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Abstract 

 

We measure and describe surface microstructure and subsurface damage 

(SSD) induced by microgrinding of hard metals and hard ceramics used in optical 

applications. We examine grinding of ceramic materials with bonded abrasives, and, 

specifically, deterministic microgrinding (DMG). DMG, at fixed nominal infeed rate 

and with bound diamond abrasive tools, is the preferred technique for optical 

fabrication of ceramic materials. In DMG material removal is by microcracking. 

DMG provides cost effective high manufacturing rates, while attaining higher 

strength and performance, i.e., low level of subsurface damage (SSD). 

A wide range of heterogeneous materials of interest to the optics industry 

were studied in this work. These materials include: A binderless tungsten carbide, 

nonmagnetic Ni-based tungsten carbides, magnetic Co-based tungsten carbides, and, 

in addition, other hard optical ceramics, such as aluminum oxynitride (Al23O27N5 / 

ALON), polycrystalline alumina (Al2O3 / PCA), and chemical vapor deposited (CVD) 

silicon carbide (Si4C / SiC)). These materials are all commercially available. 

We demonstrate that spots taken with magnetorheological finishing (MRF) 

platforms can be used for estimating SSD depth induced by the grinding process. 

Surface morphology was characterized using various microscopy techniques, such as: 

contact interferometer, noncontact white light interferometer, light microscopy, 

scanning electron microscopy (SEM), and atomic force microscopy (AFM). The 

evolution of surface roughness with the amount of material removed by the MRF 

process, as measured within the spot deepest point of penetration, can be divided into 
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two stages. In the first stage the induced damaged layer and associated SSD from 

microgrinding are removed, reaching a low surface roughness value. In the second 

stage we observe interaction between the MRF process and the material’s 

microstructure as MRF exposes the subsurface without introducing new damage. Line 

scans taken parallel to the MR fluid flow direction, show the microroughness 

contributions due to the interactions between MR fluid abrasive particles and the 

material’s microstructure, whereas the MRF process signature is detected by 

measuring microroughness perpendicular to the MR fluid flow. We study the 

development of texture for these hard ceramics with the use of power spectral density 

(PSD).  
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diagonal D (m), the resulting plastically deformed zone with 
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lateral cracks CL (m) and median/radial cracks CR (m). 
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fracture toughness values of 6.35 and 4.7 MPa m1/2, 
respectively. 

Figure 3.1. Schematics of the two grinding configuration used in our 
experiments: (a) contour; (b) ring tool configurations, 
respectively. 
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Schematics cross section view of the relative position of the 
MRF machine pole pieces to the rotating wheel and 
workpiece, the magnetic field is represented by arrows at the 
poles (reproduced from). 
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fluid flow is indicated by the arrow. 
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Figure 3.5. (a) 3-D image of an MRF spot taken with a contact stylus 
profilometer on rough ground CVD SiC for 8 min. Arrows 
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through the center of the 3-D map (indicated by a dashed 
line). The distance between the trailing edge and the ddp 
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reaches ~6 µm in the region sampled with the line scan. The 
white rectangle within the ddp region in (a) represents one of 
the five sites over which surface roughness was measured 
using the white light interferometer, illustrated by the pseudo 
color image representing the 0.35 × 0.25 µm2 areal 
roughness measurement. 

Figure 3.6. Schematic diagram of the procedure used for surface 
microroughness measurements within MRF spots. The 
dashed ellipse represents the ddp region. The rectangle 
within the ddp represents one of the five random sites over 
which surface roughness was measured. (a) First orientation 
of the spot for generating line scans perpendicular (┴) to the 
MR fluid flow direction, and (b) after rotating the part 90º to 
generate line scans parallel (║) to the MR fluid flow 
direction. 
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interferometer, showing the 10 line scan (0.35 mm scan 
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Figure 3.8. Schematic illustration of the SEM column (adapted from 
Hageman et al.22). The arrows indicates (right): electron gun, 
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characteristic X-rays (EDS) detector, secondary electrons 
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Figure 3.9. Image of the demagnetization process, were a Co-based 
(magnetic) sample is being passed through (see arrow) the 
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carried by hand as seen in the image. 
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Figure 3.10. (a) SEM image (×30,000 magnification) of a nonconductive 
surface (PCA) taken using 1.5 kV beam voltage, 3 mm 
working distance, showing the high quality imaging 
obtainable using these settings; (b) SEM image (×10,000 
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~19 to ~29.5 nm (see double arrows). 
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Figure 4.3. Surface-roughness of fine-ground surfaces (2-4 µm grit size) 
versus WC material type. The error bars represent the 
standard deviation of five areal measurements. 

76
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profile. Numbers indicate: (1) spot leading edge (where the 
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Chapter 1 

 

Introduction 
 

 

1.1  Motivation for this Work  

The complexity of the material removal mechanism and the resulting surface 

finish can be comprehended by working on either relatively soft and brittle materials 

such as optical glass, or harder and more challenging polycrystalline materials, such 

as tungsten carbides, silicon carbides and polycrystalline alumina. In general, material 

removal under abrasive wear conditions tends to scale inversely with a material’s 

hardness (resistance to plastic deformation). Broadly speaking, material removal is 

slower for harder materials. However, deviations from this relationship are observed. 

For example, materials with limited ductility may crack under abrasion conditions 

near the trailing edge of the sliding abrasive where the stresses are tensile. In addition, 

brittle materials show subsurface radial cracking, which originates from indentation, 

and very brittle materials, show subsurface lateral cracks below the indentation. 

Therefore, it is not surprising, considering the complexity of the removal process, that 

for a broad range of materials deviations from this simple relationship are expected. 

The aim of this thesis is to provide a better understanding of the material removal 

mechanism and material surface evolution under abrasive wear conditions for 

polycrystalline optical materials. 

 

1.2 Abrasive Wear in Optical Fabrication of Precision Optics 

We provide a brief background to abrasive wear mechanisms for homogenous 

(e.g., glass) and heterogeneous (e.g., cemented carbides) materials of interest for 

optical applications. Abrasive wear involves the chemo-mechanical interactions 

between a tool, abrasive used, and the workpiece surface in contact. For glass, the 

classic equation by Preston1 provides a useful framework to evaluate wear 

performance of brittle materials under abrasive wear conditions. Preston predicted 

that the amount of material removed during polishing is proportional to the local 
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pressure, the relative velocity between the lap and the workpiece, and time. The 

correlation can be used to predict material removal rate, by using the coefficient CP 

(Pa-1), also known as Preston’s coefficient, i.e.  

 
t

x
A
LC

t
h rel

P Δ
Δ

=
Δ
Δ  (m/sec) (1.1) 

where Δh (m) is the thickness removed from the surface of the workpiece, Δt (sec) is 

the duration of the process, L (N) is the applied normal load, A (m2) is the local 

contact area, and Δxrel (m) is the relative distance traveled by the workpiece/lap 

(depending on configuration) with respect to the lap/workpiece.  Preston’s coefficient 

incorporates both the mechanical and chemical characteristics of the process. It is also 

practical to consider the Preston coefficient as a parameter that describes the 

efficiency of the key factors participating in glass polishing,2 namely the fit of the 

part to the lap, the part hardness and toughness, the abrasive size and concentration, 

and the chemical reaction between the slurry fluid and the part. 

Shaping/processing methods for brittle materials usually involve grinding 

using hard abrasives such as diamonds, where the diamonds are bonded to a soft 

matrix (e.g., diamond wheels3). A single diamond abrasive indenting the surface 

results in a local indentation event (as described for hardness and toughness 

microindentation testing techniques - see Chapter 2 Section 2.5), and the abrasive 

wear mechanism can be described by the indentation fracture mechanics approach, 

where removal is caused by multiple indentation events.4, 5 Two crack systems extend 

from the plastic deformation zone induced by the indentation: median/radial and 

lateral cracks4. The influence on surface integrity by residual stresses resulting from 

non-uniform plastic deformation is the focus of a number of papers.6-8 In terms of 

abrasive wear mechanisms, for a given process, lateral cracks control the extent of 

material removal9, 10, while the extensions of median/radial cracks are commonly 

associated with subsurface damage (SSD)11, which contributes to the materials’ 

strength degradation (discussed in Section 1.3).4 The effect of diamond abrasives 

properties, e.g., friability levels, on grinding induced surface and subsurface damage 

may by found elsewhere12. 
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By using the model described above (i.e., abrasive wear mechanism as a 

summation of multiple indentation events), the material hardness, or the material’s 

resistance to indentation, may be used to explain its behavior under these conditions. 
2, 3 However, since the hardness alone can not account for material flow or for 

material susceptibility to cracking, the material’s elastic modulus and fracture 

toughness should also be considered.2 Evans and Marshall9 assumed a two-

dimensional configuration for a single abrasive indenting the surface (i.e., a sharp 

indenter – see Fig. 2.3(b)), and derived the length of the lateral cracks cL (m), 

associated with removal of the material as:  

 2/18/1

8/55/3 ˆ)/(~
C

L KH
LHEc  (m) (1.2) 

where E (Pa) is the Young’s modulus, H (Pa) is the hardness, L̂  (N) is the peak load 

during particle penetration, and Kc (Pa m ) is the fracture toughness. They assumed 

that the depth of the lateral cracks, hL (m) (see Fig. 2.3(b)), scales with the plastic 

zone size underneath the indentation (the source of lateral cracks). 

Buijs et al.13 demonstrated that for a single abrasive indenting the surface, the 

volume of material removed, Vi (m3), as a function of lateral cracks may be written 

as: 

  (m3) (1.3) LLi hcV 2π=

By using the equation for cL, and the equation for the plastic zone depth given 

by Marshall et al.,8 Buijs et al.13 derived an equation for the volume of material 

removed per abrasive particle, as a function of the material’s mechanical properties 

and process parameters, α (e.g., abrasive shape or size), and the normal load per 

particle, Li (N) (measured to be above the threshold for crack initiation in their study).  

 4/7
2

4/5

i
Ic

i L
HK

EV α=  (m3) (1.4) 

Their experiments on optical glass materials with 150 µm SiC and 22 µm 

Al2O3 abrasives on copper (Cu) and tin (Sn) lapping plates, respectively, showed that 

material removal rate (MRR) had a weak dependence on the process parameters, and 
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can be predicted by only using the material’s mechanical properties, i.e., MRR scales 

as a function of its figures of merit (E, Kc, and H) as:  

 2

4/5

~
HK

EMRR
Ic

 (1.5) 

Their approach, in agreement with Preston’s theory, considered that the load 

per particle is different from the total load. In a different paper, Buijs et al.14 reported 

that the correlation is different for lapping with different abrasives, either soft or hard, 

as well as when a different lapping plate material is used, either soft or hard. In order 

to explain this observation, they distinguished between two extreme behaviors. In the 

first case abrasives particles are embedded in the lap material, and the process is 

considered as a two-body abrasion, i.e., material removal by scratching/sliding 

abrasive. In the second case abrasives roll between workpiece and lap, i.e., three body 

abrasion. Recently, lapping experiments were performed on two different optical 

glasses, with lapping plate’s hardness ranging from very soft lead to very hard 

sapphire.2 The results showed that the local pressure P (Pa) should be dependent on 

the number of particles/abrasives in contact, i.e.,  

 
ca AN

L
A
LP

⋅
==  (Pa) (1.6) 

where Na is the number of abrasives in active contact, and Ac (m2) the contact area for 

a single abrasive. Therefore, P is dependent on the number of active abrasives, which 

leads us to the following qualitative correlation:  

 

 

 

 

Soft Lap: 

Hard Lap: 

Very Hard Lap: 

P1 

P2

P3

N1

N2

N3

High removal efficiency

Low removal efficiency

Reduced removal efficiency 

Similar to polishing

Cracking 

Less Cracking w/fewer contacts 

 

Here the subscripts 1, 2, and 3 corresponds to high, low and lowest number of 

abrasives in contact, and lowest, low, and high local pressure, respectively.  

In addition, earlier results published by Lambropoulos et al.11 showed that for 

a large range of optical glasses, the correlation of Equation 1.5 does not give a linear 

relationship under conventional polishing conditions, but rather gives a power law fit, 
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which is assumed to be due to chemo-mechanical reaction, as discussed by 

Izumitani15  and Cook.16  Lambropoulos et al.,11 extended the work done by Buijs et 

al.,13 and found that for a large number of optical glasses, there is a linear relationship 

between MRR and the material’s figures of merit under loose abrasive lapping and 

magnetorheological finishing (MRF – see Chapter 3 Section 3.2) conditions as:  

 12/23

6/7

HK
EMRR

c ⋅
∝  (1.7) 

More recent, a material removal model for optical glasses was introduced for 

MRF,17 which incorporates the correlation made by Lambropoulos et al. (Equation 

1.7), the modified Preston equations (Equation 1.1) as suggested by Shorey,18 and the 

properties of the MR fluid abrasives. It illustrates the complexity of material removal 

for glass materials.  

 

1.3 Early Landmark Studies of Surface Response to Abrasive Wear 

and Subsurface Damage (SSD) 

Optical fabrication of precision optics usually involves grinding and polishing 

cycles. The former denotes the coarse material removal, where relatively large and 

sharp abrasives penetrate the surface leading to local fracturing, in the form of 

grinding pits and fractures extending deeper than the pits, i.e., subsurface damage 

(SSD). The latter denotes material removal using “finer” abrasives, ultimately leaving 

the surface damage- and stress-free.19  

The indentation fracture mechanics approach discussed in Section 1.3 

involves median/radial and lateral subsurface cracks that extend from the plastic 

deformation zone induced by a sharp abrasive indenting the surface.4 While the 

lateral cracks control the extent of material removal9, 10, the extensions of median 

cracks are commonly associated with SSD.11  

Different wear mechanisms, ductile or brittle, as well as different mechanical 

properties of the abraded material, produce different values of microroughness and 

subsurface damage. Mechanical factors (e.g., depth of cut) and chemo-mechanical 

factors (e.g., coolant and abrasive size or composition), determine if the wear 

mechanism is either ductile or brittle. In addition, the surface response is affected 
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differently by loose (lapping, i.e., material removal as a function of a nominal 

constant pressure) or by bonded abrasives (i.e., deterministic microgrinding, with a 

pre-fixed in-feed rate - see Chapter 3 Section 3.1). 

This work is dedicated to grinding of ceramic material with bonded abrasives. 

More specifically, we examine the response of materials to deterministic 

microgrinding (DMG) (at fixed nominal infeed rate, with bond diamond abrasive 

tools), which is the preferred technique for optical fabrication of ceramic materials, 

where material is removed by microcracking. DMG provides cost effective high 

manufacturing rates, while retaining strength and performance, i.e., a low level of 

subsurface damage (SSD).3, 20, 21 

For optical applications, SSD can be the source of system failure when located 

in an optical path of an optical element, leading to poor optical signal or a heat 

source,22 e.g., laser damage.23, 24 Hence determination of SSD depth is critical for 

high quality optical systems. Unfortunately, SSD is associated with the residual 

fractured and deformed surface layer in the near surface of machined (ground with 

fixed abrasives or lapped with loose abrasives) surfaces,24, 25 which mask subsurface 

cracks by producing a relatively smooth layer, concealing the SSD.25, 26 Furthermore, 

for polycrystalline ceramics the thickness of the deformed layer, or grain 

pulverization powder regime, varies along the ground surface because of non-

homogeneity of the composite, along with the non-uniform distribution of diamond 

abrasives on the grinding wheel.27  

Different techniques for estimating SSD depth induced by grinding have been 

pursued. Randi et al.28 reviewed both nondestructive and destructive techniques to 

evaluate SSD in brittle materials. Nondestructive methods include transverse electron 

microscopy, x-ray diffractometry, Raman spectroscopy, optical microscopy, 

photoluminescence, and the use of ultrasound for ground ceramic materials. 

Destructive techniques include taper polishing, cleavage, sectioning, ball dimpling, 

and MRF spotting. These destructive techniques are ultimately followed by 

microscopy or a diffractive based technique, to observe and measure SSD depth.  

One recent example of nondestructive technique is light scattering, as 

described by Fine et al.22 This technique uses a modified confocal scanning laser 
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microscope system, directing the focal plane into the optical element (fluorescence 

material, with a known index of refraction). The system detects SSD from shifts in 

the intensity of the reflected light returned from the focal plane, inside the sample. 

The results of this technique were confirmed by the sectioning technique. Another 

recent study by Wang et al.,23 shows how the measurements of the quasi-Brewster 

angle (qBAT) as a function of wavelength could be used to estimate SSD depth for 

polished CaF2 (111) surfaces. The MRF spot technique, as described by Randi et al.28, 

was used to validate their results.  

Examples of sectioning techniques include the work by Xu et al.,29 on 

polycrystalline alumina parallel scratched by a single diamond (10 µm radius 

spherical tip), or the work done by Kanematsu,25 who visualized  the morphology of 

SSD induced by grinding on silicon nitride. His approach included a combination of 

taper polishing and plasma etching techniques, finally observing SSD using scanning 

electron microscopy (SEM). The samples were ground by a resin bond diamond 

wheel (~150 µm grit size and concentration of 75), and subsequently polished to 

remove the deformed surface layer using a SiC abrasive paper (dry conditions). In 

order to measure the extent of SSD, taper sectioning at 3.5o was preformed by 

grinding and polishing (~6 µm grit resin bond diamond disks). Plasma etching was 

then used to enhance the view of the crack and microcracking zone. In addition, dye 

impregnation of palladium (pb) was used to identify the cracks morphology of 

previously ground samples that were subsequently broken using a flexure test.25 

Miller et al.24, and Menapace et al.10, 30 utilized MRF computer numerically controlled 

(CNC) machines with raster polishing capabilities to study the distribution of SSD in 

larger polished fused silica parts by fabricating a wedge.   

SSD depth can also be estimated using empirical and semi-empirical derived 

scaling laws, by correlating SSD depth to the grinding induced surface 

microroughness, or by correlating SSD depth to grinding or polishing abrasives size 

used. Microroughness is a measurement of surface relief from grinding, which 

indicates the quality of surface finish associated with the technique or the diamond 

size used in a surface fabrication process. In the early 1920’s Preston31 used 

microscopy techniques (apochromat oil-immersion lens) to show that surface 
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microroughness was 3 to 4 times the SSD depth, by comparing polished and ground 

glass microscope slides. In the 1950’s Aleinikov32 expressed the proportionality 

factor to be ~4 for optical glasses and ceramics, lapped with SiC abrasives (100-150 

µm). Hed et al.33 extended the work by Aleinikov using bond abrasive tools (diamond 

and boron carbide), finding that the ratio between SSD depth and peak-to-valley (p-v) 

surface roughness (measured using 2-D contact profilometer scans) for Zerodur, 

fused silica and BK-7 glass was ~6.5, a much higher value than previous results. 

Lambropoulos et al.34 estimated the ratio to be less than 2 times the p-v surface 

roughness (from areal 3-D measurements using a white light interferometer) for 

optical glasses ground with bound abrasives diamond tools. In more recent work, 

Randi et al.,28 found the ratio between p-v microroughness (from 3-D areal 

measurements using a white light interferometer) and SSD to be 1.4 for some optical 

single crystals ground with diamond bonded tools, where SSD was measured directly 

by combining MRF spotting and microscopy techniques. In all work cited above, it is 

critical to be aware of the instruments used to characterize surface roughness, since 

different instruments produce different surface roughness values, due to their 

different lateral capabilities. Therefore, when we examine the topographic surface 

relief from grinding the use of power spectral density (PSD) should be considered (as 

discussed in Chapter 6) in addition to the conventional microroughness values that 

define surface finish.  

SSD was also found to be a function of abrasive size used in the controlled 

grinding stages for fabrication of precision optics,19 as discussed by Lambropoulos35 

for a variety of optical glasses, glass ceramics, using a variety of fabrication 

techniques,  which estimated the upper and lower bound of SSD as: 

  (1.8) 85.068.0 2)(3.0 LmSSDL << μ

where the abrasive size L is in µm. Therefore, in practice by reducing abrasive size 

with each grinding cycle, the plastically deformed material is being removed, thus 

reducing the residual stresses associated with the indentation events, subsequently 

reducing the initiation of cracks within the plastic zone.9 Consequently, the 

radial/median cracks produced by the last grinding step, will dominate the 

morphology characteristics of an optic’s SSD.10 This suggests that by gradually 
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reducing abrasive size SSD can be minimized with every grinding step, to be fully 

eliminated during the polishing step (finest abrasives).  

For polycrystalline materials, lapping/polishing with small abrasives results in 

an artificially smooth surface, because of plastic deformation and/or the formation of 

an amorphous layer masking the true surface.36 In the case of tungsten carbide hard 

metals, the formation of a deformed surface layer is observed because of the extrusion 

of the relatively “soft” binder between the “hard” WC grains.37, 38 Although the wear 

mechanism of tungsten carbides involve brittle fracture, fatigue, and plastic 

deformation, it is dominated by the extrusion of the soft binder between WC grains.38-

41 Redeposited binder and WC debris cover the ground surface forming a deformed 

layer42 also known as subsurface damage, which masks the true surface roughness 

induced by grinding. In a recent study, the deformed layer depth was reported to be 

near 1.5 μm for ground WC-10 wt% Co composites (20 μm grains) with abrasive 

wheel (91 μm average abrasive size, approximately 34 μm nominal size, and a brass 

metal binder).42 The deformed layer was measured after cooling in liquid nitrogen 

and subsequently breaking the samples. Using SEM EDS X-ray microanalysis, they 

concluded that the layer consisted of pulverized and fragmented WC particles 

imbedded in the Co binder, and that the Co was smeared over the layer. By etching 

the surface to remove the Co, pits in the deformed layer were exposed, allowing the 

researchers to observe the subsurface underneath. However, because of the 

inhomogeneity of the composite carbide grains and the diamond distribution on the 

grinding wheel, the amount of damaged material that needed to be removed during 

the subsequent polishing stage could not be determined. In addition, this technique 

was limited to the study of the deformed layer thickness, when in fact the subsurface 

underneath the layer revealed additional damage in the form of cracks in the carbides 

induced from grinding.42, 43 The extent of these cracks, i.e., the depth of subsurface 

damage was not measured or estimated.  
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1.4  A Magnetorheological Polishing Based Approach for Studying 

SSD in Hard Optical Materials 

The approach presented in this thesis utilizes MRF as a diagnostic tool for 

estimating SSD depth induced by DMG with diamond bonded tools of polycrystalline 

optical materials. The materials of interest include tungsten carbide hard metals and 

polycrystalline optical ceramics. This estimate of SSD is found from tracking the 

evolution of surface microroughness (measured using a white light interferometer) 

with the amount of material removed by multiple MRF spots (measured using a 

contact profilometer) of increasing depth into the surface. In addition to extending our 

p-v microroughness/SSD correlation to hard ceramics, this technique also reveals 

information about the specimen microstructure (i.e., grain size), mechanical 

properties (i.e., hardness, and fracture toughness), and the grinding conditions (i.e., 

abrasive size used), from extended spotting with the MRF process without 

introducing additional damage. 

 

1.5  Overview of Thesis  

This thesis is organized into seven chapters. This present chapter is provided 

to give a background on abrasive wear of optical brittle materials, surface response, 

and the induced SSD. This chapter also gives an overview on destructive direct 

measurements of SSD versus estimation of SSD by using nondestructive techniques.  

This research work includes a wide range of heterogeneous materials that are 

of interest to the optics industry. These materials include: both nonmagnetic Ni-based 

tungsten carbides (this group also includes one binderless material) and magnetic Co-

based tungsten carbides, in addition to other hard optical ceramics (aluminum 

oxynitride (Al23O27N5 / ALON), polycrystalline alumina (Al2O3 / PCA), and chemical 

vapor deposited (CVD) silicon carbide (Si4C / SiC)). These materials are all 

commercially available. Chapter 2 is provided as background to these materials’ 

micromechanical properties, such as hardness and fracture toughness, and their 

special microstructural characteristics. 

Chapter 3 reviews the techniques used in this work to process and analyze 

surfaces, and the subsurface subsequently exposed. The processing techniques 
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include DMG and MRF spotting. Surfaces and exposed subsurface were analyzed 

using a wide range of microscopy techniques: light microscope, contact profilometer, 

white light interferometer, scanning electron microscope (SEM), and atomic force 

microscope (AFM). 

In Chapter 4, surface features of tungsten carbide composites processed by 

bound abrasive deterministic microgrinding and MRF were studied for five WC–Ni 

composites, including one binderless material. All the materials studied were 

nonmagnetic with different microstructures and mechanical properties. White-light 

interferometry, scanning electron microscopy, and atomic force microscopy were 

used to characterize the surfaces after various grinding steps, surface etching, and 

MRF spot-taking. It was found that the p–v microroughness of the surface after 

microgrinding with rough or medium abrasive size tools gives a measure of the 

deformed layer depth. MRF spots revealed the true depth of the grinding-induced 

deformed surface layer. 

In Chapter 5 the MRF spotting technique is applied to magnetic materials. The 

approach is to place an MRF spot on machined surfaces of magnetic WC-Co 

materials. The resulting surface roughness is comparable to that produced on 

nonmagnetic materials. This spotting technique may be used to evaluate the depth of 

subsurface damage, or the deformed layer, induced by earlier manufacturing steps, 

such as grinding and lapping. 

Chapter 6 demonstrates the use of spots taken with MRF for estimating SSD 

depth from deterministic microgrinding for three hard ceramics: ALON, PCA, and 

CVD SiC. Using various microscopy techniques to characterize the surfaces, we find 

that the evolution of surface microroughness with the amount of material removed 

shows two stages. In the first, the damaged layer and SSD induced by microgrinding 

are removed, and the surface microroughness reaches a low value. P-v surface 

microroughness induced from grinding gives a measure of the SSD depth in the first 

stage. With the removal of additional material, a second stage develops, wherein the 

interaction of MRF and the material’s microstructure is revealed. We study the 

development of this texture for these hard ceramics with the use of power spectral 

density to characterize surface features.   



 12

Chapter 7 summarizes our research on microstructural effect on surface 

roughness and subsurface damage. In this chapter we discuss a schematic model that 

illustrates the development of surface microstructural with amount of material 

removed w/MRF using the spot technique. The application of this technique to an 

alternative commercial form of polycrystalline SiC was studied. Directions to future 

work are also given in this chapter.  

The spotting technique is intended only as a diagnostic tool, by removing 

material from rough surfaces to expose the subsurface damage. It does not reflect on 

the true polishing capabilities w/MRF technology for hard ceramics.  
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Chapter 2 

 

Materials 
 

 

This research work includes a wide range of heterogeneous materials that are of 

interest to the optics industry. These materials include: tungsten carbides (WC) hard 

metals and other hard optical ceramics (e.g., ALON and CVD SiC). These materials 

are all commercially available. The present chapter is provided as background to 

these materials’ micromechanical properties, such as hardness and fracture toughness, 

and their special microstructural characteristics. 

 From an engineering stand point, the selection of a specific material is not 

trivial, resulting usually in a compromise. For example, when we consider a material 

for a wear resistant application, there is a tendency to make selections based upon the 

strength of the material, rather than its ductility, i.e., the material’s fracture toughness 

(resistance to cracking), rather than its hardness (resistance to plastic deformation). 

However, as a general rule of thumb, the higher the hardness of a composite, the 

lower the fracture toughness, and vice versa. Therefore, for our example, we need to 

choose a material that has sufficient strength and ductility, depending on the end use. 

Figure 1 represents the relationship between toughness and hardness for the materials 

of interest in this work. For comparison reasons, Fig. 1 also includes amorphous 

optical glasses and other hard optical ceramics. Notice the two groups of WC 

materials, divided on the basis of their binder material, either Ni-based materials 

(nonmagnetic), or Co-based materials (magnetic). Another important observation 

from Fig. 1 is the range of values with respect to the binder wt%, either Co or Ni. 

Notice the position of the binderless WC designated as Cerbide. The hard ceramics 

included in this work correspond to hardness values in the range 15 to 26 GPa, and in 

the fracture toughness range ~3 to ~5 MPa.m1/2.   
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Fig. 2.1. Fracture toughness KIc (MPa.m1/2) vs Vickers hardness Hv (GPa) of the 
materials of interest in this work (see Section 2.6), including optical glasses (Ohara 
glass)1 and other hard optical ceramics (see Sections A.2.4 and A.2.5 in Appendix A 
for indentation data for Sapphire and Spinel, respectively).  
 

2.1 Tungsten Carbides (WC) 

The microstructural characteristics of cemented carbide play an important role in 

understanding their mechanical behavior under machining conditions. The 

microstructure of cemented carbide hardmetals was defined by Exner2 as a skeleton 

formed by single crystals of one or two carbide phases, where the voids between 

carbides are filled with a metallic binder phase. The three most important 

microstructural properties are: carbide grain size, carbide contiguity, and the binder 

mean free path (discussed in Sections 2.1.1-2.1.3), usually measured using the line 

intercept method3 (schematically illustrated in Fig. 2.2).  

In addition, significant attention should be given to impurities and pores in the 

composite, due to their important role in material failure (e.g., fracture initiation). 

However, impurities and pores can be eliminated by modern production techniques2 

and therefore are not considered in our investigation.  
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Fig. 2.2. Typical microstructure of WC hardmetal (K8014, ~7 µm mean grain size). 
Double arrows represent the grain size and the mean binder free path (λ). The white 
line and the associated arrows represent a single line of the line intercept method; 
where αα represent carbide/carbide interface, i.e., a contiguity site, and αβ represent 
carbide/binder interface.  
 
 

2.1.1 Grain Size 

Grain size is well controlled in the manufacturing process of cemented 

carbides, and was provided by the manufacturers of the materials tested (see Table 

2.2).  Grain sizes are commonly ranked by the manufacturers as listed in Table 2.1. 

 

2 μm

αα αβ αβαβ αα

Grain Size

Mean Binder Free Path (λ)
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Table 2.1. Common classifying/ranking for tungsten carbides grain sizes5 

Grain size class Actual grain size (range/average) in μm 

Extra Coarse 10.0 (average size) 

Coarse 4.0 - 10 

Fine 1.0 (average size) 

Extra Fine 0.8 – 1.0 

Submicron 0.8 (average size) 

Super Fine 0.4 (average size) 

 
 

The mean grain size can be also measured directly from surface micrographs 

(e.g., see Fig. 2.2) using the line intercept method, and calculated as follows:6 

αβαα

α

NN
Vd
+

=
2

2  (m) (2.1) 

where Vα  is the carbide phase volume fraction (calculated similar to binder phase 

volume fraction, Vβ, in Equation 2.4), N is the number of intercepts, and the 

subscripts α and β represents the carbide and the binder phase, respectively. 

 

2.1.2 Contiguity 

Contiguity is a dimensionless number, in the range 0 - 1, that measures the 

extent to which the WC grains “touch” each other. Typically, the larger the contiguity 

value, the harder the WC composite is (e.g., the contiguity of a binderless material, 

such as Cerbide7 will be equal to 1). The contiguity can be calculated using the line 

intercept method as follows:6 

αβαα

αα

NN
NC
+

=
2

2  (2.2)   

 
2.1.3 Binder Weight Percent 
Cemented carbide materials are built up of a skeleton of bonded WC grains. 

The binder phase is the metal component, which is present both in the pockets and in 

grain boundaries between grains (as seen in Fig. 2.2). The distribution of the binder 

phase is related to the spacing between the carbide crystals. The thickness of the 

binder layer (cobalt or nickel), is dependent on the starting powders and the process, 
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as is also the case for grain size. However, since the network of the continuous binder 

layer is variable rather than being constant, the term binder layer thickness is 

deceptive. Therefore, we identify this property as the mean linear intercept in the 

binder phase, also called ‘mean free path’, λ, which is used widely to describe the 

distribution and also as a measurement of the binder thickness of cemented carbides. 

The mean binder free path λ, relates to both the carbide grain size, the volume 

fraction of the binder phase, and the contiguity. It can be defined by the arithmetic 

mean of the distance, measured in the binder phase, from one carbide/binder interface 

to another, using the line intercept method3 as follows:6 

)1)(1( CV
V

d
−−

=
β

βλ  (m)   (2.3) 

where d  is the mean carbide grain size, Vβ is the volume fraction of the binder phase, 

and C is the contiguity. This parameter is valid for any geometry and distribution of 

the carbide grains.8  

The binder volume fraction, Vβ, was calculated using the known values of 

binder weight percent, wt%, and the density, ρ, of the carbide and binder, as follows: 

α

β

β

β

β

β

β

ρρ

ρ
%100%

%

wtwt

wt

V
−

+
=        (2.4) 

where the subscripts α and β represents the carbide and the binder phase, 

respectively, the density of WC carbide phase ρα = 15.63 (g/cm3), and the density of 

the binder phase ρβ = 8.9 (g/cm3) for both Co and Ni. 

It should be noted here that, due to the limitations of optical microscopy, the 

estimation of the mean binder free path may result in higher values or even grain 

boundaries that will appear binderless.8, 9 

The binder content is of importance to the materials’ mechanical properties, 

hardness and toughness. Hardness decreases with the increase in binder content; 

however, toughness increases. Increasing of the binder content will result in a more 

ductile like material (more resistant to cracking), whereas the decrease in binder 

ultimately results in a more brittle material. The source of this behavior is due to the 
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differences in the thermal expansion coefficients of the binder and the carbide, which 

results in significant residual thermal stress after cooling from the liquid state 

(thermal expansion coefficient: 4.5, 13, and 13.3 ppm/Cº for tungsten, cobalt and 

nickel, respectively). The carbide is in a state of compression while the binder is in 

tension.10 As the binder content in the composite decreases, i.e., small λ, these 

localized residual hydrostatic stresses will increase due to the differential thermal 

strain over a shorter distance. The reduction of binder phase will also reduce 

dislocation mobility within the microstructure of the composite, which further results 

in the increase of the yield stress and hardness. This behavior is true for both Co and 

Ni based WC composites (also see Table 2.2). 

  



 24

2.2 Aluminum Oxynitride (ALON)  

Aluminum Oxynitride Al23O27N5 (ALON)11 (cubic aluminum oxynitride, no 

birefringence) is a hard polycrystalline optical material. It is a fully dense material 

that combines excellent optical transparency in the near ultraviolet, visible and 

infrared ranges with high durability against erosion in harsh environments12-14. ALON 

retains its strength at elevated temperatures up to 1000oC. Maximum transparency for 

this fully dense material, sintered at high temperatures (above ~1640oC), is achieved 

by grinding and subsequently polishing14, 15. Wahl et al.12 discussed in detail the 

different fabrication techniques available for ALON, e.g. conventional lap, 

Magnetorheological Finishing (MRF), and diamond turning. ALON is used for both 

military and commercial applications, which includes aircraft windows, tactical 

missile domes, vehicle windows, protective shields and scratchproof lenses12, 16. 

ALON provides a low cost alternative to sapphire (single crystal), yet its 

polycrystalline mechanical properties challenge the optical fabrication industry, as 

described by Burns et al.,17 and Gregg et al.18 

 

2.3 Polycrystalline Alumina (PCA)  

Polycrystalline alumina α-Al2O3 (PCA) is an optically and mechanically 

homogeneous optical material. A fully dense material, it is transparent in the visible 

region of the spectrum, and specifically, in IR range, providing an alternative to 

sapphire for dome applications.19, 20 It is also the material of choice as a light 

transmitting material in high-pressure sodium lamps, working in high temperature 

and corrosive enviroments21.  

For a high-purity PCA, the low porosity eliminates light scattering, however, 

because of the birefringence of the Al2O3, there is some amount of scatter at the grain 

boundaries. In addition, its grain size plays a significant role in light scattering, for 

example: by increasing grain size light transmission improves, but also increases the 

chance of pores (a major source of light scatter), whereas by decreasing grain size to 

the sub-micron level the material becomes remarkably transparent.21, 22 Assuming the 

material is fully dense (>99.99%), with very small grain size, light scattering at the 
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surface from grinding and polishing, and scattering from subsurface conditions are 

major concerns. 

 

2.4 Chemical Vapor Deposition (CVD) Silicon Carbide (SiC) 

 Chemical vapor deposition (CVD) silicon carbide (SiC) is a theoretically fully 

dense (99.9995%), polycrystalline (fcc lattice) optical material (β-SiC). It is a 

preferred material for quality mirror substrate applications, because of its unique 

combination of thermo mechanical properties. Its low mass density (3.21 g/cm3 

compare to 7.83 g/cm3 for stainless steel) makes it possible to produce CVD SiC 

light-weighted substrates. In addition, its mechanical strength, fracture toughness, and 

hardness make CVD SiC resistant to atmospheric sources of erosion such as rain, 

sand, etc. Moreover, its transmission from 0.4 – 6 µm, makes it a material of choice 

for infrared transmitting window and x-ray applications. The combination of low 

thermal expansion (2.2 10-6/K) and high thermal conductivity (280 W/mK) minimize 

thermal lensing (temperature dependence of the refractive index) under high-applied 

temperature gradient conditions.23-26 
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2.5 Microindentation Hardness and Fracture Toughness 

Microindentation is a standard technique for characterization of a material’s 

mechanical properties, such as the hardness and fracture toughness. It provides a 

relatively inexpensive alternative to tensile and fracture mechanics tests, which 

require special test sample preparation. The test involves using a sharp indenter, 

usually made from diamond, to place a permanent impression on the surface of the 

test material under some specific load. The load used per impression area gives the 

microhardness value of the material. The lower the material’s hardness, the larger the 

ductile response will be. During the microindentation process, interesting 

transformations occur, such as non-hydrostatic pressure induced structural phase 

transitions, material plastic flow, amorphization, and structural defects.27 A better 

understanding of the plastic response phenomenon of brittle materials under 

microindentations conditions is the first parameter used to predict their machinability 

capabilities.  

 The materials’ microhardness values were obtained by using a 

microindenter28 equipped with a built-in microscope (×10, 20, and a × ×50 

objectives). For all of our hardness measurements, a Vickers indenter was used, 

where a diamond pyramid shaped indenter penetrates into the surface by a normal 

force P (e.g., N). The Vickers hardness, HV, is then calculated form the following 

equation:  

2
)sin(2

D
PHV

ψ××
=   (2.5) 

where Ψ is half the indenter tip angle, and D (e.g., m) is the diagonal of the 

impression left on the surface measured using the microscope (as seen in Fig. 2.3(a)).  
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Fig. 2.3. Vickers indentation: (a) an image of a typical Vickers indentation 
impression taken using a light microscope29 (100x objective) on the surface of 
Cerbide7, arrows represent the indentation diagonal D (m) and the extension of 
surface radial cracks CR (m); (b) schematic cross section view of an indenter tip were 
Ψ is the indenter half angle (which can also be used to simulate an abrasive grain) 
indenting the surface under an applied load P (N), the resulting indentation diagonal 
D (m), the resulting plastically deformed zone with depth approximately hL (m), and 
the extension of subsurface lateral cracks CL (m) and median/radial cracks CR (m).  
 

The load is typically in the range of 200-1000 (gf) (approximately 2-10 (N)), 

with load application dwell time of 15 sec. For each load, five indentations were 

made, unless otherwise specified, and for each indentation the impression diagonals 

are measured three times, where the diagonal values used for final calculations 

represents the average of these diagonals. All measurements were done in air, and at 

room temperature.  The hardness values reported in Section 2.6 were calculated from 

the standard formula for force divided by contact area for 2ψ=136° (see Fig. 2.3(b)): 
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28544.1
D
PHV =  (Pa) (2.6) 

The following guidelines need to be followed when using the Vickers indentation 

technique: 30 

• Test specimen: samples should be ground and polished with surface roughness 

of less than 0.1 μm rms. Samples thickness does not affect the measurements 
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as long as the part thickness is over ten times as thick as the indentation depth 

(it is recommended that specimen thickness will be ≥ 0.50 mm).  

• Dwell time: full test load will be 15 sec (± 2). Each test takes about 35-40 sec; 

about 7 sec from lowering the knob to start, about 15 sec for contact and 

penetration, 15 sec holding down at full test load (i.e., dwell time). 

• Spacing between indentations: length of at least four diagonal lengths between 

the centers of neighboring indents.  

• Acceptability of indentations: an indent should be rejected when excessive 

cracking from the indentation corners and sides are apparent. Pores in the 

specimen surface should be avoided. 

• Number of indentations per test specimen: when the specimen is 

homogeneous and fully dense, a minimum of five indents and preferably ten 

indentations should be made. For an inhomogeneous material, polycrystalline, 

or not fully dense, ten indentations are needed for evaluation.  

• Bias: diagonal length measurements need to be done at least three times for 

each indent. Only the mean diagonal will be used in the calculations. 

• Information / results to be reported: mean hardness value, load used, dwell 

time, indentation diagonals and standard deviation, test temperature and 

humidity, number of satisfactory indentations measured (as well as the total 

number of indents made), surface conditions and surface preparation, thermal 

history of the sample (if known), the extent of cracking (if any) observed, and 

deviations from the specified procedures. 

 

For all our samples a minimum of five indentations were made, unless otherwise 

specified. In general, indentations were randomly implanted on the specimen’s 

surfaces avoiding large pores and/or inclusions (see Appendix A).  

Fracture toughness, Kc, the material’s resistance to cracking, was calculated 

from the observed radial cracks produced at the Vickers indentations corners using 

the microscope, as seen in Fig. 2.3(a) and schematically in Fig. 2.4. The source of 

indentation fracture comes from the interaction between an indenter and a tested 

material, which produced a localized stress field. Both the indenter shape as well as 
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the normal and tangential components of the load controls the distribution of the 

stress within the loading point of crack initiation.31 Lawn et al.,31 extended the use of 

Vickers indentation as a means to measure brittle materials fracture toughness, to 

glasses and ceramics. 

The Vickers microindentations are a source of different crack systems 

extending from the plastic deformation zone induced by the indentation, which 

depends on Kc values of the materials. For ceramics materials, having low Kc value, 

either median/radial and lateral cracks (see Fig. 2.4(a)), as discussed for hard 

ceramics32, or lateral and Palmqvist cracks (see Fig. 2.4(b)),33 extending underneath 

the deformation zone are formed. For the materials tested, Kc values were calculated 

using the Evans correlation34, which was found to fit a large range of ceramic 

materials (values are reported in Section 2.6): 
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 (2.7) 

where E is the Young’s modulus, and c is half the tip-to-tip radial crack size 

extending from the diagonal corners (x50 or x10 objective, depending on crack size – 

see Fig. 2.5). Figure 2.5 shows examples of Vickers indentation impressions, taken on 

samples designated as M1035 and CVD SiC23, where the extension of radial cracks 

from the indentation corners are clearly observed.  

The correlation of Laugier 27 for WC material (Hv ≥ 10,000 MPa) was applied 

when calculating Kc for materials that did not exhibit cracking, as follows: 

5432 32.1697.2423.1102.234.059.1)( xxxxxxf +−+−−−=
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⎜
⎝
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H
E

H
EKC  (MPa m ) (2.8) 

where, for this equation, the hardness and the Young’s modulus must be expressed in 

units of MPa. The relevant physical and mechanical properties are listed in Table 2.2. 

