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Abstract 
 

Magnetorheological finishing (MRF) spotting experiments on stationary 

parts are conducted in this work to understand the material removal mechanism in 

MRF. Drag force and normal force are measured in situ, simultaneously for the 

first time for a variety of optical materials in MRF.  

We study material removal process in MRF as a function of material 

mechanical properties. We experimentally demonstrate that material removal in 

MRF is strongly related to shear stress. Shear stress is predominantly determined 

by material mechanical properties. A modified Preston’s equation is proposed to 

estimate the material removal in MRF by combining shear stress and material 

mechanical properties.  

We investigate extensively the effect of various MRF process parameters, 

including abrasive concentration, magnetic field strength, penetration depth and 

wheel speed, on material removal efficiency. Material removal rate model is 

expanded to include these parameters. 

We develop a nonaqueous magnetorheological (MR) fluid for examining 

the mechanical contribution in MRF material removal. This fluid is based on a 

combination of two CI particles and a combination of two organic liquids. 

Material removal with this nonaqueous MR fluid is discussed. 

We formulate a new corrosion resistant MR fluid which is based on metal 

oxide coated carbonyl iron (CI) particles. The rheological behavior, stability and 

corrosion resistance are examined.  
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Chapter 1 

Introduction 
 

1.1 Magnetorheological finishing process 

Magnetorheological finishing (MRF) is capable of polishing various types, 

shapes and sizes of materials without introducing subsurface damage. It has 

become an important tool in fabricating high precision optics. MRF is a sub-

aperture computer numerical control (CNC) polishing process [1, 2]. It is based 

on a magnetorheological (MR) fluid which consists of carbonyl iron (CI), non-

magnetic polishing abrasives, water or other nonaqueous carriers and stabilizers 

[3, 4]. The MR fluid stiffens in the presence of a magnetic field to form a 

localized polisher, and spindle-mounted parts are moved through the polishing 

zone to polish the surface and to correct the figure [4].  

Figure 1.1 schematically shows one of the possible hypotheses regarding 

the ribbon structure upon entering the region of high magnetic field. The presence 

of a magnetic field pulls down the magnetic CI particles (red dots in Figure 1.1), 

leaving the non-magnetic abrasive particles (purple dots in Figure 1.1) on top of 

the ribbon, forming a thin polishing layer, moving along with the rotating wheel. 

When the optical part is depressed into the rotating stiffened ribbon, the shear 

stress from the interaction between the part and the abrasive removes material. 

The MR fluid (including all removed material) is scraped off by the wheel into a 

reservoir, where the MR fluid is mixed, and recirculated. 
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(a)                                                  (b) 

Figure 1.1 Schematic of MRF process: (a) circulation system; (b) 
enlargement of contact zone between the part and the MR 
fluid ribbon. The MR fluid is circulated and the wheel is 
rotating in a clockwise direction. The magnetic CI particles 
are pulled against the wheel under the strong magnetic field, 
forming a stiffened MR fluid ribbon and leaving the non-
magnetic abrasives on the top of MR fluid ribbon [5, 6]. 

 
MRF process is different from the fixed-charge magnetorheological (MR) 

finishing process (called wheel-type MR finishing process in ref.[7]) and 

magnetorheological abrasive flow finishing (MRAFF) [8]. In fixed-charge MR 

finishing process, a fixed amount of the MR fluid, containing the non-magnetic 

abrasives and magnetic CI particles, is attached to a rotating cylindrical 

permanent magnet. The stiffened fluid is spread around the whole surface of the 

cylindrical magnet without the formation of a ribbon. “The CI particles form a 

chain-like structure along the lines of magnetic field to impose the shear and 

normal stresses on the workpiece surface.” [7] In MRAFF [8], the magnetic field 

is provided externally to the polishing medium by using permanent magnets. 

There is no formation of fluid ribbon. In both cases, the magnetic field strength is 

not adjustable due to the use of the permanent magnet. In contrast, the magnetic 

field strength in most MRF machines is controlled by the electromagnet and 

adjustable by changing the magnet current. Also, in either fixed-charge MRF or 
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MRAFF, the MR fluid is not stable due to evaporation and must be reloaded after 

each polishing run. In MRF, the MR fluid is stable and reusable for over two 

weeks where the fluid is recirculated continuously by a circulation system and the 

fluid viscosity is controlled by a fluid sensor and a water dripper. Due to the lack 

of a fluid ribbon, either fixed-charge MR finishing process or MRAFF can not 

perform a subaperture finishing which is a typical character of the commercial 

MRF process. 

 

1.2 MRF material removal model 

For conventional polishing processes, material removal rate (MRR, ∆h/∆t 

where Δh is a representative height of removal after a period of time ∆t) is 

predicted by the classic Preston’s equation [9],  

 v
A
F

CpvCMRR
c

n
pp ==  (1.1)

where Cp is the Preston coefficient, which includes the effects of the process 

parameters affecting the interaction between the work piece and the tool (e.g., pH, 

slurry, type of abrasives, etc.), p is the pressure applied (i.e., normal force, Fn, 

divided by the contact area, Ac, between the polishing tool/pad and the substrate 

being polished), and v is the relative velocity between the part and the tool. 

Equation 1.1 indicates that, for conventional chemical mechanical polishing, 

material removal rate is controlled by the applied normal load and the relative 

velocity between the work piece and the polishing tool/pad. 

MRF process is different from traditional chemical mechanical polishing 

process in that there is no externally applied load in MRF process. There does 

exist pressure in MRF which is a result of both hydrodynamic pressure of the 

rotating MR fluid ribbon and the interaction between the workpiece and the 

ribbon. Material removal in MRF is controlled by shear stress, a result of the 

interaction between the workpiece and the stiffened MR fluid ribbon moving with 
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a rotational wheel [2, 5, 10]. Preston’s equation governs removal, but the manner 

in which it applies to the MR fluid in the interface between the abrasive particles 

and the part is a subject of study. There is extensive work to understand the 

material removal mechanism in MRF.  

Lambropoulos et al. plotted the volumetric material removal rate in MRF 

for glasses and crystals spotted with a cerium oxide MR fluid, as shown in Figure 

1.2, and found the material removal rate is linearly correlated to a mechanical 

figure of merit, defined as E7/6/(KcHk
23/12), where E, Young’s modulus; Kc, 

fracture toughness; Hk, Knoop hardness of the bulk glass [11]. This linear 

correlation indicates that the material removal in MRF is highly mechanical in 

nature. However, the chemical contribution in MRF was not taken into account in 

their work. It could play an important role in the MRF process. 

 

 
Figure 1.2 MRF removal rate plotted as a function of glass 

mechanical properties [11]. The correlation coefficient 
(R2) of the above data without the inclusion of sapphire is 
0.91 (calculated from data in ref.[12]). 
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Preston’s equation states that, for a conventional polishing process, 

material removal rate is proportional to normal force or pressure (normal force 

divided by contact area) [9]. The applicability of Preston’s equation for removal 

in MRF needs more exploration. Shorey [5] used the spot taking machine (STM, 

described in detail in Chapter 2) to measure drag force on a sapphire part, using a 

load cell and aqueous MR fluids consisting of different types and concentrations 

of CI particles and abrasives. He acquired the material removal rate data by 

spotting a fused silica glass (FS) part with the same MR fluid and under the same 

conditions. By correlating removal rate of FS glass with the drag force measured 

on sapphire, Shorey [5] found that there is a strong positive linear relationship 

between material removal rate for FS and drag force in MRF. Shorey also 

calculated that the normal force acting on a single abrasive particle (within the 

MR fluid ribbon) and the part is approximately 1 × 10-7 N [5]. This is several 

orders of magnitude smaller than that for conventional polishing, 5-200 × 10-3 N 

[5]. Shorey concluded that there must be drag force to have removal in MRF, but 

normal force was not required. 

To address MRF, first Kordonski [2] and later Shorey [5] modified the  

Preston’s coefficient, , in terms of the normal force, Fn, by introducing a 

coefficient of friction (COF, μ), correlating material removal rate for MRF 

(MRRMRF, identified as Δh/Δt, where Δh is a representative height of removal 

averaged over the MRF spot area within time Δt) with drag force. Equation 1.2 

shows this transition as described by Shorey: 

'
) MRF(Fp, n

C

in terms of pressure, v
A
FCMRR

s

n'
) MRF(Fp,MRF n

=                 (1.2a) 

                 v
A
μF

C
s

n''
) MRF(Fp, n

=  
 

in terms of shear stress,          vτCv
A
FC '

) MRF(p,
s

d'
) MRF(Fp, d

⋅⋅== τ  (1.2b) 
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where, for MRF, p, the pressure applied by the hydrodynamic flow of MR fluid at 

the gap between the part surface and the STM wheel, is the normal force, Fn, 

divided by the spot area As, instead of Ac (Equation 1.1). As is the projected spot 

area over which polishing occurs (see Chapter 2). v is the relative velocity 

between the workpiece and the rotating MR fluid ribbon.  is a modified 

Preston’s coefficient for MRF in terms of drag force, Fd. The drag force, Fd, 

divided by the spot area, As, equals the shear stress, τ.  is a modified 

Preston’s coefficient in terms of shear stress [Note that: = ]. 

Equation 1.2 predicts that material removal in MRF is proportional to shear stress. 

However, Shorey [5] and Shorey et al., [13] also indicated that the normal force 

on an individual abrasive particle in MRF is relatively small compared to 

conventional polishing techniques, and therefore material removal in MRF is 

governed by shear stress rather than the hydrodynamic pressure, though, they did 

not report on shear stress. It is also important to note that this is the first time 

where the modified Preston’s coefficient, as suggested by Kordonski [2] and 

Shorey [5], is associated with either normal force or drag force/shear stress.   

'
) MRF(Fp, d

C

'
) MRF(p,C τ

'
) MRF(p,C τ

'
) MRF(Fp, d

C

DeGroote [14] incorporated Shorey’s [5] modified Preston equation 

(Equation 1.2), specifically the proportionality between material removal rate and 

shear stress, in an empirical model for characterizing MRF of optical glasses with 

nanodiamonds. Using a drag force sensor different from Shorey’s [5], she studied 

six optical glasses: 3 phosphates and 3 silicates. By measuring the chemical 

durability and the near surface nanohardness of glasses exposed to the liquid 

portion of the alkaline MR fluid, and by calculating the bonding strength based on 

individual glass compositions, the new model accounted for how chemistry (both 

of the glass and the MR fluid) influenced MRF removal rates. This new model 

contained terms to account for the size and concentration of the non-magnetic 

nanodiamond abrasives, and the drag force exerted on the glass surface by the MR 

fluid during polishing. Equation 1.3 shows DeGroote’s model.  
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 1/3 1/3 4/3 3/10 /
2[ ] [ ] [ ] [ ( ) ] [ ]sbs bRTs d

peak nd nd nd CI CI CI S MRF
c s

E FMRR v B C B C D pH e
K H A

− −∝ ⋅ ⋅ ⋅ ⋅ + ⋅ ⋅ ⋅
⋅

φ φ  (1.3)

                  Term 1    Term 2                 Term 3                       Term 4               Term 5  

Term 1-[Es/(Kc ⋅ Hs
2)]: As previously mentioned, Lambropoulos et al. 

established a linear correlation between the material mechanical properties and 

volumetric removal rate [11]. However, the mechanical properties Lambropoulos 

et al. explored were the bulk material properties. DeGroote modified 

Lambropoulos’ model by the use of the near surface Young’s modulus, Es, and 

the near surface hardness, Hs, allowing the model to account for modifications of 

the glass surface mechanical properties by the MR fluid. She found that the near 

surface mechanical properties measured in the MR fluid supernatant (the aqueous 

part extracted from the MR fluid that contained no CI or abrasives) gave a better 

linear fit with the MRF material removal rate than bulk material properties. This 

observation supported the hypothesis that the MR fluid supernatant softens the 

near surface layer of the glass. DeGroote’s observation was in agreement with 

Izumitani’s interpretation of the pad polishing process for glass [15]. 

Term 2-[(Fd/A) ⋅ v]: DeGroote incorporated the modified Preston’s equation 

(Equation 1.2) developed by Shorey [5]. For a given velocity, v, between the part 

surface and the MR fluid ribbon, there is a correlation between drag force, Fd, or 

shear stress (Fd divided by contact area, A) and MRF removal rate. For each of the 

six glasses tested (and assuming a constant contact zone for all materials), she 

found that peak removal rate increased (silicates) or decreased (phosphates) 

linearly with drag force. It is interesting that drag force and peak removal rate did 

not show the same linear correlation across all six glasses. This is true because, in 

addition to mechanics, “chemistry and glass composition also play a significant 

role in MRF process” [14]. Drag force alone could not fully describe the removal 

rate. It is also important to note that, because spot area was assumed to be constant 

for all glasses, drag force and shear stress were considered to be equivalent (within a 

constant of proportionality) when discussing the relationship between these two 
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properties and material removal. When combined with term 1 containing the near 

surface hardness, Hs, the correlation with removal rate became positive and linear 

across the entire range of phosphate and silicate glasses. 

Term 3-[Bndφnd
-1/3Cnd

1/3+BCIφCI
4/3CCI]: Ignoring constants Bnd and BCI (used 

to adjust units), this term addressed physical properties of the MR fluid. These 

were the sizes, φnd / φCI, and concentrations, Cnd / CCI, of the non-magnetic 

nanodiamond (nd) abrasives and magnetic CI powder, respectively. Increasing the 

concentrations of both particles improved removal rates until a saturation effect 

(for the nd abrasives only) sets in, as did an increase in the median particle size of 

the CI powder. However, reducing the size of the nanodiamond aggregates was 

seen to increase MRF removal rates, due to an increase in areal contact of 

abrasives with the glass surface. 

Term 4-[Ds(pHMRF)3/10]: Chemical durability of different optical glass 

compositions, Ds, was accounted for by the measurement of weight loss on 

powdered samples exposed to the alkaline, aqueous portion of the MR fluid over a 

range of pH values found in MR fluids. DeGroote found that for all six glasses, 

the chemical durability increased with the pH of the MR fluid supernatant. MR 

fluid naturally ages in a MRF machine, leading to a lower pHMRF.  This fourth 

term provided a time-appropriate pHMRF to account for the specific quantitative 

chemical durability value for a specific glass. 

Term 5-[e-sbs/bRT]: Dunken stated that the chemical dissolution rate, rchem,  

for glass was proportional to Arrhenius’ equation in the way expressed 

by: , where k0 is the pre-exponential factor, EA the 

activation energy (energy required to activate a chemical reaction), R the gas 

constant, T the temperature, and f(ci) a function of concentration [16]. DeGroote 

modified Dunken’s model by replacing the activation energy term with the 

average strength of the glass network, sbs. It was calculated from composition 

data, and then included in the Arrhenius-like equation (b, empirical constant = 

1000; R, gas constant; T, temperature). According to DeGroote, “This substitution 

/
0 ( )AE RT

chem ir k e f c−= ⋅ ⋅
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creates a term that accounts for both the glass chemical composition and the 

mechanical energy required to break the bonds [17].” Experimental data showed 

that glasses with low average single bond strength values had higher MRF 

removal rates compared to glasses with higher values of sbs. 

DeGroote found that MRF material removal was best described with a 

combination of these 5 terms that involved mechanics, polishing particle 

properties and chemistry. Figure 1.3 gives the result of 650 MRF spot taking 

experiments on six optical glasses, showing the fit between removal rate (vertical 

axis) and the product of five terms that comprised the model. Although the fit is 

apparently not as good as that shown in Figure 1.2, this new model represents a 

first attempt to incorporate the mechanical properties of the part and the slurry 

with the chemistry of the part and the slurry in predicting removal rates for glass 

using MRF.  

 
Figure 1.3 MRF peak removal rates for a set of 6 optical glasses as a 

function of a new chemo-mechanical property figure of 
merit (FOM) whose five terms are defined in the text [14]. 
Outliers are primarily data for the phosphate laser glass 
LHG8. 
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DeGroote also investigated the relationship between nanodiamond 

abrasives and MRF for optical glasses. Her principal results were that the 

increasing surface charge of the nanodiamond abrasive particles in a water-based 

MR fluid is helpful for increasing peak removal rate. Regarding the role of 

nanodiamonds in MRF, DeGroote verified that, in the presence of a magnetic 

field, the magnetic CI particles are pulled toward the rotating wheel, leaving the 

non-magnetic nanodiamond particles in a thin film at the surface of the ribbon. 

This allows even very small amounts of nanodiamonds to be involved in the 

removal process. These nanodiamonds act as a lubricant to aid in increased 

efficiency of removal, and in some cases their presence leads to smoother surfaces 

[14].   

Seok et al. studied the tribological properties of an MR fluid in a fixed-

charge MR finishing process [7]. They measured shear force and normal force as 

a function of gap distance between the magnet tool and the workpiece at three 

different rotational speeds and observed that, at a specific rotation speed, both 

shear force and normal force decreased significantly when the gap distance 

between the magnet and workpiece surface increased. They also calculated the 

friction coefficient which showed a tendency to decrease as the workpiece 

approached the magnetic tool. The fixed-charge MR finishing process, which has 

no formation of a polishing ribbon and where the fluid is not continually refreshed 

with polishing abrasives, is not the same as the MRF process which has a 

stiffened MR fluid ribbon, refreshed by a circulation system. However, Seok’s 

work is meaningful for understanding the MRF process. 

As reviewed above, mechanics play an important role in the material 

removal process of MRF. It is important to understand what factors affect the 

mechanical removal component in MRF. Previous work concentrated only on the 

contribution of drag force to material removal in MRF. Limited study was carried 

out on shear stress. In addition, there is no experimental data reported for normal 

force in MRF. There are few published systematic studies of how various MRF 
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process parameters contribute to the material removal in MRF. More work needs 

to be done to examine the removal mechanism in MRF. 

 
1.3 Corrosion problem of MR fluid 

One of the main ingredients in MR fluid is the magnetic carbonyl iron (CI) 

particles. These iron particles, in the presence of water and air, are subject to 

corrosion from iron oxidation. Prior work has discussed the problems created by 

carbonyl iron particle corrosion in an MR fluid. Schinhaerl et al. explained a drop 

in pH (from 11 to 9) for a commercial aqueous CeO2 MR fluid in an MR fluid 

machine, as being due to incorporation of CO2 from air that promoted corrosion 

[18]. This led to instability in the removal rate for polishing N-BK-7 glass optics 

over 7 days. Ulicny [19] also observed that a nonaqueous carbonyl iron-based MR 

fluid, when subjected to heat (200 °C), was oxidized, due to exposure to air, to 

form 100-200 nm thick, porous FeOx, Fe2O3 or Fe3O4. The oxidation of iron 

resulted in a gradual loss of fan clutch torque capacity over 20 days [19]. In MRF, 

the oxidation of iron particles makes the MR fluid unstable, producing a less 

predictable finishing spot, and causing difficulties in polishing to correct surface 

figure errors. In addition, corrosion also limits MR fluid life time to about two 

weeks. 

There are several methods for preparing MR fluids to reduce corrosion of 

the CI particles at room temperature. Here we discuss three methods used to 

reduce corrosion of CI particles in MR fluid or in fluids for other applications. 

The use of deionized water can slow the corrosion, but does not entirely solve the 

problem [20]. Jacobs et al. used NaCO3 salt added to the aqueous MR fluid to 

raise the pH to ~ 10, reducing the formation rate of Fe2O3 (rust) on CI particles 

[20]. Stability in removal rate for polishing glass exceeded 8 hours using aqueous 

MR fluid without abrasives or containing non-magnetic abrasives such as CeO2, 

A12O3, SiC, B4C or nanodiamonds. The altered chemistry also increased 

polishing efficiency for many materials [20]. However, the MR fluid was still 

vulnerable to corrosion after a period of 2 to 4 weeks. 
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A second approach is to use nonaqueous base liquids instead of deionized 

water in the MR fluid. Due to the lack of a hydrogen ion, there is no corrosion for 

CI in a nonaqueous MR fluid. However, Shorey et al. obtained an extremely low 

removal rate (only 0.001 μm/min) for fused silica (FS) when polished with a 

nonaqueous MR fluid without abrasives [5]. 

The third method is to coat CI particles with a corrosion-resistant, thin 

oxide layer. CI particles available commercially from BASF are covered with 

“insulated coatings" formed by dusting CI particles with silica particulate in a 

milling operation. The coatings so created did not offer any significant corrosion 

protection, as discussed by Friederang et al. [21]. Atarashi et al. disclosed coating 

2 μm CI particles with metal oxide layers, on the order of 100 nm thick, 

composed of SiO2 and ZrO2. They observed improved oxidation resistance with 

these metal oxide coatings [22].  

