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ABSTRACT 

Scalco de Vasconcelos, Luize. M.S.M.E., Purdue University, August 2016. High-

Throughput Mechanical Characterization Methods for Composite Electrodes and In-Situ 

Analysis of Li-ion Batteries. Major Professor: Kejie Zhao. 

 

 

Electrodes in commercial rechargeable batteries are microscopically heterogeneous 

materials. The constituents often have large variation in their mechanical properties, 

making the characterization process a challenging task. In addition, the mechanical 

properties and mechanical behaviors of electrodes are closely coupled with the 

electrochemical processes of lithium insertion and extraction. There is an urgent need to 

develop an experimental platform to characterize the chemomechanical response of 

electrodes under the in-situ conditions of charge and discharge.  

In the first part of this thesis, instrumented grid indentation is employed to 

determine the elastic modulus and hardness of the constituent phases of a composite 

cathode. The approach relies on an array of indentations and statistical analysis of the 

experimental output. The statistically interpreted properties of the active particles and 

matrix are further validated through indentation at selected sites. The combinatory 

technique of grid indentation and statistical deconvolution is demonstrated to be a fast and 

reliable route to quantify the mechanical properties of composite electrodes. 

In the second part of work, a nanoindenter, a liquid cell, and an electrochemical 

station are integrated into an inert gas filled glovebox. The developed experimental  
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platform makes it possible to perform mechanical tests of thin film electrodes during in-

situ charge and discharge cycles and to monitor the evolution of the mechanical properties 

as a function of the state of charge. The technique overcomes practical issues related with 

environment requirements and instrument limitations, and enables comprehensive and 

consistent data acquisition. Furthermore, the procedure allows experiments to be carried 

out in a considerably shorter time than existing methods. In a preliminary study, this 

technique is applied to the in-situ characterization of silicon thin film and it is validated 

against the literature results. 

Overall, the thesis work focuses on the mechanical characterization, both ex-situ 

and in-situ, of electrodes in Li-ion batteries. The developed methodology and experimental 

platform are significant toward the complete understanding of the chemomechanical 

behaviors of high-performance batteries. 
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1. INTRODUCTION 

1.1 Basics of Li-ion batteries 

This chapter starts by describing the working principles of Li-ion batteries (LIBs), 

its main components, and various mechanisms of degradation. Then it presents an overview 

of current techniques for mechanical characterization of materials in the field of research 

of energy materials. Finally, it outlines the structure of the thesis. 

 

1.1.1 Working principles 

The term electrochemical system refers to devices that can convert energy between 

two forms, chemical and electrical. An electrochemical cell is composed of three main 

components: a positive and a negative electrode separated by an electrolyte, as illustrated 

in Figure 1.1. The electrodes are electronically conductive, whereas the electrolyte can 

conduct ions, but block the movement of free electrons. The difference in the 

electrochemical potential of the two electrodes drives ions across the ionic conductive 

electrolyte, while electrons can only move through an external circuit connecting the two 

electrodes, either doing work or requiring work in the process. This ion and electron 

movement during charge and discharge is illustrated in Figure 1.1 for an Li-ion battery.
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Figure 1.1. Working principle and major components of a Li-ion battery. 

  

Major properties of electrochemical cells follow the thermodynamic and kinetic 

formulations for chemical reactions [1]. The thermodynamic properties of a material can 

be related to those of its constituents i through the concept of the chemical potential of an 

individual species as follows 𝜇𝑖 [2]: 

  
𝜇𝑖

 = (
𝜕𝐺

𝜕𝑛𝑖
)

𝑇,𝑝,𝑛𝑗

𝑖≠𝑗

, 
(1.1) 

where 𝐺  is the Gibbs free energy, 𝑛𝑖 is number of moles of species 𝑖 , 𝑛𝑗  is the 

number of moles of all species except for 𝑖 , 𝑇 is temperature and 𝑝 is pressure. In an 

electrochemical system, the electrochemical potential �̅� 
  for a species 𝑖 with a charge 𝑧𝑖 in 

a phase 𝛼 is defined as [3]: 

 �̅�𝑖
𝛼 = 𝜇𝑖

𝛼 + 𝑧𝑖𝐹𝜙𝛼 , (1.2) 

where F is the Faraday constant. Under equilibrium, the electrochemical potential 

between the species 𝑖 in the 𝛼 phase and the same species 𝑖 in the 𝛽 phase is balanced by 
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the voltage shift and the chemical potential of each phase. Thus, the voltage or electrical 

potential difference ∆𝜙  is given by [4]: 

 
�̅�𝑖

𝛼 = �̅�𝑖
𝛽

→ ∆𝜙𝛼→𝛽 =
∆𝜇𝑖

𝛼→𝛽

𝑧𝑖𝐹
 (1.3) 

Thermodynamics describe reactions at equilibrium, however, when current is 

drawn from a cell at an appreciable rate, there are a number of resistances related with 

kinetic limitations that cause the voltage to drop. The difference between the equilibrium 

voltage and observed voltage is often referred as the overpotential and can be grouped into 

three categories: activation, concentration, and ohmic [5]. The activation overpotential, 

also called activation polarization, is related with the kinetics of charge transfer at the 

interface of the electrode and electrolyte, while the concentration overpotential is caused 

by mass transport limitations. Finally, the ohmic overpotential is tied to the cell design 

through the resistance of its components and contacts [1]. All the overpotentials represent 

dissipative losses that increase in magnitude with an increase in the current density. 

 

1.1.2 Electrode 

In commercial batteries both the cathode and anode are composites of high 

heterogeneity at the nano- to microscale, consisting of active particles, a matrix composed 

of polymer binders and additives, and pores filled with the electrolyte. The active particles 

react with Li. Polymeric binders physically hold the active materials together. Conductive 

agents such as carbon black are added to enhance the electronic conductivity so that 

electrons can be transported to the active material. Moreover, sufficient porosity exists in 

the matrix to allow the liquid electrolyte to penetrate the matrix and transport ions to the 
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reacting sites. Electrode materials are coated on current collectors. The current collector 

material is selected according to its electrochemical stability window. The electrochemical 

stability of copper at low potentials makes it suitable as the anode current collector. 

Although aluminum is not electrochemically stable at high potentials, it is stabilized by a 

passivation layer formed from electrolyte degradation products and therefore is often used 

as the cathode current collector [6]. 

 

1.1.3 Electrolyte and SEI layer 

The primary function of the electrolyte solution is to allow ion transport between 

cathode and anode. In practice, it must show a number of physicochemical properties in 

addition to good ionic conductivity, such as thermal stability, chemical stability, 

electrochemical windows covering operation voltages, stable formation of SEI layer, and 

minimum parasitic reactions [7].  

Commercial electrolytes for Li-ion batteries are usually composed of lithium 

hexafluorophosphate (LiPF6) salt dissolved in a nonaqueous solution of organic 

carbonates. A mixture of linear carbonates and cyclic carbonates is commonly used to take 

advantage of their dissimilar properties [7]. For example, ethylene carbonate (EC) assists 

in the stable formation of a passivating layer, but it has the drawback of having high melting 

point (34◦C). Therefore, it requires the addition of co-solvents such as diethyl carbonate 

(DEC) and dimethyl carbonate (DMC) to be in the liquid state at ambient temperature [8]. 

Propylene carbonate (PC) has a wide liquid temperature range, however, it suffers from 

solvent decomposition on the anode surface, which causes electrode disintegration and 

delamination from current collector [8]. 
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Numerous studies have been carried out to investigate the influence of the solvent 

ratios, salt concentration and additives on electrochemical performace [9] [10] [11]. Work 

by Petibon et al. [12] found evidence that increasing LiPF6 concentration can minimize 

impedance growth when using certain additives, while the same phenomenon is not 

observed in the same test conditions without these additives. Therefore, how different 

variables affect electrochemical degradation is specific to each electrode/electrolyte 

combination and operation conditions used. 

Electrolyte solvents are unstable at the operation potentials of Li-ion batteries and 

tend to reduce and oxidize on the surface of the negative and positive electrodes, 

respectively [13]. The products of these reactions form a protective interface layer between 

electrolyte and electrode named Solid-Electrolyte Interface (SEI). This layer limits further 

decomposition of the electrolyte by minimizing electronic conductivity, while still 

allowing lithium ion transport [14]. Ideally, the SEI would completely block electronic 

conductivity, while still allowing lithium ions to reversibly diffuse between the anode and 

cathode with no additional capacity fade. In practice, however, the SEI may continue to 

build-up resulting in a gradual capacity fade as it thickens. In addition to providing 

electronic insulation and high Li ion conductivity, the SEI must strongly adhere to active 

material and be sufficiently elastic and flexible to accommodate volumetric expansion of 

the active material, as well as be composed of insoluble passivating agents [15].  

 

1.2 Failure of Li-ion batteries 

Recent interest in alternative energy sources has led to stricter life and energy 

density requirements for energy storage systems. Electric/hybrid electric vehicles, for 
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example, require battery life up to 15 years [13]. Hence, understanding degradation 

mechanisms have become increasingly important and attracted numerous experimental and 

modeling studies [16] [17] [18]. 

Aging and failure in LIBs are caused by a number of complex and interrelated 

processes which, in many cases, are still not completely understood [13]. How degradation 

evolves depend on a variety of factors, including operating conditions such as cut-off 

voltages, operating temperature, and cycling rate. For example, high operating voltage and 

high temperature lead to premature deterioration of LIB state-of-health by, respectively, 

favoring and accelerating phase transitions and formation surface films [19]. Electrode 

composition and cut-off voltages can be tuned up for better capacity retention [20].  

A summary of the most common degradation mechanisms in Li-ion batteries are 

illustrated in Figure 1.2 by Birkl [21]. 

 

Figure 1.2. Illustration of common degradation mechanisms in Li-ion batteries [21]. 

 

Ultimately, degradation manifests as either voltage decay or capacity loss [13]. 

Voltage decay is a result of the impedance increase caused by loss of electron conduction 
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path and SEI layer growth, while capacity loss is mostly caused by electrode disintegration, 

material deterioration, and loss of free lithium [22].  

