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ABSTRACT 

The effect of particle specific variables used in commercial air abrasion systems and their subsequent 

effect on the erosion behaviour of enamel is not well understood. Nanoindentation methods were 

used to investigate enamel’s mechanical response and erosion behaviour using different particle sizes 

and flight distances. The erosion behaviours of enamel were linked to strain rate and structural effects 

such as the keyhole shape of enamel prisms and single-column vs multiple column response. D/d 

ratio, a method to determine erosion mechanisms, was used to compare the behaviour of enamel and 

columnar thermal barrier coatings. In terms of D/d ratio, the erosion mechanisms in enamel were 

found to be in reverse when compared to thermal barrier coatings. 
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Chapter 1 INTRODUCTION 

Dental caries is a prevalent disease that affects individuals around the world and can reappear 

throughout the lifetime of a patient [1]. In the United Kingdom, nearly half (49.6%) of the adult 

population in the United Kingdom has been seen by a National Health Service dentist between 2017 

and 2019 [2]. Currently, the high-speed handpiece (dental drill) is the industry standard as a method 

of removing dental caries. Dentists are fond of the handpiece as it enables them to get a feel for the 

tissue (healthy enamel or diseased enamel) being drilled. The drawback of this method is that the 

sound produced leads to a “fear of the drill” and dental anxiety in some patients [3]. Besides the 

sound, drilling may heat the enamel tissues if they are not cooled properly; this may lead to damage 

to healthy enamel tissue during an operation.  

 

However, this does not have to be the case as the dental drill isn’t the only solution. The removal of 

stains, caries, and cavities from teeth via air abrasion is becoming increasingly commonplace as 

modern dental technology is straying away from rotating drills. Air abrasion works by firing an 

accurate stream of silica or alumina particles at the tooth’s surface with sufficient energy to either 

remove stains from the surface or erode enamel tissue completely. A few advantages of air abrasion 

include minimal generation of heat, vibration, pressure, reduced need for anaesthesia, reduce risk of 

fracture, and generally more of the healthy tooth is left behind. 

 

Figure 1: Example of a commercial dental air abrasion unit: AquaCare by Medivance Instruments 

Ltd., UK. [4] 
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Air abrasion systems use an air pressure scale to adjust the cutting power without knowledge of the 

particles’ velocity, varying particle size, and different geometries of the particle itself. In practice, 

dentists relying on the scale to carry out their operations. For example, on a scale of 1-10, 4 is used 

for removing surface stains and 8 is used to cut into enamel tissue. The particle specific variables 

that play a role in removing tissue as well as the erosion behaviour of enamel as a result of being hit 

by these particles are poorly understood. By increasing the level of knowledge on the roles of these 

variables and their interactions with the tissue, it would augment the control of the air abrasion 

system. 

 

Enamel tissue is comprised of a columnar microstructure which adds a layer of complexity in 

understanding its erosion mechanisms, especially regarding the particle sizes and column sizes. 

However, there have been studies carried out on the erosion mechanisms for other columnar 

structures, specifically thermal barrier coatings (TBC).  

 

Figure 2: Columnar structure of a thermal barrier coating produced by EB-PVD [5] 

The use of TBC systems is steadily increasing in components of the gas turbine engine such as blades, 

combustors, and nozzles for both military and commercial applications  [6]. Some TBC’s such as 

those produced by electron beam physical vapour deposition (EB-PVD) contain a columnar 

microstructure in their topcoat similar to the columnar structure of enamel.  

 

Owing to this similarity in structure, the erosion behaviours of enamel and their relationship with the 

erosion behaviours of TBC’s are highly interesting and there is a potential of structure-specific effects 

that overlap between the two distinct materials. 
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Chapter 2 AIMS AND OBJECTIVES 

AIMS 

• To investigate the effect of particle geometry and impact energy on the erosion of enamel 

tissue.  

• Investigate the relationship between the erosion behaviour of enamel and columnar thermal 

barrier coatings. 

OBJECTIVES 

• Simulate single particle impacts onto enamel using the NanoTest® Vantage (MicroMaterials 

Ltd., Wrexham, UK) nanoindentation system, using a range of tip (particle) sizes and particle 

flight distances. 

• To study the impact response of enamel to determine the influence of the strain rate and the 

particle geometry versus the column size on the enamel tissue response.  

• To nanoindent and nanoimpact the enamel to compare the hardness response of the enamel 

under dynamic and quasi-static loading.  

• To study the sub-surface damage generated in enamel by particles of different sizes and 

different impact energies. 

• To compare the erosion behaviour of enamel to columnar TBCs and identify any trends 

between them. 
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Chapter 3 LITERATURE REVIEW 

3.1 ENAMEL AND ITS MICROSTRUCTURE 

The human tooth is comprised of 3 distinct regions: enamel, dentine, and pulp within [7, 8]. Enamel 

is a highly calcified biocomposite [9] material and also the hardest in the human body [10, 11]. By 

weight, its composition is 92-96% inorganic material, 1-2% organic material, and 3-4% water [12].  

 

Figure 3: Schematic diagram of enamel microstructure [13]. 

 

Figure 4: Scanning electron microscope (SEM) image of the surface of the occlusal surface [13]. 

As shown in Figure 3, enamel consists of aligned, ‘keyhole-shape’ (shown in Figure 4) enamel 

prisms/rods, 4-8 μm in diameter, that are perpendicular from the dentine-enamel junction (DEJ) to 

the tooth surface [14].  Enamel prisms are the basic structural units that form enamel [10]. Each 

enamel prism contains tightly packed, fibril-like hydroxyapatite (HAP) crystals [14] with a width of 

68.3nm and a thickness of 26.3nm [12]. The HAP crystals are separated by a thin layer of enamelin 

(a protein) which ‘glues’ and organizes particles into crystals [12]. The protein-rich [12, 14] interface 

between prisms is called interrod enamel and is mainly a result of the incoherence of combining 

crystals of different orientations [15].  
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Bovine enamel was chosen as it emulates the composition and structure of human enamel. The 

structure does vary between species but enamel always comprises of three hierarchical levels [16] 

which are: 

• Level 1 – HAP particles glued together by enamelin 

• Level 2 – Enamel prisms made of aligned HAP crystals (made of HAP particles) 

• Level 3 – Enamel prisms with similar orientation form  Hunter-Schreger bands [17] 

The hierarchical structure of bovine enamel with  Hunter-Schreger bands are shown in Figure 5 

below. Between Level 1 and Level 2, the HAP particles bonded together by enamelin will self-

assemble into nano-fibrils [13] as shown in Figure 5(a). For the reader’s clarity: the hierarchy 

sequence in enamel is HAP particles > nanofibrils > HAP crystals> enamel rods.  

 

Figure 5: The hierarchical structure of bovine enamel [17]. 

3.2 EFFECT OF CONTACT ON ENAMEL 

Nanoindenters are used to simulate the impact of alumina particles from the air abrasion system on 

the enamel surface. Therefore it is important to understand how the enamel’s structure reacts to 

contact, via nanoimpacts or nanoindentation. 

Zhou and Hsiung [18] carried out a study where the tip radius was set to 50nm, to match the diameter 

of a single HAP crystal. Since the tip radius and diameter equal, dislocations in 1 enamel prism 

cannot accommodate deformation. However, deformation of the enamel surface may occur when the 

HAP crystals move and rotate  as shown in Figure 6.  

https://www.semanticscholar.org/author/Luke-L.-Hsiung/4468126
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Figure 6: Schematic illustration of the tip‐induced realignment of HAP single crystals [18]. 

Nanoscratch tests carried out by Zheng et al [13] showed that the behaviour of enamel differed to 

that of artificial hydroxyapatite, even though enamel consists of >92% hydroxyapatite [12]. The 

nanoscratch tests provided an interesting insight into how material is removed from the enamel 

surface, with HAP particles being detached from the rods.  

Zheng et al observed that at low loads (~5mN), enamel’s wear process was mainly down to the 

collapse of the nano-fibres followed by plastic deformation. HAP particles glued together by 

enamelin were separated by the action of the normal load of the indenter as shown in Figure E (a). 

This also caused the size of the HAP particles to decrease.  

 

Figure 7: Wear process for enamel at nanofibril level for low loads shows a decrease in size of 

HAP particles after a normal load is applied [13]. 

This experiment aims to study the damage generated in enamel by the impacting particles. 

Nanoindentation testing is suitable as it can measure the properties of the sub micrometre volumes 

with high accuracy [19].  