The coating of CI particles with ceramic oxides such as SiO2 and ZrO2 

could provide additional removal capability, since these oxides are useful 

polishing abrasives by themselves. Yakovleva et al. demonstrated monoclinic 

zirconia as a preferred crystalline form of zirconia for glass polishing (although 

some cubic forms are also used) [23]. Towery et al. disclosed the use of a special 

ZrO2 (50 nm particle size) polishing slurry in chemical/mechanical polishing of a 

polymer (polyarylene ether) spin deposited film over a silicon wafer. Excellent 

removal rate and roughness were reported in comparison to CeO2, SiO2, diamond 

and SnO2 [24]. DeGroote et al. demonstrated the advantages of loose zirconia 

abrasives in MR fluids [25]. She obtained smooth surfaces on polymethyl 

methacrylate (PMMA) by using 0.75 vol.% Fujimi FZ-02 monoclinic zirconia 

(200 nm) in an MR fluid with 36 vol.% BASF HQ carbonyl iron [25].  

Substantial effort has been expended to reduce the corrosion of iron from 

moisture in air or in aqueous fluids. The methods of utilizing nonaqueous liquids 

instead of water or of coating CI particles with a protection layer appear very 

promising. There remains a need to provide improved corrosion resistance for MR 
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fluids used in the optical polishing field. The nonaqueous MR fluid used by 

Shorey [5] exhibits an extremely low removal rate. There is no report in the 

polishing literature on aqueous MR fluids based on CI particles covered with 

corrosion-resistant coatings.  

This work will perform a rheological study and corrosion test on a new 

MR fluid which is based on dual oxide coated CI particles. We will demonstrate 

that our new MR fluid can provide a high corrosion resistance while resulting in a 

pumpable viscosity in an MRF machine. Also, we will study a new nonaqueous 

MR fluid with a high CI concentration in an attempt to create a stiffer ribbon to 

raise the material removal efficiency. 

 
1.4 Overview of thesis 

The objective of this thesis research work is to investigate how 

magnetorheological finishing (MRF) can improve the polishing of optical 

materials. We concentrate on understanding the mechanical interactions between 

the magnetorheological (MR) fluid and a part surface during MRF processing.  

In this work, we use our research platform, the spot taking machine (STM), 

to obtain removal data for optical materials of interest by taking spots using the 

standard aqueous MR fluid or a nonaqueous MR fluid. We report the use of a dual 

force sensor for real time, simultaneous measurement of both drag force and 

normal force in MRF. We study how the normal force, drag force, and the 

calculated shear stress relate to material mechanical properties and correlate with 

removal in MRF for optical glasses and hard ceramics. The variability of the 

value of the Preston’s coefficient in MRF for three glasses and four ceramics is 

examined in terms of the normal force, drag force, shear stress and a material 

figure of merit. We also study how the various MRF process parameters, 

including abrasive concentration, penetration depth, magnetic field strength and 

wheel speed, affect material removal in MRF. We propose a material removal rate 

model in terms of mechanical properties, shear stress and MRF process 

parameters for optical glasses and hard ceramics. We will also discuss the 
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development of a new nonaqueous MR fluid containing high CI concentration and 

its polishing performance. The rheological study on a new aqueous corrosion-

resistant MR fluid based on dual oxide coated CI particles is also covered in this 

work. The arrangement of the thesis is as follows. 

Chapter 2 describes our research platform, the spot taking machine (STM), 

all the materials including three types of optical glasses and four types of hard 

polycrystalline ceramics studied in thesis work, the dual load cell, load cell setup, 

calibration and application, and all the instrumentation used for data acquisition 

and analysis.   

Chapter 3 concentrates on the contribution of shear stress in MRF material 

removal. Here drag force, normal force and the calculated shear stress are studied 

as a function of material mechanical properties. The contribution of shear stress in 

material removal rate is thoroughly examined. A modified Preston’s equation, 

which combines material mechanical properties and shear stress, is proposed to 

estimate material removal rate in MRF. 

Chapter 4 investigates how the various MRF process parameters, 

including abrasive concentration in MR fluid, penetration depth, magnetic field 

strength, and wheel speed, affect the drag force, normal force, shear stress and 

pressure in MRF. Material removal rate model for MRF is expanded by 

incorporating the contribution of MRF process parameters in material removal.  

Chapter 5 reports the development of a nonaqueous MR fluid which 

contains a combination of two organic liquids and a combination of two different 

types of CI particles. The achievement of a high CI concentration through 

viscosity studies is described. Material removal with this nonaqueous MR fluid is 

studied as a function of the additions of abrasives and aqueous agents. 

Chapter 6 covers the rheological study of a new corrosion-resistant 

aqueous MR fluid which is based on dual oxide coated CI particles. Corrosion 

tests for this new MR fluid are reported.  
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Chapter 7 summarizes all the main observations and conclusions we 

achieve from this thesis work. Chapter 8 gives the suggestions for future work on 

MRF based on this thesis work. 
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Chapter 2  

Experimental Approach and Instrumentation 
 

2.1 Spot taking machine (STM) 

We use an MRF spot taking machine (STM) as a test bed to take removal 

rate data in the form of spots on part surfaces without part rotation. Unlike a 

commercial MRF machine, the STM has only z axis motion, and is not able to 

polish out optics. Figure 2.1 shows the STM and an enlargement of a stationary 

part in contact with the MR fluid ribbon during spotting.  
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(a)                                               (b) 

Figure 2.1 Picture of STM during spot taking process: (a) spot 
taking Machine; (b) the non-rotating part partially 
submerged (under computer control) into the stiffened 
MR fluid ribbon which is moving clockwise along with 
the rotating wheel. The STM has only z axis motion. The 
diameter of the STM wheel is 15 cm. 
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The MRF removal function from the STM is characterized with an MRF 

spot that is created by lowering a non-rotating part into the rotating MR fluid 

ribbon for a given time. Figure 2.2 shows the interferometric image of a typical 

MRF D-shaped spot. The dashed ellipse denotes the depth of deepest penetration 

(ddp) region within the spot where a maximum amount of material is removed. 

Parallel, vertical dashed lines indicate the leading edge (where the MRF ribbon 

starts to contact the part) and the trailing edge (where the MRF fluid ribbon leaves 

the part). The MR fluid is flowing from left to right. 

 

 
 
Figure 2.2 Interferometric image of an MRF spot on BK7 glass and 

its accompanying profile [1]. Dashed ellipse denotes the 
depth of deepest penetration (ddp) region where a 
maximum amount of material is removed. Parallel dashed 
lines indicate the leading edge (where the MRF ribbon 
starts to contact the part) and the trailing edge (where the 
MRF fluid ribbon leaves the part). The MR fluid is 
flowing from left to right. The spot line profile is 
extracted through the center of the spot image; the 
distance from the leading edge to the trailing edge is ~ 12 
mm, and the spot depth is ~ 0.28 μm.  
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Three totally different MR fluids are used in this work. One is the 

commonly used standard aqueous MR fluid which contains DI water, magnetic 

carbonyl iron (CI) powder, non-magnetic nanodiamond abrasives and stabilizers. 

For this standard aqueous MR fluid, the standard STM equipment is used, as 

shown in Figure 2.1. The dripper for adding DI water to the MR fluid is used to 

adjust the fluid viscosity to a preset viscosity level. A pulse dampener is used to 

remove the pulse generated by the peristaltic pump. A flow sensor is employed to 

monitor the fluid viscosity.   

The second fluid type is an aqueous MR fluid based on dual oxide coated 

CI particles. This coated CI MR fluid is highly corrosion-resistant. We study the 

rheological behavior of this fluid, but we do not perform any spotting experiments 

with this new fluid in the STM.  

 The third fluid type is a nonaqueous MR fluid based on a combination of 

different types of organic liquids and a combination of different types of CI 

particles. This fluid has a high CI concentration which creates high pressure 

inside the pump tubing. Also, the nonaqueous MR fluid has a chemical 

compatibility problem with components used in the standard STM. The chemical 

nature of the nonaqueous MR fluid requires some modifications to the STM setup 

(Figure 2.3). To avoid compatibility problems, the transparent polyurethane 

plastic peristaltic pump housing is replaced with a black polyphenylene sulfide 

polymer peristaltic pump housing [2]. A polyethylene tubing is used instead of the 

blue polyurethane tubing. A high pressure pump tubing [3], which can sustain 25 

psi, replaces the 13 psi pump tubing used before. We replace the plastic pulse 

dampener with a stainless steel dampener. The water dripper is turned off. The 

flow sensor is disconnected due to its inability to measure the viscosity of a 

nonaqueous fluid. 
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Figure 2.3 Modification of STM for circulation of a nonaqueous 

MR fluid.  
 

In this work, a variety of materials including soft optical glasses and hard 

ceramics are studied. Spots are taken on these materials under various MRF 

process conditions. STM settings are adjusted based on the experimental objective, 

MR fluid condition and material type. For the aqueous MR fluid, the STM works 

in what considered as the standard condition: mixing rate 1000 rpm, magnet 

current 15 A, wheel speed 200 rpm, ribbon height 1.6 mm and the penetration 

depth of the part into the MR fluid ribbon 0.3 mm. For the nonaqueous MR fluid, 

the STM is operated in a more “aggressive” condition: mixing rate 1000 rpm, 

magnet current 20 A, wheel speed 225 rpm, ribbon height 1.4 mm and the 

penetration depth of the part into the MR fluid ribbon 0.3 mm. 

 The magnetic field strength applied to the MR fluid ribbon is controlled by 

magnet pole-piece current in the STM. Figure 2.4 plots the resulting magnetic 

field strength versus the magnet current. The inset in Figure 2.4 shows the value 

of magnetic field strength corresponding to each magnet pole-piece current input 

(from LLE MRF Group internal memo [4]). The magnetic field strength is 

measured at 0.3 mm above the center line of the STM wheel with a Gaussmeter 
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[5], with the probe perpendicular to the magnetic field direction, as shown by the 

inset image of Figure 2.4. Overall, there is a linear increase in magnetic field 

strength with increasing current, as shown in Figure 2.4. 
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Figure 2.4 Measured magnetic field strength versus the applied magnet 

pole-piece current in the STM. The inset table gives the 
numbers. The inset image shows the probe of the 
Gaussmeter. The broad, flat surface is oriented 
perpendicular to the magnetic field direction. 

 
In this work, we assume that the stiffened MR fluid ribbon, which contains 

nanodiamond abrasives and the CI particles, is moving at the same speed as the 

rotating wheel. The diameter, 2r (r is radius), of the wheel in the STM is 15 cm. 

The velocity, v, is correlated to the wheel speed, n, according to Equation 2.1, 

 2v n r= π⋅ ⋅  (2.1) 
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Table 2.1 shows the calculated velocity at the edge of the STM wheel. It should 

be noted that in reality the nanodiamond abrasives in the MR fluid exhibit some 

degree of slip against the part surface and hence their velocity is lower than the 

linear rotational velocity at the wheel edge. It has never been measured for MRF.  

 

Table 2.1 Corresponding velocity of the MR ribbon at various wheel 
speeds.  

 
Wheel speed, n (rpm) Velocity, v (m/s)

150 1.18 
175 1.37 
200 1.57 
225 1.77 
250 1.96 

 

Seok et al. measured the difference between the actual CI particle velocity 

and the apparent CI particle velocity for the fixed-charge MR finishing process 

using a high speed video camera [6]. The actual CI particle velocity at the 

workpiece surface was measured by tracking the glass particles, assumed to have 

the same velocity as the CI particles in the fluid. The apparent velocity was 

calculated from the rotation speed of the cylindrical magnet. Their observation 

showed that the actual velocity of CI particles against the workpiece surface 

during finishing was lower than the apparent velocity due to the slip motion of CI 

particles when abutting the workpiece surface. For example, at the wheel speed of 

200 rpm and gap distance of 7 mm (magnet radius: 20 mm), the measured actual 

velocity was 0.516 m/s, about 10% lower than the apparent velocity which was 

0.565 m/s. The difference between the actual velocity and the apparent velocity of 

the CI particles became larger when the gap distance between the magnet tool and 

the workpiece or the rotating speed of the magnet increased. 
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2.2 Materials 

A variety of optical glasses and hard ceramics are studied in this work. 

The materials are chosen based on their mechanical properties and also their 

industrial relevance. All materials and their mechanical properties, grouped by 

type and then rank ordered by increasing Vickers hardness, are listed in Table 2.2. 

The figure of merit (FOM), defined as E/KcHv
2, where E is Young’s modulus 

(resistance to elastic deformation), Hv is Vickers hardness (resistance to plastic 

deformation), and Kc is fracture toughness (resistance to fracture/crack growth), is 

an overall measure of how “soft” the questioned material behaves under material 

removal conditions. This figure of merit  was originally used by Lambropoulos et 

al. for evaluating volumetric removal in loose abrasive lapping and  in MRF of 

optical glasses [7], and then modified by DeGroote to include near surface 

mechanical properties of the glasses immersed in MR fluid supernatant [8]. The 

figure of merit will be extensively discussed as it relates to MRF material removal 

rate in this work. 

 



 

Table 2.2 Physical and mechanical properties of optical glasses and hard ceramics, grouped by type and rank ordered 
by increasing Vickers hardness.a 

Material Mat. ID 
Grain 
Size 

(μm)b 

Young’s 
Modulus E

(GPa) 

Vickers 
Hardness Hv

(GPa) 

Fracture 
Toughness Kc

(MPa⋅m1/2) 

Figure of Meritc, 
E/KcHv

2 
(×10-3MPa-2⋅m-1/2) 

Source 

Optical glasses 
Phosphate LHG8 − 62 3.7 0.52 8.71 Hoya 
Borosilicate BK7 − 81 6.0 0.80 2.81 Schott 
Fused Silica FS − 69 7.5 0.75 1.64 Corning 
Hard ceramics 
Magnesium Aluminum 
Oxide Spinel 100-200 273 14 2.2 0.67 TA&T [9] 

Aluminum Oxynitride ALON 150-250 334 15 2.7 0.50 Surmet [10]
Polycrystalline 
Aluminad PCA ~0.3 400 22 3.3 0.25 CeraNova 

[11] 
Silicon Carbide CVC SiC 5 - 20 460 29 4.5 0.12 Trex [12] 

aLiterature values unless specified otherwise. Information on optical glasses is from ref. [8, 13] where glass hardness was 
measured using a 100 gf load; errors for all values are less than ± 2.5%. Information on hard ceramics is from ref. [14]; 
Hardness for ceramics was measured with a 1 kgf load; errors for these hardness values are less than ± 2.0 %. Fracture 
toughness numbers for all glasses and ceramics came from two references [8, 13] and were calculated using the model of 
Evans [15].  
bFrom the vendor. 
cFigure of merit (FOM) was calculated using literature values for bulk material properties from three references [8, 13, 14].  
dCeraLuminaTM polycrystalline alumina (PCA) disks were provided by CeraNova Corporation.  Development of this material 
by CeraNova is funded by NAVAIR through the US Government SBIR program; SBIR Data Rights Apply (received 
3/17/2008, ID #39-092 C, D, E). 26
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2.2.1 Optical glasses 

The optical glasses used include phosphate laser glass (LHG8), 

borosilicate glass (BK7) and fused silica (FS).  

LHG8 is a phosphate laser glass that is widely used in high peak power 

laser systems. It is mechanically soft. It has a high coefficient of thermal 

expansion and moderate chemical durability. 

The borosilicate glass BK7 has a moderate coefficient of thermal 

expansion, making it relatively resistant to thermal shock. In terms of optical 

properties, BK7 is a crown glass with low dispersion (Abbe number of 64) and a 

relatively low refractive index (1.51 @ λ=587 nm). Due to its excellent optical 

and mechanical properties, BK7 is widely used for manufacturing optical lenses 

and optical windows. 

Fused silica is made entirely of silica in an amorphous form. The chemical 

properties of FS are superior to those of most other types of glass due to lack of 

mobile ions. FS finds use as a substrate for semiconductor device fabrication, and 

for the manufacture of glass cuvettes and other laboratory articles. It has better 

ultraviolet transmission than most other glasses, and so is used to make lenses and 

other optics for the ultraviolet spectrum. Its low coefficient of thermal expansion 

also makes it a useful material for precision mirror substrates. Fused silica glasses 

are widely used in industry due to their excellent optical and mechanical 

properties.  

 

2.2.2 Aluminum oxynitride (ALON) 

 Aluminum oxynitride (Al23O27N5/ALON) [10] (cubic aluminum 

oxynitride) is a fully dense and hard polycrystalline optical ceramic with excellent 

optical transparency in the near ultraviolet, visible and infrared wavelength 

regions [16]. It is extremely durable in severe environments and retains its 

strengths at temperatures up to 1200 °C [17, 18]. ALON has a variety of military 

 

http://en.wikipedia.org/wiki/Semiconductor
http://en.wikipedia.org/wiki/Ultraviolet
http://en.wikipedia.org/wiki/Lens_%28optics%29
http://en.wikipedia.org/wiki/Coefficient_of_thermal_expansion
http://en.wikipedia.org/wiki/Mirror
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and civilian applications, including aircraft windows, tactical missile domes, 

vehicle windows, protective shields and scratchproof lenses.  

 However, ALON is difficult to polish because of its polycrystalline 

structure. ALON has the largest grain size (150-250 μm) among the four ceramics 

studied in this thesis work. The common issue is grain decoration where 

individual grains polish at different rates, making it difficult to obtain a good 

surface [19, 20]. The mechanically hard nature of ALON also makes it 

challenging to produce a commercially acceptable material removal rate while 

resulting in a smooth surface [21]. Wahl et al. reviewed the different fabrication 

techniques employed for finishing ALON, such as conventional lap, MRF and 

diamond turning [16]. A new technique called Vibe shows promising capabilities 

in polishing of ALON aspheres and conformal surfaces at much faster rates than 

conventional polishing techniques [22].  

 

2.2.3 Silicon carbide (SiC) 

Silicon carbide (SiC) has various crystalline forms. Chemical vapor 

deposition (CVD) SiC is theoretically a dense, polycrystalline optical material 

preferably used as a high quality mirror substrate because of its desirable 

properties such as low density, low coefficient of thermal expansion and high 

thermal conductivity and high stiffness [23, 24]. It is also an extremely hard and 

tough material, making it difficult to precisely shape and polish [25, 26].  

Another type of SiC is chemical vapor composite (CVC) processed SiC. 

This CVC process is a modification of chemical vapor deposition (CVD) and 

results in a dramatic reduction in residual stress of the SiC deposit [27]. CVC SiC 

is grown by adding SiC particulates into the CVD reaction stream. This process 

releases the intrinsic stress, leading to an equiaxial grain growth, and reduces the 

average grain size of the SiC [28, 29]. The CVC SiC material has high elastic 

modulus, and high thermal conductivity. Due to its intrinsic small grain 

microstructure, the CVC SiC can be polished to better than 1 nm root-mean-
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squared (RMS) surface roughness. It is ideal for space telescopes requiring 

lightweight, stiff and thermally stable components [27, 29]. Note that SiC has a 

moderate grain size distribution, between 10-20 μm, making it subject to grain 

decoration during polishing, as demonstrated by Shafrir et al.[20]. 

 

2.2.4 Polycrystalline alumina (PCA) 

 Polycrystalline alumina α-Al2O3 (PCA) is one of the most promising 

materials of choice for demanding dome applications due to its excellent 

combination of mechanical, thermal and optical properties [30, 31]. PCA has the 

same intrinsic properties as sapphire. PCA can be engineered to a very fine sub-

micron grain size, which provides the potential to enhance its mechanical 

properties such as higher hardness and toughness, higher thermal shock resistance, 

higher transmittance and lower scattering (within 2% of the value for sapphire) 

and lower cost (potentially 50%), when compared to sapphire. PCA has the 

smallest grain size, only ~ 0.3 μm, among the ceramics studied in this work. The 

submicron grains of PCA make the grain decoration problem less severe when 

polishing, as demonstrated in Shafrir’s work [20]. 

 

2.2.5 Spinel (MgAl2O4) 

Magnesium aluminate spinel (MgAl2O4) provided by Technology 

Assessment & Transfer, Inc. (TA&T) [9] is made by a pressureless sintering 

process. Spinel is a transparent polycrystalline ceramic. Due to its high hardness, 

light weight and broadband optical properties, spinel is a leading material for 

stringent optical applications and transparent armor solutions for tactical and 

combat vehicles [32]. Its transmission window spans the range from 0.19 μm to 

6.0 μm, exceeding that of single crystal sapphire and ALON. Its extended 

transparency in the mid-wave IR (MWIR) makes spinel suitable in many 

applications [32]. The polycrystalline microstructure of magnesia spinel is 

optically isotropic, which is an advantage over single crystal sapphire. In contrast 
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with ALON, spinel has high temperature stability. Furthermore, as a simple 

ceramic oxide, spinel is relatively easy to fabricate and manufacture, making it 

attractive for lowering cost of advanced weapon systems and commercial 

products. 