 

1.2.1 Mechanical degradation 

This worked focused on the degradation aspects related to structural stability of 

LIBs electrodes. Mechanical stability is one of the key criteria for the selection of 

electrodes. Mechanical behaviors such as stress and strain dictate the occurrence of cracks 

and loss of contact, and are intimately related with the morphology and mechanical 

properties of electrode active and inactive materials. During charge and discharge, the 

amount of Li in the electrodes varies, causing the host electrodes to experience phase 

transformation and volumetric change [23]. The deformation can be constrained by various 

conditions such as grain boundaries, mismatch between active and inactive materials, and 

inhomogeneous distribution of Li ions. Such constrained conditions generate a stress field 

that induces fracture and morphological change. 

Figure 1.3 summarizes different forms of mechanical degradation observed in LIBs 

materials which are detrimental to the electrochemical performance of batteries. 

In most cases, electrode deterioration ultimately causes detachment of active 

material from electrode, leading to irreversible capacity loss and impedance rise. One 

common form of degradation is the occurrence of cracks that form to relieve stresses 

induced by the volumetric mismatch between lithiated and delithiated phases. Wang et al. 

[24] found evidence that, during lithiation, LiFePO4 grains turns into a two phase structure 

of LiFePO4 and FePO4 with a sharp interface. When this interface is subjected to stress 

resulted from volumetric change, cracks form and grow as shown in Figure 1.3a. Crack 
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formation related with two phase boundary is also observed in silicon nanoparticles in the 

work of Liu el al. [25]. The mechanism of lithiation in crystalline Si particles can be 

described as an inward movement of the two-phase boundary between the inner core of 

pristine Si and the outer shell of amorphous Li–Si alloy. In this case, the crack is initiated 

at the outer shell by buildup of large tensile hoop stress (Figure 1.3e). 

Delamination between active particles and binders is another common 

manifestation of degradation in LIB. During delithiation, the active particles shrink and, 

because of the inherent plasticity of binders, the matrix do not restore fully to its initial 

configuration, leaving a gap between active material and matrix [26]. This mechanism was 

observed by Chen [27] in LiMn1.95Al0.05O4 (LMAO) electrodes after being subjected to 

1015 cycles (Figure 1.3c). 

 Evidence of particle disintegration has been observed in electrode materials where 

active particles are formed by an agglomerate of smaller particles, defined as primary 

particles. This type of degradation has been studied by Watanabe et al. [28] for 

LiAl0.10Ni0.76Co0.14O2  (NCA) electrodes and shown to be closely related to the depth-of-

discharge (Figure 1.3b). At tests performed with wider discharge windows, the volumetric 

expansion is more expressive, thus introducing higher stresses in the material. This leads 

to the generation of micro-cracks that are responsible for the separation of primary particles.  

Material pulverization is a degradation mechanism observed in electrodes that 

experience high volumetric expansion due to insertion and extraction of a large amount of 

lithium. The experiment conducted by Liu et al. [29] on aluminum nanowire found 

evidence of this effect. The dealloying of lithium from LiAl eventually gives rise to 
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pulverization of the metallic nanowire electrode forming Al nanoparticles separated by 

voids (Figure 1.3f).  

There are also cases where the volumetric expansion leads to SEI breakage. Sun et 

al. [30] found the evidence of this effect in Co3O4 hollow spheres after 90 cycles at 1C, 

shown in Figure 1.3d. This degradation of the SEI is detrimental to electrochemical 

performance of the battery because when the SEI fractures, new surfaces of the active 

material are exposed to electrolyte, inducing the formation of new SEI. This process keeps 

decomposing the electrolyte and consuming lithium ions and results in a persistent decrease 

of cyclic efficiency. 
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Figure 1.3. Common mechanical degradation in LIBs [24] [25] [27] [28] [29] [30].  
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1.3 Mechanical characterization of electrodes 

Section 1.2.1 demonstrated how structural changes and degradation affect the 

electrochemical performance of LIBs. This chapter presents an overview of different 

techniques that can be applied for the evaluation of mechanical stabilities of electrodes, 

and provides arguments that support the experimental method developed in this work.  

Mechanical characterization techniques consist of standardized measurements of 

how materials respond to physical forces. Mechanical properties acquired through these 

tests are essential for modeling mechanics of electrodes and predicting cycle life. Thus, 

they can help advance the current understanding of how mechanical degradation is induced, 

and clarify the relationship between mechanical properties and capacity fade. This 

information assists the fine tuning of electrode composition and microstructure, to 

minimize degradation and improve capacity retention. The following subsections describe 

the most commonly used mechanical characterization techniques in the field of energy 

storage materials. 

 

1.3.1 Wafer curvature method 

Curvature-based experimental techniques are used to monitor stress evolution and 

measure the biaxial modulus of thin films. The stress is induced during thin film deposition 

and by other processes such as, in the case of in-situ measurements of lithium ion batteries, 

the volume expansion due to lithiation. The stress cannot be directly measured since it is a 

field variable, however, it can be estimated through the measurement of deformation [31]. 

Stress in a thin film on a flexible substrate induces a curvature of the substrate, as illustrated 

in Figure 1.4. This change in curvature is used to calculate the stress through the Stoney’s 
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equation [32], which is also a function of the biaxial modulus of the substrate, and the 

thickness of both the film and the substrate. 

 

Figure 1.4. Schematic of wafer curvature methods [31]. 

 

This method has been successfully applied to measure in-situ stress evolution in 

materials in Li-ion cells [33] [34]. The biaxial modulus can be estimated by performing a 

sequence of lithiation/relaxation/delithiation steps at several values of state-of-charge 

(SOC). The biaxial modulus is given by the stress change estimated from the curvature test 

(Δσ) and volumetric strain of the film due to lithiation (Δε), which is proportional to the 

amount of lithium inserted [35].  

 

1.3.2 Tension and compression tests of battery packs at large scale 

Tension and compression tests probe fundamental material properties such as 

elastic modulus, yield strength, and ultimate strength through the analysis of stress-strain 

curves [36]. In general, these tests are conducted by fixing the specimen into a test 

apparatus and applying a force to the specimen by separating or moving together the testing 
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machine crossheads. Macro mechanical tests have limited application in LIB 

characterization due to the small characteristic size and heterogeneous structure of 

electrode components. Therefore, in LIB research, this technique is most commonly used 

to evaluate mechanical integrity of systems and major components, instead of the intrinsic 

properties of constituent materials. For example, Peabody and Arnold [37] have employed 

tension and compression tests to evaluate the rate and fluid-dependent mechanical 

properties of separators immersed in different fluids, as illustrated in Figure 1.5. This type 

of test can also be coupled with electrochemical analysis to study short circuiting behaviors 

of battery packs at different SOC [38].  

 

Figure 1.5 Schematic of (a) compression and (b) tension tests of samples immersed in 

fluid [37]. 

 

1.3.3 Tensile test of single nanowires and nanotubes at nanoscale 

In the recent years, the interest in nanowire and nanotube structures for high capacity 

electrodes has motivated the development of different techniques to perform mechanical 

testing on 1-D nanostructures. In general, these experiments require at least one high 

resolution actuator coupled with one high precision microscopy system to monitor 
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deformation. One example is the device developed by Lu et al. [39] shown in Figure 1.6, 

which is able to convert the compressive force applied by a nanoindenter into pure tension 

loading at the sample stage where a nanowire is fixed. The in-situ characterization in Li-

ion batteries adds more complexity to the experiment. The system designed by Kushima et 

al. [40] can conduct lithiation of silicon nanowires followed by tensile test of the lithiated 

nanowire. A 3D piezoelectric manipulator is responsible for applying tension load to the 

wire, while the deformation is measured from the TEM images. In addition, an AFM 

cantilever is employed to exchange modes from electrode charging to mechanical testing 

and vice-versa. Figure 1.7 summarizes the test procedure.  

 

Figure 1.6. Device by Lu et al. [39] that allows carrying out tensile testing using 

instrumented indentation and TEM imaging. Arrows show the direction of movement; the 

load is applied on the device downwards and converted into axial tensile loading at the 

nanowire. 
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Nanowire 

Pull-to-push type 
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device 
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Figure 1.7. In situ TEM tensile experimental procedure by Kushima et al. [40]. (a) 

Illustration of main components. (b) Silicon nanowire is first lithiated using lithium metal 

as the counter electrode (c) An AFM controls the cantilever to contact with a glue. (d) 

The cantilever is moved to touch with the tip of the nanowire. (e) Tensile test is carried 

on by a displacement controlled piezo movement. 

 

1.3.4 Nanoindentation 

Instrumented indentation is a well-established technique that can be applied in the 

characterization of a variety of materials and structures including biological specimens, 

thin films, metals, polymers and composites. It is capable of testing a range of mechanisms 

such as dislocation, fracture, creep, fatigue, scratch resistance, and so on [41] [42] [43]. 

The most common mechanical properties assessed by nanoindentation tests are elastic 

modulus and hardness. 
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The test procedure starts with a hard tip applying pressure to the sample and, as the 

load increases, the tip penetrates into the specimen (Figure 1.8). Elastic and plastic 

deformation yield an impression conforming to the shape of the tip, until it reaches a user-

defined load or displacement value. When the load is removed, the elastic portion of the 

deformation is recovered, leaving a residual indentation on the sample. Force and tip 

displacement are continuously controlled and measured with high resolution actuators and 

sensors throughout the loading cycle and the contact area is inferred from the resulting 

load-displacement curve data, discarding the need for imaging the residual impression. 

Finally, the mechanical properties are derived from the load-displacement data. The theory 

behind the estimation of the mechanical properties is explained in detail in Section 2.1. 