There are limited studies into the energy dissipation characteristics of enamel. He and Swain have 

used energy methods to determine if cracking (material loss) occurred based on load-displacement 

curves [20]. Between spherical and Berkovich indenters, this study noted that a smaller indenter 

radius produces a higher energy loss at the same contact depth. Energy loss for spherical indenters is 

a function of the contact strain. At equal contact strains, the spherical indenters have lower energy 

losses than Berkovich indenters as the latter has a sharper tip and higher associate stresses. 
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3.3 ROLE OF ORGANIC MATTER WITHIN ENAMEL 

MICROSTRUCTURE 

It is a common theme among all the literature in this review that the microstructure of enamel is a 

major contributor to its impressive mechanical properties [17-23].  

The energy-absorbing capability of enamel is attributed to organic matter present in the enamel 

structure: the protein-rich region between enamel rods and the enamelin between the HAP particles. 

He and Swain mention that the protein presence alters the overall properties considerably by 

providing a softening effect, deflecting cracks, and imparting the enamel with inelastic properties 

[20]. He and Swain’s findings that the protein presence increases enamel’s toughness agree with 

Zheng et al [13]. Deproteinized enamel tissue resulted in the fracture toughness being reduced by up 

to 40% [24]. 

3 mechanisms energy loss are proposed. Firstly, fluid flow occurring in the enamelin sheaths allows 

enamel to act like a “stiff sponge” as described by Fox [25]. Moreno and Zahradnik support this, 

showing that energy may be dissipated during indentation by forcing the liquid through the 

interprismatic channels [26], followed by He and Swain who theorize free water located within the 

protein matrix influences the enamel’s compressibility, permeability and ionic conductivity [27]. 

Secondly, the energy loss can be attributed to sacrificial bonds of the proteins within enamel [28]; 

this mechanism requires a large amount of energy to break up the peptide bonds found in these 

proteins [29]. This is supported by research of bone behaviour where energy dissipation during a 

bone fracture is partially (in bone, micro-cracking is more commonly observed) absorbed by 

sacrificial bonds [29, 30]. Lastly, an imperfect arrangement of HAP crystals leads to a degustation, 

where the enamel rods get twisted together and contribute to nanoscale friction which inhibits the 

recovery of the enamel after unloading, resulting in deformation [31]. 

3.4 EFFECT ON MECHANICAL PROPERTIES 

Bechtle found that mechanical properties decrease by a factor of 2 at each hierarchical level [16], 

due to the increase in protein content at each level [17]. Depth-dependent mechanical properties of 

enamel investigated by Zhou shows hardness and elastic modulus incessantly decrease with 

increasing penetration depth [18]. This concurs with Bechtle’s results as the decreasing values are 

speculated to be linked with the evolution of the microstructure that is caused by the nanoindenter 

tip. Other properties such as fracture stress (MPa) and fracture strain (%) also seem to decrease with 

increasing levels of hierarchy [17]. 

According to Katz [32] and Spears [33], for indentations made parallel to the enamel prisms, the 

stresses are borne by the stiff HAP crystals where higher hardness and elastic modulus can be 
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observed. As for indentations made perpendicular to the prisms, the stresses are borne by the low 

stiffness organic matrix that surrounds the rods. This results in lower hardness and elastic modulus 

in this direction, indicating anisotropic properties of enamel possibly due to their composite nature. 

Enamel also shows viscoplastic and viscoelastic behaviour [21]. Treating the protein and water 

within enamel as biopolymers, Gao suggested that these viscoelastic and viscoplastic properties stem 

from the biopolymers’ configuration and interactions among the macromolecules [34]. The 

viscoelastic property of enamel distributes the localized high impact stresses [21]. Staines also 

reported viscous damping [35] in enamel, possibly due to the pumping of fluids within the narrow 

channels in the microstructure [26].  

Table 1 shown below is a summary of values for elastic modulus and hardness obtained from 

literature, to visualize comparisons between different studies. 

Table 1: Data from literature for elastic modulus and hardness of human enamel 

from nanoindentation methods. 

Author 

Maximum 

depth/load 

used 

Elastic modulus, E (GPa) Hardness, H (GPa) 

Occlusal area Axial area Occlusal area Axial area 

Habelitz [12] 
1500 μN; 

300nm 
87.5 ± 2.1 72.7 ± 4.4 3.8 ± 0.3 3.3 ± 0.4 

Jiang [36] 
1600 μN; 

300nm 
- 10 < E < 80 - 0.5 < H < 5.0 

Fong [37] 100 nm 98.3 ± 5.9 95.6 ± 4.9 4.78 ± 0.36 4.53 ± 0.26 

Ge [14] 

1000μN 

(prism) 

300μN 

(sheath) 

83.4 ± 7.1 

(prism) 

39.5 ± 4. 

(sheath) 

- 

4.3 ± 0.8 

(prism) 

1.1 ± 0.3 

(sheath) 

- 

Xu [38] 1.9N 98 ± 4 86 ± 3 3.79 ± 0.18 3.50 ± 0.12 

Park [39] 5mN, 190nm 84.4 ± 4.4 4.0 ± 0.3 

Elfallah [40] 10mN, 300nm 108 ± 3 - 5.8 ± 0.3 - 

Cuy [19] 
400nm; 

800nm 
- 

>115 (near 

surface) 

<70 (near DEJ) 

- 

>6 (near 

surface) 

<3 (near DEJ) 

Willems [41] - 90.59 ± 16.13 - 

Mahoney [42] - - 4.88 ± 0.35 

E and H values reported by Elfallah are highest, but samples used in the study were covered in nail 

polish [40]. The data for E by Xu and Fong are ~98 GPa while Habelitz and Ge reported ~85 GPa 

on average. This 12% difference is small and is probably due to different orientations of the sample 
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leading to a difference in the angle when nanoindentation took place and different depths from the 

surface. 

Ge’s results show that the enamel prisms are 2-3 times harder than the organic sheath between prisms. 

Differences in E and H values between the literature also depend on the hydration of enamel [35]. 

Cuy also explained variations in values can be attributed to different locations [19] of indentation, 

whether the indenter hits the prism or interfacial area along with the alignment of the enamel rods 

itself [36]. Enamel is a biological sample, such differences in measured values are to be expected. 

From Table 1 the measured values are increasing further away from the DEJ. Zhou reported E and 

H values decrease by about ~30% as the penetration depth of indenter increases [18]. Shellis and 

Dibdin suggested that the less-mineralized surface above the DEJ is linked to increased porosity and 

water that could result in lower E and H [43].  

3.5 HYDRATED VERSUS DEHYDRATED ENAMEL TISSUE 

Bonte suggests that water exists in enamel in two separate states: free water and strongly bound water 

[44]. There is a significant change in enamel’s properties dehydrated. Local overheating can result 

in dehydration and changes in the microstructure and chemistry of human teeth [13]. Dehydration of 

enamel can influence the function of the proteins [21], and as described in Chapter 3.3, proteins and 

organic matter contribute heavily to the properties of the enamel. Figure 8 shows dehydrated enamel 

and its susceptibility to microcracking. Dehydrating is avoided by water cooling when 

grinding/polishing and storing in distilled water when not in use [13, 22, 23, 35, 45, 46].  

 

Figure 8: Cross-section of wear scar observed under SEM after 106 cycles;  

(a) Wet enamel (b) Dry enamel. Note the obvious microcracks in dry enamel [22]. 

Table 2 compare several mechanical properties of enamel between a wet state and dry state. Possible 

explanations from the literature are also included. 
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Table 2: Data from literature comparing tests between wet and dry enamel samples. 

Author Variable tested 
Quantitative result 

Reasoning 
Wet Dry 

Zheng [22] Wear rate, (cycles) 

Decreased 

after 8.5E5 

cycles 

Decreased 

after 5.5E5 

cycles 

Possible that water content inside 

enamel prevents impact wear on 

surface. 

Staines 

[35] 

Change in E (1010 Pa) 

with moisture content 
6.9 

7.8 (18hr) 

8.0 (72hr) 

Increase in elastic modulus due to 

loss of water from voids between 

HAP nanofibers. 

Baldassarri 

[47] 

Fracture toughness 

bb(MPa*m0.5) 

(mid-sagittal plane, 

transverse plane) 

1.57 ± 0.1, 

0.57 ± 0.1 

1.22 ± 0.1, 

0.52 ± 0.1 

Assumes that lack of water affects 

enamel proteins ability to absorb 

and dissipate impact energy. 