 
2.3 Experimental measurement  

2.3.1 Fluid analysis  

Part of this thesis work is to develop two special MR fluids: a nonaqeuous 

MR fluid and an aqueous corrosion-resistant MR fluid. An MR fluid that can be 

successfully used to deterministically polish optics must be capable of being 

pumped in the MRF machine (e.g., having appropriate viscosity, below 300 cP at 

the shear rate of 760 sec-1 for the STM working at a standard machine setting 

[33]), and it should be stable over weeks (e.g., the viscosity should remain stable, 

and the removal rate should remain stable and repeatable from day to day). So, it 

is important to examine properties such as viscosity, moisture, and pH of these 

new MR fluids before trying to pump them in the STM. It is also necessary to 

keep track of these properties during MRF spotting experiments. This section 

discusses the instruments used to analyze the MR fluid viscosity, pH, moisture, 

particle size and surface charge. 

 

2.3.1.1 Viscometer 

The viscosity of a prepared MR fluid is measured off-line with a cone and 

plate rheometer [34]. Viscosity is measured as a function of shear rate from 40 

sec-1 to 1000 sec-1 where possible. At high shear rates, instrument torque 

limitations prevent data acquisition for some mixtures. All viscosity experiments 

are repeated 3 times, and results are averaged before plotting with error bars. In 

cases of adding nanodiamond abrasives or aqueous agents into the MR fluid (in 

the STM), the viscosity is measured after the MR fluid has been circulated in the 

STM for about 15 min to let the additives or aqueous agents uniformly disperse in 

the system. The shear rate associated with the STM circulation system is about 
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760 sec-1 [33]. Therefore, viscosity obtained at 760 sec-1 from the rheometer is 

used to estimate fluid viscosity upon exiting the nozzle of the STM.  

 

2.3.1.2 pH meter 

pH is an important parameter for characterizing an aqueous MR fluid. pH 

for each MR fluid condition is measured using a Beckman pH meter [35] and a 

Sensorex pH probe [36]. In the case of the nonaqeuous MR fluid, only a small 

amount of aqueous agent (≤ 2 vol.%) exists and it is not possible to measure pH.  

 

2.3.1.3 Moisture content 

Moisture content measurements are performed to estimate the water 

content in the MR fluid and in batches of the specially prepared dual coated CI 

particles. Moisture content is measured using an Arizona Instrument Computrac 

Max-1000 moisture analyzer [37]. 

 

2.3.1.4 AcoustoSizer 

 The AcoustoSizer IIs from Colloidal Dynamics [38] is used to measure 

the size distributions and zeta potentials of particles used to make the various MR 

fluids. The AcoustoSizer is capable of measuring the particle size ranging from 

0.02 μm to 10 μm. The size is plotted as a Gaussian distribution centered to a 

median size. For some of this work, large CI particles with a median size larger 

than 9 μm and containing particle larger than 10 μm are used in the nonaqeuous 

MR fluid. These large particles are beyond this instrument’s capabilities with 

current software. To overcome this limitation, we use a β version of the software 

that extends the measurement range to above 10 μm.  

The AcoustoSizer is also used to measure zeta potential of particles. A 

high value of zeta potential indicates large surface charge on particles [39]. This is 

considered advantageous for preventing particle agglomeration in high solids 

concentration fluids in general [8]. 
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2.3.2 Load cell  

2.3.2.1 Load cell setup 

A dual load cell is used for measuring both drag and normal forces acting 

on the part surface during MRF spotting, as shown in Figure 2.5. The sensors are 

suitable for measuring relatively low forces (response threshold less then 0.1 and 

0.01 N for the drag and normal force sensors, respectively) [40, 41], which allows 

for the detection of forces, in both normal and shear directions, corresponding to 

subtle changes in substrate type, substrate surface condition, STM machine 

settings and MR fluid composition [8, 42, 43]. Figure 2.6 schematically illustrates 

the force direction each sensor measures. The normal force sensor is measuring 

vertically while the shear force sensor is measuring horizontally along the MR 

fluid flow direction. 

 
(a) Setup I                                             (b) Setup II 

 
Figure 2.5 Views of the dual load cell setup for in situ measurement 

of both drag force and normal force. The stacked pair of 
force sensors is located directly above the contact zone 
between MR fluid ribbon and part. The polishing zone 
could be located either at the center (a) or the edge (b) of 
the part surface by adjusting offset: center, zero offset 
(setup I); at the left edge, negative offset (setup II); at the 
right edge, positive offset (not shown here). 
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                                             (a)                                                               (b)  

Figure 2.6 Schematic illustration of force measured by each sensor: 
(a) normal force sensor [40]; (b) shear sensor [41]. 
Normal force sensor is measuring force in z axis direction; 
shear sensor is detecting drag (shear) force in horizontal 
direction along the MR fluid flow direction.  

 
Due to their sensitivity, extreme care must be taken when positioning 

normal force and shear force sensors in the mounting device. As shown in Figure 

2.5, the two force sensors are stacked together directly above the contact zone 

between the MR fluid ribbon and the part, less than 50 mm above the ribbon/part 

interface, with the normal force sensor placed on the top and the shear force 

sensor located beneath. The electrical cables attached to the sensors are lined up 

along the fluid flow direction. The surface of the part during spotting and force 

measuring must be horizontal (part surface perpendicular to z axis). To meet this 

requirement, the support surface inside the mounting device, the blocking body 

and the part to be spotted must be adjusted to minimize wedge. In this work, the 

wedge of all the parts with respect to the z axis of the STM after insertion in the 

part holder is less than 50 μm. 

Individual glass blocking bodies were fabricated for the force sensor setup. 

A given part was blocked onto the blocking body with wax (see Figure 2.7). The 

blocking body was then inserted into and tightened within the mounting device. 

The use of these blocking bodies allowed for the mounting and measurement of 

forces for several parts in one day.  
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Figure 2.7 Up-side-down view of part after blocking. The 
superimposed image shows an ALON part waxed on top of 
a glass blocking body. 

 
2.3.2.2 Calibration 

Off-line calibration of the dual load cell assembly was performed on each 

material individually after each part was mounted. The normal sensor and shear 

sensor were calibrated separately. A calibration load was applied in vertical 

direction for the normal force sensor, or horizontal for the shear force sensor. The 

calibration test showed that the vertical load applied for calibrating the normal 

force sensor did not introduce a horizontal force signal in the shear force sensor, 

and a horizontal force applied for calibrating the shear force sensor did not 

introduce a vertical force signal in the normal force sensor. This indicated that the 

signals for the normal force sensor and the shear force sensor were decoupled. It 

should be noted that the loads applied for calibrating these sensors were chosen to 

be from 0-15 N, since the force occurring in MRF is mostly below 20 N.  

 

2.3.2.3 Data acquisition 

 A LabView interface was used to record drag and normal force signals 

simultaneously [44, 45]. The output signal from the force sensor is proportional to 

the force acting on the part in MRF spotting. This LabView program permits the 

real time collection of force data. The default data collection rate is 10 data points 
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per second which can be changed by the operator if desired. Figure 2.8 shows the 

drag force and normal force signals as a function of elapsed time during spotting 

FS glass and Spinel ceramic. Force is averaged over the spotting time for each 

individual measurement. System noise was overcome by fabricating the force 

sensor/sample mounting device from aluminum to reduce its overall weight, and 

by installing two low-pass 150 Hz filters (hardware) on both charge amplifiers 

used for data acquisition. The charge amplifiers allow adjustment of sensor 

sensitivity (i.e., the charge yielded by the piezoelectric sensor per unit force, pC/N) 

with a relatively slow drift rate of ~ 0.03 pC/s. 

 

 
Figure 2.8 Measured forces versus elapsed time for FS and Spinel. 

FS represents short spotting time for optical glasses while 
Spinel represents long spotting time for hard ceramics. 
Output signals for both normal force and shear force 
sensors are stable over the collecting period, 2 s for FS 
and 15 s for Spinel. Force is averaged over the data 
collection time period. Results show that drag force (Fd) 
is about 4 N, normal force (Fn) about 9 N for FS, and 
drag force about 3.5 N, normal force about 11 N for 
Spinel under a typical condition of operation with an 
aqueous MR fluid.  
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2.3.2.4 Forces as a function of spotting time 

The spotting time was adjusted based on material type and MRF 

conditions. In order to make sure force measurements obtained on various MRF 

conditions are comparable, it is necessary to clarify that force measurement is 

independent of spotting time over some time duration. We spotted BK7 glass for 

different time durations with a standard aqueous MR fluid under fixed MRF 

process conditions. Figure 2.9 shows the measured drag force and normal force on 

BK7 as a function of spotting time. Both drag force and normal force remain 

stable over a spotting time from 1 s to 10 s. This indicates that adjusting spotting 

time does not affect the force measurement. Long and short spotting times result 

in the same value for force measurement.  
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Figure 2.9 Measured drag force (Fd) and normal force (Fn) as a 

function of spotting time on BK7 glass. Forces were 
obtained with a standard aqueous MR fluid under the 
following STM conditions: mixing rate 1000 rpm, 
magnet current 15 A, wheel speed 200 rpm, ribbon height 
1.6 mm and penetration depth 0.3 mm. The offset of the 
load cell is -10 mm (see Figure 2.5(b)). 
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2.3.2.5 Forces as a function of penetration depth 

Table 2.3 shows the forces measured for ten 1.17-second spots on top of 

each other at a fixed spotting location on part surface and for another three 10-

second spots at separate spotting locations. For each spot, the ten individual 1.17-

second spots present a consistent force values for both drag force and normal 

force, and, in addition, these force values are the same as the measurements on the 

three 10-second spots. This confirms that the force measurements are not sensitive 

to spot time (for times less than 10 s on BK7), or in other words, spot depth 

(longer spot times result in deeper spots).  

 
Table 2.3 Measured forces obtained at 1 s and 10 s spotting time for 

BK7 glass. 
 

  
Spotting 
time (s) 

Drag force, 
Fd (N) 

Normal force, 
Fn (N) 

#1 1.17 3.27 7.99
#2 1.17 3.19 7.92
#3 1.17 3.23 8.02
#4 1.17 3.24 8.09
#5 1.17 3.23 8.05
#6 1.17 3.25 8.16
#7 1.17 3.24 8.15
#8 1.17 3.27 8.24
#9 1.17 3.25 8.29

#10 1.17 3.29 8.33
Average value 3.25 ± 0.03 8.12 ± 0.13

a 10 3.26 8.24
b 10 3.19 8.07
c 10 3.21 8.15

Average value 3.22 ± 0.04 8.15 ± 0.09
 

2.3.2.6 Forces as a function of offset 

The spots can be placed coincident with the z axis as indicated in Figure 

2.5(a). This way results in only one spot at the center on each substrate. 
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Alternatively, the spot can be placed at the edge in order to obtain multiple spots 

on the same substrate through part rotation, as shown in Figure 2.5(b). In order to 

test whether the force measurement is sensitive to spotting location on the part 

surface, spots were taken on the part surface with various offsets, as shown 

schematically in Figure 2.10. The force measurement is sensitive to the location 

of spots taken on the part, as illustrated in Figure 2.11. Both drag force and 

normal force change with location of the spots taken on either BK7 or FS. For 

example, the drag force at 12 mm offset (position ②, to the left side of load cell) 

is 3.70 N, ~ 30% lower than 5.34 N at the center of load cell (position ③) for 

BK7, and 3.24 N at 12 mm offset, ~ 25% lower than 4.30 N at the center for FS. 

The normal force at 12 mm offset, ~ 20% lower than 7.13 N at the center for BK7 

even though there is only slight difference for normal force measured at 12 mm 

offset and the center for FS. When the sensor is off the apex of the wheel, the 

interactive force between the workpiece and the ribbon creates a torque to the 

sensor in a form of deflection, which results in an additional force exerted on the 

sensors. The additional force is negative when the wheel apex is to the left side of 

the sensors (negative offset), and it is positive when the wheel apex is to the right 

side of the sensors (positive offset). Compared to FS, BK7 tends to have a larger 

difference in forces measured at offset position and center position which may be 

due to its softer mechanical nature. 
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(a)                                                       (b) 

Figure 2.10 Schematic diagram shows the positioning of spot taking 
on the part surface: (a) at the center; (b) at the edge with 
negative offset. Note: ① and ② at the left side on the part 
surface (negative offset); ③ at the center position (zero 
offset); ④and ⑤ at the right side on the part surface 
(positive offset).  

 

The measurements taken at the center and the edge of the part result in 

different force values when all the process conditions are fixed. Thus, it is 

inappropriate to compare force data obtained at different locations. However, it is 

still meaningful to compare the force data obtained at the same location, since we 

focus on the evolution of force as a result of changes in process parameters and 

material type. In our work it is important to position the part at the desired offset 

when measuring the drag and normal forces.  
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(b) 

Figure 2.11 Force data measured at various offsets: (a) drag force, Fd; 
(b) normal force, Fn. Forces were obtained with a 
standard aqueous MR fluid under the following STM 
conditions: mixing rate 1000 rpm, magnet current 15 A, 
wheel speed 200 rpm, ribbon height 1.6 mm and 
penetration depth 0.3 mm. The spotting time is 3 s for 
both BK7 and FS glasses.  
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2.3.3 Metrology and characterization  

2.3.3.1 Surface profile 
Removal rates for parts were obtained from MRF spots which are 

generated by pressing the non-rotating part into the rotating MR fluid ribbon for a 

period of time. Spot physical dimensions are measured using the Zygo Mark IVxp 

interferometer [1], as shown in Figure 2.12. This instrument is a four inch HeNe 

Fizeau non-contact interferometer with a wavelength of 632.8 nm. The spot must 

not be too deep, e.g., preferably ~ 0.2 μm, for achieving a good measurement. For 

deep spots where the slopes on the spot surface are too steep to be measured with 

the instrument, dropouts occur and no data can be obtained. Spotting time is 

adjusted to make sure that the spots stay below this upper limit.  

 
Figure 2.12 Zygo Mark IVxp interferometer. This noncontact 

interferometer is used to evaluate the substrate surface 
figure, spot profile, spot area and spot volume for shallow 
spots. 

 

Zygo Mark IVxp interferometer is used to determine the initial surface 

flatness as described by peak-to-valley (pv) value. In our work, all surfaces are 

pre-polished to less than 1 μm pv. The Zygo Mark IVxp interferometer is also 

used to determine MRF spot physical properties including spot profile, depth of 

deepest penetration (ddp) within the spot area, spot area and spot volume. The 3-
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D image of the spot and the accompanying spot profile along the center line 

shown in Figure 2.2 are obtained from the Mark IVxp interferometer. The peak 

removal rate (PRR) is calculated by dividing ddp by spotting time. Spot volume, 

the volume of the material removed in the spot, is measured as the total “down” 

volume over the area below the overall part surface [46]. Volumetric removal rate 

(VRR) is calculated as the spot volume divided by the spotting time. Spot area (As) 

is obtained by “drawing” a contour of the spot periphery (see Figure 2.2). 

Pressure (p) is calculated by dividing normal force by spot area. Shear stress (τ) is 

calculated by dividing drag force by spot area. The use of this protocol means that 

the calculated pressure and shear stress are average values over the whole spot 

area. Note that the spot area from the Zygo Mark IVxp interferometer is a 

projected area over the spot, not the 3-dimensional area of the spot interacting 

with the MR fluid ribbon. The spot depth is on a micron scale, while the spot size 

is on a millimeter scale, so the difference between the projected spot area and the 

actual 3-dimensional area is negligible. In the following discussion, the projected 

spot area from Mark IVxp interferometer is used to represent spot area. 

It is important to note that contact area (Ac) and spot area (As) are not the 

same. Contact area Ac is the whole area of the part in contact with the MR fluid 

ribbon, while spot area As is where measurable material removal effectively takes 

place during MRF spotting. Figure 2.13 shows a (top down view) photo of a spot 

which schematically illustrates the difference between contact area and spot area. 

Spot area, within the contact area, is normally slightly smaller due to the fact that 

shear stress at the spot edge is almost zero, resulting in negligible material 

removal. Contact area is the same for all materials when spotted under the same 

STM settings. However, spot area is material type and property dependent.  
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Figure 2.13 Schematic illustration of contact area (Ac) and spot area 

(As) in a MRF spot. The photo of the spot is from ref. [47] 
and was taken by a high speed camera. Spot area, inside 
the contact area, is smaller due to the fact that shear stress 
at the spot edge is extremely small, resulting in negligible 
material removal. The line profile shows the spot depth 
along the fluid flow direction. Arrows below the profile 
qualitatively represent the shear stress distribution along 
the spot. A typical ddp in a spot profile from Mark IVxp 
interferometer is ~ 0.2 μm. 

 
In order to examine whether the spot area is affected by the spot depth, we 

took spots on BK7 glass under a fixed STM setting except the spotting time was 

adjusted to influence the spot depth. Longer spotting time is expected to produce a 

deeper spot. Figure 2.14 shows the spot area (As) on BK7 as a function of spot 

depth (ddp). The resulting spot area remains almost unchanged when the spot 

depth increases from 0.25 μm to 1.56 μm. This indicates that spot area is 
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independent of spot depth when other MRF process parameters are kept constant. 

Thus, adjust spotting time should not cause a significant change in spot area. 
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Figure 2.14 Measured spot area (As) as a function of spot depth on 

BK7 glass. Forces were obtained with a standard aqueous 
MR fluid under the following STM conditions: mixing 
rate 1000 rpm, magnet current 15 A, wheel speed 200 
rpm, ribbon height 1.6 mm and penetration depth 0.3 mm. 
The offset of the load cell is 10 mm. 
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2.3.3.2 Surface quality characterization 

Many demanding applications for optical parts in optics and 

semiconductor industries have stringent surface quality requirements. In general, 

the smoother the surface, the better the component will function. Surface 

roughness causes scattering and stray light in optical systems and degrades the 

contrast and sharpness of optical images. It is paramount to generate a reliable and 

comparable evaluation of the surface quality based on available metrology 

instruments. The techniques employed to characterize surface quality of spots in 

this work are as follows. 

  The surface roughness is characterized by peak-to-valley (pv) and root-

mean-square (rms). Peak-to-valley roughness is defined as the mean of a large 

number of pv roughness depths across the surface. The root-mean-square surface 

roughness for a 3-D topographic image can be calculated from Equation 2.1 

where Nx and Ny correspond to the number of pixels in the image and z represents 

the surface topography [48]. 
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After the location of the spot ddp is identified, areal surface roughness 

measurements are taken using the Zygo NewView 5000 noncontacting white light 

interferometer [49] (Figure 2.15) at five random locations within the ddp region. 

This instrument has a vertical resolution of ~ 0.3 nm and a lateral resolution of ~ 1 

μm. The areal surface roughness data, peak-to-valley (pv) and root-mean-square 

(rms), for each spot are comprised of an average of five measurements over areas 

of 350×250 μm2 randomly distributed within the ddp region on the part surface 

under the following conditions: 20× Mirau; high FDA Res.; 20 μm bipolar scan 

length; Min/Mod: 5%, unfiltered.  
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Figure 2.15 Zygo New View 5000 interferometer. This noncontact 
white light interferometer is used to obtain pv and rms 
surface roughness for spots.  

 

We used a field emission scanning electron microscope (SEM) to observe 

the surface microstructure of the substrate surface after spotting in the STM [50]. 

With this instrument, we also examined the microstructure of the dual coated CI 

particles.  
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Chapter 3 

Frictional Force as a Function of Material Mechanical Properties 

 
3.1 Introduction 

Material removal rate for a conventional polishing process is proportional 

to normal force or pressure (normal force divided by contact area) as stated by 

Preston’s equation [1]. Preston’s equation governs removal in MRF, but the 

manner in which it applies to the MR fluid in the interface between the abrasive 

particles and the part is a subject of study. In his thesis work, Shorey proposed a 

modified Preston’s equation for MRF which describes the material removal rate 

in MRF as being linearly proportional to drag force or shear stress (Equation 1.2). 

This altered Preston’s equation suggested that drag force, in contrast to normal 

force, is a more direct indicator of the interaction between the MR fluid ribbon 

and the part to be polished. That is, there must be drag force to have removal in 

MRF, but normal force was not required. However, Shorey did not report on shear 

stress. 

DeGroote incorporated Shorey’s modified Preston equation (Equation 1.2) 

in an empirical model for characterizing MRF of optical glasses with 

nanodiamonds [2]. For each of the six optical glasses tested, DeGroote found that 

peak removal rate increased (silicates) or decreased (phosphates) linearly with 

drag force. Drag force and peak removal rate did not show the same linear 

correlation across all six glasses possibly because spot area was assumed to be the 

same for all the six glasses.  