 

 

Figure 1.8. Schematics of indenter penetration and residual impression 

 

The instrumented indentation technique has been widely employed in the 

characterization of energy storage materials for enabling the investigation a range of 

deformation mechanisms and materials, and more specifically, being suitable to materials 

of small characteristic size such as of micrometer size particles, thin films and even the SEI 

layer, in the case of nanoindentation using atomic-force microscopy (AFM) [44].  
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1.4 Thesis outline 

The goal of this thesis is to develop high-throughput and in-situ experimental 

techniques for mechanical characterization of electrode materials that will assist in 

advancing the current understanding of the relationship between mechanical stability and 

electrochemical performance of LIBs. The thesis structure is organized as follows. Section 

2 describes in detail the mechanical characterization device used in this work and the theory 

supporting the derivation of mechanical properties. Section 3 introduces a method for the 

characterization of composite materials, so-called grid indentation. This method is applied 

to a state-of-art cathode material and the results are validated against tests performed on 

bulk materials. Finally, Section 4 presents a novel experimental platform for in-situ 

mechanical characterization of Li-ion electrodes during lithiation. This technique is applied 

for silicon electrodes and is validated against literature data. 
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2. INSTRUMENTED INDENTATION 

The most common mechanical properties measured through nanoindentation are 

the hardness and elastic modulus. The elastic modulus is an intrinsic material property 

fundamentally related to atomic bonding. Hardness, however, is a specific engineering 

measurement of a material’s resistance to localized deformation, and it gives an indication 

of the strength of the indented material. In general, a simple relationship between hardness 

𝐻 and yield strength 𝑌 for metals is given by [45]: 

𝐻~3𝑌. (2.1) 

The Keysight G200 nanoindenter is employed in this work. The head assembly of 

this system is illustrated in Figure 2.1. In order to apply load to the sample, a magnetic field 

is first generated by a varying electric current on the coil. This controlled magnetic field 

interacts with the magnetic field of a permanent magnet, moving the indenter column up 

and down. The displacement is continuously measured by a capacitive gauge. Ultimately, 

each indentation generates a load-displacement curve that is used to calculate the 

mechanical properties of the specimen. 
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Figure 2.1. Keysight XP nano-mechanical actuator and transducer. 

 

Different tip geometries and sizes can be employed depending on the application. 

The most common indenter geometries are illustrated in Figure 2.2, along with a list of 

recommended applications by Keysight [46]. The Berkovich tip is ideal for most 

applications. It can generate reliable data for most materials and it is suitable for indentation 

tests ranging from nano- to microscale. 

 

Figure 2.2. Most common tip geometries and corresponding applications. 
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2.1 Theory 

This section covers the derivation of the elastic modulus and hardness from the 

load-displacement curve. An example of a typical load-displacement curve along with the 

main parameters used in the following calculations are presented in Figure 2.3a  

The hardness is defined as the maximum applied load 𝑃𝑚𝑎𝑥  divided by the 

corresponding contact area 𝐴. 

𝐻 =
𝑃𝑚𝑎𝑥

𝐴(ℎ𝑐)
. (2.2) 

While 𝑃𝑚𝑎𝑥 is directly measured from the load-displacement curve (Figure 2.3a), 

the contact area 𝐴 is calibrated empirically as a function of the contact depth ℎ𝑐 . The 

calibration of the area function is covered in the Section 2.2. 

The estimation of ℎ𝑐  is based on the assumption that contact periphery of the 

indented area behaves as a rigid punch on a flat elastic half-space, sinking in during 

penetration, as illustrated in Figure 2.3b [47]. Thus, the contact depth is given by the 

displacement at maximum load ℎ𝑚𝑎𝑥 and the total amount of sink-in ℎ𝑠  = 𝜖𝑃𝑚𝑎𝑥/𝑆, where 

ϵ is a constant that depends on the tip geometry - ϵ=0.75 for the Berkovich tip - and 𝑆 is 

the slope of the unloading curve during indenter removal. 

 ℎ𝑐 = ℎ𝑚𝑎𝑥 − ℎ𝑠 (2.3) 

Notice that not all materials behave this way. For ductile materials, instead of 

sinking down, the surface around the indenter sometimes is squeezed out upwards around 

the indenters. This effect is discussed in detail in Section 2.3.3. 
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Figure 2.3. (a) Schematic of the load-displacement curve. (b) Contact geometry 

parameters [47]. 

 

In order to calculate the contact stiffness 𝑆, the upper portion of the unloading curve 

is first fitted by the power-law relationship proposed by [47], 

 𝑃𝑓𝑖𝑡 = 𝐵(ℎ − ℎ𝑓)
𝑚

, (2.4) 

followed by analytical derivation of 𝑃𝑓𝑖𝑡 at the maximum load, 

 𝑆 =
𝑑𝑃𝑓𝑖𝑡

𝑑ℎ
|
ℎ=ℎ𝑚𝑎𝑥 

 

= 𝑚𝐵(ℎ𝑚𝑎𝑥 − ℎ𝑓)
𝑚−1

. (2.5) 

Finally, the elastic modulus 𝐸 is given by the contact mechanics expression for the 

reduced modulus 𝐸𝑟, which takes into account the deformation of both indenter and sample. 

 
1

𝐸𝑟
=

1 − 𝑣2

𝐸
+

(1 − 𝑣𝑖
2)

𝐸𝑖
. (2.6) 

While the properties of the indenter (𝑣𝑖
 ,𝐸𝑖), and the Poisson ratio 𝑣 of the sample 

are known, 𝐸𝑟 is derived from the test data as follows 

 𝐸𝑟 =
𝑆√𝜋

2𝛽√𝐴
, (2.7) 

  

ℎ𝑠 =
𝜖𝑃𝑚𝑎𝑥

𝑆
 𝑆 =

𝑑𝑃 

𝑑ℎ
 
ℎ=ℎ𝑚𝑎𝑥  
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where 𝛽 is a known dimensionless constant that depends on the geometry of the 

indenter tip. 

 

2.2 Area function calibration 

The area function defines the relationship between the cross-sectional area of the 

indenter to a distance of its tip. This function is calibrated empirically to account for non-

idealities on shape of the indenter. The mathematical form presented below is used in the 

calibration for its ability to fit data over a wide range of indentation depths and a number 

of indenter geometries [47]. 

 𝐴(ℎ𝑐) = 𝐶0ℎ𝑐
2 + ∑ 𝐶𝑖ℎ𝑐

1

2𝑖

𝑛

𝑖=0

. (2.8) 

The coefficients 𝐶 and number of terms 𝑛 are selected to best fit the experimental 

data of a standard material of known properties. For this work, the calibration is performed 

on fused silica. The area function is fitted for a range of indentation depths as shown in 

Figure 2.4, where each point corresponds to one indentation. The data shows an average 

elastic modulus and hardness approximately constant over the depth range of 50 nm to 

1900 nm, that match standard values for fused silica of 72.5 GPa and 9.95 GPa, respectively 

[48]. The data scatter increases significantly for tests performed below 100 nm depth. Even 

though data is more scattered at shallower indentations, 16 tests performed at 100nm still 

display a reasonable estimate of the both modulus and hardness of 73.5 GP and 9.15 GPa, 

respectively. 
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pile- 

Figure 2.4. Area function calibration test on fused silica. 

 

2.3 Sources of error 

2.3.1 Creep 

It is important to analyze the shape of load-displacement curves in order to verify 

the deformation mechanisms. During unload, a viscoelastic material may display additional 

penetration due to the continued creep, leading to a bowing out effect in the load-

displacement curve as shown in Figure 2.5 by Bushby et. al [49]. This behavior leads to an 

overestimation of the elastic modulus, since it translates into an increased value of the 

stiffness constant 𝑆. To prevent time-dependent behavior from interfering with calculations, 

the material can be allowed time to creep prior to unload, by holding the peak load constant 

for a sufficient period of time. The creep rate decreases with the hold time. According to 

the International Organization for Standardization (ISO) 14577, the creep rate at the end of 
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the hold period should be less the 1/10th the unloading rate. In order to determine if the 

creep displacement is saturated during the peak hold, different hold times can be tested and 

compared to confirm the same material response [50]. 

 

 

Figure 2.5. Solid line (no peak hold time) shows elbow in the unloading curve due to 

continued creep. Dashed lines (120s and 240s peak hold time) with creep saturated during 

the peak hold time [49]. 

 

2.3.2 Thermal drift 

Another factor that can contribute to the variation of the penetration depth during 

constant load is the drift due to thermal expansion. The drift can be minimized by placing 

the equipment inside an enclosure that blocks air flow, however, it cannot completely 

prevent it. Thus, it is necessary to perform a correction in the test data in order to account 

for this effect. The drift correction procedure is explained in Figure 2.6 by Wheeler et al. 

[51], which shows the tip displacement as a function of time. During unload, the load is 

held constant at 10% of the peak load (solid line) for several seconds. The rate of change 

of the indentation depth during the hold time is recorded (red dashed line), and the slope is 

calculated and assumed to be constant throughout the entire test (green dashed line). The 
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raw displacement data (red dashed line) is then corrected with the calculated drift (blue 

dashed line). The corresponding load-displacement curves before and after the drift 

correction are shown in the inset figure. 

 

Figure 2.6. Standard thermal drift correction procedure [51]. 

 

2.3.3 Pile-up 

As described in Section 2.1 and Section 2.2, in instrumented indentation (depth-

sensing indentation), the contact depth ℎ𝑐 and contact area 𝐴 are estimated from the load 

displacement curve via Equation (2.3) and Equation (2.8). In this approach, it is assumed 

that the surface around the indenter sinks down during test. However, there are cases where 

the periphery of the surface may pile up instead of sinking down. In those cases, if no 

correction for pile-up is performed, the contact area is underestimated and, consequently, 

the mechanical properties are overestimated. 
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Oliver et al. [47] found a simple quantity that can be used to assess whether or not 

a material is likely to pile-up. This parameter is the ratio between the final depth of the 

imprint after unloading ℎ𝑓 and the maximum indentation depth ℎ𝑚𝑎𝑥, which can be easily 

extracted from the load-displacement curve. Pile-up is large only when ℎ𝑓/ℎ𝑚𝑎𝑥 is close 

to 1 and the material is not expected to work harden during the indentation. For ℎ𝑓/ℎ𝑚𝑎𝑥< 

0.7, very little pile-up or no pile-up is expected independently of the material work-

hardening behavior.  