Zheng proved a linear relationship between the reduction of fracture toughness and decrease of water 

content within enamel [22], in agreement with the findings from Yahyazadehfar [24].  Literature that 

compares the mechanical properties of hydrated/dehydrated enamel and the relationship between the 

two states is limited. 

3.6 STRAIN RATE SENSITIVITY 

Spherical indenters allow for different strain rates and quantify parameters such as energy absorption 

[46]. He and Swain indicate that spherical indentation results in similar indentation strain with 

Berkovich indentation [46].  Strain rate sensitivity, SRS, is a measure of a parameter/materials strain 

rate dependence. SRS, quantified as m, is explained by Maier-Kiener and Durst as a power-law 

relationship [48] between the plastic stress (hardness, H is used as indentation stress is directly 

proportional to the hardness [49]) and applied strain rate shown in Equation 1 below. 

 

 

Eq. (1) 

Zhang showed the hardness of enamel at various strain rates is linked to the creep behaviour of the 

organic matrix  [50]. This is in agreement with He and Swain who place the protein components as 

the dominant factor in creep behaviour [21]. Ethanol dehydration which impairs protein functionality 

carried out in a separate experiment by He and Swain further reinforces the previous findings as the 

creep ability of the sample was significantly limited [27]. SRS of the elastic modulus of enamel 

would indicate that the protein matrix is influenced by SRS as well. 
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3.7 COMPARISON BETWEEN ENAMEL AND THERMAL BARRIER 

COATINGS 

The use of thermal barrier coating (TBC) systems is steadily increasing on turbine engine 

components such as blades and combustors [6]. Some TBC’s such as those produced by electron 

beam physical vapour deposition (EB-PVD) has a columnar microstructure [51] similar to enamel.  

 

Figure 9: SEM micrograph of a TBC microstructure produced by EB-PVD.  

Note the columnar microstructure [52]. 

To compare and investigate erosion characteristics of enamel to TBC’s, the concept of the D/d ratio 

introduced by Wellman and Nicholls [52] is used.  D is the contact diameter of the indenter tip and 

d  is the column diameter. Wellman and Nicholls proposed that D/d ratio determines what damage 

mechanisms take place as shown in Figure 10. 
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Figure 10: Plot of measured D/d ratios for different impact conditions, with a coloured overlay 

showing the different thresholds. Adapted from Wellman and Nicholls [52]. 

3 primary erosion mechanisms were observed: 

1. Erosion (D/d ratio of 0-2, Green highlight) 

a. Cracking of multiple adjacent columns causes material loss. 

b. The integrity of the microstructure is unchanged. 

c. Usually for small particle impacts at the top 20μm of the surface. 

 

2. Compaction Damage (D/d ratio of 2-12, Yellow highlight)  

a. A transition mechanism between erosion and FOD. 

b. Columns are compacted, without cracking from Erosion or deformation from FOD. 

c. Energy from impact spread over many columns. 

 

3. Foreign Object Damage (FOD) (D/d ratio of 12-20, Red highlight) 

a. Significant deformation of the structure occurs with cracking, column deformation, 

gross plasticity, and shear bands observed. 

b. Caused by high velocity, small particles, or low velocity, large particles. 

The D/d ratio can be supplemented Zhou’s findings on tip-induced deformation of HAP crystals [18].  
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Chapter 4 METHODOLOGY 

4.1 SAMPLE PREPARATION  

 

Figure 11: Bovine enamel disk glued to Bakelite block during polishing. 

Sectioned and ground bovine enamel disks as shown in Figure 11 were purchased from Modus 

Laboratories, Reading, UK. The disks were embedded in cold cured resin (EpoFix, Struers Ltd., 

Catcliffe, UK). To prepare the sample for use with the nanoindenter, the working surface (the surface 

where enamel layer is present) must be smooth with minimal flaws and scratches as the indenter 

could interact with these imperfections instead of the enamel prisms, thus affecting the results 

obtained. With that in mind, the bovine enamel disks were sequentially polished using a 4000 grit 

SiC paper (Struers Ltd., Catcliffe, UK), followed by polishing with a 3µm diamond suspension on a 

cloth (MD-Nap, Struers Ltd., Catcliffe, UK) and finished with a 1µm diamond suspension on a cloth 

(MD-Nap, Struers Ltd., Catcliffe, UK) 

After the polishing was complete, a rough file was used to shave away a side of the sample – an 

illustration is shown in Figure 12. This was done to view the sample’s cross-section to ensure the 

enamel layer was still intact after polishing and provide a degree of orientation if subsequent tests 

were required on the sample.  

 

Figure 12: An illustration of the sample (top-down view) after a side was shaved away.  
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4.2 EXPERIMENTAL SETUP FOR NANOIMPACT AND 

NANOINDENTATION  

 

 

Figure 13: Schematic of nanoindentation system setups used for  a) nanoindentation and b) 

nanoimpact tests in this experiment. Image adapted from Fischer-Scripps. [53] 

Superglue was used to affix the non-working surface of the sample to the sample holder (a metal 

cylinder) of the NanoTest® Vantage (MicroMaterials Ltd., Wrexham, UK)  [54] nanoindentation 

system that would perform both nanoindentation and nanoimpact testing. The setup used for the 

testing is shown in Figure 13. 

To ensure the compliance of the sample is greater than that of the indenter, diamond was chosen as 

the tip material due to its high stiffness. Spherical indenters were used instead of Berkovich indenters 

as they are more representative of the particles used in air abrasion systems [55]. Furthermore, 

a) Nanoindentation 

 

b) Nanoimpact 

Coil + magnet 

Frictionless spring pivot 

Limit stop 

Displacement 

capacitor 

Indenter 

Variable damping 

 

Sample holder moving 

towards contact 

 

Balance weight 

 

Balance weight 

 

Solenoid 

 

Sample holder moving 

towards contact 

 

Indenter 

Frictionless spring pivot 

Limit stop 

Displacement 

capacitor 

Coil + magnet 
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spherical tips can avoid excessive damage that would result in inaccurate measurements as they 

reduce the stress concentrations and plastic deformation when compared to a Berkovich tip [56, 57]. 

A summary of the test matrix carried out is shown in Table 3. Nanoimpacts with 10 repetitions were 

undertaken at a load of 10mN and released at flight distances of 4, 8, 12, 16, 20, 24μm for each of 

the tip sizes (tip size corresponds to the radius of the sphere): 5, 10, 50, 100, 200, 500μm.  

Each tip size had a different strain rate associated with it and at different flight distances, allows the 

strain rate of the impacts to be varied. Additionally, different tip sizes provided a range of D/d ratios 

to investigate the columnar structure effect of enamel. 

The load was kept constant at 10mN to allow a fair comparison between the results and because 

swapping loads constantly resulted in a time-consuming setup.  

For the nanoindentations, a depth-controlled indent to a maximum of 300nm was chosen for 

comparison purposes with the literature [12, 36, 40]. The nanoindentation setup uses a loading rate 

of 0.33 mN/s, unloading rate of 1.00 mN/s, dwell period at maximum load of 60 seconds, and a dwell 

period of 60 seconds post-indentation to account for thermal drift. 

Table 3: Test matrix for nanoimpacts and nanoindents. 

Type 
Tip Sizes (radius 

of sphere in μm) 

Flight Distances 

(μm) 
Load (mN) 

Number of 

repetitions 

Nanoimpact 

(Constant Load) 

5, 10, 50, 

100, 200, 500 

4, 8, 12, 

16, 20, 24 
10 10 

Nanoindentation 

(Depth-Controlled) 

5, 10, 50, 

100, 200, 500 
0.3 - 15 

4.3 EXPERIMENT TRIALS WITH LIQUID CELL APPARATUS 

Initial nanoimpacts and nanoindentation experiments following the test matrix shown in Table 3 were 

undertaken using a liquid cell apparatus as shown in Figure 14 that would completely submerge the 

enamel solution in distilled water. The purpose of this is to hydrate the enamel as water is required 

for the proteins and organic matter to function effectively [21].  

However, analysis from these initial experiments showed interactions between the fluid and tip that 

resulted in inaccurate data. To avoid this, the entire test matrix was repeated under dry conditions, 

without the liquid cell apparatus, effectively carrying out the experiment and data analysis twice. 
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Figure 14: Diagram of liquid cell apparatus [58]. 

