed in Figure 6.12a. This
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can be attributed to the crushing and collapse of the polycrystalline structure underneath the
scratch track. Therefore, this work mainly focuses on the results from the face-forward
scratch tests, and plastic deformation was found to be predominant leading to delamination
failure (see Figure 6.12c). Besides, Figure 6.12b shows the significant plastic deformation

before failure.
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Figure 6.12 Maximum normal load Pmax =5 mN and scratch distance Sx = 200 um along
different scratch directions: (a) edge-forward and (b) face-forward. A is designated as the
elastic-plastic region, while B denotes the plastic-dominated region, and C is the region
where the delamination failure of the coating occurs. (¢) Delamination failure caused by the
face-forward scratch (the glass substrate exposed along the scratch track is mapped in
yellow).

Nanoscratch on the ZIF-8 coatings often crushes the nanocrystals into the underneath
layers above the substrate, and this was reflected by the segments of the curves enclosed by
the red dashed lines in Figure 6.13. This phenomenon was also reported in the nanoscratch

experiment on the HKUST-1 thin film coatings.??
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Figure 6.13 Nanoscratch on the ZIF-8 polycrystalline thin film coatings. (a-b) The
resulting curves of the scratch displacement into sample surface as a function of the scratch
distance.

The threshold load leading to the delamination failure was found to be loading rate
dependent. It was observed that the threshold load decreased with the reduction of the
loading rate. More specifically, the threshold loads from the scratch tests here employing
the different loading rates (in mN/s) 0.50, 0.38, 0.25, and 0.13, are ~3.44, ~2.98, ~2.59, and

~1.49 mN, respectively.

Changing the scratch speed may also alter the threshold load. For tests with the same
loading rate in the direction normal to the sample surface but distinct scratch speeds, the
displacement into surface was larger as the scratch speed increases. However, no apparent
variance was observed in the threshold load when the scratch speed was in the range of
1 pum/s and 10 um/s. The load/scratch distance ratio (dP/dL) is an important parameter in
analysing the data from scratch tests. Herein, it was found that with a decreasing dP/dL ratio,
the threshold load reduced accordingly. This phenomenon has also been reported by
Steinmann who suggests it is due to the increasing defective adhesion as the dP/dL ratio
decreases.* This evidences the tendency of decreasing threshold load with the reduction of

loading rates when the scratch speed remains constant. This tendency may not be valid in
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testing thin film of nanoscale thickness as reported by Beake et al.,3*° who found no obvious
variance of the threshold load of an 80 nm tetrahedral amorphous carbon film on silicon
wafer under different decreasing load/scratch distance ratios. In addition, film roughness
may also affect the threshold load, but this impact could be negligible compared with other

factors, such as the film thickness.3*

6.5 Quantitative Measurements of Interfacial Sliding and Fracture
Strengths of Individual Micron-Sized Crystals of ZIF-8 Using
AFM Nanoindentation

AFM nanoindentation can also be used to study the failure modes of individual
micron-sized crystals of ZIF-8 as shown in Figure 6.14. It was observed that the cube-corner
diamond indenter can cause brittle fracture as illustrated for the example of “Crystal A” in
Figure 6.14a-b; this is not surprising because: (i) the pointy tip geometry generates a large
stress concentration onto an unconstrained crystal surface to initiate cracking, and
(it) Mode I—III—I1V indicating the corresponding failure loads of each mode. This type of
failure measurements was performed on a total of 40 micron-sized crystals to pinpoint their
failure modes, whose results are collated in Figure 6.14e. These data, in fact, can be better
represented as failure strength (o%), see Figure 6.14f, calculated by dividing the individual

failure load by its corresponding contact area, or = P¢/A.

Figure 6.14f shows that the majority of the failure events have been detected at under
oy ~600 MPa, which was designated as the “yield strength” of ZIF 8, collectively for
Modes I, 11, and IV. In fact, the failure strength of Mode I is relatively lower at under
~400 MPa. In contrast, Mode Il extends to a significantly higher value of exceeding 2 GPa.
It was reasoned that the failure mechanisms of the different modes could be explained by

considering the local alignment of the indenter axis, in relation to the underlying framework
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structure of the ZIF-8 crystal. The four plausible failure mechanisms are depicted in
Figure 6.14g, in which the local indenter axis is pointing normal to the {110}-oriented facets.
Mode | and IV may be linked to the rupturing of mIM organic linkages via shearing of the
ZnN4 coordination clusters,” which is a failure mechanism that can be triggered at a
relatively low level of stress. Mode Il could be explained by buckling of the mIM organic
linkages thereby resulting in detection of a distinctive peak load. Mode 111 may be associated
with the breakage of the ZnNs—mIM—-ZnNa coordination linkages, followed by sequential
pore collapse and material densification (akin to a collapsing foam)*? thus causing a sharp
rise in indentation force. Nonetheless, further confirmation of the precise failure mechanism
warrants the application of theoretical approaches, such as large-scale molecular dynamics
simulations (see examples in Refs. [%® and 1**]) that are beyond the scope of the current work.
Conversely, the failure strengths measured in my study will be useful for the validation of
theoretical models as a follow on to this research.

In addition, automated identification of the failure modes can be achieved according
to the gradient change of the distorted P-h curves. More specifically, the height and width
of the peak as well as the depth and width of the valley in the plot (as shown in Figure 6.8)
of the first derivative (dP/dh) as a function of the indentation depth (h) can be used to form

the automated identification criteria.
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Figure 6.14 Failure modes of micron-sized crystals of ZIF-8 induced by AFM
nanoindentation. (a) AFM topographic scans of (a) the micron-sized crystal “A” with the
top (110) facet before indentation test, and (b) post-indentation leading to crystal fracture.
(c) P-h curve of crystal A, revealing the three different failure modes. (d) Representative
P-h curves showing the four failure modes identified in ZIF-8. (e-f) Fracture loads and
fracture strengths obtained by indenting 40 individual samples of micron-sized crystals of
ZIF-8, in which the four failure modes are colour coded. (g) Proposed failure modes normal
to the indented {110}-oriented crystal facets. The red arrow designates the position of the
indenter axis relative to the local crystal structure of ZIF-8. The yellow surfaces represent
the porosity (solvent accessible volume) of a 2x2x2 super cell.
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6.6 Summary of the Chapter

The characterisation of the different failure mechanisms of MOFs (using ZIF-8 as

the model material system) at the micro and nanoscale has been achieved. The results of this

study will be relevant to the design of MOFs to make them suitable for practical applications.

The major results can be summarised as follows:

It has been demonstrated that the AFM indenter probe is effective for inducing
grain-boundary interfacial sliding of a polycrystalline MOF film to investigate the

pop-in and slippage phenomena.

AFM nanoindentation can be employed to probe the local failure modes of
micron-sized MOF crystals, and to enable quantitative measurements of fracture
strengths of tiny crystals. The four failure modes being observed or proposed are:
grain boundary slippage, fracture of the crystalline structure, densification of the

porous frameworks, and buckling of the chemical bonds.

The methodologies described in this chapter can also be extended to study to the
fine-scale failure mechanisms of other porous MOFs, 3-D framework crystals, 2-D
nanosheet materials and polycrystalline films. Further to this work, | also developed
a larger-scale toughness measurement method to probe porous organic polymers

using the MTS instrumented nanoindentation (see Ref. [98]).

Using the instrumented scratch technique, failure mechanisms of MOF
polycrystalline thin-film coatings under simultaneous lateral and normal stresses
have been characterised. The current results suggest the possibility for using the

AFM instrument to scratch MOF systems at an even finer scale.
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Chapter 7: Mechanical Behaviour of
Two-Dimensional CuBDC Nanosheets

AFM-Based Nanoindentation Experiments of the Metal-Organic Nanosheets
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Mechanical properties measurement of porous nanosheets at the nanoscale faces
tremendous challenge in spite of its importance. In the light of this, herein AFM
nanoindentation of nanosheets has been developed together with the implementation of new
data analysis tools to quantify the nanoscale mechanical properties of a representative
metal-organic nanosheet material, termed CuBDC [copper 1,4-benzenedicarboxylate]. The
sample thickness was ranging from ~2 nm comprising a stack of a few monolayers, up to
~400 nm for a thick multilayered sample. The Young’s modulus (~23 GPa), hardness
(~2 GPa), yield stress (~448 MPa), and ultimate strength (~674 MPa) have been measured
in the through-thickness direction. Three failure modes have been proposed: interfacial
sliding, framework fracture, and delamination mechanism of the CuBDC nanosheets and
the threshold indentation forces and corresponding indentation depths leading to these
failure modes have been determined: 42.6 nN (6.5 A), 70.4 nN (6.4 A), and 56.0 nN (5.8 A),
respectively. To gain additional insights into the proposed failure mechanisms, finite-
element models were developed with cohesive layers to simulate the debonding of the
adjacent nanosheet layers. To sum up, an all-around characterization of nanoscale
mechanical properties of the CuBDC nanosheets has been achieved and it is envisaged that
the technique is also applicable to other nanosheet materials.
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7.1 Introduction

The CuBDC nanosheet, an example of metal-organic nanosheets (MONSs), has been
selected as the model material to develop the comprehensive AFM nanoindentation
technique to quantify the mechanical properties of thin 2-D structures.? ® As a type of MOF
nanosheets, CuBDC, the abbreviation of copper 1,4-benzenedicarboxylate, is composed of
the square-planar Cu(l1) dimers coordinated to benzenedicarboxylate organic ligands.*® The
CuBDC nanosheet has a layered crystalline structure that is porous (see Figure 7.1 and
82.2.2), thereby promising for fabricating 2-D functional devices, for instance, a composite
membrane made from exfoliated CuBDC embedded in a polymer matrix shows excellent

CO; separation from the mixture containing CH4.%

(@) @)  eve s¢ (b) WAV IV A (c)
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Figure 7.1  Crystalline framework structure of CuBDC, where the yellow atom
represents the copper centers coordinated by the terephthalate organic ligands; the yellow
surfaces designate the solvent accessible volume (porosity). The crystallographic structure
(a) viewed down the [010]-axis, thus showing the stacking direction, and AFM nanoindenter

penetrates along the [201]-axis (the arrow pointing downwards); (b) viewed down along the

[201]-axis; (c) viewed down the pore channel, respectively. Oxygen, hydrogen and carbon
atoms are shown in red, white and grey, respectively. The crystalline structure was based on
Ref. [49].
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The CuBDC nanosheets are thin 2-D crystals as shown in Figure 7.2. The constituent

CuBDC layers stack along the [201]-axis and extend to form well-defined CuBDC
nanosheets. As shown in the AFM close-up images, thickness of the CuBDC nanosheets
ranges from 2 nm (viz the thinnest nanosheet consists of ~2 monolayers as shown in
Figure 7.1b) to 400 nm (comprises hundreds of monolayers). It is worth noting that
exfoliation of thin nanosheets out of the thicker nanosheet stacks is very important since
these thin nanosheets may well become a remarkable source of building blocks in novel 2-D

applications, especially in thin-film electronics and miniaturised energy storage devices.**®
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Figure 7.2 The CuBDC nanosheets. (a) Scanning electron microscope (SEM) image
(collected by a collaborator). (b) Transmission electron microscope (TEM) image (collected
with a collaborator). (c) Atomic force microscope (AFM) images of the multilayered
CuBDC nanosheets such as the one marked by Profile 4. (d) Experimental and simulated
XRD patterns; the two extra peaks at 20 ~ 8.3° and ~ 8.9° are ascribed to thermal desolvation
of the framework.3** More specifically, as reported in Ref. [304], full desolvation at 220 °C
will maximise the two extra peaks and surpass the other XRD peaks indicating the distortion
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and expansion of the crystalline structure but it was suggested the nanosheet still has the
similar structure and also reversible after adding specific solvent molecules. As shown in
84.1.2, the activation temperature was as low as 40 °C and thus it is rational to assume that
the sample indented has limited degree of distortion and expansion from the structure shown
in Figure 7.1.

The stack of CuBDC nanosheets are bonded together by van de Waals forces, and
thus there is risk of delamination as well as other forms of interfacial failure (e.g. the
movement of nanosheets relative to one another). Therefore, design and fabrication of
functional devices integrating CuBDC nanosheets require a better understanding of not only
common mechanical properties such as the elastic modulus and hardness, but also the
underlying interfacial and 2-D failure modes since the rupture of nanosheets will impede the
accurate measurement using the depth-sensing indentation techniques. These factors could
result in either distortion of the force-displacement (P-h) data or erroneous
indenter-to-sample contact area in the experiment. This chapter will address the above
challenges, and by doing so opened up the possibility for more accurate experimental
determination of the intrinsic mechanical properties of nanosheets and to quantify the

threshold failure modes of metal-organic nanosheets.

7.2 AFM Nanoindentation Using a Diamond-Tipped Cantilever
Probe

AFM nanoindentation was performed using the Veeco Dimension 3100 instrument
operating under the indentation mode, equipped with the Bruker PDNISP probe
(cube-corner diamond tip). The probe has a 350 um long cantilever made of stainless steel.
And a cube-corner indenter tip made from diamond is mounted at the end of the cantilever.