 

2.3.4 Substrate effect 

Nanoindentation requires the user to specify either the maximum penetration depth, 

or the maximum load for a given test. These two parameters are especially important for 

the evaluation of structures of small characteristic size. For example, if the sample is a thin 

film, it is imperative that the user selects a maximum indentation depth that is sufficiently 

shallow to produce substrate independent measurements. In general, the maximum 

penetration depth should be less than 10-25% the thin film thickness to avoid substrate 

effects [52] [53] [54].  

 

2.3.5 Surface roughness 

The derivation of the mechanical properties from indentation test data is based on 

the assumption of a flat surface and, therefore, the quality of a sample surface can interfere 

with measurements. In a non-uniform contact, the indenter can either come into contact 

with a peak or valley. Contact with a peak intensifies localized stress, leading to a larger 

depth of penetration at a given load, consequently underestimating the hardness. The 
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contact with a valley leads to a higher contact area, smaller material deformation and as a 

result, an overestimation of the mechanical properties [55]. The International Standard ISO 

14577-4 recommends that the surface roughness should be less than 5% the maximum 

penetration depth. However, studies have reported that repeatable and accurate 

measurements can be obtained for samples exhibiting roughness values significantly higher 

than 5% of the maximum indentation depth, as long as a sufficient number of indentations 

are performed [56].  
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3. GRID INDENTATION OF COMPOSITE ELECTRODES 

3.1 Introduction 

Electrodes in commercial batteries are materials of high heterogeneity at the nano- 

to microscale consisting of metal- or ceramic-like active materials, polymeric binders, and 

porous carbon black conductive matrix. The constituents have a large difference in their 

mechanical properties – the elastic modulus changes by 2-3 orders of magnitude for 

instance. Determining the mechanical properties of individual phases in heterogeneous 

structures is a challenge. 

A common approach to obtain the properties of individual phases in a heterogeneous 

material is performing selective indentation at the desired phase only. This process requires 

careful selection of the indentation location and examination to ensure that results are not 

affected by the surrounding medium [57]. A faster and more practical alternative is to use 

the grid indentation technique followed by statistical deconvolution [58] [59]. 

Grid indentation relies on a massive array of nanoindentation and statistical 

deconvolution of experimental data to extract the mechanical properties of individual 

components. An illustration of a material composed of two phases of distinct properties is 

shown in Figure 3.1a. Each triangle in the image corresponds to the imprint of one 

indentation test. Provided that the indentation depth is much smaller than the characteristic 

size of the two phases and the grid spacing is larger than the size of the indentation 
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impression, a large number of indentations on the sample surface probe the mechanical 

properties of either phase with the probability that equals the surface fraction. Assuming 

that the distribution of the mechanical property of each phase can be described by a 

Gaussian distribution [60], grid indentation yields a multimodal probability function that 

allows determination of properties of each phase, Figure 3.1b. 

        (a)                                                  (b) 

 

Figure 3.1.(a) Schematic of grid indentation on a heterogeneous material.  The red and 

blue colors represent different phases, and the triangles represent individual indentation 

sites. The indentation size is much smaller than the characteristic size of the phases and 

the grid spacing is larger than the size of indentation impression. (b) Grid indentation 

yields a multimodal probability function that allows determination of mechanical 

properties of the constituent phases. 

 

The grid indentation method was explored by Constantinides et al. [60] for the model 

composite of titanium-titanium monoboride which set up guidelines for the application of 

this technique. Ulm et al. [61] employed the grid indentation technique to separate the 

intrinsic and the structural sources of anisotropy of hydrated particles in concrete, bone and 

shale at different length scales. Furthermore, the authors advance the traditional statistical 

(a)     (b) 
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analysis procedure to enable accessing packing density distributions in the addition to the 

mechanical properties. 

In the context of composite electrodes, the grid indentation method was far less 

exploited. The main challenge in employing this technique in the evaluation of electrode 

materials lies on the substantial difference in the mechanical properties of its constituents. 

The combination of material phases of irregular shape, small characteristic size, and vastly 

distinct properties makes it difficult to extract the properties of single constituents without 

being affected by the surrounding medium.  

Amanieu et al. [62] employs selective indentation followed by statistical 

deconvolution to extract the properties of a LiMn2O4 cathode. The technique includes 

performing grid indentation over the surface of the composite and then discarding 

indentation tests that displayed mixed phase properties by identifying, through a novel 

method, the composite behavior in the load-displacement curves. The method showed to 

be more efficient to filter the single phase properties of a reference sample made of silica 

and epoxy than for the commercial battery electrode due to the higher complexity of its 

microstructure. The authors opt for embedding the sample in epoxy for mechanical stability 

during polishing and indenting, therefore altering the properties of the porous matrix. 

In this work, it is shown that an appropriate selection of the indentation depth, careful 

sample preparation for high quality surface finish and application of a robust optimization 

algorithm, makes it is possible to obtain reliable single phase properties from grid 

indentation tests on composite electrodes. The grid indentation method is applied to a 

model system of LiNi0.5Mn0.3Co0.2O2 (NMC 532) cathode for commercial batteries and 

results are validated with selective indentation at individual material phases. The analysis 
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provides valuable insights on the advantages and limitations of the grid indentation method 

in the evaluation of composite electrodes. 

 

3.2 Overview of NMC cathode 

Since its introduction in 1980, oxides compounds based on transition-metal 

elements have been used as cathode materials in LIBs and its composition widely studied 

for improved performance, safety and cost [63]. LiNixMnyCo1-x-yO2 (NMC) is a class of 

cathode material attractive for the electric vehicle applications, that is gradually replacing 

LiCoO2 in consumer batteries [64] [65]. NMC is comprised of alternating Li and transition-

metal layers where the composition of Ni, Mn, and Co and morphology can be tuned to 

optimize performance in terms of capacity, cyclic rate, electrochemical stability, and 

lifetime. Ni provides a higher specific energy while Mn improves thermal stability [66]. 

Furthermore, compounds containing large amounts of Ni, such as in LiNi1-xMnxO2, are 

known to display low Li diffusivity, resulting in a low-rate cathode material. Adding Co 

has proved to be effective to address this issue [65]. The NMC 532 has a well-balanced 

ratio of Ni, Mn and Co that offers reasonably good thermal stability, high capacity, and 

due to its lower content of Co compared to the LiCoO2 cathode, it allows for low and stable 

pricing, while still maintaining the higher rate capability [63][66]. The NMC is current a 

state-of-art material for LIBs, however, its mechanical properties have been widely 

unknown [67] [68]. 
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3.3 Material preparation and experimental details 

3.3.1 Electrode processing 

As-received LiNi0.5Mn0.3Co0.2O2 (NMC532, Toda America) powders, 

polyvinylidene fluoride, (PVDF, Solvay, 5130), carbon black (CB, Denka, powder grade), 

and N-methylpyrrolidone (NMP, Sigma Aldrich) were used to prepare the NMC cathodes 

by slot-die coating. Sample composition consists of 90 wt% NMC532, 5 wt% PVDF, and 

5 wt% CB. Detailed fabrication method can be found in reference [69]. The areal loading 

of the NMC cathode is 12.5 mg/cm2 and as-prepared samples were not calendered. 

 

3.3.2 Microstructure characteristics 

The scanning electron microscopy (SEM) images of the NMC cathode is presented 

in Figure 3.2. The electrode microstructure consists of nearly spherical NMC particles and 

a porous matrix composed of a mixture of CB nanoparticles and PVDF binder. A magnified 

view on a single NMC532 particle closely packed by primary particles is shown in Figure 

3.2b. The particle size distribution obtained from approximate measurements on a 

representative surface area of the electrode showed a significant variability in particle size, 

ranging from approximately 2µm up to 14 µm. The electrode thickness (excluding the Al 

current collector) ranges from 45 to 57 µm as shown in Figure 3.2c.  
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Figure 3.2. SEM images of the cathode electrode composed of NMC532 particles, PVDF 

binders, and porous carbon black matrix. (a) Top view. (b) Magnified view on a single 

NMC532 particle. (c) Cross-section view. 

 

3.3.3 Surface preparation 

The highly irregular surface of the sample required polishing in order to obtain a 

smooth and flat surface suitable for indention tests. Polishing is challenging for porous 

composites made of soft and hard phases; particle removal and material delamination from 

aluminum foil are common problems. The following procedure showed the best results for 

the NMC cathode. First, the samples are adhered to a glass slide using Crystalbond. The 

polishing process starts with coarse polishing using a two-step diamond polishing. In the 

  

    



34 

 

 

first step, a 3 µm diamond paste is applied along with a microid diamond extender on 

Ultrasilk cloth mounted to a polishing wheel and the sample is polished for approximately 

1 to 3 minutes. The sample is then washed and, in the second polishing step, a 1 µm 

diamond paste on Red felt cloth is used, applying the same polishing procedure. Most of 

the particle surface is exposed during this coarse polishing as shown in Figure 3.3b. In the 

final polishing step, 0.05 µm colloidal silica is applied on Imperial cloth and the sample is 

polished from 2 to 5 hours on moderate pressure using an automatic head (Buehler 

AutoMet 2000). The quality of the surface is evaluated on an optical microscope every 30 

minutes. Once the surface is free of scratches and dark spots (Figure 3.3c), the sample is 

rinsed and dried for mechanical measurements. As expected, the drying procedure did not 

affect mechanical measurements; samples vacuum dried overnight at 90 °C or dried 

manually with a wipe exhibited same mechanical properties. A SEM image of the sample 

surface after final polishing is shown in Figure 3.4. 

 

Figure 3.3. Surface preparation procedure. Optical images of the NMC surface (a) as-

coated, (b) after coarse polishing and (c) after fine polishing. 
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Figure 3.4. Close-up view of the polished surface of the NMC electrode.  

 

3.3.4 Indentation test setup 

The Keysight G200 nanoindenter was employed to measure the mechanical 

properties of the electrode. Indentation tests were performed using Berkovich tip and at a 

constant strain rate of 0.05 s-1. Poisson ratio of 0.3 and 5 s peak hold time were used.  