4.4 INDEPENDENT VARIABLES AND THEIR CALCULATIONS 

4.4.1 STRAIN RATE  

Cheng and Cheng’s work suggested that the indentation strain rate (and assuming a material with 

power-law creep behaviour) for self-symmetric indenters, 𝜀𝑠̇𝑒𝑙𝑓 𝑠𝑦𝑚𝑚𝑒𝑡𝑟𝑖𝑐, could be formulated as 

the ratio of the penetration rate to the current penetrated depth [59], shown below in Equation 2, 

where h is the depth penetrated 

 
 

Eq. (2) 

This holds true for Berkovich indenters, but not spherical indenters as it is are not self-symmetric. 

Tabor’s equation [60, 61] is more suited to find out the indentation strain rate for spherical indenters 

as it allows the indentation strain to be expressed as a function of the contact radius. 

Tabor’s equation defined the representative indentation strain, εindentation, at the contact face of a 

spherical indenter as shown in Equation 3, where R is the indenter’s radius and a is the contact radius. 

 
 

Eq. (3) 

The relationship between h and a  is shown below in Equation 4 [62] 

 
 

Eq. (4) 

As the maximum indentation strain was required to give a better representative value of the strain 

rate, maximum depth, hmax, was used and Equation 4 is now changed to Equation 5 

 
 

Eq. (5) 
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All parameters combined, the representative indentation strain of the spherical indenter is shown in 

Equation 6 as a function of the maximum depth penetrated. 

 

 

Eq. (6) 

Calculating the indentation strain rate for spherical indenters, 𝜀̇, is then just a simple matter of 

numerical differentiation [62] of the strain value against time as shown in Equation 7 

 
 

Eq. (7) 

The depth-time data exported from the MicroMaterials Control software is manipulated in Microsoft 

Excel for calculation of the strain rates from nanoimpacts while strain rates from nanoindentations 

are exported directly. 

4.4.2 D/D RATIO  

The dimensionless erosion ratio, D/d, was introduced by Wellman [52] in his work on the erosion of 

TBC’s to relate different erosion mechanisms to the size of the impact. 

 
 

Eq. (8) 

The contact footprint diameter, D, is simply Equation 5 multiplied by 2. 

 
 

Eq. (9) 

The column diameter, d, for bovine enamel prisms are assumed to be an average value of 6μm [23]. 

Effectively, the D/d ratio is also equal to the number of columns that the indenter interacts with. 

The D/d ratio is useful at it incorporates many variables that are difficult to resolve such as particle 

size and particle velocity. It was used to determine erosion regimes for TBCs as mentioned in Chapter 

3.7. [52] 

4.5 DEPENDENT VARIABLES AND THEIR CALCULATIONS 

4.5.1 DYNAMIC HARDNESS  

The dynamic hardness, DH, (quantified in GPa) is defined as the ratio of the energy consumed during 

an impact to the volume of material displaced by said indentation [53, 63, 64]. The equation to 

calculate dynamic hardness as used by Wheeler and Gunner [64] is shown below in Equation 10. 
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Eq. (10) 

Where meff is the effective pendulum mass, v is the velocity, hrest is the depth where the pendulum 

comes to rest and fSAF is the spherical area function of the indenter.  

The equation for calculating fSAF using a second-order polynomial is shown in Equation 11 [65]. A 

second-order polynomial is used because the MicroMaterials control software uses this polynomial 

for the ideal area function of a sphere. 

 
 

Eq. (11) 

The values of coefficients A, B, and C are different for spheres with different radiuses. To obtain the 

coefficients: a multi-point analysis of the spherical area function was carried out with the 

MicroMaterials control software to produce a plot of the projected contact area vs the contact depth. 

As the software does not allow direct export of this plot, 50 datapoints were selected by hand and 

then replotted in SigmaPlot (Systat Software Inc., Berkshire, UK). A polynomial curve was fitted to 

the datapoints to produce the coefficient values. This was repeated for all 6 tip sizes, with the values 

summarized in Table 4 below. 

Table 4: Coefficients for ideal area function of spheres with radius 5μm-500μm. 

Coefficient 
Tip radius (μm) 

5 10 50 100 200 500 

A 
-26115. 

9 

-135578. 

2 

-15025255. 

708779 

-22278979. 

585429 

-144393219. 

38 

-689477879. 

82 

B 
31393. 

0 

62899. 

4 

314739. 

7827 

628305. 

4151 

1256777. 

96 

3134864. 

20 

C -3.134 -3.1540 -3.1426 -3.1438 -3.1459 -3.1239 

4.5.2 COEFFICIENT OF RESTITUTION  

The coefficient of restitution, CoR, is defined as the ratio of the velocity of separation to the velocity 

of approach for a collision between two bodies [66].  

In Equation # below, u1 and u2 represent the velocities of the bodies before collision while v2 and v1 

represent the velocities of the bodies after collision [67].  

 
 

Eq. (12) 
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CoR always takes a value between 0 and 1, with e = 1 indicating a perfectly elastic collision where 

no kinetic energy is dissipated. 

As the sample is stationary in the nanoimpact setup, the equation [67] simplifies to 

 
 

Eq. (13) 

4.5.3 IMPACT ENERGY  

The energy transfer per impact, Eimpact, was quantified in nanojoules (nJ) using Equation 14 below 

proposed by Beake et al [68]. 

 
 

Eq. (14) 

Since maximum impact energy was to be determined, the calculations in this report used the 

maximum depth, hmax , penetrated by the indenter, as shown in Equation 15 

 
 

Eq. (15) 

4.5.4 DYNAMIC DEPTH  

The dynamic depth (quantified in μm) of an indentation is the maximum penetration depth minus the 

rest depth when the pendulum comes to a complete rest. The equation to calculate dynamic depth as 

used by Wheeler and Gunner [64] is shown below in Equation 16. 

  Eq. (16) 

4.5.5 STRAIN RATE SENSITIVITY 

SRS is by parameter m. m can be calculated from the power-law relationship as used by Maier-Kiener 

and Durst [48] that links strain rate, 𝜀̇ to plastic stress, σ, as shown in Equation 17. 

 
 

Eq. (17) 

In nanoindentation, the indentation stress is used instead. Indentation stress can also be represented 

by the hardness, H. After rearranging to make m the subject, Equation 18 below shows how to 

calculate SRS. 

 
 

Eq. (18) 
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4.6 STATISTICAL ANALYSIS  

All data were expressed as the mean ± standard deviation except where specified. This data was 

statistically analysed using a 1-way analysis of variance (ANOVA) test in SigmaPlot (Systat 

Software Inc., Berkshire, UK), and differences with a p-value of <0.05 deemed as statistically 

significant.  

Bell curves shown in Figures 15,16,17,18, were plotted to show the distribution of the measured 

variables and ease the process of filtering outliers in the data. Outliers here are defined as data 

deviating from more than 2 standard deviations of the mean, indicated by a vertical, dashed threshold 

line. 

 

Figure 15: Normal distribution for coefficient of restitution values obtained. 

 

Figure 16: Normal distribution for impact energy values obtained. 

μ-2σ
0.545
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0.760

μ
0.652
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32.791

μ
20.848
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Figure 17: Normal distribution for dynamic depth values obtained. 

 

Figure 18: Normal distribution for dynamic hardness values obtained. 

Moreover, multiple regression analysis was carried out using D/d ratio and strain rate as predictors 

to estimate the values of the Dependent Variables. The outcome of this analysis is shown in Appendix 

A. 

4.6.1 DEALING WITH OUTLIERS. 

In Figure 15 and Figure 16 for the CoR and Impact energy values respectively, discrete outliers can 

be seen beyond the μ ± 2σ threshold line at the left and right of the plot. 

However, in Figure 17 and Figure 18 for dynamic depth and dynamic hardness values respectively, 

it appears that a sizeable number of datapoints cross the threshold line of 2 standard deviations of the 

mean.  

For dynamic depth values, a total of 24 datapoints were found lying beyond 2 standard deviations of 

the mean (see Figure 17). However, 10 of these datapoints were from the nanoimpact test using the 

10μm tip at a flight distance of 24μm and 7 of these datapoints from the nanoimpact test using the 
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10μm tip at a flight distance of 20μm. These 17 points were not excluded and kept in the results to 

better represent the data obtained overall, as removing these 17 points would effectively ‘drop’ a set 

of impacts that have been carried out. The remaining 7 outliers were discarded, and visualization of 

these outliers can be seen in Figure 19.  

 

Figure 19: Scatter plot of dynamic depth vs D/d to visualize outliers. 

For the dynamic hardness values, a total of 29 datapoints were found lying beyond 2 standard 

deviations of the mean (see Figure 18). Of these 29 datapoints, 25 of them are from the 5μm tip, 

which suggests that the 5μm tip has ‘noisy’ data with a large distribution. The remaining 4 outliers, 

and a visualization of these outliers can be seen in Figure 20.  