The spring constant and contact sensitivity of the probe have been calibrated, and given as
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152.285 N/m and 256.6 nm/volt, respectively. More details regarding the specifications and

characterisation of the indenter tip are available in 84.2.2).

7.3 AFM Nanoindentation Methodology and P-h Data Analysis

7.3.1  Oliver and Pharr Method

Each AFM nanoindentation experiment generates a force-displacement (P-h) curve,
based on which the mechanical properties such as Young’s modulus (E) and hardness (H)
can be determined. In this work, the Oliver and Pharr (OP) method (84.7.2) was used to
derive the Young’s modulus of the CuBDC nanosheets,??® every data point of which (in
Figure 7.14b) was obtained from individual indentation cycle, viz a single loading-unloading
method. The mechanical properties of CuBDC are primarily dependent on the ligand—ligand
and ligand—metallic centre interactions.®** The representative P-h curves in Figure 7.14a are

highly reproducible, and thus they represent the genuine response of the material.

7.3.2 Unloading Strain Rate Principle

Indentation on materials that are either porous or brittle and either viscoelastic or
defective, usually exhibits failures or creep, which can introduce significant distortion on
the P-h curves and under the circumstances, the OP method is no longer suitable. As
demonstrated in the Ref. [147] (i.e. 85.3), the additional displacement along the indentation
direction still dominates the overall movement overwhelming the elastic recovery towards
the opposite direction. As a consequence, the resulting unloading curve, whose incipient
segment is usually tilted anticlockwise resulting in an overestimation of the Young’s
modulus. To put it differently, the incipient segment of the unloading curve no more reflects
the specimen’s ability to resist deformation in response to the applied indentation load.

Furthermore, excessive curve distortion may result in an unloading curve with a negative
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gradient. In contrast to the nanocrystals and micron-sized crystals of ZIF-8 presented in
Chapter 6, more failure modes for nanosheets were observed in this study (discussed in
greater details in 8§7.6), thus leading to more severe deviation. Given this, the unloading
strain rate principle (see 84.7.3) has been adopted for the purpose of retrieving the P-h curves
reflecting the genuine elastic-plastic response of the nanosheets. In the unloading strain rate
principle, higher strain rate on the unloading segment of indentation, especially at its initial
stage, helps to diminish or even eliminate the additional indentation displacement induced
by time-dependent phenomenon such as creep and the effect of material fracture.X*” It is
worth noting that for nanosheets, the in-plane stretch may also affect the measurement of

stiffness.1%’

7.3.3  Finite-Element Modelling

For the purpose of predicting the plastic deformation of the CuBDC nanosheet, a
numerical technique simulating the indenter-to-sample contact is required. With this
intention, | have adopted the finite-element (FE) method which has rarely been selected to
model the characteristics of MOFs, in principle the FE model can be extended to a
macroscopic scale to simulate the mechanical response of the entire framework of MOFs as
reported in Ref. [345] but at the expense of losing the definition of the small-scale
inorganic-organic-inorganic linkages. In this chapter, a continuum model meshed by an
8-node linear brick element with reduced integration and hourglass control (C3D8R) was
used to represent the CuBDC nanosheet in ABAQUS/Explicit®? since the explicit procedure
is usually more suitable in terms of resolving complicated contact problems. It is noteworthy
that the oscillations of P-h curves reported in Refs. [3*¢-3*7] on geometrically continuous
materials have been overcome by applying a more refined mesh. In the indentation assembly,

the indenter in the FE model is an equivalent conical discrete rigid part, in which a curved
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apex of a dimensionless radius 0.7 was created in order to avoid the excessive distortion of

the FE mesh.

In addition, the FE method with the ABAQUS/Explicit solver has also been
employed to imitate the patterns of distortions caused by the failures of the CuBDC
nanosheets during the loading stage as well as the recovery and pop-out phenomena during
the course of unloading (more details in §7.6). In these FE models where the nanosheet
interfacial failures were defined, the interaction between nanosheets was modelled as a
cohesive layer (Figure 7.5) whose damage under stress initiates based on the maximum
nominal stress criterion (Maxs Damage) using a traction-separation description in
ABAQUS.3% Moreover, the Johnson-Cook fracture criteria®>* has been selected to define
the fracture of the nanosheets under the penetration of the indenter. The Johnson-Cook
fracture criteria was initially proposed for metals but has also been applied to polymer-like

materials.3*® In this criteria, the impact of the strain and strain rate can be easily defined.

Equivalent
conical
indenter

Loading stage Fully unloaded stage

(MPa) (MPa)y

B49.9
781
TOE4
6376
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Figure 7.3  The FE model with the von Mises stress contour showing the indentation of
an equivalent conical indenter (same contact area over depth as the cube-corner indenter,
see the “effective indenter shape” in §3.4.3 and §4.2.2) on a continuum CuBDC model . The
input material properties include elasticity (from the AFM nanoindentation experiment) and
plasticity (from mathematical iteration method based on the height of pile-ups in §7.3.5).
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In order to diminish the influence of the mesh system on the resulting value of the

ratio s/h, the mesh convergence check was taken as shown in Figure 7.4.
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Figure 7.4  Mesh convergence plot showing that the mesh system is sufficiently fine to
avoid the influence to the ratio of the pile-up height (s) to the indentation depth (h).

Table 7.1 Dimensionless parameters of the materials properties in the FE model for the
failure-free indentation.
Elasticity Behaviour Plastic Behaviour
Young’s Modulus Poisson’s Ratio Yield Stress Plastic Strain
22900 0.4 448 0
Frqm AFM Assumption From the iteration method:
Nanoindentation 0y, = 863.521 - ,%173

The cohesive layer represents the bonded interaction between the adjacent
nanosheets. In the FE model, the cohesive layer was modelled as a thin sheet of 1% thickness
of the CuBDC monolayer model. Separation of the layer occurs when the displacement
reaches a designated threshold value. As just mentioned, the layer follows a linear-traction
separation response. In the CuBDC nanosheet model, the cohesive layer starts to “degrade”
(or fail) when the maximum nominal stress reaches a threshold in either normal or shear
directions. Therefore by adopting this approach in conjunction with AFM nanoindentation

experiments, both interfacial sliding (in shear direction) and delamination (in normal
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direction) can be investigated. The FE models simulating the three failure modes were not
quantitative but were created to verify the distinct distortion patterns when different failure
modes occurred. Although the specifications of the damage criteria of the cohesive layer and
the fracture model are summarized in Table 7.2, the absolute values in the table do not

necessarily corresponding to the actual failure attributes of the CuBDC nanosheets.

(a) Interfacial sliding
— (b) Delamination

the cohesive layer

x the cohesive layer

Figure 75  The FE model with the von Mises stress contour showing (a) the
sideward/interfacial sliding and (b) the delamination caused by the penetration of the
indenter (the cohesive layers are shown in purple).
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Table 7.2 Dimensionless parameters of the maximum nominal stress criterion (Maxs
Damage) and the Johnson-Cook Damage criterion. Note that the values presented herein are
not the absolute mechanical properties of the CuBDC nanosheets and refer to Ref.[323] for
the details regarding the parameters in the table.

Cohesive layer Fracture Model

Maxs Damage Values Johnson-Cook Damage Values
Tolerance 0.05 Fallu(rje Parameters: di, -1, 1.1, 0.4,0.001, 0
2, d3, dg, ds
Nominal Stress
Normal-Only 0.0001 Melting Temperature 0
Mode
Npmlna}l Str'ess 0.0001 Transition Temperature 0
First Direction
Nominal Stress
Second 0.0001 Reference Strain Rate 1
Direction
Damage Dl\(/elgra_datlor.l. Damage Degradation: Maximum;
Evolution — viaximum, Evolution — Displacement at Failure:
Displacement Dls_placement at Displacement 1.0E-007
Failure: 0.0002 '
Damage Viscosity
Stabilization Coefficient:
Cohesive 1.0E-006
A = 300;
B = 110;
Plastic — n __Of_’
Mass Density 8.6E-010 Johnson-Cook m= L
Hardening Melting
Temperature = 0;
Transition
Temperature = 0.
Elastic — E/Enn = 1000, .
Traction G1/Ess = 1000; Rate Dependent C =0.003; &,=1.
G2/Ex = 1000.

The plasticity model shown in Figure 7.6 was built based on the Johnson-Cook

hardening model, the static yield stress (¢°) of which is given by:3%

50 = [C, + C,(EPH)"] (1 + Cyln i) [1— (T")™] (7.1)
€o

where P! is the equivalent plastic strain and C;, C,, m, n are material parameter that can be

derived from the experiment. € and &, are the current and reference strain rate, respectively.
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T-T¢

T* is the temperature constant that is defined as T* = , Where Tt and T are the

m~ It

material transition and melting temperatures, respectively.®?* 34 If the current temperature
T < Ti, the mathematical expression of ¢° is independent on temperature, i.e. T*=0
(assumption in the FE model). Determination of these parameters normally requires a series
of quasi-static and dynamic tests, such as tensile test with high triaxiality.*® However, it is
practically impossible to implement these tests on the nanoscale CuBDC nanosheets.
Therefore, in this work, the fracture model of CuBDC nanosheets being implemented was
aimed at gaining a semi-quantitative insight into which part of the P-h curve distortion that

can be linked to the fracture of materials.

Fracture

-—

Figure 7.6 The FE model with the von Mises stress contour showing the fracture of the
CuBDC nanosheets caused by stress concentration induced by the sharp indenter tip.
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7.3.4 Characterisation of the CuBDC Nanosheets and Residual Indents from

the AFM Nanoindentation Measurements
Figures 7.6-7.10 show the residual indents present on the surface of the nanosheet
specimens after being probed using a cube-corner indenter tip. It can be seen that the CuBDC
nanosheets exhibit differential deformation behaviour, further reflected by the resulting P-h
curves in Figure 7.17d and Figure 7.19a. The different loading forces and the irregular nature

of contacts between the indenter tip and specimen may be attributed to the packing of the

CuBDC nanosheets and microstructural defects (e.g. Figure 7.10).

Indentation on the interface ¥~

)
; e If indenting force reaches a critical value,
leads to sideward sliding

X: 5.0 um i >
the nanosheet will delaminate from the stack

Figure 7.7  AFM images of stacks of CuBDC nanosheets, on which can be seen the two
columns of residual indents created by a cube-corner indenter.
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Figure 7.8  AFM images of stacks of CuBDC nanosheets with a smoother surface
comparing with the ones shown in Figure 7.7 and the fracture of a CuBDC nanosheet.
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Thickness ~ 16 nm

Figure 7.9  AFM images of two CuBDC nanosheets, where sample #1 is thinner than #2.

26 ym
Figure 7.10 (a-g) AFM images of stacks of CuBDC nanosheets, on which the residual
indents can be observed. AFM nanoindentation equipped with the cube-corner indenter was
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applied to the specific sites of the stacks to identify the failure modes. (h) A 3-D height
image of the AFM nanoindentation experiments on a CuBDC nanosheet stack.

Figure 7.11  AFM images of a bulky stack of CuBDC nanosheets and the residual indents
on the sample surface.

7.3.5 Pile-Up and Yield Stress Using an Iteration Method

Plastic deformation is a nontrivial factor to be considered in the indentation
experiments. Systematic discussion about the analysis of pile-ups during indentation has
been done by Taljat and Pharr.3%° In this study, | developed a novel iteration method to
acquire the plasticity of the nanosheets on the basis of the correlation between the plasticity
and the height of the pile-ups on the periphery of the indents. The flow chart shown in
Figure 7.13h elucidates the iteration procedure, in which the results obtained from both

AFM nanoindentation and FE method were utilised.

The materials input of the FE model comprise the elastic and plastic properties. For

elasticity, the Young’s modulus can be measured using AFM nanoindentation. For plasticity,
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the work-hardening behaviour was defined as a power law relation using the Hollomon’s
equation. The work-hardening efficient of a material is an important factor that exerts an
influence on the height of the pile-ups and such fundamental behaviour is able to inhibit the
formation of pile-ups.??® In detail, the hardening of the material near the indenter actually
restrains the rising flow to the specimen’s surface.?? For this reason, the work-hardening
property of the CuBDC nanosheets was considered. The relationship between the stress and

plastic strain in the Hollomon’s equation is shown as follows:**
o=k-&g" (7.2)
where o stands for the stress, ¢p is the plastic strain, k is the strength coefficient, and n is the
strain hardening exponent.
Since at the end of the elastic regime of a stress-strain curve, the strength coefficient
k can also be defined based on the elastic modulus:

0.

k== _2
en (%)n (73)
According to the empirical relation proposed by Matthews:32
% _ % (2 ;n)za—n)/n -1 (7.4)

where s is the height of a residual pile-up after the withdrawal of the indenter tip, and h is
the indentation depth from the free surface (i.e. at the maximum load). The value of s can be
measured from the AFM images of the indents (see Figure 7.13a-b). The study of 32 indents

gave the arithmetic mean value of s/h = 1.0551, and thus n = 0.17275 (see Table 7.3).
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Table 7.3 The ratio (s/h) of the height of a residual pile-up (s) to the indention depth (h)
of the pile-ups (pile-ups on the three sides of a residual indent are illustrated in Figure 7.12).
Note that for some indents produced by the cube-corner indenter on the nanosheet stacks,
there were pile-ups on only one or two sides, to which the zero values in the table are
ascribed. It is necessary to mention that considerable standard deviation of the pile-up height
implies that the values of hardness, yield stress, and ultimate stress are of certain level of
uncertainties.