These values were in agreement with literature values36.  
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Fig. 2.4. Schematic idealized plan view and cross sectional view of Vickers 
indentations: (a) plan view of the radial cracks extending from indentation corners, 
subsurface lateral cracks, and in the cross section view the extension of subsurface 
lateral cracks and the median (or radial) crack system; (b) plan view of the radial 
cracks extending from indentation corners, subsurface lateral cracks (as seen in (a)), 
and in the cross section view the extension of subsurface lateral cracks and Palmqvist 
crack systems (reformatted from Ponton et al.33). 
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Fig. 2.5. Images of Vickers indentation impressions planted in: (a) M10 (WC- 
9.5wt% Ni, 0.2-0.6 µm grain size), taken using the light microscope29, and (b) CVD 
SiC (5-10 µm, grain size) taken using a scanning electron microscope (SEM).37 The 
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extensions of cracks from the indentation corners are clearly observed. Note that the 
surface radial cracks extension, CR, in (a) ~ 20.6 µm, whereas in (b) ~37.7 µm, 
corresponding to fracture toughness values of 6.35 and 4.7 MPa m1/2, respectively.  

 

2.6 Materials Microstructure and Mechanical Properties 

2.6.1 Tungsten Carbides  

Two different groups of commercial WC samples were used for this research 

work. The first group contained nonmagnetic WC samples (i.e., nickel (Ni) based 

binder, and one binderless material), whereas the second group contained magnetic 

WC samples (i.e., cobalt (Co) based binder). All the materials tested were selected on 

the basis of their binder content and grain size as well as their mechanical properties. 

Samples were obtained from the following sources: BC12N, and BC14S from Basic 

Carbides,5 K801, K3520, K3833, K94, and K714 from Kennametal,4 M45, M10 and 

JO5 from Fuji,35 and Cerbide from Cerbide, Inc.7 Grain size ranges were 10 µm for 

K3520 to 0.2-0.6 µm for M10. The binder content ranges were 20 wt%-Co for K3520 

to none for Cerbide. 

Hardness measurements were taken on a microindenter equipped with a 

Vickers diamond indenter as discussed in Section 2.5.1, using a nominal indentation 

load of 1 kgf (9.8 N). The 1 kg applied load was enough to produce radial cracks38 at 

the corners of the indentations in samples designated as M1035, Cerbide7, K7144, and 

JO535. These materials have a low ductility index (DI)39 (Kc/Hv)2, with units of 

length. Fracture-toughness values were calculated from the observed cracks using the 

Evans correlation.34 The Laugier correlation40 for WC material (Hv ≥ 10,000 MPa) 

was applied to calculate the fracture toughness for the other materials, which did not 

exhibit cracking under 1 kg loads. Relevant microstructural, mechanical, and physical 

properties are listed in Table 2.2, ranked according to increasing value of the Vickers 

hardness (see Section A.1 in Appendix A for the complete indentation data). 
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2.6.2 Hard Ceramics 

Three different optical ceramics materials were used in this research work, 

which extend our work on WC hard metals to other “difficult” materials of interest to 

the optical fabrication community. Ceramics were selected on the basis of their grain 

size, as well as their mechanical properties. Samples were obtained from the 

following sources: ALON from Surmet Corp.,41 PCA from an undisclosed 

commercial manufacturer, and CVD SiC from Rohm and Haas Company.42 Grain 

size ranges were 150- to 250 µm for ALON, submicron size for PCA, and 5- to 10 

µm for CVD SiC. 

Hardness measurements were taken on a microindenter equipped with a 

Vickers diamond as discussed in Section 2.5, using a nominal indentation load of 1 

kgf (9.8 N). Averaging was performed on the diagonals of five to ten random indents 

on the surface.  

 In the case of ALON (the material with the largest grain size used, 150-300 

µm), individual grains were easily distinguished allowing implanting indentations in 

the middle of individual grains. This means hardness values represent only a single 

crystal, which eliminates the role of grain boundary in deformation mechanics. In 

addition, the crystallographic orientation of the grain is unknown, and therefore its 

influence on the hardness value is unknown as well.43 For all other materials, the 

indentation footprint was much larger than the individual grains. There were no grain 

boundary observables for CVD SiC and PCA using the microscope. For all the 

materials tested, indentations were randomly placed on specimen surfaces, avoiding 

large pores and/or inclusions.  

Fracture toughness Kc values were calculated from the observed radial cracks 

produced at the indentation corners using the Evans correlation.34 The relevant 

physical and mechanical properties are listed in Table 2.3 (see Section A.2 in 

Appendix A, for the complete indentation data). 
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Table 2.3. Physical and mechanical properties of hard ceramics listed by increasing 
Vickers hardness and fracture toughnessa 

Material ID Dimension 

(mm) x 

thickness 

(mm) / 

number of 

samples 

Density ρ 

(g/cm3) 

Grain Size 

(μm) 

Young’s 

Modulus E 

(GPa) 

Vickers 

Hardness Hv 

(GPa) 

Fracture 

Toughness Kc 

(MPa m )b 

ALON (Al23O27N5)41 ∅40x15 /3 3.69c 150-250 334 15.4±0.3d 2.7±0.2 

PCA (Al2O3) ∅40x2.5 /2 3.99e < 1 400f 21.6±0.3g 3.3±0.1 

CVD SiC (Si4C)42 ∅76x12 /3 3.21 5-10 466 25.0±0.1g 5.1±0.3 

a Catalog values, unless otherwise specified.  
b Calculated using the Evans correlation.34  
c Density may vary slight depending on the stoichiometry.  
d Averaging ten Vickers indentations at 1 kgf. 
e Using Archimedes’ water immersion principles.44 
f Calculated from measurements using ultrasonic tests and density values. Data were 
averaged for two PCA discs (~30 mm diameter x ~1 mm thick) polished on both 
sides. 
g Averaging five Vickers indentations at 1 kgf.  
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Chapter 3 

 

Experimental Protocols for Processing and Analyzing 

Surfaces and Subsurface Damage 
 

 

The following chapter reviews the techniques used in this work to process and 

analyze surfaces, and the subsurface subsequently exposed. The processing 

techniques include: deterministic microgrinding (DMG), and spotting with 

magnetorheological finishing (MRF). The spotting technique is intended only as a 

diagnostic tool, by removing material from rough surfaces to expose the subsurface 

damage. It does not reflect on the true polishing capabilities w/MRF technology for 

hard ceramics. Surfaces and the exposed subsurface were analyzed using a wide 

range of microscopy techniques: light microscope, contact profilometer, white light 

interferometer, scanning electron microscope (SEM), and atomic force microscope 

(AFM). 

 

3.1 Deterministic Microgrinding 

Deterministic microgrinding (DMG)1 provides the optical fabrication industry 

with increased capabilities, which replace conventional time consuming methods with 

a better quality control for grinding optical materials. This process uses rigid 

computer numerically controlled (CNC) machining centers and high speed tool 

spindles that apply a predetermined in-feed rate, resulting in precise knowledge of the 

amount of material removed. 

 All samples were nominally prepared by the same conditions using DMG 

CNC machines, with either contour-tool or ring-tool grinding configuration for flat 

surfaces (see Fig 3.1). Contour-tool grinding was performed on the SX 50 CNC 

machine2 (Fig. 1(a)) using three different diamond tools: rough, medium, and fine 

(40, 10 - 20, 2 - 4 µm diamond size, respectively). Both the rough and medium tools 

had a bronze matrix while the fine tool matrix was resin. Ring-tool grinding was 
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performed on the SX 150 CNC machine2 (Fig. 1(b)) using two different diamond 

tools: rough, and medium (65, 10-20 µm diamond size, respectively). Both tools had 

a bronze matrix. For both configurations, the tools were trued and dressed in advance 

using Al2O3 dressing sticks that were 320 or 800 grit (29 - 32 and 9 - 12 µm grit size, 

respectively) in order to avoid taking the part off the machine between operations. 

Table 2 lists the grinding conditions used, Ωt is the wheel speed, and Ωw is the 

spindle speed. 

 

 

 

   

 

 

 

 

 

 

 

Fig. 3.1. Schematics of the two grinding configuration used in our experiments: (a) 
contour; (b) ring tool configurations, respectively.  
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Table 3.1. Grinding conditions used in a single pass.(a) 

  

 

 

  
 
 
 
 

(a) The following parameters remained constant: Wheel speed, Ωt = 
6800 rpm for contour tool grinding, and Ωt = 3000 rpm for ring 
tool grinding, work spindle speed, Ωw = 100 rpm in both cases.  
(b) Bronze bonded, 75 diamond concentration.  
(c) Resin bonded, 75 diamond concentration. 

 

Before all grinding experiments, each workpiece was mounted on a steel base 

with hot wax and then placed in the grinding machine parallel to the tool axis of 

rotation. Water–oil emulsion coolant3 was delivered to the tool/workpiece interface to 

avoid burn-out and thermal damage. In the case of the contour grinding configuration, 

grinding was done with two passes for each tool; i.e., the total material removed 

depth of cut per tool was 200, 40, and 10 µm (rough, medium, and fine tools, 

respectively). No subsequent “spark-out” passes were performed. For example, the 

fine grinding was done only after the part had gone through two-pass cycles with the 

rough and mediums tools. Finally, the workpieces were cleaned using acetone. For 

ring tool grinding, multiple tool passes were performed until material was evenly 

removed from the surface. 

 

3.2 Processed Surface Spotting 

Magnetorheological finishing (MRF)4, 5 is a commercial polishing process for the 

manufacturing of precision optics. MRF is a sub-aperture technique that uses 

magnetic particles, nonmagnetic polishing agent (abrasive particles) in typically 

aqueous carrier fluid and a magnetic field.  It was used in our experiments to measure 

the depth of the deformed layer/SSD from grinding, and the quality of the subsurface 

subsequently exposed. The spotting technique is intended only as a diagnostic tool, by 

Tool 
diamond 
size (µm) 

Depth
of cut
(µm) 

In-feed 
(Z-axis) 

(mm/min) 

Duration 
of single 

pass 

Cross-
feed  

(X-axis) 
(mm/min) 

Duration 
of single 

pass 
(min) 

Contour tool grinding configuration 
40(b) 100 0.5 12 (s) 1.0 30-40 
10-20(b) 20 0.5 2.4 (s) 1.0 30-40 
2-4(c) 5 0.5 0.6 (s) 5.0 6-8 
Ring tool grinding configuration  
65(b) 100 0.1 ~20 (min) NA NA 
10-20(b) 30 0.01 ~45 (min) NA NA 
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removing material from rough surfaces to expose the subsurface damage. It does not 

reflect on the true polishing capabilities w/MRF technology for hard ceramics. 

Specifically we used two MRF CNC machines: a research platform called the spot-

taking-machine (STM), which is designed to placing spots onto the surface of a non-

rotating part by lowering the part surface into contact with a rotating magnetic fluid 

ribbon under CNC control. We also used a commercial Q22-Y MRF CNC machine.6 

For all our experiments only MRF spots were polished onto previously ground 

surfaces. Figure 3.2(a) shows a non-rotating sample being spotted on the Q22-Y. The 

sample penetrates the MR fluid ribbon for a specified dwell time, as also illustrated in 

Fig. 3.2(b). The MRF fluid used was either an experimental nanodiamond MR fluid 

or a commercial product designated as D10.6 The fluid consisted of an aqueous 

mixture of nonmagnetic nanodiamond abrasives, magnetic carbonyl iron, water, and 

stabilizers. We observed close to constant removal rates. Machine parameters such as 

the magnetic field strength (~2 - 3 kG – see Fig. 3.2(b) where the electro magnet pole 

pieces location beneath the wheel are identified), wheel speed (250 rpm), pump speed 

(125 rpm), ribbon height (1.6-mm), and depth of the part penetrating into the ribbon 

(0.3 mm) were kept constant and the spotting time was varied. Spotting was done on 

previously rough-ground, medium-ground, and fine-ground surfaces of each material, 

as specified in Chapters 4-6. The maximum spot depth and maximum spot volume 

were extracted from 3-D measurements done using a contact profilometer, as 

described in Section 3.3.2.  
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Fig. 3.2. (a) Image of a spotting experiment, where a spot is being polished on a 
previously ground magnetic WC sample (BC14S7 14wt% Co – 0.8 µm grain size) on 
the Q22-Y6; (a) Schematics cross section view of the relative position of the MRF 
machine pole pieces to the rotating wheel and workpiece, the magnetic field is 
represented by arrows at the poles (reproduced from8). 
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3.3 Analysis of Processed Surfaces  

 Surfaces were studied using a contact profilometer, white light interferometer, 

scanning electron microscope (SEM), and atomic force microscope (AFM). Before 

analyzing the surfaces, the samples were ultrasonically cleaned in acetone (30 min at 

room temperature), then rinsed with alcohol, and finally dried using a nitrogen gun. 

 

3.3.1 Light Microscopy 

 A light microscope was utilized throughout the experiments for “quick” 

characterization of surface morphology from the different processing techniques used. 

Figure 3.3 shows a microscope image (×1.5 low magnification objective) of an MRF 

spot taken on a previously ground surface, which illustrates the significant 

morphological differences between the ground area surrounding the spot, and the 

polished spot surface. The MRF directionality characteristics are also visible within 

the polished area in the direction of the MR fluid flow, as also seen in Fig. 3.3. Two 

different microscopes were used: Olympus New Vanox-T9 and Leica DMRX10. Both 

microscopes are equipped with a variety of objective and a built-in digital camera. 

The objectives were calibrated before images were taken.   

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.3. Image of an MRF spot taken on a previously ground tungsten carbide 
sample (M1011) using the Olympus microscope with a ×1.5 objective. The direction 
of the MRF fluid flow is indicated by the arrow.  
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3.3.2 Contact Profilometry  

The TalySurf 2 PGI stylus profilometer12 was used to perform 3-D scans of 

the MRF spots, which were then used to extract the spot physical dimensions, i.e., 

spot volume, peak removal depth, and spot profile. The stylus tip is a cone with a 60° 

angle and a 2 μm spherical tip radius of curvature. The instrument has a 12 nm 

vertical resolution, and the lateral resolution is about the size of the tip. For the 

procedure used when using this instrument, see Fig. 3.4 and the discussion therein. 
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Fig. 3.4. The protocol used to measure spot’s physical dimensions with the 
profilometer is illustrated using the results of the 3-D mapping for a spot taken on 
previously medium ground PCA (dwell time was 96 min - the longest dwell time used 
in this work): (a) raw data (scale between 0-23 µm); (b) after removing form errors 
(tilt and curvature – scale between 0-17); (c) one of three analyses done to extract 
spot maximum depth, and maximum volume (in this case spot volume ~0.2 mm3), 
and maximum depth is ~16 µm – the mean depth value represents the p-v of the area 
tested, the black dashed line around the spot defines the surface from which the 
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spot/hole is subtracted; and (d) extracted spot profiles from (b), where the software 
picks the mean profile (blue), which is later used for roughness measurement within 
the spot area (see Section 3.3.3). The MR fluid flow direction is indicated by the 
arrow. Peak spot depth and volume tabulated in this work represent the average of 3 
measurements as in (c).  
  

  

3.3.3 White Light Interferometry 

Average microroughness data [peak-to-valley (p–v), and root mean square 

(rms)]13 were obtained with a NewView 5000 noncontacting white-light 

interferometer14 over five 350- × 250 μm2 (×20 Mirau objective) areas randomly 

distributed across ground areas and within MRF spots (discussed below). This 

instrument has a lateral resolution of ~1 μm and a vertical resolution of ~0.3 nm. The 

motorized XY stage and field of view stitching software allows programming this 

instrument for the measurement of a large area at high resolution. The basic principle 

of the stitching mode is to break a large area into many smaller apertures 

measurements (sub-apertures) and stitch them together.15 This technique was not used 

to measure the spot physical properties (e.g., maximum depth and volume) due to the 

amount of time needed to measure a single spot (several hours for an average size 

spot). In this mode, the software corrects for each of the sub-apertures for tilt and 

curvature,15 which require large amounts of the computer memory capacity. 

The spot 3-D map generated with the contact profilometer (as discussed in 

Fig. 3.4), is shown in Fig. 3.5(a). The area enclosed in a white ellipse in Fig. 3.5(a) 

constitutes the region of maximum removal within the spot, where the depth of 

deepest penetration (ddp) into the subsurface occurs. Notice that the ddp in Fig. 3.5(a) 

has some asymmetry with respect to the spot center profile line (shown in Fig. 

3.5(b)), in this case exhibiting a variation of ±0.6µm. This feature is typically 

encountered for many of the longer time duration spots examined in this work. It 

could be due, in part, to subtle misalignments of the plane of a part surface with 

respect to the MRF ribbon. Figure 3.5(b) shows the spot center profile (extracted as 

discussed in Fig. 3.4(d)) of the 3-D map, which was used to establish the location of 

the ddp region relative to the trailing edge for roughness measurements.  
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After the location of a given spot ddp was identified, areal surface 

microroughness measurements were taken using the white light interferometer at five 

random locations within the ddp region. Measurements were taken over areas of 0.35 

× 0.26 mm2 as seen schematically in Fig. 3.5(a), represented by a white rectangle 

within the ddp region. This rectangle represents one of the five sites over which 

surface roughness was measured using the interferometer, as seen at the top of Fig. 

3.5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
Fig. 3.5. (a) 3-D image of an MRF spot taken with a contact stylus profilometer on 
rough ground CVD SiC for 8 min. Arrows indicate the spot leading edge (where 
MRF ribbon first contacts the material), spot ddp region, identified by an ellipse 
(deepest point of part penetration into the MRF fluid ribbon), and the spot trailing 
edge. The fluid flow direction is from left to right. (b) Spot profile extracted from a 
line scan through the center of the 3-D map (indicated by a dashed line). The distance 
between the trailing edge and the ddp region is ~ 2mm in the horizontal direction. The 
spot depth reaches ~6 µm in the region sampled with the line scan. The white 
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rectangle within the ddp region in (a) represents one of the five sites over which 
surface roughness was measured using the white light interferometer, illustrated by 
the pseudo color image representing the 0.35 × 0.25 µm2 areal roughness 
measurement. 
  

 

In addition, horizontal line scans were taken perpendicular (┴) to the MRF 

flow direction (Fig. 3.6(a)). Then, the part was rotated by 90o and re-measured, so 

that horizontal line scans parallel (║) to the MRF flow direction were also obtained, 

as seen in Fig. 3.6(b). This procedure is necessary because the interferometer analog 

camera creates images with a horizontal raster pattern. Notice that the roughness data 

tabulated in this work represent the average of five random measurements for areal 

data, while the values for the line scans (┴ and ║), represent averages of fifty line 

scans.  

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 3.6. Schematic diagram of the procedure used for surface microroughness 
measurements within MRF spots. The dashed ellipse represents the ddp region. The 
rectangle within the ddp represents one of the five random sites over which surface 
roughness was measured. (a) First orientation of the spot for generating line scans 
perpendicular (┴) to the MR fluid flow direction, and (b) after rotating the part 90º to 
generate line scans parallel (║) to the MR fluid flow direction. 
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3.3.3.1 Use of Power Spectrum to Quantify Surface Topography 

In addition to the conventional p-v and rms values that define surface 

roughness, we use the power spectral density (PSD) in order to discuss the interaction 

between the MR fluid particles and the material surface (as discussed in Chapter 6). 

This analysis results in a unique signature,16 in which surface texture parallel (║) and 

perpendicular (┴) to the MR fluid flow direction may be observed and studied to 

obtain information on the surface and its microstructure.  

For a given surface profile z(x), the rms roughness is defined as: 

∑
=

⋅=
N

i
iz

N
rms

1

21  (m) (1) 

and the 1-D PSD at spatial frequency fj=jΔf is:17  
2

1
1 ]/)2exp[()( ∑

=
−

Δ
≈

N

k
kjD Njkiz

N
xfPSD π ,  j=1,2,…,N/2 (2) 

where Δf=1/(NΔx)=1/L, with L the scan length. PSD is a statistical function that 

allows a breakdown of the surface roughness over a range of spatial frequencies. 

Furthermore, the area under a 1-D PSD curve (between two spatial frequency limits) 

is a measure of the rms surface roughness in this spatial range:18 

∫ −− =
max

min

)(1
2
1

f

f
DD dffPSDrms  (3) 

After removing the low frequency terms (tilt, curvature, etc.) from the 

roughness data for part surfaces, horizontal 1-D PSD plots were generated from the 

areal measurements (0.35 × 0.26 mm2) taken using the white light interferometer, 

over spatial frequencies extending from 2.0 × 10-6 nm-1 to 2.0 × 10-2 nm-1 by using 

multiple line scans in a direction perpendicular (┴) to the MRF flow, as seen 

schematically in Fig. 3.6(a). Removing the low frequency terms resulted in an 

improved PSD spectrum.19 

Considering PSD data generated from profiles perpendicular (┴) to the MRF 

flow direction allows us to study the residual grooving pattern of the MR fluid flow 

that represent the abrasive / surface interactions. Figure 3.7(a) shows a pseudo color 

image of a single areal scan taken using the interferometer within the ddp region of a 
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spot taken on previously medium ground PCA. Superimposed on this image are the 

ten line scans drawn in a transverse direction (┴) to the MR fluid flow (~0.35 mm 

scan length). The 2-D profiles are shown in Fig. 3.7(b), representing an average p-v 

~360 nm (~55 nm rms). Figure 3.7(c) shows the corresponding PSD profiles, as 

calculated by the interferometer software within the range 10-3 – 10-6 nm-1, 

corresponding to feature spatial spacing between 1 – 1000 µm.  These PSD curves 

were later extracted as text files and imported into different software (e.g., Matlab, or 

Excel). Then, the ten PSD curves were averaged to a single curve, for the reasons 

discussed above. For a complete discussion on the use of PSD for characterization of 

the interactions between MR fluid particles and surfaces of hard ceramics, see 

Chapter 6.  
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Fig. 3.7. (a) Areal map (0.35 × 0.26 mm2) taken using the interferometer, showing the 
10 line scans (0.35 mm scan length) drawn (┴) to the MR fluid flow direction, as 
indicated by the arrow; (b) line scans profiles from (a); (c) the PSD curves 
corresponding to the profiles of (b), which demonstrate the variation in the curves. 
The curve marked with an ellipse represents an artifact on the surface.  
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3.3.4 Scanning Electron Microscopy (SEM) 

The morphologies of the processed surfaces following grinding and selected 

MRF spots were analyzed using a LEO 982 field emission SEM20 equipped with a 

secondary electron detector, a backscatter detector, and also an energy dispersive X-

ray spectroscopy detector (EDS). In a field emission SEM, also referred to as a “cold” 

source, electrons are drawn from the electron gun (i.e., a combination of a tip, e.g., 

tungsten single crystal, and an anode located beneath the tip – see Fig. 3.8) by an 

intense potential field, and pulled down the column. A set of electro-magnetic lenses 

(condenser lenses and objective lens – see Fig. 3.8) focuses the electron beam to a 

spot, which raster scan the surface using the scanning coils (see Fig. 3.8). Different 

signals are produced from the interaction of the electron beam and matter, where the 

image is formed by relating the signal reaching the detectors and the beam position. 

Each point of the SEM raster produces a signal that corresponds to a single element in 

the final image.21 

The interaction of the electron beam (primary beam) with the surface 

produces a variety of signals that include: secondary electrons (SE), backscatter 

electrons (BSE), Auger electrons (AE), characteristic X-rays, and 

cathodluminescence photons.21 For the purpose of this work, only the SE and the X-

ray electrons will be discussed.  

SE electrons are produced when an electron from the primary electron beam 

collides with an electron from the specimen atom and loses energy. The SE low 

energy electrons (less then ~ 50 eV) provide information from a shallow depth of the 

specimen surface (~10 nm) and therefore are useful to characterize surface texture, 

producing the best resolution images. An X-ray photon is produced when the 

collision of an electron from the primary beam cause the ejection of a core electron 

from its shell, up to ~10 µm beneath the surface depending on the acceleration 

voltage used (~20 kV). The signal characteristic energy yield the chemical 

composition of the material tested. 
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Fig. 3.8. Schematic illustration of the SEM column (adapted from Hageman et al.22). 
The arrows indicate (right): electron gun, condenser lenses, scanning coils, objective 
lenses, characteristic X-rays (EDS) detector, secondary electrons (SE) detector, and 
(left) backscatter electron (BSE) detector, Auger electrons (AE) detector, and the 
sample (arrows pointing from the sample illustrate the electron emitting from the 
sample surface). 
 

3.3.4.1 Surface Preparation 

Surface preparation included ultrasonic cleaning (as discussed in the 

introduction to section 3.3), etching of the nonmagnetic tungsten carbide samples, and 

demagnetization of magnetic Co-based tungsten carbides. It should be emphasized 

that due to the conductive nature of the WC and SiC samples, no additional coating 

with some conductive layer was required. In addition, the non-conductive samples 

(i.e., PCA and ALON) were not coated prior to SEM (Low beam voltages were used 

to minimize charging as described in Section 3.3.4.2).  

For the Ni-based WC tested, etching was done on a small region of the 

previously ground surfaces (rough, medium, and fine tools - contour grinding 
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configuration). This was performed in order to remove the nickel binder from 

between carbide grains, and to expose the subsurface underneath the deformed 

surface layer induced by grinding. The etching solution contained 15 ml deionized 

water, 15 ml glacial acetic acid, 60 ml hydrochloric acid/32%, and 15 ml nitric 

acid/65%.23 Each surface was etched for 3 min, then rinsed with water, and finally 

cleaned with acetone. 

Demagnetization of Co-based (magnetic) tungsten carbide samples was 

performed prior to SEM analysis, to remove remnant magnetization induced by the 

MRF fringing magnetic field. The remnant maximum magnetization (G) was 

measured on machined surfaces exposed to the MRF machine magnetic field (2 – 4 

kG), using a F. W. Bell 9500 Gaussmeter. Demagnetization was preformed by 

exposing the samples to a magnetic field of cyclically reversing polarity, using a 60 

Hz, single phase  commercial circular (∅150 mm) demagnetizer coil24 (Fig. 3.9). The 

field intensity was reduced to near zero by progressively separating the sample and 

demagnetizer, with a total coil operation time of 2-3 min for each sample. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.9. Image of the demagnetization process, were a Co-based (magnetic) sample 
is being passed through (see arrow) the circular demagnetizer coil (see arrow). The 
sample is being carried by hand as seen in the image.  
 
 

Circular Demagnetizer Coil

Co-based WC
Sample
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3.3.4.2 Imaging Techniques 

The preferred imaging configuration was a mixed signal of the in-lens and in-

chamber secondary electron detectors. The secondary electrons are useful to study 

surface texture, providing good image resolution resolving surface structures on the 

order of 1 nm. Aperture size used was either 2 or 3 (machine parameters), which 

represents the final lens apertures that determine the size of the spot of electrons on 

the sample (apertures 3 and 4 are 30 and 40 µm in diameter, respectively). In most 

cases the smaller of the two was chosen in order to minimize the chromatic and 

spherical aberration. Surfaces of ground and spotted materials were not coated with a 

conductive layer prior to SEM.  

For the nonconductive materials (i.e., PCA, and ALON) imaging was 

performed using low beam voltage (1.5 – 0.7 kV), at a ~3 mm working distance, 

which provided high magnification with relatively high quality images, as seen in Fig. 

3.10(a). It was not necessary to coat these surfaces with a conductive layer when 

using these settings. In addition, prior to imaging these surfaces, the SEM beam was 

nominally corrected for astigmatism with the electron beam stigmator (set of tiny 

electromagnets in matching pairs whose strength is electronically controlled) using a 

reference conductive surface (e.g., the SEM stage). Then, the sample was moved to 

the desired area for imaging. Due to the low voltage, the image seemed to “drift” 

when the beam dwelled for a long period of time in the same location. Beam voltage 

that was lower than 0.7 kV resulted in a poor image quality due to insufficient 

number of secondary electrons emitting from the surface. A beam voltage larger than 

2 kV resulted in charging effects on the surface, especially at grain boundaries or 

around pits. However, as seen in Fig 3.10(b) this phenomenon was not limited to 

nonconductive samples. Charging occurred around pits on the ground surface of CVD 

SiC (conductive), as indicated by the arrows. Figure 3.10(b) was taken using high 

beam voltage, ~10 kV, and ~10 mm working distance from the surface. The last 

consideration of image quality is contamination from processing and handling, which 

resulted in contamination of the surface and degraded image quality, especially when 

imaging a relatively large area (Fig. 3.10(c)). In order to minimize this problem, 

ultrasonic cleaning prior to SEM is recommended, as described above, and keeping 
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the samples in a sealed container when not tested. Contamination from previous 

samples used in the SEM (remnants inside the vacuum chamber) may also degrade 

image quality. Figure 3.10(c) also shows that when using low beam voltage, charging 

is eliminated, both on the surface and within grain boundaries (arrow 2).  

 

 

 

 

 

 

 

 

 

Fig. 3.10. (a) SEM image (×30,000 magnification) of a nonconductive surface (PCA) 
taken using 1.5 kV beam voltage, 3 mm working distance, showing the high quality 
imaging obtainable using these settings; (b) SEM image (×10,000 magnification) of 
conductive surface (SiC) using 10 kV beam voltage, 10 mm working distance. 
Arrows indicate charging around pits on the ground (rough) surface, where 
contaminations (non conductive, e.g., dust particles) are most likely to settle; (c) low 
magnification SEM image (×200 magnification) of a nonconductive surface (ALON), 
where arrow 1 represents contamination on the surface, and arrow 2 represents grain 
boundaries of the material.   

 

 

3.3.4.3 X-Ray Spectrometry (EDS) 

EDS X-ray microanalysis was used to approximate percentage by weight 

(wt%) of the composite binder material, in specific cases where this information was 

not available from the manufacturer (samples M10 and M45 – see Table 2.2). In 

addition, it was used to approximate binder wt% on the processed surfaces (i.e., pre-

MRF - as described in Chapter 5), and within the MRF spot ddp. The quantification 

involves no standard (i.e., standardless), and is therefore normalized to 100% (i.e., 

assuming no contamination on the surface, where WC provides the additional wt% 

needed to reach 100%). 
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3.3.5 Atomic Force Microscopy (AFM) 

Additional surface scans for selected spots were taken on the Dimension 

3100S-1 AFM25 over three 10- × 10 μm2 areas randomly distributed across areas in 

spots where the deepest point of fluid penetration (ddp) occurred, as discussed in 

section 3.2. Si tips with tip radii of approximately 10 nm were used. The image lateral 

resolution can be as small as the tip radius (5-15 nm) and the instrument vertical noise 

resolution is less than 0.5-Å.  

Imaging was performed using the AFM tapping mode in air (Fig. 3.11), where 

the cantilever is oscillated at its resonant frequency (~160 kHz) above the surface, 

only tapping the surface for a fraction of its oscillation period. The AFM principles of 

operation are illustrated in Fig. 3.11. The system includes a tip (e.g., Si) mounted on a 

cantilever, that is controlled by a piezoelectric translator, which controls the 

cantilever x,y,z axis. The laser beam reflects from the cantilever back to the quadrant 

detector, which record the variation in the cantilever z axis with respect to a preset z 

position of the deflected cantilever.13 The contact between tip and surface is in the 

repulsive regime of the inter-molecular force curve, meaning that the lateral forces 

are dramatically reduced when compared to contact mode, where the tip is dragged 

over the specimen.21 This technique is best for topographical imaging, as seen in Fig. 

3.12. The raster scan was done in 30º with respect to the MR fluid grooves (at the ddp 

region) in order to eliminate the need of frequent tip replacement.  

Because the white light interferometer has a lateral resolution limit of 1 µm, 

additional 1-D PSD plots were generated from AFM scans with a lateral resolution in 

the nanometer range. These scans were also done within spot ddp regions. The AFM 

scans were used to characterize the MRF signature, as discussed in Chapter 6.  
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Fig. 3.11. Schematic image of an AFM: the AFM tip (e.g., Si) is mounted on a 
cantilever and moved by a piezoelectric translator in the x,y,z axis, the laser beam 
reflects from the back of the cantilever to the quadrant detector that measure the 
height of the surface micro-irregularities in the z direction. The reference surface, i.e., 
z = 0, is stored when the cantilever is deflected by a specified amount relative to the 
surface. The tapping mode oscillation of the tip is shown by the double arrow on the 
left. Background: 3-D image of spot (12 min) ddp region taken on previously medium 
ground (ring tool) PCA. 
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Fig. 3.12. Typical topography (10 × 10 µm2) of spot ddp region taken using the AFM. 
Image was taken on previously rough ground ALON (16 min spot dwell time, on the 
Q22-Y with D10): (a) 3-D scan, showing the unique morphology of a long MRF spot 
taken on a previously rough ground hard ceramic (see Section 6.4); (b) the profile of 
the diagonal of the 3-D map, showing deviation (p-v) between ~19 to ~29.5 nm (see 
double arrows).  
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Chapter 4 

 

A Magnetorheological Polishing-Based Approach for 

Studying Precision Microground Surfaces of Tungsten 

Carbides 
 

 

Surface features of tungsten carbide composites processed by bound abrasive 

deterministic microgrinding and magnetorheological finishing (MRF) were studied 

for five WC–Ni composites, including one binderless material. All the materials 

studied were nonmagnetic with different microstructures and mechanical properties. 

White-light interferometry, scanning electron microscopy, and atomic force 

microscopy were used to characterize the surfaces after various grinding steps, 

surface etching, and MRF spot-taking. The spotting technique is intended only as a 

diagnostic tool, by removing material from rough surfaces to expose the subsurface 

damage. It does not reflect on the true polishing capabilities w/MRF technology for 

hard ceramics. It was found that the peak-to-valley (p–v) microroughness of the 

surface after microgrinding with rough or medium abrasive size tools gives a measure 

of the deformed layer depth. MRF spots revealed the true depth of the grinding-

induced deformed surface layer. 

 

4.1 Introduction 

 Tungsten carbide (WC) hard metals exhibit a unique combination of hardness 

and toughness, which makes them desirable engineering materials for wear-resistance 

applications such as cutting and milling tools.1 The mixing of the hard and brittle WC 

particles with the more soft and ductile binder produces a composite with optimal 

mechanical properties.2, 3 

 The metallic binder of cemented carbides is usually cobalt; however, when the 

application exposes the material to an acid environment, a nickel-based binder is 

favored for its better corrosion resistance. Another approach for improving corrosion 
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resistance is to reduce the amount of binder,4 namely binderless carbides. This work 

focuses on Ni-bonded and binderless cemented carbides. All of these materials are 

nonmagnetic. 

 The use of tungsten carbide materials in optical systems5 as either mold 

masters6 or mirrors7 is the motivation behind achieving nanoscale surface roughness 

from grinding and subsequently polishing. Surface roughness is closely related to the 

wear mechanism of the material during manufacturing. SEM images of the ground 

surfaces exposed the similarities between wear behavior of Ni-bonded and Co-bonded 

materials, in particular, the formation of a deformed surface layer because of the 

extrusion of the nickel binder between the WC grains, as described for Co-bonded 

materials.3, 8 Previous studies by others show that although the tungsten carbide wear 

mechanism involves brittle fracture, fatigue, and plastic deformation, it is dominated 

by the extrusion of the soft binder between WC grains.1, 8-10 Redeposited binder and 

WC debris cover the ground surface forming a deformed layer11 also known as 

subsurface damage, which masks the true surface, roughness induced by grinding. In 

a recent study, the deformed layer depth was reported to be near 1.5 μm for ground 

WC-10 wt% Co composites (20 μm grains) with abrasive wheel (91 μm average 

abrasive size, approximately 34 μm nominal size, and a brass metal binder).11 

Because of the inhomogeneity of the composite carbide grains and the diamond 

distribution on the grinding wheel, the amount of damaged material that needed to be 

removed during the subsequent polishing stage could not be determined. Therefore, a 

more deterministic technique is needed to measure the deformed layer depth after 

grinding. 

 The goal of this work is a better understanding of the correlation between the 

response of tungsten carbide hard metals to microgrinding and nanopolishing with the 

resulting surface microroughness. In recent work done by Randi et al.,12 it was 

demonstrated that magnetorheological finishing (MRF) can be used to determine 

subsurface damage depth for optical crystals and glasses. Because both Ni-bonded 

and the binderless cemented carbides are nonmagnetic, they are excellent candidates 

for MRF. In this study, we demonstrate that MRF spots can be placed on ground 

nonmagnetic tungsten carbides and that the spots can be used to evaluate the depth of 
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the damaged layer. We focus on five nonmagnetic WC materials, which include four 

WC-Ni composites with variations in nickel binder content and one binderless 

sample, all with different grain sizes. 

 

 

4.2 Experimental Procedure 

4.2.1 Tungsten Carbides 

Five commercial nonmagnetic WC samples were used for this study. The 

materials are commercially designated as BC12N,13 K801,14 M45,15 M10,15 and 

Cerbide.16 They were selected on the basis of their nickel content and grain size as 

well as their mechanical properties. The WC grain sizes varied from 0.2 μm to 7 μm, 

and the nickel binder concentration varied from none (in the binderless carbide) to 

12.5 wt%. Hardness measurements were obtained on all materials using a Tukon 

micro-indenter equipped with a Vickers diamond indenter and a microscope (50× 

objective), averaging the diagonals of five random indents on the surface with a load 

of 1 kg and a duration of 15 sec. The applied load was enough to produce radial 

cracks17 at the corners of the indentations in M10 and Cerbide. These two materials 

have a low ductility index (DI)18 (Kc/Hv)2, where Kc is the fracture toughness 

(kg/mm2 m0.5) and Hv is the Vickers hardness (kg/mm2). Fracture-toughness values 

were calculated from the observed cracks using the Evans correlation.19 The Laugier 

correlation20-22 for WC material (Hv ≥ 10,000 MPa) was applied to calculate the 

fracture toughness for the other three materials, which did not exhibit cracking under 

1 kg loads. Relevant microstructural, mechanical, and physical properties are listed in 

Table 4.1, ranked according to decreasing value of the calculated ductility index. 
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4.2.2 Grinding Experiments 

 The grinding experiments were performed on the OptiPro SX50 platform,23 a 

deterministic computer numerical control (CNC) ultraprecision grinding machine. 

The SX50 is capable of generating rotationally symmetric spherical and flat surfaces. 

For all our grinding experiments, a contour-tool grinding configuration for flat 

surfaces was used (Fig. 4.1) with three different diamond tools, rough, medium, and 

fine (40, 10-20, 2-4 μm diamond size, respectively). Both the rough and medium 

tools were made of a bronze matrix while the fine tool matrix was resin. To avoid 

taking the part off the machine between operations, the tools were trued and dressed 

in advance using Al2O3 dressing sticks that were 320 or 800 grit (29-32 μm and 9-12 

μm grit size, respectively). Table 4.2 lists the grinding conditions used where Ωt is 

the wheel speed, and Ωw is the spindle speed. 

 Each workpiece was attached/fixed to a steel base with hot wax and then 

placed in the grinding machine parallel to the tool axis of rotation. Water–oil 

emulsion coolant (Opticut solution 5%, 9–10 pH)24 was delivered to the 

tool/workpiece interface to avoid burn out and thermal damage. The grinding was 

done with two passes for each tool; i.e., the total material removed depth of cut per 

tool was 200, 40, and 10 μm (rough, medium, and fine tools, respectively). No 

subsequent “spark out” passes were performed. For example, the fine grinding was 

done only after the part had gone through two-pass cycles with the rough and medium 

tools. Finally, the workpieces were cleaned using acetone.  



 71

 

 

 
Z Tool axes

of motion

Y

X
Ωw

Ωt 

 

 

 

 

 

 

 

 

Fig 4.1. Schematics of contour-grinding configuration 

 
 
 

Table 4.2. Contour grinding conditions used on the OptiPro SX50, in a single passa 

  
Tool 

diamond 
size 
(µm) 

Depth
of cut
(µm) 

In-feed  
(Z-axis) 

(mm/min) 

Duration 
of single 
pass (sec) 

Cross-
feed  

(X-axis) 
(mm/min) 

Duration 
of single 

pass (min) 

40b 100 0.5 12 1.0 30-40 

10-20b 20 0.5 2.4 1.0 30-40 

2-4c 5 0.5 0.6 5.0 6-8 

 
 
 
 
 
 
 
 
 

a The following parameters remained constant: wheel speed, Ωt = 6800 rpm, 
work spindle speed, Ωw = 100 rpm.  
b Bronze bonded, 75 diamond concentration.  
c Resin bonded, 75 diamond concentration. 
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4.2.3 Investigation of the Deformed Layer 

 a. Etching of Ground Surface  

 After the materials were ground, a small area on the processed surface was 

etched to remove the deformed nickel binder. The etching solution contained 15 ml 

deionized water, 15 ml glacial acetic acid, 60 ml hydrochloric acid/32%, and 15 ml 

nitric acid/65%.11 Each surface was etched for 3 min, then rinsed with water, and 

finally cleaned with acetone.  

 

b. Processed Surface Spotting  

Magnetorheological finishing (MRF)25, 26 is a commercial polishing process 

for the manufacturing of precision optics. It was used in our experiment to measure 

the depth of the deformed layer from grinding and the quality of the subsurface 

subsequently exposed. Specifically, we used a MRF research platform called the spot-

taking machine,27 which polishes spots onto the surface of a nonrotating part by 

lowering the part surface into contact with a rotating magnetic fluid ribbon under 

CNC control. The material removal rate is determined from the amount of material 

removed, i.e., ratio of spot volume, divided by the spotting time. The MRF fluid used 

in this work consisted of an aqueous mixture of nonmagnetic nanodiamond28 

abrasives, magnetic carbonyl iron, water, and stabilizers. Machine parameters such as 

the magnetic field strength (~2–3 kG), wheel speed (250 rpm), pump speed (125 

rpm), ribbon height (1.6 mm), and depth of the part penetrating into the ribbon (0.3 

mm) were kept constant and the spotting time was varied. Spotting was done on 

unetched regions of rough-ground, medium-ground, and fine-ground surfaces of each 

material. Multiple spots with time durations of 3, 6, 12, 18, and 40 min were taken on 

subsets of the generated surfaces as described in Section 4.3.2. 

 

4.2.4 Microscopy of Processed Surfaces 

 Surfaces were studied using a white-light interferometer, scanning electron 

microscope (SEM), contact profilometer, and atomic force microscope (AFM). 

Before analyzing the surfaces, the samples were ultrasonically cleaned in acetone and 
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then rinsed with alcohol; surfaces were dried using a nitrogen gun after 

ultrasonication and after rinsing.  

 

 Metrology was conducted as follows: 

• Average microroughness data [peak-to-valley (p–v), and root mean square (rms)] 

were obtained with a Zygo NewView 5000 noncontacting white-light 

interferometer29 over five 350 μm by 250 μm areas randomly distributed across 

ground and unetched areas. This instrument has a lateral resolution of ~1 μm and 

a vertical resolution of ~0.3 nm. Data were similarly obtained inside MRF spots; 

see details in Section 4.3.2. 

• The morphologies of the processed surfaces after grinding, etching, and MRF 

were analyzed using a LEO 982 FE SEM30 equipped with a secondary electron 

detector, a backscatter detector, and also an energy dispersive X-ray spectroscopy 

detector (EDS). The preferred imaging configuration was a mixed signal of the in-

lens and in-chamber secondary electron detectors. The EDS X-ray detector was 

used to approximate Ni content for WC samples M10 and M45. 

• The Taylor Hobson TalySurf 2 PGI stylus profilometer31 was used to perform 3-D 

scans of the MRF spots, which were then used to extract the spot physical 

dimensions, i.e., spot volume, peak removal depth, and spot profile. The stylus tip 

is a cone with a 60° angle and a 2 μm spherical tip radius of curvature. The 

instrument has a 12 nm vertical resolution. 