 

Figure 20: Plot of dynamic hardness vs D/d ratio to visualize outliers. 
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the dataset for nanoimpact of the 500μm tip at a flight distance of 16μm. Figure 21 visually shows 

the noticeable deviation of this impact compared to the other repetitions.  

 

Figure 21: Depth-Time plot for nanoimpact test using 500um tip at flight distances of 4, 8, 12, 16, 

20, 24μm. The erroneous data is shown with a blue dotted line. 

Note: Even though the indenter tip is not released at exactly 4/8/12/16/20/24μm as can be seen in 

Figure 21, the velocities are changed and this change is integrated into the distribution of the strain 

rate, D/d ratio and other unified values extracted from the data. The release point is also within 1μm 

for each flight distance. This small difference is not significant as it is dealt with through the analysis 

of the data. 
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Chapter 5 RESULTS 

Note: Strain rate and D/d ratio are linked to the size of the tip used. A small tip has a larger strain 

rate effect compared to a large tip, while a large tip has a higher D/d ratio compared to a small tip. 

Error bars represent 1 standard deviation. 

5.1 PLOTS FOR STRAIN RATE 

5.1.1 DYNAMIC HARDNESS VS STRAIN RATE 

 

Figure 22: Plot of dynamic hardness vs strain rate 

0

10

20

30

40

50

60

70

0 10 20 30 40

D
yn

am
ic

 H
ar

d
n

es
s 

(G
P

a)

Strain Rate (s−1)

4μm distance 8μm distance 12μm distance 16μm distance

20μm distance 24μm distance 5μm tip 10μm tip

50μm tip 100μm tip 200μm tip 500μm tip



 Nixshal Nantakumar  

32 

The plot of dynamic hardness vs strain rate in Figure 22 shows a trend of increasing dynamic 

hardness with strain rate. Within a tip, the dynamic hardness values are more spread out at different 

flight distances as the tip size is increased from 5μm to 500 μm. 

There is a noticeable difference between the dynamic hardness values obtained by the larger tips 

(50,100,200,500μm) and the smaller tips (5 and 10μm). The average dynamic hardness value across 

all flight distances for the 5μm tip and 10μm tip is 56.74 GPa and 29.96 GPa respectively while for 

the 50,100,200,500μm tips combined it is 5.98 GPa. This is an approximate difference of nearly 4-

8.5 times in value of dynamic hardness between the smaller tips and the larger tips. Average dynamic 

hardness values across all flight distances by each tip size are shown in Table 5. 

Table 5: Average dynamic hardness (GPa) values for each tip size. 

Classification Tip size (μm) Average dynamic hardness (GPa) 

Smaller Tips 
5 56.74327 

10 29.96033 

Large Tips 

50 10.50975 

5.976674 (average of large tips) 
100 6.519206 

200 4.710058 

500 2.16768 

A best-fit analysis was conducted using Microsoft Excel to determine the effects of smaller and larger 

tips on dynamic hardness. Linear fits were plotted through all the tips, then excluding the 5μm tip, 

followed by excluding both the 5μm and 10μm tip as shown in Figure 23. The R2 values are compiled 

in Table 6.  
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Figure 23: Plot of dynamic hardness vs strain rate. Best-fit lines added to view the relationship 

between tip sizes and effect on dynamic hardness value. 

 

Table 6: R2 values and linear equations for regression lines in Figure 23. 

Classification Tip Sizes used (μm) R2 value of Linear Fit Linear Equation 

All tips 5,10,50,100,200,500 0.9366 y = 1.7367x - 7.6451 

Excluding 5μm 

tip 
 10,50,100,200,500 0.9254 y = 1.2715x - 3.5853 

Large Tips only 50,100,200,500 0.8016 y = 0.7857x - 0.2383 

Looking at the gradients of the linear equation, the smaller tips give a larger change in dynamic 

hardness values as indicated by a bigger gradient in the linear equation.  
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5.1.2 IMPACT ENERGY VS STRAIN RATE 

 

Figure 24: Plot of Impact energy vs strain rate 

The plot of Impact energy vs strain rate as shown in Figure 22 shows the Impact energy increasing 

nearly linearly with strain rate for the 4μm and 8μm flight distances. However, the remaining flight 

distances show the Impact energy increasing up until the 10μm tip then dropping slightly when the 

5μm tip is used; indicating a point of inflexion between the 5μm and 10μm tip. 

When looking within a specific tip, the impact energies increase with a higher flight distance. 

Additionally, within a tip, the strain rate also increases as the flight distance is increased but to a 

lesser extent compared to when the tip size is decreased. 
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5.1.3 DYNAMIC DEPTH VS STRAIN RATE 

 

Figure 25: Plot of dynamic depth vs strain rate 

The plot of dynamic depth vs strain rate as shown in Figure 25 shows the dynamic depth increasing 

almost linearly with strain rate as the tip sizes decrease, until the 10μm tip. There is a point of 

inflexion here as the 5μm tip drops to a lower dynamic depth compared to the 10μm tip. 

When looking within a specific tip, the dynamic depth increases as the flight distance increases. 
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5.1.4 COEFFICIENT OF RESTITUTION VS STRAIN RATE 

 

Figure 26: Plot of coefficient of restitution vs strain rate 

The plot of CoR vs strain rate as shown in Figure 26 shows the trend that the CoR is decreasing with 

increasing strain rate to a minimum up to the 10μm tip then increases again when the 5μm tip is used. 

This represents another point of inflexion between the two smallest tips as the CoR for the 5μm tip 

is slightly higher than that of the 10μm tip. 

There is some overlap with the 4,8μm flight distance, and the 12,24μm flight distance. Within a tip, 

the 20μm flight distance provides the highest CoR values for all tip sizes.   

 

 

0.55

0.6

0.65

0.7

0.75

0 10 20 30 40

C
o

ef
fi

ci
en

t 
o

f 
R

es
ti

tu
ti

o
n

Strain Rate (s−1)

4μm distance 8μm distance 12μm distance 16μm distance

20μm distance 24μm distance 5μm tip 10μm tip

50μm tip 100μm tip 200μm tip 500μm tip



 Nixshal Nantakumar  

37 

5.2 PLOTS FOR D/D RATIO 

5.2.1 DYNAMIC HARDNESS VS D/D RATIO 

 

Figure 27: Plot of dynamic hardness vs D/d ratio 

The plot of dynamic hardness vs D/d ratio shows dynamic hardness decreasing as the D/d ratio 

increases. Looking within a tip, the spread of data goes from a big spread of dynamic hardness values 

and a small spread of D/d ratios to the opposite, as the size of tip increases from 5μm to 500μm. 

The smaller tips have a D/d ratio on average no higher than 2 while the larger tips have a D/d ratio 

of 3+. 

Best-fit analysis was done on this plot using a negative exponential fit. One line of best fit was tested 

using data points from all the tips, while another line of best fit used only data points from the larger 

tips. The lines of best fit are shown in Figure 28 and R2 values in Table 7. 
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Figure 28: Plot of dynamic hardness vs D/d ratio. Best-fit lines added to view the relationship 

between tip sizes and effect on dynamic hardness value. 

Table 7: R2 values and negative exponential equations for regression lines in Figure 28. 

Classification Tip Sizes used (μm) 
R2 value of Negative 

Exponential Fit 

Negative Exponential 

Equation 

All Tips 5,10,50,100,200,500 0.8682 y = 43.657e-0.228x 

Large Tips only 50,100,200,500 0.9053 y = 18.689e-0.15x 

The best fit analysis shows that the smaller 5μm tip and 10μm tip behave differently compared to the 

larger as they result in higher dynamic hardness values, and do not follow the line of best fit that goes 

through the larger tips. 
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5.2.2 IMPACT ENERGY VS D/D RATIO 

 

Figure 29: Plot of Impact energy vs D/d ratio 

The plot of Impact energy vs D/d ratio shown in Figure 28 shows the Impact energy decreasing with 

higher D/d ratios. Within a single tip, the impact energies increased steadily with increasing flight 

distance. The size of the tips seems to influence the impact energy as the larger tips e.g 500μm tip 

has a more dramatic D/d change compared to the smaller tip e.g 5μm tip. 