Pile-up  Pile-up Left Pile-up Right

Back Side Side
s/h 0.07231 0.05984 0.10518
0.09783 0.09395 0.14726
0.05209 0.21101 0.06862
0.08015 0.11748 0.13084
0.04578 0.05602 0.08195
0.05057 0.08526 0.14407
0.07009 0.04258 0.12177
0.03106 0.14186 0.11498 Pile-up Left
0.02553 0.24621 0.11707 , ,
0.04715 | 0.00000 007270 | gure7.12 Schematic
0.03021 0.00000 0.09536 illustration of a residual plle-up
0.05085 0.00000 0.10523
0.05314 0.00000 0.08961
0.05737 0.00000 0.11113
0.11416 0.00000 0.08008
0.16024 0.00000 0.11598
0.14629 0.00000 0.13464
0.20887 0.00000 0.05957
0.17102 0.00000 0.07836
0.06580 0.00000 0.07039
0.11675 0.00000 0.15866
0.16534 0.00000 0.00000
0.15110 0.00000 0.00000
0.20377 0.00000 0.00000
Mean of the s/h ratio
of all the pile-ups
Mean* 0.09448 0.11713 0.10493 0.10551
Standard = o7 0.07090 0.02850
Deviation*

* The values were obtained by only considering the nonzero values of the pile-up height.

In the iteration procedure, a stochastic initial value of the yield stress (oy) has been
discreetly allocated into equation (7.3) acquiring the initial value of k. Subsequently, by
substituting the values of k and n into the equation (7.2), gives the first predicted plasticity

property of the CuBDC nanosheet. Inputting the elastic (Young’s modulus from AFM
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nanoindentation) and plastic property into the FE model, gives a new ratio of s/h. The yield
stress of the nanosheet was determined through an iterative process, until the updated input
yield stress in the FE model gives the same s/h as obtained from the AFM nanoindentation

experiments (see Figure 7.13f-g).

(a) (d)

Height (nm)

-101 h = 5225382 nm

0 50 100 150 200 250
Spatial position (nm})

(h)  Procedure: AFM

{}Inpul
s/h | <
Update
" Oy ,f 5
s, =k [

Qutput

Figure 7.13  (a-b) AFM topographic images of indents on two CuBDC nanosheet stacks,
where pile-ups generated by the cube-corner indenter are clearly visible. (c) A 3-D height
image in depth colour map, where the three sectional profiles marked by the arrows are
plotted in (d). A FE model (the von Mises stress contour plot) of the indentation on the
CuBDC using a contact-area equivalent conical indenter (the conical angle 20 is 91.4667°,
see Table 4.2)'%" in order to avoid the excessive distortion of the meshes (refer to the concept
of the effective indenter shape in Ref. [228]): (e) the top view (the indenter is hidden) and
() the front view at the point of the maximum load; (g) the model at the fully unloaded state.
(h) The procedure of the iteration method.
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7.4 Quantification of Through-Thickness Elastic Behaviour
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Figure 7.14  Representative P-h curves from the AFM nanoindentation experiments (solid
lines) and the FE method (dashed and dotted lines for indentation using the two simulated
indenter tips of apex radii r = 31.6 nm and = 22.1 nm, respectively). It shows that both the
elastic and plastic behaviors of the CuBDC nanosheet models created using ABAQUS are
in accordance with the experimental data. (b) The Young’s modulus (E) as a function of the
unloading strain rate (de/dt). The arithmetic mean value of E after convergence is ~22.9 GPa.

The Young’s modulus measured at low unloading strain rate is massively scattered
and overestimated up to ~52 GPa due to the framework failure and the time-dependent
deformation that contribute to the exaggeration of stiffness. An augmented unloading strain
rate method (84.7.3) was used so as to overcome these side effects. By doing so, the Young’s
modulus starts to converge with the increasing unloading strain rate. In terms of the CuBDC
nanosheets, after unloading strain rate reaches ~140 s, the Young’s modulus settles down
to the steady state (arithmetic mean ~22.9 GPa). The Poisson’s ratio of CuBDC was taken

herein as 0.4 since it has a relatively small influence on the Young’s modulus (Figure 7.15).

The dashed and dotted curves in Figure 7.14a refer to the resulting P-h curves from

the FE model with no material failure. The material property defined in the model
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incorporates the elasticity derived from the AFM nanoindentation experiments and the
plasticity obtained from the iteration method. The P-h curves simulated by the FE model are

in good agreement with the P-h curves resulted from the AFM nanoindentation experiments.
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Figure 7.15 Young’s modulus (E) versus unloading strain rate plot assuming v =0.1, 0.2,
0.3, 0.4 to demonstrate the negligible influence of v on E.

7.5 Quantification of Plasticity

7.5.1 Stress-Strain Curve

Based on the iteration method proposed in 87.3.4, the yield stress has been
determined to be oy ~ 448 MPa (Figure 7.16) since the FE model with this input value gives
the identical height of pile-ups (s/h ~0.10551) measured from AFM nanoindentation.
Figure 7.16 shows the stress-strain relationship of CuBDC established using this approach.
Herein, the linear elastic regime was determined according to the Young’s modulus from

the AFM nanoindentation experiments.
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7.5.2 Hardness

Hardness measurement using AFM nanoindentation on a layered structure is usually
influenced by interlayer sliding movement, therefore the indentation depth can no longer be
used to indicate the genuine resistance of the nanosheet to plastic deformation. However,
given the characterised strain-hardening effect (Figure 7.16), it is possible to obtain an
plausible estimate of the hardness of the CuBDC nanosheet because the yield stress of a

material is generally related to its hardness using the expression as follows:3>

n., )
o, = 0.1 ZVlckers (7.5)
where Hyvickers 1S the Vickers hardness number. The unit of the yield stress in equation (7.5),
is kilogram-force per square millimetre (kgf-mm-2), which can be converted into the unit of

Pascal by multiplying 9806650.

Likewise, the ultimate strength (ou) of CuBDC can be estimated by the following

equation:>%*

Hyickers 12.5n n
- 7.6
29 4MWE) (79)

oy =

Given that the yield stress (oy) and the strain hardening coefficient (n) are known,
the Vickers hardness number (Hvickers ~ 204) was obtained, which corresponds to the
absolute hardness H~2 GPa (Figure 7.16b). Furthermore, the ultimate strength was

determined as 674 MPa (Figure 7.16a).
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Figure 7.16  (a) Stress-strain (o-¢) curve showing the yield behaviour of the CuBDC
nanosheet. (b) Hardness (H) plotted as a function of the indentation depth (h) and the yield
stress (oy) and hardness of the CuBDC nanosheets.

7.6 ldentification of Different Failure Modes

7.6.1 Large-Scale Failures Leading to Distinct Distortions of the P-h Curves
AFM nanoindentation was employed to characterise the mechanical failures of the
CuBDC nanosheets, with the aim to understand the origin and characteristics of failure
modes under different loading conditions. In comparison with the small-scale failures that
take continuous effect thus resulting in the different P-h curves as shown in Figure 7.19a,
the distortions of the P-h curves from indentation experienced the large-scale failures can
be directly visualised (Figure 7.17). Herein, three distinctive failure modes of CuBDC
nanosheets at the indentation loading stage are proposed: Mode | — slippage of nanosheets;

Mode Il - fracture of nanosheets; and Mode 111 — delamination of nanosheets (Figure 7.17).

In Mode I, the coplanar nanosheets could be separated by the penetrating indenter
and then the separated nanosheets slide sideward with the further indentation. The separation

occurs only if the coplanar nanosheets were initially bound together. Typically, the sliding
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of nanosheets produces the stepwise distortion of the P-h curves, which echoes the “pop-in”
phenomenon observed in other 2-D materials.”* During the slippage, a force analysis (in
87.6.2) has been conducted to shed light on the underlying mechanism. In Mode Il — the
CuBDC framework fractures were due to the stress concentration induced by the indenter,
and the phenomenon can be detected as “humps” in the P-h curves; in Mode 111 — during the
indenter loading stage, bending of a nanosheet can lead to its delamination from the
nanosheet underneath and this is ascribed to the bending moment arising from the peripheral
regions of the indent. In other words, as illustrated in Figure 7.18Db, the stretch of the cohesive
layer is normal to the nanosheet plane eventually causes the damage of the layer, which
simulates weak interactions between the adjacent nanosheets. In addition, the pop-out and

recovery phenomena at the unloading stage have been observed (discussed in §7.6.2).
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Figure 7.17 (a) Schematics illustrating the observable distortions of the P-h curves from
indentation inducing material failures. The exception is the first schematic depicting the
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AFM nanoindentation on a nanosheet stack (viz. firmly-bonded multilayers) that is not
susceptible to failures such as fracture, interfacial slippage and delamination. (b) The FE
models correspond to the resulting P-h curves in (c), which support the characteristic
distortions observed on the experimental P-h curves in (d) measured by AFM
nanoindentation. The inset in (c) shows the enlarged view of the unloading curves. Note that
the asterisked (*) modes will be discussed in §7.6.2.

7.6.2 Force Analysis of the Failure Modes
(a) Slippage Pocerter = P1y ¥ Poy* oo ¥ Py, + Py

Y .
Loading the Indenterw Pz,, Pw / cﬂ] tv,

L S Fa

T . T\[\PZx an n/l I1 -
| | 1
T | | | O]
' ] ;=
Tconstant v, o
Vm
ro= - + + =
/ P1x ( Plnferac.twr PHII!'(\I:!‘.dInE] ) g
P’ &
—> P, — &
@
) =4
interaction =
/ (]
Q
s
P 1x surrounding g
- E.
@
)
/ ; 3
P 1,(= - ( P-s.un 1)u:1::|"_’.;j+ ) -
(b) Delamination constant v,
Loading the Indenter
—
[ ~, / —1
k" S ya e
L N TI

L T
/ P,IX =- ( Plrlluractlon)-i- P!il-'lﬂll'l\'llll;j"- ) —l

—— . Broken
P ) Decreases graduall cohesive
interaction g y layer

(c) Pop-out &  Unloading the Indenter
m P" =- ( pirlera:]uonj+ Pﬂl"'”-“‘-"‘-”ﬂ)*}— }

x

;T = ) E%J*— |

Figure 7.18 Schematic illustrating the evolution of the resolved forces between the
indenter and a stack of nanosheets as well as between adjacent nanosheets under different
failure modes: (a) Mode I —slippage, (b) Mode Ill — delamination. (c) Mechanisms of
pop-out and recovery phenomena during the unloading stage. Note that the enlarged views
of the interactions between the cohesive layers (shown in blue) are highlighted in yellow
background.
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Figure 7.18a-b illustrate the origin of the distortions in the P-h curves owing to the
slippage and delamination mechanisms, respectively. In regard to the interfacial slippage,
initially, the indenter overcomes the adhesive forces that binds the nanosheets together on
the same layer (i.e. separation of the nanosheets). The breakage of this constraint is indicated
by the first broad hump in the schematic P-h curve of Figure 7.17c (i.e. separation®).
Subsequently, the indenter starts to push the nanosheets sideward. The cohesive layers start
to deform owing to the shear forces until the complete failure. During the process, the
increment of the resolved indention forces (P’nx, N =1, 2, 3, ..., n, stand for the numbering
of the nanosheets) between the indenter and nanosheets decrease because of the growing
detachment of the cohesive layer, and that is to say Pinteraction decreases gradually until the
cohesive layer is fully damaged, which evidences the second pop-in segment of the P-h
curve (i.e. slippage* in Figure 7.17c). By contrast, the breakage of the cohesive layers
proceeds much slower in the delamination mode than in the slippage mode because the
bending stress that induces the delamination spreads much slower than the shear stress
taking place while nanosheets sliding relative to one another (Figure 7.21g). Therefore, the
gradient of distorted loading curve in delamination is reducing at lower rate compared with

the more abrupt stepwise pop-in deformation.

In the AFM nanoindentation, the pop-out phenomenon was also observed at the
unloading stage. It was because of the formation of a new cohesive layer or the restoration
of the broken cohesive bonds, which introduces the additional interaction forces between
the nanosheets. The resolved counter-acting force from the indenter (P’nx) is equivalent to
the summation of the forces provided by the new cohesive layers Pinteraction, the restraining
forces exerted by the surrounding materials Psurrounding, and the friction force P+riction (actually,
Priction 2lS0 changes with the vertical movement of the indenter owing to the change of the

normal force, and it can also affect the resulting P-h curves)?®4. The model in Figure 7.18¢c
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shows that as the unloading of the indenter proceeds, the interaction force from the new
cohesive layer (Pinteraction) increases, along with the descending force from the surrounding
material (Psurrounding), thus the interplay between the indenter and material thus resulting in a
quasi-equilibrium state, which brings about the pop-out distortion of the unloading curve
(see Figure 7.17). Interestingly, a force recovery process was witnessed in experiment
emerging right before the indenter-to-sample interaction was reduced to zero (Figure 7.17d).
The reason of the recovery is similar to the pop-out phenomenon, but instead of reaching
the force equilibrium, the augmentation of Pinteraction Was overwhelming comparing with the
reduction of Psurrounding, thus showing the temporary rise in the resultant force (Figure 7.18c).
The recovery only appeared when the unloading of the indenter was nearly completed, and

at that moment Psurrounding Was close to be fully relaxed.