Grid indentation technique is suited for composite electrodes as long as the 

indentation depth is sufficiently small to probe the mechanical properties of an individual 

material phase. The shallowest indentation depth allowed by our test equipment for high 

precision measurements on a smooth surface is approximately 100 nm, as demonstrated in 

Section 2.2. Experimental and modeling studies on thin films showed that a maximum 

penetration depth of less than 10% the thickness of the thin film is generally sufficient to 

avoid substrate effects, as discussed in Section 2.3.4. An analogy can be made of 

indentations performed on composites to indentations performed on thin films [60]. Thus, 

the characteristic sizes of a given material phase in the composite can be used to evaluate 

whether or not measurements at a given indentation depth are likely to be significantly 

affected by the surroundings. As verified by the SEM images presented in Section 3.3.2, 
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the particle size of NMC particles vary from 2 µm to 14 µm. Thus, one can expect that the 

indentation depth of 100 nm will be sufficiently shallow to measure the mechanical 

properties of NMC, without significant interference of the matrix properties. The 

nanometer characteristic size of the CB agglomerates mixed in the PVDF binder makes 

individual measurements unfeasible. Thus, the CB and PVDF mixture is regarded as a 

single phase referred as CB/PVDF phase. Still, it is difficult to predict the accuracy in 

which the grid indentation method is able capture the matrix properties due to its irregular 

shape and non-uniform size; thus this metric can only be investigated through experimental 

validation, as presented later in Section 3.6. 

The spacing between the indents is set to 3-5 μm, which is more than 20 times the 

maximum indentation depth, as recommended by the manufacturer in order to avoid 

interference between indentations [48].  

 

3.4 Statistical analysis 

Given that the constituents possess distinct mechanical properties; grid indentation 

yields a multimodal probability function that allows determination of each phase using 

statistical analysis. An optimization algorithm can be used to fit a function the test data and 

extract the properties of each material phase.  

In order to select the function that can be used to describe the distribution of 

mechanical measurements in a homogeneous material, consider the two sources of 

variability in results: errors in experimental measurements and inhomogeneity in the 

material properties.  
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In experimental measurements, systematic errors can appear as a result of bad 

calibration or inappropriate experiment setup; significant systematic errors can be ruled-

out in our experiment given that all necessary measures of precaution are satisfied 

regarding equipment calibration (Section 2.2) and requirements to avoid different sources 

of errors (Section 2.3). Random errors are product of aleatory events, such as electronic 

noise in signal processing or random changes in environmental conditions. These errors 

are expected – it can be clearly seen from the area function calibration that random noises 

arise at shallower indentations due to the increased sensitivity to the surface roughness and 

limitations in the equipment displacement and load resolution.  

Considering the material properties, in this case either CB/PVDF or NMC particles, 

the possible sources of variability in its mechanical properties are also expected to be 

random. In the NMC particle, it can be due to tests performed in randomly orientated 

crystals, while in the matrix it can be due to variations in the concentrations of CB and 

PVDF. Since the only substantial sources of variation in the measured properties are 

expected to be random, for the sake of simplicity, it is satisfactory to assume that the 

mechanical property distribution is approximately Gaussian. 

Let x be the measured mechanical property – in this case, it is either elastic modulus 

𝐸 or hardness 𝐻. Assuming that the mechanical property of each phase obey a Gaussian 

distribution function, the theoretical cumulative distribution function 𝐶 𝑖 (CDF) of the i-th 

phase is given by 
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(4.1) 

where 𝜇𝑖 is the mean value and 𝜎𝑖 the standard deviation.  
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Let 𝑓𝑖  be the normalized surface fraction of the i-th phase with the condition 

∑ 𝑓𝑖 = 1𝑛
𝑖=1 , n the total number of phases and 𝐶 𝑒𝑥𝑝

  the normalized cumulative distribution 

of the experimental data. The unknowns {𝑓𝑖, 𝜇𝑖
𝐸 , 𝜎𝑖

𝐸 , 𝜇𝑖
𝐻, 𝜎𝑖

𝐻} are determined by minimizing 

the difference between the experimental CDFs and the weighted modal-phase CDFs while 

maintaining the same surface fraction 𝑓𝑖 in the elastic modulus and hardness CDFs, 
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(4.2) 

Here 𝐶𝑒𝑥𝑝
𝐸  and 𝐶𝑒𝑥𝑝

𝐻  correspond to the experimental cumulative distributions for 

elastic modulus and hardness, respectively. The results of statistical deconvolution are 

estimates of the mean and standard deviation of elastic modulus and hardness of each phase, 

and surface fraction.  

The fitting is additionally constrained by a moving boundary set at one standard 

deviation distance from the mean value of each modal-phase, according to  

 𝜇𝑖 + 𝜎𝑖 < 𝜇𝑖+1 − 𝜎𝑖+1 , (4.3) 

where 𝜇𝑖 < 𝜇𝑖+1. This constraint is set to prevent excessive overlapping between 

Gaussian distributions. 

The curve fitting is performed using the open source Matlab based genetic 

optimization toolbox GOSET 2.6 available at [70]. The algorithm requires minimum input 

from the user and is able to consistently converge to the global minimum as opposed to 

local minimums. The optimization algorithm is set to generate 3000 different combinations 

of individuals {𝑓𝑖 , 𝜇𝑖
𝐸 , 𝜎𝑖

𝐸 , 𝜇𝑖
𝐻, 𝜎𝑖

𝐻}  and evaluate the fitness according to squared error 

function in Equation (4.2). It then repeatedly modifies the population of individual 
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solutions based on the concept of natural selection to elect best individuals and use them 

as parents to produce the next generation. A total of 150 iterations was sufficient to achieve 

convergence. The fitting is insensitive to the initial guesses and consistently converges to 

similar results.  

 

3.5 Results of grid indentation 

Impressions from indentation tests performed at 100 nm depth could not be detected 

through SEM imaging; therefore, a small grid of 3 × 2 indentations is performed at deeper 

penetration (200 nm) to visually demonstrate the grid indentation method on the NMC 

cathode. The residual impressions of such test is indicated in Figure 3.5. 

 

Figure 3.5. Example of a small indentation grid on NMC; imprints from indentations 

performed at 200nm depth (the mechanical properties are obtained with an indentation 

depth of 100 nm). 

 

Figure 3.6 shows the distribution maps of elastic modulus and hardness generated 

from 121 tests in a 33µm × 33µm area. An excellent match between the mechanical 

properties and the phase distribution in the optical image is clearly seen – higher values are 

shown on NMC particles (stiff and hard) and lower values in the CB/PVDF matrix 

(compliant and soft). In addition, due to the small size of the particles embedded in the 
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matrix, a significant fraction of the data exhibit mixed properties of the particles and the 

matrix. Such mixed regions are referred as interface, the third constituent phase of the 

composite electrode in the light of the mechanical properties. The interface would exhibit 

a large variation in elastic modulus and hardness within the limits of the properties of NMC 

particles and CB/PVDF matrix. Figure 3.6b and Figure 3.6c enables an estimation of the 

range of the mechanical properties for each phase. For example, the contours show that the 

modulus of the particles are in between 120 and 160 GPa, while the modulus of the matrix 

lies within 0.1 and 10 GPa.  

(a) (b)  (c) 

   

Figure 3.6. (a) Optical image of a 33µm × 33µm area for grid indentation. Contour plot 

of (b) elastic modulus and (c) hardness in the selected area. 

 

The results of grid indentation tests are analyzed using the statistical procedure 

described earlier in order to extract the mechanical properties of the NMC particles, 

CB/PVDF matrix, and the interface. Figure 3.7a and Figure 3.7c shows the results of the 

fitting of experimental CDFs of elastic modulus and hardness properties using a tri-modal 

Gaussian distributions. The corresponding experimental PDFs using the same set of 

parameters as in the CDFs fitting are presented in Figure 3.7b and Figure 3.7d. The 

estimated elastic properties of the NMC 532 and CB/PVDF phases are, respectively, 123 
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GPa and 4.4 GPa. The PDFs of the hardness measurements displayed more well-defined 

peaks as compared with measurements of the elastic modulus. Consequently, a better CDF 

curve fitting is obtained for the hardness property. This is consistent with the work of 

Randall et al. [59], which also found that the grid indentation method provides a better 

estimation of the hardness than of the modulus. The estimated hardness of the NMC and 

CB/PVDF phases are, respectively, 7.78 GPa and 0.13GPa. The grid indentation results 

are validated in the next section. 

 

Figure 3.7. (a) Cumulative probability of elastic modulus and tri-modal Gaussian fitting. 

(b) Plots of probability distribution function using the same set of parameters in (a). (c) 

Cumulative probability of hardness and tri-modal Gaussian fitting. (d) Plots of 

probability distribution function using the same set of parameters in (c). 

 (a)                                                                              (b) 

 

(c)                                                                              (d) 
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3.6 Validation through selective indentation 

In order to validate grid indentation results, the mechanical properties of the NMC 

active particles and the PVDF/CB are investigated through two different approaches. The 

properties of the NMC phase are measured through indentation tests performed at the NMC 

particles only, as shown in Figure 3.8. Only particles of diameter larger than 10 μm are 

selected for this test in order to minimize the influence of the matrix properties. Tests are 

performed at indentation depths ranging from 50 nm up to 400 nm so as to evaluate the 

influence of the substrate - deeper indentations will be more influenced by the substrate 

properties than shallower indentations. The indentation sites can be specified precisely as 

a result of careful calibration of the stage XY coordinates relative to the optical microscope 

and indenter. The accuracy of the indentation location was verified by analyzing the 

impressions left from tests performed at deep indentations (400 nm penetration depth) as 

shown in Figure 3.8.  

  

Figure 3.8. Optical image of selective indentation impressions on NMC particles at 

400nm maximum penetration 

 

The selective indentation approach is not effective in the characterization of the 

CB/PVDF phase; the irregular shape of the CB/PVDF phase makes it impossible to 

20µm 
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distinguish if there is NMC particles buried only a few nanometers underneath the 

CB/PVDF coating. As a result, in order to validate the matrix phase properties obtained by 

grid indentation, samples composed of the only CB/PVDF were fabricated and tested. 

These samples were prepared maintaining the same CB and PVDF weight ratios as in the 

NMC electrode (Table 3.1). 