An interesting observation is seen with the 10μm tip. At 4μm and 8μm flight distances, the 10μm tip 

has a D/d ratio of 2, and results in a smaller impact energy than the 5μm tip. However, at longer flight 

distances, the 10μm tip has a D/d ratio above 2 and achieves an impact energy greater than the 5μm 

tip did. This alludes to the fact that there is a different structural effect taking place below D/d ratios 

of 2. 
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5.2.3 DYNAMIC DEPTH VS D/D RATIO 

 

Figure 30: Plot of dynamic depth vs D/d ratio 

The plot of dynamic depth vs D/d ratio shown in Figure 30 shows a clear trend that the dynamic 

depth decreases with increasing D/d ratio for the 10um tip till the 500um tip. The 5um tip has a 

considerably lower dynamic depth value than the 10um tip, pointing to a point of inflexion here due 

to structural effect. The 5um tip impact is also below a D/d ratio of 2 while the 10um tip is above a 

D/d ratio of 2 when the flight distances have been averaged.  

Within a tip, the dynamic depth increases as the flight distances are increased. The larger sized tips 

show a greater D/d change compared to the smaller sized tips. 
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5.2.4 COEFFICIENT OF RESTITUTION VS D/D RATIO 

 

Figure 31: Plot of CoR vs D/d ratio 

The plot of CoR vs D/d ratio as shown in Figure 26 shows the CoR is increasing with increasing D/d 

ratios. 

The 5um tip shows a larger CoR compared to the 10um tip and does not fit the overall trend, and 

represents another point of inflexion between the two tips possibly due to structure effect. 

 The large 500um tip shows a greater D/d change compared to the smaller 5um tip. The CoR values 

appear to level off as the D/d ratio increases from 2 - 20, suggesting a structure effect here as well. 

Most of the variability in the CoR values occurs between D/d ratio 2 - 12.  
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5.3 COMBINED PLOTS FOR STRAIN RATE AND D/D RATIO 

The plots below show the same data from Chapter 5.1 and 5.2, but with strain rate and D/d ratio 

combined to ease viewing the relationship between dependent variables, strain rate and D/d ratio 

(number of columns impacted). Only the average of the data from all flight distances were used and 

error bars were removed to prevent cluttering. 

In all 4 plots below, the relationship between values of the dependent variables and strain rates are 

strong linear relationships (R2 > 0.95) except for the 5μm tip which does not fall near the line. Adding 

to this observation, the 5μm tip is shown to hit less than 2 columns while the other tips hit 2-14 

columns. 
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5.3.1 DYNAMIC HARDNESS – COMBINED PLOT 

 

Figure 32: Combined plot showing the relationship between strain rate and D/d ratio on dynamic 

hardness. Trendline arrows in direction of increasing tip size. 
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5.3.2 DYNAMIC DEPTH – COMBINED PLOT 

 

Figure 33: Combined plot showing the relationship between strain rate and D/d ratio on dynamic 

depth. Trendline arrows in direction of increasing tip size. 
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5.3.3 IMPACT ENERGY – COMBINED PLOT 

 

Figure 34: Combined plot showing the relationship between strain rate and D/d ratio on Impact 

energy. Trendline arrows in direction of increasing tip size. 
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5.3.4 COEFFICIENT OF RESTITUTION – COMBINED PLOT 

 

Figure 35: Combined plot showing the relationship between strain rate and D/d ratio on CoR. 

Trendline arrows in direction of increasing tip size. 
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5.4 STRAIN RATE SENSITIVITY 

 

Figure 36: Plot of hardness vs strain rate from nanoindentation data.  

From the nanoindentation data, hardness values and strain rates were extracted and plotted in Figure 

37. The strain rate values associated with each tip for this study is shown in Table 8. A linear and 

power line of best fit was fitted through the data. The R2  values for each fit (shown on the plot) 

differed by 11%, with the linear equation providing a better fit. 

Table 8: Average strain rate values for each tip size from nanoindentation data. 

Tip size (μm) Average strain rate (s-1)* 

5 1.2670775E-03 

10 6.9863125E-04 

50 1.8811755E-04 

100 1.3274787E-04 

200 5.8600602E-05 

500 2.1362645E-05 

*Strain rate value used is the numerical average of strain rates recorded from the time the 

nanoindentation started till it reached the maximum depth. 
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Figure 37 shows the hardness measured at the highest strain rate is significantly higher than the 

hardness value measured at the lowest strain rate. The curve indicates that hardness decreases with 

decreasing strain rate till it reaches a plateau. 

 

Figure 37: Plot of elastic modulus vs strain rate. Tip size and elastic modulus values rounded up to 

1 decimal place are shown in data callouts. 

Similarly, the elastic modulus data was plotted against the strain rate in Figure 38. Elastic modulus 

values of the high strain rate values (caused by small 5μm and 10 μm tips) are significantly higher 

compared to the low strain rate values below 0.001s-1. Within these recorded strain rates, the elastic 

modulus of enamel ranges from 60.6 -  92.9 GPa. 
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Chapter 6 DISCUSSION 

6.1 STRAIN RATE SENSITIVITY 

The range of strain rates provided by the 6 tip sizes was extremely small at 0.00001 s-1 – 0.001 s-1. 

Work by Zhang et al [50] and He and Swain [21] used strain rate ranges in the order of 0.01 s-1 – 0.1 

s-1. 

Using Eq. 17, the data from this set of nanoindentations show the m value is 0.5857. However, this 

value may not accurately represent enamel as the strain rate range used is extremely small. Only 

creep rate sensitivity values were found [21, 69] in literature and were a magnitude lower than the m 

value obtained in this study. 

Nevertheless, the change in response of hardness and elastic modulus of the enamel to strain rate is 

still a measure of strain rate sensitivity. The elastic modulus was at an average of 59.3 GPa between 

strain rates of 0.00001 s-1 – 0.001 s-1 and then increased by 21% and 44% when strain rates of 0.0007 

s-1  and 0.0013 s-1 were used.  The drastic change in elastic modulus and hardness values with 

increasing strain rate larger indicates that elastic modulus for enamel is strain rate dependent.  

Literature [21, 50] suggests the change in these values with strain rate is due to the creep behaviour 

of the organic matrix. After initial trials with the liquid cell apparatus mentioned in Chapter 4.3 where 

the disk was submerged in distilled water, the enamel disk was left to dry in air in room temperature. 

It is likely some traces of water and active protein remained in between the narrow prisms of the 

enamel when the next set of nanoimpacts was conducted. This is backed up by Habelitz [12] who 

suggests minimal amount of protein still affects the mechanical properties at nanofibril-level. 

Low strain rate (0.0001s-1) mechanical testing of trabecular bone  by Linde et al [70] showed similar 

trends in the change of elastic modulus and hardness observed in this experiment. Enamel and 

trabecular bone possess different structures that result in vastly different values of elastic modulus 

and hardness. but the trends are similar as they are both calcified tissues.  

6.2 STRAIN RATES 

The strain rate is a measure of how much damage is being done to the enamel, as a high strain rate 

indicates the tip is effectively penetrating deeper into the tissue according to Equation 3 and Equation 

4. Strain rates in this study were varied by using spherical tips of different radiuses. A smaller tip 

produces a larger strain rate compared to a larger tip.  
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The dynamic hardness values increase dramatically for higher strain rates compared to lower strain 

rates, as the results for the 5μm and 10μm tip are significantly higher than the larger tips. This 

visualized by the gradients of the linear regression lines in Figure 23.  

Looking at Figures 32-35, the relationship between values of the dependent variables and strain rates 

have strong linear relationships (R2 > 0.95) except for the 5μm tip which does not fit the line. 

Furthermore, Figures 27,30,33 all show a clear inflexion point between the 5μm tip and 10μm.  

The inflexion points and behaviour of the small tips can be explained using the D/d ratio. 

6.3 D/D RATIO 

The D/d ratio is a measure of how the structure of the material is affected. In this experiment, the 

D/d ratio is interchangeable with number of columns impacted by the indenter, as explained in 

Chapter 4.4.2. The test matrix outlined in Table 3 was chosen to allow for a D/d range of 0-20 as 

Wellman and Nicholls [52] had recorded. The coloured zones mark the transition between different 

damage mechanisms according to the thresholds explained in Chapter 3.7. 

Inflexion points found between the 5μm tip and 10μm tip from Chapter 5.1 with the strain rate plots 

also appear in the D/d plots. The columnar structure of the enamel rods plays a role in its damage 

mechanisms and causes these inflexion points. 

The number of enamel rods a tip interacts with (this number being the D/d ratio) increases as the size 

of the tip increases. This is seen in Figures 27,29,30,31 where the smaller 5μm and 10μm tips have 

a D/d ratio of 1-2, while the large 500 μm tip used is mostly scattered in the D/d ratio above 12 and 

the remaining tips stay between a D/d ratio of 2-12. A visual of the tip-column interaction is shown 

in Figure 38.   