Instead of indenting directly on a few monolayers of CuBDC nanosheet (thickness
t ~ 2 nm), on which the substrate effect**° is prone to arise, the AFM nanoindentations were
performed on the multilayered nanosheet stacks. Moreover, a few of the AFM
nanoindentation experiments were performed on two thin CuBDC nanosheets (t ~ 16 nm
and ~48 nm) placed on a glass substrate in order to investigate the plasticity on the upper
surface of nanosheets. There were no visible radial cracks from the residual indents
(Figure 7.8), which suggests the relatively resilient nature of the surrounding CuBDC
framework. That is to say, the surrounding CuBDC framework has an impact (i.€. Psurrounding)
on the indent area, and this supports the force analysis shown in Figure 7.18. In comparison,
the indentations using sharp indenter tips (e.g. a cube-corner tip) on thin but stiffer sheets
such as the silicon sheet (t =50 nm, see Ref. [133]) and the hybrid YAS-GNP coating
(t=169 £ 10 um) on a silicon carbide substrate (see Ref. [355]) were reported to generate

dramatic radial cracks.
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7.6.3 Small-Scale and Continuous Failures
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Figure 7.19 (a) Representative P-h curves from AFM nanoindentation of the CuBDC
nanosheets respectively representing the indentations that cause no failure (curve in black:
Region A), the delamination of nanosheets (curve in red: Region B), coupling effect of the
slippage and fracture of nanosheets (curve in green: Region C), and combined occurrence
of all possible time-dependent response such as creep, thermal drift, and failure modes
(curve in blue: Region D). The linear fittings of the incipient unloading curves are
highlighted in the green panel. The percentage of the energy dissipated accounting for the
total energy is highlighted in the yellow panel. (b) Young’s modulus measured by processing
the unloading curves of the four types of P-h curves in (a) using the OP method showing a
significant reduction in Regions B, C, D, comparing with Region A.

In Figure 7.19a, the P-h curve in black obtained from AFM nanoindentation typifies
the response of the CuBDC nanosheet without experiencing a failure mode. While the other
three representative P-h curves show distinct responses when indentation stress induces
different failure modes or time-dependent responses. Such difference is embodied in the
distribution of the Young’s modulus in Figure 7.19b, observation of which shows that the
distribution of Young’s moduli falls into four regions, in which only Region A describes the
CuBDC framework’s intrinsic property without significant stress-induced framework failure

and other time-dependent deformation (creep and thermal drift). Otherwise, the CuBDC
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framework undergoes stiffness loss and hardness reduction (designated as Regions B, C, and
D) at different degrees depending on the failure modes, resulting from the additional indenter
penetration displacement. Additionally, the energy loss (see Figure 7.19a) of the AFM
nanoindentation experiments in Regions B, C, D was observed lower than in Region A. The
results suggest that in the scenarios described by the Region B, C, D, a part of deformation
was contributed by other forms of material behaviours (e.g. fracture, sliding, delamination)

that dissipate less energy than only plastic deformation.

Regions B and C are the subsequently steady states of Region D as the unloading
strain rate increases. Similar to the effect of surpassing the time-dependent behaviours such
as creep and thermal drift in the indention direction, high unloading strain rate also reduces
the creep in the horizontal direction along P’nx, and thus contributing to the convergence of
the Young’s modulus from Region D to Region C. With this in mind, the unloading strain
rate principle can also be extended to fracture mode since high loading-unloading strain rate
shortens the time for cracks propagation. Figure 7.19b also shows that the indentations in
Region D were implemented at a relatively lower unloading strain rate, therefore the
excessive additional indentation displacements were generated by a combination of factors:
fracture, sliding, delamination, creep, and thermal drift. Nevertheless, the effect of these
failure mechanisms can be overcome by increasing the unloading strain rate (converging to

Regions B and C).*¥’
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7.7 Quantification of the Loads Resulting in the Failures Modes

The Young’s modulus in Regions B, C, and D in Figure 7.19b are all derived from
P-h curves that have no visible distortions, implying that the occurrence of the failures is a
subtle effect compared with the history of the entire P-h curve. However, in some cases,
P-h curves from AFM nanoindentation consistently show large-scale distortions as
discussed in 87.6.1. By carefully characterising these distortions, it is proposed that the
threshold forces that give rise to the failures of CuBDC nanosheets in the atomic scales can

be quantified (see Figure 7.20).
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Figure 7.20 The threshold forces resulting in the three failure modes during the loading
stage as the function of the threshold depths; and the threshold forces leading to the pop-out
phenomenon as a function of the displacement from the maximum force during the
unloading stage (because it is in the opposite direction, the displacement has a negative
value). Note that a small portion of the data points for the pop out are positive due to the
distortion of the incipient unloading curves.
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The data points in Region B might correspond to delamination of the CuBDC
nanosheets (Mode I11) caused by the AFM indenter. This inference is based on the
observation that delamination introduces less additional indentation displacement than other
two failure modes, and thus brings about less stiffness loss. In comparison, indentation in
Region C is on account of the coupling effect of the interfacial sliding (Mode I) and the
fracture (Mode Il) of the nanosheets that results in a considerable stiffness loss due to the
additional indentation displacement. The interfacial sliding in this study mainly refers to the
horizontal sliding (viz sliding plane normal to the indentation), although the interfacial
sliding along indentation direction may also cause stiffness loss, such as reported in the

literature.3?’

The speed of stress spreading within the nanosheet plane is a good indication to
evaluate the growth of the failure modes in the continuous indentation experiments.
Moreover, the speed varies when different failure modes occur. An ideal scenario that the
area of the stress field stays constant with increasing penetration depth, hence the idealised
threshold forces and threshold depths triggering the failure modes can be estimated.
Regarding the idealised force and depth, they are obtained by proportionally increasing the
unit idealised force and corresponding depth that cause any one of the three failure modes
to form the data points (blue and green in Figure 7.21c-e) in the linear pattern. It was found
only these data points based on the genuine unit force and depth leading to the failure modes
of a single layer of the CuBDC nanosheet (thickness t ~ 0.8 nm, see Figure 7.1b) are able to
define the lower bound of the experiment data points (red in Figure 7.21c-e). Using this
approach, the threshold indentation force and the corresponding indentation depth were
determined for the three failure modes (summarised in Table 7.4). However, in reality, as
the cube-corner indenter continues to penetrate into the material, the stress spreads

constantly thus the affected area is continuously growing. As illustrated in Figure 7.18,
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higher force is needed in order to overcome the counter-acting force from the cohesive layer,
whose area increases rapidly with stress spreading. Therefore, the experimental threshold
forces causing interfacial sliding where stress spreads more rapidly (see Figure 7.21g) and
hence increases faster than the idealised values by contrast with fracture (Figure 7.21d) and

delamination (Figure 7.21e).

Table 7.4 Threshold values of the indentation force, depth, project indent area, area of
the stress field (derived from Figure 7.21g), and stress (force/area of the stress field) leading
to the three distinctive failure modes of a monolayer of the CuBDC nanosheet. Possible
uncertainties are dependent on the localised distinct nanosheet stacking conditions.

Thresholds Force Projected Area of
("N) Depth (A) Indent Area the stress  Stress (MPa)
Failure Modes (hm?) field (nm?)
Slippage 42.6 6.5 1.1 ~ 2290 9.3
Fracture 70.4 6.4 11 ~ 23779 3.0
Delamination 56.0 5.8 0.9 ~ 3421 16.4
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Figure 7.21  Schematic illustrations of the (a) idealised (i.e. analytically modelled) and (b)
experimental forces and depths, respectively. Comparison between the idealised and
experimental data in the plot of threshold forces as a function of threshold depth leading to
the failure modes: (c) Mode | — slippage, (d) Mode Il — fracture, () Mode I11 — delamination.
Stress spreading: (f) in the exemplar of delamination, the sketch illustrates the influence of
planar stress extension on the resulting P-h curve; (g) the planar stress spreading range with
increasing depth acquired from the FE model.
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7.8 Summary of the Chapter

In this work, a new approach was demonstrated for using the AFM-based

nanoindentation to measure the mechanical properties of the CuBDC nanosheet. The main

results are summarised as follows:

The elastic-plastic properties including the Young’s modulus, hardness, yield
strength, and ultimate strength have been characterised. And the unloading strain rate
principle has been applied and found to be effective for improving the accuracy of

the measurements.

Three characteristic failure modes at loading of the nanosheets have been proposed,
and the failure modes are governed by bending deformation and the interlayer shear
mechanisms. The three failure modes are the interfacial sliding, framework fracture,

and delamination. The pop-out and recovery phenomena at unloading are explained.

Furthermore, the threshold indentation forces and threshold indentation depths

leading to the failure modes have been quantified.

The finite-element method has been employed to simulate the AFM nanoindentation
on the MOF nanosheets to gain insights into the plastic deformation and the proposed

failure modes.

Although the CuBDC nanosheet was used as the model material to establish the
novel efficacy of the AFM-based nanoindentation in investigating the nanoscale
mechanical behaviour of MOF nanosheets, the methodologies developed should be
applicable to quantitatively study the nanoscale mechanical properties of a wide
range of nanomaterials, nanosheets in particular, which are often considered to be

difficult to study.
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Chapter 8: Mechanical Behaviour of
HKUST-1 (CuBTC) Crystals
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This chapter focuses on characterising the nanomechanical properties of the
submillimetre-sized crystals of Cuz(BTC)2 (more well-known as HKUST-1), using the AFM
nanoindentation technique equipped with the calibrated diamond cube-corner indenter tip.
For the first time, the experimental results of the elastic-plastic properties (e.g. the Young’s
modulus and hardness) of HKUST-1 have been characterised together with the four
structural failure modes (i.e. slippage, fracture, densification of the porous framework,
buckling of bonds) during the indenter loading stage as well as the two distinctive pop-out
phenomena reflecting the recovery of the Cu—BTC—Cu linkages during the unloading stage.
The structural failures caused by the indenter could introduce significant distortions on the
resulting force-displacement (P-h) curves while indenting on the porous MOF structure.
This work demonstrates that the distortions can be circumvented by leveraging two adhesion
models (analytical and numerical), which improve the quantification of the Young’s
modulus, adhesive force, and adhesion energy of HKUST-1. Furthermore, a novel nanoscale
“tensile test”” has been developed by using the AFM indenter to apply tension to the crystal
surface. The role of auxeticity (viz. negative Poisson’s ratio) of HKUST-1 at the nanoscale
has also been studied.
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8.1 Introduction

In this chapter, the copper paddle-wheel MOF structure, called HKUST-1 has been
chosen, due to its well-ordered nanoporous structure and promising structure-based
functionality.®® HKUST-1 exhibits exceptional performance in many aspects including
catalysis,>® preferential adsorption,>?>* storage of energy,>® *’ and electronics®® benefited
by its metallic dimer, Lewis acid sites, and outstanding porosity (pore diameter ~0.6 nm).38
For instance, HKUST-1 shows excellent catalytic activity due to the existence of the Lewis
acid sites that immobilise the redox-active polyoxometalate®® and the tuneable electrical
conductivity when the nanopores encapsulate conjugated guest molecules.®*® Moreover,
after densification and shaping of HKUST-1, the capacity of natural gas (mostly methane)
adsorption has been demonstrated to be elevated to an unprecedented level of 259 cm? (STP)
cm at 65 bar.>® Because of the many promising properties of HKUST-1, having detailed
information and understanding about its mechanical properties will be advantageous for

future applications.

MOFs show apparent fragility comparing with metallic and ceramic materials, in
addition to that, experimental evidence of the (DFT predicted)® auxetic attribute (negative
Poisson’s ratio) of HKUST-1 is even more challenging to probe under an indentation setting.
In this study, the nanomechanical properties of HKUST-1 have been quantified by
employing both the IIT (see 8§2.3.1.1) and the AFM (see Chapter 3) nanoindentation
techniques. The majority of the reported studies using the AFM technique provided only the
basic indications of the localised mechanical properties (mostly Young’s modulus, hardness,
and yield stress) through a small number of indentations.®>3 18 In contrast, in this study as
many as 846 indentations have been performed in order to systematically explore the
intrinsic nanomechanical properties of HKUST-1. In addition to the nanoindentation
experiments, a suite of analytical, empirical, and numerical methods has been developed to
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analyse the experimental data so as to achieve the accurate mechanical characterisation of
HKUST-1. The influence of the elastic anisotropy and the possible contribution from

auxeticity have also been addressed.