Miao et al. calculated shear stress from MRF experiments for a variety of 

materials including optical glasses, polycrystalline ceramics and hard metals and 

found a positive dependence of peak removal rate with shear stress [3]. However, 

they did not consider how shear stress is correlated to material properties. 

As reviewed above, previous work concentrated on the contribution of 

drag force to material removal in MRF. Limited study was carried out on shear 
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stress. This chapter focuses on how shear stress contributes to material removal in 

MRF for a variety of materials including optical glasses and hard ceramics. A 

dual load cell is used for real time, simultaneous measurement of both drag force 

and normal force in MRF. We determine how drag force and normal force 

respond to various material mechanical properties. Prior equations for predicting 

MRF removal are modified by evaluating the effects of both mechanical 

properties and shear stress. The measured ratio of drag force to normal force is 

examined as a function of material mechanical properties. Surface roughness is 

also examined as a function of material properties.  

 

3.2 Experimental details 

3.2.1 Materials 

Three different types of optical glasses and four different types of hard 

ceramics are studied in this work, as listed in Table 2.2. The glasses include 

phosphate (LHG8), borosilicate (BK7) and fused silica (FS). The hard ceramics  

include magnesium aluminum oxide (MgAl2O4/Spinel) [4]), aluminum oxynitride 

(Al23O27N5/ALON) [5], polycrystalline alumina (Al2O3/PCA) [6], and chemical 

vapor composite (CVC) silicon carbide (Si4C/SiC) [7]), with grain sizes ranging 

from submicron to hundreds of microns. The hard nature and polycrystalline 

structure of these polycrystalline ceramics makes them very difficult to polish.  

Three pieces of each material were used in this work, except LHG8, for 

which only one piece was available. All substrates were flats pitch polished in the 

Laboratory for Laser Energetics (LLE) Optical Fabrication Shop, to a surface 

flatness less than 1 μm for all materials [8], and root-mean-square (rms) surface 

roughness less than 2 nm for glasses and 3 nm for all ceramics except ALON 

whose rms surface roughness was about 10 nm [9]. All of the substrates were 

round disks with diameters varying from 36 mm to 50 mm and thicknesses 

varying from 2 mm to 12 mm, except for the CVC SiC parts which were flat, 

square plates.  
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3.2.2 Spot taking machine settings 

The spot taking machine (STM) operating settings were kept constant for 

all spots taken in this work. The mixing rate was 1000 rpm, the magnetic pole-

piece current was 15 A (resulting in a magnetic field strength of 2-3 kG), the 

wheel speed was 200 rpm, and the out-of-field viscosity was 45 cP. The pump 

speed was adjusted to maintain a ribbon height of 1.6 mm, and the depth of the 

part immersed into the MR fluid ribbon, precisely controlled by computer, was 

kept constant at 0.3 mm. In order to obtain a reasonable spot depth for 

interferometer measurement, the spotting times were adjusted for each material: 

LHG8 (1.17 s), BK7 (1.17 s), FS (2.16 s), ALON (10 s), Spinel (15 s), PCA (60 s) 

and SiC (60 s).  

 

3.2.3 Aqueous magnetorheological fluid 

A standard aqueous magnetorheological (MR) fluid was used in this 

experiment. This MR fluid consisted of carbonyl iron (CI) particles, non-magnetic 

nanodiamond abrasives, deionized (DI) water and stabilizers. The CI particles 

used in the MR fluid had a median particle size of 4 μm. A small amount of 

nanodiamond particles, ~ 50 nm median size [10], were used as polishing 

abrasives to enhance the material removal efficiency. Spotting experiments on all 

materials occurred within a three day time period, and ended before the fluid was 

two weeks old.  

 

3.2.4 Force data acquisition 

A dual load cell was used for measuring both drag and normal forces 

acting on the part surface during MRF spotting. The load cell was installed using 

setup I as shown in Figure 2.5(a) in Chapter 2. All spots were placed coincident 

with the z axis as indicated in Figure 2.5(a). One spot was taken at the center of 

each of three parts of a given material under the same STM settings as described 

in Section 3.2.2. For LHG8, however, only one substrate was used. One spot was 
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taken at the part center, and another two spots taken at the part edge after 

repositioning it off the part center, as shown in Figure 3.1, keeping the load cell 

coincident with the machine z axis. In another words, all the three spots on the 

LHG8 are still taken along the center line of the machine z axis over the wheel, 

just like in Figure 2.5(a), except the part is displaced on the blocking body. The 

data acquired from each of the three measurements on each material are averaged 

for calculating drag/normal force for each material and the standard deviation is 

calculated. 

  

  
(c)                                                        (d) 

Figure 3.1 Image of the LHG8 position in the mounting housing: (a) 
positioning LHG8 part on the blocking body at the center, 
or (b) off the center. Positioning the LHG8 part slightly 
off the center of the blocking body permits multiple spots 
to be taken with force measurements along the z axis of 
the dual load cell. 

 

3.3 Experimental raw data 

All spotting experiments were conducted under the same STM settings 

(except for spotting time as described in Section 3.2.2) within a three day period, 

approximately 10 days after loading the MR fluid into the STM. Table 3.1 

summarizes the experimental results including ddp, spot area and spot volume, 

and volumetric removal rate (VRR) determined with the Zygo Mark IVxp 

interferometer, drag force (Fd) and normal force (Fn) obtained from force sensors, 
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and pv and rms surface roughness measured with the Zygo NewView 5000 

interferometer. Each data point listed in Table 3.1 is an average of three 

measurements for each material except when outliers were removed, and the 

standard deviation is calculated correspondingly. The roughness data are averaged 

over 15 measurements. 

As expected, the ddp for hard ceramics except SiC is much shallower than 

for all the glasses even though the spotting time for ceramics is much longer than 

for glasses. The spot area (As) for all the glasses except LHG8 is larger than that 

of ceramics even though ceramics have much longer spotting time. Spot area 

varies from material to material.  

Optical glasses have a larger spot volume than ceramics, even though 

spotting time for glasses is much shorter. In addition, optical glasses have a much 

higher removal rate than hard ceramics. The volumetric removal rate varies 250 

times from as high as 0.52 mm3/min for soft LHG8 glass to only 0.002 mm3/min 

for PCA, the lowest removal rate among ceramics.  

Drag force (Fd) varies from 2 N to 5 N. Glasses exhibit higher drag forces 

than ceramics. The drag force values for BK7 and ALON are higher than those 

reported in earlier work, 2.8 N for BK7 and 1.5 N for ALON [3], which were 

obtained with an MR fluid over-one-month old and with a different mounting 

device.  

Experiments show that normal force (Fn) is measurable in MRF. In 

comparison to drag force, normal force is much larger for ceramics compared to 

glasses. Normal force values span a wider range, from 6 N to 12 N. These results 

fall within the range (2-20 N) of normal force values reported by Schinhaerl et al. 

using a three-axis dynamometer and a cerium oxide MR fluid on BK7 glass over a 

range of operating conditions [11].  

The measured ratio of drag force to normal force (Fd/Fn) extends from 

0.25-0.64 which is in the typical range for the coefficient of friction (COF) 

reported for most materials in sliding friction mode [12]. The measured ratio 
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Fd/Fn decreases from glasses to ceramics. This is the first reported measurement 

of the ratio of drag force to normal force (Fd/Fn) for MRF.  

Both pv and rms surface roughness increase after the spotting process. 

Ceramics exhibit a much rougher surface than glasses. A discussion of the surface 

roughness will be presented later in this chapter. 

 



 

Table 3.1 Experimental data for materials after spotting. 

Material 
Spotting 

time 
(s) 

ddp 
(μm) 

Spot 
area 

(mm2) 

Spot 
volume 

(×106μm3)

Volumetric 
removal rate 
(mm3/min) 

Fd 
(N) 

Fn 
(N) Fd/Fn 

pv 
(nm) 

rms 
(nm) 

LHG8 1.17 0.9 ± 0.014 36 ± 2 10.1 ± 0.7 0.517 ± 0.038 4.0 ± 0.002 6.2 ± 0.4 0.64 ± 0.04 12 ± 2 1.5 ± 0.2
BK7 1.17 0.28 ± 0.001 54 ± 1 15.4 ± 0.2 0.268 ± 0.016 5.1 ± 0.1 8.4 ± 0.2 0.61 ± 0.01 14 ± 1.6 ± 0.3
FS 2.16 0.28 ± 0.016 50 ± 0.1 3.4 ± 0.1 0.102 ± 0.012 4.1 ± 0.1 9.3 ± 0.3 0.44 ± 0.01 9 ± 1 1.0 ± 0.1
Spinel 15 0.33 ± 0.014 44 ± 1 4.3 ± 0.2 0.017 ± 0.001 3.4 ± 0.1 11.0 ± 0.2 0.31 ± 0.01 108 ± 9 18.3 ± 2.6
ALON  10 0.18 ± 0.001 48 ± 2 2.6 ± 0.3 0.014 ± 0.001 3.8 ± 0.1 11.8 ± 0.4 0.32 ± 0.01 133 ± 9 24.8 ± 6.2 
PCA  60 0.12 ± 0.016 41 ± 0.2 1.8 ± 0.2 0.002 ± 0.0002 2.8 ± 0.2 10.9 ± 0.4 0.25 ± 0.02 25 ± 1 2.0 ± 0.1
SiC 60 0.25 ± 0.005 40 ± 2 2.9 ± 0.1 0.003 ± 0.0001 2.3 ± 0.03 9.7 ± 0.03 0.24 ± 0.01 55 ± 6 7.8 ± 1.4
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Figure 3.2 gives spot volume against ddp for all materials. Spot volume 

tends to increase linearly with ddp. This linear correlation provides the possibility 

for evaluating material removal rate of MRF in terms of either volumetric 

removal rate (VRR) or peak removal rate (PRR). Volumetric removal rate is used 

here to examine MRF material removal efficiency, because volumetric removal 

rate is a measure of 3-dimensional removal over the whole spot area. 
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Figure 3.2 Spot volume versus depth of deepest penetration (ddp) 

for spots taken on glasses and ceramics. A linear 
correlation is found between spot volume and ddp. The 
goodness of fit is 0.93 with a confidence level above 99%. 
The deeper the ddp is, the more material is removed in 
MRF. This linear relationship makes it possible to 
examine MRF removal efficiency by evaluating either 
volumetric removal rate (VRR) or peak removal rate 
(PRR). It should be noted that data for spot volume and 
ddp were obtained under the same STM settings except 
that spotting time was adjusted for each material type.  
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Figure 3.3 gives a plot of drag force (Fd) versus normal force (Fn). There 

is no clear correlation between drag force and normal force obtained for these 

materials. Drag force shows a broad tendency to decrease with increasing normal 

force. Within ceramics, however, drag force increases with normal force.  
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Figure 3.3 Drag force (Fd) versus normal force (Fn) for spots taken 
on glasses and ceramics. Drag force and normal force 
were measured on various materials under the same STM 
settings except that spotting time was adjusted for each 
material type. Parallel lines and a dashed-line rectangle 
are drawn to guide the eye. Drag force shows a tendency 
to decrease with normal force; however, drag force 
increases with normal force for the ceramics. 

 

Figure 3.4 plots drag force (Fd) versus volumetric removal rate (VRR). 

Volumetric removal rate tends to increase with drag force, as expected from 

Equation 1.2. LHG8 has the highest removal rate even though its drag force is not 

the largest. This is due to its mechanically soft nature and moderate chemical 

durability. A small increase (1.1 N) in drag force from 2.3 N in SiC to 3.4 N in 

Spinel leads to a 6× increase in removal rate (0.003 mm3/min in SiC versus 0.017 
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mm3/min in Spinel). On the other hand, a similar increase (1.3 N) in drag force 

from 3.8 N in ALON to 5.1 N in BK7 causes a 20× increase in the removal rate. 

This indicates that the same amount of increase in drag force leads to larger 

increase in removal rate for glasses compared to ceramics. Volumetric removal 

rate tends to increase with drag force, but there is no linear correlation. There 

seems be a drag force threshold (~ 4 N), below which there is negligible material 

removal rate. 
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Figure 3.4 Drag force (Fd) versus volumetric removal rate (VRR) for 

spots taken on glasses and ceramics. Data points for all 
the materials were obtained under the same STM settings 
except that spotting time was adjusted for each material 
type. Volumetric removal rate tends to increase with drag 
force, but there is no linear correlation. LHG8 has the 
highest removal rate even though drag force is not the 
largest due to the fact that LHG8 is mechanically soft and 
has moderate chemical durability. Dashed lines are drawn 
to guide the eye.  
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3.4 Drag force and normal force  
For the first time, both drag force (Fd) and normal force (Fn) are measured 

simultaneously for MRF on a variety of materials ranging from soft glasses to 

hard ceramics. In this section, drag force and normal force are examined in 

relation to material mechanical properties.  

The dependence of drag force and normal force on material hardness is 

shown in Figure 3.5 and 3.6, respectively. Experimental data indicate that drag 

force decreases for harder materials. Optical glasses with low hardness values 

exhibit high drag forces. In contrast, hard ceramics exhibit much lower drag 

forces. Figure 3.5 also includes drag force data from prior work on LHG8, BK7 

and FS taken by DeGroote [10] and on Sapphire (hardness is close to ALON) 

acquired by Shorey [13]. Their results display the same overall trend that drag 

force decreases with hardness. Notice in particular the similar dependence of Fd 

on Hv for the three glasses. It should be pointed out that the experiments in ref. 

[10] and [13] were carried out on the STM under different operating conditions. 

DeGroote measured the drag force not in real time, but on a separate part with 10 

A magnet current and with a small amount of nanodiamond abrasives in the MR 

fluid; Shorey measured the drag force using a combination of linear translation 

stage and load cell working with the depth of the part penetrated into the ribbon of 

0.5 mm and a different MR fluid. As shown in Figure 3.5, their drag forces are 

lower than the values reported here. With the capability to measure drag force on 

each individual material in real time during MRF, current work is a significant 

expansion of prior work. 
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Figure 3.5 Drag force (Fd) measured in this work and from prior 

work as a function of material Vickers hardness (Hv). 
Drag forces for all materials (♦ solid diamonds) were 
measured under the same STM settings except that 
spotting times were adjusted for each material type. Drag 
force decreases with material hardness. Experimental 
conditions for prior work on LHG8, BK7 and FS (○ open 
circles) from DeGroote [10] and on Sapphire (Δ open 
triangles) from Shorey [13] were different from current 
work.  

 

Figure 3.6 shows normal force measured for the material sample set as a 

function of material hardness. Normal force increases with hardness for optical 

glasses, but saturates at ~ 11 N for hard ceramics. Pressure (normal force divided 

by spot area) shows a similar trend, varying from 0.1 MPa to 0.3 MPa. The 

calculated pressure for MRF is within the range of pressures found in 

conventional chemical mechanical polishing processes [14].  
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Figure 3.6 Normal force (Fn) as a function of material Vickers 

hardness (Hv). Normal force for all materials was 
measured under the same STM settings except that 
spotting time was adjusted for each material type. Normal 
force increases linearly with hardness for glasses, but 
flattens out at high value (~ 11 N) for hard ceramics.  

 

The dependence of drag force and normal force on material type indicates 

that the hydrodynamic flow pressure in the MRF converging gap depends on the 

type of material that makes the upper gap surface. If pure no-slip boundary 

conditions held at the part surface, one would expect a normal and drag (shear) 

force independent of part material. We conclude, therefore, that the no-slip 

boundary condition must be violated to some extent on the part surface. This is 

not surprising, given the fact the MR fluid consists of solid abrasives in an 

aqueous medium.  

The decrease in drag force with increasing hardness can be understood 

with a qualitative interpretation of material removal that combines indentation by 

and dragging of nanodiamond abrasives across the part surface.  The indentation 

depth is a function of material hardness. The softer the material is, the deeper the 

penetration depth will be. When nanodiamonds engage the part surface, they 
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experience a larger drag resistant force (similar to two-body abrasion), when 

sliding against the surface. Therefore, the increase in hardness from soft glasses to 

hard ceramics is expected to result in a shallower indentation, thus causing a 

decrease in drag force, as demonstrated in Figure 3.5.  

On the other hand, low penetration of nanodiamonds in hard materials 

makes nanodiamonds tend to roll over at the interface between the MR fluid and 

the workpiece. Thus, the interaction between the MR fluid ribbon and the 

workpiece surface is expected to gradually become three-body abrasion, as 

schematically shown in Figure 3.7. This rolling movement of nanodiamond 

particles likely increases their dwell time in the spot zone where material removal 

actually takes place, greatly increasing the number of nanodiamond particles in 

the spot zone, thus leading to an increase in normal force. At a certain substrate 

surface hardness level, all the nanodiamond particles in the spot zone start to roll 

over the surface and the number of nanodiamond particles staying in the spot zone 

reaches a constant value, which causes a saturation of normal force, as seen in 

Figure 3.6.  

 

(b)

  (a) (c)  
Figure 3.7 Schematic diagram of (a) polishing zone; (b) two-body 

abrasion mode where abrasives are bound to the MR fluid 
ribbon; (c) three-body abrasion mode where abrasives are 
loose and free to move between the workpiece and the MR 
fluid ribbon. (b) and (c) schematically show abrasive 
interaction on top of the ribbon surface against the 
workpiece in the polishing zone (enlargement, not to scale). 
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3.5 Shear stress 

Equation 1.2 shows that material removal rate is proportional to drag force 

if polishing area is constant, or to the ratio of drag force over contact area in case 

of varying polishing area. Figure 3.4 shows that the removal rate tends to increase 

with drag force. So, to take into account the polishing area when correlating 

material removal rate with drag force, it is important to examine shear stress.  

It was shown in Section 2.3.3.1 that spot area (As), rather than contact area 

(Ac), is the effective area for material removal in MRF. Figure 3.8 shows spot area 

as a function of material hardness. Spot area is seen to decrease with hardness. 

The harder the material is, the less material is removed toward the spot periphery 

where shear stress is low. This is why hard materials tend to exhibit a smaller spot 

area. The dependence of spot area on material mechanical properties confirms that 

it is important to incorporate spot area into a material removal equation for MRF. 
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Figure 3.8 Spot area (As) versus material Vickers hardness (Hv). 

Spot area was measured on various materials spotted 
under the same STM settings except that spotting time 
was adjusted for each material type. Spot area is 
determined interferometrically [8]. The dashed line is 
drawn to guide the eye.   

 

Equation 1.2 predicts a linear correlation between material removal rate 

and shear stress, i.e., shear stress as drag force (Fd) divided by spot area (As). 

Figure 3.9 shows shear stress as a function of material hardness and a downward 

trend is observed. This implies that shear stress, which accounts for spot area, is 

as closely correlated with material properties as drag force, and is thus a useful 

parameter for estimating the removal efficiency in MRF. 
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Figure 3.9 Shear stress (τ) as a function of material Vickers hardness 

(Hv). A strong linear correlation exists between shear 
stress and material hardness. 

 

3.6 Material removal rate model 

The volumetric removal rate as a function of shear stress is plotted in 

Figure 3.10. Removal rate increases with shear stress. This is in agreement with 

prediction of Equation 1.2. Shear stress increases by 2 times, from 0.06 MPa for 

SiC to 0.11 MPa for LHG8, while volumetric removal rate rises over 170 times, 

from 0.003 mm3/min for SiC up to as high as 0.52 mm3/min for LHG8. Shorey 

proposed the linear dependence of removal rate on shear stress for MRF, but no 

experimental data were given [13]. DeGroote confirmed the linear correlation 

between removal rate and drag force as shown in Equation 1.2 with the 

assumption of a constant spot area for all materials [10]. This work 

experimentally confirms the linear relationship between removal rate and shear 

stress for MRF of a variety of materials. The volumetric removal rate for glasses 

increases much faster than that for ceramics as a result of increasing shear stress. 

LHG8 looks like an outlier in Figure 3.4 due to its mechanically soft nature and 
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moderate durability, which results in a small and deep spot for LHG8. However, 

there is a better lineup of LHG8 with other materials in Figure 3.10 where 

difference in spot size is taken into account by calculating shear stress. It is 

apparent from Figure 3.10 that, for shear stresses less than about 0.08 MPa, the 

removal rate effectively vanishes. This indicates the presence of a threshold for 

shear stress. Below such a shear stress threshold, material removal is too low to be 

observed for the conditions described in this work.  

The correlation between volumetric removal rate and shear stress is in 

agreement with the positive dependence of removal rate on drag force as shown in 

Figure 3.4, except that data in Figure 3.10 has a better correlation. LHG8 is 

mechanically soft and has moderate chemical durability which results in a high 

removal rate even at low drag force, as seen in Figure 3.4 where data for LHG8 is 

an outlier. However, after taking into account the spot size, LHG8 has a good 

alignment with other glasses (BK7 and FS) in the plot of volumetric removal rate 

versus shear stress (Figure 3.10). 
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Figure 3.10 Volumetric removal rate (VRR) versus shear stress (τ). 