• Additional surface scans for selected spots were taken on the Digital 

Instruments/Veeco Metrology Dimension 3100S-1 AFM32 over three 10 μm × 10 

μm areas randomly distributed across areas in spots where the deepest point of 

fluid penetration (ddp) occurred, as discussed below. This instrument has a 

vertical noise resolution of less than 0.5 Å. 
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4.3 Experimental Results 

4.3.1 Surface Roughness and Surface Morphology from Grinding 

 Surface-roughness data for all materials after each grinding stage were taken 

using the white-light interferometer. Results are reported in Table 4.3 for all surfaces 

in their as-ground state.  

 The data given in Table 4.3 show the expected result of smoothing with 

decreasing diamond abrasive size. The p–v surface roughness varied from ~3280 nm 

(BC12N) to ~5820 nm (M10) with the rough tool, from ~550 nm (K801) to ~3850 

nm (M10) with the medium tool, and from ~53 nm (M45) to ~86 nm (BC12N) with 

the fine tool. The smoothest surface after fine grinding was ~7 nm rms (M45). 

  

Table 4.3. Tungsten carbide surface-roughness under contour grinding conditions, using 
rough, medium, and fine tools. Measurements were taken on the white-light interferometer. 

 BC12N K801 M45 M10 Cerbide 

 Rough tool (40-µm diamond size) 

p-v (nm) 3280 ± 194 3802 ±289 3915 ±371 5823 ±975 3857 ±326 

rms (nm) 154 ± 19 151 ±30 286 ±113 695 ±289 242 ±67 

 Medium tool (10- to 20-µm diamond size) 

p-v (nm) 2372 ± 59 552 ±136 1915 ±175 3854 ±265 3322 ±153 

rms (nm) 72 ± 4 27 ±4 65 ±11 195 ±14 142 ±9 

 Fine tool (2- to 4-µm diamond size) 

p-v (nm) 86 ± 13 84 ±10 53 ±7 67 ±9 69 ±8 

rms (nm) 13  ± 3 12 ±3 7 ±1 12 ±2 10 ±1 

 
 After the samples were ground with the fine resin tool (2-4 μm diamond size) 

a “mirror quality” surface finish was achieved, as shown in Fig. 4.2. Surface 

roughness measurements were below 100 nm p–v and below 13 nm rms for all 

materials as seen in Fig. 4.3. All surfaces had some degree of midspatial frequency 

artifacts (i.e., cutter marks), however, with a better surface for the circular shaped 

parts over the rectangular ones because of the interrupted cut during part rotation. All 
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the grinding tools showed some degree of material accretion from the workpiece 

(possibly due to carbon diffusion1).  

  

 

Cerbide BC12N M10 M45 K801

 

 

 

 

 
 
 
 
Fig. 4.2. Optical image of the ‘mirror-like’ fine-ground WC materials after fine 
grinding (2-4 µm diamond size). Surface-roughness measurements were below 100 
nm p-v and below 13 nm rms 
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Fig. 4.3. Surface-roughness of fine-ground surfaces (2-4 µm diamond size) versus 
WC material type. The error bars represent the standard deviation of five areal 
measurements. 
 

 SEM images illustrated that the topography of the ground surfaces, from 

rough to fine, were in agreement with the surface-roughness measurements. Figure 

4.4 gives the typical morphology of rough-ground surfaces (rough tool, 40 μm 

diamond size). Fragmented WC particles and plastically deformed material (arrows 1 

and 2) are observed on the ground surfaces, forming a deformed surface layer, as 

described by Hegeman et al.11 Material K801, with an average grain size of 7 μm (the 

coarsest of all materials studied, see Table 4.1), showed some pullout of individual 

grains. Figure 4.4(a) shows that the deformed layer is absent in regions of grain 

pullout11 (arrow 3). We observed different morphologies of the deformed layer for the 

different materials. The deformed layer appears smoother for materials with a 

submicron grain size (0.2-0.6 μm) [Fig. 4.4(c) and (d)]. The plastic deformation of 

the binderless material is similar to that for the Ni-bonded materials, i.e., fragmented 

and plastically deformed WC grains (arrows 1 and 2, respectively), suggesting that 

only small amounts of the binder are present in the deformed surfaces, compared to 
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the bulk material, as observed by Yin et al.5 and Hegeman et al.11 Therefore, the 

deformed surfaces mostly consist of plastically deformed WC grains.  
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Fig. 4.4. SEM images of typical rough-ground surfaces (40 µm diamond size). 
Average grain sizes are (see Table 1) (a) K801, 6.3 wt% Ni, 7 µm; (b) M45, 12.5 
wt% Ni, 0.6-1.3 µm; (c) M10, 9.47 wt% Ni, 0.2-0.6 µm; and (d) Cerbide, 0.4 µm. 
Arrows represents (1) fragmented WC, (2) plastically deformed WC, and (3) pull out 
of an individual grain. 
 

 Figure 4.5 shows SEM images of the fine-ground surfaces that reveal the 

material microstructure, i.e., the carbide grains and the nickel binder. Fragmented 

traces of the WC grains are visible inside “pockets” between grains (arrow 1). Traces 

from single diamond scratches and tool marks33 can be seen at arrow 2. 
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Fig. 4.5. SEM images of fine-ground WC surfaces (2-4 µm diamond size). (a) 
BC12N, 12 wt% Ni, 1 µm grain size and (b) K801, 6 wt% Ni, 7 µm grain size (see 
Table 1). Arrows represents (1) “pockets” between grains and (2) single diamond 
scratches/tool marks. 
 

All ground surfaces were etched in small regions to remove the nickel binder, 

exposing the subsurface of the deformed layer. In some areas on the surface the 

plastically deformed material, as well as WC debris was removed, leaving small 

etching pits. The etching procedure also removed bronze and resin tool residue from 

the surface. Figure 4.6 shows a SEM image of a typical etching pit in a fine-ground 

surface, which exposed the subsurface of the ground surface. It can be clearly 

observed that almost all the nickel binder between grains was removed along with 

fragmented WC particles that were embedded. High-magnification images of the 

etched pits [Fig. 4.7(a)] showed subsurface damage in the form of cracked grains 

after rough grinding (40 μm). Figures 4.7(b) and (c), for both medium and fine tools 

(10-20 μm, and 2-4 μm diamond size, respectively), reveal no evidence of fractured 

WC grains, suggesting that the wear mechanism is controlled by plastic flow. The 

Cerbide ground surface was not affected by the etching, as expected. 
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Fig. 4.6. SEM images of a typical etched pit in a fine-ground (2-4 µm diamond size) 
WC surface, K801, 6 wt% Ni, 7 µm grain size (see Table 4.1). 
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Fig. 4.7. High-magnification SEM images of etching pits in the (a) rough, (b) 
medium, and (c) fine-ground WC composites. The arrows in (a) point at cracks in the 
carbide phase. The materials are (see Table 4.1) (a) BC12N, 12 wt% Ni, 1 µm grain 
size and (b) and (c) K801, 6 wt% Ni, 7 µm grain size.  
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4.3.2 Subsurface Damage Evaluation from the Spotting Experiment 

 MRF spots of various durations were taken on all rough-ground surfaces and 6 

min spots were taken on both fine- and medium-ground surfaces. Figure 4.8 shows a 

typical 3-D map of a polished MRF spot indicating the spot leading edge (MRF fluid 

ribbon entrance/penetration point into the material), spot ddp (deepest point of MRF 

fluid penetration), and spot trailing edge (point of the fluid leaving the part) using the 

profilometer. From analyzing the 3-D scans, we were able to extract spot profiles, 

which were then used to identify the ddp. The spot volume and maximum depth ddp 

are listed in Table 4.4. These spot profiles were not similar to profiles typically 

observed for other optical glasses and crystals.27 

 



 82

  
Leading edge

μm

ddp region Trailing edge

Fluid direction

0

4

3

2

1

m
m

0 2.6

10 32 54 76 8

mm

0.35- × 0.26-μm2

areal roughness
measurements

1.3

 
 

Fig. 4.8. 3-D image of an MRF spot taken with a profilometer on WC M10 for 6 min. 
Arrows indicate the spot leading edge (MR fluid ribbon entrance/penetration point 
into the material), spot ddp (deepest point of MR fluid penetration), spot trailing edge 
(were the MR fluid leave the material), and fluid flow direction. The white 
rectangular within the ddp region represents one of the five sites over which surface-
roughness was measured using white-light interferometry.   
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Table 4.4. Summary results of the spotting experiments. Surface-roughness 
measurements were taken at five random locations within a spot ddp with the white-
light interferometer. The maximum spot depth and volume removed were extracted 

from the profilometer 3-D scans. 
Spot 
time 
(min)  

BC12N K801 M45 M10 Cerbide 

  Initial surface conditions: rough-ground 
3 p-v (nm) 505  ± 37 1106 ± 143 399 ± 52 657 ± 216 146 ± 17 
 rms (nm) 43 ± 5 46 ± 5 47 ± 5 83 ± 16 25 ± 5 
 Depth (µm) 1.3 ± 0.08 1.8 ± 0.01 1.9 ± 0.08 3.4 ± 0.28 1.5 ± 0.03 
 Vol. (mm3) 0.01 ± 0.0 0.01 ± 0.0 0.01 ± 0.0 0.02 ± 0.01 0.01 ± 0.0 
       

6 p-v (nm) 204 ±  10 248 ± 24 185 ± 26 312 ± 20 303 ± 20 
 rms (nm) 35 ± 2 39 ± 5 31 ± 11 61 ± 6 55 ± 11 
 Depth (µm) 2.1 ± 0.01 2.4 ± 0.03 2.6 ± 0.05 4.4 ± 0.21 2.3 ± 0.12 
 Vol. (mm3) 0.02 ± 0.0 0.02 ± 0.0 0.02 ± 0.0 0.03 ± 0.01 0.03 ± 0.0 
       

12 p-v (nm) --- 287 ± 31 --- --- --- 
 rms (nm) --- 43 ± 10 --- --- --- 
 Depth (µm) --- 3.2 ± 0.07 --- --- --- 
 Vol. (mm3) --- 0.03 ± 0.0 --- --- --- 
       

18 p-v (nm) 212 ± 51 276 ± 60 240 ± 32 205 ± 50 383 ± 56 
 rms (nm) 33 ± 5 45 ± 12 40 ± 11 39 ± 10 63 ± 14 
 Depth (µm) 3.1 ± 0.08 4.0 ± 0.09 3.4 ± 0.31 6.4 ± 0.06 4.6 ± 0.13 
 Vol. (mm3) 0.02 ± 0.0 0.04 ± 0.0 0.03 ± 0.0 0.06  ± 0.01 0.04 ± 0.0 
       

40 p-v (nm) --- 395 ± 134 --- --- --- 
 rms (nm) --- 53 ± 9 --- --- --- 
 Depth (µm) --- 8 ± 0.13 --- --- --- 
 Vol. (mm3) --- 0.08 ± 0.0 --- --- --- 
       
  Initial surface conditions : medium-ground 

6 p-v (nm) 215 ± 5 456 ± 33 107 ± 13 113 ± 21 114 ± 20 
 rms (nm) 35 ± 2 27 ± 5 16 ± 1 19 ± 2 20 ± 3 
 Depth (µm) 1.8 ± 0.05 1.5 ± 0.03 1 ± 0.04 1.9 ± 0.10 1.5 ± 0.06 
 Vol. (mm3) 0.02 ± 0.0 0.02 ± 0.0 0.01 ± 0.0 0.02  ± 0.0 0.02 ± 0.0 
       
  Initial surface conditions : fine-ground 

6 p-v (nm) 202 ± 39 185 ± 23 151 ± 26 80 ± 15 29 ± 2 
 rms (nm) 27 ± 5 26 ± 4 22 ± 6 9 ± 3 3 ± 0.3 
 Depth (µm) 1.9 ± 0.03 2.2 ± 0.05 1.6 ± 0.03 1.7  ± 0.02 1 ± 0.06 
 Vol. (mm3) 0.02 ± 0.0 0.02 ± 0.0 0.01 ± 0.0 0.02  ± 0.0 0.01 ± 0.0 
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 After the location of the spot ddp was identified, surface-roughness 

measurements at five random locations within the ddp region were taken with the 

white-light interferometer. Results are given in Table 4.4. To investigate the amount 

of material needed to be removed by the MRF spot (i.e., the depth of the deformed 

layer from the grinding cycles), we plotted the evolution of the surface roughness 

with the maximum amount of material removed (see Fig. 4.9). It was observed that 

the initial surface roughness is removed for BC12N, K801, M45, and Cerbide when 

the MRF penetrates past 2.1-2.6 μm of the deformed layer thickness. However, 

surface roughness eventually increased with increasing MRF material removal. A 

monotonic decrease in surface roughness with increasing material removal was noted 

for M10. SEM images taken within the ddp region of the optimal spot (i.e., least 

roughness) confirmed that the deformed layer induced by grinding is completely 

removed by the MRF process (see Fig. 4.10). It should be emphasized that the clean 

surfaces shown in Fig. 4.10 are due entirely to the MRF process, without any pre- or 

post-etching. 



 85

 

 

  

100

1000

10000

0 1 2 3 4 5 6 7

Su
rf

ac
e 

ro
uh

gn
es

s (
p–

v)
 (n

m
)

Material removed (μm)

BC12N
K801
M45
M10
Cerbide

 

 

 

 

 

 

 

 

 
 
 
 
 
Fig. 4.9. Evaluation of surface-roughness, p-v (nm) semilog, versus MRF spot 
material removed (µm). The starting condition is the rough-ground surface (p-v 
roughness in the range of 3.3-5.8 μm). After removing 2-3 μm of material from the 
surface, the p-v roughness decreases to 180-310 nm. 
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Fig. 4.10. SEM images of WC-Ni composites polished for 6 minutes with MR fluid 
containing nanodiamond abrasives. Average grain sizes are (see Table 4.1) (a) 
BC12N, 12 wt% Ni, 1 µm; (b) K801, 6.3 wt% Ni, 7 µm; (c) M45, 12.5 wt% Ni, 0.6- 
1.3-µm; (d) M10, 9.45 wt% Ni, 0.3-0.6 µm; and (e) Cerbide, 0.4 µm. 
 

Table 4.4 also demonstrates the influence of the initial surface roughness on 

the surface response inside MRF spots. For initial rough-ground surfaces, surface 
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roughness improved after MRF penetrated 2.1-2.6 μm past the deformed layer for 

BC12N, K801, M45, and Cerbide and 4.4 μm for M10. The p–v surface roughness 

varied from ~185 nm (M45) to ~303 nm (Cerbide). For initial fine-ground surfaces, 

the p–v surface roughness varied from ~29 nm (Cerbide) to ~202 nm (BC12N). The 

smoothest surface for the initial fine-grinding surface conditions was ~3 nm rms 

(Cerbide). We also observed an increase in surface roughness inside MRF spots for 

materials with a higher ductility index, after 1-2.2 μm was removed (by the MRF 

spot). 

 

4.3.3 MRF Surface Evolution with Increasing Depth Removed  

Further study of the surface after MRF polishing was done for rough-ground 

K801 with an ~3802-nm initial p–v surface roughness [see Fig. 4.11(a)] where 

additional MRF spots at varying depths of MRF removal were taken. Figure 4.11 

shows that after 1.8 μm of material is removed by the MRF spot, the deformed layer 

induced is not completely removed [see Fig. 4.11(b)], in agreement with the surface-

roughness values. With a longer MRF spotting time, a total of 2.4 μm of material was 

removed [see Fig. 4.11(c)], an amount sufficient to expose the undisturbed 

subsurface. However, additional material removal slightly increases the surface 

roughness. Similar behavior is observed by monitoring the evolution of the rms 

surface roughness. 

It is important to observe that the identification of the point where all the 

damage is removed uses both the evolution of roughness with depth removed as well 

as the SEM images of the surface at that level of material removed. The usage of the 

SEM image ensures that no damage remains in the form of fractured grains, smeared 

binder, or plastic deformed surface layer.  
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Fig. 4.11. Surface-roughness in the MRF spots, p-v (nm), versus MRF spot material 
removal in microns for rough-ground K801. Each data point represents a spot time of 
(as rough-ground), 3, 6, 12, 18, and 40 minutes. SEM images correspond to the (a) 
initial ground surface and (b) 1.8, (c) 2.4, and (d) 8 μm material removed (within the 
spot ddp region). The error bars represent the standard deviation of five areal 
measurements. 
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4.4 Discussion 

 The results from the grinding experiments indicate no correlation between 

grinding-induced surface roughness and the materials’ microstructure, i.e., Ni wt% or 

grain size, for all grinding conditions, as also observed by Yin et al.5 In addition, 

surface roughness did not correlate well to the materials’ hardness. As observed in the 

case of optical glasses under deterministic microgrinding conditions,18 surface 

roughness correlates with the ductility index (Kc/Hv)2 (units of length) for both 

grinding and MRF processes conditions. Figure 4.12 shows that surface roughness 

values increased with increasing ductility index value. The true surface roughness is 

not well characterized, as a result of heavily deformed material, fragmented WC, and 

tool residue over the ground surface. 
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Fig. 4.12. Surface-roughness measurements versus the materials’ ductility index, 
(Kc/Hv)2. Data are for surfaces that were fine-ground (correlation with ductility index 
has R2 = 0.47) or fine-ground and subsequently MRF spotted (correlation with 
ductility index has R2 = 0.70). 
 

 Etching of the ground surface exposed some of the subsurface damage below 

the ground surface. SEM high-magnification images in the etching pits exposed 

cracks in WC grains of rough-ground surfaces, whereas for the medium- and fine-
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ground surfaces, removal was found to be within the ductile/plastic regime (see Fig. 

4.7). 

 MRF spots are useful for analyzing both the material microstructure as well as 

for measuring the depth of the deformed surface layer from grinding. By removing an 

optimal amount of material (proportional to the initial p–v roughness in the rough-

ground surfaces), the surface roughness is significantly reduced. However, additional 

material removal (beyond the optimal amount) resulted in a slight increase in surface 

roughness for materials with a high ductility index value. These results suggest that to 

completely remove the deformed surface layer after rough grinding (~40 μm diamond 

size), an amount of material equivalent in depth to the initial p–v surface roughness 

needs to be polished/removed. For the materials tested, removing the initial p–v 

surface roughness values was sufficient to completely eliminate the 

damaged/deformed surface layer with the exception of WC M10, which showed a 

monotonic decrease of roughness with amount of material removed. The increase in 

surface roughness for the Cerbide can be explained in Fig. 4.10(e), which clearly 

shows some degree of porosity at the carbide boundaries.  

 The effect of the initial surface roughness from grinding with rough, medium, 

or fine tools on the MRF performance is shown in Tables 4.3 and 4.4. Initial ground 

surface conditions, either coarse or fine, had a small effect on the resulting surface 

roughness inside the MRF spot for materials with a high ductility index. The p–v and 

rms surface roughness improved with a decreasing ductility index for initial fine-

grind conditions. However, we found that MRF spot surface roughness was higher 

than the initial fine-ground surface, e.g., from ~86 nm (BC12N) after fine grinding to 

~202 nm (BC12N) following MRF removal in the range of 1-2.2 μm.  

 Further investigation of surface response inside a MRF spot for materials with 

a high ductility index was done to investigate the eventual slight increase of 

roughness with amount of material removed. Figure 4.11 suggests that additional spot 

time promotes preferential polishing of the nickel binder, which resulted in increasing 

surface-roughness values. The effect of preferential polishing on surface roughness is 

also known as grain decoration.34 A selective AFM scan demonstrates preferential 

polishing/grain decoration on the resulting surface roughness inside the MRF spot. 
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Figure 4.13(a) shows AFM scans from the ddp in K801 (7 μm average grain size) 

after an optimal 2.4 μm amounts of material have been recovered (pit depth in the 

range of 9-12 nm), while Fig. 4.13(b) shows the development of preferential grain 

decoration when an excessive amount (8 μm) has been removed (pit depth in the 

range of 27-61 nm). These features show that MRF spot-derived material removal can 

be optimized to remove the damaged layer at the surface without acceleration grain 

decoration. Excessive amounts of MRF removal may lead to grain decoration in a 

material with a higher ductility index. On the other hand, materials with a lower 

ductility index like M10 may show a monotonic reduction of surface roughness with 

amount of material removed by MRF. This represents true polishing of this material, 

a desired outcome for the manufacture of mold masters or other optics from WC. 
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Fig. 4.13. AFM Surface profiles from the ddp region of a MRF spot taken on K801 
(average grain size 7 µm). (a) 2.4 μm and (b) 8 μm were removed. The initial surfaces 
were rough-ground and had a p-v surface-roughness of 3.8 μm. The double arrows 
represent the vertical distance between markers and the scale bar represents the 
average grain size.  
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4.5 Conclusions 

 We have studied the response of five nonmagnetic WC composites to 

deterministic microgrinding. Grinding experiments showed that grinding-induced 

surface roughness decreased with decreasing diamond abrasive size. Microgrinding 

with a rough tool (40-μm diamond size) involved fracture, leading to a p–v surface 

roughness in the range 3.2-5.8 μm (150-700-nm rms). Microgrinding with medium 

and fine tools (10-20, and 2-4 μm diamond size, respectively) was controlled by 

plastic flow. The medium tool led to p–v surface roughness values in the range of 0.5-

3.8 μm (27-200 nm rms), whereas the fine tool resulted in surface p–v values in the 

range of 53-86 nm (7-13 nm rms). The true grinding-induced surface roughness was 

concealed by the deformed layer on the ground surface for all (rough, medium, fine) 

ground surfaces. 

 We have demonstrated that a MRF spot can be placed on ground surfaces of 

tungsten carbide and that the spot can be used to evaluate the depth of the surface 

deformed layer. For the rough and medium tools, the deformed layer is in the range 

1.5-2.7 μm. The surface roughness of MRF spot at the deepest point of penetration 

can be used as a guide for establishing the optimal amount of material to be removed 

by MRF. Optimal MRF removal indeed removes the deformed surface layer caused 

by grinding. Excessive MRF removal may lead to preferential polishing and removal 

of the binder phase, also known as grain decoration. By utilizing both surface-

roughness measurements and SEM imaging at the spot ddp, we were able to estimate 

the depth of the deformed layer. Thus, we showed that the depth of the deformed 

layer can be estimated in two ways. An optical profilometer-based measurement of 

the p–v surface microroughness of the ground surface provides an upper bound to the 

deformed layer thickness. This is a desirable estimate given the noncontact nature of 

this metrology technique. On the other hand, the MRF spot can also be used to reveal 

the depth of the deformed layer while reducing the surface roughness.  

 It is important to observe that the correlation between subsurface damage and 

initial as-ground p-v surface roughness holds only for the rough and medium ground 

tools. For such tools, the initial as-ground surface roughness always gives an upper 

bound to the subsurface damage as revealed by the MRF spot. On the other hand, fine 
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ground surfaces have a deceptively low surface roughness that results from the fact 

that binder and deformed material smear over the surface. In this case, the actual 

subsurface damage is concealed by the smeared surface layer, so that the proposed 

correlation between as-ground roughness and subsurface damage must be modified 

for fine ground surfaces.  
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 Chapter 5 

 

Toward Magnetorheological Finishing of Magnetic 

Materials 
 

 

Magnetorheological finishing (MRF) is a precision optical finishing process 

traditionally limited to processing only nonmagnetic materials, e.g., optical glasses, 

ceramics, polymers, and metals. Here we demonstrate that MRF can be used for 

material removal from magnetic material surfaces. Our approach is to place an MRF 

spot on machined surfaces of magnetic WC-Co materials. The resulting surface 

roughness is comparable to that produced on nonmagnetic materials. This spotting 

technique may be used to evaluate the depth of subsurface damage, or the deformed 

layer, induced by earlier manufacturing steps, such as grinding and lapping. The 

spotting technique is intended only as a diagnostic tool, by removing material from 

rough surfaces to expose the subsurface damage. It does not reflect on the true 

polishing capabilities w/MRF technology for hard ceramics.  

 

 

5.1 Introduction 

Magnetorheological finishing (MRF)1 is a precision material removal process 

that has been applied to a large variety of brittle materials, from optical glasses to 

hard crystals such as sapphire. MRF uses as the abrasive medium aqueous slurry 

consisting of a mixture of abrasives (typically diamonds or ceria) and magnetic 

carbonyl iron particles. In the absence of a magnetic field the slurry is liquid-like and 

flows easily. When a magnetic field is applied, the slurry’s effective viscosity 

increases by several orders of magnitude, and the slurry becomes solid-like, 

conforming to the shape of the optical surface to be finished. It can thus be used as a 

renewable lap for precision removal from material surfaces. 

  



 100

 A potential problem may arise when MRF is used on magnetic surfaces. The 

interaction between the applied magnetic field, the magnetic portion of the slurry, and 

the induced magnetization of the samples may lead to unwanted adhesion or phase 

separation. As a result, the apparent size of the active abrasives increases and may 

thus lead to either increased surface roughness or less uniform material removal rates. 

 Our current study is motivated by an earlier report in which we successfully 

documented the application of the MRF spot technique to study subsurface damage 

(SSD), or deformation layer depth of nonmagnetic (Ni-based) tungsten carbide (WC) 

hard metals whose surfaces had been deterministically microground.2 

We have selected for the current study a range of magnetic Co-based WC 

materials whose properties are similar to those of the non-magnetic samples (Ni-

based) used in our earlier study. In addition, we have included a nonmagnetic, 

binderless WC sample so that we may compare the MRF response of the magnetic 

samples with that of a non-magnetic one. 

 We demonstrate that an MRF spot can be placed on previously machined 

magnetic WC-Co materials with a variety of surface roughness conditions.  

 

5.2 Experiment Procedure 

5.2.1 Cobalt Based WC Materials   

Five commercial Co-based magnetic WC samples were used for our study, in 

addition to one commercial nonmagnetic binderless sample used for comparison. The 

materials were chosen based on their cobalt content, range of grain sizes, as well as 

their mechanical properties. Table 5.1 lists the relevant microstructural properties. 

Mechanical properties were measured as in Ref2 (see Section A.1 in Appendix A for 

the complete indentation data). 

All sample surfaces were flats with different initial surface roughness 

conditions, resulting from CNC bound diamond abrasive grinding with rough (40 µm 

diamond size) and fine (2-4 µm diamond size) tools, or conventional loose abrasive 

lapping. 
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Table 5.1. Materials microstructural and mechanical properties a 

Matl. 
ID b 

Dim. 
(mm) 

Grain 
size, 
(μm) 

Co wt% 
(vol%) 

Hardness 
Rockwell 

A 

Young’s 
Modulus 
E, (GPa) 

Vickers 
Hardness 
Hv, (GPa) 

Fracture 
Toughness Kc, 

(MPa m ) 

K3520 40 Φ  10 20 (31) 84.2 485 9.3 16.9 
K3833 40 Φ  6 11 (18) 89.4 561 13.5 10.0 

K94 40 Φ  6 11.5 (19) 89.8 549 13.6 12.7 
BC14S 30 x 26  0.8 14 (22) 89.0-90.5 483 13.7 9.2 

K714 40 Φ 5 6.9 c 92.8 555 18.6 6.7 

Cerbide 56 x 32  0.4 none 95.5 620 24.7 6.4 

a Catalog values, unless specified otherwise.  
b Samples commercial sources: K3520, K3833, K94, and K 714 from Kennametal 
Inc., (Charlotte, NC), BC14S from Basic Carbide Corporation (Lowber, PA.), and 
Cerbide from Cerbide, Inc., (Orchard Park, NY). The Cerbide sample tested was 
commercially available on January 2005. 
g Cr-Co 

 

5.2.2 MRF Spotting of Previously Machined Surfaces  

We used MRF in our experiment to place a polished spot on a previously 

processed magnetic WC-Co surface and to evaluate the subsurface subsequently 

exposed. Specifically, we used QED MRF platform called the Q22-Y, with their 

commercial MR diamond based fluid slurry designated as D10. This platform was 

used to polish spots onto the surface of a non-rotating part by lowering the part 

surface into contact with a rotating magnetic fluid ribbon under CNC control. The 

material removal rate is determined from the amount of material removed, i.e., spot 

volume, divided by the spotting time. Machine parameters, such as the magnetic 

induction B (~2-3 kG in air, or 0.2-0.3 Tesla, corresponding to a magnetic field H of 

2,000-3,000 Oe or 160-240 kA/m)), wheel speed (220 rpm), pump speed (115 rpm), 

ribbon height (1.6 mm), and depth of the part penetrating into the ribbon (0.3 mm) 

were kept constant. We emphasize that such settings are similar to settings used for 

processing many non-magnetic materials ranging from optical glasses to crystals to 

polymers. After spotting, the residual magnetization of the samples was measured 

with a Gaussmeter, using the tangential probe, positioned 5 millimeters away from 

the specimen surface. The Gaussmeter measurements are listed in Table 5.2.  

 Surfaces were studied using a white light interferometer, contact profilometer 

(see Table 5.2), and scanning electron microscope (SEM). Before analyzing the 
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surfaces, the samples were ultrasonically cleaned in acetone (30 min at room 

temperature), then rinsed with alcohol, and finally dried using a nitrogen gun.  

 

5.3 Experimental Results  

Initial surface roughness data for all materials were taken using the white light 

interferometer. The p-v surface roughness values varied from ~5200 nm (BC14S), to 

~74 nm (K3833) p-v. Table 5.2 lists the initial value of surface roughness. 

 

5.3.1 MRF Spotting Experiment 

Two MRF spots (6 min) were taken on previously machined surfaces, as 

described in 5.2.2. Spot maximum depth and volume were measured using the contact 

profilometer (see Table 5.2). Fig. 5.1(a) shows a typical 3-D map of a polished MRF 

spot indicating the spot leading edge (where the MRF ribbon first contacts the 

material), spot ddp (deepest point of part penetration into the MRF fluid ribbon), and 

spot trailing edge. Fig. 5.1(b) shows the center spot profile, extracted from a 3-D 

map, which is used to identify the location of the ddp relative to the trailing edge. The 

spot profiles were similar to profiles typically observed for other optical glasses and 

crystals.3 Maximum spot depths were in the range 2-9 µm. 

Using the white light interferometer, aerial surface roughness measurements 

were taken at five random locations within the ddp region. The p-v surface roughness 

was in the range of ~300 nm (Cerbide) to ~47 nm (K94), see Table 5.2.  
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Fig. 5.1. 3-D image of an MRF spot taken with a profilometer on WC-Co K3833 for 
6 minutes, (a) top view, and (b) center profile. Numbers indicate: (1) spot leading 
edge (where the MRF ribbon first contacts the material). (2) spot ddp (deepest point 
of MRF fluid penetration). (3) spot trailing edge. Arrow indicates MRF fluid flow 
directions.  

 

Table 5.2. Surface roughness values a and MRF spot physical properties b 

 Initial surface roughness MRF spot ddp region  
Matl. ID p-v (nm) rms (nm) p-v (nm) rms (nm) Max. depth 

(µm) 
Spot vol. 

mm3 
Remnant 

Max. 
Magneti-
zation c 

(G) 
K3520 2752 ± 240 64 ± 7 251 ± 72 37 ± 11 5.4 ± 0.2 0.04 64 
K3833 74 ± 19 4.4 ± 0.5 73.1 ± 5.7 9.2 ± 1.0 9.0 ± 0.0 0.12 92 
K94 710 ± 200 12.5 ± 1.3 47.5 ± 3.2 6.3 ± 1.2 8.0 ± 0.0 0.09 111 

BC14S 5190 ± 890 539 ± 40 154 ± 47 24 ± 6 7.2 ± 0.4 0.09 135 
K714 222 ± 170 5.5 ± 0.9 50.5 ± 4.8 7.1 ± 0.7 9.2 ± 0.0 0.09 84 

Cerbide 3860 ± 330 242 ± 67 303 ± 20 54.8 ± 11.2 2.25 ± 0.1 0.03 -- 
 a Average microroughness data [peak-to-valley (p–v), and root mean square (rms)] 
were obtained with a Zygo NewView 5000 noncontacting white light interferometer 
over five 350-µm by 250-µm areas randomly distributed across machined areas, and 
similarly at MRF spot ddp region. 
b The maximum depth and volume removed were extracted from the Taylor Hobson 
TalySurf 2 PGI stylus contact profilometer 3-D scans of the MRF spots. 
c Measured on machined surfaces exposed to the MRF machine magnetic field (2 – 4 
kG), using a F. W. Bell 9500 Gaussmeter. Demagnetization was preformed by 

  



 104

exposing the samples to a magnetic field of cyclically reversing polarity, using a 60 
Hz, single phase (150 mm diam) circular demagnetizer coil (R. B. Annis 
Instruments). The field intensity was reduced to near zero by progressively separating 
the sample and demagnetizer, with a total coil operation time of 2-3 min for each 
sample. 
 

5.3.2 Surface Morphology and Composition 

 The morphologies of processed surfaces after grinding, and after MRF, were 

analyzed using a LEO 982 FE SEM, equipped with an energy dispersive x-ray 

spectroscopy detector (EDS). Prior to SEM analysis, the samples were 

“demagnetized” to remove remnant magnetization induced by the MRF fringing 

magnetic field (see Table 5.2). Figure 5.2 shows typical surface structures before and 

after MRF spotting. The MRF spot penetrates past the deformed layer depth, entirely 

removing tool marks and scratches caused by single diamonds in the grinding stage.  
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Fig. 5.2. SEM images of typical processed surfaces. The subscripts 1 & 2 represent 
the morphology of the initial ground/lapped surface, and the surface within the MRF 
spot (i.e., ddp region): a. K3520, b. BC14S, c. Cerbide, respectively (see Appendix D 
for additional SEM images of K3833, K94, and K714) 
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Using X-ray microanalysis (EDS), the approximate Co wt% within the 

deformed layer on the previously processed surface and within the polished MRF spot 

(at the ddp region) was measured (see Table 5.3). Our results show that the metallic 

binder wt% was lower on the ground/lapped surface than inside the ddp region of the 

MRF spots with the exception of K3833. This suggests that the deformed surface 

layer induced by grinding/lapping is composed mostly of plastically deformed WC 

rather than of the “smeared” binder, as was also observed by Yin et al.4 The Co wt% 

is in agreement with data provided by the vendors (see Table 5.1).  

 

 

Table 5.3. EDS X-ray microanalysis of the materials: on the processed surface (i.e., 
pre-MRF), and within the MRF spot ddp a 

 Surface Spot ddp 
Matl. ID Co wt% Co wt% 
K3520 14 22 
K3833 10 9 
K94 12 15 
BC14S 13 14 
K714 7 c 8 d 
Cerbide - - 

a The analysis gives the approximate percentage by weight (wt%) of the composite 
binder material. The quantification involves no standard (i.e., standardless), and is 
therefore normalized to 100% (i.e., assuming no contamination on the surface, WC 
provides the additional wt% needed to reach 100%). 
c  ~ 1 wt % Cr and ~6 wt % Co.  
d  ~1 wt % Cr and ~7 wt % Co. 

 

 

5.4 Discussion 

 At the applied magnetic field of 160-240 kA/m, Co has attained its maximum 

induction Bmax of 1.8 Tesla, as compared to the maximum induction of 2.2 Tesla for 

99.8% pure Fe.5 Based on the work by Jolly et al.6, the maximum induction depends 

linearly on the volume fraction of Fe particles in magnetorheological fluids as found 

from the simple rule of mixtures. We assume that such relation also holds when the 

matrix (rather than the particles) is magnetic, and find that, for our most Co-rich 

material K3520 (31 vol.% Co), the maximum induction is 0.56 Tesla, or about 25% 

that of iron at a similar field H. Therefore, our results show that for materials with 

  



 107

maximum induction Bmax up to 25% that of iron, an MRF spot can be placed on pre-

ground surfaces. The SEM images illustrate that, in agreement with surface roughness 

measurements, scratches and extensive damage are eliminated within the MRF spots. 

 Our results also indicate that the surface roughness within the MRF spots is 

higher for the most ductile K3520 and for the most brittle Cerbide. These 

observations are consistent with the material removal mechanism in WC.2 In the 

presence of large Co binder phase, removal leads to extruded binder phase from 

between the WC grains (see, for example, Table 5.3, especially for K3520). In the 

absence of any binder phase, the increased brittleness presumably leads to more 

cracking of the surface. 

 

5.5 Conclusions 

 We have demonstrated that magnetorheological finishing can be used to place 

MRF spots on the surfaces of previously ground Co-based magnetic WC materials 

with maximum induction up to 25% that of iron under similar magnetic fields. The 

resulting surface roughness within the spots is in the range 6-55 nm (rms). Our results 

indicate that the surface roughness within the MRF spots is larger for the more ductile 

(for example BC12N) and for the more brittle samples (for example Cerbide). SEM 

analysis shows that MRF entirely removes the observed damaged layer resulting from 

earlier machining processing. 

These results extend our earlier work on non-magnetic Ni-based hard metals, 

identifying the potential of using MRF spot technique for estimation of induced 

SSD/deformation layer depth in magnetic WC materials (see Appendix C). Further 

study is needed to understand the removal mechanism of heterogeneous magnetic 

materials with MRF. 
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Chapter 6 

 

Subsurface Damage (SSD) and Microstructure Development 

in Precision Microground Hard Ceramics using MRF Spots 
 

 

The present chapter demonstrates the use of spots taken with magnetorheological 

finishing (MRF) for estimating subsurface damage (SSD) depth from deterministic 

microgrinding for three hard ceramics: aluminum oxynitride (Al23O27N5 / ALON), 

polycrystalline alumina (Al2O3 / PCA), and chemical vapor deposited (CVD) silicon 

carbide (Si4C / SiC). Using various microscopy techniques to characterize the 

surfaces, we find that the evolution of surface microroughness with the amount of 

material removed shows two stages. In the first, the damaged layer and SSD induced 

by microgrinding are removed, and the surface microroughness reaches a low value. 

Peak-to-valley (p-v) surface microroughness induced from grinding gives a measure 

of the SSD depth in the first stage. With the removal of additional material, a second 

stage develops, wherein the interaction of MRF and the material’s microstructure is 

revealed. We study the development of this texture for these hard ceramics with the 

use of power spectral density to characterize surface features.  The spotting technique 

is intended only as a diagnostic tool, by removing material from rough surfaces to 

expose the subsurface damage. It does not reflect on the true polishing capabilities 

w/MRF technology for hard ceramics.  

 

6.1 Introduction 

Chemical vapor deposited (CVD) silicon carbide (Si4C / SiC), polycrystalline 

alumina (Al2O3 / PCA), and aluminum oxynitride (Al23O27N5 / ALON) 

polycrystalline ceramics display a great potential for advanced optical applications in 

severe environments that require high hardness, high toughness, and excellent thermal 

properties. These materials are nominally fully dense, and hence there is growing 
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interest in grinding and ultimately polishing them to nanometer levels of surface 

microroughness.   

Grinding of ceramic materials usually involves the use of metal-or resin-

bonded diamond abrasive wheels1. The material removal mechanism can be described 

by indentation fracture mechanics, where removal is caused by multiple indentation 

events2, 3. Two crack systems extend from the plastic deformation zone induced by 

the indentation: median/radial and lateral cracks2. For a given process, lateral cracks 

control the extent of material removal4, 5, while the extensions of median/radial cracks 

are commonly associated with subsurface damage (SSD)6, which contribute to 

degradation of the materials’ strength2.  

For optical applications, SSD can be the source of component instability (e.g., 

surface stress) and contamination. Polishing abrasives embedded in cracks can lead to 

laser induced damage, and thermal cycling can result in component fracture7-9. Hence, 

determination of SSD depth is critical for high quality optics. Unfortunately, SSD 

from grinding is often masked by a deformed surface layer which is smoothed or 

smeared over the part surface9-11. For polycrystalline ceramics, this layer may also 

consist of pulverized grains or powder. The thickness of this deformed layer varies 

along the ground surface because of the non-homogeneity of the composite and the 

non-uniform distribution of diamond abrasives on the grinding wheel12.  Therefore, it 

is valuable to develop new analytical techniques for understanding the damaged 

surface left from grinding and how it extends into the subsurface for these optical 

ceramics9, 10. 

Different techniques for estimating SSD depth induced by grinding have been 

pursued. Randi et al.13 reviewed both nondestructive and destructive techniques to 

evaluate SSD in brittle materials. Nondestructive methods include transverse electron 

microscopy, x-ray diffractometry, Raman spectroscopy, optical microscopy, 

photoluminescence, and the use of ultrasound for ground ceramic materials. 

Destructive techniques include taper polishing, cleavage, sectioning, ball dimpling, 

and spotting with magnetorheological finishing (MRF). These destructive techniques 

are ultimately followed by microscopy or diffractive based techniques, to observe and 

measure SSD depth.  
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One recent example of a nondestructive technique is light scattering, as 

described by Fine et al.,7 whose results were confirmed by the sectioning technique. 

Another recent study by Wang et al.8 showed how the measurement of the quasi-

Brewster angle (qBAT) as a function of wavelength could be used to estimate SSD 

depth for polished CaF2 (111) surfaces. The MRF spot technique, as described by 

Randi et al.13, was used by Wang et al.8 to validate their results.  

Examples of sectioning techniques include the work by Xu et al. 14 done on 

polycrystalline alumina scratched by a single diamond, or Kanematsu10 who 

visualized  the morphology of SSD induced by grinding on silicon nitride. His 

approach included a combination of taper polishing and plasma etching techniques, 

finally observing SSD using scanning electron microscopy (SEM). In addition, dye 

impregnation was used to identify the crack morphology of previously ground 

samples that were subsequently broken using a flexure test10. Miller et al.9, and 

Menapace et al.5, 15 utilized MRF computer numerically controlled (CNC) machines 

with raster polishing capabilities to study the distribution of SSD in larger polished 

fused silica parts by fabricating a wedge.   

SSD depth can also be estimated by correlating SSD depth to the grinding 

induced surface microroughness, or by correlating SSD depth to the size of grinding 

or polishing abrasives. Preston16 showed that surface microroughness was 3 to 4 

times the SSD depth, by comparing polished and ground glass microscope slides in 

the early 1920’s. In the 1950’s Aleinikov,17 expressed the proportionality factor to be 

~ 4 for optical glasses and ceramics. Hed et al.,18 extended the work by Aleinikov 

using bound abrasive tools (diamond and boron carbide), finding that the ratio 

between SSD depth and peak-to-valley (p-v) surface microroughness (measured using 

a contact profilometer) for Zerodur, fused silica and BK-7 glass was ~ 6.5, a much 

higher value than previous results. For a large variety of optical glasses ground with 

bound abrasive diamond tools, Lambropoulos et al.19 estimated SSD depth to be less 

than 2 times the p-v surface microroughness (from areal measurements using a white 

light interferometer). In more recent work, Randi et al.13 found the ratio between p-v 

microroughness (from areal measurements using a white light interferometer) and 

SSD to be 1.4 for some optical single crystals ground with diamond bonded tools, 
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where SSD was measured directly by combining MRF spotting and microscopy 

techniques. Using the MRF-based technique described in this paper, we demonstrated 

that, for nonmagnetic nickel based tungsten carbides (WC-Ni - a challenging 

composite for optical applications), there is a strong positive correlation between p-v 

surface microroughness (from areal measurements using a white light interferometer) 

and SSD depth for rough-ground surfaces.20 The application of this technique to 

magnetic cobalt based tungsten carbides (WC-Co) was also successful.21 In all work 

cited above, it is critical to be aware of the instruments used to characterize surface 

roughness, since different instruments produce different surface roughness values, 

due to their different lateral scale length capabilities.  