Table 3.1. Sample composition 

 NMC [wt%] PVDF [wt%] CB [wt%] 

NMC cathode 90 5 5 

PVDF/CB sample 0 50 50 

 

The mechanical property measurements on the matrix may be affected by its 

porosity. Thus, the porosity, ε, was calibrated by measurements of weight, surface area, 

and thickness of samples consisting of composite electrode and current collector by the 

following equation: 

 𝜀 =
𝑉𝑚 − 𝑉𝑡

𝑉𝑚  

=
𝐴𝑠ℎ𝑠 − (𝑤𝑠 − 𝐴𝑠ℎ𝐴𝑙𝜌𝐴𝑙) (

𝑓𝑁𝑀𝐶

𝜌𝑁𝑀𝐶
+

𝑓𝑃𝑉𝐷𝐹

𝜌𝑃𝑉𝐷𝐹
+

𝑓𝐶𝐵

𝜌𝐶𝐵
) 

𝐴𝑠ℎ𝑠
, (4.4) 

where the volume of the electrode (excluding the Al current collector) is 𝑉𝑚 = 𝐴𝑠ℎ𝑠, and 

the theoretical volume of zero porosity is 𝑉𝑡 .  𝐴𝑠  is the surface area, ℎ𝐴𝑙  and ℎ𝑠  are the 

thickness of the Al substrate and the electrode, respectively.  𝑤𝑠  represents the sample 

weight and 𝑓 the weight fraction of individual components. The theoretical density (𝜌) of 

NMC, CB, PVDF, and Al foil are, respectively, 4.77, 1.90, 1.76 and 2.70 mg/mm3.Table 

3.2 lists the parameters used to calibrate the porosities of three samples of NMC electrode 

and CB/PVDF. The average porosities are 61% for CB/PVDF and 56% for NMC cathode.  
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Table 3.2. Porosity calibration of CB/PVDF and NMC electrode samples 

Sample 
CB/PVDF  NMC electrode 

1 2 3  1 2 3 

𝐴𝑠 [mm2] 145.81 712.09 174.85  2886.65 1179.34 591.46 

ℎ𝑠 [µm] 17.74 17.74 17.74  56.93 55.33 57.26 

ℎ𝐴𝑙  [µm] 16.57 16.57 16.57  0.015 0.015 0.015 

𝑤𝑠 [mg]  1.47 6.67 7.49  418.64 166.13 83.60 

𝜀 [%] 61.39 63.71 57.95  55.32 55.86 57.15 

 

The results of the characterization of the NMC 532 phase are first presented. Figure 

3.9a shows the load-displacement curves from tests performed at different penetrations 

displaying typical metal behavior. Load-displacement curves from tests performed at 

400nm occasionally displayed small pop-in events during loading, suggesting that cracks 

start to form beyond such indentation depth. Figure 3.9b shows the distribution of elastic 

modulus and hardness at maximum indentation depths of 50, 100, and 150 nm. The test 

data obey an approximately Gaussian distribution with relatively small deviation, which 

suggests that the indentations are indeed performed within the particles. The measured 

properties of the NMC particles are sensitive to the maximum indentation depth due to the 

effect of particle microstructure at shallow indentation and the effect of surrounding 

CB/PVDF medium at deep indentation. Figure 3.9c shows the dependence of the measured 

modulus and hardness on the maximum indentation depth in the range of 50 nm to 420 nm. 

The red spots indicate mean values and error bars indicate the corresponding standard 

deviations. The region marked in the blue rectangles represents the optimum indentation 

depth to measure the intrinsic properties of NMC particles. Results below 75 nm are likely 

to be influenced by surface features of the particles and instrument precision limitations. 

At the other end, indentations performed over 150 nm are more strongly affected by the 
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surrounding compliant medium, resulting in a gradually decreasing modulus and hardness 

at larger indentation depth. The average values of elastic modulus and hardness are 138.73 

GPa and 8.89 GPa, respectively, in the optimum window of indentation depth ranging from 

75 nm to 150 nm.  

 

Figure 3.9. Experimental results of selective indentation on NMC particles. (a) Typical 

load-displacement curve of nanoindentation and (b) Indentation histograms of elastic 

modulus and hardness for 50nm, 100nm and 150nm maximum indentation depth. (c) 

Dependence of elastic modulus and hardness on the maximum indentation depth. The 

blue rectangles mark the range in which the measured properties are less sensitive to the 

effect of particle microstructure at shallow indentation and the effect of surrounding 

medium at deep indentation. 
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Similar tests are performed on pure CB/PVDF samples to evaluate the mechanical 

properties at various indentation depths. A total of 350 tests are carried out at different sites. 

The maximum indentation depth should be chosen to avoid the effect of surface roughness 

at shallow indentation and the effect of aluminum foil substrate at deep indentation. Figure 

3.10 shows the elastic modulus and hardness for indentation tests ranging from 200 nm to 

2200 nm depth. The mechanical properties are relatively insensitive to the indentation 

depth and the average values of elastic modulus and hardness are 1.78 GPa and 0.043 GPa, 

respectively. It is worth noting that the mechanical properties of the CB/PVDF samples 

may vary with the porosity value – the tested samples have a porosity of 61%. One may 

expect to obtain higher values of elastic modulus and hardness for samples of lower 

porosity.  

  

 

Figure 3.10. (a) elastic modulus and (b) hardness of CB/PVDF sample measured at 

various indentation depths. The mechanical properties are relatively insensitive to the 

effect of surface roughness at shallow indentation and the substrate effect at deep 

indentation 
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3.7 Discussion 

Table 3.3. summarizes the surface fractions, mean and standard deviation of elastic 

modulus and hardness obtained from the statistical analysis and its comparison with results 

from selective indentation tests. The mechanical properties of the NMC particles 

determined by grid indentation and selective indentation are in good agreement. For the 

CB/PVDF matrix, however, grid indentation yields larger values of modulus and hardness 

by a factor of 2~3. The more accurate estimation of the properties of the NMC phase as 

compared to the estimation of the properties of the CB/PVDF phase was indeed expected; 

the larger size and uniform spherical shape of the NMC particles enables more tests to 

measure single phase properties, facilitating the statistical deconvolution process. The 

difference found in the matrix properties is mostly due the high incidence of tests affected 

by NMC particles buried underneath the surface of CB/PVDF coating. Overall, the slight 

underestimation of the NMC properties and more substantial overestimation of the matrix 

property indicate that the indentation depth employed is not able to completely eliminate 

the substrate effect. However, this comparison may not be unreasonable given the 

complexity of the microstructure and the large difference in the mechanical properties of 

the material phases in the composite.  

Table 3.3. Surface fractions, elastic modulus, and hardness of individual components 

determined by grid indentation and selective indentation. 

 

Material 

Phase 

Surface fraction [%]  Modulus [GPa]  ( 𝜇 
 ± 𝜎)  Hardness [GPa] ( 𝜇 

 ± 𝜎) 

Grid Ind.  Grid Ind. Sel. Ind.  Grid Ind. Sel. Ind. 

Particles 38.40  123.02 ± 20 138.73 ± 18.78  7.78 ± 1.40 8.89 ± 1.86 

Matrix 15.64  4.40 ± 2 1.78 ± 0.35  0.13 ± 0.01 0.043 ± 0.01 

Interface 45.96  45.24 ± 27.58   1.44 ± 1.42  
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3.8 Conclusions 

The combinatory technique of grid indentation and statistical deconvolution 

provides a fast and practical route to determine the mechanical properties of heterogeneous 

materials that can feed the constitutive models of composite electrodes. Compared against 

other methods such as selective indentations at targeted phases or fabrication of bulk 

samples, the grid indentation method is far less labor intensive and it allows the 

characterization of multiple materials at once with little post processing. However, special 

attention should be paid to the ratio between indention depth and characteristic size of 

constituents; accuracy of the fitting strongly depends on this factor. Overall, the grid 

indentation technique coupled with statistical deconvolution serves as a valuable tool in 

the characterization of mechanical behaviors of commercial electrodes as well as in the 

design of high-performance rechargeable batteries.  
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4. IN-SITU NANOINDENTATION 

4.1 The need of in-situ technique 

The mechanical properties of active materials in LIBs vary significantly with Li 

concentration [71] [72]. In high-capacity electrodes, such as Si anode and S cathode, Li 

concentration varies substantially, inducing a dramatic change in the mechanical properties 

of the lithiated phases [73] [74] [75]. The evolution of mechanical properties demonstrates 

a transition from the brittle material to a highly ductile behavior in the course of lithiation. 

The elastic modulus of graphite, for instance, changes by a factor of three during lithiation 

[76] and the elastic modulus of LiMn2O4 cathode gradually increase from 87 GPa at 0% 

SOC (pristine state) to 104 GPa at 100% SOC (fully lithiated state) [77].  

Knowledge of the mechanical properties of active materials as a function of Li 

concentration is critical in the development of reliable models of deformation and fracture 

mechanics for Li-ion batteries. Also, the direct correlation between mechanical stability 

and electrochemical performance provides valuable information for the rational design of 

high-capacity electrodes. 

Measuring the mechanical properties as a function of the state of charge is 

challenging task for multiple reasons. For instance, the lithiated electrodes and electrolyte 

in Li-ion cells are extremely sensitive to the environment; contamination can be induced 

by traces of oxygen and moisture. In contact with water, LiPF6 salt in the electrolyte 
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decomposes and hydrolyzes to form HF. HF may react with the active material in the 

positive electrode causing partial dissolution and forming more water molecules that 

continues to decompose LiPF6 salt [78] [79]. Most mechanical testing facilities are, 

however, open system with bare environment control. This lack of environmental control 

induces a considerable scatter and inconsistencies in the data due to alterations in the 

surface properties of the sample as well as in the electrochemical performance of the battery. 

Therefore, an experimental platform that allows in-situ mechanical characterization of 

electrode materials is urgently needed. 

In-situ nanoindentation presents multiple challenges such as dealing with limited 

indentation axis travel range, requiring an inert environment, dealing with volumetric 

expansion, electrolyte evaporation and SEI layer, and finally, dealing with space 

constraints - fluid cell design has to accommodate all crucial test components including 

optics, indenter, electrodes, electrolyte, and potentiostat probes.  