Volumetric removal rate and shear stress were measured 
on various materials spotted under the same STM settings 
except that spotting time was adjusted for each material 
type. Volumetric removal rate increases with shear stress. 
Removal rate becomes negligible for shear stresses below 
~ 0.08 MPa. 

 

Lambropoulos et al. [15] found that material removal rate is linearly 

proportional to both material mechanical properties and normal pressure for loose 

abrasive lapping of optical glasses, as expressed by 

 
7/6

k
p rel P re3/4

c k

(E/H )1 ΔV Δh= = C pV = A LpV
A Δt Δt K H l  (3.1) 

where ΔV, Δh are volume and height of material removed in time Δt, respectively, 

A is the area of the workpiece in contact with the pad, Cp is Preston coefficient, 

representing the removal efficiency of the polishing process, p is the pressure 

acting on the workpiece, Vrel is the relative velocity between the workpiece and 

the pad, AP is an augmented Preston coefficient, and L is abrasive size. Equation 
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3.1 was used for analyzing material removal in the loose abrasive lapping 

processes. This equation is now modified to describe material removal in MRF. 

Vickers hardness (Hv) is used instead of Knoop hardness (Hk). The exponents of 

bulk mechanical property components are simplified as E/KcHv
2 (this term is 

designated as mechanical figure of merit, FOM), similar to E7/6/KcHk
23/12 used by 

Lambropoulos et al. for describing volumetric removal rate of optical glasses in 

MRF [16], and similar to DeGroote’s modification where near surface Young’s 

modulus and nanohardness were used instead [10]. Figure 3.11 shows the 

volumetric removal rate as a function of mechanical figure of merit for the 

materials examined. Volumetric removal rate increases with mechanical figure of 

merit. There is a strong correlation between removal rate and mechanical figure of 

merit. This agrees well with Equation 3.1. 
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Figure 3.11 Volumetric removal rate (VRR) as a function of 

mechanical figure of merit (FOM, E/KcHv
2) based on 

bulk material properties. Volumetric removal rate was 
measured on various materials spotted under the same 
STM settings except that spotting time was adjusted for 
each material type. Mechanical figure of merit for 
different materials was calculated with literature values 
[10, 17]. Volumetric removal rate is positively 
proportional to mechanical figure of merit.  

 

Both the effects of shear stress (τ) and mechanical properties (E/KcHv
2) 

can be incorporated into a predictive equation for material removal rate in MRF, 

MRRMRF, as shown in Equation 3.2, 

 '
MRF p, MRF( , FOM) 2

c V

EMRR = C τ v
K Hτ ⋅ ⋅ ⋅  (3.2) 

where C’p,MRF(τ,FOM) is a modification of Preston’s coefficient in terms of shear 

stress, τ, and the material FOM. A significant modification made from Equation 
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3.1 is that pressure (p) is replaced by shear stress (τ) for MRF. Also, the abrasive 

size, L, as included in Equation 3.1, is not explicitly taken into account in the new 

equation, Equation 3.2.  

MRRMRF could alternatively be written as VRRMRF where VRRMRF 

represents volumetric removal rate (VRR) for MRF. The experimental parameters 

in this work can be used to estimate the coefficients C’p,MRF(Fn), C’p,MRF(τ) and 

C’p,MRF(τ,FOM).  The linear velocity at wheel edge is about 1.57 m/s. It is assumed 

that the nanodiamond abrasives and the CI particles in the stiffened MR fluid 

ribbon are moving at the same speed as the rotating wheel. With the measured 

values for VRR, Fn, Fd, As and material properties data from Table 2.2 for E, Kc 

and Hv, and by rearranging Equations 1.2 and 3.2, it is possible to estimate values 

for each of the three Preston’s coefficients. 

Table 3.2 shows the calculated values for C’p,MRF,(Fn), C’p,MRF(τ) and 

C’p,MRF(τ,FOM) for all materials spotted by MRF. The calculated C’p,MRF,(Fn) varies 

from as low as 6.9 × 10-5 mm2/GPa for PCA to as high as 3.1 × 10-2 mm2/GPa for 

LHG8, about a 500 times increase. However, C’p,MRF(τ) has a smaller range, of 

about 200 times, from 2.7 × 10-4 mm2/GPa for PCA to 4.9 × 10-2 mm2/GPa for 

LHG8. Substituting shear stress for pressure narrows the range of Preston’s 

coefficient. This confirms that material removal in MRF is controlled more by 

shear stress rather than by pressure. The large variance in C’p,MRF(τ) is due to the 

absence of material properties. Combining shear stress with mechanical properties 

results in a much tighter range of the coefficient C’p,MRF(τ,FOM), from 1.1 × 10-3 

N·m1/2 for PCA up to 1.1 × 10-2 N·m1/2 for BK7, only 7 times variance. The 

coefficient C’p,MRF(τ,FOM) varies by only ± 12% among LHG8, BK7 and FS, and it 

varies by only ± 15% among Spinel, ALON, SiC. The variation in C’p,MRF(τ,FOM) 

across all materials may be due to the particular surface condition and 

microstructure of each individual material. PCA has the lowest values for 

C’p,MRF,(Fn), C’p,MRF(τ) and C’p,MRF(τ,FOM), which might be due to the fact that PCA 
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has extremely small grain size, only ~ 0.3 μm, which is in the size range of 

nanodiamond abrasive in the MR fluid.  

 

Table 3.2 Modified Preston’s coefficients calculated for MRF. 

Material C’p,MRF,(Fn) 
(mm2·GPa-1)

C’p,MRF(τ) 
(mm2·GPa-1)

C’p,MRF(τ,FOM) 
(N⋅m1/2) 

LHG8 3.13E-02 4.90E-02 5.62E-03 
BK7 1.84E-02 3.01E-02 1.07E-02 
FS 5.79E-03 1.31E-02 7.99E-03 
Spinel 7.25E-04 2.33E-03 3.47E-03 
ALON  6.18E-04 1.92E-03 3.86E-03 
PCA  6.92E-05 2.74E-04 1.10E-03 
SiC 1.24E-04 5.16E-04 4.18E-03 
Variance in 
magnitude* 500× 200× 7× 

* Variance in magnitude is defined by dividing the largest 
value in the column by the smallest value. 

 

The modified Equation 3.2 combines the mechanical figure of merit and 

shear stress together, an improvement on both Shorey’s Equation 1.2 and 

Lambropoulos’s Equation 3.1, offering a better correlation with material removal 

rate. This equation provides a better understanding of material removal for MRF 

across optical glasses and hard ceramics. 

 

3.7 Measured ratio Fd/Fn 

For conventional polishing processes, material removal efficiency is 

measured by the coefficient of friction (COF) [18, 19]. The measured ratio (Fd/Fn) 

examined here, taking into account both normal force and drag force, is 

equivalent to the coefficient of friction (COF) in conventional chemical 

mechanical polishing processes.  

Figure 3.12 shows the measured ratio of drag force to normal force (Fd/Fn) 

as a function of material hardness (Hv). The measured ratio Fd/Fn shows a clear 

dependence on material hardness, decreasing linearly with hardness. The strong 
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correlation of the measured ratio Fd/Fn with material mechanical properties 

implies that the interaction between the MR fluid particles and the part is 

dominated by micromechanics. 
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Figure 3.12 Measured ratio of drag force to normal force (Fd/Fn) 

versus material Vickers hardness (Hv). Drag force (Fd) 
and normal force (Fn) were measured on various 
materials spotted under the same STM settings except 
that spotting time was adjusted for each material type. 
The measured ratio Fd/Fn decreases with material 
hardness.  

 

Figure 3.13(a) shows the volumetric removal rate (VRR) as a function of 

normal force (Fn) across all materials. The volumetric removal rate exhibits a 

negative correlation with normal force, decreasing with increasing normal force 

across all materials. This inverse relationship between normal force and removal 

rate is opposite to the plotted relationship between drag force and removal rate, as 

shown in Figure 3.13(b), where volumetric removal rate shows a tendency to 

increase with drag force, although there is no clear linear correlation. Note that 
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Figure 3.13(b) is the same graph as Figure 3.4 with the only difference in 

switching the axes for a better comparison between Figure 3.13(a) and (b). It is 

possible that neither normal force nor drag force can, by itself, adequately 

describe removal in MRF in these experiments. The effect of normal force on 

material removal rate in MRF will be further discussed in the following section. 
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(a)                                                                                                    (b) 

Figure 3.13 Volumetric removal rate (VRR) versus (a) normal force (Fn) and (b) drag force (Fd) for spots taken on 
glasses and ceramics. Both normal force and drag force for all the materials were obtained under the 
same STM settings except that spotting time was adjusted for each material type. Volumetric removal 
rate decreases with normal force. In contrast, volumetric removal rate shows a broad tendency to 
increase with drag force. Note that Figure 3.13(b) is the same graph as Figure 3.4 with the only 
difference in switching the axes for a better comparison between Figure 3.13(a) and (b). 
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For conventional polishing processes, material removal efficiency is 

measured by coefficient of friction (COF) [20]. Cumbo’s work on loose abrasive 

lapping showed a reasonably good linear correlation between Preston’s 

coefficient and coefficient of friction between the glass workpiece and the 

polyurethane pad, which demonstrated that “coefficient of friction may be 

regarded as a measure of the useful mechanical work done during polishing” [21]. 

For example, the typical coefficient of friction for glasses from conventional loose 

abrasive lapping with CeO2, monoclinic ZrO2 and nanocrystalline α-Al2O3 

abrasives on polyurethane pad is between 0.25 and 0.5 [21]. In this work, the 

measured ratio of drag force to normal force (Fd/Fn) is calculated for all materials. 

The measured ratio Fd/Fn, taking into account both normal force and drag force, is 

equivalent to coefficient of friction. This section explores how the MRF material 

removal rate correlates with the measured ratio Fd/Fn. 

Figure 3.14 shows volumetric removal rate (VRR) as a function of the 

measured ratio Fd/Fn across all materials. Volumetric removal rate increases with 

the measured ratio Fd/Fn. The larger the measured ratio Fd/Fn, the higher the 

resulting volumetric removal rate. The correlation between volumetric removal 

rate and the measured ratio Fd/Fn demonstrates that the measured ratio Fd/Fn, 

accounting for the influence of both drag force and normal force, is a useful 

quantity for estimating material removal in MRF. 
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Figure 3.14 Volumetric removal rate (VRR) versus the measured 
ratio of drag force to normal force (Fd/Fn). Volumetric 
removal rate, drag force (Fd) and normal force (Fn) were 
measured on various materials spotted under the same 
STM settings except that spotting time was adjusted for 
each material type.  

 

Because there is a correlation between volumetric removal rate and the 

measured ratio Fd/Fn, it is useful to compare the measured ratio Fd/Fn to shear 

stress. Figure 3.15 shows shear stress as a function of the measured ratio Fd/Fn for 

all materials. Shear stress exhibits a strong correlation with the measured ratio 

Fd/Fn with a good fit. As discussed previously, shear stress is responsible for 

material removal in MRF [22]. The correlation between shear stress and the 

measured ratio Fd/Fn indicates that the measured ratio Fd/Fn, taking into account 

the contribution of both drag force and normal force, is an important alternative 

means for evaluating material removal for MRF.   
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Figure 3.15 Shear stress as a function of the measured ratio Fd/Fn 
across all materials. Data were obtained on various 
materials spotted under the same STM settings except 
that spotting time was adjusted for each material type. 
Shear stress is correlated to the measured ratio Fd/Fn. 

 

3.8 Surface roughness 

Figure 3.16 shows the areal rms surface roughness versus pv surface 

roughness for all materials after MRF spotting. There is a positive linear 

correlation between rms and pv surface roughness. The linear fit is good with a 

confidence level above 99%. The pv surface roughness is approximately 5× the 

rms surface roughness. It should be noted that hard ceramics have higher pv and 

rms surface roughness than optical glasses. 
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Figure 3.16 Correlation of areal rms surface roughness with pv 

surface roughness for all materials after MRF spotting 
with standard aqueous nanodiamond MR fluid. Data were 
measured on various materials spotted under the same 
STM settings except that spotting time was adjusted for 
each material type. The roughness data were an average 
of 15 measurements within the ddp region of spots on 
each material. The rms surface roughness is linearly 
related to the pv surface roughness. Ceramics have high 
pv and rms surface roughness than glasses.  

 

Figure 3.17 shows the correlation between the areal rms surface roughness 

and grain size for hard ceramics. Spinel and ALON have large grain size 

distributions. The median value of their grain size range is taken as the grain size 

used in Figure 3.17. The rms surface roughness tends to increase with grain size. 

It is known that MRF is able to polish optical glass surface down to nanometer or 

angstrom level. However, for ceramics, the surface roughness after MRF spotting 

seems to be dependent on material microstructure rather than the MRF polishing 

capability.  
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Figure 3.17 Areal rms surface roughness versus grain size for hard 

ceramics after MRF spotting. Data were measured on 
various materials spotted under the same STM settings 
except that spotting time was adjusted for each material 
type. The roughness data were an average of 15 
measurements within the ddp region of spots on each 
material. The rms surface roughness scales up with grain 
size for ceramics. 

 

Ductility is a mechanical property used to evaluate the extent to which 

materials can be deformed plastically without fracture. Ductility index, defined as 

(Kc/Hv)2, where Kc is fracture toughness and Hv is the bulk material Vickers 

hardness, describe the creation of surface roughness as a competition between 

fracture and flow processes. The surface roughness after MRF spotting may be 

examined with respect to this material mechanical property.  

Figure 3.18 shows the areal rms surface roughness as a function of 

material ductility index for all materials. The areal rms surface roughness tends to 

increase with ductility index for glasses and ceramics, respectively, even though 
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glasses and ceramics exhibit a correlation with different slopes. The rms surface 

roughness shows a weak trend for glasses while a strong trend for ceramics. Fused 

silica (FS) has a very low ductility index, resulting in a small surface roughness. 

In contrast, ALON has a large surface roughness due partly to its extremely high 

ductility index. Our observation is in agreement with the work done by 

Lambropoulos et al. where surface roughness for glasses during deterministic 

grinding scales up with ductility index [23].   
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Figure 3.18 Correlation of areal rms surface roughness with ductility 

index ((Kc/Hv)2) for all materials. The roughness data 
were an average of 15 measurements within the ddp 
region of spots on each material. The rms surface 
roughness shows a broad tendency to increase with 
ductility index.  

 

3.9 Summary 

This chapter examines shear stress in magnetorheological finishing (MRF) 

as a function of material mechanical properties and how shear stress correlates 
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with material removal in MRF. A modified Preston’s equation, combining shear 

stress with material mechanical properties, is proposed to describe the material 

removal mechanism in MRF. A variety of materials including optical glasses and 

polycrystalline ceramics are tested. A spot taking machine (STM) is used as a test 

bed to take removal data. A dual load cell is used for simultaneous, in situ 

measurement of drag force and normal forces in MRF. The results are 

summarized as follows. 

 

 Spot area is a function of material mechanical properties, decreasing 

linearly with increasing material Vickers hardness, and is thus different 

from material to material. Spot area, rather than contact area, should be 

used for calculating pressure and shear stress.  

 Normal force is measured simultaneously with drag force in MRF for the 

first time. Both drag force and normal force correlate strongly with 

material mechanical properties. Drag force decreases linearly with 

increasing material hardness. However, normal force increases with 

hardness for glasses, saturating at high values for ceramics. The response 

of drag force and normal force to material hardness can be explained by 

proposing an indenting and dragging behavior for nanodiamond particles 

at the interactive interface during MRF. 

 Shear stress shows an inverse linear dependence on material hardness. 

Volumetric removal rate shows a positive dependence on shear stress. 

This experimentally validates Shorey’s prediction. There is a threshold for 

shear stress below which removal rate becomes negligible.  

 Incorporating mechanical properties with shear stress considerably 

narrows the range of Preston’s coefficient over all materials tested in this 

work. The new modified Preston’s equation proposed in this work 

demonstrates that material removal in MRF is controlled more by shear 
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stress rather than pressure, and offers a better estimation of material 

removal in MRF.  

 With the ability to measure both drag and normal forces, for the first time 

the measured ratio of drag force to normal force, equivalent to coefficient 

of friction, is calculated for MRF. This ratio shows a clear dependence on 

material mechanical properties. This implies that the interaction between 

the MR fluid particles and the part is dominated by micromechanics. In 

addition, this measured ratio is directly related to shear stress, which 

indicates that the measured ratio, similar to shear stress, is an alternative 

measure of material removal efficiency in MRF. 

 For polycrystalline ceramics polished with the same MRF process 

conditions, the resulting areal surface roughness shows a positive 

dependence on material mechanical ductility. Within ceramics, larger 

grain size tends to produce a rougher surface.  

 

This study of the effect of shear stress on material removal improves the 

understanding of material removal mechanism in MRF and a modified equation 

for removal rate provides a better prediction of material removal in MRF over a 

wide range of materials.  
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Chapter 4 

Effects of Process Parameters on Material Removal in 

Magnetorheological Finishing 
 

4.1 Introduction 

Magnetorheological finishing (MRF) is capable of polishing various types, 

shapes and sizes of materials without introducing subsurface damage. It has 

become an important tool in fabricating high precision optics. To understand the 

MRF material removal mechanism and improve the MRF material removal 

efficiency, it is important to know how the various machine settings and 

magnetorheological (MR) fluid conditions affect the removal process and how the 

forces are related to material removal. 

Shorey measured the drag force on sapphire as a function of carbonyl iron 

(CI) concentration with aqueous MR fluids of constant abrasive concentration and 

found that material removal rate increased with drag force (due to increase in CI 

concentration). Shorey also measured the drag force on sapphire as a function of 

nanodiamond concentration with MR fluid of constant CI concentration and found 

that the drag force decreased with nanodiamond concentration [1]. Shorey 

correlated the measured drag force on sapphire with the removal rate on fused 

silica (FS) glass obtained with the same MR fluid and concluded that small 

additions of nanodiamond abrasives caused a dramatic increase in material 

removal rate while strongly reducing drag force. Shorey explained this by 

suggesting that the abrasives passed through a transition from a two-body to 

three-body mode in the polishing region.  

DeGroote also studied drag force as a function of nanodiamond 

concentration, but she measured drag force directly on the glass being polished. 

She found that, contrary to Shorey’s observation, drag force increased linearly 

with nanodiamond concentration. This causes an increase in removal rate [2]. 

DeGroote also found that, with further addition of nanodiamonds, a saturation 
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point was reached where peak removal rate no longer increased.  

Schinhaerl et al. investigated the effect of machine settings on the 

resulting normal force on BK7 glass during MRF processing [3]. Ribbon height 

was not kept constant in their experiment. There was no report on drag force in 

Schinhaerl’s work. They reported that normal force increased with increasing 

wheel speed but reached a maximum at the wheel speed of 450 rpm and then fell 

off with increasing wheel speed. This was in agreement with Seok’s observation 

[4]. Reducing the gap between the part and the wheel, that is, increasing 

penetration depth of the part into the MR fluid attached to the surface of a 

cylindrical magnet, dramatically increased normal force.  

Normal force showed a similar dependence on magnet current and wheel 

speed [3]. Normal force exhibited a maximum value of 8 N at the magnet current 

of 10 A, while normal force reached the maximum at the wheel speed of 450 rpm. 

Contrary to Schinhaerl’s finding, Seok et al. showed a decrease in normal force as 

a response to the increasing rotational speed of the polishing tool at the minimum 

gap distance in their finishing work [4].     

As discussed above, previous observations on the effect of nanodiamond 

concentration on drag force were contradictory. There was limited study of the 

effect of machine operating settings on material removal rate in MRF. Previous 

work studied either drag force or normal force in MRF but there was no 

investigation where both forces were measured simultaneously. The objective of 

this work is to understand the role of the MRF process parameters in material 

removal. This work examines both drag force and normal force as a function of 

process parameters in MRF. We concentrate on how nanodiamond concentration 

and machine settings, including penetration depth, magnetic field strength and 

wheel speed, affect drag force, normal force, shear stress, pressure and material 

removal rate. We also expand the MRF material removal model proposed in ref. 

[5] by incorporating the contribution of nanodiamond concentration and machine 

settings in material removal. The experiment is performed on a spot taking 
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machine (STM) with a standard water-based MR fluid. Drag and normal force 

data are collected dynamically with a dual load cell.  