SSD was also found to be a function of abrasive size used in the controlled 

grinding stages for fabrication of precision optics, as discussed by Lambropoulos22 

for a variety of optical glasses and glass ceramics. In practice by reducing abrasive 

size with each grinding cycle, the plastically deformed material is removed, reducing 

the residual stresses associated with the indentation events, and subsequently 

reducing the initiation of cracks within the plastic zone4. This suggests that, by 

gradually reducing abrasive size, SSD can be minimized with every subsequent 

grinding step.  

 We present here a procedure for estimating SSD depth induced by 

deterministic microgrinding of hard polycrystalline optical ceramics with diamond 

bonded tools. This estimate comes from tracking the evolution of surface 

microroughness (measured using a white light interferometer) with the amount of 

material removed by multiple MRF spots (measured using a contact profilometer) of 

increasing depth into the surface. In addition to extending our p-v 

microroughness/SSD correlation to hard ceramics, this technique also reveals 

information about the specimen microstructure (i.e., grain size), mechanical 

properties (i.e., hardness, and fracture toughness), and the grinding conditions (i.e., 

abrasive size used), from extended spotting with the MRF process.   
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6.2 Experimental Procedure 

6.2.1 Materials 

Samples were obtained from the following sources: three ALON (Surmet 

Corp., MA, Lot 1472, April 2006) discs (40 mm diameter x 15 mm thick), two PCA 

(commercial manufacturer) discs (40 mm diameter x 2.5 mm thick), and three CVD 

SiC (Rohm and Haas Company, Advanced  Materials, MA) discs (76 mm diameter x 

11.5 mm thick). Grain size ranges were 150- to 250 µm for ALON, submicron size 

for PCA, and 5- to 10 µm for CVD SiC.  

 

6.2.2 Mechanical Properties (Hardness and Fracture Toughness) 

Hardness measurements were taken on a Tukon micro-indenter equipped with 

a Vickers diamond indenter and a built-in microscope (x50 objective). A constant 

dwell time of 15 s was used, with a nominal indentation load of 1 kgf (9.8 N). 

Averaging was performed on the diagonals of five to ten random indents on the 

surface.  

 In the case of ALON, individual grains were easily distinguished, allowing 

placement of indentations in the middle of individual grains. There were no grain 

boundary observables for CVD SiC and PCA using the microscope. For all the 

materials tested, indentations were randomly placed on specimen surfaces, avoiding 

large pores and/or inclusions.  

Fracture toughness Kc values were calculated from the observed radial cracks 

produced at the indentation corners using the Evans correlation23. The relevant 

physical and mechanical properties are listed in Table 6.1. 
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Table 6.1. Physical and mechanical properties of hard ceramics listed by increasing 

Vickers hardness and fracture toughness (a) 

Material ID Density 
ρ 

(g/cm3) 

Grain 
Size 
(μm) 

Young’s 
Modulus 
E (GPa) 

Vickers 
Hardness Hv 

(GPa) 

Fracture 
Toughness Kc 
(MPa m ) (b) 

ALON (Al23O27N5) 3.69 (c) 150-250 334 15.4±0.3 (d) 2.7±0.2 

PCA (Al2O3) 3.99 (e) < 1 400 (f) 21.6±0.3 (g) 3.3±0.1 

CVD SiC (Si4C) 3.21 5-10 466 25.0±0.1 (g) 5.1±0.3 
(a) Catalog values, unless otherwise specified.  
(b) Calculated using the Evans correlation.23  
(c) Density may vary slight depending on the stoichiometry.  
(d) Averaging ten Vickers indentations at 1 kgf. 
(e) Using Archimedes’ water immersion principles.24 
(f) Calculated from measurements using ultrasonic tests and density values. Data 
were averaged for two PCA discs (~30 mm diameter x ~1 mm thick) polished 
on both sides. 
(g) Averaging five Vickers indentations at 1 kgf.  

 

6.2.3 Grinding Experiments 

 All samples were processed under the same conditions using deterministic 

microgrinding. A first set of grinding experiments was done on a CNC grinding 

machine25 using a contour-tool grinding configuration for flat surfaces (see Fig. 

6.1(a)), with three different diamond tools: rough, medium, and fine (40, 10-20, 2-4 

µm diamond size, respectively). Both the rough and medium tools had a bronze 

matrix while the fine tool matrix was resin. To avoid taking the part off the machine 

between operations, the tools were trued and dressed in advance using Al2O3 dressing 

sticks that were 320 or 800 grit (29-32 and 9-12 µm grit size, respectively). Table 6.2 

lists the grinding conditions used. 

 For PCA an additional grinding experiment was done because of the large 

form error on the part surface from grinding using the previous contour configuration. 

These experiments were completed on a CNC grinding machine26 using a ring-tool 

grinding configuration for flat surfaces (see Fig. 6.1(b)). Grinding was done using 

rough and medium diamond tools (65, 10-20 µm diamond size, respectively). Both 

tools had a bronze matrix, and dressing procedures were performed as discussed 

above. Table 6.2 lists the grinding conditions used. 
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Before all grinding experiments, each workpiece was attached to a steel base 

with hot wax and then placed in the grinding machine parallel to the tool axis of 

rotation. Water–oil emulsion coolant27 was delivered to the tool/workpiece interface 

to avoid burn out and thermal damage. In the case of the contour grinding 

configuration, grinding was done with two passes for each tool; i.e., the total material 

removed per tool was 200, 40, and 10 µm (rough, medium, and fine tools, 

respectively). No subsequent “spark-out” passes were performed. For example, the 

fine grinding was done only after the part had gone through two-pass cycles with the 

rough and medium tools. Finally, the workpieces were cleaned using acetone. For 

ring tool grinding, multiple tool passes were performed until material was evenly 

removed from the surface. 

  

Y

X

Z

Y

X

Z

Ωw Ωw

Ωt

Ωt

 

 

 

 

(a) (b)

Steel 
Base

PartPart
Abrasive
Matrix

Abrasive
Matrix

Steel 
Base

Tool Axis of Motion

 

Fig. 6.1. Schematics of the two grinding configuration used in our experiments: (a) 
contour and (b) ring tool configurations, respectively.  
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Table 6.2. Grinding conditions used in a single pass. (a) 
  

 

 

  
 
 
 
 

(a) The following parameters remained constant: Wheel speed, Ωt = 6800 
rpm for contour tool grinding, and Ωt = 3000 rpm for ring tool grinding, 
work spindle speed, Ωw = 100 rpm in both cases.  
(b) Bronze bonded, 75 diamond concentration.  
(c) Resin bonded, 75 diamond concentration. 

 

 

6.2.4 Spotting of Ground Surfaces 

Magnetorheological finishing (MRF)28, 29 is a commercial polishing process 

for the manufacturing of precision optics. We used MRF spotting, with a commercial 

CNC machine30 in our experiment to estimate the depth of subsurface damage 

induced by grinding. For all our experiments, MRF spots were polished onto the 

ground surface of a nonrotating part, by lowering the part surface into contact with a 

rotating magnetic fluid ribbon. The MRF fluid used was a commercial product31, 

which consisted of an aqueous mixture of nonmagnetic nanodiamond abrasives, 

magnetic carbonyl iron, water, and stabilizers. Machine parameters such as the 

magnetic field strength (~2 - 3 kG), wheel speed (250 rpm), pump speed (125 rpm), 

ribbon height (1.6-mm), and depth of the part penetrating into the ribbon (0.3 mm) 

were kept constant and the spotting time was varied. Spotting was done on previously 

rough-ground, medium-ground, and fine-ground surfaces of each material. Multiple 

spots with time durations of 1- to 8, 12, and 16 min were taken on subsets of the 

ground surfaces of ALON and CVD SiC, whereas in the case of the PCA, multiple 

spots with time durations of 6, 12, 24, 48, 96 min were taken as described in section 

6.3.2.   

 

Tool 
Diamond 
Size (µm) 

Depth
of Cut
(µm) 

In-Feed 
(Z-Axis)

(mm/min) 

Duration 
of Single 

Pass 

Cross-
Feed  

(X-Axis) 
(mm/min) 

Duration 
of Single 

Pass 
(min) 

Contour tool grinding configuration25  
40 (b) 100 0.5 12 (s) 1.0 30-40 
10-20 (b) 20 0.5 2.4 (s) 1.0 30-40 
2-4 (c) 5 0.5 0.6 (s) 5.0 6-8 

Ring tool grinding configuration26  
65 (b) 100 0.1 ~20 (min) NA NA 
10-20 (b) 30 0.01 ~45 (min) NA NA 
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6.2.5 Microscopy of Processed Surfaces 

 Surfaces were studied using a contact profilometer, a white light 

interferometer, a scanning electron microscope (SEM), and an atomic force 

microscope (AFM). Before analyzing the surfaces, the samples were ultrasonically 

cleaned in acetone (30 min at room temperature), then rinsed with alcohol, and finally 

dried using a nitrogen gun.  

 

Metrology was conducted as follows: 

• A stylus profilometer32 was used to perform 3-D scans of the MRF spots, 

which were then used to extract the spot physical dimensions, i.e., spot 

volume, peak removal depth, and spot profile. The stylus tip is a cone with a 

60° angle and a 2-μm spherical tip radius of curvature. The instrument has a 

12-nm vertical resolution, and the lateral resolution is about the size of the tip.  

• Average microroughness data [peak-to-valley (p–v), and root mean square 

(rms)] were obtained with a noncontacting white-light interferometer33 over 

five 350 × 250 μm2 areas randomly distributed across ground areas and within 

MRF spots as described is section 6.3.2. This instrument has a lateral 

resolution of ~1 μm and a vertical resolution of ~0.3 nm. The motorized XY 

stage and field of view stitching software allow this instrument to be 

programmed for the measurement of a large area at high resolution.   

• The morphologies of the processed surfaces following grinding, and for 

selected MRF spots, were analyzed using a field emission SEM34. The 

preferred imaging configuration was a mixed signal of the in-lens and in-

chamber secondary electron detectors. Surfaces of ground and spotted CVD 

SiC material were not etched or coated prior to SEM. Imaging of the 

nonconductive materials (i.e., PCA, and ALON) was also performed without 

etching or application of a conductive coating, using a low beam voltage (1.5 

– 0.7 kV), at a ~3 mm working distance.  

• Additional surface scans for selected spots were taken on the AFM35 over 

three 10- × 10 μm2 areas randomly distributed within spots where the deepest 
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point of fluid penetration (ddp) occurred, as discussed in section 6.3.2. Si tips 

with tip radii of approximately 10 nm were used. The lateral image resolution 

can be as small as the tip radius (5-15 nm) and the instrument vertical noise 

resolution is less than 0.5-Å.  

 

6.3 Experimental Results  

6.3.1 Surface Microroughness and Surface Morphology from Grinding   

 Surface microroughness data for all materials after each grinding stage were 

taken using the white light interferometer. As expected, surface microroughness 

decreased with decreasing diamond abrasive size. Using the light microscope36 we 

observed pitting on the ground surfaces, with no traces of grain boundaries for all the 

materials tested, as seen in Fig. 6.2. The p-v surface microroughness varied from ~ 

14.5 µm (ALON) to ~3.7 µm (CVD SiC – see Fig. 6.2(a)) after grinding with the 

rough tool (40 µm diamond size), from ~ 12 µm (ALON) to ~3.5 µm (CVD SiC) for 

the medium tool (10-20 µm diamond size), and from ~4 µm (ALON – see Fig. 6.2(b)) 

to ~0.4 µm (CVD SiC – see Fig. 6.2(c)) for the fine tool (2-4 µm diamond size). 

Surface microroughness for PCA was ~9 µm (see Fig. 6.2(d)) with the medium ring 

tool (10-20 µm diamond size).  

By using the SEM high magnification capabilities we examined the 

morphologies of the ground surfaces with greater detail. Figure 6.3(a) shows the 

morphology of the rough ground ALON, where the material microstructures, i.e., 

grain boundaries, are not visible. By using high magnification, Fig. 6.3(b) shows that 

the removal mechanism involved fracture. Figure 6.3(c) shows that for CVD SiC the 

rough ground surface is pitted, with the surrounding surface relatively smooth. Using 

higher magnification, Fig. 6.3(d) shows that the pit lengths, approximately ~5 µm 

long, are comparable to the average grain size (5-10 µm) of this CVD SiC material. 

Examination of the PCA surface in Fig. 6.3(e) shows that the deformed layer induced 

by grinding covers/masks the grains and any SSD, for PCA (see also Appendix E). 

Using higher magnification, Fig. 6.3(f) shows the exposed PCA subsurface where it 

appears that single grains pulled out to leave craters on the order of 0.2–0.4 µm wide.  
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Fig. 6.2. Light microscope images of ground surfaces: (a) rough ground CVD SiC (5-
10 µm grain size, 40-µm tool diamond size w/contour configuration, ~4 µm p-v); (b) 
fine ground ALON (150-300 µm grain size, 2-4 µm tool diamond size w/contour 
configuration, ~4 µm p-v); (c) fine ground CVD SiC (5-10 µm grain size, 2-4 µm tool 
diamond size w/contour configuration, ~0.4 µm p-v); (d) medium ground PCA 
(submicron grain size, 10-20 µm tool diamond size w/ring configuration, ~8.5 µm p-
v). 
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Fig. 6.3. Morphology of the as ground surfaces using SEM with different 
magnifications: (a) – (b) ALON ground w/contour configuration, 40 µm tool diamond 
size, and ~14.5 µm p-v, low and high magnification, respectively, were taken using 
low beam voltage (1kV), at a 5 mm working distance; (c) – (d) CVD SiC ground 
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w/contour configuration 40-µm tool diamond size, ~4 µm p-v, low and high 
magnification, respectively, were taken using nominal beam voltage (10kV), at 10 
mm working distance; and (e) – (f) PCA ground w/ring configuration, 10-20 µm tool 
diamond size, ~8.5 µm p-v, low and high magnification, respectively, were taken 
using low beam voltage (1.5kV), at a 3 mm working distance.  
 

6.3.2 Surface Evaluation from the Spotting Experiments 

MRF spots of increasing time duration were taken on all ground surfaces. 

Figure 6.4(a) shows a typical 3-D map generated with the profilometer for an 8 min. 

MRF polishing spot taken on a rough ground CVD SiC surface. After removing form 

figure errors (e.g., tilt and curvature) with the software, we calculate the physical 

properties such as volume and maximum amount of material removed by the MRF 

spot (i.e., spot depth). The volumetric removal rates for ALON, CVD SiC and PCA 

using the MRF operating conditions described previously were found to be 0.020, 

0.006, and 0.002 mm3/min, respectively, from averaging the results of four spots. 

The area enclosed in a white ellipse in Fig. 6.4(a) constitutes the region of 

maximum removal within the spot, where the depth of deepest penetration (ddp) into 

the subsurface occurs. The ddp in Fig. 6.4(a) has some asymmetry with respect to the 

spot center profile line (shown in Fig. 6.4(b)), in this case exhibiting a variation of 

±0.6µm. This feature is typically encountered for many of the longer time duration 

spots examined in this work. It could be due, in part, to subtle misalignments of the 

plane of a part surface with respect to the MRF ribbon. Figure 6.4(b) illustrates how 

we extract the spot center profile from the 3-D map to establish the location of the 

ddp region relative to the trailing edge for roughness measurements.  

 Figure 6.5(a) shows a 3-D map of a different spot taken on a rough ground 

CVD SiC surface transverse to the MRF flow direction (as indicated by an arrow in 

the figure), with the white light interferometer in stitching mode. Figures 6.5(b) and 

(c) give 3-D maps (0.3 x 0.3 mm2) of the rough ground surface and within the ddp, 

extracted from the map of Fig. 6.5(a), respectively. Figures 6.5(d) and (e) show line 

scans, or 2-D profiles, extracted from Figs. 5(b) and (c) (as indicated by the arrows), 

respectively. These line scans show the significant roughness reduction from ~1.4 µm 

p-v (~100 nm rms – Fig. 6.5(d)) for the ground surface to ~95 nm p-v (~18 nm rms – 

Fig. 6.5(e)) achieved inside the MRF spot, in agreement with the areal 
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microroughness values, which vary from ~3.2 µm p-v (~99 nm rms – Fig. 6.5(b)) on 

the ground surface and ~170 nm p-v (~19 nm rms – Fig. 6.5(c)) within the spot ddp. 

Note that the discrepancy between the line scans and the areal data come from the 

larger areas sampled with the latter method. Another discrepancy between the 3-D 

map and line scans in Fig. 6.5 is associated with the spot depth. The vertical scale in 

Fig. 6.5(a) indicates the overall areal p-v roughness variations of ~5.2 µm, which 

artificially indicates a spot depth of that scale, because it includes the highest peaks 

on the rough surface. However, when we examine single line scans of the spot width 

profile (represented by a white dashed line in Fig. 6.5(a)), spot depth is shown to be 

~2 µm (see Fig. 6.5(f)).  

The spotting technique is intended only as a diagnostic tool, by removing 

material from rough surfaces to expose the subsurface damage. It does not reflect on 

the true polishing capabilities w/MRF technology for hard ceramics.  

 

  



 

  

123

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.4. (a) 3-D image of an MRF spot taken with a contact stylus profilometer on 
rough ground CVD SiC for 8 min. Arrows indicate the spot leading edge (where 
MRF ribbon first contacts the material), spot ddp region, identified by an ellipse 
(deepest point of part penetration into the MRF fluid ribbon), and the spot trailing 
edge. The fluid flow direction is from left to right. (b) Spot profile extracted from a 
line scan through the center of the 3-D map (indicated by a dashed line). The distance 
between the trailing edge and the ddp region is ~ 2mm in the horizontal direction. The 
spot depth reaches ~6 µm in the region sampled with the line scan. 
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Fig. 6.5. Scans taken on rough ground CVD SiC, spotted for 3 min: (a) 3-D map done 
with the white light interferometer in stitching mode, transverse to the MRF flow (see 
arrow indicating the MRF flow direction); (b) and (c) areal maps (0.3 x 0.3 mm2) of 
microroughness on the ground surface and within the spot ddp, respectively; (d) line 
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scan of the ground surface, taken from the center of (b); (e) line scans within the ddp 
region transverse to the MRF flow direction, taken from the center of (c) (as indicated 
by the arrows); and (f) Line scan of the spot width profile (indicated by a dashed 
white line in the 3-D map). 
 

After the location of a given spot ddp was identified (as described in Fig. 

6.4(b)), areal surface microroughness measurements were taken using the white light 

interferometer at five random locations within the ddp region. Measurements were 

taken over areas of 0.35 x 0.26 mm2 as seen schematically in Fig. 6.6(a). In addition, 

horizontal line scans were taken perpendicular (┴) to the MRF flow direction. Then, 

the part was rotated by 90o and re-measured, so that horizontal line scans parallel (║) 

to the MRF flow direction were also obtained, as seen in Fig. 6.6(b). This procedure 

is necessary because the interferometer analog camera creates images with a 

horizontal raster pattern. 

Surface microroughness data taken on initial ground surfaces and in ddp areas 

for long time duration spots are listed in Table 6.3. The areal data represent averages 

of five random measurements, while the values for the line scans (┴ and ║), represent 

averages of fifty line scans. The amount of material removed in each spot, or the spot 

maximum depth, is reported for measurements done using the contact profilometer, as 

described in the text that discusses Fig. 6.4(a). 
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Fig. 6.6. Schematic diagram of the procedure used for surface microroughness 
measurements within MRF spots. The dashed ellipse represents the ddp region. The 
rectangle within the ddp represents one of the five random sites over which surface 
roughness was measured. (a) First orientation of the spot for generating line scans 
perpendicular (┴) to the MR fluid flow direction, and (b) after rotating the part 90º to 
generate line scans parallel (║) to the MR fluid flow direction. 

 

Table 6.3 summarizes the results of grinding and spotting experiments (see 

Appendix F for the complete set of experimental data). The evolution of 

microroughness with the amount of material removed by the MRF spot indicates that, 

by removing an optimal amount of material from the as ground surface, p-v surface 

microroughness was significantly reduced. This observation is valid for all initial 

surface conditions, rough, medium and fine ground. For example, in the case of 

ALON, the initial surface microroughness values were ~14.5 µm p-v (~1.5 µm rms), 

while after removing ~11 µm with the MRF process, surface microroughness 

decreased to ~1.2 µm p-v (~0.09 µm rms). When an additional ~13 µm of material 

were removed, surface microroughness decreased to ~1.1 µm (~0.07 µm rms). In 

addition, we found differences in microroughness values between areal and line 

scans, either in a direction perpendicular (┴) or parallel (║) to the MRF flow. For 

example, in the case of CVD SiC, the initial rough ground surface microroughness 

values were ~ 3.7 µm p-v (~0.11 µm rms), whereas using line scans surface 
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microroughness values were ~1.5 µm p-v (~0.1 µm rms). [Note that there is no 

preferred directionality to the ground surface.] After removing ~ 1.7 µm with the 

MRF process, surface microroughness decreased to ~0.11 µm p-v (~ 0.02 µm rms) in 

a direction perpendicular (┴) to the flow, compared to ~0.06 µm p-v (~ 0.01 µm rms) 

measured parallel (║) to the flow direction. Similar observations can be made in the 

case of PCA.  

 
 

Table 6.3. Selected summary of results for grinding and spotting experiments. 
Surface microroughness measurements were taken at five random locations within a 

spot ddp with the white-light interferometer. The amount of material removed by 
MRF (spot maximum depth) was extracted from the 3-D profilometer scans. 

 

Table 6.3(a) – ALON Processed w/Contour Tool 

Material: ALON 
 Rough Ground 
MRF Material Removal (µm) 0 (As ground) 10.93±0.23 23.83±0.12 

Areal p-v (µm) 14.52 ±1.04 1.2 ±0.4 1.1 ±0.2 
rms (µm) 1.45 ±0.02 0.09 ±0.01 0.07 ± 0.02 

Perpendicular (┴) p-v (µm) 8.12 ±0.49 0.40 ±0.04 0.30 ±0.06 
rms (µm) 1.41 ±0.05 0.09 ±0.00 0.07 ±0.02 

Parallel (║) p-v (µm) 8.12 ±0.49 0.39 ±0.05 0.23 ±0.10 
 rms (µm) 1.41 ±0.05 0.07 ±0.02 0.06 ±0.03 
 Medium Ground 
MRF Material Removal (µm) 0 (As ground) 9.12 ±0.11 21.57 ±0.51 

Areal p-v (µm) 11.72 ±0.00 0.56 ±0.16 0.65 ±0.17 
 rms (µm) 0.72 ±0.02 0.09 ±0.02 0.12 ±0.03 
Perpendicular (┴) p-v (µm) 4.84 ±0.42 0.39 ±0.09 0.47 ±0.11 
 rms (µm) 0.70 ±0.03 0.09 ±0.02 0.12 ±0.03 
Parallel (║) p-v (µm) 4.84 ±0.42 0.23 ±0.06 0.18 ±0.03 
 rms (µm) 0.70 ±0.03 0.05 ±0.01 0.04 ±0.01 
 Fine Ground 
MRF material removal (µm) 0 (As ground) 5.98 ±0.31 21.50 ±0.10 

Areal p-v (µm) 4.24 ±1.44 0.51 ±0.09 1.05 ±0.06 
 rms (µm) 0.10 ±0.05 0.08 ±0.01 0.16 ±0.04 
Perpendicular (┴) p-v (µm) 0.67 ±0.50 0.33 ±0.03 0.72 ±0.16 
 rms (µm) 0.07 ±0.03 0.07 ±0.00 0.16 ±0.04 
Parallel (║) p-v (µm) 0.67 ±0.50 0.22 ±0.04 0.19 ±0.09 
 rms (µm) 0.07 ±0.03 0.05 ±0.01 0.05 ±0.03 
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Table 6.3(b) – CVD SiC Processed w/Contour Tool 

Material: CVD SiC 
 Rough Ground 
MRF Material Removal (µm) 0 (As ground) 1.70 ±0.060 9.41 ±0.012 

Areal p-v (µm) 3.680 ±0.228 0.193 ±0.042 0.126 ±0.013 
 rms (µm) 0.108 ±0.006 0.021 ±0.004 0.018 ±0.004 
Perpendicular (┴) p-v (µm) 1.453 ±0.200 0.107 ±0.014 0.080 ±0.016 
 rms (µm) 0.10 ±0.005 0.020 ±0.004 0.017 ±0.004 
Parallel (║) p-v (µm) 1.453 ±0.200 0.061 ±0.008 0.056 ±0.007 
 rms (µm) 0.10 ±0.005 0.013 ±0.002 0.012 ±0.001 
 Medium Ground 
MRF Material Removal (µm) 0 (As ground) 1.61 ±0.020 8.64 ±0.03 

Areal p-v (µm) 3.464 ±0.177 0.169 ±0.041 0.140 ±0.025 
 rms (µm) 0.077 ±0.009 0.021 ±0.007 0.020 ±0.004 
Perpendicular (┴) p-v (µm) 1.184 ±0.066 0.105 ±0.031 0.080 ±0.039 
 rms (µm) 0.070 ±0.004 0.020 ±0.007 0.030 ±0.021 
Parallel (║) p-v (µm) 1.184 ±0.066 0.054 ±0.010 0.047 ±0.007 
 rms (µm) 0.070 ±0.004 0.011 ±0.002 0.010 ±0.002 
 Fine Ground 
MRF Material Removal (µm) 0 (As ground) 1.86 ±0.090 10.23 ±0.120 

Areal p-v (µm) 0.424 ±0.069 0.141 ±0.054 0.136 ±0.025 
 rms (µm) 0.018 ±0.002 0.013 ±0.001 0.019 ±0.003 
Perpendicular (┴) p-v (µm) 0.011 ±0.005 0.073 ±0.009 0.091 ±0.012 
 rms (µm) 0.018 ±0.001 0.012 ±0.001 0.019 ±0.003 
Parallel (║) p-v (µm) 0.011 ±0.005 0.060 ±0.006 0.043 ±0.006 
 rms (µm) 0.018 ±0.001 0.012 ±0.001 0.009 ±0.002 

 

Table 6.3(c) – PCA Processed w/Ring Tool 

Material: PCA 
 Medium Ground 
MRF Material Removal (µm) 0 (As ground) 8.84 ±0.07 15.9 ±0.06 

Areal p-v (µm) 8.942 ±1.067 0.247 ±0.031 0.276 ±0.045 
rms (µm) 0.569 ±0.076 0.033 ±0.006 0.044 ±0.008 

Perpendicular (┴) p-v (µm) 3.613 ±0.401 0.177 ±0.028 0.220 ±0.039 
rms (µm) 0.460 ±0.082 0.033 ±0.006 0.043 ±0.008 

Parallel (║) p-v (µm) 3.613 ±0.401 0.128 ±0.008 0.101 ±0.008 
 rms (µm) 0.460 ±0.082 0.030 ±0.002 0.022 ±0.002 
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6.4 Discussion 

In this work we placed MRF spots on previously ground hard optical 

ceramics, exposing the subsurface without introducing new damage. By removing 

several microns of material (approximately the same as the initial p-v microroughness 

in the as ground state), surface roughness was significantly reduced. With the removal 

of additional material (i.e., using longer MRF spotting time) we observed that 

roughness continued to decrease or to slightly increase. 

 These results suggest that, when we examine the evolution of surface 

roughness within the spots as a function of the amount of material removed (see Fig. 

6.7), we can identify two stages: a stage where removal of the initial grinding damage 

occurs, and a stage where removal shows the development of a texture relating to the 

interaction between MRF and the material surface. In the first stage, surface 

roughness resulting from deformation and fracture by grinding is removed, starting 

with the initial surface condition and ending when the surface roughness reaches a 

low value after spotting with MRF. Here the improvement in surface condition is best 

characterized by the drop in areal p-v roughness, a measurement that captures all 

features over a reasonably large area.  

As seen in Fig. 6.7, the areal p-v for the initially rough ground ALON (Fig. 

6.7(a)), rough ground CVD SiC (Fig. 6.7(b)), and medium ground PCA (Fig. 6.7(c)) 

falls from ~14.5, ~3.7, ~9 µm, to ~1.2, ~0.20, and ~0.25 µm, with ~11, ~1.7, and ~9 

µm removed in the first stage, respectively. Beyond this point, differences become 

apparent in the second stage, depending upon how the surface roughness is examined.  

For orthogonal line scans, the initial ground p-v roughness is similar, as the 

ground surface shows no processing-related directional features (~8.1, ~1.4, ~3.6 µm 

p-v, for ALON - see Fig. 6.7(a), CVD SiC - see Fig. 6.7(b), and PCA – see Fig. 

6.7(c), respectively). In the case of ALON (Fig. 6.7(a)), for both line scan orientations 

(┴ and║) with respect to the direction of MRF fluid flow over the surface, p-v surface 

roughness is seen to drop from ~400 nm to ~300 (┴) and ~230 nm (║), respectively, 

in the second stage as the diamonds in the MR fluid continue to polish the surface, 

removing a total of ~24 µm of material. In the case of CVD SiC (Fig. 6.7(b)), p-v 

surface roughness (┴) is seen to drop from 107 to 80 nm, whereas p-v surface 
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roughness (║) drops slightly from 61 to 56 nm, as the diamonds in the MR fluid 

continue to polish the surface, removing a total of ~9.4 µm of material. In the case of 

PCA, p-v surface roughness (║) is seen to drop from ~0.13 to 0.1 µm, as the 

diamonds in the MR fluid continue to polish the surface, removing a total of 16 µm of 

material. Although not described here, it is possible to study the microstructure of the 

material with this sampling technique, one example being decoration of grain 

boundaries.37 However, as in the case of PCA (Fig. 6.7(c)) p-v roughness (areal and 

┴) is seen to increase with additional material removed beyond ~9 µm in the second 

stage. This increase is real, and it is due to a texture or grooving impressed on the 

polished, damage-free surface, by the abrasives in the MR fluid. These grooves come 

from a lack of part rotation during long duration spotting, which is different from 

polishing. 

For the case of ALON (initial roughness of as-ground surface ~14.5 µm) we 

observe that at a removed depth of about 10 µm the surface p-v roughness decreases 

rapidly by almost 10 µm. A possible explanation of this observation is that, due to the 

high initial roughness, the early MRF spot removes mostly the high points of 

protruding ALON grains, leading to a rapid decrease of surface roughness, without a 

significant amount of material removed. The data in Appendix F (Table F.1) for the 

coarse ground ALON surfaces support this observation: the dependence of p-v 

surface roughness versus volume of amount removed shows a gradual decrease of p-v 

surface roughness. Therefore, a rapid decrease in p-v surface roughness occurs while 

a small change in removed volume is accomplished.  

An interesting observation can be made for both ALON and CVD SiC: in the 

second stage, where the interaction between the MR fluid abrasives and the surface is 

strong, there is a gradual increase in p-v roughness as shown with all three 

measurement protocols ending with an abrupt drop in the p-v roughness; after this the 

roughness either increases or slightly decreases. For both ALON and CVD SiC, this 

phenomenon takes place when the amount of material removed by the MRF reaches a 

depth comparable to the material grain size (~12 and 4 µm for ALON - see Fig. 6.7(a) 

and CVD SiC - see Fig. 6.7(b), respectively). This phenomenon is not present in the 

case of PCA (Fig. 6.7(c)), suggesting that, as grain size increases, the interaction 
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between a material’s grains and the polishing abrasives contributes to surface 

roughening, or “grain decoration”. In other words, some grains remove at a faster rate 

than other grains, thus leading to an apparent increase in the local surface roughness. 

SEM analysis within polishing spots confirms that MRF exposes and removes 

fractured material in both stages 1 and 2, without creating additional damage. Figure 

6.8 shows the evolution of surface texture in spots taken on previously medium 

ground PCA. Figures 6.8(a) and (b) represent spot depths of ~2-3 µm, where MRF 

processing exposed voids and pulverized powder regime beneath the deformed layer. 

Longer spotting times to remove up to a total of 16 µm of material (see Figs. 6.8(c)-

(e)) verify that MRF eliminated all pitting and hidden damage, with the subsequent 

development of a grooved texture (see also Appendix E). As mentioned in section 

4.3.3, both the SEM images of the surface roughness within the spot and the 

evolution of the roughness with amount of material removed are necessary in order to 

distinguish the transition from stage 1 to stage 2. 
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Fig. 6.7. Surface microroughness (p-v) evolution with the amount of material  
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removed w/MRF after grinding with (semi log): (a)-(b) rough, and (c) medium tools, 
for ALON, CVD SiC, and PCA, respectively.   
 

 

(d)

2 μm

(e)

(b)(a) (c)

 

Fig. 6.8. SEM images inside of MRF spots taken on PCA that was previously 
medium ground (10-20 µm diamond size) to an initial roughness of 3.6 µm p-v. (a) – 
(e) letters represent: ~ 1.6, 2.6, 5.6, 9, and 16 µm spots depths (MRF material 
removed). The initial deformation layer as seen in Fig. 6.3(e) and (f) is completely 
removed. Long spot dwell times (d) – (e), enhanced the intrinsic directionality of the 
MRF process. 
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6.4.1 Use of Power Spectrum to Quantify Surface Topography 

In addition to the conventional p-v and rms values that define surface 

roughness, we discuss the interaction between the MR fluid and the material surface 

in terms of the power spectral density (PSD). This analysis results in a unique 

signature,38 in which surface texture parallel (║) and perpendicular (┴) to the MR 

fluid flow direction may be observed and studied to obtain information on the surface 

and its microstructure.  

For a given surface profile z(x), the rms roughness is defined as: 

 ∑
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and the 1-D PSD at spatial frequency fj=jΔf is39:  
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where Δf=1/(NΔx)=1/L, with L the scan length. PSD is a statistical function that 

allows a breakdown of the surface roughness over a range of spatial frequencies. 

Furthermore, the area under a 1-D PSD curve (between two spatial frequency limits) 

is a measure of the rms surface roughness in this spatial range:40 

  (6.3) 

After removing the low frequency terms (tilt, curvature, etc.) from the 

roughness data for part surfaces discussed in section 6.3, horizontal 1-D PSD plots 

were generated from the areal measurements (0.35 x 0.26 mm2) taken using the white 

light interferometer, over spatial frequencies extending from 2.0 x 10-6 nm-1 to 2.0 x 

10-2 nm-1 by using multiple line scans in a direction perpendicular (┴) to the MRF 

flow, as seen in Fig. 6.6(a). Removing the low frequency terms resulted in an 

improved PSD spectrum.41 

Because the white light interferometer has a lateral resolution limit of 1 µm, 

additional 1-D PSD plots were generated from AFM scans with a lateral resolution in 

the nanometer range. These scans were also done within spot ddp regions. 
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A consideration of PSD data generated from profiles perpendicular (┴) to the 

MRF flow direction allows us to study the residual grooving pattern of the MR fluid 

flow that represent the abrasive / surface interactions.  

  

6.4.2 MRF Signature on Hard Materials 

Figure 6.9 shows the PSD curves in ddp regions for two spots of increasing 

time duration taken on the surface of initially rough ground ALON. The curves 

represent the evolution of surface texture with the amount of material removed by the 

MRF spot, from ~10.5 µm to ~24 µm (corresponding to 3 and 16 min spot dwell 

time, respectively). The interferometer PSD curves (i.e., at lower spatial frequencies) 

show an amplitude reduction from the short to the long dwell time spots, due to 

surface smoothing of roughness contributions of the MRF process. The material’s 

microstructure dominates the curve in the spatial frequency range 7 x 10-5 – 3 x 10-4 

nm-1, corresponding to features on the order of ~50 – 100 µm (comparable to the 

ALON grain size).  

 AFM measurements were taken and evaluated to examine the PSD across the 

surface of a single grain in the spatial frequency range 1 x 10-4 to 1 x 10-2 nm-1 

(corresponding to features on the order of 10 – 0.1 µm – see scale at top of Fig. 6.9). 

When compared to the interferometer results, the AFM measurements show a 

reversal. PSD values for the 16 minute duration spot have higher amplitude across all 

relevant spatial frequencies due to the grooving effect of the MRF process on the 

surface of a single grain. The morphology of the grooving pattern represents the 

“MRF signature on hard materials”. Figures 6.10(a) – (b) show the surface 

morphologies within these spots detected by the AFM. Profiles of these scans taken 

across the image diagonal represented by a white line are shown in Fig. 6.10(c) – (d). 

The images and accompanying profiles agree well with the PSD function. For 

example, when we calculate the number of features (~40) across the diagonal (~15 

µm) of Fig. 6.10(b), formed by the long dwell time MRF spot, the number 

corresponds to a feature size of order 0.5 µm at 2 x 10-3 nm-1 spatial frequency, which 

corresponds to the peak in that frequency, as seen in Fig. 6.9. The markers in Fig. 

6.10(c) extend over vertical heights in the range ~11 – 14 nm, for the short dwell time 
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spot, whereas the markers in Fig. 6.10(d) for the long dwell time spot extend over 

vertical heights in the range ~19 – 30 nm. The spotting technique is intended only as 

a diagnostic tool, by removing material from rough surfaces to expose the subsurface 

damage. It does not reflect on the true polishing capabilities w/MRF technology for 

hard ceramics.  

 

 

Fig. 6.9. PSD (log-log) for MRF spotting done on initially rough ground (40 µm 
diamond size) ALON. White light interferometer measurements were taken using a 
2.5 objective using a 2x magnification (1.41 x 1.06 mm2). 
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Fig. 6.10. AFM scans taken at spots ddp of initially rough ground ALON: (a) short 
and (b) long dwell time spots (3 and 16 min, respectively), (c) – (d) profiles taken 
across the diagonal of scans, represented by the white line in (a) and (b), respectively. 
The markers in (c) – (d) represent vertical heights in the range ~11 – 14 nm, and ~19 
– 30 nm for the short and long dwell time spot, respectively. The grain size is 50 – 
100 µm.  
  

The calculated rms values from the PSD curves of Fig. 6.9, designated as rms 

1, rms 2, etc. on the figure, are plotted in Fig. 6.11. On the left hand side of Fig. 6.11 

we show the calculated rms values for ALON, corresponding to the spatial frequency 

of the interferometer PSD curves in Fig. 6.9, and the calculated rms values from the 

PSD curves for CVD SiC (Fig. G.1 in Appendix G) and PCA (Fig. G.2. in Appendix 

G) where we used a x20 objective and a ~350 µm spatial scan length (511 data 

points) in the spatial frequency range 0.2x10-5 to 0.9x10-3 nm-1 (corresponding to 

features on the order of ~ 100 – 1 µm), on the interferometer. As seen in Fig. 6.9, we 

notice a decrease in rms surface roughness from the short to the long dwell time spots 

for ALON (see arrow 1). [The roughness increase for the 16 min spot at low 

frequencies is due to surface figure errors from grinding.] In the case of CVD SiC 
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there is an increase in the PSD from the short to long MRF spot dwell time (see arrow 

2). This increase represents the increase in surface roughness on the part surface due 

to decoration of grain boundaries within the spatial frequency range 10-4 – 10-3 nm-1, 

representing features of the order 1 – 10 µm, comparable to the material grain size. 

[The increase in the curve amplitude for CVD SiC (16 minute spot) in the low 

frequency range is also attributed to surface figure error as mentioned above for 

ALON.] In the case of PCA, we see a large reduction in roughness values for the long 

compared to the short dwell time spots (see arrow 3). This can be attributed to surface 

smoothing of roughness contributions in this interval, in the spatial frequency range 

3.2x10-5 to 10-4 nm-1. There is almost no change in the spatial frequency range 

3.2x10-4 to 10-3 nm-1, corresponding to feature size of the order of 3.3 – 1 µm. This 

represents features that are much larger than the nominal grain size, possibly due to 

grain clusters.  

On the right hand side of Fig. 6.11 we show the calculated rms values for PSD 

curves done in the spatial frequency range 0.0002 to 0.02 nm-1 (corresponding to 

features on the order of 1 – 0.05 µm) using the AFM. These results are within the 

boundaries of a single grain for ALON, whereas for both CVD SiC (5 -10 µm grain 

size) and PCA (submicron range grain size) these results span at least one grain 

boundary. Notice the increase in the roughness values for ALON at the spatial 

frequency 10-2 nm-1 (see arrow 4), indicating the presence of MRF signature, as 

discussed for Figs. 6.9 and 6.10. There is almost no change in surface roughness at 

the spatial frequency 10-2 nm-1 for both CVD SiC and PCA, corresponding to the 

MRF signature. Beyond this frequency we notice a reduction in roughness for all 

three materials. In the case of CVD SiC, there is a decrease in surface roughness from 

the short to the long dwell time spot (see arrow 5). In the case of PCA, an increase in 

surface roughness from the short to the long dwell time spot (see arrow 6), at the 

spatial frequency range 10-3 – 3.2x10-3 nm-1 corresponding to features on the order of 

1000 – 300 nm (comparable to the PCA grain size), is due to grain boundary 

highlighting by the MRF process, i.e., grain decoration.42  
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Fig. 6.11. Calculated rms (nm) surface roughness from PSD plots generated from the 
interferometer and AFM measurements (log-log). Data points represent the averaged 
rms values for a specific spatial frequency bandwidth, indicated as rms 1, rms 2, etc. 
in Fig. 6.9.     
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6.5 Conclusions 

We have studied the response of three hard optical ceramics to deterministic 

microgrinding. Grinding experiments showed that grinding induced surface 

roughness decreased with decreasing diamond abrasive size used. Microgrinding with 

a rough tool involved fracture, leading to p-v surface roughness in the range of 14.5 - 

4 µm (1.4 - 0.1 µm rms). Using high magnification SEM images we found that the 

deformed layer induced by grinding covered the actual damage depth / SSD. 

We have demonstrated that a MRF spot can be placed on ground surfaces of 

hard ceramics without introducing additional damage, and that the spot can be used to 

estimate the induced SSD depth from microgrinding. For initially rough and medium 

surfaces, SSD depth is ~11 µm (ALON), ~1.7 µm (CVD SiC) , and ~9 µm (PCA), 

corresponding to initial p-v surface roughness values of ~14.5 µm, ~3.7 µm, and ~9 

µm, respectively.  The evolution of surface roughness with the amount of material 

removed by the MRF process, as measured within the spot deepest point of 

penetration (least roughness), can be divided into two stages. In the first stage the 

induced damaged layer and associated SSD from microgrinding are removed, 

reaching a low surface roughness value. In the second stage we observe interaction 

between the MRF process and the material’s microstructure as MRF exposed the 

subsurface without introducing new damage. We showed that SSD depth can be 

estimated by using an optical profilometer based measurement of the areal p-v surface 

microroughness of the as ground surface. This provides an upper bound to the SSD 

value. SEM images confirmed these observations.  

We also showed the development of the “MRF signature” on hard ceramics, 

by computing PSD curves within the resolution capabilities of the interferometer and 

the AFM. By considering PSD data generated from profiles perpendicular to the MRF 

flow direction, we studied the residual grooving pattern of the MR fluid flow that 

represents the abrasive / surface interactions. However, additional work is still needed 

to characterize MR fluid particles / surface (i.e., materials’ microstructure) 

interactions parallel to the MR fluid flow direction.  
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Chapter 7 

 

Microstructural Effects in Subsurface Damage: 

Summary, a Model, and it’s Confirmation 
 

 

7.1 Summary of Results 

We now summarize our research on microstructural effects on surface 

roughness and subsurface damage. The objective of this thesis work given in Section 

1.1 have been met; however, additional questions remain open and should be 

addressed in the future.  