This section presents the development of an in-situ mechanical characterization 

platform that overcomes all the practical issues mentioned earlier. First, the apparatus 

design and implementation is presented. Then, the experimental procedure used to 

characterize a silicon thin film as a function of the state of charge, including general 

considerations regarding in-situ tests, is described. Finally, the test results are presented 

and compared with literature data. 

 

4.2 Materials and methods 

In order to perform experiments under inert atmosphere, the indenter is placed 

inside an Argon filled glovebox with controlled oxygen and water concentrations below 
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0.5 ppm. The Keysight G200 nanoindenter is employed for mechanical characterization 

and the VersaSTAT 3 potentiostat for electrochemical analysis. All cables are potted to 

connect with outside controller. A special three-electrode electrochemical cell is designed 

to enable indentation and electrochemical analysis to take place simultaneously. The 

experimental setup is summarized in Figure 4.1. 

 

Figure 4.1. In-situ nanoindentation platform 

 

The fluid cell is a key in the design of the in-situ platform. Figure 4.2 shows a 

picture of the fluid cell containing the sample in the middle as the working electrode (green 

clip), a lithium ribbon as the counter electrode (red clip) wrapped around the perimeter, 

and a smaller lithium ribbon as the reference electrode (white clip). The equipment used in 

this work has a maximum indenter travel distance (vertical direction) of only 1500 µm. 

The sample height relative to the fluid cell can be adjusted to allow complete immersion 

of the sample in the electrolyte, leaving a layer of approximately 800 µm over its surface. 

The fluid cell has a fixed height relative to the stage and a flat surface below the tip travel 

path, so that the indenter is allowed to travel safely when automatically exchanging to and 
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from microscope mode. Maintaining this capability is crucial in order to evaluate the 

surface quality before tests and to select desired test locations with precision. The liquid 

cell is connected to a potentiostat that charges or discharges the battery cell. The state of 

charge is obtained by monitoring the lithiation capacity. Nanoindentation is continuously 

performed on the surface of the working electrode simultaneously with lithiation or 

delithiation.  

 

Figure 4.2. Three electrode fluid cell showing the working electrode connected by copper 

tape to the sample (green), counter electrode (red) to a long lithium ribbon, and reference 

electrode (white) connected to short lithium ribbon. 

 

The presence of the LiPF6-PC electrolyte did not influence measurements, as it can 

be verified from tests performed for dry and wet amorphous silicon, Table 4.1.  

Table 4.1. Comparison between tests performed on dry sample and completely immersed 

sample. 

Material # tests hmax [nm] Fluid Modulus [GPa] Hardness [GPa] 

Amorphous 

Silicon 

9 100 Dry 92.19 7.65 

9 100 LiPF6-PC 92.33 7.76 
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4.3 Preliminary results  

4.3.1 Silicon overview 

Silicon electrodes offer a chance for huge improvement in the capacity of current 

anode materials. The practical specific capacity up to 3579 mAhg−1 of silicon compared to 

372 mAhg−1 of graphite, represents an increase in Li storage per weight of nearly 10 times 

[75]. This increase in Li storage comes at a cost of large volumetric changes of 280% upon 

full lithiation. This volumetric change induces large stresses in the material, leading to 

mechanical degradation and capacity loss.  Mechanical degradation and the resultant 

capacity fade in silicon limits its employment in high-performance rechargeable batteries. 

As a result, numerous studies have been carried out in the past years with the goal of better 

understanding the details of the lithiation behavior of Si [40] [74] [80] [81].   

The mechanical properties of silicon vary substantially with the SOC. For 

amorphous silicon, the elastic modulus range from 90 to 100 GPa and hardness from 5 to 

10 GPa, while for fully lithiated silicon (Li~3.6Si), they range from 10 to 40 GPa for the 

elastic modulus and from 1.3 GPa to 1.8 GPa for the hardness [35] [82] [83] [84].  

Despite intensive investigation, most data available on the hardness and modulus 

of lithiated silicon rely on ex-situ tests and provide the information only at a few Li 

concentrations with significant scatter. The variation between reported measurements can 

be attributed to differences in the experimental procedures employed. For example, one 

study performs measurements after the sample has been removed from the coin cell [83], 

while another performs perform measurement with the sample immersed in electrolyte, 

however, the sample is too thin to avoid substrate effect [82]. The technique proposed in 

this work allows for faster and more reliable data acquisition than the currently available 
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methods. The most relevant data in the literature are compared against the in-situ 

measurements in this work.  

  

4.3.2 Sample preparation  

The Si thin-film electrode is prepared using a DC magnetron sputtering system. A 

50 nm Ti thin film was first sputtered for 5 min from a Ti target (50.8 mm diameter) onto 

a 175 μm thick glass substrate at 100 W power and at a pressure of 3 mTorr of argon. A 

300 nm copper film was then deposited for 15 min from a Cu target (50.8 mm diameter) 

on the Ti underlayer at 200 W power and at a pressure of 5 mTorr of argon. The Cu film 

serves as the current collector, and the Ti underlayer is used to improve the adhesion 

between the Cu film and the glass substrate. A 500 nm Si film was subsequently deposited 

for 33 min from a Si target (50.8 mm diameter) at 100 W power and at a pressure of 5 

mTorr of argon. Sample main dimensions are indicated in Figure 4.3. 

 

Figure 4.3. Sample dimensions 

 

4.3.3 Electrolyte 

1M LiFP6-PC electrolyte is selected for this study. Depending on the electrolyte 

and test time, solvent evaporation can considerably lower fluid level and change salt 

concentration in the cell. LiFP6-PC has the advantage of being nonvolatile. Also, it offers 
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a low surface tension, which prevents capillarity from pulling fluid up into indenter column. 

This eliminates the need for any special tip design, which could potentially interfere with 

the load frame stiffness, reducing the maximum usable load.  

 

4.3.4 Test setup 

The cell is discharged at a constant current of 0.02 mA until the potential reaches 

0.01 mV vs Li+/Li. Indentation tests are continuously performed throughout the discharge 

process, resulting in a total of 227 data points. In addition, 16 indentations are performed 

at open circuit (OC) before lithiation (pure silicon) and after full lithiation (~Li3.7Si). A 

Berkovich tip is employed and indentations are performed at a maximum penetration depth 

of 100 nm. Substrate properties are not expected to significantly influence results since the 

maximum indentation depth selected corresponds to 20% the thickness of the thin film, as 

discussed in Section 2.3.4. Tests are performed at a constant strain rate of 0.05 s-1 with a 

peak hold time of 60 s to allow the material to creep before unloading. A constant Poisson 

ratio of 0.22 is chosen for all tests. 

 

4.3.5 Volume expansion due to lithiation 

The transient nature of test itself is challenging to nanoindentation tests. During 

lithiation, the silicon thin film will expand in the vertical direction, resulting in an 

inaccurate measurement of the indentation depth that can potentially lead to an 

overestimation of the mechanical properties. Nevertheless, drift caused by volumetric 

expansion could, in theory, be eliminated or at least minimized by the thermal drift 

correction. As explained in the nanoindentation chapter, thermal drift correction is applied 
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to account for thermal expansion and electronic drift. The longer the test, that is, the slower 

the loading/unloading time, the more influence the drift has on the results. The drift in the 

thickness of the sample is calculated considering a 370 % volume expansion at maximum 

capacity of 3579 mAh/g. A one-dimensional expansion is expected for thin films - the 

thickness varies with lithiation while the area parallel to the substrate is kept constant. 

Hence, the volumetric expansion ratio is equal to the thickness expansion ratio. The linear 

relationship between film thickness and consumed capacity is given by ℎ𝑓 = ℎ𝑖(1 + 2.7𝑧) , 

where 𝑧 is the capacity ratio and ℎ𝑓 and ℎ𝑖 are initial and final film thickness, respectively 

[85] [86]. Hence, the drift rate sensed by the indenter during cell discharge (Si lithiation) 

at constant current is given by: 

Drift rate due to lithiation ≅
2.7∗𝑧∗ℎ𝑖

𝑡
,    (5.1) 

where 𝑡 is the total discharge time. Hence, the drift rate at a C-rate of 1/29 is 

0.012 𝑛𝑚/𝑠. This value lies within the range of the drift rate measured in standard tests on 

dry samples (0.1 - 0.005 nm/s). The drift rate is corrected by the procedure presented in 

Section 2.3.2. The effectiveness of the correction depends on the drift rate being 

approximately constant during the indentation. 

 

4.3.6 Residual stress 

The residual stress in the sample after lithiation is another factor to take into 

consideration, which may affect indentation results. The film initially is likely stressed as 

a result of the sputtering process. As lithium becomes to be inserted into the electrode, the 

stress becomes compressive and keeps rising until it begins to flow plastically 
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approximately at a concentration of Li0.4Si [34]. Upon further lithiation, a continuous small 

reduction in the stress is observed until it reaches a value of approximately 450 MPa at a 

composition of Li3.75Si [34]. Residual stresses alone do not affect mechanical property 

measurements from nanoindentation tests; however, it can facilitate pile up [87]. As 

mentioned in Section 2.3.3, the Oliver and Phar method used to derive the mechanical 

properties is based on the assumption that the material behaves like an elastic half space 

penetrated by a rigid punch and, therefore, doesn’t account for pile up. If pile up takes place, 

then the actual contact area will be bigger than the contact area estimated in Equation (2.8), 

leading to an overestimation of the elastic modulus and hardness. Whether or not pile-up 

is expected to take place is discussed later in Section 4.4 by analysis of the resulting load-

displacement curves. 

 

4.3.7 SEI layer formation 

SEI layer formation was investigated through AFM measurements by Yoon et al. 

[88] for the same cell configuration used in the current study – amorphous silicon/LiPF6-

PC electrolyte/lithium metal. In the first discharge, the SEI layer growth becomes apparent 

after 1 V. The average thickness by the end of the discharge (0.1V) ranges between 2 to 3 

nm, as shown in Figure 4.4. This value is less than 4% the selected indentation depth of 

100 nm and, therefore, the SEI layer should not to interfere significantly with 

measurements. If thicker SEI layer was the case, then deeper indentations could be 

employed to maintain the ratio between the SEI layer and indentation depth below 5%, 

keeping the SEI layer properties interference negligible. The roughness is only increased 
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by 2 nm [88], corresponding to only 5% the maximum indentation depth, satisfying 

recommendations by ISO 15477 covered in Section 2.3.5.  