We report the work as follows. Section 4.2 describes the materials, the 

STM settings, and the dual force cell setup. Section 4.3 summarizes the 

experimental data including spot depth of deepest penetration, spot area, spot 

volume, drag force, normal force, the measured ratio of drag force over normal 

force and removal rate for spots taken under various spotting conditions. Section 

4.4-4.5 discuss how nanodiamond concentration and STM machine settings affect 

spot size, drag force, normal force, shear stress, pressure and material removal 

rate. The MRF material removal rate model is extended in Section 4.6 by 

considering the contribution of varying nanodiamond concentrations and machine 

parameters. Section 4.7 summarizes the main conclusions of this chapter. 

 

4.2 Experimental details 

4.2.1 Materials 

Two materials, borosilicate glass (BK7) and aluminum oxynitride ceramic 

(ALON), were studied. Their physical and mechanical properties are found in 

Table 2.2. BK7 glass is a conventional optical glass widely used in industry. It has 

a moderate Young’s modulus, Vickers hardness and fracture toughness. ALON is 

a polycrystalline ceramic with grain size of about 150-250 μm. Compared to BK7 

glass, ALON is a much harder material with high Young’s modulus, Vickers 

hardness and fracture toughness.  

Six individual substrates of each material were used for obtaining a total 

number of about 60 spots. All substrates were flats, pitch polished in the 

Laboratory for Laser Energetics (LLE) Optical Fabrication Shop, to a surface 

flatness less than 1 μm [6], and a root-mean-square (rms) surface roughness of 

less than 2 nm for BK7 and 5 nm for ALON [7]. All of the substrates were round 

disks. The BK7 parts had a diameter of 50 mm and a thickness of 2 mm, and the 

ALON parts were 48 mm in diameter and 12 mm thick.  
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4.2.2 MRF spot taking 

A spot taking machine (STM) was used as a research platform to take 

MRF spots on part surfaces. An offset mounting scheme as shown in Figure 2.5(b) 

is applied to take multiple spots on a single part. The collection of force data is 

discussed in Section 4.2.3. 

A standard aqueous MR fluid was used in this experiment. This MR fluid 

consisted of carbonyl iron (CI) particles (median size ~ 4 μm), deionized (DI) 

water and stabilizers. After the MR fluid was loaded into the STM and circulated 

for over 2 h, nanodiamond powder, ~ 50 nm median size [8], was added in four 

doses (0.025 vol.%) to reach a total concentration of 0.1 vol.% in the MR fluid. 

These nanodiamond particles were added as polishing abrasives to enhance the 

material removal efficiency. Spotting experiments on all materials occurred within 

a three day time period after the MR fluid was loaded into the STM.  

The experiment was designed to study four MRF process parameters, as 

listed in Table 4.1. A classic one-factor-at-a-time design was employed to study 

the effect of all these process parameters [9]. While one parameter was varied, 

other parameters were kept constant. The parameters were set within the operation 

limit of the STM which was similar to the commercial MRF machine Q22-Y [10]. 

In experiment #1, MRF removal was studied as a function of 

nanodiamond concentration. Spots were taken on BK7 and ALON before adding 

nanodiamond abrasives, and subsequently after each of four additions. After each 

addition, the MR fluid was circulated for about half hour, allowing the 

nanodiamond particles to disperse uniformly in the fluid. For this experiment, all 

STM operation settings were kept constant, as indicated in Table 4.1 for 

experiment #1. Frictional forces, spot properties and removal rates were 

measured.  

In experiment #2, the penetration depth was studied at the nanodiamond 

concentration of 0.1 vol.%. The penetration depth of the part into the ribbon was 

adjusted from 0.1 mm to 0.5 mm under computer numerical control, while other 
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machine parameters were held constant, as shown in Table 4.1.  

In experiment #3, the magnetic field strength exerted on the MR fluid 

ribbon was varied. The magnetic field strength was adjusted by varying the 

magnet current applied to the magnetic pole-pieces in the STM in 2.5 A 

increments. This influenced the stiffness of the MR fluid ribbon.  

In experiment #4, the wheel speed was varied from 150 rpm to 250 rpm in 

25 rpm increments. Other properties were held constant as indicated in Table 4.1.  

The nanodiamond concentration and machine settings for these four 

experiments are summarized in Table 4.1. The range of settings for magnet 

current, wheel speed and penetration depth was determined according to the 

practical operation conditions used in MRF process. The out-of-field viscosity of 

the MR fluid was held constant at 47 cP under the control of deionized water 

dripper. The pump speed was adjusted to maintain a ribbon height of 1.6 mm. In 

order to obtain a reasonable spot depth for interferometer measurement, the 

spotting time was adjusted for each material. In experiment #1, the spotting time 

was decreased as nanodiamond concentration increased. Otherwise, spotting time 

for ALON was much longer than for BK7 when spotted under the same 

conditions. For example, at a nanodiamond concentration of 0.1 vol.%, the 

spotting time was 1.17 s for BK7 and 10 s for ALON.  
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Table 4.1 MR fluid condition and STM settings for all experiments.∗  

# 
Nanodiamond 
concentration 

(vol.%) 

Mixer 
(rpm) 

Magnet 
current† 

(A) 

Wheel 
Speed‡ 
(rpm) 

Ribbon 
Height 
(mm) 

Penetration 
depth (mm)

BK7 
Spotting 
time (s) 

ALON
Spotting 
time (s)

1 0 1000 15 200 1.6 0.3 5.22 90 
 0.025 1000 15 200 1.6 0.3 2.16 20 
 0.05 1000 15 200 1.6 0.3 1.17 10 
 0.075 1000 15 200 1.6 0.3 1.17 10 
 0.1 1000 15 200 1.6 0.3 1.17 10 
2 0.1 1000 15 200 1.6 0.1 1.17 10 
 0.1 1000 15 200 1.6 0.2 1.17 10 
 0.1 1000 15 200 1.6 0.3 1.17 10 
 0.1 1000 15 200 1.6 0.4 1.17 10 
 0.1 1000 15 200 1.6 0.5 1.17 10 
3 0.1 1000 10 200 1.6 0.3 1.17 10 
 0.1 1000 12.5 200 1.6 0.3 1.17 10 
 0.1 1000 15 200 1.6 0.3 1.17 10 
 0.1 1000 17.5 200 1.6 0.3 1.17 10 
 0.1 1000 20 200 1.6 0.3 1.17 10 
4 0.1 1000 15 150 1.6 0.3 1.17 10 
 0.1 1000 15 175 1.6 0.3 1.17 10 
 0.1 1000 15 200 1.6 0.3 1.17 10 
 0.1 1000 15 225 1.6 0.3 1.17 10 
 0.1 1000 15 250 1.6 0.3 1.17 10 
∗Numbers in italics indicate the specific value of each setting when it varied while 
all other parameters were held constant. 

†Magnet currents 10, 12.5, 15, 17.5, 20 A correspond to a magnetic field strength 
of 1.55, 1.88, 2.20, 2.49 and 2.74 kG, as discussed in Chapter 2. 

‡Wheel speeds 150, 175, 200, 225 and 250 rpm correspond to a velocity of 1.18, 
1.37, 1.57, 1.77, 1.96 m/s, as discussed in Chapter 2.  

 

4.2.3 Frictional force measurement 

A dual load cell was used to measure both drag and normal forces acting on 

the part surface during MRF spotting. The load cell was installed as setup II as 

shown in Figure 2.5(b). The offset is 10 mm. For details, see Chapter 2 and our 

previous work [5]. The load cell was used to investigate drag and normal forces as 

a function of STM machine settings and MR fluid composition [1, 2, 11].  

Individual glass blocking bodies were fabricated for each part to be 



 94

spotted. The use of these blocking bodies allowed for the mounting and 

measurement of forces for several parts in one day. The force data were collected 

at the rate of 10 data points per second with a LabView program. Force was 

averaged over the spotting time (or a portion of spotting time) for each individual 

measurement. 

All spots were placed 10 mm off the z axis of the dual load cell as 

indicated in Figure 2.5(b). For each condition listed in Table 4.1, three spots were 

taken on each material. The data acquired from each of the three measurements 

were averaged for calculating drag/normal forces for each material and the 

standard deviations were calculated.  

 

4.3 Overview of experimental data  

All the MRF spotting experiments were conducted within a three-day 

period after the MR fluid was loaded into the STM machine. Table 4.2 gives the 

experimental data including the depth of deepest penetration (ddp), spot area (As), 

spot volume, peak removal rate (PRR), volumetric removal rate (VRR), drag 

force (Fd), normal force (Fn) and the measured ratio of drag force over normal 

force (Fd/Fn) for spots taken on BK7 and ALON, respectively, under various 

nanodiamond concentrations and STM operation settings. For convenience, the 

first column in this table repeats the varying process parameters with other 

settings held constant as indicated in Table 4.1.  

Spot size decreased with increasing magnetic field strength, but it 

increased dramatically with penetration depth. The increase in magnetic field 

strength narrows fluid ribbon, resulting in a smaller polish zone and hence a 

reducing spot size, while the deeper penetration depth increases the polish zone, 

producing a larger spot size. Spot volume was found to be a strong function of 

nanodiamond concentration, penetration depth and wheel speed, but it was less 

sensitive to magnetic field strength. Volumetric removal rate for BK7 and ALON 

taken with 0.1 vol.% nanodiamond MR fluid at standard operation condition 
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(ribbon height 1.6 mm, penetration depth 0.3 mm and wheel speed 200 rpm) were 

close to the values obtained under the same conditions in  Chapter 3, 0.268 ± 

0.016 mm3/min for BK7 and 0.014 ± 0.001 mm3/min for ALON.
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Table 4.2 Experimental data for various nanodiamond concentrations and STM operating settings:  
(a) BK7 

Varying 
condition 

Spot 
time 
(s) 

ddp (μm) 
Spot 
area 

(mm2)

Spot 
volume 

(×106μm3)

Fd  
(N) 

Fn  
(N) 

Shear stress, 
τ (MPa) 

Pressure, 
p (MPa) Fd/Fn 

Peak 
removal 

rate 
(μm/min) 

Volumetric 
removal rate 
(mm3/min) 

Nanodiamond concentration (vol.%) 
0.000 5.22 0.29±0.001 58±1 5.9±0.1 3.4±0.1 8.8±0.1 0.060±0.002 0.153±0.005 0.40±0.01 3.27±0.01 0.067±0.001
0.025 2.16 0.37±0.01 68±3 7.9±0.2 4.4±0.2 9.2±0.4 0.065±0.003 0.136±0.004 0.48±0.01 10.15±0.34 0.218±0.009
0.050 1.17 0.23±0.01 66±2 4.9±0.2 4.0±0.01 9.6±0.2 0.061±0.002 0.145±0.007 0.42±0.01 11.76±0.60 0.253±0.009
0.075 1.17 0.25±0.004 63±2 5.6±0.1 4.2±0.03 9.2±0.2 0.067±0.001 0.147±0.005 0.46±0.01 11.76±0.20 0.289±0.006
0.100 1.17 0.24±0.005 61±2 5.5±0.5 4.0±0.02 9.6±0.3 0.066±0.002 0.159±0.009 0.42±0.01 12.22±0.25 0.283±0.027

Penetration depth (mm) 
0.1 1.17 0.26± 0.002 38±1 3.9±0.1 2.5±0.1 5.5±0.3 0.066±0.004 0.144±0.011 0.46±0.03 13.30±0.11 0.201±0.006
0.2 1.17 0.26±0.004 47±3 4.9±0.2 3.2±0.1 7.3±0.3 0.069±0.003 0.155±0.004 0.45±0.01 13.42±0.19 0.253±0.008
0.3 1.17 0.24±0.005 61±2 5.5±0.5 4.0±0.02 9.6±0.3 0.066±0.002 0.159±0.009 0.42±0.01 12.22±0.25 0.283±0.027
0.4 1.17 0.27±0.005 72±5 6.3±0.7 5.1±0.1 11.8±0.3 0.071±0.005 0.164±0.009 0.43±0.01 14.03±0.25 0.325±0.036
0.5 1.17 0.28±0.01 91±3 8.1±0.2 6.3±0.1 14.0±0.05 0.069±0.001 0.154±0.005 0.45±0.01 14.10±0.42 0.415±0.011

Magnet current (A) 
10 1.17 0.25±0.003 73±3 5.7±0.4 4.6±0.1 9.8±0.5 0.062±0.001 0.133±0.007 0.47±0.02 13.01±0.16 0.294±0.018

12.5 1.17 0.28±0.004 64±2 5.8±0.3 4.5±0.1 9.0±0.3 0.071±0.003 0.140±0.006 0.50±0.004 14.32±0.21 0.295±0.017
15 1.17 0.28±0.002 56±1 5.8±0.1 4.2±0.1 8.9±0.3 0.075±0.003 0.159±0.008 0.47±0.02 14.50±0.11 0.299±0.006

17.5 1.17 0.30±0.004 53±1 5.7±0.2 4.0±0.04 8.2±0.2 0.074±0.002 0.155±0.003 0.48±0.01 15.40±0.21 0.292±0.008
20 1.17 0.29±0.002 48±1 5.2±0.1 3.5±0.1 7.7±0.02 0.075±0.001 0.163±0.002 0.46±0.01 14.99±0.11 0.290±0.005

Wheel speed (rpm) 
150 1.17 0.22±0.002 52±1 4.2±0.3 4.0±0.1 7.2±0.3 0.077±0.001 0.137±0.003 0.56±0.02 11.13±0.09 0.214±0.013
175 1.17 0.25±0.002 58±3 5.0±0.1 4.3±0.2 8.2±0.3 0.074±0.002 0.142±0.003 0.52±0.01 12.92±0.10 0.259±0.004
200 1.17 0.28±0.002 56±1 5.8±0.1 4.2±0.1 8.9±0.3 0.075±0.003 0.159±0.008 0.47±0.02 14.50±0.11 0.299±0.006
225 1.17 0.33±0.01 62±1 7.3±0.4 4.5±0.04 9.6±0.3 0.072±0.001 0.154±0.005 0.47±0.01 17.15±0.36 0.372±0.018
250 1.17 0.37±0.002 70±3 8.5±0.5 4.8±0.1 11.8±0.6 0.069±0.002 0.167±0.005 0.41±0.01 18.75±0.11 0.435±0.026
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(b) ALON 

Varying 
condition 

Spot 
time 
(s) 

ddp (μm) 
Spot 
area 

(mm2) 

Spot 
volume 

(×106μm3)

Fd  
(N) 

Fn  
(N) 

Shear stress, 
τ (MPa) 

Pressure, 
p (MPa) Fd/Fn 

Peak 
removal 

rate 
(μm/min) 

Volumetric 
removal rate 
(mm3/min) 

Nanodiamond concentration (vol.%) 
0.000 90 0.06±0.005 62±1 1.1±0.2 2.5±0.05 10.8±0.1 0.040±0.001 0.175±0.006 0.228±0.004 0.04±0.003 0.001±0.0001
0.025 20 0.14±0.01 61±3 2.4±0.04 2.7±0.05 12.3±0.2 0.044±0.001 0.201±0.011 0.217±0.005 0.42±0.02 0.007±0.0001
0.050 10 0.11±0.01 61±0.5 1.9±0.2 2.5±0.03 13.0±0.2 0.041±0.001 0.215±0.005 0.192±0.002 0.64±0.08 0.011±0.001
0.075 10 0.13±0.01 54±2 2.5±0.2 2.4±0.02 12.7±0.1 0.045±0.002 0.235±0.010 0.192±0.002 0.80±0.08 0.015±0.001
0.100 10 0.16±0.01 52±2 2.9±0.2 2.2±0.01 12.5±0.4 0.044±0.002 0.243±0.002 0.18±0.006 0.97±0.05 0.018±0.001

Penetration depth (mm) 
0.1 10 0.17±0.01 37±2 2.0±0.1 1.5±0.01 7.1±0.2 0.041±0.002 0.194±0.009 0.213±0.006 1.00±0.04 0.012±0.001
0.2 10 0.17±0.01 43±1 2.6±0.1 1.9±0.01 9.9±0.2 0.045±0.001 0.233±0.006 0.192±0.005 1.04±0.04 0.015±0.0004
0.3 10 0.16±0.01 52±2 2.9±0.2 2.2±0.01 12.5±0.4 0.044±0.002 0.243±0.002 0.180±0.006 0.97±0.05 0.018±0.001
0.4 10 0.18±0.01 64±1 3.6±0.1 2.6±0.04 16.0±0.1 0.041±0.001 0.250±0.002 0.164±0.002 1.09±0.05 0.022±0.001
0.5 10 0.17±0.01 76±4 4.6±0.2 3.2±0.12 20.1±0.2 0.042±0.004 0.266±0.013 0.159±0.007 1.03±0.04 0.027±0.001

Magnet current (A) 
10 10 0.17±0.01 62±3 3.3±0.1 2.5±0.05 13.0±0.3 0.041±0.001 0.210±0.006 0.194±0.001 1.01±0.04 0.020±0.001

12.5 10 0.17±0.01 57±2 3.1±0.1 2.4±0.06 12.3±0.4 0.042±0.002 0.218±0.015 0.193±0.003 1.04±0.04 0.018±0.001
15 10 0.18±0.01 51±2 3.1±0.2 2.1±0.03 12.3±0.1 0.041±0.002 0.241±0.011 0.171±0.004 1.06±0.04 0.019±0.001

17.5 10 0.18±0.004 46±3 3.0±0.2 2.0±0.02 11.6±0.2 0.044±0.003 0.254±0.020 0.175±0.002 1.05±0.02 0.018±0.001
20 10 0.18±0.01 43±1 2.8±0.1 1.8±0.05 10.7±0.2 0.042±0.001 0.247±0.008 0.171±0.003 1.05±0.05 0.017±0.001

Wheel speed (rpm) 
150 10 0.14±0.001 51±1 2.6±0.1 2.2±0.09 11.1±0.3 0.046±0.005 0.230±0.018 0.199±0.007 0.86±0.01 0.016±0.0004
175 10 0.17±0.003 52±3 2.9±0.1 2.2±0.10 12.0±0.2 0.043±0.003 0.233±0.010 0.187±0.008 1.00±0.02 0.018±0.001
200 10 0.18±0.01 52±2 3.1±0.2 2.1±0.03 12.3±0.1 0.041±0.002 0.241±0.011 0.171±0.004 1.06±0.04 0.019±0.001
225 10 0.19±0.01 51±2 3.7±0.2 2.0±0.06 13.3±0.1 0.039±0.001 0.260±0.010 0.150±0.004 1.16±0.07 0.022±0.001
250 10 0.21±0.004 59±2 4.2±0.1 2.0±0.09 15.0±0.3 0.033±0.001 0.255±0.002 0.127±0.005 1.27±0.02 0.025±0.001
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This is the first time that simultaneous measurements of both drag force 

and normal force have been reported for BK7 and ALON as a function of MRF 

process variables. Figure 4.1 shows drag force (Fd) as a function of normal force 

(Fn) for all spots taken on BK7 and ALON. Drag force shows a tendency to 

increase with normal force. There is a strong linear correlation between drag force 

and normal force for BK7 with R2 equal to 0.83. However, the linear correlation 

for ALON is weak. In addition, for each data point, normal force is always much 

larger than drag force. Seok et al. measured the shear and normal forces for 

finishing a silicon wafer, which was covered with a thin SiO2 layer, using a 

finishing process where MR fluid without polishing abrasive was magnetized by a 

permanent magnet [4]. Even though their MR finishing process was different 

from our MRF process, their measurement did show the same trend, namely that 

shear force has a linear positive correlation with normal force, as plotted in Figure 

4.1. In addition, as shown in Figure 4.1, at each specific condition, the drag force 

for BK7 is always greater than that for ALON, whereas the normal force for BK7 

is always much smaller than that for ALON. The drag force for BK7 varies over a 

broader range, from 3 N to 6 N, compared to ALON, from 2 N to 3 N. In contrast, 

the normal force varies in a wider range for ALON, from 7 N to 20 N, compared 

to BK7, from 5 N to 14 N. This also agrees with Seok’s force measurement result 

on SiO2 [4]. 
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Figure 4.1 Drag force (Fd) versus normal force (Fn) for all spots on 

BK7 and ALON. The spots were taken for a variety of 
conditions as summarized in Table 4.1. 

 

4.4 Sensitivity of measured properties to changes in process parameters 

4.4.1 Nanodiamond concentration 

Figure 4.2 shows drag force and normal force as a function of 

nanodiamond concentration. Drag force is always smaller than normal force for 

BK7 and ALON. In addition, drag force for ALON is always smaller than for 

BK7, and normal force for ALON is always greater than it is for BK7 across all 

the nanodiamond concentrations. 