8.2 Structure and Synthesis

The HKUST-1 crystal has cubic symmetry as shown in Figure 8.1. According to the
calculation from the ab initio density functional theory (DFT),® the HKUST-1 crystal
structure is predicted to exhibit directional auxeticity. Its negative thermal expansion and
low shear moduli have already been experimentally confirmed in recent studies.> 360361
Details regarding the crystallographic structure, predicted material properties, and
applications have been discussed in 82.2.3. The submillimetre crystals of HKUST-1 studied

herein (300 um or more) were synthesised by low-temperature solvothermal method

augmented by glacial acetic acid (see 84.1.3).

It should be noted that the submillimetre-sized crystals of HKUST-1 are actually
about two orders of magnitude larger than the micron-sized ZIF-8 (in Chapter 5 and
Chapter 6) with a view to avoid the influence of the confinement from the surrounding epoxy
resin (Struers Epofix) on the characterisation of the elastic anisotropy. These crystals were
mounted by two different methods. (i) By embedding the crystals into an epoxy resin stub,
which was then fully cured before the crystal surface (designated as poiishes HKUST-1, see
Figure 8.2b-c) was carefully ground/polished following the established methodology* to
expose the {100}- and {111}-oriented facets for nanoindentation experiments. The prepared
crystal surface was cleaned with ethanol and then desolvated at 90 °C. (ii) The second way
to immobilise the crystal was to apply the mounting wax (melted at 60 °C and cured at room

temperature) around the periphery of the bottom of the crystals (entitled as fixed HKUST-1,
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see Figure 8.2d-g). There is no difference observed for crystals immobilised using (i) and
(it) when being indented using the IIT and AFM. This observation indicates that the crystals

are large enough to eliminate the effect of the confinement imposed by the cured epoxy resin.
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Figure 8.1  Crystal structure of HKUST-1. Nanoindentation of the (a) (first row)
{100}-oriented, (b) (second row) {111}-oriented facets. Auxeticity of HKUST-1, the
Poisson’s ratio (v) along the (c) (third row) [110]-axis: v = —-0.3 according to the DFT
calculations in Ref. [8]. Indentation directions are illustrated by the insets (crosses denote
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the indentation into the page). The vertical markers (highlighted in yellow) indicate the unit
length scale wherein the failure modes occur on a HKUST-1 unit cell (see Table 8.1 in §8.9).
(d) Schematic showing the influence of auxeticity along the [110]-axis (explained in §8.7).
The inclination of the {110}-oriented facet relative to the other two orientations where
nanoindentation was performed. The counter-acting deformation imposed by the
{110}-oriented facet to the other two facets is denoted as d. This influence of auxeticity was
also observed in the measurement of hardness (see the inset in Figure 8.6b).

(a) e . Hexagon: without using (b)
(111) 20 capping agent  (100)
in synthesis e ou LV %
A U
=
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L4 48 . .
Subsequent e Wty Pakd _g'?“'ﬂ?

stage

HKUST-1 crystals

Figure8.2 (a) Crystal morphologies of HKUST-1 (a) {111}-oriented and
(b) {100}-oriented facets. The modulator, glacial acetic acid (see 84.1.3) also acts as a
capping agent that inhibits the growth of the (111) plane from the triangular geometry (green)
to the hexagon (blue) and also changes the growth rate of the crystals. X-ray diffraction
pattern of a single crystal of HKUST-1 can be found in Figure 2.9. (c) The SEM image of
the aggregated submillimetre-sized crystals of HKUST-1. Optical images of the two
polishedHKUST-1 crystals embedded in the fully-cured epoxy resin stub showing the (d)
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{111}-oriented and (e) {100}-oriented crystallographic facets, on which minor cracks could
be generated during the polishing process using the diamond suspension (0.1 um, Struers).
The SEM images of the fixedHKUST-1 crystals with (f-g) {111}-oriented (triangular) and
(h-1) {100}-oriented (square) facets facing up.

8.3 Nanoindentation Techniques

The force sensitivity of the (conventional) instrumented indentation technique (I1T)
are normally of the tens of nanoNewtons (nN) level. For instance, the force sensitivity of the
MTS Nanoindenter® XP is ~50 nN while the Hysitron Triboindenter can detect load as low
as 1 nN,%-100.362 31though in practice the peak loads imposed by the 1T instruments are
usually 100s to 1000s xN.%* %0 101102 1n comparison, the AFM instrument is capable of
sensing significantly smaller forces (force sensitivity <0.05nN) and could apply a
shallower indentation depth (vertical displacement sensitivity < 0.05 nm). Because of this,

AFM nanoindentation complements the 1T in probing more localised properties.

In this study, the IIT experiment and AFM-based nanoindentation were performed
using the MTS Nanoindenter® XP equipped with a Berkovich indenter tip and the Veeco
Dimension 3100 instrument fitted with the cube-corner indenter tip (same as the one in

previous chapters), respectively.
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( Berkovlch indenter

Cube-corner indenter @

20 um

0.87 um

Figure 8.3  Schematic illustrating the (a) cube-corner (for the AFM nanoindentation
experiments) and (b) Berkovich (for the IIT experiments) indenter tips, respectively. The
3-D AFM height topographic images (captured using an imaging silicon tip, namely
Tap300AIl-G, see §4.2.1) of the indents were produced by the IIT experiments on the two
crystallographic facets of the HKUST-1 crystals: (c) (100) and (d) (111). The 3-D AFM
height topographic images of the indents which were generated in the AFM nanoindentation
experiments on the (e) (100) and (f) (111) crystal facets. The images in (e) and (f) were in
situ captured using the cube-corner indenter tip. It is assumed that the synthesis procedure
and heating treatment (see 84.1.3) have removed residual reactants from the crystal porosity,
and thus there is negligible influence on the indentation experiments. However, given that
the indentation experiments were not conducted under dry and vacuum environment, the
underlying effect of the re-encapsulated water molecules from the atmosphere may
contribute to a limited degree of deviation.

8.4 Finite-Element Method

In order to simulate the elastic anisotropy of the HKUST-1 crystals, the
finite-element (FE) method implemented in ABAQUS has been employed to model the

indenter-to-sample contact interactions. In this work, a continuum model meshed by an
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8-node linear brick element with the reduced integration and hourglass control (C3D8R) was
used to mesh the HKUST-1 crystals (treated as a continuum) in ABAQUS/Explicit.3? In the
indentation assembly, the indenter is a spherical discrete rigid part rather than the
cube-corner geometry adopted in the actual AFM nanoindentation. The spherical design is
selected to avoid the excessive distortion of the meshes and to remove the geometrical
influence of the cube-corner shape, thus concentrating on the elastic anisotropy of the crystal

itself.

The elastic constants of the continuum model were based on the Cj; stiffness
coefficients from the reported DFT calculations (Ci1=27.719, Ci2 =25.722, and
Cu =5.399).8 Obvious differences of elastic response shown by the {100}- and
{111}-oriented crystallographic facets can be seen from the von Mises stress fields in
Figure 8.4. Moreover, in Figure 8.6a, the overlap of the initial portions of the P-h curves for
both facets suggests that anisotropy is less important when the plastic deformation is
relatively small (h <7.5nm). With increasing indentation depth, the experimental P-h
curves remain in agreement with the P-h curves acquired from the FE model, until the depth
reaches h ~ 20 nm for the {111}-oriented facet and h ~ 25 nm for the {100}-oriented facet.
This is due to the excessive plastic deformation starting to collapse the framework and
densify the fragments into the underlying framework. This hypothesis is supported by the
evolution of the P-h curves along the [100]-axis, where the slope of the loading curve
gradually approaches the one along the [111]-axis. In other words, after the plastic
deformation reaches a threshold, the framework begins to lose its resistance against the
incoming indenter, meanwhile, the effect of anisotropy also diminishes. Besides plastic
deformation, other interfering factors such as time-dependent response (creep and thermal

drift) as well as crystal failures and fracture, will also distort the shape of the P-h curve
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(creep can cause a negative gradient at unloading, see §3.4.9), and this was also observed

on the ZIF-8 crystals (see Figure 5.5).

(a) . (b)

von Mises stress (MPa) ; e von Mises stress (MPa)
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Figure 8.4  The von Mises stress fields in (a-b) showing the anisotropic mechanical
response of HKUST-1 under indentation along the [100]- and [111]-axes viewed from the
front side. (c-d) are the top views of the stress fields for indentation along the [100]- and
[111]-axes (indenter not shown for clarity).

8.5 Nanoscale Mechanical Properties of HKUST-1

8.5.1 Force Curve Quality Evaluation: P/S?

In general, the force-square contact stiffness ratio (P/S?) stays constant irrespective
of indentation depth (h) and the pile-up or sink-in behaviours.?>’ By virtue of this, a new
approach is proposed to evaluate the quality of the resulting force-displacement (P-h) curves

from the indentation experiments. Specifically, as shown in Figure 8.5a and Figure 8.5c, the
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slope lines through the origin are deduced to indicate the ideal slopes of the incipient
segment (starting from the peak load) of the unloading curves. The slope lines can be
generated by equation (8.1),%>” which gives the ideal slopes (S) at different peak loads. The
input values of the Young’s modulus (E) and hardness (H) can be obtained from the

indentation experiments.

p m H
52_(2ﬁ)2E2

(8.1)
More specifically, the slope lines serve as an indicator as a means for evaluating
whether an unloading process is free from the interfering factors (previously introduced in
83.4) causing the distortion of the unloading curves (see examples in Figure 8.5¢). With this
in mind, one can assert that the P-h curve #1 (shown in the inset of Figure 8.5a) is free from
the influence of interfering factors. These slope lines can also be regarded as the ideal
unloading curves integrating information of both the Young’s modulus (E) and hardness (H)

of the HKUST-1 crystals, in contrast, the finite-element (FE) model only involves E (i.e. the

Cij stiffness coefficients).

In the 1T experiment, the indentation depths were ~2000 nm. The
force-displacement (P-h) and stress-indentation depth (o-h) curves can be seen in
Figure 8.5a-b. Whereas as shown in Figure 8.5¢, the AFM-based nanoindentation performed
at much smaller scale returns the P-h curves exhibiting the distinctive behaviour of
HKUST-1. Regarding the AFM nanoindentation on HKUST-1, in contrast to the experiment
of the same instrument setup on the smooth and flat Matrimid® 5218 (a glassy polyimide)
thin film (thickness t ~ 1 um), AFM nanoindentation produces consistently reproducible P-h
curves and exhibits a harmonic oscillation. Unlike the nanoporous HKUST-1, it is reasoned
that the cross-linked structure of Matrimid is more isotropic and impose a more uniform

resistance to the aforementioned interfering factors. In fact, the chaotic oscillations (more
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severe in Figure 8.14) of some indentations of HKUST-1, reflect the different failure modes

of the framework, which will be discussed in greater details later in 88.9 of this chapter.
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Figure 85  (a) (right) Force-displacement (P-h) curves from the IIT of the {100}- and
{111}-oriented crystallographic facets of HKUST-1; (left) the slope lines derived from
equation (8.1), and the input values of E and H in the equation are from the IIT experiments.
(b) Stress (o) induced by the IIT experiments as a function of the indentation depth (h). (c)
(right) Two types of P-h curves: one was from the AFM-based nanoindentation (a few
representative ones are shown here taken from the 846 indentations in total) and another one
was acquired from the elastic FE model on both facets (see Figure 8.4); (left) the slope lines
derived from equation (8.1), and the input values of E and H are from the AFM
nanoindentation experiments. (d) P-h curves from the AFM nanoindentation experiments on
a reference sample, viz. Matrimid thin film and the measured E as a function of the unloading
strain rate is shown in the inset.
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8.5.2 Hardness (H)
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Figure 8.6  Hardness (H) measured by (a) the IIT and (b) the AFM-based
nanoindentation experiments as a function of indentation depth (h), H was obtained by its
definition: H = Pmax/Acontact. The inset in (a) shows the enlarged view, and (b) regions
marking the distinctive tendencies of H measured as the indenter penetration increases. The

dashed lines designate the mean values of H for the (100) and (111) crystallographic facets
after the value of H converges.

By means of the IIT, the values of the hardness along the [100]- and [111]-axes have
been measured: Hpiog = 463.4 £58.4 MPa and Hpuy =490.9 £ 28.2 MPa, respectively,
which are in good agreement with the measurement of the polycrystalline monolith of
HKUST-1 (H =460 + 30 MPa).>® Nevertheless, close inspection of the P-h curves in
Figure 8.5a, one can observe the apparent variance of the peak loads indicating the partial
loss of hardness, and this is also evidenced by the scattering of the measured hardness values
shown in Figure 8.6a. The inconsistency of the hardness measured can be ascribed to the
propagation of cracks, viz. fracture of the framework, as well as the possible subsurface
crystal defects produced during either the synthesis or the surface polishing of some of the

crystals. This is supported by the AFM height topographic images of the indents in Figure

8.3c-d.
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One may perceive that the variance of hardness would be more severe in the case of
the AFM-based nanoindentation, which is equipped with the smaller and sharper indenter
(cube-corner tip) so as to induce a much higher stress concentration. Although the
AFM-based nanoindentation measures the hardness at a significantly shallower depth, the
result suggests a considerable hardness loss (see Figure 8.6b). Additional possible reason to
the hardness loss is that the intense stress concentration actually facilitates the plastic
deformation as well as the foregoing interfering factors such as creep and structural failure.
The hypothesis has been corroborated by the indication of the slope lines in Figure 8.5c,
which also contains the information of H as explained in 8§8.5.1. As the indentation depth
increases, one can easily see the deviation between the slope lines and the incipient segments

of the unloading curves obtained from the AFM nanoindentation experiments.