 

Figure 4.4. Thickness of SEI layer on silicon thin film as a function of equilibrium 

potential for 1.2M LiPF6 in PC during the first two cycles [88]. 

 

4.4 Results and discussion 

Mechanical and electrochemical analysis were performed simultaneously on a three 

electrode cell configuration, composed of amorphous silicon and lithium metal, in a LiPF6-

PC electrolyte solution. The electrochemical profile for lithium insertion into amorphous 

silicon during the first galvanostatic discharge is shown in Figure 4.5. The low C-rate of 

approximately 1/29 should allow sufficient time for diffusive equilibrium across the film. 

The specific capacity at the cut-off potential of 0.01 mV was 3469 mAh/g.  
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Figure 4.5. Electrochemical profile for lithium insertion into amorphous silicon (blue) 

and constant discharge current (red). 

 

Figure 4.6 shows the measured mechanical properties as a function of the state of 

charge. Each point represents the result of one indentation test. It is noticeable that the 

results are highly consistent, following a smooth trend without apparent discontinuities. 

Pure lithium metal is softer than amorphous silicon, thus it was expected that both modulus 

and hardness will decrease with lithium content. The results from tests performed during 

galvanostatic discharge (red) and tests performed at open circuit (blue), at the beginning 

and at the end of the discharge, are practically the same, indicating that the rate of volume 

expansion was sufficiently low in order to not affect measurements. Figure 4.6a shows that 

the elastic modulus decreases linearly with capacity.  This elastic softing is explained by 

considering the the charge-density and atomic bonding in lithiated alloys as predicted by 

DFT (density functional theory) calculations in the work of Shenoy et al. (2010). In Figure 
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4.6b, the hardness drops more steeply from pure silicon up to a Li concentration 

approximately equal to the Si concentration (LiSi), followed by a gradual decrease for 

further lithium insertion up to ~Li3.7Si. The R-squared value indicates the quality of the fit, 

where R2=1 represents a perfect fit. The fitted functions of the hardness and modulus (y= 

H(x) and E(x)) are given on the left-lower corner of Figure 4.6a and Figure 4.6b, 

respectively. This functions can be implemented in constitutive models in order to generate 

realistic predictions of mechanical behaviors in real silicon electrodes  

 

 

Figure 4.6. Nanoindentation tests performed during discharge (red) and during OC (blue). 

(a) elastic modulus and (b) hardness as a function of the capacity. 

 

The elastic modulus was calculated assuming a constant Poisson ratio 

corresponding to the value of amorphous silicon (𝑣=0.22). First-principles DFT studies 

have found evidence that the Poisson ratio is either independent [76] or fluctuates very 

little with Li concentration [75]. Other studies assume that the Poisson ratio obeys the 

general rule of mixture:  𝑣(𝑥𝐿𝑖) = 𝑣ℎ𝑜𝑠𝑡 ∗ (1 − 𝑥𝐿𝑖) + 𝑣𝐿𝑖 ∗ 𝑥𝐿𝑖,  where 𝑣  and 𝑥  are, 
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respectively, the Poisson ratio and the fraction of atoms [35] [84]. The elastic property 

measured by nanoindentation is not significantly affected by the estimated Poisson ratio. 

This is verified by comparing results showed previously where the Poisson ratio is 

considered to be constant (𝑣=0.22) versus calculations assuming a linear variation of 𝑣 

between that of pure silicon (𝑣𝑆𝑖 = 0.22) and that of pure lithium (𝑣𝐿𝑖 = 0.36). The overall 

difference in the elastic moduli calculated for both scenarios is not significant, as presented 

in Figure 4.7.  

  

Figure 4.7.  Elastic modulus assuming constant Poisson ratio with lithiation (red) and 

variable Poisson obeying the rule of mixtures (blue). 

 

 The load-displacement curves from tests performed at different ranges of the  state-

of-charge (SOC) are grouped and presented in individual plots in Figure 4.8. It can be 

observed that the load-displacement curves are fairly consistent within each range and do 

not show any obvious sign of crack or creep. Notice that the maximum load drops by half 
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its value during the first 30% of the discharge (roughly from 2 mN to 1 mN), compared by 

a drop of less than half its value during the rest of the 70% discharge. This explains the 

steep drop in the hardness properties observed in Figure 4.5b during the same capacity 

range, followed by a more gradual softening.  

As covered in Section 2.3.3, the probability of pile-up can be estimated from the 

ratio between final indentation depth and maximum indentation depth ( ℎ𝑓/ℎ𝑚𝑎𝑥) and the 

tendency of the material of work harden. A strong indication that the material is not to 

exhibit significant pile up is if ℎ𝑓/ℎ𝑚𝑎𝑥< 0.7, whether or not the material work hardens. 

Looking at the load-displacement curves below, it is possible to see that the ℎ𝑓/ℎ𝑚𝑎𝑥 ratio 

ranges from roughly 0.6 for tests on pure silicon up to roughly 0.7 for tests on fully lithiated 

silicon. Thus, one should not expect errors associated with pile-up. 
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Figure 4.8. Batches of load-displacement curves obtained in different ranges of state-of-

charge. 

 

Figure 4.9a and Figure 4.9b show the same test data, however as a function of 

lithium fraction for comparison with theoretical and experimental literature data. The 

lithium fraction is given by 𝑥/(𝑥 + 1) in LixSi. It can be observed that the modulus 
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decreases mildly with lithium fraction, up until the composition of 50% lithium. Further 

lithiation leads to a slightly steeper decrease in the modulus properties and the properties 

of lithium start to dominate over the properties of silicon. This behavior is similar to the 

one observed by Berla et al. [84] shown in a black line. The hardness for pure amorphous 

silicon, 7.21GPa, decreases linearly as function of lithium fraction, down to 1.4 GPa at 

fully lithiated state (Li0.78Si0.22). Overall, our results are in reasonable agreement with 

literature data [75] [83] [84], in addition to being more detailed and showing a more 

consistent trend. Our approach also has the advantage of being high-throughput; in a single 

batch, with no interruptions, hundreds of data points are acquired and an accurate and 

continuous description of the mechanical properties dependence on lithium content can be 

achieved with a curve fitting. 

 

 

Figure 4.9. (c) Elastic modulus and (d) hardness as a function of Li fraction compared to 

results by Shenoy et al., [75] Hertzberg et al. [83] and Berla et al. [84]. 
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4.5 Summary 

  In summary, an in-situ mechanical characterization platform consisting of a 

nanoindenter, a fluid cell, and a potentiostat are integrated inside a glovebox. The closed 

system prevents contamination from air and moisture and does not require removing the 

electrode from the fluid cell to perform indentation tests. In fact, indentation tests can be 

performed during slow charging or discharging without compromising the accuracy of the 

measurements. The fluid cell design allows full capability of the nanoindenter including 

using the microscope to evaluate the sample surface before running tests. Preliminary 

results are generated for silicon thin film. Overall the test data is highly consistent and it is 

in agreement with literature data. Young’s modulus is found to decrease linearly with the 

state-of-charge (LixSi), from 92.3 GPa at 0% SOC (Si) to 37.5 GPa at 100% SOC (Li3.7Si). 

Hardness, on the other hand, decreases linearly with lithium fraction (Lix/(1+x)Si), obeying 

the general rule of mixtures, from 7.21 GPa at 0% SOC to 1.40 GPa at 100% SOC. This 

high-throughput approach allows testing hundreds of different Li concentrations 

automatically. In conclusion, this real time electrochemical and mechanical 

characterization enables practical and reliable quantitative analysis of electrochemically-

induced changes in the mechanical properties of electrode materials. 
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5. CONCLUSIONS AND OUTLOOK 

This thesis presented two mechanical characterization techniques for LIBs that 

allow for: (1) the characterization of multiple material phases in composite electrodes, and 

(2) measurement of the mechanical property evolution with the state-of-charge. The main 

conclusions are summarized below: 

(1)  Characterization of composite electrodes - the grid indentation technique coupled 

with statistical deconvolution was employed to measure the mechanical properties 

of individual constituents in a NMC cathode of high heterogeneity at the microscale. 

The extracted elastic modulus and hardness of the NMC particles and the 

surrounding CB/PVDF matrix are in good agreement with tests by selective 

indentation. Therefore, this combinatory technique provides a practical and reliable 

route to determine the mechanical properties of composite electrodes provided that 

the indentation depth is carefully chosen.  

(2)  In-situ characterization - an in-situ nanoindentation platform was designed, 

implemented and validated for simultaneous mechanical and electrochemical 

characterization of electrode materials. The technique overcomes practical issues 

related with environment requirements and instrument limitations, and enables 

comprehensive and consistent data acquisition. A preliminary study on silicon thin 

film was  carried out to measure  the mechanical properties  dependence on lithium 
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concentration. Indentation tests performed during slow discharge are validated 

against indentation tests at open circuit and literature data. This high-throughput 

approach allows automatic characterization of hundreds of compositions across the 

entire range of lithiation without interruptions. Therefore, the in-situ 

nanoindentation technique serves as valuable tool in the characterization of 

mechanical behaviors of energy materials, as well as in the design of high-

performance rechargeable batteries. 

 

This thesis work focused on the development and validation of experimental tools 

that aid comprehensive mechanical characterization of electrode materials.  In a future 

work, these tools will be employed in the rational design of electrode materials that mitigate 

mechanical degradation induced by lithiation. The investigation will allow for tuning active 

material composition to optimize performance in terms of capacity, cyclic rate, 

electrochemical stability, and lifetime. More specifically, the in-situ nanoindentation setup 

will be employed in the evaluation of mechanical properties of NMC electrodes as a 

function of the state-of-charge and in the course of electrochemical cycles. Finally, the 

relationship between mechanical property retention and capacity retention will be study in 

NMC electrodes with different compositions of Ni, Mn, and Co.  
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