Drag force increases by 1 N for BK7 and 0.2 N for ALON after the first 

addition of nanodiamond. However, as shown in Figure 4.2, drag force (Fd) 

remains almost unchanged or shows a tendency to decrease slightly for BK7 and 

ALON with further addition of nanodiamonds. This is in agreement with 

DeGroote’s data for BK7 (Table C.12 in ref.[2]) as plotted in Figure 4.2. In 

contrast, Shorey’s work showed that drag force for Sapphire, which has a Vickers 
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hardness of 16 GPa (crystalline orientation and load applied for the measurement 

are not specified), close to that for ALON (15 GPa), decreased significantly with 

increasing nanodiamond concentration [1], e.g., from 5.3 N to only 2 N after 

adding 0.1 vol.% nanodiamonds into the MR fluid initially containing no 

abrasives. Shorey attributed the decrease in drag force to a change from two-body 

abrasion mode to three-body abrasion mode after adding the nanodiamond 

abrasives to the MR fluid [1]. 

Normal force (Fn) increases by 0.4 N for BK7 and by 1.5 N for ALON 

after the first addition of nanodiamonds, but it remains unchanged with further 

additions of nanodiamonds for both BK7 and ALON.  

The interactive forces between the part and the MR fluid ribbon is a 

combination result of the direct interaction between the part and the MR fluid 

ribbon, and the fluid dynamic property. In this experiment, the fluid viscosity is 

kept constant with an in-line flow sensor. Therefore, the small amounts of 

nanodiamonds do not affect the fluid flow properties significantly. That explains 

why there are no apparent changes in forces with further additions of 

nanodiamonds.   
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Figure 4.2 Drag force (Fd) and normal force (Fn) as a function of 

nanodiamond concentration for both BK7 glass and 
ALON ceramic. STM process parameters are given in 
Table 4.1. Also plotted are drag force data for Sapphire (×, 
cross) from Shorey’s work (Figure 5.34 in ref.[1]) and 
drag force data (∗, blue star) for BK7 from DeGroote’s 
work (Table C.12 in ref. [2]).   

 

4.4.2 Penetration depth 

Figure 4.3 shows drag force and normal force as a function of penetration 

depth of the part into the MR fluid ribbon. Both drag force and normal force 

increase with penetration depth. Drag force increases by 152% for BK7 from 2.5 

N to 6.3 N and by 113% for ALON from 1.5 N to 3.2 N when penetration depth 

varies from 0.1 mm to 0.5 mm. Normal force increases by 155% for BK7 from 

5.5 N to 14 N and by 183% for ALON from 7.1 N to 20.1 N. This is in agreement 

with Schinhaerl et al. work which shows that normal force, measured on a BK7 

glass, increased significantly with immersion depth, as plotted in Figure 4.3 [3]. 

Seok et al. also shows a positive correlation between shear/normal forces and 
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immersion depth in their finishing of silicon wafer [4]. As shown in Table 4.2, the 

deeper the part is immersed into the MR fluid ribbon, the larger the resulting spot 

area, which causes the increase in the measured forces.  

Note that normal force exhibits a stronger sensitivity than drag force for 

the same increase in penetration depth. Both normal force and drag force depend 

on the spot size, in other words, the number of abrasives in the polishing zone. 

When increasing the penetration depth, more abrasives are accumulated in the 

polishing zone, leading to an increase in normal force. However, not all the 

abrasives in the polishing zone participate the removal process, which explains 

why drag force does not increase in the same pace as normal force does. In 

addition, drag force for BK7 increases faster with increasing penetration depth 

than for ALON while normal force for ALON increases faster than for BK7. This 

is due to their different mechanical properties, as discussed in Chapter 3.  
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Figure 4.3 Drag force (Fd) and normal force (Fn) as a function of 

penetration depth for both BK7 glass and ALON ceramic. 
STM process parameters are given in Table 4.1. Also 
plotted is normal force data on BK7 glass from 
Schinhaerl’s work [3] where wheel speed was 425 rpm 
and magnet current was 10 A. 

 

4.4.3 Magnetic field strength 

Figure 4.4 shows drag force and normal force as a function of the 

magnetic field strength applied to the MR fluid ribbon. Both forces show at most 

a weak, negative linear correlation with magnetic field strength. Schinhaerl et al. 

[3] reported a dramatic decrease, about 50% from ~ 7.8 N down to ~ 3.8 N, in 

normal force on BK7 when magnetic field strength increased from ~ 1.37 kG  

(corresponding to 10 A magnet current-current conversion for Schinhaerl’s data 

are discussed in ref. [12]) to ~ 1.74 kG (corresponding to 13 A magnet current 

[12]) in the QED Q22-X MRF machine, which was within the range of magnetic 

field strengths used in this experiment. On one hand, the higher magnetic field 

strength tends to produce a stiffer MR fluid ribbon, which is supposed to lead to 
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larger drag and normal forces. On the other hand, as shown in Table 4.2, the 

higher magnetic field strength results in a smaller spot, causing a significant 

reduction in these forces. It is hypothesized that these trade-offs explain why drag 

force and normal force show a slight decrease with increasing magnetic field 

strength. Schinhaerl et al. also attributed the drop in normal force to the 

decreasing ribbon width with increasing magnet current [3]. It should be noted 

that the magnetic field strengths reached in this work do not approach saturation 

for the CI particles, which, according to Bombard et al. [13], is in the range of 

5-15 kG.  
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Figure 4.4 Drag force (Fd) and normal force (Fn) as a function of 

magnetic field strength (current in amps) for both BK7 
glass and ALON ceramic. STM process parameters are 
given in Table 4.1. 

 

4.4.4 Wheel speed 

Figure 4.5 shows drag force and normal force as a function of wheel speed. 

There is no apparent change in drag force with increasing wheel speed. However, 
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normal force increases with wheel speed for BK7 glass and ALON ceramic. When 

wheel speed increases from 150 rpm to 250 rpm, normal force increases by 64% 

for BK7 from 7.2 N to 11.8 N and by 35% for ALON from 11.1 N to 15.0 N. 

Schinhaerl et al. also shows a positive correlation of normal force on BK7 with 

wheel speed in the range from 350 rpm to 450 rpm [3]. The increase in normal 

force is due to two contributions. On one hand, the high wheel speed result in a 

high hydrodynamic pressure [14]. On the other hand, the higher the wheel speed 

is, the faster the MR fluid ribbon and the more solid particles are in the spot zone, 

therefore, resulting in a higher normal force. It should be noted that, as opposed to 

our result, Seok et al. shows a negative dependence of normal force on rotational 

speed (from 100 rpm to 250 rpm) of their polishing tool at the minimum gap 

distance [4]. They attributed the decrease in normal force to the increase in 

centrifugal force acting on MR particles, counteracting to normal force, as a result 

of increasing rotational speed. 
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Figure 4.5 Drag force (Fd) and normal force (Fn) as a function of 

wheel speed for both BK7 glass and ALON ceramic. 
STM process parameters are given in Table 4.1. 
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4.5 Material removal rate 

4.5.1 Material removal rate and shear stress 

In Chapter 3, we introduced an MRF material removal rate model by 

combining material mechanical properties, shear stress and velocity together, as 

shown in Equation 3.2.  

 
'
p, MRF( , FOM) 2

c V

EMRR = C τ v
K Hτ ⋅ ⋅ ⋅  (3.2) 

 

This equation indicates that material removal rate in MRF is determined, 

in part, by shear stress. To understand how MRF process parameters affect the 

material removal process, it is important to know how MRF process parameters 

affect shear stress. 

Figure 4.6 shows the shear stress τ (= Fd/As) as a function of nanodiamond 

concentration, penetration depth, magnetic field strength and wheel speed for all 

spots taken on BK7 and ALON, respectively.  

As shown in Figures 4.6(a) and (b), shear stress changes little when 

nanodiamond concentration varies from 0 vol.% to 0.1 vol.% and penetration 

depth increases from 0.1 mm to 0.5 mm. Shear stress is independent of 

nanodiamond concentration and penetration depth.  

Figure 4.6(c) shows that, for BK7 glass, shear stress increases by 20% for 

an increase of 50% in magnetic field strength. It remains constant above 2.2 kG. 

However, shear stress is independent of magnetic field strength for ALON.  

Shear stress shows a tendency to decrease with increasing wheel speed for 

both materials. Shear stress decreases by 10% for BK7 and 29% for ALON when 

wheel speed increases by 67%. It should be also noted that it may be hard to 

correlate shear stress directly with wheel speed, because the actual velocity of the 

nanodiamond abrasive may not be the same as the wheel velocity (the linear 

velocity at the edge of the wheel at a certain wheel speed, determined by wheel 

speed and the radius of the wheel, see Section 2.1 in Chapter 2).  

Seok et al. used a high speed optical video camera to measure the average 
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velocity of CI in the flowing MR fluid by recording the motion of glass particles 

added into the fluid [4]. They detected a difference between their machine’s 

rotating magnet speed and the actual velocity of CI particles. In addition, this 

difference increased with the decreasing magnetic field strength as the part 

approached the rotating cylindrical permanent magnet [4]. When the cylindrical 

magnet (radius: 20 mm; gap distance: 7 mm) rotated at a speed of 200 rpm, the 

actual particle velocity as measured from the glass particles was about 10% lower 

than the rotating magnet speed. The difference between the actual CI particle 

velocity and the rotating magnet speed was explained by the slip motion of the 

particles against the workpiece surface during polishing. Due to the slip effect, the 

solid particles in the polishing zone tended to move slower than the speed of the 

wheel. In addition, the difference between the actual particle velocity and the 

wheel speed increased as the wheel rotated faster, as pointed by Seok et al. [4]. 
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Figure 4.6 Shear stress as a function of nanodiamond concentration and STM operation settings for both BK7 
glass and ALON ceramic: (a) nanodiamond concentration; (b) penetration depth; (c) magnetic field 
strength; (d) wheel speed. STM process parameters are given in Table 4.1. 
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Based upon the results shown in Figure 4.6, it can be concluded that shear 

stress is not very sensitive to MRF process conditions. If all the shear stress data 

are combined, τBK7 = 0.069±0.005 MPa and τALON = 0.042±0.003 MPa. This is 

nearly the ratio of [E/Hv
2]BK7/[E/Hv

2]ALON = 2.25/1.48 = 1.52. The mechanical 

property differences between BK7 and ALON have a much larger influence on 

the shear stresses measured in this experiment, and are therefore even more 

important to removal rates than what is explicitly shown in Equation 3.2 (i.e., τ is 

a function of [E/Hv
2] [5].  

 

4.5.2 Material removal rate and nanodiamond concentration 

The graphs in Figures 4.7(a)-(d) give volumetric and peak removal rates, 

separately for BK7 and ALON, against nanodiamond concentration (Cnd). Figures 

4.7(e) and (f) plot volumetric and peak removal rates against nanodiamond 

concentration to the one third power, as done by DeGroote [2]. Figures 4.7(c) and 

(f) include the peak removal data for BK7 from DeGroote’s work, where the 

spotting conditions were similar to this work (except for magnet current which 

was 10 A in her work) [2].  

The volumetric material removal rates are very low, 0.067 mm3/min for 

BK7 and 0.0006 mm3/min for ALON, for the spots taken without nanodiamond 

abrasive particles. Upon the first addition of only 0.025 vol.% nanodiamond 

abrasives [0.825 grams], large increases in volumetric removal rates are observed, 

by 325% for BK7 and by 1200% for ALON.  

The volumetric and peak material removal rates for ALON increase 

linearly with increasing nanodiamond concentration. However, the material 

removal efficiency for BK7 glass appears to saturate with further additions of 

nanodiamonds. Both volumetric removal rate and peak removal rate for BK7 are 

linearly correlated with the power 1/3 of nanodiamond concentration (Cnd
1/3), as 

shown in Figures 4.7(e) and (f). The results shown in Figures 4.7(c) and (f) agree 

very well with DeGroote’s earlier work [2]. 
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Figure 4.7 Volumetric removal rate (VRR) and peak removal rate (PRR) as a function of nanodiamond 
concentration (Cnd): (a) VRR-Cnd, BK7 (b) VRR-Cnd, ALON; (c) PRR-Cnd, BK7; (d) PRR-Cnd, ALON; 
(e) VRR-Cnd

1/3, BK7; (f) PRR-Cnd
1/3, BK7. STM process parameters are given in Table 4.1. (c) and (f) 

also include the removal data for BK7 from DeGroote’s work [2]. 
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The peak removal rate for BK7 with MR fluid without nanodiamonds is 

not negligible, at 3.3 μm/min. This indicates that the CI particles are hard enough 

to break/wear BK7 surface and remove material. The CI particles are not hard 

enough to interact with ALON, as reflected by the extremely low peak removal 

rate, only 0.04 μm/min, without nanodiamonds in the MR fluid.  

 

4.5.3 Material removal rate and penetration depth 

Figure 4.8 shows material removal rate as a function of penetration depth. 

Volumetric removal rates increase significantly with penetration depth, by 207% 

for BK7 and by 232% for ALON, when penetration depth varies from 0.1 mm to 

0.5 mm, as shown in Figures 4.8(a) and (b). However, peak removal rates for both 

BK7 and ALON remain constant with increasing penetration depth, as shown in 

Figures 4.8(c) and (d).  

It is demonstrated in Section 4.5.1 that the increasing penetration depth 

has no significant effect on shear stress, which, therefore, does not contribute to 

the peak removal rate. However, the increase in penetration depth significantly 

increases spot size, as shown in Table 4.2, which causes the increase in volumetric 

removal rate.
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Figure 4.8 Volumetric removal rate (VRR) and peak removal rate (PRR) as a function of penetration depth: (a) 
VRR, BK7 (b) VRR, ALON; (c) PRR, BK7; (d) PRR, ALON. STM process parameters are given in 
Table 4.1. 

112



 113

4.5.4 Material removal rate and magnetic field strength 

Figure 4.9 shows the material removal rate as a function of magnetic field 

strength. Volumetric removal rate for BK7 is unchanged while volumetric 

removal rate for ALON decreases slightly when magnetic field strength increases 

from 1.55 kG to 2.74 kG, as shown in Figures 4.9(a) and (b), respectively. 

However, peak removal rate increases slightly for BK7 and remains almost 

constant with increasing magnetic field strength for ALON, as seen in Figures 

4.9(c) and (d), respectively.  

A high magnetic field strength makes the MR ribbon stiffer, but it also 

makes the ribbon narrower, as indicated in Table 4.3. This is consistent with 

Schinhaerl’s work where a narrower fluid ribbon was obtained with a higher 

magnet current [3]. Thus, the increasing magnetic field strength markedly reduces 

the spot size. This could explain why the increase in magnetic field strength does 

not result in an increase in material removal rate.
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Figure 4.9 Volumetric removal rate (VRR) and peak removal rate (PRR) as a function of magnetic field strength: 
(a) VRR, BK7; (b) VRR, ALON; (c) PRR, BK7; (d) PRR, ALON. STM process parameters are given 
in Table 4.1. 
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Table 4.3 MR fluid ribbon width at various magnetic field strengths†. 

Current work (STM) Schinhaerl’s work (Q22-X) [3] 

Magnet 
current 

(A) 

Magnetic 
field 

strength 
(kG) 

Ribbon 
width 
(mm) 

Magnet 
current 

(A) 

Magnetic 
field 

strength* 
(kG) 

Ribbon 
width 
(mm) 

10 1.55 8.08 10 1.37 5 
12.5 1.88 7.63 11 1.50 4.8 
15 2.20 7.42 12 1.62 4.7 

17.5 2.49 7.19 13 1.74 4.5 
20 2.74 6.82    

† The MR fluid used in current work is the standard aqueous MR which is 
different from the fluid used in Schinhaerl’s work [3]. This contributes to 
the difference in ribbon width. However, the ribbon width obtained from 
current work and Schinhaerl’s work shows the same trend as a function 
of magnetic field strength.  

* Estimated as described in ref.[12]. 
 

4.5.5 Material removal rate and wheel speed 

Figure 4.10 shows material removal rate as a function of wheel speed. 

Material removal rate is a strong function of wheel speed. Both volumetric 

removal rate and peak removal rate exhibit a positive linear correlation with 

wheel speed for BK7 and ALON. Volumetric removal rate increases dramatically 

with wheel speed, by 204% for BK7 and by 162% for ALON, when wheel speed 

increases from 150 rpm to 250 rpm. The strong correlation between material 

removal rate and wheel speed is consistent with Preston’s equation which 

indicates material removal rate is proportional to the relative velocity between the 

part and the polishing pad [15]. The high wheel speed increases the velocity of the 

nanodiamonds cutting/sliding across the part surface, leading to the increase in 

peak removal rate and the increase in volumetric removal rate. 
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Figure 4.10 Volumetric removal rate (VRR) and peak removal rate (PRR) as a function of wheel speed: (a) VRR, 
BK7 (b) VRR, ALON; (c) PRR, BK7; (d) PRR, ALON. STM process parameters are given in Table 
4.1. 116
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4.6 Material removal rate model 

In Chapter 3, we introduced an MRF material removal rate model 

(Equation 3.2) which explicitly accounts for material mechanical properties in 

material removal. This model does not include the role of MRF process 

parameters in material removal. This section aims to expand this equation by 

incorporating the effect of MRF process parameters (nanodiamond concentration 

in the MR fluid, machine settings such as penetration depth, magnetic field 

strength and the relative velocity between the rotating wheel and the workpiece) 

on material removal rate.  

The results from Section 4.5.1 demonstrate that shear stress is 

independent of the four MRF process parameters. Therefore, these MRF process 

parameters may be separated out of the coefficient C’p,MRF(τ,FOM), and accounted 

for explicitly in our removal rate model.  

Equations 4.1-4.4 give versions of a new material removal rate model in 

terms of either volumetric removal rate (VRR) or peak removal rate (PRR) for 

both BK7 and ALON. These new equations account for the effects of the four 

major MRF process parameters including nanodiamond concentration (Cnd) in the 

MR fluid, penetration depth (D), magnetic field strength (M), which is controlled 

by magnet current, and the relative velocity (v) between the rotating wheel and 

the workpiece, which is adjusted by wheel speed (unit: rpm).  

As discussed above, volumetric removal rate is linearly proportional to 

power 1/3 of nanodiamond concentration for BK7 (Cnd
1/3) and power 1 of 

nanodiamond concentration for ALON (Cnd). As shown in Table 4.2, CI particles 

make a moderate contribution to material removal of BK7. Therefore, we include 

the CI concentration factor in the MRR model for BK7, but not for ALON in the 

MRR model. Thus, the term [Bnd⋅φnd
-1/3Cnd

1/3+ BCI⋅φCI
-4/3CCI], where Bnd and BCI 

are constants used to adjust units and are both empirically equal to 1, φnd is 

nanodiamond (nd) size, Cnd nanodiamond concentration, φCI CI size and CCI CI 

concentration, accounts for the material removal contributions of both 
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nanodiamonds and CI particles for BK7 in Equation 4.1. The term 

[Bnd⋅φnd
-1/3Cnd

1/3+ BCI⋅φCI
-4/3CCI] is based on the work by Mahajan et al. [16] for 

chemical mechanical polishing of oxide films with silica. They found that when 

particles were 0.5 μm and smaller, higher concentrations resulted in higher 

material removal rate; but if the particles were larger than 0.5 μm, the inverse 

occurred. The use of this term follows the work of DeGroote and her MRF 

material removal model [2]. We use φCI
-4/3 instead of φCI

4/3. However, volumetric 

removal rate is linearly proportional to power 1 of nanodiamond concentration for 

ALON and CI particles have a negligible effect on the MRR of ALON. Therefore, 

the term Bnd⋅φnd
-1/3Cnd accounts for the material removal contribution of only 

nanodiamonds for ALON in Equation 4.2.  

It was demonstrated above that volumetric removal rate is linearly related 

to penetration depth (D) and velocity (v), but is independent of magnetic field 

strength (M). Therefore, Equations 4.1 and 4.2 include D and v, but without M.  

 

Volumetric removal rate for BK7, 

  vD
HK

ECBCBVRR 2
vc

CI
34

CICI
31

nd
31

ndnd ⋅⋅τ⋅⋅φ⋅+φ⋅∝ −− ][ ///    [BK7] (4.1) 

Volumetric removal rate for ALON, 

    vD
HK

ECBVRR 2
vc

nd
31

ndnd ⋅⋅τ⋅⋅φ⋅∝ − /                 [ALON] (4.2) 

 

Peak removal rate shows a similar dependence on MRF process 

parameters except that peak removal rate is independent of penetration depth (D) 

for both BK7 and ALON. Equations 4.3 and 4.4 show the correlation of peak 

removal rate with MRF process parameters for BK7 and ALON, respectively.  

 

Peak removal rate for BK7, 
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Peak removal rate for ALON, 
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ndnd ⋅τ⋅⋅φ⋅∝ − /                  [ALON] (4.4) 

 

With all the values for nanodiamonds size φnd and concentration Cnd, CI 

particle size φCI and concentration CCI, figure of merit E/KcHv
2, shear stress τ, 

penetration depth D, and velocity v, we are able to calculate the right sides for 

Equations 4.1-4.4. Figure 4.11 plots all the experimental MRR data versus the 

calculated terms in the MRR model. There is a strong linear correlation between 

the experimental material removal rate and the material removal rate model term 

across all data obtained under various MRF process conditions. This linear fit 

verifies the validity of our new material removal model. 