In this work the development of microroughness with the amount of material 

removed by MRF is utilized to study the extent of SSD, microstructure, and the 

unique interactions between abrasive particles and material. MRF technology is being 

used as a diagnostic tool throughout this work, owing to its ability to remove the 

deformed surface, induced by grinding with bond abrasives without introducing 

additional damage.  

 First we have studied the response of five nonmagnetic WC composites to 

deterministic microgrinding. Grinding experiments showed that grinding-induced 

surface roughness decreased with decreasing diamond abrasive size. Microgrinding 

with a rough tool (40-μm grit size) involved fracture, leading to a p–v surface 

roughness in the range 3.2-5.8 μm (150-700-nm rms). Microgrinding with medium 

and fine tools (10-20, and 2-4 μm grit size, respectively) was controlled by plastic 

flow. The medium tool led to p–v surface roughness values in the range of 0.5-3.8 μm 

(27-200 nm rms), whereas the fine tool resulted in surface p–v values in the range of 

53-86 nm (7-13 nm rms). The true grinding-induced surface roughness was concealed 

by the deformed layer on the ground surface. 

 We have demonstrated that a MRF spot can be placed on ground surfaces of 

tungsten carbide and that the spot can be used to evaluate the depth of the surface 

deformed layer. For the rough and medium tools, the deformed layer is in the range 
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1.5-2.7 μm. The surface roughness of MRF spot at the deepest point of penetration 

can be used as a guide for establishing the optimal amount of material to be removed 

by MRF. Optimal MRF removal indeed removes the deformed surface layer caused 

by grinding. Excessive MRF removal may lead to preferential polishing and removal 

of the binder phase, leading to grain decoration.1, 2 Utilizing both surface roughness 

measurements and SEM imaging at the spot ddp, we were able to estimate the depth 

of the deformed layer. Thus, we showed that the depth of the deformed layer can be 

estimated in two ways. An optical profilometer-based measurement of the p–v surface 

microroughness of the ground surface provides an upper bound to the deformed layer 

thickness. This is a desirable estimate given the noncontact nature of this metrology 

technique. On the other hand, the MRF spot can also be used to reveal the depth of 

the deformed layer while reducing the surface roughness. 

We have then demonstrated that magnetorheological finishing can be used to 

place MRF spots on the surfaces of previously ground Co-based magnetic WC 

materials with maximum induction up to 25% that of iron under similar magnetic 

fields. The resulting surface roughness within the spots was in the range 6-55 nm 

(rms). Our results indicate that surface roughness within the MRF spots is larger for 

the more ductile and for the more brittle samples. SEM analysis shows that MRF 

entirely removes the observed damaged layer resulting from earlier machining 

processing.  

Additional grinding experiments on three hard optical ceramics showed that 

grinding induced surface roughness decreased with decreasing diamond abrasive size 

used. Microgrinding with a rough tool involved fracture, leading to p-v surface 

roughness in the range of 14.5 - 4 µm (1.4 - 0.1 µm rms). Using high magnification 

SEM images we found that the deformed layer induced by grinding covered the 

actual damage depth / SSD, as also discussed by Namba et al.1 

We have demonstrated that a MRF spot can be placed on ground surfaces of 

hard ceramics without introducing additional damage, and that the spot can be used to 

estimate the induced SSD depth from microgrinding. For initially rough and medium 

surfaces, SSD depth is ~11 µm (ALON), ~1.7 µm (CVD SiC) , and ~9 µm (PCA), 
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corresponding to initial p-v surface roughness values of ~14.5 µm, ~3.7 µm, and ~9 

µm, respectively.   

 

 

7.2 A Broad Model: Material Microstructure vs. Process Signature 

The evolution of surface roughness with the amount of material removed by 

the MRF process, as measured within the spot deepest point of penetration (least 

roughness), can be divided into two stages. In the first stage the induced damaged 

layer and associated SSD from microgrinding are removed, reaching a low surface 

roughness value. In the second stage we observe interaction between the MRF 

process and the material’s microstructure as MRF exposed the subsurface without 

introducing new damage. We showed that SSD depth can be estimated by using an 

optical profilometer based measurement of the areal p-v surface microroughness of 

the as ground surface. Figure 7.1 displays schematically the development of these 

stages. In the first stage, designated also as (A – gray area), surface roughness values 

result from the contributions of the previous process (e.g., grinding / lapping / etching 

etc.), which introduce a deformed surface layer in the case of polycrystalline 

materials. For polycrystalline ceramics, this layer consists of fragmented grains, 

pulverized grains or powder that allows only the estimation of SSD depth underneath. 

At location (B – designated by a dashed vertical line) stage two begins, where surface 

roughness reaches a minimal value after the deformed layer and the SSD induced are 

completely removed by the MRF process. From (B) three different curves are 

presented, displaying the areal roughness measurements, and the 2-D orthogonal line 

scans taken perpendicular (┴) and parallel (║) to the MR fluid flow direction 

(indicated by the arrows). The (║) curve illustrates the interactions between MR fluid 

abrasive particles and the material’s microstructure, which is (arbitrarily) considered 

to be fully developed at (C). Additional material removal w/MRF will result in either 

increasing or decreasing the roughness values, however, keeping them within the 

spatial limits of microstructural features. The (┴) curve illustrates the development of 

the MRF signature, as discussed in Section 6.2, for hard ceramics. The areal curve 
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measurements, combine the contribution of both curves (║ and ┴), i.e., point (E) is 

the sum of points (C) and (D).  
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Fig. 7.1. Schematic illustration of surface microroughness development with the 
amount of material removed w/MRF, where the development of two stages is 
presented. In the first stage (A) the induced microstructure form the previous process 
/ SSD is removed, and roughness reaches a minimal value (B). The second stage 
illustrates the development of the interactions between MR fluid abrasive particles 
and the material’s microstructure (C), and the development of the MRF signature (D). 
The roughness value of the areal curve represents the sum of all the contributions on 
the surface, i.e., (E) is the sum of (C) and (D).  

 

For example, for PCA, p-v surface roughness (║) is seen to drop from ~130 

(end of Stage 1) to 100 nm (end of Stage 2), as the diamonds in the MR fluid continue 

to polish the surface, removing a total of 16 µm of material (Fig. 7.2). Although not 

described here, it is possible to study the microstructure of the material with this 

sampling technique, one example being decoration of grain boundaries.3 However, as 

in the case of PCA (Fig. 7.2) p-v roughness (areal and ┴) is seen to increase with 

additional material removed beyond ~9 µm in the second stage. This increase is real, 
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and it is due to a texture or grooving impressed on the polished, damage-free surface, 

by the abrasives in the MR fluid. These grooves come from a lack of part rotation 

during long duration spotting. This technique provides an upper bound to the SSD 

value. SEM images confirmed these observations. 
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Fig. 7.2. Surface microroughness (p-v, measured using the interferometer) evolution 
with the amount of material removed w/MRF (µm, measured using contact 
profilometer) for medium ground (10-20 m tool grit size, ring tool configuration) 
PCA (semi-log).  

 

 

7.3 Model Confirmation 

The approach presented in this thesis can be extended to other hard optical 

ceramics, previously processed with different techniques. For example, as a 

confirmation of the broad model presented in Fig. 7.1, we examine the initial results 

for an alternative commercial form of polycrystalline SiC, lapped w/3µm diamond 

abrasives and subsequently chemically etched. The material mechanical and 

microstructural properties are listed in Table 7.1. 
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Table 7.1 Physical, mechanical, and microstructure properties of SiC 

(a) Average of five Vickers indents at 1 kgf.  

Density ρ 
(g/cm3) 

Grain Size, 
(μm) 

Young’s 
Modulus E 

(GPa) 

Vickers 
Hardness Hv 

(GPa) (a) 

Fracture 
Toughness Kc 
(MPa m1/2) (b) 

3.18 ± 0.04 5 - 20 460 28.8 ± 4.6 4.5 ± 0.5 

(b) Calculated using the Evans correlation.4  
 

 As described in this thesis, our approach was to place an MRF spot on 

previously etched surface, locate the depth of deepest penetration (ddp) into the 

surface, and then measure the surface roughness in the ddp. We are able to estimate 

the depth of SSD by finding the distance into the material at which the roughness 

reached a minimum (~3 µm – see Fig. 7.3).  

We used orthogonal 2-D roughness (line) scans within spot ddp regions to 

analyze the evolution of areal roughness as the amount of material removed greatly 

exceeded the depth of SSD. In this way we found that MRF without part rotating 

could be used to study the texture of the underlying base material due to its 

microstructure (i.e., grain size). Line scans parallel to the fluid flow direction showed 

this effect, as the roughness measured in this manner gradually increased beyond the 

depth of SSD. Line scans perpendicular, however, were more indicative of grooving 

caused by MRF spotting without part rotation.  

The protocol of roughness data measurement was acquired in the following 

manner at a given site within the ddp: 

a. Areal map (see Fig 3.5(a)). 

b. Ten horizontal line scans were taken perpendicular (┴) to the MRF flow 

direction, as seen schematically in Fig. 3.6(a).  

c. The sample was then rotated by 90º and additional areal measurements 

were taken (see Fig. 3.6(b)). 

d. Subsequently, ten horizontal line scans were taken parallel (║) to the MRF 

flow direction, as seen schematically in Fig. 3.6(a).  

The above procedure was repeated at each of five randomly chosen sites within the 

ddp, providing a total of 50 line scans in a given spot from which to calculate (p-v, 
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rms ) (┴), and (p-v, rms) (║). Ten areal maps were generated from which (p-v, rms) 

areal could be calculated. 

This procedure was required because of data acquisition limitations for the 

interferometer. The interferometer images must be analyzed by taking line-outs 

parallel to the longer dimension of the image. Thus to acquire line outs within a spot 

in orthogonal directions, the part must be measured, rotated by 90º, and measured 

once more.  

In order to estimate SSD depth as a result of the previous fabrication 

techniques used, we plot the evolution of areal surface roughness, (┴), and (║) at the 

ddp within each spot as a function of the amount of material removed by the MRF 

process. From the p-v areal measurements of Fig. 7.3, it is observed that the initial 

areal surface roughness (~3.6 µm p-v) is removed in the first stage, when the MRF 

penetrates past ~3 to ~1.5 µm of the deformed layer thickness. In the second stage, 

surface roughness is seen to eventually increase with increasing MRF material 

removal. An examination of roughness results for longer dwell times shows that 

roughness gradually increases for quantities of material removed in excess of 5 µm. 

Here we approach the grain size regime for these materials.  
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Fig. 7.3. Surface microroughness (p-v, measured using the interferometer) evolution 
with the amount of material removed w/MRF (µm, measured using contact 
profilometer) for chemically etched SiC (semi-log). 

 

In general, the 2-D line scans show behaviors that are similar to those of the 

areal measurements. The line scans in a direction perpendicular to the MRF direction 

show the contribution of the directionality effect of the spotting process to the overall 

roughness, whereas the parallel line scans showed the contributions of the discreet 

interactions between MRF fluid particles and the microstructure of the material. 

These contributions are mostly observed when MRF spots penetrate to a depth 

comparable to SiC grain size.  

In addition to estimating SSD depth, we also showed the development of the 

“MRF signature” on hard ceramics, by computing PSD curves within the resolution 

capabilities of the interferometer and the AFM. By considering PSD data generated 

from profiles perpendicular to the MRF flow direction, we studied the residual 

grooving pattern of the MR fluid flow that represents the abrasive / surface 
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interactions. However, additional work is still needed to characterize MR fluid 

particles / surface (i.e., materials’ microstructure) interactions parallel to the MR fluid 

flow direction.  

 

7. 4 Future Work 

Additional work that should be considered to extend the ideas presented in 

this thesis. We can summarize these suggestions as follows: 

1) Explore further the interactions of the MR fluid particles with the materials’ 

microstructure (e.g., grains and binder) at the nanoscale level, leading to 

material removal, therefore the following questions need to be considered: 

a) Chemical effects: although it is assumed that chemical reaction 

play a small part in removal mechanism of WC, the process 

chemistry can be optimized, which may contribute to the resulting 

surface finish. For example of the role of chemo-mechanical 

polishing of WC, see Larsen-Basse et al.5 

b) The MR fluid diamond friability (ease of fracture into smaller 

particles) and MRF: nanodiamonds are a key constitute of MR 

fluid intended for polishing hard materials. The degree of 

nanodiamond friability, low, medium and high, should be tested in 

an MR fluid to study their effect on the removal process of hard 

polycrystalline materials.  

c) Effect of magnetization on magnetic materials. What is the 

materials maximum magnetic induction that will allow the 

placement of a MRF spot on a magnetic surface?  

d) Drag force: drag forces as a function the material microstructure, 

i.e., the artificial smoothness of the polycrystalline materials due to 

deformation during processing/grinding, and its effect in the 

change in drag force, e.g., the extrusion of the binder phase during 

grinding, forming a relatively smooth top layer on the surface. 

e) Modification of particle surfaces: the MR carrier fluid contains 

both magnetic particles and nonmagnetic abrasive particles. The 
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modification of the carbonyl iron (CI) magnetic particles may 

result in improving polishing efficiency and/or the long term 

performance of the MRF fluid.  

f) MRF signature development for hard materials using: Alternative 

measuring equipment should be considered to measure both 

parallel and perpendicular 1-D PSD curves, in addition to 

analyzing images taken from other instrumentations with different 

spatial frequency (i.e., contact profilometer, white light 

profilometer, and atomic force microscope (AFM)). 

g) The development of new MR fluid formulations to help understand 

how MRF works to polish hard, heterogeneous materials.  

 

2) Studies of subsurface damage (SSD): extend the use of the technique 

presented here to other heterogeneous materials such as Spinel (MgAl2O4),6 in 

addition to comparing the results of other techniques, see Xu et al.7 ,  and 

Zhang et al.8 

 

3) The improvements of deterministic grinding protocols for better form error 

of the final surface, and tool wear should be explored (e.g., pull out of 

diamond abrasives from the matrix and the diffusion / fragmented particles on 

the tool) in terms of process efficiency, see Tong.9  
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Appendix A 

 

Microindentations Hardness and Fracture Toughness Data 
 

 

The Vickers hardness HV (GPa) and fracture toughness KC (MPa m1/2) of all materials 

tested in the thesis (tungsten carbides hard metals and hard optical ceramics) were 

determined using the microindentations technique discussed in Chapter 2. The data 

tabulated below includes the materials’ Young modulus E (GPa), the load P (kg), the 

number of indentation taken, the optically measured values of the indentation 

diagonal D (µm), twice the surface cracks observed from indentation corners C (µm) 

(i.e., the surface radial cracks CR), and the calculated hardness and fracture toughness 

values, including the average values and standard deviation at the bottom of each 

table. All measurements were done on the Tukon microindenter equipped with a 

built-in microscope (x10, x20, and x50 objective), using a pyramid diamond Vickers 

indenter. The test was done in air, at room temperature, with a constant 15 s. dwell 

time, varying the load as tabulated in the tables.   
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A. 1 Tungsten Carbides 

Here we summarize results of Vickers microhardness and fracture toughness 

measurements for the tungsten carbides hard metals. Both Evans1 and Anstis2 models 

were used to calculate the fracture toughness, from a set of micro indentations taken 

on the Tukon Microindenter for each material, using a range of loads (1000g – 300g). 

The indenter impression on the surface was measured following the guidelines of the 

ASTM standard for Vickers indentation hardness of advanced ceramics (see Chapter 

2). 
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Table A. 1. Indentation data for BC12N (1 kgf) 

Material BC12N       
Young's Mudulous 614 GPa      
Load 1 kgf      
Indent # D1 (um) D2 (um) 2C1 (um) 2C2 (um) Hv Kc (Evans) Kc (Anstis) 

1 39.3 39.4   11.80 NA NA 
  39.4 39.2        
  39.3 39        

2 38.3 39.4   12.10 NA NA 
  38.4 39.2        
  38.3 39.2        

3 38.7 39.2   12.07 NA NA 
  38.7 38.8        
  38.7 38.8        

4 39.1 39.4   12.00 NA NA 
  38.7 38.6        
  38.8 39        

5 38.8 39   12.11 NA NA 
  38.8 38.6        
  38.7 38.6        
    Average: 12.01 NA NA 
    STDV: 0.13 NA NA 

 

Table A. 2 Indentation data for K801 (1 kgf) 

Material k801       
Young's Mudulous 618 GPa      
Load 1 kgf      
Indent # D1 (um) D2 (um) 2C1 (um) 2C2 (um) Hv Kc (Evans) Kc (Anstis) 

1 36.6 36.6   13.62 NA NA 
  36.8 36.3        
  36.6 36.3        

2 36.3 36.8   13.72 NA NA 
  36.3 36.6        
  36.1 36.3        

3 36.9 35.9   13.76 NA NA 
  36.7 36.5        
  36.2 35.9        

4 37 36.8   13.49 NA NA 
  37.1 35.9        
  37 36.5        

5 36.2 36.1   13.95 NA NA 
  36.2 35.9        
  36.3 35.9        
    Average: 13.71 NA NA 
    STDV: 0.17 NA NA 
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Table A. 3 Indentation data for M45 (0.3 kgf) 
Material M45       
Young's Modulus 500 GPa      
Load 0.3 kgf      
Indent # D1 (um) D2 (um) 2C1 (um) 2C2 (um) Hv Kc (Evans) Kc (Anstis) 

1 19.3 19.4     14.62 NA NA 
  19.2 19.3          
  19.3 19.4          

2 19.1 19.4     14.77 NA NA 
  19.1 19.2          
  19.3 19.2          

3 19.1 19.2     14.90 NA NA 
  19.1 19.2          
  19.2 19          

4 19 19.2     14.77 NA NA 
  19.2 19.4          
  19.1 19.4          

5 18.7 19.2     15.08 NA NA 
  18.9 19.2          
  18.7 19.4          

    Avg 14.83 NA NA 
    STDV 0.17 NA NA 

 
Table A. 4 Indentation data for M45 (0.5 kgf) 

        
Load 0.5 kgf      
Indent # D1 (um) D2 (um) 2C1 (um) 2C2 (um) Hv Kc (Evans) Kc (Anstis) 

1 24.4 24.8     14.98 NA NA 
  24.9 25          
  24.3 24.4          

2 24.5 24.8     14.92 NA NA 
  24.6 24.8          
  24.6 24.8          

3 24.5 24.8     14.98 NA NA 
  24.6 24.8          
  24.5 24.6          

4 24.6 24.8     14.94 NA NA 
  24.6 24.8          
  24.6 24.6          

5 24.2 25     14.90 NA NA 
  24.4 25          
  24.4 25.2          

    Avg 14.95 NA NA 
    STDV 0.04 NA NA 
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Table A. 5 Indentation data for M45 (0.7 kgf) 
        

Load 0.7 kgf      
Indent # D1 (um) D2 (um) 2C1 (um) 2C2 (um) Hv Kc (Evans) Kc (Anstis) 

1 28.7 29.1     15.42 NA NA 
  28.5 28.9          
  28.5 28.7          

2 28.7 29.1     15.26 NA NA 
  28.8 28.9          
  28.7 29.1          

3 29.3 29.1     14.96 NA NA 
  29.2 29.3          
  29 29.1          

4 29.5 28.9     14.89 NA NA 
  29.5 29.1          
  29.3 29.1          

5 29.2 29.3     15.05 NA NA 
  29.1 28.7          
  29.1 29.1          

    Avg 15.11 NA NA 
    STDV 0.22 NA NA 

 
Table A. 6 Indentation data for M45 (1 kgf) 

Load 1 kgf      
Indent # D1 (um) D2 (um) 2C1 (um) 2C2 (um) Hv Kc (Evans) Kc (Anstis) 

1 35 35.3     14.77 NA NA 
  34.8 35.3          
  34.8 35.3          

2 34.9 35.1     14.81 NA NA 
  35.1 35.1          
  34.9 35.1          

3 35.3 35.9     14.51 NA NA 
  35.3 35.5          
  34.9 35.5          

4 34.5 35.1     14.91 NA NA 
  34.6 35.3          
  34.5 35.5          

5 34.8 34.9     14.91 NA NA 
  34.6 35.1          
  35 35.1          

    Avg 14.78 NA NA 
    STDV 0.17 NA NA 
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Table A. 7 Indentation data for M10 (0.3 kgf) 
Material M10       
Young's Modulus 510 GPa      
Load 0.3 kgf      
Indent # D1 (um) D2 (um) 2C1 (um) 2C2 (um) Hv Kc (Evans) Kc (Anstis) 

1 16.2 16.5     14.62 NA NA 
  16.2 16.7          
  16.2 16.5          

2 16.5 16.5     14.77 NA NA 
  16.6 16.5          
  16.5 16.7          

3 16.6 16.7     14.90 NA NA 
  16.6 16.9          
  16.4 16.7          

4 16.7 16.7     14.77 NA NA 
  16.9 16.9          
  16.7 16.7          

5 16.4 16.9     15.08 NA NA 
  16.5 16.7          
  16.7 16.7          

    Avg 19.80 NA NA 
    STDV 0.34 NA NA 

 
Table A. 8 Indentation data for M10 (0.5 kgf) 

        
Load 0.5 kgf      
Indent # D1 (um) D2 (um) 2C1 (um) 2C2 (um) Hv Kc (Evans) Kc (Anstis) 

1 21.6 21.3     14.98 NA NA 
  21.7 21.7          
  21.5 21.5          

2 21.8 21.5     14.92 NA NA 
  21.5 21.3          
  21.6 21.7          

3 21.4 21.3     14.98 NA NA 
  21.4 21.3          
  21.5 21.5          

4 21.4 21.5     14.94 NA NA 
  21.5 21.7          
  21.1 21.7          

5 21.7 21.5     14.90 NA NA 
  21.6 21.7          
  21.7 21.5          

    Avg 19.63 NA NA 
    STDV 0.15 NA NA 
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Table A. 9 Indentation data for M10 (0.7 kgf) 
        

Load 0.7 kgf      
Indent # D1 (um) D2 (um) 2C1 (um) 2C2 (um) Hv Kc (Evans) Kc (Anstis) 

1 26 26.4 32.5 31.4 18.517 6.006 9.317 
  25.9 26.6 31.5 30.2    
  25.8 26.6 31.5 30.6    

2 25.8 26 30.3 31.4 18.828 6.101 9.638 
  25.9 26 30 30.2    
  26.1 26.2 29.8 30.8    

3 26.2 26.6 31.3 31.6 18.101 5.960 9.268 
  26.5 26.8 31.7 31.6    
  26.2 26.8 31.8 31.8    

4 26 26.4 32.9 31 18.354 5.942 9.0813 
  26.1 27 33 30.2    
  25.9 26.6 33 31.4    

5 26 26.4 31.7 33.4 18.447 5.956 9.108 
  25.9 26.4 31.6 31.8    
  26.1 26.8 31.3 31    

    Avg 18.45 5.99 9.28 
    STDV 0.26 0.06 0.22 

 
Table A. 10 Indentation data for M10 (1 kgf) 

        
 
Load 

 
1 

 
kgf      

Indent # D1 (um) D2 (um) 2C1 (um) 2C2 (um) Hv Kc (Evans) Kc (Anstis) 
1 31 32.4 42.8 41.1 18.285 6.190 8.610 

  31 31.8 42.9 41.5     
  31 32 42.6 41.1     

2 31 31.8 39.4 39 18.383 6.393 9.451 
  31.1 32.2 39.7 40.3     
  30.8 31.8 38.4 39.6     

3 30.8 31.6 39.4 40.3 18.619 6.355 9.187 
  30.7 31.6 39 40.5     
  30.8 32 39.6 41.1     

4 30.6 31.8 39.4 40.7 18.758 6.354 9.129 
  30.6 31.4 39.2 41.1     
  30.6 31.8 38.6 41.3     

5 30.8 32.2 37.9 39.9 18.678 6.462 9.638 
  30.4 31.6 36.9 41.9     
  30.6 31.6 36.7 38.8       

    Avg 18.545 6.351 9.203 
    STDV 0.202 0.100 0.3899 
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Table A. 11 Indentation data for Cerbide (0.3 kgf) 
Material Cerbide       
Young's Modulus 620 GPa      
Load 0.3 kgf      
Indent # D1 (um) D2 (um) 2C1 (um) 2C2 (um) Hv Kc (Evans) Kc (Anstis) 

1 14.3 14.2 22.4 20.7 27.243 5.296 6.190 
  14.3 14 22.6 21.7     
  14.1 14 22.6 21.5     

2 14 14.2 19.9 20 27.307 5.509 6.996 
  14.3 14 20.1 20     
  14.1 14.2 20.9 20.2     

3 14 14.2 20.9 21.5 27.567 5.476 6.811 
  14 14 19.8 20.2     
  14.2 14 20.1 20.4     

4 14.2 13.8 19.5 19 27.764 5.605 7.278 
  14.2 14.2 19.8 19.6     
  13.7 14 19.8 19.6     

5 13.7 14 21.7 20.6 28.030 5.422 6.506 
  14 14 21.6 20     
  14 14 21.9 20.2       

    Avg 27.582 5.462 6.756 
    STDV 0.326 0.114 0.423 

 
Table A. 12 Indentation data for Cerbide (0.5 kgf) 

        
Load 0.5 kgf      
Indent # D1 (um) D2 (um) 2C1 (um) 2C2 (um) Hv Kc (Evans) Kc (Anstis) 

1 18.4 18.6 30.9 29.1 26.659 5.860 6.583 
  18.2 18.6 30.4 28.5     
  18.2 18.8 30.7 29.1     

2 18.5 18.4 32.8 29.5 26.950 5.753 6.151 
  18.4 18.4 33.2 29.5     
  18.3 18.2 33.2 28.1     

3 18.7 18.6 30.6 31 26.278 5.832 6.565 
  18.6 18.8 30.3 29.3     
  18.5 18.4 30 28.7     

4 18.4 18.4 30.8 31.2 26.901 5.735 6.098 
  18.5 18.4 31.5 31.4     
  18.4 18.2 31.8 30.8     

5 18.2 18 29.2 28.7 27.648 5.914 6.569 
  18.4 17.8 29.9 29.3     
  18.2 18.2 30.2 29.5       

    Avg 26.887 5.819 6.393 
    STDV 0.502 0.075 0.246 
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Table A. 13. Indentation data for Cerbide (0.7 kgf) 
        

Load 0.7 kgf      
Indent # D1 (um) D2 (um) 2C1 (um) 2C2 (um) Hv Kc (Evans) Kc (Anstis) 

1 21.8 21.9 39.2 34.3 26.457 6.239 6.732 
  22 21.9 38.8 35.7     
  21.7 22.3 38.4 34.5     

2 21.7 21.9 38.8 35.7 26.781 6.149 6.364 
  21.8 22.1 40.3 36.6     
  21.6 21.7 40.2 36.8     

3 21.6 21.7 40.8 35.9 27.070 6.088 6.116 
  21.5 22.1 41 36.8     
  21.5 21.7 41.6 37.6     

4 21.5 21.9 39.5 39.6 26.905 6.046 6.018 
  21.7 21.9 40.2 37.4     
  21.8 21.7 39.9 40.1     

5 21.5 22.1 38.2 36.1 26.659 6.171 6.459 
  21.8 22.1 38.2 36.5     
  21.5 22.1 39.5 38       

    Avg 26.774 6.139 6.338 
    STDV 0.234 0.075 0.284 

        
 

Table A. 14. Indentation data for Cerbide (1 kgf) 
        
 
Load 

 
1 

 
kgf      

Indent # D1 (um) D2 (um) 2C1 (um) 2C2 (um) Hv Kc (Evans) Kc (Anstis) 
1 27.1 27.7 61 61.7 24.130 5.704 4.788 

  27.4 28.1 61.7 59.7     
  26.7 27.7 59.4 59.1     

2 27.1 27.9 60.4 59.9 24.277 5.755 4.870 
  27.1 27.7 58.4 59.3     
  27.1 27.3 59.7 60.1     

3 26.5 27.7 60.9 58 24.636 5.771 4.861 
  26.5 27.9 61.7 57.8     
  26.7 27.7 60.3 57.8     

4 26.6 27.7 61.1 59.9 24.910 5.712 4.722 
  26.7 27.3 61.4 59.3     
  26.7 27.1 61.1 59.3     

5 26.1 27 59.5 58.2 25.665 5.799 4.807 
  26.5 27.1 59.6 58.4     
  26.2 26.8 60.2 58.4       

    Avg 24.724 5.748 4.810 
    STDV 0.608 0.040 0.060 
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Table A. 15. Indentation data for K3520 (1 kgf) 

Material K3520       
Young's Mudulous 485 GPa      
Load 1 kgf      
Indent # D1 (um) D2 (um) 2C1 (um) 2C2 (um) Hv Kc (Evans) Kc (Anstis) 

1 43.6 43   9.631 NA NA 
  43.7 43.6        
  43.4 43.4        

2 44.6 44.2   9.258 NA NA 
  44.7 43.6        
  44.2 44.6        

3 45 44.2   9.230 NA NA 
  44.9 44        
  44 44.2        

4 44 44.4   9.223 NA NA 
  44.2 45.2        
  44.4 44.2        

5 44.6 44.4   9.154 NA NA 
  44.6 44.6        
  44.4 44.8         
    Average: 9.299 NA NA 
    STDV: 0.189 NA NA 

 

Table A.16. Indentation data for K3833 (1 kgf) 

Material K3520       
Young's Mudulous 561 GPa      
Load 1 kgf      
Indent # D1 (um) D2 (um) 2C1 (um) 2C2 (um) Hv Kc (Evans) Kc (Anstis) 

1 36.2 36.5   13.685 NA NA 
  36.7 36.6        
  36.1 36.6        

2 36.9 36.3   13.586 NA NA 
  37 36.5        
  36.7 36.1        

3 37.3 36.3   13.390 NA NA 
  37.4 36.5        
  37.1 36.5        

4 36.8 36.6   13.426 NA NA 
  37.1 36.8        
  37 36.5        

5 36.9 36.8   13.450 NA NA 
  36.9 36.6        
  36.9 36.5         
    Average: 13.507 NA NA 
    STDV: 0.124 NA NA 
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Table A. 17. Indentation data for K94 (1 kgf) 
Young's Mudulous 561 GPa      
Load 1 kgf      
Indent # D1 (um) D2 (um) 2C1 (um) 2C2 (um) Hv Kc (Evans) Kc (Anstis) 

1 36.5 36.8   13.549 NA NA 
  36.6 37        
  36.6 36.3        

2 36.7 36.8   13.536 NA NA 
  36.5 36.8        
  36.5 36.6        

3 36.1 37   13.586 NA NA 
  36.1 37        
  36.3 37        

4 37.3 36.3   13.329 NA NA 
  37.3 36.6        
  36.7 37.4        

5 36.2 36.1   13.875 NA NA 
  36.1 36.3        
  36.2 36.3         
    Average: 13.575 NA NA 
    STDV: 0.195 NA NA 

 

Table A. 18. Indentation data for K714 (1 kgf) 
Young's Mudulous 554 GPa      
Load 1 kgf      
Indent # D1 (um) D2 (um) 2C1 (um) 2C2 (um) Hv Kc (Evans) Kc (Anstis) 

1 30.7 32 38.7 36.3 18.461 6.738 10.402 
  30.4 31.8 39.5 37     
  31.2 32.2 40.1 36.1     

2 30.8 31 35.3 35.7 18.799 6.971 11.377 
  31.1 31.2 35.4 35.3     
  31.1 31.4 36.2 35.3     

3 30.4 32 42 40.7 18.718 6.436 8.958 
  30.2 32 43.4 40.5     
  30.4 32 42.7 41.1     

4 30.6 32.4 34.5 38.8 18.266 6.843 11.003 
  30.6 32 34.9 38.8     
  31.1 32.6 34.5 38.6     

5 30 32.8 39.4 39.4 18.859 6.644 9.803 
  30.3 31.2 39.5 38.8     
  30.6 31.4 38.5 39.6       
    Average: 18.621 6.726 10.308 
    STDV: 0.250 0.203 0.964 
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Table A. 19. Indentation data for JO5 (1 kgf) 
Young's Mudulous 570 GPa      
Load 1 kgf      
Indent # D1 (um) D2 (um) 2C1 (um) 2C2 (um) Hv Kc (Evans) Kc (Anstis) 

1 30.3 30.2 62.4 61.9 19.848 5.415 4.939 
  29.9 30.4 62 60.7     
  30 30.8 62.8 58.8     

2 30.8 31 55.8 59.5 19.418 5.539 5.339 
  30.8 30.4 57 62     
  30.4 30.2 58.1 60.1     

3 30.7 30.4 60.2 58.6 19.460 5.436 5.058 
  30.7 30.6 61.8 59.7     
  30.6 30.4 63.6 61.3     

4 30.6 30.6 62.7 58.4 19.418 5.378 4.923 
  30.6 30.6 65.8 58.8     
  30.6 30.6 66.1 60.3     

5 30.3 30.8 58.6 59.5 19.610 5.527 5.266 
  30.4 30.2 58.7 59.3     
  30.6 30.4 59.6 58.9       
    Average: 19.551 5.459 5.105 
    STDV: 0.184 0.071 0.190 
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A. 2 Hard Ceramics 

Here we summarize results of Vickers microhardness and fracture toughness 

measurements for five hard ceramics: CVD SiC, ALON, and PCA in addition to other 

reference materials such as Sapphire, and Spinel. Both Evans1 and Anstis2 models 

were used to calculate the fracture toughness. 

A set of micro indentations was done on the Tukon Microindenter for each material, 

using a range of loads (1000g – 100g). The indenter impression on the surface was 

measured following the guidelines of the ASTM standard for Vickers indentation 

hardness of advanced ceramics (see Chapter 2). All materials’ surfaces were 

previously fine ground on a deterministic microgrinding CNC machine3 (2-4 µm grit 

diamond abrasives with a bronze matrix, using ring tool configuration), and polished 

differently as follows: 

1. CVD SiC underwent additional fine grinding cycles using 4-8 μm diamonds 

tool using ring tool configuration3, achieving rms surface roughness less than 15 nm.  

2. ALON was polished using an experimental bladder polishing CNC machine4 

that uses an experimental 6μm Trizact™ diamond pad from 3M™, achieving less 

than 20nm rms surface roughness. 

3. PCA was received polished by the manufacturer. 

4. Spinel was ground using an experimental bladder polishing CNC machine4 

that uses an experimental alumina 5μ pad for over five hours, achieving 20nm rms 

surface roughness. 

5. Sapphire underwent additional fine grinding cycles using 4-8 μm diamonds 

tool using ring tool configuration3, subsequently polished on an experimental bladder 

polishing CNC machine4 that uses an experimental 6μm Trizact™ diamond pad from 

3M™ for 5-6 hours. 
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Table A.20. Indentation data for CVD SiC (0.1 kgf) 
        

Load: 0.1 kg      
        
Indent # D1 (um) D2 (um) 2C1 (um) 2C2 (um) Hv Kc (Evans) Kc (Anstis) 

1 8.3 7.9   27.83   
  8.1 8.1      
  8.2 7.9      

2 8.3 7.4   29.26   
  8.2 7.6      
  8.2 7.6      

3 7.8 7.8   29.76   
  7.6 7.9      
  7.9 7.9      

4 8.2 8.1   27.37   
  8.4 8.1      
  8.2 7.9      

5 7.9 8.1   29.38   
  7.7 7.8      
  8.1 7.6      
    Avg 28.72   
    STDV 1.05   
        

 
Table A.21. Indentation data for CVD SiC (0.2 kgf) 

        
Load: 0.2 kg      

Indent # D1 (um) D2 (um) 2C1 (um) 2C2 (um) Hv Kc (Evans) Kc (Anstis) 
1 11.4 12   26.56   

  11.6 12.2      
  11 12      

2 11.4 11.6   28.31   
  11.4 11.4      
  11.1 11.1      

3 11.7 11.4   28.82   
  11.2 11.2      
  10.8 11.1      

4 11.7 11.8   26.26   
  12 11.8      
  11.9 11.4      

5 10.9 11.4   29.16   
  11.1 11.2      
  11 11.4      
    Avg 27.82   
    STDV 1.33   
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Table A.22. Indentation data for CVD SiC (0.3 kgf) 
Load: 0.3 kg      

        
Indent # D1 (um) D2 (um) 2C1 (um) 2C2 (um) Hv Kc (Evans) Kc (Anstis) 

1 13.9 13.8 35.4 22.7 28.50 4.09 3.38 
  14 13.8 35 23.1    
  13.7 13.8 35.8 24.2    

2 14.3 14.3 30.3 23.7 27.24 4.28 3.95 
  14 14 31.8 23.8    
  14 14.3 29.9 21.9    

3 14 14.3 24.9 14.3 27.44 4.97 6.25 
  14.1 14 25.6 14.9    
  14.2 14 24.1 14.7    

4 14.1 14.5 20.4 25.2 26.31 4.68 5.38 
  14.1 14.9 20.4 23.7    
  13.9 14.9 20.4 22.7    

5 14 14.3 29.3 24.8 27.05 4.20 3.77 
  14 14.3 30 26.4    
  14.4 14.2 30 26.4    
    Avg 27.31 4.44 4.55 
    STDV 0.79 0.37 1.22 

 
Table A.23. Indentation data for CVD SiC (0.5 kgf) 
Load: 0.5 kg      

        
Indent # D1 (um) D2 (um) 2C1 (um) 2C2 (um) Hv Kc (Evans) Kc (Anstis) 

1 18.2 18 28.8 44 27.85 4.58 3.78 
  17.9 18.4 35.1 43    
  17.9 18 36 45    

2 19.2 19.8 37 44.2 24.83 4.22 3.33 
  18.7 19.2 40.5 48.9    
  18.9 19 42.1 49.1    

3 18.4 18.8 32.1 36.6 26.33 4.75 4.31 
  18.2 19.4 35.2 38.8    
  17.7 19 37.1 36.6    

4 18.5 18.8 29 25.8 25.95 5.43 6.59 
  19.1 18.6 28 26.6    
  18.7 18.6 28.6 25.8    

5 18.9 18.4   26.47   
  19 18.4      
  18.5 18      
    Avg 26.26 4.75 4.50 
    STDV 1.09 0.51 1.45 
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Table A.24. Indentation data for CVD SiC (0.7 kgf) 
        

Load: 0.7 kg      
        
Indent # D1 (um) D2 (um) 2C1 (um) 2C2 (um) Hv Kc (Evans) Kc (Anstis) 

1 22.8 21.9 56.1 41.3 25.67 4.78 3.90 
  22.5 21.9 56.1 41.1    
  22.6 21.9 56.4 41.1    

2 22.7 21.9 64.5 34.5 25.86 4.73 3.79 
  22.3 21.7 64.7 33.7    
  22.6 21.9 65.3 33.9    

3 22.8 23.3 33.4 40.3 24.13 5.48 6.00 
  22.6 23.1 33.2 42.3    
  23.1 22.9 32.8 41.5    

4 22.6 22.7 40.7 41.9 24.45 5.21 5.07 
  22.7 23.1 40.7 42.5    
  22.5 23.3 40.7 42.7    

5 21.9 23.3 39.7 40.5 24.92 5.22 5.02 
  22.1 22.9 41.9 42.1    
  22.5 22.9 42.5 42.3    
    Avg 25.01 5.08 4.76 
    STDV 0.75 0.32 0.92 
        

 
Table A.25. Indentation data for CVD SiC (1 kgf) 

Young's
 Modulus: 466 GPa      

Load: 1 kg      
        
Indent # D1 (um) D2 (um) 2C1 (um) 2C2 (um) Hv Kc (Evans) Kc (Anstis) 

1 27.8 26.8 66.4 64.8 24.64 4.82 3.67 
  26.5 27.1 65.8 63.2    
  28.4 26.4 65.6 64.8    

2 25.9 26 71.8 57.2 26.79 4.903481 3.67 
  26.3 26 70.8 56.4    
  26.1 26 69.3 54.9    

3 26.7 27.1 72.3 49.1 24.49 5.04 4.04 
  27.3 26.8 71.5 50    
  28.1 27.5 73.5 51    

4 27.1 27 51.8 52.5 24.70 5.30 4.58 
  27 26.8 58.6 59.9    
  27.8 27.1 55.4 58.9    

5 27.5 26.6 54.7 51.6 24.49 5.45 4.87 
  27.8 27 53.2 55.5    
  27.6 27 54.7 54.7    
    Avg 25.02 5.11 4.17 
    STDV 1.00 0.27 0.54 
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Table A.26. Indentation data for ALON (0.1 kgf) 
 

Load: 0.1 kg      
        
Indent # D1 (um) D2 (um) 2C1 (um) 2C2 (um) Hv Kc (Evans) Kc (Anstis) 

1 10.7 10.9 19.4 17.3 15.83 2.49 2.62 
  10.4 10.7 19.1 18.2    
  10.7 10.9 18.7 16.7    

2 10.3 10.9 10.3 12.6 16.70 3.10 4.95 
  10.6 10.3 10.3 13.2    
  10.2 10.3 10.3 13.6    

3 10.4 10.7 18.4 20.6 16.34 2.42 2.35 
  10.3 10.7 18.5 20.4    
  10.3 10.9 18.2 20.2    

4 10.4 10.9 12.9 15.9 16.49 2.74 3.44 
  10.7 10.3 13.5 16.7    
  10.4 10.3 14.1 16.9    

5 10.7 10.3 14.5 17.6 16.08 2.63 3.08 
  10.6 10.5 15.6 16.9    
  10.8 10.9 15.4 17.6    

6 10.2 10.9 18.1 17.1 16.81 2.56 2.60 
  10.4 10.7 18.9 17.3    
  10.6 10.5 18.9 17.3    

7 10.6 10.5 17.8 16.1 16.86 2.58 2.80 
  10.6 9.9 18.1 15.9    
  10.6 10.1 18.9 15.7    

8 11 10.9 19.2 14.5 15.64 2.58 2.98 
  10.8 10.7 19.2 14.7    
  10.8 10.5 18.9 14.3    

9 10.9 10.3 16.5 14.9 16.39 2.70 3.32 
  10.6 10.4 15.9 14.7    
  10.7 10.3 16.1 14.3    

10 10.3 10.3 16.4 12.2 17.03 2.84 3.73 
  10.2 10.5 16.6 11.6    
  10.2 10.5 15.8 11.8    
    Avg 16.42 2.66 3.19 
    STDV 0.46 0.19 0.75 
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Table A.27. Indentation data for ALON (0.2 kgf) 
 

Load: 0.2 kg      
        
Indent # D1 (um) D2 (um) 2C1 (um) 2C2 (um) Hv Kc (Evans) Kc (Anstis) 

1 14.8 15.1 34.1 31 16.02 2.64 2.24 
  14.8 15.3 34.1 29.9    
  15.1 15.3 33.8 28.9    

2 14.9 14.9 36.9 33 16.23 2.53 2.01 
  14.9 15.1 36 31.6    
  15.1 14.9 35.9 32    

3 15.3 15.1 31.5 36.6 15.74 2.53 2.06 
  14.9 15.5 30.8 36.5    
  15.1 15.3 31.8 37.2    

4 15.2 15.9 28.3 30.4 14.82 2.78 2.73 
  15.3 16.3 27.1 28.9    
  15.2 16.1 28.4 29.5    

5 14.9 14.9 35.1 31.2 16.23 2.58 2.11 
  15.2 14.7 35 32    
  15 15.1 34.5 31.2    

6 14.7 14.9 29.6 28.5 16.38 2.83 2.65 
  14.9 14.5 27.3 27.9    
  15.3 15.1 29.1 27.9    