 

Figure 38: Illustration (not to scale) of increasing tip sizes (tip size corresponds to radius of sphere) 

and the number of columns they interact with. 
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6.3.1 SINGLE COLUMN RESPONSE VS MULTI-COLUMN RESPONSE 

This single column versus multi-column (>2) response of different tip sizes is the structural effect of 

the enamel that influences the measured values at different D/d ratios. 

For example, when measuring dynamic hardness, the 5μm tip is only measuring the hardness of a 

single column, meanwhile, the large 500μm tip interacts with multiple columns causing greater 

system compliance and results in a lower measured dynamic harness.  

In the plots against D/d ratio for Impact energy (Figure 29) and dynamic depth (Figure 30), the 10μm 

tip which hits around 2+ columns has an average value of 23.1nJ and 0.43μm respectively which 

then decreases linearly (see Figure 33 and Figure 34) to the average value of 19.3nJ and 0.18μm 

when the 500μm tip hits 14 columns. The plot of CoR versus D/d ratio is unique as the CoR value 

increases, showing a greater elastic response as the number of columns impacted increases from 2 to 

9 (10μm tip – 200μm tip) then appears to plateau, with the an impact involving 14 columns (500μm 

tip) recording the same CoR value as the 200μm tip to 2 d.p (see Figure 35) 

6.3.2 KEYHOLE STRUCTURE OF ENAMEL PRISMS 

 

Figure 39: Illustration of the keyhole shape of enamel prisms. Adapted from Cheng et al [71]. 

The inflexion point observed between the 5μm tip and 10μm tip for the dependent variables in 

Figures 22,24,25,26 can be attributed to the keyhole structure of the enamel rods. 

The 5μm tip interacts with a single column (< 2 at most) as shown from the D/d plots in Chapter 5.2. 

As this tip is small, there is a potential that it is hitting the interfaces between the enamel rods: the 

tail section, which has a lower elastic modulus, Hardness and imperfect alignment of HAP crystals 

compared to the enamel rods [14, 15]. The 5μm tip interrogates the surface differently because it 

may hit either a rod or tail section and record a different measured value compared to the larger 10μm 

tip that hits a combination of rod and tail section.  

Tail section 
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As enamel is a biological tissue, naturally, distributions in the data would be expected. In Chapter 

4.6.1, the 5μm tip shows a larger distribution of dynamic hardness values compared to the other tips. 

This can be seen in Figure 40 where the distribution of measured hardness of the small 5μm tip is 

significantly bigger than that of the larger tips. The noise in the 5μm tip data could be due to the 

keyhole structure of the enamel prisms.  

 

Figure 40: Plot of dynamic hardness vs D/d ratio with data callouts for tip size and the difference 

between the highest and lowest dynamic hardness recorded by that tip.. 

Large tips have a multi-column response (high D/d ratio) and interact with a combination of tail 

sections and enamel rods which even outs the distribution measured hardness as the number of 

columns the indenter acts on increases.  

This can explain the variability of the CoR values between D/d ratio of 2-12 as the tips gradually 

start hitting less of the interfaces and more of the enamel rods, the CoR value eventually levels off 

after 12 columns have been hit. 
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6.4 DAMAGE MECHANISMS OBSERVED IN ENAMEL AND 

COMPARISON WITH EB-PVD. 

The D/d ratio threshold values of 0-2, 2-12, and 12-20 proposed by Wellman and Nicholls in his 

work with determining different damage mechanisms for EB-PVD’s have translated well in showing 

the transitions between different damage mechanisms in enamel. The coloured zones from D/d ratio 

plots in Chapter 5.2 show the categorization of the 5μm and 10μm tip into the 0-2 D/d range, 

50,100,200μm tip into the 2-12 D/d range and 500μm tip into the 12-20 D/d range. 

The 3 damage mechanisms in order of increasing D/d ratio are Erosion, Compaction, and FOD 

proposed by Wellman and Nicholls (explained in Chapter 3.7) seem to be reversed in enamel; with 

FOD, Compaction and Erosion taking place with increasing D/d ratio.  

For enamel, the D/d ratio range of 0-2 shows the highest penetration depths, impact energies, and 

low elastic response. Compared to the D/d ratio range of 12-20, the impact is shallower with the 

lowest impact energies and much more elastic in terms of the response. This indicates that the 0-2 

D/d range is when the most damage and material loss is being done to the enamel structure compared 

to the 2-12 D/d range where the structural integrity might not be affected too much. From the view 

of the air abrasion device, a smaller particle would damage the enamel surface more compared to a 

larger particle travelling at the same velocity. For EB-PVDs, these types of damage occur at the 

opposite ends of the D/d ratio scale. 

This disconnect between the different results could be due to the different mass of particles used for 

impacting the surface. If a big particle and small particle are matched with the same velocity, the big 

particle which has a bigger mass and higher energy on impact would deal more damage and interact 

with more columns than the small particle. Wellman and Nicholls had used 100μm alumina particles 

at a much higher impact velocity (>140ms-1). 

Furthermore, Wellman and Nicholls had the opportunity to cut the samples and view the actual 

damage done to the enamel, but this unfortunately couldn’t be carried out in this experiment (see 

Chapter 10). It is possible that with enamel, the impacts at 12-20 D/d range could be carrying out a 

mix of compaction and surface erosion, effectively leaving a dent on the surface while the impacts 

at 0-2 D/d range are carrying out FOD which penetrates deep into the enamel and fractures the HAP 

crystals that make up the enamel rods. A small tip size that could cause cracking of the enamel may 

also introduce other wear mechanisms such as micro-chipping if the HAP crystals are fractured [13, 

72]. 

From a strain rate perspective, the use of different sized tips has managed to test enamel’s response 

to different strain rates, but different tip sizes have not been matched to each other’s strain rates. An 

example is shown in Figure 41 where the 500μm tip’s strain rate could be matched to the 5μm tip’s 
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strain rate by firing the 500μm tip at a higher velocity. Not matching the strain rates of tips is another 

potential difference between the work done in this experiment and Wellman and Nicholls’ paper. 

The 500μm tip firing at a higher velocity to match the strain rates produced by the 5μm tip would 

result in much more damage to the enamel tissue due to the bigger size and impact energies and 

possibly agreeing with their findings. In Wellman and Nicholls’ work, only one tip size was used, 

effectively testing the enamel’s response to the impacts at the same strain rate. 

 

Figure 41: Plot of dynamic hardness vs strain rate that shows the difference in average strain rate 

values of 5μm tip and 500μm tip. 
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6.5 DEHYDRATION OF ENAMEL 

The literature from Chapter 3.6 shows that the mechanical properties of enamel change significantly 

when tested under hydrated/dehydrated conditions. Dehydration of calcified tissues such as cortical 

bone results in an increase in measured hardness and elastic modulus values [73, 74]. The elastic 

modulus and hardness values recorded from the nanoindentations of enamel in this study are shown 

in Table 9. 

Table 9: Values for elastic modulus and hardness for enamel under hydrated/dehydrated conditions. 

Conditions 
Elastic modulus, 

E (GPa) 

Hardness, H 

(GPa) 
Author 

Maximum 

depth/load used 

Hydrated 

87.5 ± 2.1 3.8 ± 0.3 Habelitz [12] 1500 μN; 300nm 

83.4 ± 7.1 (prism) 

39.5 ± 4. (sheath 

4.3 ± 0.8 (prism) 

1.1 ± 0.3 (sheath) 
Ge [14] 

1000μN (prism) 

300μN (sheath) 

Dehydrated 60.6 -  92.9 0.46 - 4.13   

The maximum elastic modulus and hardness values recorded are 6.2% and 8.7% higher respectively 

compared to the hydrated samples, thus following the trend exhibited by bone.  

Dehydration of the enamel may have affected the CoR values as it alters the enamel’s energy 

absorption capabilities. The presence of the proteins could have enabled the enamel to absorb more 

energy from the impact through a sacrificial bond [28] and the organic matter’s capability to spread 

the damage over a large volume [75]; as well as letting it recover after unloading to prevent further 

deformation. 

In this experiment, the enamel samples were tested under hydrated conditions but did not output 

useful data due to errors with the apparatus. 
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Chapter 7 LIMITATIONS 

The primary limitation of this study is the failure of the liquid cell apparatus (see Figure 13) to output 

accurate results as briefly mentioned in Chapter 4.3.  Fluid interactions with the tip manifested as an 

unusual ‘hump’ in the plotted data by the MicroMaterials control software, when it should have been 

a straight line. This faulty data then affected the subsequent results and was not a reliable way of 

collecting correct information from the nanoimpacts.  