8.5.3  Young’s Modulus (E) using the Oliver and Pharr Method
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Figure 8.7  Young’s modulus (E) measured by (a) the IIT as a function of the indentation
depth (h) and (b) the AFM-based nanoindentation as a function of the unloading strain rate
(€), the P-h curves was analysed using the Oliver and Pharr (OP) method. The insets in (a)
and (b) showing the enlarged views.

188



Chapter 8 Mechanical Behaviour of HKUST-1 (CuBTC) Crystals

The unloading strain rate principle (84.7.3) in applied here, which has been
demonstrated to be effective in overcoming the distortion to the unloading curves.**’ Using
this approach, a sufficiently high value of ¢ is needed (limit of the specific AFM instrument)

to minimise creep and other time-dependent effects.

Similar to the measurement of the hardness, both 11T and AFM nanoindentation
experiments were performed to indent the two crystallographic facets of HKUST-1: (100)
and (111). Young’s modulus obtained from the IIT experiments for the {100}- and
{111}-oriented facets are Eio0) = 7.4 £ 0.6 GPa and Eji11; = 10.4 + 0.8 GPa, respectively.
In the chapter, Poisson’s ratio, v is taken to be zero and thus the Young’s modulus (E)
mentioned herein is actually equivalent to the indentation modulus (I). Densification could
slightly increase E of HKUST-1, which is akin to the compacted polycrystalline HKUST-1
monolith whose E ~ 11.5 + 0.4 GPa (taking v = 0).>> There is a discrepancy between the
results from the IIT experiment and the theoretical values of Ejio; ~2.96 GPa and
E1117 ~ 15.15 GPa via the theoretical DFT calculations at the B3LYP level of theory in the
literature, although the DFT values were predictions at 0 K.8 In generally, the Young’s
moduli of MOFs decrease with the increasing temperature since the restoring force that
returns the deformed bond to its equilibrium state is normally lower at high temperature.'
Another possible reason, as pointed out by Oliver and Pharr, is that the P-h curves collected
by indentation of a specific crystallographic orientation does not represent the true elastic
response because of the complex tip geometry, previous experiments suggested that the
elastic modulus of anisotropic materials are only average values (see 8§3.3.4). That is to say,
during the indentation normal to the intended crystal facet, the deformation along other
orientations also take effect in resisting the penetration of the indenter.2® Additionally, the

contribution from other crystallographic orientations may be considerable because of the
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predicted atomic-scale “‘trampoline-like’ deformation and the Cu paddle-wheel dynamics of

HKUST-1 (phonons).®

However, as indicated by the P/S? slope line in Figure 8.5¢c, in the AFM-based
nanoindentation, severe creep and fracture (without excluding the other interfering factors)
lead to the appreciable overestimation of the Young’s modulus (see Figure 8.7b). With the
increasing unloading strain rate (¢), the Young’s moduli measured begin to converge.
Nonetheless, the maximum unloading strain rate (up to 275 s?) was limited by the
piezoelectric element of the AFM instrument, and thus the resulting P-h curves, were still
slightly distorted. Given that the upper segment of the unloading process, viz. subsequent to
the peak load, is more susceptible to the interfering factors, in this chapter, two methods
were explored wherein the lower segment of the unloading curves was analysed instead of
the initial segment. For the lower segment at unloading, adhesive force becomes more
significant while approaching the indenter-to-surface detachment. With this in mind, the
lower segment was divided into two stages: the first unloading stage until the load reaches
a zero value (i.e. region #1 in the inset of Figure 8.9b), and the second unloading stage until
the adhesive force becomes the most negative value (corresponding to the pull-off force,

Ppui-off, See region #2 in the Figure 8.9b inset).

8.6 Implementation of the Adhesion Models for Improved Analysis
of the Young’s Modulus

The first method is an empirical approximation of the Maguis-Dugdale (MD)
analytical model®®? developed by Carpick, Ogletree, and Salmeron (COS method)?* and
subsequently improved by Piétrement and Troyon (PT method).2®® Due to the direct

correlation between the contact stiffness and the adhesion energy, the PT method has been
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implemented in this chapter. The PT method mainly analyses the range of an unloading

curve from its lower segment to the Ppun-otf point (see Figure 8.9b).

The second method is a numerical simulation method, which markedly extends the
applicability of the indenter-to-sample systems of interest by discretising the interplay
between the indenter and the sample into tessellation. This method circumvents the
limitation of many analytical methods that are only applicable to indenters of particular

geometries (see §3.5 and §4.7).

Details regarding the two methods are elucidated in Chapter 4.

8.6.1 Selection Criterion of the Analytical Models
By applying the empirical approximation (the PT method, see 84.7.7) of the

analytical method (the MD method, see §3.5.5) to the AFM nanoindentation data (see the

curve fitting results in Figure 8.9b), the relationship between the normalised force (P) and
the two adhesion parameters (A and u) for the two HKUST-1 facets has been obtained.
Careful inspection of Figure 8.8 reveals that although the majority of A for HKUST-1 situates
at the MD zone, it still widely extends to the JKR zone. This is evidenced from the potential
field reconstructed by the numerical simulation in Figure 8.10 (see 88.6.2), where the
adhesive force outside the contact periphery has been neglected and the elastic stresses that
are reflected by the potential field tend to be infinite at the contact periphery. On the contrary,
the Derjaguin-Muller-Toporov (DMT) model®®® takes the interaction forces outside the
contact area into account. Therefore, the observation of A closer to the JKR zone suggests
the HKUST-1 framework is relatively compliant and has the short-range interaction with
the indenter comparing with materials of 4 at the DMT zone. The wide span of the value of

A can be ascribed to the variance of the localised interaction between the HKUST-1

191



Chapter 8 Mechanical Behaviour of HKUST-1 (CuBTC) Crystals

framework and the indenter since the framework has nanoscale porosity as presented in

Figure 8.1.
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Figure 8.8 The adhesion map: the normalised force (P) as a function of the (a) elasticity
parameter (1) and (b) Tabor parameter ().3% 3% The relations of the three parameters are
shown in equations (4.40) and (4.41) of Chapter 4. The adhesion property of HKUST-1
along the [100]- and [111]-axes situated at the Maugis-Daugdale (MD) zone and are closer
to the JKR zone. The segmentation of the adhesion map in (a) was adapted from Ref. [320]
(see 83.5.5 for more details).

In this chapter, the PT method was not only used for calculating the mechanical
properties, but also was employed to calculate the adhesion property of HKUST-1, and thus
the Tabor parameter (ux) obtained in the PT method was imported into the numerical

simulation discussed later. Interestingly, it was found that the arithmetic median y of the

linear portion (highlighted in Figure 8b) of the data string in the logarithmic plot of P versus
w was the value that reflects the adhesive behaviour of HKUST-1. Given this finding, a new

method is proposed to determine x of porous materials. In this method, the relationship

between P and y within the linear regime can be defined as:

Plower_bound

log =
r_ Pupper_bound (8.2)
Hower_bound

log
Hupper_bound

where s' is the constant slope of the linear regime marked out in Figure 8.8b.
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As a consequence, the value of 1 was determined to be 0.6528 (derived by taking the
median magnitude of the lower bound 0.2696 and the upper bound 1.0360 which define the
boundaries of the linear regime). «~ 0.65 has also been demonstrated by the numerical
simulation which gives the Young’s moduli of the two HKUST-1 facets in good agreement

with the DFT calculations in Ref. [8] (see §8.6.3).

8.6.2  Numerical Simulation Method

In the numerical simulation, the relationship between P and h in the
adhesion-dominated region (i.e. negative resultant force) for materials of different u is
shown in Figure 8.9a. Unlike the PT method, which requires the input of both the unloading
curve regimes #1 and #2 for curve fitting purposes (see Figure 8.6b), only two parameters
from the AFM-based nanoindentation data are required in the numerical simulation, they
are: the pull-off adhesive force (Ppui-off) and the indenter-to-sample separation distance (4a,

in this chapter, it is also called the stretch displacement).

The evolution of the normalised force fields between the cube-corner indenter and
the sample surface (whose Tabor parameter, i1 =~ 0.65) were derived using the numerical

simulation method (see Figure 8.10). More details are covered in 4.7.6 of Chapter 4.
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(a) The normalised force (P) as a function of the normalised depth (k) at the

unloading stage in the numerical simulation method for the cube-corner indenter while the
indenter-to-sample interaction force becomes negative (when adhesive force is dominant).
The adhesive force is material-dependent varying with the different adhesion properties, and

thus the P-h curves were explored using a range of Tabor parameters ([) where 1 ~0.65
were determined for HKUST-1 using the PT method. (b) Representative unloading curves
(focusing on the lower segment, viz. unacted on the aforementioned interfering factors in
83.4) for both crystallographic facets. The indenter-to-sample separations (Aa) from the
point where the resultant force equals to zero to the point where the force reaches its
minimum magnitude (Ppun-off). Superimposed on the data are the fitted curves for both facets

obtained by using the PT method.
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(P) distribution map of the interaction between a

cube-corner indenter and a planar sample surface in the dimensionless numerical simulation
domain [-8 8] x [-8 8]. Selected normalised force distribution maps at certain normalised

indentation depth (h): (a) h = =2, (b,

f)h=-1,(c)h=0, (d, g) h =1, (e) h = 2. Negative

interaction potential indicates the adhesive force dominates over the resultant force
(combination of the adhesive force and the repulsive force).
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8.6.3 Young’s Modulus Determined by Applying the Adhesion Models
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Figure 8.11 Young’s modulus (E) versus stretch displacement (Aa = |aoff — azero|) data
were derived from the three different methods, they are: the Oliver and Pharr (OP) method,
the PT method, and the numerical simulation method for HKUST-1 on (a) the
{100}-oriented facet and (b) the {111}-oriented facet.

In Figure 8.11, it is obvious that the Young’s modulus (E) obtained from the OP
method is not in connection with the stretch displacement (Aa) since the OP method
concentrates on the incipient segment of the unloading curves rather than the lower segment.
In contrast, the Young’s moduli of both HKUST-1 facets measured using the numerical
simulation method converge to Ejioo) ~ 4.08 GPa and Eu11) ~ 14.28 GPa as the stretch
displacement increases. The measured Young’s moduli using the PT method has an
excellent agreement with the one from the numerical simulation as shown in Figure 8.11.
The minor discrepancy between the Young’s moduli from the AFM-based nanoindentation
and the DFT calculations in Ref. [8] (where E[10 ~ 2.96 GPa and E[111) ~ 15.15 GPa) may
be attributed to the temperature effects (0 K DFT vs. 300 K experiments).!?® As one may
notice that in the numerical simulation method, the Young’s moduli can be easily

overestimated when the stretch displacement is relatively small, and this is on account of the
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interference of oscillation noise when the unloading curves have a small stretch

displacement.

8.7 Anisotropy and Auxeticity

By virtue of its superior force and displacement sensitivity, AFM nanoindentation is
very appropriate for the exploration of the nanoscale behaviour of MOFs. Conversely, the
measured material properties from IIT literally average out the total properties at a larger
area (micrometre lengthscale), this could be the reason why the auxetic deformation on the

inorganic-organic-inorganic linkages cannot be accurately probed by IIT.

Herein, the AFM nanoindentation data suggest that the auxeticity of HKUST-1
might have played a role at the nanoscale, especially on the [110]-oriented plane, which has
an apparent influence on the AFM nanoindentation along the [100]- and [111]-axes. As
shown in Figure 8.1d, the {110}-oriented facet forms angles with the [100]- and
{111}-oriented facets of 45° and ~35°, based on which the counter-acting deformation (d),
namely the resistance from the (110) orientation, can be resolved into the deformations along
the other two crystallographic axes of indentation, i.e. [100]- and [111]-axes. As shown in
Figure 8.1d, the resistance (in the form of the counter-acting deformation) from the
{110}-oriented facet to the indentation perpendicular to the {100}-oriented facet is weaker
than to the {111}-oriented facet. This phenomenon explains the more abrupt reduction of

hardness measured of the facet (100) than the facet (111) (see the inset in Figure 8.6b).

Although in theory, the Young’s moduli of materials along specific orientations of
opposite Poisson’s ratio (i.e. the same absolute value but different signs) should be the same,
the plastic deformation and failure mechanisms of the MOF linkages under stress are usually

different because the linkage bends in the opposite directions.
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8.8 Nanoscale Tensile Test

8.8.1 Surface Detachment and Splitting Fracture
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Figure 8.12  (a) Unloading adhesion pull-off force (Ppui-off) as a function of the projected
adhesive area (Aadnesion). (b) Schematic illustrating the two distinctive tensile detachment
modes: surface detachment and splitting fracture. Note that in reality, the contact between
the stretched portion of the material and the indenter should be in 3-D as the triangular prism
enclosed by the dashed lines.