7 14.9 14.9 28.4 28.1 16.34 2.85 2.70 
  14.8 15.1 28.3 28.1    
  15.1 14.7 27.9 27.5    

8 15.3 15.1 27 27.7 15.95 2.87 2.81 
  15.2 14.9 26 27.5    
  14.8 15.3 26.9 30.1    

9 15 15.5 30.3 31.8 16.02 2.71 2.39 
  15.1 14.9 30.7 30.8    
  15 14.9 30.3 29.7    

10 15.4 15.1 31.1 34.7 15.53 2.61 2.22 
  15.7 15.1 30.1 33.4    
  15.4 15.1 31.8 33.9    
    Avg 15.93 2.69 2.39 
    STDV 0.47 0.13 0.31 
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Table A.28. Indentation data for ALON (0.3 kgf) 
 

Load: 0.3 kg      
        
Indent # D1 (um) D2 (um) 2C1 (um) 2C2 (um) Hv Kc (Evans) Kc (Anstis) 

1 18.6 18.6 45.2 44 15.77 2.69 2.09 
  18.5 18.8 44.5 43.6    
  18.5 18.6 44.2 43.6    

2 18.4 18.6 48.8 41.5 15.97 2.66 2.03 
  18.5 18.4 47.5 42.3    
  18.4 18.6 47.9 41.1    

3 18.5 18.4 42.4 41.9 16.11 2.80 2.24 
  18.5 18.2 41.1 41.3    
  18.6 18.2 42 42.1    

4 18.6 18.4 48.7 42.1 16.00 2.72 2.12 
  18.5 18.6 46.3 41.1    
  18.5 18.2 44.6 38.2    

5 18.1 18.2 42.6 39 16.62 2.85 2.29 
  18.1 18.2 43.4 38    
  18.1 18 43.4 38.6    

6 18.4 18.2 46.2 38.8 16.11 2.78 2.20 
  18.3 18.6 43.7 40.5    
  18.3 18.6 44.7 40.1    

7 18.2 18.8 42.4 39.9 16.08 2.77 2.19 
  18.2 18.6 44.3 41.9    
  18.3 18.4 44.2 42.3    

8 18.4 19.2 46.7 45.6 15.57 2.62 2.00 
  18.4 18.8 46.9 43.4    
  18.3 19.2 46 45    

9 18.2 18.6 43.8 48.9 16.02 2.65 2.01 
  18.4 18.4 41.6 46.7    
  18.7 18.4 41.6 47.7    

10 18.4 18.4 35 39.2 16.12 3.06 2.78 
  18.4 18.4 34.9 37.4    
  18.1 18.4 33.7 36.8    
    Avg 16.04 2.76 2.19 
    STDV 0.27 0.13 0.23 
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Table A.29. Indentation data for ALON (0.5 kgf) 
 

Load: 0.5 kg      
        
Indent # D1 (um) D2 (um) 2C1 (um) 2C2 (um) Hv Kc (Evans) Kc (Anstis) 

1 23.8 24.4 64.5 60.1 15.61 2.83 2.07 
  23.8 24.4 64.1 60.3    
  23.8 24.6 65.6 60.7    

2 24.1 24.8 65.4 60.1 15.27 2.84 2.12 
  24.1 24.8 62.1 62.8    
  23.8 24.8 63.6 60.3    

3 23.8 24.8 71.9 64 15.52 2.62 1.86 
  24 24.4 69.5 65.2    
  24 24.2 70.5 64    

4 24.3 23.8 71.3 67.7 15.74 2.55 1.78 
  24.3 23.7 70.4 68.6    
  24.3 23.8 68.3 67.9    

5 23.7 23.7 62 57.6 16.16 2.94 2.19 
  23.7 23.8 61.7 58.6    
  23.6 23.8 59.1 58.6    

6 23.8 24.6 62.1 58.4 15.54 2.89 2.16 
  24.1 24.2 63.7 59.3    
  23.8 24.6 62.5 60.1    

7 24.4 24 74.8 61.9 15.29 2.70 1.94 
  24.9 24.6 69.8 59.1    
  24.4 24 70.1 59.7    

8 24.1 23.5 52.2 54.3 16.30 3.17 2.52 
  23.7 23.7 55.6 56    
  23.4 23.3 53.4 53.7    

9 23.3 23.7 60.3 61.3 16.32 2.92 2.15 
  23.6 23.7 61.2 60.5    
  23.5 23.8 60.5 57.2    

10 23.5 24.6 64.6 56.8 15.96 2.90 2.15 
  23.4 24 63 57.8    
  23.5 24.2 65 57    
    Avg 15.77 2.84 2.09 
    STDV 0.39 0.18 0.20 
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Table A.30. Indentation data for ALON (0.7 kgf) 
 

Load: 0.7 kg      
        
Indent # D1 (um) D2 (um) 2C1 (um) 2C2 (um) Hv Kc (Evans) Kc (Anstis) 

1 29 28.7 82.1 76.4 15.40 2.95 2.12 
  28.8 28.5 79.5 73.5    
  28.6 28.9 82.1 71    

2 28.4 28.1 76.4 66.6 15.91 2.92 2.08 
  28.3 28.3 85.7 77.4    
  28.3 28.3 82 78.3    

3 27.6 28.1 70.2 62.8 16.33 3.46 2.75 
  27.7 28.1 66.2 63.6    
  27.7 28.3 61.3 59.3    

4 29.1 28.9 87.4 82.6 15.29 2.74 1.92 
  28.4 29.1 92.8 73.5    
  28.5 29.1 88.5 73    

5 28.6 28.9 62.8 73 15.58 3.24 2.47 
  28.7 28.1 65.1 74.4    
  28.7 28.5 66.2 76.9    

6 30.2 30.4 91.9 65.2 14.84 2.91 2.10 
  28.4 29.3 90.8 68.1    
  28.3 29.1 87.7 69.6    

7 27.8 28.3 77.5 65.7 16.20 3.14 2.30 
  27.9 28.1 78.6 67.1    
  28.2 27.9 75.3 68.6    

8 28.2 28.5 64.4 71.9 15.72 3.26 2.49 
  28.7 28.3 66.7 72.1    
  28.7 28.3 68 72.3    

9 28.8 28.3 81.8 86.6 15.71 2.69 1.86 
  28.5 28.3 79.5 88.1    
  28.4 28.5 81.2 87.1    

10 28.5 28.9 96.8 81.2 15.42 2.55 1.75 
  28.4 29.5 93.9 82    
  28.2 28.9 93.5 81.4    
    Avg 15.64 2.99 2.18 
    STDV 0.44 0.29 0.32 
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Table A.31. Indentation data for ALON (1 kgf) 
 

Young's Modulus: 334 GPa      
Load: 1 kg      

Indent # D1 (um) D2 (um) 2C1 (um) 2C2 (um) Hv Kc (Evans) Kc (Anstis) 
1 34 35.3 112.9 106.1 14.89 2.66 1.82 

  34.2 35.9 112 108.5    
  34 36.3 113.2 108.5    

2 34.2 34.9 116.6 111.4 15.23 2.59 1.76 
  34.2 34.9 112.9 106.1    
  34.2 34.9 115.4 107    

3 33.7 34.9 115.1 101.7 15.31 2.68 1.83 
  34.2 35.1 115.4 102.2    
  34.4 34.5 113.2 104.1    

4 33.7 34.5 106.9 99.2 15.87 2.78 1.90 
  34.1 32.7 109.8 99.2    
  34.2 33.9 111.7 101.7    

5 34.5 34.1 125.9 111.9 15.39 2.37 1.60 
  34.6 33.9 126.2 109.9    
  34.8 34.3 126.7 109.9    

6 34.6 34.3 100.1 105.6 15.41 2.90 2.01 
  34.4 34.3 95.6 107    
  34.4 34.1 96.5 106.1    

7 34.4 34.1 103 96.3 15.64 3.02 2.11 
  34.2 34.3 97.9 99.2    
  33.7 33.9 95.9 96.3    

8 34.2 34.5 112.3 100.7 15.66 2.71 1.84 
  34.2 33.9 111.5 105.1    
  33.8 33.9 111.2 103.1    

9 35 35.3 107.5 115.8 14.90 2.62 1.79 
  34.4 35.1 106.1 113.4    
  34.5 35.3 106.4 118.7    

10 33.6 33.9 106.9 97.3 15.84 2.90 2.00 
  34.1 33.7 104.7 95.8    
  34.1 33.9 103 99.7    
    Avg 15.41 2.72 1.87 
    STDV 0.35 0.19 0.15 
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Table A.32. Indentation data for PCA (0.1 kgf) 
 

Load: 0.1 kg      

        

Indent # D1 (um) D2 (um) 2C1 (um) 2C2 (um) Hv Kc (Evans) Kc (Anstis) 

1 8.6 8.7 14.8 15.5 24.58 3.00 2.85 

  8.9 8.5 16.1 16.7    

  8.6 8.3 16.2 15.5    

2 8.6 8.9 15.8 15.3 24.30 3.02 2.94 

  8.4 8.7 15 14.9    

  8.6 8.7 15.6 16.7    

3 8.7 8.5 17.3 16.1 25.07 2.95 2.67 

  8.6 8.3 16.8 15.5    

  8.5 8.5 17.3 15.3    

4 8.6 8.7 15.1 16.5 25.26 3.00 2.79 

  8.6 8.3 15.4 16.1    

  8.4 8.3 15.6 16.7    

5 8.5 8.7 15.2 14.9 24.68 3.07 3.05 

  8.5 8.9 14.4 14.5    

  8.2 8.7 16 15.5    

    Avg 24.78 3.01 2.86 

    STDV 0.39 0.04 0.14 

 
Table A.33. Indentation data for PCA (0.2 kgf) 

 
Load: 0.2 kg      

        

Indent # D1 (um) D2 (um) 2C1 (um) 2C2 (um) Hv Kc (Evans) Kc (Anstis) 

1 12.5 13.2 26.7 27.5 22.55 3.17 2.61 

  12.2 13.2 26.8 28.1    

  12.3 12.8 26.7 28.3    

2 12.9 13.2 29.3 28.9 21.57 3.07 2.49 

  12.9 13.4 29.4 28.7    

  12.7 12.8 28.1 27.5    

3 12.6 12.8 28.3 26.6 22.97 3.17 2.58 

  12.4 12.6 28.1 26.8    

  12.5 12.6 28.3 26.6    

4 12.4 12.4 27.6 26.6 23.46 3.17 2.56 

  12.2 12.6 28.3 26.6    

  12.5 12.6 28.6 26.4    

5 12.4 12.6 28.3 26.2 23.78 3.21 2.60 

  12 12.6 28.1 25.6    

  12 12.6 27.9 25.6    

    Avg 22.86 3.16 2.57 

    STDV 0.86 0.05 0.05 
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Table A.34. Indentation data for PCA (0.3 kgf) 

 
Load: 0.3 kg      

        

Indent # D1 (um) D2 (um) 2C1 (um) 2C2 (um) Hv Kc (Evans) Kc (Anstis) 

1 15.6 15.7 37.8 35.1 21.94 3.28 2.53 

  15.7 15.7 38 36.6    

  15.6 16.3 38.2 35.9    

2 16.2 16.3 38.5 37 21.40 3.19 2.43 

  16.1 16.3 38.7 38.2    

  15.6 15.3 39.1 38.2    

3 15.1 16.1 36.2 34.7 23.30 3.38 2.61 

  14.7 15.3 35.4 34.9    

  14.9 15.7 35.9 35.5    

4 15.4 15.9 38.7 38.6 21.94 3.19 2.4 

  15.4 16.3 38.8 37.2    

  15.7 15.9 38.3 37.8    

5 15.6 15.5 39.2 38.2 22.56 3.16 2.33 

  15.8 15.5 39.9 37.8    

  15.4 15.5 39.1 37.6    

    Avg 22.23 3.24 2.46 

    STDV 0.73 0.09 0.11 

 
Table A.35. Indentation data for PCA (0.5 kgf) 

 
Load: 0.5 kg      

        

Indent # D1 (um) D2 (um) 2C1 (um) 2C2 (um) Hv Kc (Evans) Kc (Anstis) 

1 20.7 20 53.8 65.4 21.88 3.21 2.25 

  20.7 20.4 55.1 52.7    

  20.3 20.2 55.3 55.3    

2 20.9 20.9 58.7 52 20.95 3.26 2.32 

  20.9 20.7 59.9 53.1    

  20.7 20.9 59.5 52.2    

3 20.4 20.4 54.6 49.1 22.13 3.43 2.47 

  20.1 20.2 55.3 50.6    

  20.1 20.4 55.8 50.6    

4 19.6 20.9 56.3 49.4 22.02 3.32 2.35 

  20 20.6 59.4 50.2    

  20.2 20.6 59.1 52.5    

5 20 20.4 55.5 53.1 22.21 3.27 2.30 

  20.1 20.6 57 54.1    

  20.1 20.2 57.2 54.3    

    Avg 21.84 3.298055 2.34 

    STDV 0.51 0.08 0.08 
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Table A.36. Indentation data for PCA (0.7 kgf) 

 
Load: 0.7 kg      

        

Indent # D1 (um) D2 (um) 2C1 (um) 2C2 (um) Hv Kc (Evans) Kc (Anstis) 

1 24.4 24.4 75.9 65.7 21.70 3.29 2.25 

  24 24 75.1 66.3    

  24.5 24 74.8 65.5    

2 24.2 24.4 73.6 63.6 21.89 3.34 2.30 

  23.8 24 74.6 66.5    

  24.1 24.2 73.7 64.8    

3 24.3 24.6 74.7 62.8 21.47 3.44 2.40 

  24.1 24.4 74.3 61.1    

  24.1 24.6 74.3 60.3    

4 23.5 23.5 74.2 65 22.88 3.30 2.24 

  23.4 23.7 73.7 64.4    

  23.6 23.8 73.9 66.1    

5 24.6 23.8 74.7 66.1 22.07 3.28 2.24 

  24.2 24 74 67.3    

  23.8 23.7 74.7 65.7    

    Avg 22.00 3.33 2.28 

    STDV 0.54 0.06 0.07 

 
Table A.37. Indentation data for PCA (1 kgf) 

Young’s Modulus: 400 GPa      
Load: 1 kg      

        

Indent # D1 (um) D2 (um) 2C1 (um) 2C2 (um) Hv Kc (Evans) Kc (Anstis) 

1 29.1 29.3 89.3 87.6 21.20 3.38 2.29 

  29.4 29.4 89.7 88    

  29.2 29.3 89.5 90.2    

2 29.1 29.5 98.9 82 21.42 3.35 2.26 

  28.4 29.5 98.5 81.1    

  29 29.3 98.5 78.3    

3 29.3 28.5 97.2 77.8 21.90 3.41 2.30 

  28.8 28.5 97.9 77.9    

  29.1 28.7 98.6 78.3    

4 29 28.7 112.2 80.1 21.82 3.05 2.03 

  29.1 28.9 112 78.7    

  28.8 28.7 111.9 79.5    

5 29.2 29.3 98.5 82 21.82 3.28 2.20 

  29.2 28.7 99.7 83    

  29.3 27.5 98.9 82.2    

    Avg 21.63 3.29 2.22 

    STDV 0.30 0.15 0.11 
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Table A.38. Indentation data for Sapphire (0.1 kgf) 

 
Load: 0.1 kg      

        

Indent # D1 (um) D2 (um) 2C1 (um) 2C2 (um) Hv Kc (Evans) Kc (Anstis) 

1 9.4 10.1 19 18.6 18.55 2.53 2.37 

  9.9 10.1 17.7 18.4    

  10 9.9 19.3 19.2    

2 10.4 10.3 19.1 19 17.77 2.51 2.40 

  9.9 9.9 19.1 18.6    

  9.9 10.3 19.3 17.6    

3 10 10.3 20.6 19.2 17.14 2.42 2.23 

  10.4 10.7 20.3 19.6    

  9.9 10.5 19.9 20.4    

4 10.4 10.3 18.4 17.6 17.48 2.55 2.54 

  10.1 10.5 18.2 18    

  9.8 10.1 18.3 18.6    

5 10 10.3 17.9 17.5 18.18 2.58 2.57 

  10 9.9 17.8 17.6    

  9.9 9.9 18.4 17.8    

    Avg 17.82 2.52 2.42 

    STDV 0.56 0.06 0.14 

 
Table A.39. Indentation data for Sapphire (0.2 kgf) 

 
Load: 0.2 kg      

        

Indent # D1 (um) D2 (um) 2C1 (um) 2C2 (um) Hv Kc (Evans) Kc (Anstis) 

1 14.5 14.7 35.2 34.5 17.14 2.51 1.92 

  14.4 14.7 35.7 34.5    

  14.4 14.7 37 33.4    

2 14 15.1 33.2 34.3 17.10 2.59 2.05 

  14.1 15.1 33.3 33.5    

  14.3 14.9 33.8 33.4    

3 14.3 14.7 31.8 31 17.46 2.72 2.26 

  14.2 14.5 31.6 30.4    

  14.4 14.5 30.9 32    

4 14.3 13.8 26.7 24.2 18.55 3.03 2.87 

  14.2 13.2 26.7 24.6    

  14.3 14.2 27.7 26.6    

5 14 14.5 36 30.8 18.12 2.59 1.99 

  14.1 14.2 35.3 31.6    

  13.9 14.3 36.6 31.2    

    Avg 17.67 2.69 2.22 

    STDV 0.64 0.21 0.39 
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Table A.40. Indentation data for Sapphire (0.3 kgf) 
 

Load: 0.3 kg      

        

Indent # D1 (um) D2 (um) 2C1 (um) 2C2 (um) Hv Kc (Evans) Kc (Anstis) 

1 17.8 17.6 46.3 44.8 17.25 2.62 1.91 

  17.7 18 46.9 46.3    

  17.6 18 46.8 44.6    

2 18.5 18.4 44.7 42.5 16.84 2.69 2.02 

  17.9 17.6 45.8 43.8    

  18.1 17.5 46.5 44.6    

3 17.6 17.8 46 43.6 17.78 2.68 1.97 

  17.5 17.5 45.4 43.8    

  17.4 17.3 46.6 42.3    

4 17.6 17.5 45.4 50.6 17.38 2.53 1.81 

  17.8 18 45.2 50.2    

  17.8 17.6 44.5 49.4    

5 17.7 18 42 44.8 17.48 2.72 2.02 

  17.5 17.6 42.9 46.5    

  17.7 17.5 42.2 45.8    

    Avg 17.34 2.65 1.95 

    STDV 0.34 0.07 0.09 

 
 

Table A.41. Indentation data for Sapphire (0.5 kgf) 
Young's 

Modulus: 345 GPa      
Load: 0.5 kg      

        

Indent # D1 (um) D2 (um) 2C1 (um) 2C2 (um) Hv Kc (Evans) Kc (Anstis) 

1 23.5 24.6 71 58.4 16.07 2.78 1.99 

  23.7 24 70.4 58    

  23.4 23.5 70.5 58.6    

2 23.5 23.5 78.3 72.5 16.56 2.30 1.56 

  22.9 23.7 78.1 73.3    

  23.2 23.8 75.5 72.1    

3 23.3 23.8 67.3 68.4 16.58 2.58 1.78 

  22.9 23.7 66.2 70.4    

  23.1 23.7 68.7 70.2    

4 23.1 24.2 68.7 70.4 15.83 2.55 1.78 

  23.4 24.8 68.1 71.4    

  23.7 24.6 68.9 70.8    

5 23.1 22.9 67.9 72.5 16.94 2.49 1.70 

  23.3 23.1 67.9 72.1    

  23.3 23.3 68.7 72.5    

    Avg 16.39 2.54 1.76 

    STDV 0.44 0.17 0.15 
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Table A.42. Indentation data for Spinel (0.1 kgf) 
 
 

Load: 0.1 kg      
        
Indent # D1 (um) D2 (um) 2C1 (um) 2C2 (um) Hv Kc (Evans) Kc (Anstis) 

1 10.9 10.9 17.8  15.44 2.31 2.46 
  10.7 10.9 18.6     
  11 10.7 17.3     

2 10.9 11.8 22.1 19 14.24 2.11 2.00 
  11 11.6 22.1 20.6    
  11.4 11.1 22.1 20.9    

3 10.7 10.9 19.6  15.54 2.15 1.97 
  10.7 10.9 21.2     
  10.8 10.9 21.4     

4 10.8 10.9 21.6  15.88 2.10 1.82 
  10.4 10.9 21.4     
  10.3 10.9 22.2     

5 10.8 11.1 19  15.40 2.19 2.09 
  10.8 10.9 20.3     
  10.9 10.7 20.6     

6 11.5 11.6 19.6 27.6 13.99 1.94 1.60 
  11.2 11.6 19.6 31    
  11.5 11.2 20 30.2    

7 10.3 10.7 23.8  15.98 2.0 1.61 
  11 10.5 23.2     
  10.8 10.7 23.6     

8 10.6 10.7 17.2 15.5 16.03 2.40 2.72 
  10.6 10.7 18 17.1    
  10.8 10.5 15.9 15.7    

9 10.8 10.7  18.4 15.40 2.29 2.41 
  10.9 11.2  17.8    
  10.7 10.9  18.4    

10 10.9 11.4 17.8  15.03 2.23 2.26 
  10.7 11.1 19.4     
  10.8 11.1 20.2     
    Avg 15.29 2.17 2.09 
    STDV 0.69 0.14 0.37 
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Table A.43. Indentation data for Spinel (0.2 kgf) 
 

Load: 0.2 kg      
        
Indent # D1 (um) D2 (um) 2C1 (um) 2C2 (um) Hv Kc (Evans) Kc (Anstis) 

1 16 16.3 42.1  13.88 2.00 1.46 
  15.9 16.3 41.3     
  16.1 16.5 41.8     

2 16 16.3  34.3 13.80 2.33 2.00 
  15.7 16.7  33.9    
  16 16.7  33.9    

3 15.8 15.7 30 31.6 14.69 2.48 2.23 
  15.7 15.5 31 31.2    
  15.8 15.9 30.2 31    

4 16.8 16.7 33.6 31.2 12.99 2.40 2.23 
  16.6 16.5 31.9 34.2    
  16.7 17.1 31.8 30.1    

5 16.2 16.5 39 38.6 13.63 2.17 1.70 
  16.1 16.5 38 38    
  16.2 16.5 36.9 37.2    

6 15.6 16.3 32.3 35.5 14.23 2.33 1.95 
  15.8 16.1 34.1 34.5    
  15.8 16.3 33.5 34.9    

7 16.2 17.3 36 35.3 13.20 2.28 1.93 
  15.9 16.9 35.9 34.9    
  16.4 16.9 34.4 34.9    

8 15.2 16.3 43.2 30.8 14.23 2.23 1.77 
  16.2 16.3 40.8 30.8    
  16 15.9 40 32.4    

9 15.8 16.1 37.3 34.9 14.26 2.21 1.73 
  15.9 16.1 37.5 36.1    
  16 15.9 39.2 36.3    

10 16.4 16.1 32.4 32.2 13.97 2.43 2.20 
  16.1 16.1 30.8 31.4    
  16 16.1 30.7 32.6    
    Avg 13.89 2.29 1.92 
    STDV 0.52 0.14 0.26 
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Table A.44. Indentation data for Spinel (0.3 kgf) 
 

Load: 0.3 kg      
        
Indent # D1 (um) D2 (um) 2C1 (um) 2C2 (um) Hv Kc (Evans) Kc (Anstis) 

1 19.9 20.4 55.9 56 14.01 2.00 1.39 
  19.5 19.6 55.3 58    
  19.4 19.6 56.3 56.2    

2 19.8 19.8 44.9 45 13.96 2.44 1.92 
  19.8 20 45.3 45.8    
  19.4 19.8 46.8 44.8    

3 20.1 19.6 48.5 43.2 13.84 2.36 1.82 
  19.9 19.6 52 43.8    
  20.1 19.8 52.6 43.8    

4 20.4 20 55.9 51.8 13.50 2.01 1.42 
  20.3 19.8 59.1 56.4    
  20.3 19.8 59.1 55.8    

5 19.3 20 45.4 42.3 14.08 2.51 2.05 
  19.4 20 45 41.1    
  19.6 19.8 45.9 40.9    

6 19.8 20 51.6 44.2 13.96 2.28 1.69 
  19.6 19.6 53.3 46.9    
  20 19.6 55.1 45.6    

7 20.2 20 41.7 41.9 13.39 2.58 2.24 
  20.3 20 41.6 40.7    
  20.6 20 42.4 41.3    

8 19.9 19.4 34.9 41.5 13.87 2.73 2.54 
  20 19.8 35.4 41.1    
  19.9 20 32.3 41.5    

9 20.1 20 41.3 40.3 13.75 2.61 2.28 
  19.8 20.2 41.5 40.1    
  19.8 19.6 41.6 39.9    

10 19.8 20 66 49.3 14.13 1.93 1.32 
  19.5 19.6 68.3 48.3    
  19.6 19.4 68.8 48    
    Avg 13.85 2.35 1.87 
    STDV 0.24 0.28 0.42 
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Table A.45. Indentation data for Spinel (0.5 kgf) 

 
Load: 0.5 kg      

        
Indent # D1 (um) D2 (um) 2C1 (um) 2C2 (um) Hv Kc (Evans) Kc (Anstis) 

1 26.2 26.4 82.5 97.3 13.14 1.76 1.19 
  26.2 26.6 83.1 97.8    
  26 26.4 83 95.4    

2 25 25.8 65.3 70.2 14.09 2.35 1.65 
  25.1 25.8 63.7 77.8    
  24.9 25.8 67 79.3    

3 25.1 25.4 74 80.8 14.20 2.07 1.40 
  25.4 25.4 73.5 86.6    
  25.3 25.2 72.6 84.2    

4 25.6 25.8 67.7 74.3 13.87 2.38 1.69 
  25.6 25.2 65.6 72.1    
  25.6 25.8 66.8 73.3    

5 25.3 25.8 73.6 64.2 13.96 2.41 1.71 
  25.6 25.4 73.3 64.2    
  25.6 25.4 75 64.2    

6 25.9 26.4 78.4 77.8 13.23 2.13 1.46 
  26.1 26.6 78 76.8    
  26.1 26.2 79.3 77.6    

7 25.8 25.8 70.5 67.7 14.00   
  25.3 25.6 71 67.7    
  25.2 25.2 71 67.9    

8 28.7 26.6 83 85.1 12.07 2.02 1.38 
  28.1 26.8 79.7 84.5    
  28.1 26.4 81.2 84.2    

9 25.2 25.4 76.9 65.5 14.07 2.31 1.61 
  25.8 25.4 77.6 67.5    
  25.3 25.4 76.8 66.5    

10 25.8 26 74.2 68.3 13.62 2.35 1.67 
  26.6 25.4 73.6 68.1    
  25.8 25.4 73.3 67.7    
    Avg 13.63 2.08 1.53 
    STDV 0.66 0.46  
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 Table A.46. Indentation data for Spinel (0.7 kgf) 
 

Load: 0.7 kg      
        
Indent # D1 (um) D2 (um) 2C1 (um) 2C2 (um) Hv Kc (Evans) Kc (Anstis) 

1 31.6 31.2 111.7 137.2 13.09 1.50 1.02 
  30.7 31.6 110.3 138.6    
  30.6 31.4 111.7 137.2    

2 30.3 30.2 106.9 88.1 14.00 2.10 1.41 
  30.1 30.1 110.3 87.6    
  30 30.2 111.2 84.6    

3 30.2 30.2 107.5 94.9 14.08 1.95 1.30 
  29.9 30.1 112.9 96.3    
  30.1 29.9 111.2 97.3    

4 29.8 30.1 92.5 95.8 14.33 2.03 1.35 
  29.6 29.9 101 105.1    
  29.5 29.9 103.3 103.1    

5 30.3 31 98.5 92.9 13.59 2.11 1.42 
  30.4 31 104.4 95.8    
  30.3 30.6 101 98.3    

6 30.7 31.2 99 97.8 13.47 2.07 1.40 
  30.6 30.6 101.6 102.6    
  30.7 30.6 100.1 98.8    

7 30.7 31 95.1 71 13.40 2.57 1.83 
  30.8 31.2 93.9 75.4    
  30.4 30.8 92.8 73.5    

8 30.1 30.6 104.4 87.6 13.96 2.19 1.48 
  30 30.1 101.3 88.5    
  30.3 30.1 102.1 88.1    

9 30.3 31.4 115.1 93.9 13.58 1.94 1.30 
  30.2 31 116.6 94.9    
  30 30.8 114 93.9    

10 30.9 31.2 98.5 103.6 13.43 1.99 1.34 
  30.6 30.8 103 105.6    
  30.4 30.8 101.6 105.6    
    Avg 13.69 2.05 1.39 
    STDV 0.38 0.26 0.20 
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Table A.47. Indentation data for Spinel (1 kgf) 
 
 

Young's
 Modulus: 273 GPa      

Load: 1 kg      
        
Indent # D1 (um) D2 (um) 2C1 (um) 2C2 (um) Hv Kc (Evans) Kc (Anstis) 

1 37.9 38.4 146 131.8 12.68 1.81 1.23 
  37.6 37.6 150.2 138.2    
  37.7 38 150.5 130.4    

2 36.1 36.3 127 107 13.81 2.30 1.55 
  36.1 36.3 127.3 109    
  36.6 36.3 128.2 107    

3 36.3 37 143.2 139.1 13.28 1.74 1.18 
  36.7 38.2 143.2 143.5    
  36.8 37 148.5 140.6    

4 37.4 38 143.7 142.1 12.86 1.66 1.13 
  37.3 37.6 153.1 146.9    
  37.3 38 155.6 148.9    

5 36.3 35.9 118.5 114.8 13.86 2.33 1.57 
  36.2 36.3 118.8 112.9    
  36.5 36.1 118.5 113.8    

6 36.2 36.5 119.1 127 13.65 2.11 1.41 
  36.1 36.5 125 128.4    
  36.7 37 121.9 131.4    

7 36.9 36.6 122.8 118.2 13.39 2.26 1.52 
  37.1 36.8 121.9 119.7    
  36.7 37 118.3 119.2    

8 36.1 36.5 123.9 122.1 13.70 2.10 1.41 
  36.7 36.5 126.5 126    
  36.5 36.3 126.7 128.4    

9 36.8 36.6 126.2 126 13.61 2.08 1.39 
  36.8 36.5 125.6 129.4    
  36.5 36.1 125.3 127.9    

10 36.1 36.5 130.7 144 13.85 1.82 1.22 
  36 36.1 128.7 143    
  36.2 36.5 133.2 145    
    Avg 13.47 2.02 1.36 
    STDV 0.42 0.25 0.16 
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Appendix B 
 

Additional SEM Images for Chapter 4 
 
 

The present appendix shows additional SEM images of the materials discussed in 
Chapter 4: BC12N, K801, M10 and Cerbide (for details, see Table 4.1).  
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Fig. B.1 SEM images of surface morphology of previously rough ground (40 µm) 
BC12N, which was subsequently etched.  
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Fig. B.2 SEM images of surface morphology of K801 previously ground, which was 
subsequently spotted and etched (see Chapter 4): (a-b) 3min – rough ground; (c-d) 6 
min – medium ground; (e-f) 18 min – rough ground; (g-h) rough ground and etched.   
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Fig. B.3 SEM images of surface morphology of K801 previously fine ground, which 
was subsequently spotted and etched (see Chapter 4): (a-b) etched; (c-d) 6 min; (e) 6 
min; (g) as ground. 
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Fig. B.4 SEM images of surface morphology of M10 previously ground, which was 
subsequently spotted and etched (see Chapter 4): (a-b) rough ground; (c-d) rough 
ground and etched; (e-f) 6 min – fine ground. 



 196

 
 

500 nm 500 nm

2 µm 2 µm

2 µm 2 µm

2 µm10 µm

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. B.5 SEM images of surface morphology of Cerbide previously rough ground, 
which was subsequently spotted (see Chapter 4): (a-f) as ground; (g-h) 6 min – rough 
ground. 
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Appendix C 

 

Effect of MRF Fluid Composition and Setup for Ni-Based 

and Co-Based WC 

 
The following summarizes additional grinding and spotting experiments for 

nonmagnetic (Ni-based) and magnetic (Co-based) tungsten carbides. The first group 

of materials included five nonmagnetic WC samples (i.e., nickel (Ni) based binder), 

including one binderless material, whereas the second group included six magnetic 

WC samples (i.e., cobalt (Co) based binder). All the materials tested were selected on 

the basis of their binder content and grain size as well as their mechanical properties. 

Hardness measurements were obtained as discussed in Chapter 2 and listed in Table 

2.2. All surfaces were ground on the SX50 CNC machine1 using a contour tool 

configuration (see Fig. 1). Spotting experiments were completed using the Q22-Y 

MRF CNC machine,2 with both an experimental nanodiamond fluid and a 

commercial nanodiamond (D103) polishing slurry (see Chapter 3). The white light 

interferometer4 was used to measure surface roughness on the ground surfaces, as 

well as inside the spots ddp area. Spot geometry (i.e., maximum depth and volume) 

was measured using the profilometer5 3-D scans (for details see Chapter 3).  

 

 
(a). (b).

 
2 

 

 

 

 3 

 1
 

Fig. C.1. (a). Schematics of contour-grinding configuration. (b). Contour-grinding a 
magnetic WC on the OptiPro SX 50. Arrows represents (1) workpiece, (2) tool, (3) 
coolant nozzles.   
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C.1  Experimental Results  

C.1.1 Surface Roughness and Surface Morphology from Grinding  

 Surface-roughness data for all materials after each grinding stage were taken 

using the white-light interferometer. Results are reported in Table C.1 for all surfaces 

in their as-ground state.  

The data given in Table C.1 show the expected result of smoothing with 

decreasing diamond abrasive size. The p–v surface-roughness varied from ~5.8 µm 

(M10) to ~2.7 µm (K94) with the coarse tool, from ~3.8 µm (M10 & Cerbide) to ~0.5 

µm (K801) with the medium tool, and from ~2.3 µm (K3520) to ~50 nm (M45) with 

the fine tool.  

 

Table C.1. Tungsten carbide surface-roughness under contour grinding conditions, 
using rough, medium, and fine tools. Measurements were taken on the white-light 

interferometer a 
Matl. ID Rough tool  

(40-µm diamond size) 
Medium tool 
(10- to 20-µm diamond size) 

Fine tool 
(2- to 4-µm diamond size) 

 p-v (nm) rms (nm) p-v (nm) rms (nm) p-v (nm) rms (nm) 
Non magnetic materials (Ni based) 

BC12N6, b 3280 ±194 154 ±19 2372 ±59 72 ±4 86 ±13 13 ±3 
K8017 2587 ±164 71 ±9 3037 ±347 67 ±7 84 ±10 12 ±3 
M458 3826 ±283 314 ±15 3679 ±375 119 ±6 53 ±7 7 ±1 
M108 4374 ±464 412 ±35 3349 ±148 235 ±12 67 ±9 12 ±2 

Cerbide9, c 3903 ±301 307 ±19 3800 ±436 208 ±12 69 ±8 10 ±1 
Magnetic materials (Co based) 

K35207 3151 ±194 102 ±13 3404 ±519 86 ±13 2379 ±272 61±23 
K38337 3167 ±194 125 ±10 1892 ±506 41±5 2111±389 24 ±5 
K947 3053 ±244 112 ±12 2487 ±366 89 ±3 342 ±149 23 ±5 

BC14S6 3681 ±333 271 ±17 3412 ±421 108 ±8 187 ±16 20 ±3 
K7147 4047 ±384 333 ±22 3627 ±227 145 ±11 214 ±51 25 ±10 
JO58 d 3270 ±340 196 ±4 - - - - 

a Surface roughness data represents average of two sets of experiments using the 
rough and medium tools, except for BC12N, and JO5. Surface roughness data of the 
fine ground surfaces represents only one set of experiments. 
b BC12N was not used later on the Q-22Y 
c These materials (40 mm diameter x 15 mm thickness)were obtained from Basic 
Carbide Corp., PA, during Feb. 2007.   
c JO5 was destroyed after chemical analysis that was done after rough grinding and 
spotting on the Q-22Y. Therefore there are no results of medium and fine grinding.  
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C.1.2 Magnetorheological Finishing (MRF) Spotting  

 MRF spots of various durations were taken on all ground surfaces of both 

nonmagnetic and magnetic materials. Spots were taken with commercial and 

experimental MRF fluids, as described in Chapter 3 (see Fig. C.2). Tables C.2-C.19 

tabulate spots physical properties, such as the spots volume and maximum depth and 

the microroughness at the ddp region, as described in Chapter 3.  

  

 

1

2

 

 

 

 

 

 

 

 

 

Fig. C.2. Magnetic WC being spotted on the Q22-Y MRF machine. Arrows 

represents (1) magnetic WC workpiece, (2) MRF ribbon. 

 

 

 An interesting phenomena was observed in the case of spotting magnetic 

samples on the Q22-Y using the D10 slurry, artifacts protruding on surface of the ddp 

region were observed using the interferometer. This resulted in offsetting the data 

collected by the interferometer. These artifacts were in the form of continuous spikes 

or sleek, and were assumed to occur due to discrete interruptions in the MRF ribbon 

flow direction, and enhanced as the dwell time continued. Figure C.3(a) shows a 

pseudo color image of 0.35 × 0.26 mm2 areal roughness measurements taken within 

spot ddp area taken on previously rough ground magnetic WC sample (BC14S,6 

14wt% Co), arrows indicates the artifacts discussed above. Figure C.3(b) shows a 

single line scan of the same areal measurement. Roughness values for the line scan 
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were ~700 nm p-v (~50 nm rms) representing the vertical height of these artifacts 

relative to the surface (represented in Fig. C.3(b) with a double side arrow - typical 

values of these artifacts ranged from 0.5- to 1.5 µm for other magnetic materials 

tested), surface roughness was < 100 nm for regions that didn’t include these artifacts 

(~10 nm rms). In order to mask out these artifacts the following techniques were 

tested:  

1. Selecting a greater magnification (using ×2 magnification with the ×20 Mirau 

objective) and taking selective random measurements over five 170 × 170 

µm2 areas randomly distributed across the ddp area. This technique is limited 

to artifacts spaced > 170 µm. 

2. When artifacts were present inside the selected area described in the previous 

technique, the interferometer software masking option was utilized to measure 

the roughness within 100 × 30 µm2 areas randomly distributed across the ddp 

region. The results of this technique represent ten averaged scans per spot.  

3. Another technique is using the stitching capabilities of the interferometer, 

which allow us to stitch a large area of the spot including the ddp region. We 

then masked out five 300 × 300 µm2 areas randomly distributed within the 

ddp region. However, this technique was very time consuming and required 

large amounts of the computer memory capacity. 