Stiffening the arm of the pendulum system connected to the indenter may have resolved the hump 

but was not done as it was outside the scope of this experiment. 

Despite troubleshooting efforts and applying different test matrixes, the faulty data kept reappearing. 

In the interest of time, the decision was then made to carry out the entire test matrix again under dry 

conditions without a liquid cell apparatus.  

Some data collected at the initial phase of this study with the liquid cell apparatus have been included 

in Appendix B. 
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Chapter 8 DISRUPTIONS DUE TO COVID-19 

Due to COVID-19, serial polishing of the enamel disk to examine the subsurface damage could not 

be carried out due to the university’s shutdown. 

The impacted sample was to be embedded in cold cure resin, followed by serially polishing of the 

working surface to visualize the subsurface damage to the enamel microstructure using an SEM. The 

purpose is to check if the damage observed in the enamel matched the damage types by Wellman 

[52] in relation to the erosion theories.
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Chapter 9 FUTURE WORK 

Future repetitions of this experiment should use hydrated enamel sample as opposed to dry samples 

to observe differences in the erosion mechanisms. Hydration of the sample causes the proteins 

present in the enamel tissue to play a significant role [21] and may affect the enamel’s mechanical 

response.  

Additionally,  matching the strain rates of the different tip sizes together to enable better comparison 

with Wellman and Nicholls’ work.   

Visual inspection of the impact damage to the enamel surface under SEM should also be carried out 

to verify any link between the types of damage on the enamel microstructure from different impact 

scenarios to Wellman and Nicholls’ erosion theories [52].  
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Chapter 10 CONCLUSION 

In conclusion, this experiment has studied the impact response of bovine enamel to different particle 

geometries and strain rates using nanoimpacts and nanoindentation to simulate a commercial air 

abrasion system. All dependent variables: dynamic hardness, dynamic depth, impact energy, and 

coefficient of restitution had shown strong linear relationships with increasing strain rate up until an 

inflexion point was reached with the 5μm  radius spherical indenter.  

This suggested the underlying structure of enamel affected the mechanical response too. The D/d 

ratio, a concept introduced by Wellman and Nicholls [52] in their work with EB-PVD TBCs were 

used to study the erosion behaviour of enamel due to similarities in their columnar microstructure. 

The mechanical response of the enamel tissue was found to vary with both the strain rates and D/d 

ratios. The inflexion points observed with the strain rates occurred at a D/d ratio of less than 2. The 

D/d ratio in this study also directly related to the number of columns impacted, suggesting that 

different particle geometries affect the erosion mechanism of enamel. Small particles close to the 

size of the enamel prims elicited a single column response while larger particle elicited a multi-

column response. The keyhole shape of enamel prisms is the reason behind the inflexion points as 

the small 5μm indenter likely interacted with the interfaces between enamel rods that have different 

HAP crystal orientations compared to the enamel rods, causing the inflexion point. 

The D/d ratio thresholds studied by Wellman and Nicholls [52]  that identify different erosion 

regimes in TBCs were found to fit for enamel as well. However, impact data indicated the type of 

damage that occurs between the prescribed D/d thresholds for enamel appears to the opposite of 

TBCs. From the view of the air abrasion perspective, using the data observed it is found that a larger 

particle would cause lesser damage than a small particle traveling at the same velocity.  

From nanoindentation of the enamel, hardness and elastic modulus of enamel were found to be strain 

rate dependent, which is supported in literature for enamel tested under hydrated conditions. As the 

enamel tested in this experiment was not tested under hydrated conditions, air-drying the sample may 

have left trace amounts of water and proteins in the enamel structure. 

This experiment has shown that nanoimpact and nanoindentation testing are useful tools to 

understand the parameters of the air abrasion process and how they affect the erosion mechanisms 

of enamel better. Future undertakings need to ensure the enamel is tested under fully hydrated 

conditions, the mass of particles accounted for, and strain rates of different sized spherical indenters 

are matched to each other. The actual subsurface damage to the enamel must be checked under SEM 

for comparison with Wellman and Nicholls’ [52] observations. 
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APPENDIX A MULTIPLE REGRESSION ANALYSIS USING 

STRAIN RATE AND D/D RATIO  

Multiple regression analysis was carried out using D/d ratio values and strain rate values as predictors 

to estimate values of the dependent variables. The analysis was carried out in Microsoft Excel. An 

ANOVA test was also done, and differences with a p value of <0.05 deemed as statistically 

significant. All four analyses had a p value of <0.05. Correlation coefficients, R2 values, linear 

regression coefficients and the final linear regression equations for each dependent variable are 

summarised in the tables below. 

Table A.1: Multiple regression analysis to predict dynamic hardness (DH) 

Correlation 

coefficient 

  D/d ratio StrainRate DH 

D/d ratio 1 
  

StrainRate -0.79822 1 
 

DH -0.73439 0.957752 1 

Regression 

Statistics 

R Square 0.919787 

Adjusted R Square 0.919333 

Coefficients 

  Coefficients Standard Error t Stat P-value 

Intercept -11.5093 1.311818 -8.77352 7.51E-17 

D/d ratio 0.352263 0.106235 3.315894 0.001008 

StrainRate 1.841574 0.045006 40.91878 4.8E-136 

Linear regression 

equation 

Predicted_DH = 1.8415749*(StrainRate)  

+ 0.352263*(D/d ratio) - 11.5093 

Table A.2: Multiple regression analysis to predict dynamic depth (hdyn) 

Correlation 

coefficient 

  D/d ratio StrainRate hdyn 

D/d ratio 1 
  

StrainRate -0.80411 1 
 

hdyn -0.5287 0.603979 1 

Regression 

Statistics 

R Square 0.370031 

Adjusted R Square 0.366389 

Coefficients 

  Coefficients Standard Error t Stat P-value 

Intercept 232.8883 19.55323 11.91048 1.21E-27 

D/d ratio -2.79828 1.649395 -1.69655 0.090681 

StrainRate 4.61427 0.654467 7.050422 9.74E-12 

Linear regression 

equation 

Predicted_hdyn = 4.61427*(StrainRate)  

- 2.79828*(D/d ratio) + 232.8883 
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Table A.3: Multiple regression analysis to predict Impact energy (Eimpact) 

Correlation 

coefficient 

  D/d ratio StrainRate Eimpact 

D/d ratio 1 
  

StrainRate -0.79858 1 
 

Eimpact -0.04724 0.422716 1 

Regression 

Statistics 

R Square 0.411356 

Adjusted R Square 0.408031 

Coefficients 

  Coefficients Standard Error t Stat P-value 

Intercept 5.619539 1.072241 5.240931 2.75E-07 

D/d ratio 1.032503 0.087287 11.82888 1.97E-27 

StrainRate 0.571121 0.03641 15.68567 1.8E-42 

Linear regression 

equation 

Predicted_Eimpact = 0.571121*(StrainRate) +  

1.032503*(D/d ratio) + 5.619539 

 

Table A.4: Multiple regression analysis to predict coefficient of restitution (CoR) 

Correlation 

coefficient 

  D/d ratio StrainRate CoR 

D/d ratio 1 
  

StrainRate -0.799571216 1 
 

CoR 0.833227794 -0.8530465 1 

Regression 

Statistics 

R Square 0.791034996 

Adjusted R Square 0.789827106 

Coefficients 

  Coefficients Standard Error t Stat P-value 

Intercept 0.661227723 0.005704832 115.9066139 6.4E-279 

D/d ratio 0.004899682 0.000478415 10.24149011 1.12E-21 

StrainRate -0.002426082 0.000191665 -12.65795801 1.94E-30 

Linear 

regression 

equation 

Predicted_CoR = -0.002426082*(StrainRate) +  

0.004899682*(D/d ratio) + 0.661227723 
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APPENDIX B TRIALS WITH LIQUID CELL APPARATUS 

 

 

Figure B.1: Depth-Velocity-Time plots for nanoimpact tests using 100μm tip at 12μm flight 

distance with test carried out in a) liquid cell apparatus and b) air (dry conditions). Hump indicated 

by red arrow. 

An example of the fluid interaction ‘hump’ is shown in Figure A.1(a). This hump was seen in nearly 

every nanoimpact carried out with the liquid cell apparatus.

a) 

 

b) 
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