The stretching displacement originates from the point where the resultant force drops
down to zero and ends at the point when the most negative force (i.e. the pull-off force)
emerges, namely the unloading curve regime #2 in Figure 8.9b. Within this regime, the
adhesive forces dominate and they are produced by the composite forces, which are the sum
of the van der Waals forces and the forces from stretching part of the sample adhering to the
indenter. Therefore, after exceeding the pull-off force, the HKUST-1 framework adhering
to the indenter surface starts to detach. Regarding the detachment, two forms of detachment
are proposed here: surface detachment and splitting fracture (see Figure 8.12b). The stretch
of the material can be treated as the tensile forces of infinite numbers of columns integrated

over the projected area (Aadnhesion) Wherein the adhesion takes effect. In Figure 8.12a, two

198



Chapter 8 Mechanical Behaviour of HKUST-1 (CuBTC) Crystals

distinct bounds were detected, which can be regarded as the states of sole surface detachment
and sole splitting fracture, respectively. In addition, within the two bounds, the combined
effect of both contributes to the detachment, viz. the degradation of the adhesion effect. In
essence, the pure splitting fracture (at the higher bound) resembles a tensile test at the
nanoscale, where the engineering stress resulting from the splitting fracture (osf) was
determined as ~1.56 x 10'° Pa. Similarly, the surface detachment stresses (osq) is
~4.52 x 108 Pa for the {100}-oriented facet and ~1.49 x 10° Pa for the {111}-oriented facet
(see Figure 8.12a). Furthermore, it was found that the maxima of the stretch displacement
(d4a), which equal to 7.60 nm for the {100}-oriented facet and 6.13 nm for the
{111}-oriented facet. In principle, full detachment can occur at any points of Ao < Aomax
due to the nanoporous nature of HKUST-1, however, the indenter does not detach from the
material if the stretch displacement is too small as shown in Figure 8.11. It is worth noting
that the maxima of the stretch displacement may also be unloading rate dependent.
Nevertheless, as shown in the equation (3.7) and (3.11) of Chapter 3, even for materials of
Tabor parameters (W) in either the DMT or the JKR zones, the pull-off adhesive force and

the stretch displacement are fixed for each of the indenter-to-sample system.
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8.8.2  Adhesive Force and Adhesion Energy
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Figure 8.13 The Young’s modulus (E) versus the adhesion energy (y) obtained from AFM
nanoindentation on the two crystallographic facets (a) (100) and (b) (111). (c) The adhesion
energy declines before converging as the stretch displacement increases. (d) The correlation
between the adhesion energy and the adhesive force was acquired using the numerical
simulation method and the PT method.

In fact, the adhesion energy (y) is fundamentally the tensile forces integrated over

the projected area (Aadnhesion) and then over the stretch displacement (A«). As shown in the

table of Figure 8.13c, the average adhesion energy can be determined.
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To gain a better understanding of the adhesion effect on the measurement of the
elastic properties, the correlation between the Young’s modulus (E) and the adhesion energy
(y) has been investigated (see Figure 8.13a-b). From the standpoints of y and Ppuil-off, it Was
found that almost all accurate measurements of E were taken when y and Ppui-oft Were small,
namely: y < 3.84 J/m? for facet (100); y < 6.17 J/m? for facet (111); and Ppuii-otf < 0.16 pN
for both facets. Therefore, small Ppuioft is desired for accurate measurement of E, and this
suggests that it requires the unloading process, at which only the surface detachment occurs
since the values of Ppuioff leading to the two detachment modes have already been
characterised in Figure 8.12 (Psd_max < Pst_max). This conclusion is also well supported by
the definition of the Lennard-Jones potential, which is one of the important basis of the

numerical simulation.

8.9 Nanoscale Failure Modes

8.9.1 Identification of Failure Modes

The AFM-based nanoindentation has also been extended to characterise the
mechanical failure mechanisms of HKUST-1. In this chapter, four distinctive failure modes
during the loading stage will be considered, together with the abnormal pop-out
phenomenon throughout the unloading stage (see Figure 8.14). The four failure modes are:
Mode | —slippage along the aligned pores; Mode Il — fracture the crystalline structure;
Mode Il — accumulated densification; and Mode IV — continuous buckling of bonds along
the indentation direction. A schematic of a P-h curve distorted by different failure modes
are depicted in Figure 8.14a together with a number of representative P-h curves from the
AFM-based nanoindentation in Figure 8.14b-c. These failure modes could result in the

reductions of the Young’s modulus and hardness measured by the indentation experiments.
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Furthermore, the threshold forces for Mode I and 11, and the pop-out have been determined

as shown in Figure 8.15a-c, respectively.
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Figure 8.14 (a) Schematic showing the four failure modes incorporating their features in
a P-h curve. (b-c) AFM-based nanoindentation on HKUST-1 crystals inducing four
distinctive failure modes, which are reflected by the abnormal P-h curves. Mode | - slippage
aligned with the channel of framework porosity; Mode Il —structural fracture;
Mode Il — densification of the framework; Mode IV — continuous buckling of the organic
ligament but without complete pore collapse. And the irregular unloading recovery in the
form of pop-out detected by AFM nanoindentation. (d) Schematic introducing the force
analysis to elucidate the mechanism of pop-out. (e) Schematic of a typical P-h curve with
the three different pop-out phenomena marked (#1, #2, #3, they were observed in the AFM
nanoindentation experiment), and the extent of pop-out detected on the two HKUST-1 facets
are highlighted.
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8.9.2  Statistical Analysis of the Failure Modes

Statistical analysis was used to examine the occurrence of the failure modes
discovered in the AFM-based nanoindentation experiments, the probability of the P-h curves
showing the failure modes I, II, 111, 1V, and the pop-out are 12.3%, 11.8%, 4.1%, 20.9%,
and 11.6% for the {100}-orientated facet; and 13.3%, 12.0%, 3.0%, 8.6%, and 12.0% for
the {111}-oriented facet. Because of the high force and displacement sensitivity of AFM
(hence much localised properties were detected), the accurate identification of the contact
point on the HKUST-1 porous framework is important to pinpoint the occurrence of every
failure mode. In other words, there are certain level of uncertainties associated with the
abovementioned probabilities. In light of the above percentages derived from as many as
846 indentations, the following observations and trends can be drawn: the occurrence
probabilities of the slippage and fracture (Mode I and Il) failures are nearly the same,
meanwhile, approximate to the value of the pop-out during the unloading stage. This is in
an excellent accordance with the observations made on the layered CuBDC nanosheets in
Chapter 7, in which the pop-out is a form of recovery at the opposite direction of the slippage
and fracture failures. Moreover, the continuous buckling of bonds (Mode IV) happened
much more frequently on the {100}-oriented facet than on the {111}-oriented facet. This is
well supported by the plots of failure stress in Figure 8.15d-e wherein it is observed that the
Mode IV failure is active throughout the full extent of indentation depth on the
{100}-oriented facet, while in contrast, its occurrence was confined to a limited range of

stresses and depths while indenting on the {111}-oriented facet.

A force analysis has been conducted to gain a better understanding of the mechanism
of the pop-out phenomenon observed during the unloading stage. If the indenter is unloaded
smoothly, that is to say, the counter-acting force exerted on the indenter tip is steadily being

reduced, there would be no pop-out. As shown in Figure 8.14d, the evolution of the
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interaction force between the indenter and the porous HKUST-1 framework may not be
coherent due to the randomly triggered framework bounce-back event, which will
instantaneously maintain (pop-out #1 in Figure 8.14e) or even increase (pop-out #2) the
force acting on the indenter tip. Furthermore, the combination of the pop-out #1 followed

by #2, which forms the third pop-out mode #3, has also been observed.

8.9.3  Fracture Strengths and Threshold Forces

The threshold forces leading to Mode I and 1l during the loading stage as well as the
pop-out during the unloading stage have been plotted against the corresponding threshold
displacements in Figure 8.15a-c. Figure 8.15a shows that the pop-out distortion only arises
at the early part of the unloading curve while indenting on the {111}-oriented facet (also
highlighted in Figure 8.14e) but in contrast, the entire unloading process on the
{100}-oriented facet can be susceptible to pop-out. In terms of Mode I and Il, it was found
the unit threshold force (Punit) and the unit indentation depth (i.e. displacement hunit), are
responsible for the slippage and fracture failures. By proportionally augmenting Punit and
hunit, in other words, the stressed area of the framework that is perpendicular to the
indentation direction is assumed to be constant (the extreme condition), the lines in
Figure 8.15b-c were drawn and defined the bounds of the relative correlation between
Pthreshoid and hnreshoid. The unit threshold depths (hunit), unit threshold forces (Punit), and the
corresponding unit threshold stress are summarised in Table 8.1. Clearly, with the increasing
indentation depth, the area of the framework stressed actually spreads rapidly and this is the

reason for the dispersion of the data points in Figure 8.15b-c.
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Table 8.1 (left) Unit threshold indentation depths (hunit) and corresponding unit
threshold forces (Punit) for the two oriented facets, which results in slippage and fracture
failures. The upper and lower bounds together with the intermediate regime are indicated in
Figure 8.15b-c. The corresponding stress (ounit) based on the projected indenter-to-sample
area is also presented. (right) The dimensions of a unit cell along different crystallographic
axes (corresponding to the vertical markers in Figure 8.1).

HKUST-1 (100) HKUST-1 (111) (100)  (111)
hunit P unit Ounit hunit P unit Ounit hcell hcell
(A) _(N) (GPa) (A)  (nN)  (GPa) A) A)
Upper bound 1.6 30.9 449.2 0.9 136 624.8
ToP 135 106
Mode I - Intermediate view . .

. . 4.1 284 629 6.5 43.6 384
Slippage regime

Lower bound  10.7 25.1 8.2 49 15.6 24.2 Side

view

13.2 15.3
Upper bound 1.6 215 3125 1.7 234 3013

Mode II - .
Intermediate
Fracture regime 5.8 33.3 36.8 5.8 354 39.2

Lower bound  18.0 25.0 2.9 14.2 31.9 5.9

Reversely, by tracing back to the shallowest indentations, the converged smallest
volume (based on which the upper bound Figure 8.15b-c was defined) and the largest
volume (lower bound) have been determined. In fact, they are the stressed HKUST-1
framework at the scale of its unit cell but exhibiting two stages of Mode | or Mode Il failures
under the imposed indentation stress (designated as unit threshold stress, ounit). The
threshold depths at the lower bound are marked as the vertical markers #1 and #2 on the
crystallographic images (see Figure 8.1a-b). Note that the failure threshold depth defined by
the upper bound scale (see Table 8.1), which accounts for only 5.88%—12.12% of the height
of a unit cell (nearly invisible in Figure 8.1), is not marked out accordingly. Hereto, the
current analysis suggests that failure at such a small length scale must have initiated from

the rupturing of the Cu—BTC—Cu linkages, found at the molecular level.

It can be seen in Table 8.1, the unit cell of HKUST-1 along the [111]-axis is far more
resistant to both slippage and fracture failures since it can withstand a higher stress. More
intriguing, it was found that a relatively lower stress was needed to incur the fracture failure

than the slippage failure. This finding cannot be detected at larger scales since by close
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inspection of Figure 8.15d-¢, it is evident that the stresses that induce the slippage, as a
whole, are very close to the ones triggering the fracture of the HKUST-1 framework.
Therefore, for the first time, the effects of anisotropy and propensity to failure of HKUST-1

have been interpreted at the scale of its unit cell.
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Figure 8.15 (a) Threshold forces that activate the pop-out recovery as a function of the
unloading displacement (starting from the maximum indentation load). (b-c) Threshold
forces generate the slippage and the fracture failures, respectively. The lines at the upper and
lower bounds define the extremes of the loading conditions which produce the two failure
modes. The definition of the lines is explained in Table 8.1. (d-e) The corresponding stresses
of the four distinct failure modes. The failure maps of the failure modes are plotted
accordingly.
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Throughout the indentation depth, all of the four failure modes could occur at
relatively shallow depth during the indentation on the {100}-oriented facet. Whereas for the
indentation on the {111}-oriented facet, the slippage (Mode I) and fracture (Mode II)
happened only if the indenter penetrates deeper than 0.50 nm (the corresponding true contact
area, A, and project contact area, Aprojected, are 1.15 nm? and 0.67 nm?), which approximate
to the span of an unit cell (one pore) shown in the left image of Figure 8.1b and the unit
threshold depth is approximately one third of the thickness of the repetitive unit layer marked
in the right image of Figure 8.1b. This suggests the indentations which approach the surface
aiming at the centre of a pore not only collapse the pore, but also cause the breakage of the
benzene ring underneath resulting in the sliding all the way down along the channel where
the benzene rings are aligned. Moreover, for the penetration of the indenter along the
[111]-axes, the accumulated densification (Mode I11) and the continuous buckling of bonds
(Mode 1V) start to prominently show up after indenting more than 2 nm deep into the

framework.