 

When comparing the results of techniques 2 and 3 we found that both produce 

comparable surface roughness measurements. However, as seen from Fig. C.4 the 

stitching technique described above resulted in higher roughness values (The data 

corresponding to the above techniques is tabulated in the results section). In the case 

of nonmagnetic (Ni-based) tungsten carbide samples, addition, artifacts were also 

found within spots taken on nonmagnetic (Ni-based) samples. In these cases, the 

artifacts were masked-out (the inverse of the first technique) during surface 

measurements, or using technique 2 listed above as indicated in results section. 
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Fig. C.3 (a) 3-D map taken using the white light interferometer within a spot ddp 
region taken on previously rough ground BC14S. Arrows represent the artifacts on 
the polished surface. (b) Profile of the areal scan cross section. Roughness values at 
the ddp were p-v roughness ~700 nm (typical values ranged from 0.5- to 1.5 µm) for 
surfaces with artifacts, and less than 100 nm (~10 nm rms) for regions without 
artifacts. 
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Fig. C.4. The evolution of surface roughness (p-v) with the amount of material 
removed by the MRF for K94 with initial rough ground conditions. The two curves 
represent two data collecting techniques: 1. stitching interferometry and masking out 
five 300- × 300-µm2 areas randomly distributed within the ddp region and masking, 
2. masking ten 100- × -30 µm2 areas randomly distributed across the ddp area (two 
per measurement).  
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C.1.3 Subsurface Damage Evaluation from the Spotting Experiment 

To investigate the amount of material needed to be removed by the MRF spot 

(i.e., the depth of the deformed layer from the grinding cycles), we plotted the 

evolution of the surface roughness with the maximum amount of material removed 

(see Figures 6-12). It was observed that for all the magnetic materials the initial 

surface roughness is removed when the MRF (D10) penetrates past 4.3- to 6 µm of 

the deformed layer thickness for the rough ground surfaces (40µm abrasives), and 

1.2- to 7.1 µm for the medium ground surfaces (10- to 20 µm abrasives). When 

materials were ground with the finer tool (2- to 4 µm abrasives) surface roughness did 

not improve significantly for K3833, K94, BC14S, and K714, suggesting the removal 

function when using the fine tool was dominate by plastic flow rater than fracture.10 

For K3520 with the coarser grain size (10 µm), the initial surface roughness was 

removed when the MRF penetrated past 2.4 suggesting the presence of a deformed 

layer due to its large grain size and Co binder (20 wt%). Tables 2-5 and Tables C.11-

C.14 summarize results for nonmagnetic materials, while Tables C.6-C.10 and Tables 

C.15-C.19 summarize results for magnetic materials, using the commercial D10 and 

the experimental nanodiamond slurry, respectively (spot time “0” represent the as 

ground surface). 
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C.1.3.1 Summary of Results for Grinding and Spotting Experiments 

(D10) 

The following tables summarize results from contour grinding and MRF 

spotting experiments. Materials were first ground using the SX50 CNC1 machine with 

a rough, medium and fine tools. MRF spotting was done on the Q22-Y CNC2 

machine using commercial D103 slurry. Machine parameters were the same for all 

materials. Surface roughness measurements were taken at five random locations 

within spots ddp using the white light interferometer. The maximum depth and 

volume removed were extracted from the profilometer 3-D scans (for details on 

experimental procedures see Chapter 3).  
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C.1.3.1.1 Nonmagnetic Materials 
 

Table C.2. Summary results of the grinding and spotting experiments for K801 
Material ID: K801 

Spot 
time, 
min 

Remove spikes: off Remove spikes: on Spot physical dimensions MRF removal rate 

 p-v (nm) rms (nm) p-v (nm) rms (nm) Depth (µm) Vol. (mm3) (µm / 
min) 

(mm3/ 
min) 

Initial conditions: rough ground (40 µm tool diamond size) 

0 2277 ±163 62 ±10.4 1432 ±201 55 ±7.1 NA NA NA NA 
1 772 ±242 34 ±1.7 414 ±82 34 ±1.6 1.19 ±0.06 0.0139 ±0.0021 1.19 0.014 
2 443 ±37 39 ±1.8 397 ±21 39 ±1.8 2.18 ±0.03 0.0230 ±0.0012 1.09 0.012 
3 441 ±41 44 ±3.1 465 ±73 44 ±3.1 2.90 ±0.02 0.0299 ±0.0012 0.97 0.010 
4 477 ±51 47 ±5.4 448 ±66 47 ±5.4 3.58 ±0.14 0.0387 ±0.0029 0.90 0.010 
5 441 ±41 47 ±2.2 441 ±41 47 ±2.2 4.21 ±0.03 0.0453 ±0.0016 0.84 0.009 
6 466 ±56 43 ±1.6 466 ±56 43 ±1.6 5.12 ±0.06 0.0564 ±0.0022 0.85 0.009 
7 448 ±87 44 ±1.6 438 ±64 44 ±0.6 5.95 ±0.02 0.0645 ±0.0013 0.85 0.009 
8 517 ±162 48 ±3.5 613 ±216 48 ±3.4 6.62 ±0.02 0.0728 ±0.0015 0.83 0.009 

12 398 ±10 44 ±1.4 408 ±29 44 ±1.4 9.33 ±0.02 0.1100 ±0.0010 0.78 0.009 
16 409 ±19 48 ±2.2 409 ±19 48 ±2.2 12.20 ±0.00 0.1443 ±0.0006 0.76 0.009 

Initial conditions: medium ground (10-20 µm tool diamond size) 
0 2960 ±473 62 ±6.4 1235 ±140 52 ±8.4 NA NA NA NA 
1 310 ±27 30 ±1.3 309 ±27 30 ±1.3 1.30 ±0.05 0.0116 ±0.0005 1.30 0.012 
2 359 ±103 35 ±0.6 333 ±48 35 ±0.6 2.03 ±0.01 0.0205 ±0.0006 1.02 0.010 
3 498 ±235 40 ±1.4 430 ±123 40 ±1.4 2.81 ±0.04 0.0274 ±0.0012 0.94 0.009 
4 485 ±76 43 ±1.4 445 ±52 43 ±1.4 3.48 ±0.05 0.0362 ±0.0003 0.87 0.009 
5 378 ±38 44 ±3.1 378 ±38 44 ±3.1 4.33 ±0.02 0.0480 ±0.0003 0.87 0.010 
6 418 ±45 47 ±2.8 418 ±45 47 ±2.8 5.16 ±0.02 0.0575 ±0.0009 0.86 0.010 
7 363 ±40 41 ±1.7 363 ±40 41 ±1.7 6.18 ±0.02 0.0684 ±0.0013 0.88 0.010 
8 398 ±42 45 ±6.9 390 ±55 45 ±6.9 6.82 ±0.03 0.0801 ±0.0012 0.85 0.010 

12 436 ±79 44 ±4.3 390 ±73 44 ±4.3 10.07 ±0.06 0.1217 ±0.0006 0.84 0.010 
16 464 ±108 46 ±6.9 - - 13.10 ±0.00 0.1650 ±0.0017 0.82 0.010 

40x objective
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Table C.3. Summary results of the grinding and spotting experiments for M45 
Material ID: M45 

Spot 
time, 
min 

Remove spikes: off Remove spikes: on Spot physical dimensions MRF removal rate 

 p-v (nm) rms (nm) p-v (nm) rms (nm) Depth (µm) Vol. (mm3) (µm / 
min) 

(mm3/ 
min) 

Initial conditions: rough ground (40 µm tool diamond size) 

0 3970 ±246 419 ±21.2 3365 ±126 416 ±22.0 NA NA NA NA 
1 2211 ±295 94 ±6.6 1365 ±168 91 ±6.1 1.42 ±0.05 0.0096 ±0.0004 1.42 0.010 
2 482 ±86 57 ±7.1 482 ±86 57 ±7.1 1.75 ±0.06 0.0171 ±0.0010 0.87 0.009 
3 406 ±47 51 ±2.9 406 ±47 51 ±2.7 2.73 ±0.05 0.0258 ±0.0005 0.91 0.009 
4 417 ±95 47 ±1.5 400 ±60 47 ±1.5 4.21 ±0.08 0.0517 ±0.0035 1.05 0.013 
5 427 ±37 50 ±2.3 427 ±37 50 ±2.3 5.24 ±0.16 0.0657 ±0.0025 1.05 0.013 
6 416 ±37 52 ±3.6 416 ±37 52 ±3.6 5.42 ±0.12 0.0647 ±0.0024 0.90 0.011 
7 395 ±36 55 ±4.8 395 ±36 55 ±4.8 5.98 ±0.02 0.0696 ±0.0011 0.85 0.010 
8 347 ±25 45 ±2.3 347 ±25 45 ±2.3 7.30 ±0.02 0.0861 ±0.0013 0.91 0.011 
12 360 ±26 47 ±0.6 360 ±26 47 ±0.6 10.30 ±0.00 0.1223 ±0.0025 0.86 0.010 
16 391 ±54 50 ±6.8 391 ±54 50 ±6.8 12.13 ±0.06 0.1477 ±0.0006 0.76 0.009 

Initial conditions: medium ground (10-20 µm tool diamond size) 
0 3570 ±388 109 ±5.7 1480 ±93 91 ±5.3 NA  NA NA NA 
1 2877 ±835 41 ±4.6 757 ±149 36 ±1.5 1.30 ±0.05 0.0118 ±0.0007 1.30 0.012 
2 287 ±28 33 ±2.3 287 ±28 33 ±2.3 2.18 ±0.03 0.0212 ±0.0005 1.09 0.011 
3 276 ±34 35 ±1.2 276 ±34 35 ±1.2 2.62 ±0.01 0.0240 ±0.0001 0.87 0.008 
4 342 ±11 42 ±4.0 342 ±11 42 ±4.0 3.24 ±0.03 0.0313 ±0.0002 0.81 0.008 
5 292 ±28 35 ±1.3 292 ±28 35 ±1.3 3.89 ±0.03 0.0388 ±0.0002 0.78 0.008 
6 348 ±62 43 ±7.5 348 ±62 43 ±7.5 4.64 ±0.07 0.0471 ±0.0003 0.77 0.008 
7 313 ±25 39 ±1.7 313 ±25 39 ±1.7 5.46 ±0.01 0.0558 ±0.0006 0.78 0.008 
8 304 ±17 41 ±0.7 304 ±17 41 ±0.7 5.88 ±0.07 0.0645 ±0.0003 0.74 0.008 
12 326 ±22 41 ±3.4 326 ±22 41 ±3.4 9.07 ±0.06 0.1002 ±0.0007 0.76 0.008 
16 313 ±13 47 ±7.5 313 ±13 47 ±7.5 11.77 ±0.06 0.1430 ±0.0017 0.74 0.009 

40 x objective 
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Table C.4 Summary results of the grinding and spotting experiments for M10 
Material ID: M10 

Spot 
time 
min 

Remove spikes: off Remove spikes: on Spot physical dimensions MRF removal rate 

 p-v (nm) rms (nm) p-v (nm) rms (nm) Depth (µm) Vol. (mm3) (µm / 
min) 

(mm3/ 
min) 

Initial conditions: rough ground (40 µm tool diamond size) 

0 4432 ±505 434 ±25.2   NA NA NA NA 
1 3065 ±307 100 ±16.4   2.21 ±0.13 0.0198 ±0.0010 2.21 0.020 
2 871 ±397 68 ±10.5   2.97 ±0.22 0.0293 ±0.0014 1.49 0.015 
3 1203 ±370 69 ±9.7   3.71 ±0.11 0.0353 ±0.0006 1.24 0.012 
4 615 ±87 72 ±4.8   4.55 ±0.08 0.0469 ±0.0003 1.14 0.012 
5 819 ±191 101 ±10.6   5.56 ±0.02 0.0562 ±0.0009 1.11 0.011 
6 1462 ±285 91 ±12.2   6.32 ±0.09 0.0656 ±0.0011 1.05 0.011 
7 1203 ±607 83 ±10.7   7.27 ±0.06 0.0793 ±0.0009 1.04 0.011 
8 1813 ±523 120 ±9.4   8.10 ±0.16 0.0894 ±0.0009 1.01 0.011 
12 1004 ±275 102 ±3.8   11.67 ±0.06 0.1330 ±0.0000 0.97 0.011 
16 1770 ±403 120 ±12.6   15.50 ±0.00 0.1800 ±0.0017 0.97 0.011 

Initial conditions: medium ground (10-20 µm tool diamond size) 
0 3277 ±145 264 ±17.8   NA NA NA NA 
1 704 ±122 76 ±8.7   1.76 ±0.10 0.0135 ±0.0007 1.76 0.014 
2 643 ±154 59 ±9.6   2.74 ±0.15 0.0227 ±0.0011 1.37 0.011 
3 1070 ±379 90 ±4.8   3.69 ±0.03 0.0343 ±0.0005 1.23 0.011 
4 1545 ±129 106 ±13.8   4.31 ±0.01 0.0417 ±0.0004 1.08 0.010 
5 1555 ±202 101 ±6.7   5.26 ±0.02 0.0521 ±0.0004 1.05 0.010 
6 1569 ±435 114 ±7.9   6.42 ±0.03 0.0648 ±0.0007 1.07 0.011 
7 1202 ±216 125 ±5.4   7.17 ±0.03 0.0772 ±0.0002 1.02 0.011 
8 1668 ±246 128 ±6.1   8.34 ±0.08 0.0897 ±0.0010 1.04 0.011 
12 1507 ±142 129 ±5.9   12.03 ±0.12 0.1307 ±0.0006 1.00 0.011 
16 2199 ±319 136 ±8.7   15.53 ±0.06 0.1720 ±0.0010 0.97 0.011 

40x objective, removing/masking individual artifacts as needed. 
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Table C.5 Summary results of the grinding and spotting experiments for Cerbide 
Material ID: Cerbide 

Spot 
time 
min 

Remove spikes: off Remove spikes: on Spot physical dimensions MRF removal rate 

 p-v (nm) rms (nm) p-v (nm) rms (nm) Depth (µm) Vol. (mm3) (µm / 
min) 

(mm3/ 
min) 

Initial conditions: rough ground (40 µm tool diamond size) 

0 3750 ±275 299 ±21.9 2699 ±143 289 ±21.1 NA NA NA NA 
1 1026 ±140 62 ±5.0 900 ±153 62 ±4.3 1.46 ±0.02 0.0112 ±0.0008 1.46 0.011 
2 2359 ±384 129 ±12.7 1234 ±114 121 ±11.4 2.27 ±0.04 0.0195 ±0.0002 1.14 0.010 
3 2735 ±739 154 ±2.2 1329 ±199 148 2.8± 3.40 ±0.03 - 1.13 - 
4 3260 ±404 163 ±6.7 1412 ±126 151 ±4.7 4.42 ±0.14 0.0414 ±0.0006 1.11 0.010 
5 3183 ±606 170 ±6.5 1567 ±207 158 ±6.5 5.47 ±0.06 0.0504 ±0.0012 1.09 0.010 
6 2729 ±774 173 ±6.5 1557 ±114 167 ±3.9 6.32 ±0.05 0.0578 ±0.0006 1.05 0.010 
7 2577 ±568 154 ±16.8 1291 ±157 146 ±15.4 7.01 ±0.04 0.0651 ±0.0009 1.00 0.009 
8 2823 ±572 169 ±6.8 1423 ±199 162 5.9± 7.98 ±0.03 0.0752 ±0.0004 1.00 0.009 
12 3103 ±508 147 ±3.8 1102 ±90 141 ±2.0 11.43 ±0.12 0.0820 ±0.0607 0.95 0.007 
16 2018 ±947 138 ±10.1 1231 ±194 132 ±9.0 14.70 ±0.10 0.1550 ±0.0010 0.92 0.010 

Initial conditions: medium ground (10-20 µm tool diamond size) 
0 3763 ±440 219 ±18.5 2350 ±726 203 ±17.1 NA NA NA NA 
1 2004 ±97 110 ±6.3 1659 ±145 97 ±3.9 1.44 ±0.06 0.0113 ±0.0005 1.44 0.011 
2 2474 ±327 153 ±1.9 1409 ±201 146 ±2.5 2.40 ±0.09 0.0216 ±0.0006 1.20 0.011 
3 3375 ±737 171 ±6.8 1558 ±103 160 ±5.2 3.56 ±0.04 0.0331 ±0.0007 1.19 0.011 
4 2596 ±177 158 ±3.9 1497 ±131 153 ±4.2 4.27 ±0.04 0.0389 ±0.0004 1.07 0.010 
5 1877 ±406 143 ±9.1 1362 ±104 138 ±6.5 4.99 ±0.00 0.0479 ±0.0004 1.00 0.010 
6 1917 ±402 131 ±13.2 1337 ±192 126 ±11.5 5.92 ±0.02 0.0569 ±0.0004 0.99 0.009 
7 2667 ±559 139 ±13.5 1315 ±166 131 ±9.7 6.73 ±0.00 0.0667 ±0.0002 0.96 0.010 
8 2093 ±439 133 ±5.8 1181 ±143 126 ±3.7 7.56 ±0.04 0.0755 ±0.0004 0.95 0.009 
12 2395 ±858 148 ±18.4 1325 ±223 141 ±16.2 11.17 ±0.06 0.1180 ±0.0000 0.93 0.010 
16 2345 ±386 138 ±4.8 1420 ±239 130 ±5.3 15.10 ±0.00 0.1570 ±0.0000 0.94 0.010 

40x objective 
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Fig. C.5 SEM images of the morphology of rough ground (40 m) Cerbide: (a-b) as 
ground; (c-e) 1 min spot; (f) 3 min spot; (g) 6 min spot; (h) 16 min spot.
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C.1.3.1.2  Magnetic Materials 
 

Table C.6. Summary results of the grinding and spotting experiments for K3520 
Material ID: K3520 

Spot 
time 
min 

Remove spikes: off Remove spikes: on Spot physical dimensions MRF removal rate 

 p-v (nm) rms (nm) p-v (nm) rms (nm) Depth (µm) Vol. (mm3) (µm / 
min) 

(mm3/ 
min) 

Initial conditions: rough ground (40 µm tool diamond size)(a) 

0 3151 ±194 102 ±12.7   NA NA NA NA 
1 2378 ±88 118 ±5.7   1.02 ±0.16 0.0030 ±0.0016 1.02 0.003 
2 427 ±87 36 ±1.3   1.88 ±0.12 0.0196 ±0.0018 0.94 0.010 
3 297 ±42 37 ±2.7   2.99 ±0.02 0.0361 ±0.0004 1.00 0.012 
4 233 ±25 28 ±1.9   4.32 ±0.01 0.0506 ±0.0011 1.08 0.013 
5 194 ±12 26 ±1.8   5.39 ±0.13 0.0597 ±0.0026 1.08 0.012 
6 239 ±38 31 ±2.8   7.10 ±0.03 0.0616 ±0.0010 1.18 0.010 
7 286 ±38 34 ±2.8   7.58 ±0.49 - 1.08 - 
8 337 ±50 42 ±12.1   8.03 ±0.06 0.0835 ±0.0010 1.00 0.010 
12 326 ±39 42 ±4.9   14.37 ±0.12 0.2417 ±0.0098 1.20 0.020 
16 417 ±64 53 ±13.1   17.30 ±0.10 0.3383 ±0.0146 1.08 0.021 

Initial conditions: medium ground (10-20 µm tool diamond size)(b) 
0 3574 ±528 83 ±10.3 1616 ±221 63 ±6.5 NA NA NA NA 
1 1827 ±356 41 ±1.2 845 ±146 40 ±1.0 0.81 ±0.06 0.0097 ±0.0006 0.81 0.010 
2 407 ±214 29 ±1.6 399 ±196 29 ±160 2.20 ±0.13 0.0276 ±0.0026 1.10 0.014 
3 421 ±99 31 ±1.7 542 ±305 31 ±1.7 3.26 ±0.12 0.0394 ±0.0029 1.09 0.013 
4 393 ±159 29 ±2.1 378 ±145 29 ±2.0 4.48 ±0.19 0.0474 ±0.0029 1.12 0.012 
5 3625 ±783 39 ±3.3 843 ±177 32 ±3.8 5.62 ±0.08 0.0562 ±0.0016 1.12 0.011 
6 1398 ±944 36 ±3.4 622 ±279 35 ±3.5 7.36 ±0.14 0.0719 ±0.0036 1.23 0.012 
7 1780 ±1355 37 ±6.0 587 ±193 36 ±5.6 7.52 ±0.35 0.0802 ±0.0048 1.07 0.011 
8 1941 ±1013 35 ±2.8 519 ±186 33 ±1.9 9.60 ±0.34 0.1017 ±0.0045 1.20 0.013 
12 1871 ±784 40 ±4.5 689 ±231 39 ±4.7 15.20 ±0.10 0.1803 ±0.0035 1.27 0.015 
16 335 ±178 27 ±3.0 230 ±37 27 ±3.0 20.40 ±0.17 0.2627 ±0.0032 1.28 0.016 

Initial conditions: fine ground (2-4 µm tool diamond size)(b) 
0 2713 ±114 74 ±12.1 1512 ±54 55 ±6.6 NA NA NA NA 
1 1199 ±347 74 ±0.9 860 ±173 74 ±0.9 1.56 ±0.02 0.0149 ±0.0004 1.56 0.015 
2 319 ±66 37 ±0.4 288 ±40 37 ±0.3 2.36 ±0.07 0.0269 ±0.0010 1.18 0.013 
3 282 ±19 37 ±0.5 282 ±19 37 ±0.5 3.99 ±0.03 0.0474 ±0.0006 1.33 0.016 
4 275 ±21 35 ±2.2 275 ±21 35 ±2.2 4.90 ±0.04 0.0520 ±0.0007 1.22 0.013 
5 268 ±6 39 ±1.1 268 ±6 39 ±1.1 7.51 ±0.13 0.0849 ±0.0016 1.50 0.017 
6 316 ±31 48 ±6.0 316 ±31 48 ±6.0 8.00 ±0.01 0.0914 ±0.0002 1.33 0.015 
7 362 ±55 48 ±7.4 356 ±43 48 ±7.3 8.84 ±0.01 0.0836 ±0.0011 1.26 0.012 
8 381 ±90 44 ±1.1 362 ±51 44 ±1.1 10.30 ±0.00 0.0899 ±0.0011 1.29 0.011 
12 543 ±108 59 ±5.0 543 ±108 59 ±4.9 13.07 ±0.06 0.1313 ±0.0012 1.09 0.011 
16 332 ±58 48 ±11.2 332 ±58 48 ±11.2 20.83 ±0.06 0.2120 ±0.0020 1.30 0.013 

(a) Surface roughness measurements within MRF spot were done using stitching mode, averaging 
0.3x0.3 mm2 random areas at the spot ddp. 
(b) 40x objective, unmasked data. 
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Table C.7. Summary results of the grinding and spotting experiments for K3833.  
Material ID: K3833 

Spot 
time 
min 

Remove spikes: off Remove spikes: on Spot physical dimensions MRF removal rate 

 p-v (nm) rms (nm) p-v (nm) rms (nm) Depth (µm) Vol. (mm3) (µm / 
min) 

(mm3/ 
min) 

Initial conditions: rough ground (40 µm tool diamond size)(a) 
0 3194 ±160 107 ±15.9   NA NA NA NA 
1 2011 ±293 52 ±6.5   2.25 ±0.21 0.0178 ±0.0062 2.25 0.018 
2 770 ±146 52 ±21.8   3.55 ±0.77 0.0417 ±0.0136 0.65 0.021 
3 655 ±158 38 ±2.3   3.82 ±0.25 0.0414 ±0.0024 0.09 0.014 
4 670 ±214 27 ±40.6   5.09 ±0.08 0.0574 ±0.0032 0.32 0.014 
5 754 ±152 30 ±3.0   6.72 ±0.33 0.0647 ±0.0060 0.33 0.013 
6 579 ±122 26 ±4.6   8.73 ±0.23 0.0817 ±0.0030 0.34 0.014 
7 610 ±132 38 ±10.6   10.47 ±0.06 0.0974 ±0.0038 0.25 0.014 
8 473 ±211 25 ±2.1   12.20 ±0.17 0.1140 ±0.0017 0.22 0.014 
12 409 ±204 31 ±98.7   21.23 ±0.06 0.2953 ±0.0035 0.75 0.025 
16 1447 ±143 74 ±28.0   26.73 ±0.06 0.3630 ±0.0072 0.34 0.023 

Initial conditions: medium ground (10-20 µm tool diamond size)(b) 
0 1920 ±715 40 ±6.9 752 ±77 37 ±7.2 NA NA NA NA 
1 153 ±28 16 ±1.6   1.50 ±0.05 0.0135 ±0.0006 1.50 0.014 
2 109 ±16 11 ±0.5   3.19 ±0.02 0.0328 ±0.0007 1.60 0.016 
3 95 ±14 11 ±0.9   4.84 ±0.02 0.0503 ±0.0009 1.61 0.017 
4 114 ±19 12 ±1.3   6.54 ±0.10 0.0656 ±0.0015 1.64 0.016 
5 121 ±33 11 ±0.7   7.59 ±0.18 0.0734 ±0.0018 1.52 0.015 
6 111 ±18 12 ±0.7   8.96 ±0.10 0.0839 ±0.0017 1.49 0.014 
7 112 ±16 12 ±0.9   10.33 ±0.21 0.0983 ±0.0016 1.48 0.014 
8 109 ±17 12 ±0.7   12.20 ±0.17 0.1190 ±0.0017 1.53 0.015 
12 110 ±16 12 ±0.7   18.67 ±0.06 0.1990 ±0.0010 1.56 0.017 
16 104 ±8 11 ±0.5   25.33 ±0.12 0.2970 ±0.0036 1.58 0.019 

Initial conditions: fine ground (2-4 µm tool diamond size)(c) 
0 1231 ±214 28 ±3.8 328 ±139 21 ±5.3 NA NA NA NA 
1 237 ±18 23 ±0.9 237 ±18 23 ±0.9 1.71 ±0.03 0.0203 ±0.0008 1.71 0.020 
2 188 ±16 19 ±0.3 188 ±16 19 ±0.3 3.79 ±0.04 0.0416 ±0.0005 1.89 0.021 
3 234 ±48 23 ±2.5 221 ±30 23 ±2.5 5.70 ±0.02 0.0617 ±0.0002 1.90 0.021 
4 291 ±19 33 ±1.5 291 ±19 33 ±1.5 7.56 ±0.04 0.0811 ±0.0005 1.89 0.020 
5 306 ±62 35 ±10.1 303 ±63 35 ±10.1 9.69 ±0.03 0.1037 ±0.0006 1.94 0.021 
6 213 ±29 22 ±2.7 213 ±29 22 ±2.7 11.50 ±0.00 0.1243 ±0.0006 1.92 0.021 
7 213 ±23 24 ±7.2 206 ±25 24 ±7.2 13.43 ±0.06 0.1467 ±0.0015 1.92 0.021 
8 240 ±41 31 ±10.0 240 ±41 31 ±10.0 15.47 ±0.06 0.1740 ±0.0000 1.93 0.022 
12 276 ±56 25 ±3.9 262 ±43 25 ±3.9 23.60 ±0.00 0.2833 ±0.0015 1.97 0.024 
16 177 ±20 19 ±4.2 173 ±20 19 ±4.2 31.57 ±0.06 0.4037 ±0.0006 1.97 0.025 

(a) Surface roughness measurements within MRF spot were done using stitching mode, averaging 
0.3x0.3 mm2 random areas at the spot ddp. 
(b) 40x objective, averaging 10 0.03x0.1 mm2 random areas at the spot ddp.  
(c) 40x objective, unmasked data. 
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Table C.8. Summary results of the grinding and spotting experiments for K94. 
Material ID: K94 

Spot 
time 
min 

Remove spikes: off Remove spikes: on Spot physical dimensions MRF removal rate 

 p-v (nm) rms (nm) p-v (nm) rms (nm) Depth (µm) Vol. (mm3) (µm / 
min) 

(mm3/ 
min) 

Initial conditions: rough ground (40 µm tool diamond size)(a) 
0 2725 ±170 86 ±16.2   NA NA NA NA 
1 783 ±241 60 ±4.94   2.74 ±0.58 0.0504 ±0.0198 2.74 0.050 
2 546 ±163 33 ±4.02   3.80 ±0.31 0.0592 ±0.0099 1.90 0.030 
3 465 ±192 27 ±10.9   4.03 ±0.64 0.0586 ±0.0077 1.34 0.020 
4 283 ±63 22 ±2.06   5.96 ±0.46 0.0722 ±0.0062 1.49 0.018 
5 310 ±78 29 ±8.38   6.86 ±0.24 0.0842 ±0.0016 1.37 0.017 
6 483 ±90 29 ±0.62   8.57 ±0.32 0.1113 ±0.0068 1.43 0.019 
7 147 ±47 13 ±1.49   8.59 ±0.49 0.0991 ±0.0070 1.23 0.014 
8 502 ±214 27 ±2.60   11.29 ±1.23 0.1377 ±0.0215 1.41 0.017 
12 161 ±47 17 ±4.48   16.80 ±0.10 0.2300 ±0.0046 1.40 0.019 
16 256 ±96 25 ±7.47       

Initial conditions: medium ground (10-20 µm tool diamond size)(b) 
0 1719 ±641 48 ±2.4 887 ±213 46 ±2.0 NA NA NA NA 
1 151 ±20 16 ±1.1   1.23 ±0.02 0.0112 ±0.0003 1.23 0.011 
2 148 ±22 16 ±1.0   2.81 ±0.07 0.0270 ±0.0004 1.41 0.013 
3 141 ±14 16 ±0.8   4.32 ±0.06 0.0431 ±0.0004 1.44 0.014 
4 180 ±9 20 ±0.6   6.15 ±0.01 0.0655 ±0.0018 1.54 0.016 
5 199 ±41 20 ±1.0   7.84 ±0.15 0.0859 ±0.0031 1.57 0.017 
6 171 ±13 20 ±1.0   9.46 ±0.08 0.1050 ±0.0020 1.58 0.018 
7 187 ±13 20 ±0.7   11.03 ±0.06 0.1233 ±0.0006 1.58 0.018 
8 192 ±15 22 ±1.0   12.80 ±0.10 0.1387 ±0.0029 1.60 0.017 
12 268 ±7 27 ±0.8   18.50 ±0.10 0.2017 ±0.0012 1.54 0.017 
16 214 ±30 22 ±1.6   24.30 ±0.10 0.2683 ±0.0015 1.52 0.017 

Initial conditions: fine ground (2-4 µm tool diamond size)(b)  
0 581 ±249 21 ±1.67 223 ±71 22 ±4.8 NA NA NA NA 
1 159 ±21 19 ±1.9   0.77 ±0.01 - 0.77 - 
2 124 ±13 14 ±0.8   2.67 ±0.03 0.0247 ±0.0003 1.33 0.012 
3 126 ±12 13 ±0.5   4.48 ±0.02 0.0376 ±0.0005 1.49 0.013 
4 127 ±18 13 ±0.5   6.22 ±0.02 0.0508 ±0.0000 1.55 0.013 
5 129 ±13 14 ±0.4   8.30 ±0.03 0.0747 ±0.0006 1.66 0.015 
6 132 ±32 14 ±0.6   10.63 ±0.06 0.1093 ±0.0015 1.77 0.018 
7 118 ±16 13 ±0.6   13.03 ±0.06 0.1547 ±0.0006 1.86 0.022 
8 122 ±17 13 ±0.4   15.77 ±0.06 0.2047 ±0.0012 1.97 0.026 
12 126 ±14 14 ±0.5   24.47 ±0.06 0.3387 ±0.0006 2.04 0.028 
16 126 ±23 12 ±0.6   32.80 ±0.00 0.4493 ±0.0015 2.05 0.028 

(a) Surface roughness measurements within MRF spot were done using stitching mode, averaging 
0.3x0.3 mm2 random areas at the spot ddp. 
(b) 40x objective, averaging 10 0.03x0.1 mm2 random areas at the spot ddp.  
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Table C.9. Summary results of the grinding and spotting experiments for BC14S 
Material ID: BC14S 

Spot 
time 
min 

Remove spikes: off Remove spikes: on Spot physical dimensions MRF removal rate 

 p-v (nm) rms (nm) p-v (nm) rms (nm) Depth (µm) Vol. (mm3) (µm / 
min) 

(mm3/ 
min) 

Initial conditions: rough ground (40 µm tool diamond size)(a) 
0 3690 ±208 304 ±22   NA NA NA NA 
1 521 ±73 75 ±18   2.18 ±0.20 0.0167 ±0.0049 2.18 0.017 
2 376 ±63 47 ±8.48   2.72 ±0.10 0.0329 ±0.0028 1.36 0.016 
3 371 ±144 41 ±7.00   3.89 ±0.12 0.0571 ±0.0044 1.30 0.019 
4 518 ±199 37 ±9.08   5.60 ±0.12 0.0768 ±0.0029 1.40 0.019 
5 588 ±196 49 ±5.77   7.08 ±0.05 0.0924 ±0.0047 1.42 0.018 
6 658 ±204 40 ±6.37   8.28 ±0.06 0.1057 ±0.0025 1.38 0.018 
7 385 ±165 30 ±6.24   9.91 ±0.03 0.1200 ±0.0056 1.42 0.017 
8 1082 ±359 74 ±4.25   11.07 ±0.06 0.1310 ±0.0017 1.38 0.016 
12 1013 ±378 46 ±18   17.70 ±0.10 0.2033 ±0.0031 1.48 0.017 
16 799 ±204 43 ±4.12   24.10 ±0.00 0.2867 ±0.0015 1.51 0.018 

Initial conditions: medium ground (10-20 µm tool diamond size)(b) 
0 3531 ±651 84 ±13.5 1196 ±97 65 ±6.0 NA NA NA NA 
1 259 ±66 18 ±1.0   2.02 ±0.04 0.0190 ±0.0009 2.02 0.019 
2 200 ±131 13 ±2.0   3.75 ±0.18 0.0384 ±0.0036 1.88 0.019 
3 144 ±40 12 ±0.5   5.49 ±0.12 0.0562 ±0.0013 1.83 0.019 
4 122 ±30 11 ±1.8   7.05 ±0.07 0.0734 ±0.0015 1.76 0.018 
5 109 ±25 11 ±2.4   8.65 ±0.04 0.0887 ±0.0015 1.73 0.018 
6 111 ±10 11 ±1.0   9.94 ±0.15 0.0991 ±0.0025 1.66 0.017 
7 117 ±50 11 ±3.4   11.20 ±0.10 0.1093 ±0.0025 1.60 0.016 
8 139 ±9 13 ±0.5   12.63 ±0.06 0.1227 ±0.0021 1.58 0.015 
12 144 ±11 13 ±1.0   19.27 ±0.06 0.2000 ±0.0026 1.61 0.017 
16 77 ±8 7 ±0.4   26.47 ±0.06 0.2940 ±0.0010 1.65 0.018 

Initial conditions: fine ground (2-4 µm tool diamond size)(b) 
0 205 ±34 17 ±1.1 168 ±11 20 ±3.2 NA NA NA NA 
1 167 ±22 17 ±1.0   1.72 ±0.04 0.0141 ±0.0002 1.72 0.014 
2 134 ±41 11 ±0.6   3.40 ±0.02 0.0311 ±0.0002 1.70 0.016 
3 111 ±9 11 ±0.6   5.21 ±0.07 0.0497 ±0.0007 1.74 0.017 
4 140 ±24 13 ±1.3   6.86 ±0.11 0.0652 ±0.0011 1.72 0.016 
5 141 ±21 14 ±1.0   8.43 ±0.03 0.0814 ±0.0004 1.69 0.016 
6 142 ±18 15 ±1.0   9.99 ±0.02 0.0961 ±0.0008 1.66 0.016 
7 145 ±12 15 ±0.7   11.37 ±0.06 0.1097 ±0.0006 1.62 0.016 
8 160 ±12 16 ±0.8   12.90 ±0.00 0.1253 ±0.0006 1.61 0.016 
12 170 ±31 17 ±1.2   19.40 ±0.17 0.1997 ±0.0012 1.62 0.017 
16 103 ±16 10 ±0.6   26.43 ±0.06 0.2863 ±0.0006 1.65 0.018 

(a) Surface roughness measurements within MRF spot were done using stitching mode, averaging 
0.3x0.3 mm2 random areas at the spot ddp. 
(b) 40x objective, averaging 10 0.03x0.1 mm2 random areas at the spot ddp.
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Table C.10. Summary results of the grinding and spotting experiments for K714 
Material ID: K714 

Spot 
time 
min 

Remove spikes: off Remove spikes: on Spot physical dimensions MRF removal rate 

 p-v (nm) rms (nm) p-v (nm) rms (nm) Depth (µm) Vol. (mm3) (µm / 
min) 

(mm3/ 
min) 

Initial conditions: rough ground (40 µm tool diamond size)(a) 
0 4306 ±242 402 ±20.6 3371 ±87 399 ±20.7 NA NA NA NA 
1 109 ±20 12 ±2.2   2.01 ±0.07 0.0176 ±0.0025 2.01 0.018 
2 75 ±5 7 ±0.4   2.88 ±0.16 0.0275 ±0.0028 1.44 0.014 
3 79 ±26 7 ±0.3   4.38 ±0.08 0.0392 ±0.0020 1.46 0.013 
4 78 ±7 8 ±0.3   6.10 ±0.06 0.0538 ±0.0023 1.53 0.013 
5 99 ±42 8 ±0.4   7.21 ±0.11 0.0689 ±0.0014 1.44 0.014 
6 78 ±8 8 ±0.2   8.68 ±0.03 0.0850 ±0.0044 1.45 0.014 
7 81 ±10 8 ±0.2   11.07 ±0.06 0.1040 ±0.0052 1.58 0.015 
8 79 ±15 8 ±0.4   12.47 ±0.06 0.1167 ±0.0015 1.56 0.015 
12 118 ±62 10 ±2.2   20.57 ±0.06 0.2220 ±0.0010 1.71 0.019 
16 88 ±13 10 ±1.1   26.97 ±0.15 0.2990 ±0.0046 1.69 0.019 

Initial conditions: medium ground (10-20 µm tool diamond size) (a) 
0 3296 ±387 132 ±12.0 1661 ±102 118 ±11.4 NA NA NA NA 
1 98 ±22 9 ±0.8   2.19 ±0.03 0.0203 ±0.0016 2.19 0.020 
2 104 ±30 9 ±1.5   3.83 ±0.07 0.0376 ±0.0003 1.91 0.019 
3 75 ±11 9 ±1.2   5.52 ±0.08 0.0551 ±0.0011 1.84 0.018 
4 81 ±12 9 ±1.2   6.80 ±0.07 0.0649 ±0.0014 1.70 0.016 
5 92 ±19 11 ±1.9   8.31 ±0.10 0.0783 ±0.0006 1.66 0.016 
6 83 ±17 10 ±1.1   10.05 ±0.09 0.0987 ±0.0007 1.68 0.016 
7 95 ±26 11 ±3.3   11.93 ±0.15 0.1237 ±0.0021 1.70 0.018 
8 87 ±16 11 ±3.4   13.63 ±0.06 0.1470 ±0.0026 1.70 0.018 
12 66 ±6 8 ±0.4   20.33 ±0.15 0.2303 ±0.0026 1.69 0.019 
16 87 ±15 9 ±0.9   26.57 ±0.15 0.3113 ±0.0031 1.66 0.019 

Initial conditions: fine ground (2-4 µm tool diamond size) (a) 
0 169 ±11 17 ±2.4 168 ±10 17 ±2.4 NA NA NA NA 
1 83 ±9 9 ±0.3   2.59 ±0.02 0.0235 ±0.0003 2.59 0.023 
2 79 ±9 9 ±0.5   4.42 ±0.04 0.0368 ±0.0010 2.21 0.018 
3 104 ±12 9 ±0.4   6.45 ±0.03 0.0564 ±0.0017 2.15 0.019 
4 82 ±7 9 ±0.3   8.30 ±0.06 0.0713 ±0.0014 2.08 0.018 
5 92 ±7 9 ±0.6   10.37 ±0.06 0.0924 ±0.0022 2.07 0.018 
6 90 ±6 9 ±0.4   12.90 ±0.00 0.1307 ±0.0012 2.15 0.022 
7 98 ±19 9 ±0.5   15.10 ±0.00 0.1683 ±0.0015 2.16 0.024 
8 100 ±14 10 ±0.9   17.77 ±0.12 0.2160 ±0.0017 2.22 0.027 
12 98 ±10 9 ±0.5   26.60 ±0.10 0.3527 ±0.003 2.22 0.029 
16 80 ±9 8 ±0.2   34.63 ±0.06 0.4620 ±0.0026 2.16 0.029 

(a) 40x objective, averaging 10 0.03x0.1 mm2 random areas at the spot ddp. 
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C.1.3.2 Summary of Results for Grinding and Spotting Experiments 

(Experimental Nanodiamond MR Fluid) 

The following tables summarize results from contour grinding and MRF 

spotting experiments. Materials were first ground using the SX50 CNC1 machine with 

a rough, medium and fine tools. MRF spotting was done on the Q22-Y CNC2 

machine using experimental nanodaimonds slurry. Machine parameters were the 

same for all materials. Surface roughness measurements were taken at five random 

locations within spots ddp using the white light interferometer. The maximum depth 

and volume removed were extracted from the profilometer 3-D scans (for details on 

experimental procedures see Chapter 3).  
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C.1.3.2.1 Nonmagnetic Materials 
 

Table C.11. Summary results of the grinding and spotting experiments for K801 
Material ID: K801 

Spot 
time 
min 

Remove spikes: off Remove spikes: on Spot physical dimensions MRF removal rate 

 p-v (nm) rms (nm) p-v (nm) rms (nm) Depth (µm) Vol. (mm3) (µm / 
min) 

(mm3/ 
min) 

Initial conditions: rough ground (40 µm tool diamond size) 
0 2896 ±165 81 ±7.55 1348 ±181 50 ±7.1 NA NA NA NA 
1 2688 ±121 40 ±5.38 845 ±81 26 ±2.85 0.93 ±0.09 - 0.93 - 
2 2543 ±188 29 ±2.66 775 ±340 23 ±1.83 1.22 ±0.06 0.0113 ±0.0007 0.61 0.006 
3 2465 ±171 29 ±2.00 557 ±118 23 ±2.89 1.18 ±0.04 0.0092 ±0.0010 0.39 0.003 
4 2073 ±221 23 ±1.08 543 ±129 19 ±1.59 1.33 ±0.06 0.0106 ±0.0013 0.33 0.003 
5 1849 ±167 21 ±1.63 387 ±150 19 ±1.78 1.16 ±0.02 0.0106 ±0.0002 0.23 0.002 
6 2064 ±243 26 ±11.7 530 ±198 23 ±9.78 1.17 ±0.03 0.0106 ±0.0007 0.19 0.002 
7 1897 ±190 19 ±2.51 342 ±149 18 ±2.48 1.26 ±0.04 0.0099 ±0.0013 0.18 0.001 
8 1144 ±364 17 ±0.99 228 ±172 16 ±0.98 1.42 ±0.03 0.0148 ±0.0016 0.18 0.002 
12 1246 ±181 14 ±1.43 150 ±39 13 ±1.34 1.53 ±0.06 0.0171 ±0.0026 0.13 0.001 
16 803 ±245 15 ±1.16 153 ±38 14 ±1.44 1.83 ±0.10 0.0227 ±0.0028 0.11 0.001 

Initial conditions: medium ground (10-20 µm tool diamond size) 
0 3113 ±220 71 ±6.6 1027 ±135 60 ±4.33 NA NA NA NA 
1 2145 ±450 41 ±1.25 596 ±52 39 ±1.41 1.05 ±0.08 0.0148 ±0.0019 1.05 0.015 
2 2206 ±236 33 ±2.04 591 ±122 33 ±2.06 0.75 ±0.00 0.0081 ±0.0001 0.37 0.004 
3 1884 ±381 32 ±4.17 523 ±93 31 ±4.22 0.86 ±0.01 0.0106 ±0.0011 0.29 0.004 
4 1126 ±134 20 ±0.62 293 ±28 19 ±0.9 0.96 ±0.01 0.0122 ±0.0010 0.24 0.003 
5 693 ±247 23 ±1.41 257 ±20 23 ±1.46 0.88 ±0.03 0.0094 ±0.0002 0.18 0.002 
6 935 ±188 22 ±1.38 331 ±98 22 ±1.41 1.19 ±0.03 0.0159 ±0.0017 0.20 0.003 
7 490 ±45 22 ±2.06 304 ±32 22 ±2.13 1.46 ±0.07 0.0199 ±0.0008 0.21 0.003 
8 843 ±191 21 ±0.7 340 ±71 21 ±0.68 1.46 ±0.02 0.0161 ±0.0005 0.18 0.002 
12 794 ±277 26 ±2.57 353 ±66 26 ±2.57 1.76 ±0.03 0.0218 ±0.0008 0.15 0.002 
16 1098 ±120 26 ±3.55 380 ±116 26 ±3.63 2.16 ±0.02 0.0282 ±0.0021 0.14 0.002 
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Table C.12. Summary results of the grinding and spotting experiments for M45 
Material ID: M45 

Spot 
time 
min 

Remove spikes: off Remove spikes: on Spot physical dimensions MRF removal rate 

 p-v (nm) rms (nm) p-v (nm) rms (nm) Depth (µm) Vol. (mm3) (µm / 
min) 

(mm3/ 
min) 

Initial conditions: rough ground (40 µm tool diamond size) 
0 3682 ±320 215 ±8.8 2069 ±223 199 ±9.5 NA NA NA NA 
1 3349 ±318 110 ±6.2 1153 ±73 93 ±7.9 1.20 ±0.04 - 1.20 - 
2 3311 ±155 92 ±4.3 1157 ±89 74 ±5.4 1.37 ±0.08 0.0088 ±0.0003 0.69 0.004 
3 2698 ±339 61 ±8.0 800 ±165 55 ±7.9 1.23 ±0.09 0.0100 ±0.0006 0.41 0.003 
4 1663 ±412 61 ±6.2 668 ±57 59 ±6.5 1.37 ±0.04 0.0129 ±0.0010 0.34 0.003 
5 771 ±236 48 ±3.3 447 ±54 48 ±3.4 1.43 ±0.09 0.0132 ±0.0006 0.29 0.003 
6 702 ±67 41 ±5.1 431 ±51 40 ±5.1 1.49 ±0.02 0.0153 ±0.0009 0.25 0.003 
7 416 ±80 39 ±3.0 378 ±50 39 ±3.0 1.60 ±0.15 0.0162 ±0.0022 0.23 0.002 
8 389 ±118 36 ±4.6 352 ±53 36 ±4.6 1.76 ±0.06 0.0189 ±0.0017 0.22 0.002 
12 374 ±71 29 ±4.9 302 ±58 29 ±4.9 2.17 ±0.05 0.0250 ±0.0010 0.18 0.002 
16 364 ±30 24 ±2.6 300 ±57 24 ±2.7 2.46 ±0.08 0.0305 ±0.0006 0.15 0.002 

Initial conditions: medium ground (10-20 µm tool diamond size) 
0 3788 ±362 129 ±5.9 1388 ±82 105 ±7.0 NA NA NA NA 
1 2258 ±436 52 ±3.6 714 ±102 46 ±3.7 0.73 ±0.02 - 0.73 - 
2 732 ±219 38 ±1.8 370 ±20 37 ±1.8 0.79 ±0.02 - 0.39 - 
3 486 ±200 34 ±2.3 385 ±114 34 ±2.3 0.82 ±0.02 0.0089 ±0.0003 0.27 0.003 
4 416 ±197 28 ±2.2 293 ±83 28 ±2.2 0.93 ±0.03 0.0111 ±0.0002 0.23 0.003 
5 310 ±89 31 ±3.9 270 ±39 31 ±3.9 0.97 ±0.04 0.0114 ±0.0004 0.19 0.002 
6 326 ±48 29 ±1.8 257 ±19 29 ±1.8 1.33 ±0.05 0.0137 ±0.0010 0.22 0.002 
7 355 ±119 26 ±2.4 230 ±32 26 ±2.4 1.36 ±0.02 0.0171 ±0.0015 0.19 0.002 
8 293 ±34 26 ±3.7 240 ±18 26 ±3.7 1.53 ±0.02 0.0211 ±0.0011 0.19 0.003 
12 317 ±105 30 ±4.8 274 ±51 30 ±4.8 1.98 ±0.04 0.0265 ±0.0010 0.17 0.002 
16 314 ±38 30 ±4.5 266 ±46 30 ±4.5 2.01 ±0.04 0.0235 ±0.0004 0.13 0.001 
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Table C.13. Summary results of the grinding and spotting experiments for M10 
Material ID: M10 