Interestingly, for both {100}- and {111}-oriented facets, it was found that the
threshold stresses producing the Mode I11 and IV failures are limited to 12 GPa, which is the
maximum stress that the densified framework can bear during the occurrence of Mode III.
One exception is that the maximum threshold stress for {111}-oriented facet is ~66.08%
lower than the one for {100}-oriented facet. This is not surprising because, for indentation
along the [111]-axis, the maximum stress concentrates below the indenter apex (i.e. align
with the indentation direction) which preferentially leads to the Mode | and Il, while for
indentation along the [100]-axis, the maximum stresses are situated sideways (see the
simulated stress fields in the FE model in Figure 8.4a-b). According to Figure 8.15, for Mode
IV, once past the maximum stress, the framework starts to collapse following the buckling

of bonds.
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8.10 Summary of the Chapter

In summary, a reliable and systematic approach has been developed to quantify the
anisotropic elastic properties, adhesion properties, and failure modes of HKUST-1 at the
nanoscale. A series of important nanomechanical properties have been quantified employing
both the instrumented indentation technique (1IT) and the AFM-based nanoindentation

experiments. The results are summarised as follows:

e The nanomechanical properties of HKUST-1 quantified in this study include the
Young’s modulus, hardness, adhesion energy, adhesive force, indenter-to-sample
interaction force field, and the failure modes of the HKUST-1 framework bridging

multiple length scales (in the range from the unit cell size to 27 nm).

e The failure modes during the indenter loading stage are classified as Modes I-1V: the
slippage along the aligned porosity channels, fracture of the porous framework,
densification of the porous framework, and buckling of the Cu-BTC-Cu coordination

linkages. The threshold stress of each mode has been determined.
e Framework recovery can give rise to the pop-out effect has been characterised.

e The concept of the nanoscale tensile test is proposed to quantify the material
adhesive behaviour. In this test, the tensile force can be exerted by the unloading

AFM indenter tip withdrawing from the sample surface.

e More importantly, this work sheds light on the influence of the elastic anisotropy
along the [100]- and [111]-axes and the directional auxeticity (viz. negative

Poisson’s ratio) on the [110]-axis, on the mechanical behaviour of HKUST-1.
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Chapter 9: Conclusions and Future Work

In the chapter, important conclusions have been drawn in the following three aspects:
(a) significance of the nanoscale mechanical studies of MOF materials; (b) collection of the
nanomechanical properties characterised in my research; (c) future research work. In
summary, the main achievement described in the thesis is the establishment of a novel
nanoindentation technique based on the atomic force microscopy (AFM) along with the
systematic guidance encompassing procedures from the instrument calibration and
implementation, synthesis of the porous metal-organic framework (MOF) nanomaterials, to
the processing and analysis of the experimental data. In the thesis, three representative
MOF materials have been selected because they exhibit distinctive structural features,
respectively on behalf of the porous crystalline structures of low elastic anisotropy,
crystalline nanosheets, and crystalline structures of high anisotropy and auxeticity. Overall,
the nanoscale mechanical properties quantified in this thesis are classified into four
categories: elasticity, plasticity, adhesion, and failure modes. For each category, the
primary nanoscale properties measured herein are: Young’s modulus for elasticity;
hardness, yield stress, ultimate strength, and work hardening coefficient for plasticity;
adhesive force and energy; and threshold forces, threshold indentation depths, and strengths
of the failure modes.

9.1 Significance of the Nanoscale Mechanical Studies of
Metal-Organic Framework (MOF) Materials

e Accurately quantifying nanoscale mechanical properties of metal-organic
frameworks (MOFs) is challenging because of the complicated deformation of the
multidentate inorganic-organic-inorganic linkages. Due to self-similarity nature of
MOF structures, mechanical properties at the scale close to the size of unit lattice are
important. Robust porosity in MOFs determines their performance and durability in
encapsulating guest molecules and maintaining accessible channels or active sites.

e The three model MOF systems studied are: nanocrystals (<500 nm) and
micron-sized crystals (~1 to 2 um) of ZIF-8; nanosheets (thickness of the thinnest
one t ~2nm, about two monolayers) and nanosheet stacks (t ~4 to 400 nm) of

CuBDC,; submillimetre-sized crystals of HKUST-1 (>300 pm).
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Atomic force microscope (AFM) possesses high force (<0.05 nN) and displacement
(<0.05 nm) sensitivities, which make it the optimal candidate to physically stress the

MOF nanostructures and then extracting nanoscale mechanical responses.

9.2 Nanoscale Mechanical Properties Characterised

Elasticity: effective modulus (Eeff) and Young’s modulus (E)

By using the Oliver and Pharr method to analyse the force-displacement data
from AFM nanoindentation, | have measured the Young’s moduli of ZIF-8 crystals
(including the polycrystalline thin film of nanocrystals and the individual

micron-sized crystals with the {110}-oriented facet indented), CuBDC nanosheets

along the {201} -oriented facet, and HKUST-1 crystals on the {100}- and
{111}-oriented facets: E ~3.0-4.0, ~22.9, and ~4.08 and ~14.28 (in GPa),
respectively. The Poisson’s ratio (v) of ZIF-8 was taken as 0.4 according to Ref. [7].
While for the CuBDC nanosheets, v is also assumed to be 0.4 since its effect on the
measurement of E has been demonstrated to be negligible. With regard to the
HKUST-1 crystals, v is assumed to be zero to circumvent the effect of
compressibility so as to concentrate on the elastic anisotropy.

For the AFM nanoindentation experiments on the polycrystalline thin film of
ZIF-8 nanocrystals and CuBDC nanosheets, high unloading strain rate (>60 s™* for
ZIF-8 and >140 s for CuBDC) were imposed to minimise the interfering effects of
the time-dependent creep and thermal drift as well as the influence of the structural
failure and fracture of crystalline framework, which could cause erroneously
deviations on the measurement of E. While for the HKUST-1 crystals, whose E was
derived from the lower portions of the unloading curves that have little correlation

with the unloading strain rate but are highly dependent on the adhesive forces.

210



Chapter 9 Conclusions and Future Work

Plasticity: hardness (H), yield stress (oy), ultimate strength (ou), and work hardening
coefficient (n)

After considering a series of factors (83.4) that may introduce errors in the
mechanical property measurement, the hardness of ZIF-8, CuBDC, and HKUST-1
was measured: ~500 MPa for ZIF-8, ~2000 MPa for CuBDC, and ~463 MPa for the
{100}-oriented facet and ~491 MPa for the {111}-oriented facet of HKUST-1. The
hardness of ZIF-8 measured by AFM nanoindentation is in a good agreement with
the value acquired from the instrumented indentation technique (1IT) in Ref. [45]
wherein the loading force (~6 mN) was more than three orders of magnitude times
and the indentation depth (~1 um) was about 100 times of the ones applied by the
AFM instrument.

For ZIF-8 and HKUST-1, the hardness was obtained according to its
definition: H = Pmax/Acontact. The difference is that the hardness of HKUST-1 was
adopted from the I1T result because the relatively blunt Berkovich indenter in the IIT
avoided the excessive crystal failures. While for ZIF-8, it was not possible to impose
the 1T indentation on such small crystals thus tested by AFM nanoindentation. The
exception is the CuBDC nanosheet, whose hardness was calculated according to its
yield stress since the contact area characterised in the experiment was not accurate
owing to the interfacial movement.

Furthermore, the work hardening coefficient (n = 0.17275) of CuBDC was
obtained based on the pile-up height of the indents from AFM nanoindentation. And
the yield stress (oy ~448 MPa) and ultimate strength (ou ~674 MPa) of CuBDC were

estimated using the developed iteration method.
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e Adhesion: adhesive force (Pad) and work of adhesion ()

The precise magnitudes of the adhesive force and work of adhesion are
normally dependent on the local nature of the indenter-to-surface contact. By using
the adhesion model based on the Sneddon method (84.7.1), it was found the work of
adhesion between the cube-corner indenter tip and the micron-sized crystals of ZIF-8
broadly ranging from 0.42 to 3.31 J/m? (as a reference, the value calculated by DFT
is ~0.28 J/m? in Ref. [71]). In comparison with ZIF-8, the adhesion methods (both
the analytical method in 84.7.7 and the numerical method in 84.7.6) for deriving the
mechanical properties of HKUST-1 were directly involved the adhesive force and
work of adhesion. The adhesive forces on the (100) and (111) planes were measured
in the range of 47.71 nN to 158.55 nN, in addition, the work of adhesion ranges from
1.65 J/m?to 6.17 J/m? (more specific values for each crystallographic facet are
available in Chapter 8).

e Failure mechanisms: distinctive failure modes, corresponding threshold forces and
threshold indentation depths resulting in these failures, as well as strengths to resist

the occurrences of these failure modes have been summarise in Table 9.1.
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Table 9.1 Failure modes of the ZIF-8 crystals, CuBDC sheets, and HKUST-1 crystals.
Size Orient- Failure Modes
Phase . - -
(um) ation Loading Unloading
I* > [ H* | 1Iv*
(100)
Nano-crystal I<0.5 and st | Ft| D B!
Micron-crystal le[12] | (110) | S? | F2 | D? | B?
te
CuBDC Nano-sheet [0.002 | (201) | S* | F* | D ps R®
0.4]
le o) [ s* | [ D[ B*] P [ P
- illi - 300
HKUST-1 | Submillimetre-crystal 1[500] amny | s | B | s | Bs | ps | b

* For clarification purpose, failure modes of the ZIF-8 nanocrystals are designated to Mode A, B, C, and D
accordingly (86.3). Note that the letters S, F, D, B, P, and R are the initials of slippage, fracture, delamination,
buckling, pop-out, and recovery, respectively. Details of the failure modes in the table are elucidated as follows.

Slippage!

Slippage?

Slippage®
Slippage*

Slippage®

Fracture!
Fracture?
Fracture®
Fracture*
Fracture®
Delamination®
Densification®

Densification?

Densification®

Grain boundary (shear-induced) slippage happening at the grain boundary interface of

adjacent polycrystals.

Sliding of the indenter along the aligned porosity of ZIF-8 crystals, and this is linked to
the rupturing of the mIM organic linkages through shearing of the coordinated ZnN4

clusters.
Sideward sliding of the nanosheets.
Slippage along the aligned porosity.

Breakage of the benzene ring underneath the indenter resulting in the sliding all the way

down along the channel where the benzene rings align.
Polycrystalline fracture.

Buckling of the mIM organic linkages triggering pore collapse.
Snap/fracture of the nanosheets.

Buckling of the BTC organic linkages triggering pore collapse.
Ditto.

Detachment of the nanosheets from the layer underneath.
Accumulated compaction of porous frameworks.

Associated with the breakage of the ZnN4s—mIM—ZnN, coordination linkages, followed

by the sequential pore collapse and material densification.

Associated with the breakage of the Cu—BTC—Cu coordination linkages, followed by

the sequential pore collapse and material densification.
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Densification®

Buckling?

Buckling?

Buckling*

Buckling®

Pop-out®

Pop-out*

Pop-out®

Recovery?®

Ditto.

Continuous buckling of bonds along the indentation direction but without complete pore

collapse.

Similar to Slippage?, this is linked to the rupturing of the mIM organic linkages through

shearing of the coordinated ZnN4 clusters.

Related to the rupturing of the BTC organic linkages through shearing of the

coordinated Cu nodes.

Ditto.

As the indenter starts to unload, the nanosheets that were pushed away by the indenter
at the loading stage recover together with the formation of new cohesive layers between
the adjacent nanosheets. In the force analysis: the indenter-to-sample contact system is
in a quasi-equilibrium state, i.e. increment of the interaction force =~ decrement of

the compressive force exerted by the surrounding material.

Irregular relaxation of the Cu—BTC—Cu linkage since it is echoing the failure at loading,

it tends to occur at the same levels of forces.

Resembling Pop-out®. It is also called pop-out and bounce-back in the thesis because of

the abrupt force uprising in the unloading P-h curve.

Ditto on Pop-out® except for the resultant force on the indenter is not in equilibrium over
time, and increment of the interaction force >> decrement of the compressive force

exerted by the surrounding material.
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9.3 Future Work

¢ Inthis work, the AFM-based nanoindentation has primarily been applied to the MOF
materials, whose stiffness and hardness are normally in the range of 1-30 GPa and
0.015-2.5 GPa, respectively.® Additional AFM-based nanoindentation with the
employment of different AFM indenters whose cantilevers have different levels of
spring constants will be implemented on a wider scope of materials from the much
softer matters such as biological entities to the stiffer materials such as dense hybrids.

e The applicability of the nanoscale tensile test will be further evaluated by applying
it to other materials. A more established technique is desired with the promise of its
wider usage.

e The approaches herein for the characterisation of adhesion effect, adhesive force,
and adhesion energy, will be applied to other nanomaterials, especially the soft ones
such as hydrogels. The ultimate goal is to develop an approach which can be widely
used in nanostructured materials whose adhesion properties cover the entire range of
the Tabor parameter in the adhesion map (see Figure 8.8).

e AFM nanoindentation will be used to study other crystalline materials for the
purpose of probing their failure mechanisms and furthermore, broadening the library
of the nanoscale failure modes.

¢ Nanoscratch using the AFM probes will also be explored since the applied force is
much lower than the instrumented scratch technique (see 86.4 in Chapter 6) and more
importantly, it is envisaged that the MOF systems under lateral stresses would
exhibit distinctive failure modes comparing with the ones studied using the

AFM-based nanoindentation.
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