Spot 
time 
min 

Remove spikes: off Remove spikes: on Spot physical dimensions MRF removal rate 

 p-v (nm) rms (nm) p-v (nm) rms (nm) Depth (µm) Vol. (mm3) (µm / 
min) 

(mm3/ 
min) 

Initial conditions: rough ground (40 µm tool diamond size) 
0 4315 ±424 391 ±44.1 3527 ±435 387 ±45.5 NA NA NA NA 
1 3457 ±346 322 ±11.5 2848 ±304 320 ±11.5 1.84 ±0.10 - 1.84 - 
2 3193 ±187 258 ±25.6 2299 ±183 255 ±25.6 1.89 ±0.07 - 0.94 - 
3 2849 ±167 221 ±20.3 1912 ±202 217 ±20.5 1.82 ±0.14 0.0089 ±0.0003 0.61 0.003 
4 2820 ±162 183 ±19.7 1608 ±189 181 ±19.5 1.90 ±0.06 0.0095 ±0.0008 0.48 0.002 
5 3087 ±50 188 ±16.2 1663 ±200 177 ±18.0 2.13 ±0.06 0.0117 ±0.0006 0.43 0.002 
6 2742 ±134 177 ±6.0 1512 ±121 160 ±9.3 2.20 ±0.21 0.0133 ±0.0009 0.37 0.002 
7 2528 ±205 135 ±18.2 1450 ±137 133 ±18.4 2.09 ±0.10 0.0142 ±0.0007 0.30 0.002 
8 2636 ±244 144 ±25.1 1471 ±218 142 ±25.5 2.11 ±0.10 0.0138 ±0.0003 0.26 0.002 
12 774 ±388 110 ±38.5 608 ±146 110 ±38.6 2.17 ±0.02 0.0182 ±0.0009 0.18 0.002 
16 522 ±98 81 ±8.2 403 ±35 81 ±8.2 2.62 ±0.06 0.0217 ±0.0002 0.16 0.001 

Initial conditions: medium ground (10-20 µm tool diamond size) 
0 3420 ±152 205 ±6.3 1921 ±91 189 ±7.9 NA NA NA NA 
1 2918 ±352 95 ±7.8 1049 ±80 89 ±9.4 0.82 ±0.02 - 0.82 - 
2 1783 ±316 58 ±4.2 700 ±92 55 ±4.0 0.98 ±0.06 0.0100 ±0.0003 0.49 0.005 
3 773 ±245 69 ±11.7 614 ±135 69 ±11.7 0.95 ±0.01 0.0089 ±0.0006 0.32 0.003 
4 331 ±23 47 ±3.7 331 ±23 47 ±3.7 0.96 ±0.04 0.0090 ±0.0004 0.24 0.002 
5 304 ±18 43 ±4.0 304 ±18 43 ±4.0 0.99 ±0.05 0.0083 ±0.0002 0.20 0.002 
6 289 ±94 39 ±3.1 283 ±81 39 ±3.1 1.12 ±0.02 0.0105 ±0.0004 0.19 0.002 
7 231 ±13 33 ±2.8 231 ±13 33 ±2.2 1.22 ±0.04 0.0130 ±0.0006 0.17 0.002 
8 290 ±23 40 ±3.5 290 ±23 40 ±3.5 1.40 ±0.04 0.0160 ±0.0008 0.18 0.002 
12 265 ±46 36 ±5.5 260 ±38 36 ±5.5 1.90 ±0.05 0.0234 ±0.0003 0.16 0.002 
16 287 ±29 ?? ±9.6 269 ±13 38 ±9.6 2.10 ±0.15 0.0252 ±0.0019 0.13 0.002 
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Table C.14. Summary results of the grinding and spotting experiments for Cerbide 
Material ID: Cerbide 

Spot 
time 
min 

Remove spikes: off Remove spikes: on Spot physical dimensions MRF removal rate 

 p-v (nm) rms (nm) p-v (nm) rms (nm) Depth (µm) Vol. (mm3) (µm / 
min) 

(mm3/ 
min) 

Initial conditions: rough ground (40 µm tool diamond size) 
0 4055 ±327 315 ±16.4 2701 ±207 305 ±17.9 NA NA NA NA 
1 3838 ±216 185 ±7.9 1822 ±64 175 ±10.1 1.20 ±0.04 - 1.20 - 
2 3338 ±204 155 ±4.2 1577 ±79 147 ±4.7 1.37 ±0.08 0.0088 ±0.0003 0.69 0.004 
3 2992 ±136 126 ±9.1 1420 ±173 116 ±10.0 1.20 ±0.07 0.0103 ±0.0014 0.40 0.003 
4 3270 ±202 110 ±10.4 1288 ±158 102 ±10.5 1.25 ±0.01 0.0123 ±0.0009 0.31 0.003 
5 2940 ±273 95 ±12.9 1057 ±110 90 ±13.4 1.17 ±0.04 0.0100 ±0.0006 0.23 0.002 
6 2912 ±208 99 ±13.0 971 ±107 93 ±14.3 1.50 ±0.01 0.0158 ±0.0012 0.25 0.003 
7 2573 ±642 88 ±4.4 1027 ±225 84 ±4.7 1.60 ±0.15 0.0162 ±0.0022 0.23 0.002 
8 2455 ±419 82 ±8.4 877 ±184 79 ±8.0 1.76 ±0.06 0.0189 ±0.0017 0.22 0.002 
12 620 ±142 63 ±4.7 523 ±47 63 ±4.7 2.17 ±0.05 0.0250 ±0.0010 0.18 0.002 
16 505 ±96 56 ±5.0 462 ±52 56 ±5.0 2.22 ±0.04 0.0259 ±0.0011 0.14 0.002 

Initial conditions: medium ground (10-20 µm tool diamond size) 
0 3838 ±431 198 ±5.1 1972 ±415 179 ±4.5 NA NA NA NA 
1 2735 ±338 77 ±2.4 961 ±123 66 ±2.0 0.73 ±0.02 - 0.73 - 
2 2787 ±297 65 ±4.0 943 ±220 56 ±4.4 0.79 ±0.02 - 0.39 - 
3 1609 ±330 49 ±2.6 591 ±71 47 ±3.0 0.82 ±0.02 0.0089 ±0.0003 0.27 0.003 
4 1059 ±167 58 ±3.2 677 ±79 57 ±3.1 0.93 ±0.03 0.0111 ±0.0002 0.23 0.003 
5 741 ±169 47 ±6.6 522 ±122 47 ±6.7 0.97 ±0.04 0.0114 ±0.0004 0.19 0.002 
6 745 ±181 40 ±3.8 455 ±58 40 ±3.8 1.33 ±0.05 0.0137 ±0.0010 0.22 0.002 
7 406 ±40 42 ±3.2 374 ±35 42 ±3.2 1.36 ±0.02 0.0171 ±0.0015 0.19 0.002 
8 417 ±63 34 ±2.0 310 ±37 34 ±2.0 1.53 ±0.02 0.0211 ±0.0011 0.19 0.003 
12 389 ±29 28 ±3.7 289 ±25 28 ±3.7 1.98 ±0.04 0.0265 ±0.0010 0.17 0.002 
16 299 ±64 29 ±2.9 245 ±30 29 ±2.9 2.01 ±0.04 0.0235 ±0.0004 0.13 0.001 
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C.1.3.2.2 Magnetic Materials 
 

Table C.15. Summary results of the grinding and spotting experiments for K3520 
Material ID: K3520 

Spot 
time 
min 

Remove spikes: off Remove spikes: on Spot physical dimensions MRF removal rate 

 p-v (nm) rms (nm) p-v (nm) rms (nm) Depth (µm) Vol. (mm3) (µm / 
min) 

(mm3/ 
min) 

Initial conditions: rough ground (40 µm tool diamond size)(a) 
0 3151 ±194 102 ±12.7   NA NA NA NA 
1 2680 ±160 73 ±2.0 1326 ±128 61 ±1.5 - - - - 
2 2293 ±109 62 ±2.7 1139 ±175 58 ±2.9 - - - - 
3 2223 ±153 63 ±2.2 1079 ±119 61 ±2.3 0.66 - 0.22 - 
4 1952 ±109 71 ±1.2 997 ±149 69 ±1.1 0.70 - 0.17 - 
5 1938 ±112 70 ±2.5 948 ±61 69 ±2.4 1.10 - 0.22 - 
6 1693 ±220 55 ±1.5 716 ±61 54 ±1.4 1.16 - 0.19 - 
7 2048 ±335 49 ±1.4 629 ±52 48 ±1.4 1.35 - 0.19 - 
8 1599 ±244 53 ±5.2 763 ±106 52 ±5.3 1.41 - 0.18 - 
12 1727 ±332 61 ±4.9 708 ±129 60 ±5.0 2.00 - 0.17 - 
16 2061 ±576 40 ±3.7 763 ±194 35 ±1.7 2.46 - 0.15 - 

Initial conditions: medium ground (10-20 µm tool diamond size) 
0     NA NA NA NA 
1     0.72 ±0.02 - 0.72  
2     0.81 ±0.07 - 0.40  
3     1.01 ±0.06 0.0093 ±0.0010 0.34 0.003 
4     1.19 ±0.02 0.0118 ±0.0014 0.30 0.003 
5     1.30 ±0.06 0.0147 ±0.0020 0.26 0.003 
6     1.52 ±0.06 0.0184 ±0.0090 0.25 0.003 
7     1.78 ±0.10 0.0220 ±0.0027 0.25 0.003 
8     1.95 ±0.04 0.0242 ±0.0022 0.24 0.003 
12     2.82 ±0.07 0.0365 ±0.0017 0.23 0.003 
16     3.63 ±0.06 0.0475 ±0.0022 0.23 0.003 

(a) Due to a large form error from grinding we are unable to measure the physical dimensions of the 
spots. Spots depth data represents height difference between the ground surface and width of the spots. 
This technique was not useful in the case of the 1 and 2 minutes spots.  
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Table C.16. Summary results of the grinding and spotting experiments for K3833 
Material ID: K3833 

Spot 
time 
min 

Remove spikes: off Remove spikes: on Spot physical dimensions MRF removal rate 

 p-v (nm) rms (nm) p-v (nm) rms (nm) Depth (µm) Vol. (mm3) (µm / 
min) 

(mm3/ 
min) 

Initial conditions: rough ground (40 µm tool diamond size) 
0 3139 ±229 144 ±4.5 1718 ±119 131 ±4.6 NA NA NA NA 
1 2920 ±139 77 ±5.6 1146 ±149 71 ±6.2 1.26 ±0.05 0.0092 ±0.0013 1.26 0.009 
2 2456 ±139 70 ±6.0 952 ±144 69 ±6.6 0.92 ±0.02 0.0087 ±0.0003 0.46 0.004 
3 1983 ±486 52 ±4.5 726 ±86 51 ±4.7 1.01 ±0.14 0.0045 ±0.0031 0.34 0.001 
4 1938 ±356 46 ±4.3 523 ±121 46 ±4.3 1.16 ±0.09 0.0150 ±0.0020 0.29 0.004 
5 716 ±203 45 ±3.0 439 ±48 45 ±2.9 1.15 ±0.01 0.0153 ±0.0010 0.23 0.003 
6 582 ±110 53 ±1.9 482 ±55 53 ±1.9 1.41 ±0.14 0.0167 ±0.0011 0.24 0.003 
7 595 ±134 62 ±10 510 ±52 62 ±10 1.32 ±0.28 0.0159 ±0.0035 0.19 0.002 
8 500 ±114 39 ±2.6 406 ±88 39 ±2.6 1.21 ±0.04 0.0148 ±0.0032 0.15 0.002 
12 428 ±72 39 ±2.6 369 ±43 39 ±2.6 2.05 ±0.27 0.0293 ±0.0030 0.17 0.002 
16 439 ±192 35 ±3.4 326 ±37 35 ±3.4 2.02 ±0.09 0.0268 ±0.0019 0.13 0.002 

Initial conditions: medium ground (10-20 µm tool diamond size) 
0 1863 ±296 43 ±3.2 925 ±76 50 ±3.4 NA NA NA NA 
1 1765 ±298 37 ±0.8 576 ±124 35 ±0.8 0.61 ±0.00 - 0.61 - 
2 1520 ±452 34 ±1.7 412 ±34 32 ±2.0 0.88 ±0.01 0.0151 ±0.0005 0.44 0.008 
3 861 ±137 34 ±0.5 361 ±34 32 ±0.6 0.84 ±0.05 0.0103 ±0.0011 0.28 0.003 
4 681 ±245 17 ±1.5 143 ±7 17 ±1.5 0.92 ±0.06 0.0093 ±0.0013 0.23 0.002 
5 849 ±267 19 ±0.6 150 ±13 18 ±1.0 1.18 ±0.02 0.0114 ±0.0003 0.24 0.002 
6 703 ±140 21 ±2.0 159 ±16 19 ±1.7 1.19 ±0.02 0.0123 ±0.0005 0.20 0.002 
7 714 ±271 21 ±3.8 170 ±18 20 ±4.1 1.33 ±0.04 0.0157 ±0.0015 0.19 0.002 
8 1182 ±273 26 ±2.2 305 ±170 19 ±1.2 1.58 ±0.05 0.0208 ±0.0006 0.20 0.003 
12 1272 ±130 23 ±2.8 347 ±176 18 ±1.8 1.83 ±0.03 0.0254 ±0.0013 0.15 0.002 
16 306 ±161 19 ±2.3 144 ±17 19 ±2.3 2.30 ±0.04 0.0330 ±0.0005 0.14 0.002 
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Table C.17. Summary results of the grinding and spotting experiments for K94 
Material ID: K94 

Spot 
time 
min 

Remove spikes: off Remove spikes: on Spot physical dimensions MRF removal rate 

 p-v (nm) rms (nm) p-v (nm) rms (nm) Depth (µm) Vol. (mm3) (µm / 
min) 

(mm3/ 
min) 

Initial conditions: rough ground (40 µm tool diamond size) 
0 3382 ±319 137 ±7.71 1650 ±243 123 ±7.46 NA NA NA NA 
1 - - - - - - - - 
2 2311 ±387 36 ±3.52 325 ±77 35 ±3.26 0.89 ±0.02 0.0100 ±0.0008 0.45 0.005 
3 1907 ±363 28 ±1.56 393 ±131 27 ±1.61 1.04 ±0.04 0.0114 ±0.0005 0.35 0.004 
4 1071 ±292 30 ±2.50 224 ±79 30 ±2.43 1.15 ±0.02 0.0125 ±0.0006 0.29 0.003 
5 472 ±52 29 ±4.76 206 ±27 29 ±4.75 1.23 ±0.04 0.0143 ±0.0006 0.25 0.003 
6 350 ±163 27 ±3.50 181 ±13 27 ±3.49 1.32 ±0.06 0.0150 ±0.0022 0.22 0.003 
7 170 ±16 24 ±1.23 170 ±16 24 ±1.23 1.36 ±0.05 0.0175 ±0.0017 0.19 0.003 
8 157 ±27 19 ±2.20 157 ±27 19 ±2.2 1.69 ±0.04 0.0232 ±0.0021 0.21 0.003 
12 486 ±123 23 ±3.68 157 ±32 22 ±3.7 1.71 ±0.10 0.0271 ±0.0043 0.14 0.002 
16 327 ±287 20 ±2.33 143 ±9 20 ±2.31 2.33 ±0.00 0.0375 ±0.0022 0.15 0.002 

Initial conditions: medium ground (10-20 µm tool diamond size) 
0 3256 ±91 131 ±3.67 1365 ±118 110 ±2.7 NA NA NA NA 
1 1900 ±195 32 ±1.87 571 ±63 31 ±1.83 - - - - 
2 1032 ±274 28 ±0.87 364 ±60 28 ±0.86 1.99 ±0.04 0.0090 ±0.0007 0.33 0.005 
3 688 ±254 32 ±1.74 323 ±43 31 ±1.79 0.67 ±0.03 0.0087 ±0.0002 0.29 0.003 
4 564 ±195 28 ±0.85 301 ±49 28 ±0.88 0.86 ±0.04 0.0094 ±0.0003 0.24 0.002 
5 534 ±128 29 ±0.98 322 ±48 28 ±1.04 0.95 ±0.02 0.0097 ±0.0012 0.20 0.002 
6 456 ±81 26 ±1.07 274 ±28 26 ±1.02 0.99 ±0.09 0.0114 ±0.0007 0.18 0.002 
7 418 ±103 25 ±0.63 282 ±43 25 ±0.59 1.07 ±0.06 0.0127 ±0.0008  0.18 0.002 
8 567 ±80 30 ±1.34 356 ±38 29 ±1.08 1.23 ±0.05 0.0239 ±0.0093 0.23 0.003 
12 1122 ±173 34 ±1.69 434 ±61 30 ±1.48 1.83 ±0.10 0.0362 ±0.0061 0.19 0.003 
16 360 ±85 22 ±0.94 234 ±33 22 ±0.96 2.33 ±0.20 0.0401 ±0.0041 0.17 0.003 
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Table C.18. Summary results of the grinding and spotting experiments for BC14S 
Material ID: BC14S 

Spot 
time 
min 

Remove spikes: off Remove spikes: on Spot physical dimensions MRF removal rate 

 p-v (nm) rms (nm) p-v (nm) rms (nm) Depth (µm) Vol. (mm3) (µm / 
min) 

(mm3/ 
min) 

Initial conditions: rough ground (40 µm tool diamond size) 
0     NA NA NA NA 
1     1.59 ±0.06 0.0100 ±0.0004 1.59 0.010 
2     1.49 ±0.04 0.0090 ±0.0009 0.75 0.004 
3     1.50 ±0.10 0.0135 ±0.0033 0.50 0.005 
4     1.46 ±0.07 0.0128 ±0.0012 0.37 0.003 
5     1.50 ±0.11 0.0173 ±0.0007 0.30 0.003 
6     1.52 ±0.11 0.0182 ±0.0044 0.25 0.003 
7     1.58 ±0.08 0.0202 ±0.0018 0.23 0.003 
8     1.79 ±0.08 0.0219 ±0.0009 0.22 0.003 
12     2.16 ±0.03 0.0315 ±0.0033 0.18 0.003 
16     2.67 ±0.02 0.0420 ±0.0012 0.17 0.003 

Initial conditions: medium ground (10-20 µm tool diamond size) 
0 3293 ±191 131 ±2.9 1390 ±93 110 ±1.9 NA NA NA NA 
1 1574 ±421 35 ±4.0 476 ±54 34 ±4.1 0.80 ±0.01 0.0112 ±0.0018 0.80 0.011 
2 453 ±91 26 ±2.3 278 ±41 26 ±2.4 0.87 ±0.02 0.0127 ±0.0020 0.44 0.006 
3 379 ±29 26 ±1.8 272 ±22 26 ±1.8 1.01 ±0.02 0.0143 ±0.0021 0.34 0.005 
4 407 ±49 26 ±1.4 294 ±40 26 ±1.5 1.20 ±0.02 0.0179 ±0.0027 0.30 0.004 
5 358 ±52 28 ±6.5 302 ±69 28 ±6.5 1.18 ±0.06 0.0144 ±0.0032 0.24 0.003 
6 418 ±79 26 ±1.8 286 ±23 26 ±1.8 1.44 ±0.01 0.0203 ±0.0023 0.24 0.003 
7 342 ±92 26 ±4.2 284 ±79 26 ±4.2 1.60 ±0.14 0.0235 ±0.0015 0.23 0.003 
8 450 ±48 27 ±3.0 294 ±36 27 ±3.1 1.67 ±0.01 0.0223 ±0.0016 0.21 0.003 
12 351 ±49 24 ±2.4 243 ±15 23 ±2.4 1.94 ±0.19 0.0264 ±0.0039 0.16 0.002 
16 323 ±25 27 ±5.2 274 ±49 27 ±5.3 2.42 ±0.23 0.0333 ±0.0042 0.15 0.002 
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Table C.19. Summary results of the grinding and spotting experiments for K714 

Material ID: K714 
Spot 
time 
min 

Remove spikes: off Remove spikes: on Spot physical dimensions MRF removal rate 

 p-v (nm) rms (nm) p-v (nm) rms (nm) Depth (µm) Vol. (mm3) (µm / 
min) 

(mm3/ 
min) 

Initial conditions: rough ground (40 µm tool diamond size) 
0 3792 ±193 310 ±5.53 2632 ±76 301 ±6.00 NA NA NA NA 
1 3403 ±217 146 ±7.54 1578 ±41 136 ±8.22 1.31 ±0.08 0.0098 ±0.0009 1.31 0.010 
2 3170 ±232 103 ±8.77 1299 ±122 94 ±10.07 1.41 ±0.08 0.0115 ±0.0007 0.71 0.006 
3 2790 ±148 88 ±11 1027 ±98 84 ±11.66 1.35 ±0.04 0.0121 ±0.0019 0.45 0.004 
4 2223 ±251 76 ±6.52 821 ±85 74 ±5.88 1.42 ±0.11 0.0138 ±0.0019 0.35 0.003 
5 625 ±143 63 ±8.24 483 ±55 63 ±8.26 1.53 ±0.09 0.0173 ±0.0024 0.31 0.003 
6 497 ±53 69 ±7.49 471 ±38 69 ±7.49 1.58 ±0.08 0.0196 ±0.0036 0.26 0.003 
7 466 ±64 52 ±3.92 425 ±55 52 ±3.93 1.66 ±0.01 0.0205 ±0.0017 0.24 0.003 
8 427 ±44 52 ±5.88 410 ±38 52 ±5.88 1.80 ±0.09 0.0235 ±0.0026 0.23 0.003 
12 304 ±116 34 ±7.20 271 ±61 34 ±7.20 2.07 ±0.04 0.0275 ±0.0011 0.17 0.002 
16 288 ±32 42 ±9.56 288 ±32 42 ±9.56 2.57 ±0.04 0.0361 ±0.0006 0.16 0.002 

Initial conditions: medium ground (10-20 µm tool diamond size) 
0 3596 ±198 172 ±11 1657 ±105 150 ±12 NA NA NA NA 
1 2727 ±126 61 ±2.63 834 ±92 54 ±5.17 0.92 ±0.03 0.0083 ±0.0001 0.92 0.008 
2 998 ±128 42 ±3.08 490 ±34 42 ±3.20 0.96 ±0.03 0.0085 ±0.0004 0.48 0.004 
3 904 ±109 41 ±3.00 541 ±66 40 ±2.98 1.07 ±0.13 0.0093 ±0.0007 0.36 0.003 
4 320 ±67 30 ±3.65 264 ±44 30 ±3.65 1.21 ±0.05 0.0117 ±0.0009 0.30 0.003 
5 237 ±17 28 ±3.21 233 ±22 28 ±3.21 1.23 ±0.02 0.0137 ±0.0006 0.25 0.003 
6 337 ±144 29 ±5.49 283 ±91 29 ±5.48 1.24 ±0.02 0.0134 ±0.0006 0.21 0.002 
7 271 ±63 30 ±7.94 256 ±57 30 ±7.94 1.49 ±0.09 0.0157 ±0.0006 0.21 0.002 
8 270 ±81 25 ±4.66 234 ±44 25 ±4.66 1.53 ±0.11 0.0157 ±0.0019 0.19 0.002 
12 235 ±60 23 ±1.99 203 ±27 23 ±1.99 1.94 ±0.02 0.0200 ±0.0008 0.16 0.002 
16 208 ±27 21 ±1.25 187 ±17 21 ±1.25 2.49 ±0.04 0.0261 ±0.0020 0.16 0.002 
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Appendix D 
 

Additional SEM Images for Chapter 5 
 
 
The present appendix shows additional SEM images of the materials discussed in 
Chapter 5: K3833, K94, and K714 (for details, see Table 2.2). Figure D.1 shows 
surface structure before (processed by either lapping or grinding) and after MRF 
spotting (as discussed in Chapter 5). The MRF spot penetrates past the deformed 
layer depth, entirely removing tool marks and scratches caused by single diamonds in 
the grinding stage. 
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Fig. D.1. SEM images of typical processed surface. The subscripts 1 & 2 represent 
the morphology of the initial ground/lapped surface, and the surface within the MRF 
spot (i.e., spot ddp): (a) K3833; (b) K94; (c) K714, respectively.  
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Appendix E 
 

Additional SEM Images for Chapter 6 
 
 

The present appendix shows additional SEM images of processed PCA: as ground 
with a medium tool (10-20 µm – ring tool configuration), and the morphology 
developed within spot ddp with different MRF dwell time.  



 228

 
 

2 µm 5 µm

2 µm

10 µm

2 µm1 µm

2 µm

2 µm

(a) (b)

(c) (d)

(e) (f)

(g) (h)

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. E.1. SEM images of the processed PCA: (a-b) as ground after medium tool (ring 
tool 
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configuration); (c-f) within spot ddp after 6 min dwell time; (g-h) within spot ddp 
after 12 min dwell time. 
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Appendix F 
 

Spotting Experiment Results for Hard Ceramics 
 
 

The present appendix tabulates the complete results of the spotting experiments (spot 
time = 0 represents the as ground surface) of Chapter 6 for ALON, CVD SiC, and 
PCA.  
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Table F. 1. Surface roughness conditions from areal measurements using the white 
light interferometer for ALON processed w/contour tool 

Initial conditions: rough ground (40 µm tool diamond size) 
Spot 
time 
(min) p-v (nm) rms (nm) Depth (um) Vol. (mm3) 
0 14.52 ± 1.04 1.45 ± 0.02 NA NA 
1 11.4 ± 1.1 0.64 ± 0.12 9.96 ± 0.04 0.0354 ± 0.0026 
2 6.1 ± 0.8 0.42 ± 0.02 9.27 ± 0.40 0.0614 ± 0.0038 
3 4.6 ± 0.9 0.33 ± 0.09 10.52 ± 0.97 0.0809 ± 0.0009 
4 2.6 ± 0.2 0.23 ± 0.01 9.91 ± 0.34 0.0959 ± 0.0014 
5 1.2 ± 0.4 0.09 ± 0.01 10.93 ± 0.23 0.1150 ± 0.0017 
6 2.0 ± 0.4 0.15 ± 0.04 12.60 ± 0.10 0.1360 ± 0.0056 
7 2.1 ± 0.8 0.16 ± 0.03 13.27 ± 0.50 0.1477 ± 0.0015 
8 1.0 ± 0.3 0.17 ± 0.03 13.13 ± 0.38 0.1505 ± 0.0007 
12 0.9 ± 0.3 0.14 ± 0.04 18.03 ± 0.31 0.2263 ± 0.0035 
16 1.1 ±  0.2 0.07 ± 0.02 23.83 ± 0.12 0.2793 ± 0.0025 
Initial conditions: medium ground (10-20 µm tool diamond size) 
0 11.72 ± 1.74 0.72 ± 0.02 NA NA 
1 3.99 ± 0.61 0.11 ±  0.01 5.74 ± 0.39 0.0267± 0.0030 
2 3.33 ± 0.64 0.11 ± 0.02 5.94 ± 0.27 0.0480 ± 0.0015 
3 3.00 ± 0.50 0.10 ± 0.04 6.28 ± 0.10 0.0618 ± 0.0017 
4 1.02 ± 0.45 0.09 ± 0.02 7.73 ± 0.15 0.0763 ± 0.0012 
5 0.56 ± 0.16 0.09 ± 0.02 9.12 ± 0.11 0.0908 ± 0.0007 
6 0.70 ± 0.16 0.12 ± 0.04 11.00 ± 0.17 0.1040 ± 0.0010 
7 0.98 ± 0.38 0.16 ± 0.07 12.00 ± 0.26 0.1220 ± 0.0010 
8 0.58 ±  0.21 0.09 ± 0.03 12.53 ± 0.12 0.1387 ± 0.0021 
12 0.91 ± 0.34 0.14 ± 0.00 18.93 ± 0.06 0.1977 ± 0.0023 
16 0.65 ± 0.17 0.12 ± 0.03 21.57 ± 0.51 0.2540 ± 0.0056 
Initial conditions: fine ground (2-4 µm tool diamond size) 
0 4.24 ± 1.44 0.10 ± 0.05 NA NA 
1 3.29 ± 0.44 0.11 ± 0.04 4.31 ± 0.02 0.0215 ± 0.0006 
2 2.67 ± 0.37 0.09 ± 0.01 4.98 ± 0.02 0.0346 ± 0.0007 
3 0.51 ± 0.09 0.08 ± 0.01 5.98 ± 0.31 0.0521 ± 0.0029 
4 0.76 ± 0.25 0.12 ± 0.04 6.76 ± 0.09 0.0684 ± 0.0030 
5 0.60 ± 0.15 0.10 ± 0.01 8.98 ± 0.04 0.0867 ± 0.0033 
6 0.50 ± 0.12 0.08 ± 0.01 9.77 ± 0.04 0.1047 ± 0.0029 
7 0.84 ± 0.20 0.11 ± 0.05 11.23 ± 0.12 0.1197 ± 0.0035 
8 0.55 ± 0.18 0.09 ± 0.02 12.17 ± 0.06 0.1317 ± 0.0006 
12 0.69 ± 0.12 0.11 ± 0.03 16.43 ± 0.06 0.1850 ± 0.0020 
16 1.05 ± 0.06 0.16 ± 0.04 21.50 ± 0.10 0.2520 ± 0.0044 
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Table F. 2. Surface roughness conditions for line scans drawn on top of the areal 
measurements perpendicular and parallel to MRF flow direction for ALON processed 

w/contour tool 
 Perpendicular Parallel 
Initial conditions: rough ground (40 µm tool diamond size) 
Spot 
time 
(min) p-v (nm) rms (nm) p-v (nm) rms (nm) 
0* 8122 ±490 1412 ±54 8122 ±490 1412 ±54 
1 4516 ±894 616 ±115 3812 ±536 575 ±54 
2 2209 ±184 415 ±17 1425 ±294 184 ±55 
3 1995 ±419 324 ±93 698 ±186 107 ±7 
4 996 ±99 222 ±10 420 ±255 69 ±33 
5 396 ±44 85 ±8 389 ±53 73 ±16 
6 635 ±101 150 ±43 299 ±115 67 ±21 
7 645 ±101 156 ±28 359 ±86 81 ±32 
8 628 ±290 242 ±148 268 ±149 62 ±30 
12 554 ±158 132 ±43 218 ±122 48 ±26 
16 304 ±58 69 ±19 226 ±101 56 ±28 
Initial conditions: medium ground (10-20 µm tool diamond size) 
As 
ground* 4837 ±416 701 ±31 4711 ±149 689 ±31 
1 1091 ±161 101 ±17 870 ±174 93 ±11 
2 597 ±214 103 ±23 517 ±148 81 ±23 
3 527 ±256 101 ±37 271 ±147 51 ±18 
4 369 ±82 83 ±19 241 ±88 64 ±24 
5 389 ±90 88 ±17 227 ±63 53 ±14 
6 482 ±151 120 ±38 254 ±58 62 ±14 
7 758 ±329 159 ±67 235 ±96 59 ±26 
8 371 ±141 84 ±31 205 ±61 47 ±13 
12 573 ±161 142 ±37 207 ±34 46 ±12 
16 470 ±110 116 ±30 178 ±28 40 ±9 
Initial conditions: fine ground (2-4 µm tool diamond size) 
As 
ground* 670 ±490 70 ±32 670 ±490 70 ±32 
1 802 ±245 99 ±36 491 ±122 74 ±17 
2 387 ±80 84 ±14 378 ±171 71 ±22 
3 332 ±32 72 ±8 215 ±37 47 ±11 
4 551 ±203 117 ±34 216 ±41 53 ±13 
5 398 ±67 93 ±10 223 ±79 51 ±20 
6 306 ±51 73 ±13 117 ±34 26 ±8 
7 473 ±174 107 ±51 231 ±89 56 ±22 
8 379 ±62 83 ±19 183 ±49 42 ±14 
12 412 ±70 100 ±21 241 ±120 58 ±33 
16 723 ±159 157 ±36 193 ±89 48 ±27 

* The as ground roughness conditions are non dependent on line scans 
measurements direction. 
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Table F. 3. Surface roughness conditions from areal measurements using the white 
light interferometer for CVD SiC processed w/contour tool 

Initial conditions: rough ground (40 µm tool diamond size) 
Spot 
time 
(min) p-v (nm) rms (nm) Depth (um) Vol. (mm3) 
0 3675 ±228 108 ±5.8 NA NA 
1 2305 ±36 28 ±3.2 0.94 ±0.04  
2 932 ±307 23 ±3.1 1.30 ±0.04 0.0090 ±0.0004 
3 193 ±42 21 ±4.2 1.70 ±0.06 0.0190 ±0.0008 
4 156 ±24 21 ±2.4 2.37 ±0.01 0.0285 ±0.0008 
5 151 ±25 19 ±3.1 2.79 ±0.11 0.0306 ±0.0008 
6 152 ±23 20 ±5.1 3.11 ±0.12 0.0353 ±0.0005 
7 222 ±76 25 ±8.5 4.49 ±0.02 0.0494 ±0.0001 
8 162 ±37 23 ±6.3 4.55 ±0.03 0.0486 ±0.0003 
12 152 ±20 20 ±3.5 7.14 ±0.07 0.0816 ±0.0007 
16 126 ±13 18 ±4.0 9.41 ±0.01 0.1017 ±0.0006 
Initial conditions: medium ground (10-20 µm tool diamond size) 
0 3464 ±177 77 ±8.5 NA NA 
1 1403 ±389 21 ±3.4 0.93 ±0.03 - 
2 239 ±99 21 ±2.1 1.14 ±0.03 0.0114 ±0.0008 
3 169 ±41 21 ±7.3 1.61 ±0.02 0.0158 ±0.0003 
4 140 ±23 18 ±3.1 2.30 ±0.04 0.0226 ±0.0006 
5 151 ±21 20 ±2.5 2.89 ±0.05 0.0287 ±0.0003 
6 176 ±68 25 ±8.9 3.43 ±0.03 0.0351 ±0.0008 
7 148 ±32 19 ±4.9 4.11 ±0.02 0.0423 ±0.0007 
8 157 ±20 23 ±1.8 4.53 ±0.02 0.0466 ±0.0001 
12 154 ±26 20 ±1.5 6.71 ±0.03 0.0670 ±0.0005 
16 140 ±25 20 ±4.1 8.64 ±0.03 0.0883 ±0.0012 
Initial conditions: fine ground (2-4 µm tool diamond size) 
0 424 ±69 18 ±2.1 NA NA 
1 189 ±101 12 ±0.9 1.35 ±0.05 0.0130 ±0.0021 
2 141 ±54 13 ±0.6 1.86 ±0.09 0.0163 ±0.0005 
3 121 ±15 15 ±2.2 2.81 ±0.05 0.0272 ±0.0009 
4 214 ±56 27 ±4.2 3.71 ±0.01 0.0419 ±0.0003 
5 204 ±35 30 ±5.0 4.72 ±0.01 0.0527 ±0.0019 
6 265 ±109 38 ±16.5 5.44 ±0.07 0.0638 ±0.0013 
7 189 ±38 25 ±5.6 5.99 ±0.05 0.0746 ±0.0008 
8 172 ±20 25 ±2.4 6.58 ±0.17 0.0752 ±0.0017 
12 231 ±64 32 ±8.9 8.56 ±0.14 0.0936 ±0.0018 
16 136 ±25 19 ±3.2 10.23 ±0.12 0.1050 ±0.0035 
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Table F. 4. Surface roughness conditions for line scans drawn on top of the areal 
measurements perpendicular and parallel to MRF flow direction for CVD SiC 

processed w/contour tool 
 Perpendicular Parallel 
Initial conditions: rough ground (40 µm tool diamond size) 
Spot 
time 
(min) p-v (nm) rms (nm) p-v (nm) rms (nm) 
0* 1453 ±195 102 ±5.0 1453 ±195 102 ±5.0 
1 184 ±27 24 ±2.6 210 ±133 23 ±8.3 
2 123 ±23 22 ±2.8 70 ±19 12 ±2.1 
3 107 ±14 20 ±4.0 61 ±8 13 ±1.6 
4 106 ±14 20 ±2.9 67 ±10 15 ±1.8 
5 98 ±13 18 ±2.6 59 ±11 13 ±3.0 
6 101 ±23 20 ±5.2 71 ±12 16 ±2.8 
7 112 ±34 23 ±8.1 78 ±18 17 ±4.5 
8 108 ±29 22 ±6.5 84 ±14 20 ±3.4 
12 95 ±15 19 ±3.3 60 ±6 13 ±1.4 
16 80 ±16 17 ±3.9 56 ±7 12 ±1.4 
Initial conditions: medium ground (10-20 µm tool diamond size) 
0* 1184 ±66 70 ±4.4 1184 ±66 70 ±4.4 
1 124 ±15 20 ±2.9 106 ±17 16 ±3.6 
2 98 ±7 19 ±1.3 65 ±18 14 ±5.3 
3 105 ±31 20 ±6.5 54 ±10 11 ±2.4 
4 89 ±13 17 ±2.8 60 ±8 13 ±1.8 
5 96 ±8 19 ±2.7 68 ±10 16 ±3.5 
6 112 ±30 25 ±8.2 53 ±6 12 ±1.8 
7 91 ±19 18 ±4.7 66 ±21 15 ±4.8 
8 105 ±8 22 ±1.6 70 ±19 15 ±4.4 
12 89 ±9 19 ±0.7 62 ±8 12 ±1.4 
16 80 ±39 30 ±21.2 47 ±7 10 ±2.0 
Initial conditions: fine ground (2-4 µm tool diamond size) 
0* 112 ±5 18 ±0.6 112 ±5 18 ±0.6 
1 69 ±9 11 ±0.9 51 ±5 11 ±1.7 
2 73 ±9 12 ±0.6 60 ±6 12 ±1.4 
3 81 ±7 15 ±1.9 63 ±2 13 ±0.7 
4 130 ±19 26 ±4.3 59 ±11 13 ±3.1 
5 136 ±14 29 ±4.4 66 ±11 14 ±3.3 
6 170 ±61 37 ±16.4 61 ±4 13 ±1.0 
7 124 ±22 24 ±5.5 62 ±8 14 ±1.9 
8 116 ±10 24 ±2.4 75 ±71 16 ±17.5 
12 153 ±31 35 ±8.5 41 ±6 8 ±1.3 
16 91 ±12 19 ±2.6 43 ±6 9 ±1.7 
* The as ground roughness conditions are non dependent on line scans 
measurements direction. 
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Table F. 5. Surface roughness conditions from areal measurements using the white 
light interferometer for PCA processed w/contour and ring tools 

Contour tool configuration 
Initial conditions: rough ground (40 µm tool diamond size) 
Spot 
time 
(min) p-v (µm) rms (nm) Depth (um) Vol. (mm3) 
0 11.29 ±1.13 0.87 ±0.15 NA NA 
1 9.6 ±1.00 0.49 ±0.07   
2 6.8 ±0.90 0.32 ±0.07   
3 5.4 ±0.90 0.21 ±0.04   
4 5.2 ±0.50 0.23 ±0.04   
5 4.8 ±0.90 0.16 ±0.02   
6 5.1 ±1.08 0.12 ±0.03   
7 4.8 ±0.79 0.14 ±0.05   
8 3.9 ±1.23 0.11 ±0.03   
12 2.6 ±0.65 0.07 ±0.02   
16 1.9 ±0.12 0.06 ±0.01   
60 0.3 ±0.08 0.04 ±0.01   

Ring tool configuration 
Initial conditions: medium ground (10-20 µm tool diamond size)  
0 8.94 ±1.07 0.57 ±0.07 NA NA 
6 4.32 ±0.50 0.14 ±0.03 1.56 ±0.00 - 
12 2.79 ±0.74 0.08 ±0.01 2.66 ±0.00 - 
24 0.52 ±0.07 0.06 ±0.009 5.62 ±0.06 0.0603 ±0.0013 
48 0.25 ±0.03 0.03 ±0.006 8.84 ±0.07 0.1077 ±0.0006 
96 0.2 8±0.04 0.04 ±0.008 15.93 ±0.06 0.2023 ±0.0006 

Contour tool configuration 
Initial conditions: fine ground (2-4 µm tool diamond size) 
0 2.96 ±0.39 0.06 ±0.006 NA NA 
1 - - - - 
2 1.90 ±0.43 0.05 ±0.007 1.58 ±0.01 0.0089 ±0.0008 
3 1.85 ±0.66 0.04 ±0.006 2.07 ±0.18 0.0167 ±0.0007 
4 1.20 ±0.50 0.06 ±0.003 2.23 ±0.02 0.0168 ±0.0003 
5 0.82 ±0.37 0.06 ±0.008 1.80 ±0.05 0.0210 ±0.0008 
6 0.61 ±0.26 0.06 ±0.006 2.19 ±0.02 0.0236 ±0.0004 
7 0.57 ±0.09 0.07 ±0.020 2.30 ±0.03 0.0233 ±0.0004 
8 0.53 ±0.10 0.05 ±0.005 3.23 ±0.06 0.0271 ±0.0011 
12 0.43 ±0.04 0.06 ±0.011 3.08 ±0.01 0.0350 ±0.0008 
16 0.45 ±0.14 0.05 ±0.008 3.97 ±0.07 0.0456 ±0.0007 
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Table F. 6. Surface roughness conditions for line scans drawn on top of the areal 
measurements perpendicular and parallel to MRF flow direction for PCA processed  

w/ ring tool 
 Perpendicular Parallel 

Ring tool configuration 
Initial conditions: medium ground (10-20 µm tool diamond size) 
Spot 
time 
(min) p-v (nm) rms (nm) p-v (nm) rms (nm) 
0* 3613 ±401 460 ±82 3613 ±401 460 ±82 
6 935 ±236 106 ±23 810 ±254 82 ±33 
12 424 ±161 71 ±16 305 ±88 42 ±7 
24 287 ±31 60 ±9 209 ±88 40 ±13 
48 177 ±28 33 ±6 128 ±8 30 ±2 
96 221 ±39 43 ±8 101 ±8 22 ±2 

* The as ground roughness conditions are non dependent on line scans 
measurements direction. 
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Appendix G 

 

MRF Signature Development 
 

 

In the present appendix the development of the MRF signature to other hard materials 

using the PSD function is extended to CVD SiC and PCA (as discussed in Section 

6.4.2). Here, the x20 objective was used on the interferometer1, with ~350 µm special 

scan length (511 data points), in the spatial frequency range 0.2x10-5 to 0.9x10-3 nm-1 

(corresponding to features on the order of ~ 100 – 1 µm).  
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Fig. G.1. PSD (log-log) for MRF spotting done on initially rough ground (40 µm grit 
size) CVD SiC. 
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Fig. G.2. PSD (log-log) for MRF spotting done on initially medium ground (10-20 
µm grit size) PCA. 
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