The MRR model is a little different for glasses and ceramics. For glasses, 

volumetric removal rate is determined by process parameters including 

nanodiamond and CI particle concentrations, penetration depth and the relative 

velocity between the rotating wheel and the part, and independent of magnetic 

field strength. The volumetric removal rate for ceramics has the same correlation 

with only one difference. Ceramics are extremely hard and CI particles in the MR 

fluid make no contribution to material removal. Therefore, there is no term related 

to CI size and concentration in the MRR model for ceramics. The model for peak 

removal rate is different from volumetric removal rate model in that there is no 

penetration depth term, since peak removal rate is independent of penetration 

depth.  

Chapter 3 thoroughly studies how the material mechanical properties 

affect material removal rate in MRF. This chapter improves the MRF material 

removal model by incorporating the process parameters. The model is developed 

based on MRF of BK7 and ALON. However, this model is also applicable to 
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other glasses and ceramics. This model contains the material mechanical 

properties. Using this model to describe material removal rate for MRF of other 

glasses and ceramics necessitates the substitution of the specific material 

mechanical properties for the material in question.  

For a given material at a specific MRF process condition, using the above 

model, we are able to estimate the material removal rate in MRF. This helps 

improve the design of MRF process and manufacturing efficiency. 
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Figure 4.11 Experimental material removal rate data versus material removal rate model for BK7 and ALON.  121
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4.7 Summary 

We study the role of the MRF process parameters including nanodiamond 

concentration, penetration depth, magnetic field strength and the relative velocity 

between the rotating wheel and the workpiece (as determined by wheel speed) in 

material removal. The main conclusions are as follows. 

 

 For the first time, we measure drag force and normal force in situ, 

simultaneously as a function of MRF process parameters for both BK7 

glass and ALON ceramic.  

 Both drag force and normal force increase initially with the addition of 

nanodiamond abrasives but become saturated at high nanodiamond 

concentration for both BK7 and ALON. Deep penetration results in a 

significant increase in both drag and normal forces which decrease slightly 

with magnetic field strength. Higher wheel speed tends to result in larger 

normal force but has no apparent effect on drag force.  

 For the first time, we investigate shear stress as a function of MRF process 

parameters. It is demonstrated that shear stress is not a function of 

nanodiamond concentration and machine parameters including penetration 

depth, magnetic field strength and wheel speed. This confirms that, for a 

specific material, shear stress is predominantly determined by the material 

mechanical properties.  

 Material removal rate (volumetric removal rate and peak removal rate) are 

studied thoroughly as a function of MRF four process parameters: 

nanodiamond concentration, penetration depth, magnetic field strength 

and wheel speed. The observations are as follows. 

• For BK7 glass, CI particles contribute to material removal as 

demonstrated by the moderate peak removal rate. Small additions of 

nanodiamond abrasives remarkably increase the material removal 

rate. However, further additions have little improvement in material 
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removal rate for BK7. There is a linear correlation between material 

removal rate (volumetric and peak) and power 1/3 of nanodiamond 

concentration for BK7 glass. For ALON ceramic, CI particles make 

no contribution to material removal as CI particles are not hard 

enough to abrade the ALON surface. The addition of nanodiamonds 

dramatically improves the material removal rate for ALON. There is 

a linear correlation between removal rate (volumetric and peak) and 

nanodiamond concentration for ALON. No saturation is seen for 

ALON. 

• For both BK7 glass and ALON ceramic, volumetric removal rate 

increases linearly with increasing penetration depth while peak 

removal rate remains constant with increasing penetration depth.  

• For both BK7 glass and ALON ceramic, both volumetric and peak 

removal rates are insensitive to magnetic field strength.  

• For both BK7 and ALON ceramic, there is a strong positive linear 

correlation between volumetric removal rate or peak removal rate 

and the relative velocity between the rotating wheel and the 

workpiece (as determined by wheel speed). 

 

      Our MRR model is modified to include the contribution of MRF process 

parameters including nanodiamond concentration, penetration depth, magnetic 

field strength and wheel speed in material removal. The modified MRR model 

improves the understanding of the material removal process in MRF and offers a 

direct estimation of material removal rate for either glasses or ceramics under a 

given MRF process condition.
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Chapter 5 

Nonaqueous Magnetorheological Fluid Experiment 

 
5.1 Introduction 

Mechanics and chemistry contribute to the MRF removal process [1]. One 

goal of our research is to study how both mechanics and chemistry can improve 

the polishing efficiency for hard, heterogeneous polycrystalline materials. We 

require a fluid that can enable us to investigate mechanics exclusively with the 

capability of possibly “activating” chemistry by introducing an aqueous agent. 

We hypothesize that the ideal properties of such an MR fluid are as follows: 1) a 

nonaqueous fluid to “turn off” the chemistry and promote mechanically-based 

removal using nanodiamond abrasives; 2) high total CI concentration and large CI 

particles to increase removal rate; 3) the ability to “turn on” aqueous and/or 

chemical effects by adding small amounts of H2O, bases and acids; 4) a fluid that 

is capable of being pumped for several days.  

In this chapter, we discuss the development of a nonaqueous MR fluid for 

studying the material removal process for the polycrystalline optical ceramic 

aluminum oxynitride (ALON). The MR fluid is circulated in the spot taking 

machine (STM) using peristaltic pumps. Nonaqueous MR fluids tends to produce 

very low removal rates on hard ceramics, so it is important for us to develop a 

high CI solids concentration MR fluid for spotting. This creates many problems 

with MR fluid viscosity that need to be overcome. In what follows, we describe 

off-line rheology experiments to develop a nonaqueous MR fluid that could be 

pumped in the STM for several days of experiments. It is important that this fluid 

be able to accept small additions of nanodiamond abrasives and water without 

substantial increases in fluid viscosity that would cause circulation failure in the 

STM. The nonaqueous MR fluid based on a combination of two different types of 

CI particles and a combination of two different types of organic liquids was 

developed and used to take spots on ALON. The polishing performance of this 
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nonaqueous MR fluid on ALON part was investigated as a function of the 

addition of nanodiamonds and DI water. 

 

5.2 Nonaqueous fluid template 

5.2.1 Fluid components 

In developing a nonaqueous fluid that could be pumped in the STM, three 

CI powders with different median particle sizes (Table 5.1) and two organic 

liquids with different viscosities (Table 5.2) were used. A polymeric dispersant, 

Solsperse 39000 [2], was required to promote good dispersion of the CI particles 

into the fluid and hence decrease the fluid viscosity. The volume of the fluid 

prepared for each rheological study was 12.5 ml. 

 

Table 5.1 Relevant physical properties of CI powders. 

CI powder Particle size (μm) 
Small size CI <3  

     Medium size CI ~4.5  
Large size CI >7  

 

Table 5.2 Relevant physical properties of carrier fluid constituents. 

Liquid Component Viscosity (cP) Miscibility of DI 
water in liquid 

Nonaqueous 
liquid A 

Dibasic Ester 5 
(DBE) [3] >2 (high) @ 25°C partial 

Nonaqueous 
liquid B 

Dimethyl Formamide
(DMF) [4]  <1 (low) @ 20°C total† 

† Becomes nearly immiscible in the presence of CI powder. 

 

It is important that DI water should be soluble in these organic liquids so 

that a small amount of DI water can be added into the resulting nonaqueous MR 

fluid. Water has a solubility of about 3.2 wt.% in liquid A and is  totally soluble in 

liquid B. The combination of liquid A with liquid B helps increase the absorption 
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of DI water in the nonaqueous MR fluid. Liquids A and B are good choices for 

our experiments. 

 

5.2.2 Procedure for preparing the MR fluid 

A special procedure was developed for preparing the MR fluid [5], as 

shown in the flow chart (Figure 5.1). An amount of liquid A was added into a vial 

containing the pre-weighed dispersant. The dispersant was stirred until it was 

totally dissolved in liquid A. Liquid B and DI water (if adding DI water) were 

weighed and mixed in another vial. These two resulting solutions were mixed 

together to form the carrier fluid. A predetermined amount of CI was then added 

to the carrier fluid to form the MR fluid. Finally, the resulting MR fluid was high-

shear mixed [6] at selected intensity settings and for various time durations. 

During high-shear mixing, the vial containing the MR fluid was immersed in a 

beaker of water sufficient to dissipate heat generated inside the vial from the high-

shear mixing process.  
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Carrier fluid 

Viscosity measurements 

MR fluid 

Large CI Small CI 

Mixture 1

Dispersant Liquid A DI water
(Optional) Liquid B 

Mixture 2

High-shear 
mixing 

 
Figure 5.1 Schematic diagram of the nonaqueous MR fluid preparation 

procedure.  
 

5.2.3 Rheological measurements 

The viscosity of a prepared MR fluid was measured with a cone and plate 

rheometer [7]. Viscosity was measured as a function of shear rate from 40 sec-1 to 

1000 sec-1 where possible. The effects of high-shear mixing, the addition of 

polymeric dispersant, the combining of two CI powders of different sizes, the 

mixing of organic liquids A and B and the introduction of DI water were all 

evaluated.  

 

5.2.4 High-shear mixer used to reduce the viscosity of MR fluid 

The efficiency of high-shear mixing [6] on reducing the fluid viscosity 

was examined. Fluids of the same composition were high-shear mixed at a low 

intensity setting of 1 for different time durations: 1 min, 3 min and 9 min. Figure 
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5.2 shows the effect of high-shear mixing time on the viscosity of an MR fluid 

composed of liquid A, dispersant and the medium size CI powder. The high-shear 

mixing, even only for 1 min at setting 1, greatly reduced the viscosity of the fluid. 

Longer mixing times were better.  
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Figure 5.2 Effect of high-shear mixing time duration on the viscosity 

of MR fluid. The fluids tested were a mixture of medium 
size CI and liquid A added with a small amount of 
dispersant; mixing time was varied over 0, 1, 3 and 9 
minutes at setting 1 [12.5 ml batch].  

 

Fluids with the same composition given above were high-shear mixed for 

9 min at various high-shear mixing speed settings ranging from 2, 4 to 6 (from 

low to high mixing speed) [6]. Figure 5.3 shows the effect of high-shear mixing 

settings on the viscosity of the fluid. Results were almost identical to those seen in 

Figure 5.2, where higher mixing settings resulted in lower viscosity values.  
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Figure 5.3 Effect of high-shear mixing speed setting on the viscosity 

of MR fluid. The fluids tested were a mixture of medium 
size CI and liquid A added with a small amount of 
dispersant.  The mixing speed was increased from setting 
2, setting 4 to setting 6. Mixing time was set to 9 min.  

 

As seen in Figures 5.2 and 5.3, all fluids exhibit a shear-thickening 

behavior, where the measured viscosity is seen to increase as a function of shear 

rate. Long mixing times or high speed settings of the high-shear mixer reduce this 

shear-thickening behavior. 

Based on these results, the MR fluids used for further rheological studies 

were all high-shear mixed [6] at a speed setting of 6 for 9 min in a vial containing 

12.5 ml of the sample. 

 

5.2.5 Effect of polymeric dispersant in reducing the viscosity of MR fluid 

Dispersants are very useful for blending powders into liquids. The 

viscosity of an MR fluid based on medium size CI and liquid A without and with 

the addition of dispersant was measured and is shown in Figure 5.4. The viscosity 

is significantly reduced by the addition of a small amount of dispersant. The fluid 
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shows a slightly shear-thickening behavior after the addition of dispersant while it 

is shear-thinning, where the measured viscosity is seen to decrease with shear rate, 

before addition of the dispersant.  
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Figure 5.4 Effect of dispersant in lowering the viscosity of the MR 
fluid. These fluids were a mixture of medium size CI and 
liquid A without or with a small amount of dispersant; 
high-shear mixing for 9 min at setting 6 was employed 
[12.5 ml batch].  

 
An experiment was performed to determine how sensitive the viscosity 

was to the amount of dispersant. Results (not shown) indicated that the dispersant 

concentration could be varied by a factor of 3 with only a moderate 15-20% 

change in MR fluid viscosity. An optimal concentration of 2.06 vol.% was then 

chosen for all additional work. 
 

5.2.6 Combination of two nonaqueous liquids and the addition of water 

All MR fluids used in viscosity tests reported above were based on liquid 

A. This liquid as reported by the vendor has a significantly higher viscosity than 

liquid B (see Table 5.2), although the data were taken at different temperatures 
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and at unknown shear rates. Figure 5.5 gives viscosity results for MR fluids made 

from medium size CI powder and liquid A or B (46 vol.%), or a blend of A (31 

vol.%) and B (15 vol.%). All MR fluids are shear-thickening above a shear rate of 

120 sec-1. There is a clear advantage to using liquid B for reducing viscosity of the 

MR fluid. However, the situation changes dramatically with the introduction of 

small amounts of water. 
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Figure 5.5 Viscosity of the MR fluid based on a blend of two liquids. 

The fluids tested had the same amount of medium size CI 
and total amount of liquids, either A, B, or a blend (A+B). 
All the liquids contained the optimum amount of dispersant 
as discussed in Section 3.2, and were all high-shear mixed 
[6] for 9 min at setting 6 [12.5 ml batch].  

 

We discovered that CI powder has a deleterious effect on the miscibility of 

water in liquids A and B. The effect is stronger for liquid B, in which water is 

normally totally miscible (see Table 5.2). Figure 5.6 shows that CI powder in 

B+DI water (○ open circle) is shear-thinning with a very high viscosity, CI in 

A+DI water (◊ diamond) is somewhat better, but that the combination of CI 
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powder in A+B+DI water (∗ asterisk) is the best. In fact, this two-liquid blend 

exhibits a lower viscosity than CI powder in A without any water (♦ solid 

diamond). With this discovery, we concluded that a working nonaqueous MR 

fluid requires a blend of liquids A and B, such that water can be added without 

destroying our ability to pump the MR fluid. 
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Figure 5.6 Introduction of DI water into the fluid. These fluids 

contained the same amount of medium size CI, DI water, 
and total amount of liquids, either liquid A, liquid B, or a 
blend of liquids (A+B). All MR fluids were prepared with 
the optimum amount of dispersant and were high-shear 
mixed [6] for 9 min at setting 6 [12.5 ml batch].  

 

5.2.7 Fluid based on a blend of CIs 

In his 1997 MR fluid patent, Foister claimed that “The mixture of large 

and small particles provides a substantial increase in the yield stress without an 

increase in the viscosity of the mixture in the absence of a magnetic field” [8]. We 

hypothesize that a high concentration of CI particles of different sizes will 
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possibly result in a stiffer MR fluid ribbon in a strong magnetic field, due to the 

efficient particle packing. Following Foister’s work, MR fluids based on three 

types of CI particles with different sizes were prepared and examined.  

Figure 5.7 shows viscosities of MR fluids based on blends of CI powders 

with particles of different sizes, compared to that for the medium size CI powder-

based MR fluid. All data shown are for MR fluids containing small amounts of 

water (2 vol.%), a mixture of liquids A+B, an appropriate amount of dispersant, 

and preparation with high-shear mixing [6] under optimum conditions.  

For the three MR fluids in Figure 5.7 with the lowest viscosities and at the 

same total CI concentration (vol.%), we find that the blend of medium/small CIs 

(◊ diamond) has a lower viscosity over most of the measurement range than 

medium CI (■ solid square). In fact, the blend of large/small CIs (∆ triangle) is 

comparable in viscosity (at moderate to high shear rates) to the medium CI 

formulation, all at the same total CI concentration (vol.%).   

Based upon chemical mechanical polishing work [9], we hypothesize that 

a blend with large CI particles will exhibit higher material removal rates than one 

with only smaller size CI particles. The top-most data set in Figure 5.7 is for a 

large/small CI particle blend (○ open circle) at a total CI concentration that is 2 

vol. % higher than that for the other three. We consider this MR fluid, containing 

44 vol.% small CI and 10 vol.% large CI, 15 vol.% liquid A (DBE) and 29 vol.% 

liquid B (DMF), and 2 vol.% dispersant, to be our final, optimal formulation for 

the work described in the following section. In small batch experiments, it has 

been shown capable of accommodating small amounts of water at a high CI 

concentration, with a viscosity around 120 cP over a broad range of shear rates.  
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Figure 5.7 Comparison of MR fluids based on a blend of 

medium/small size CIs and a blend of large/small size 
CIs, compared to one with only medium size CI. These 
fluids had the same amount of DI water and dispersant. 
All the fluids were high-shear mixed [6] for 9 min at 
setting 6 [12.5 ml batch].  

 

5.3 MRF spotting process 

5.3.1 ALON substrates 

The material spotted was aluminum oxynitride (Al23O27N5/ALON), 

representative of typical polycrystalline heterogeneous material of interest. Three 

parts obtained from a commercial manufacture were used. These ALON parts 

were pre-polished identically using traditional methods in the Laboratory for 

Laser Energetics (LLE) Optical Fabrication Shop. 

 

5.3.2 Fluid for STM experiment 

To examine the material removal efficiency of the fluid that was 

eventually developed, a spotting experiment was carried out using the STM [10]. 

An MR fluid based on a blend of large/small size CI powders, and a blend of 
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dispersant/liquid A/liquid B was prepared in a 1 L batch. A larger high-shear 

mixer [11] was used to pre-mix the batch, and it was conditioned overnight on a 

roller mill. Thus prepared, the batch was loaded into the STM on Day 1 and spots 

were taken on the ALON part without any abrasives in the MR fluid. During Day 

1, small portions of nanodiamond abrasives were added with spots being taken at 

15 min interval on the part. The ALON part was re-spotted on the morning of Day 

2. Then, small incremental amounts of DI water were added into the MR fluid 

with spots being taken at 15 min intervals on the ALON part.  

 

5.3.3 STM settings 

Machine settings including magnet pole-piece current (20 A), wheel speed 

(225 rpm), mixing rate (1000 rpm), ribbon height (1.3 mm) and depth of the part 

penetrating into the ribbon (0.3 mm) were kept constant for all the spots and the 

spotting times were adjusted. Note that for this nonaqueous MR fluid, the ribbon 

height is difficult to reach 1.6 mm as we commonly used for standard aqueous 

MR fluid. With the attempt to increase the material removal efficiency, the STM 

settings used for nonaqueous MR fluid is relatively more aggressive compared to 

the standard aqueous MR fluid (see Chapter 3), e.g., magnet pole-piece current 20 

A vs. 15 A, wheel speed 225 rpm vs. 200 rpm. 

 

5.3.4 Experimental measurements 

Viscosity was measured off-line with a cone and plate rheometer [7]. The 

ribbon formed by this special fluid over the wheel was characterized visually with 

a digital camera during the experiment. Removal rates for ALON parts were 

obtained with MRF spots. Both drag and normal forces were measured in situ 

with the dual load cell where spots were placed at the edge of each part (see setup 

II, Figure 2.5 in Chapter 2). 
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5.4 Fluid ribbon formed with nonaqueous MR fluid 

The nonaqueous MR fluid, containing 44 vol.% small CI and 10 vol.% 

large CI, 15 vol.% liquid A (DBE) and 29 vol.% liquid B (DMF), and 2 vol.% 

dispersant, was successfully pumped in the STM and no difficulties were 

encountered in circulating the fluid. The ribbon looked good, as shown in Figure 

5.8. Also shown in this figure on both sides of the ribbon are excess amounts of 

MR fluid that came from an imperfect fit between the fluid scraper (not shown, on 

the opposite side of the wheel) and the wheel. This excess fluid did not contact the 

part. 

 

 
Figure 5.8 Ribbon formed over the STM with the nonaqueous, 

large/small size CI-based MR fluid using machine settings 
given in Section 5.3.3. 

 

5.5 Viscosity as a function of nonaqueous MR fluid condition 

MR fluid samples were taken periodically during the experiment, and the 

viscosity was measured off-line [7]. Figure 5.9 records the viscosities of the fluid 

before and after adding nanodiamonds on Day 1, after adding nanodiamonds but 

before adding DI water early in the morning of Day 2 (remeasured), and after 

adding DI water on Day 2. All the viscosities show a shear-thinning behavior, 
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where viscosity decreases with shear rate (Figure 5.9(a)). By comparison with the 

viscosity of the initial fluid, the additions of nanodiamonds increased the viscosity 

of the fluid significantly, as shown in Figure 5.9(b). The remeasurement of the 

viscosity of the fluid with nanodiamonds early in the morning of Day 2 indicates 

that the fluid viscosity increased after one night in the STM. The addition of small 

amounts of DI water during Day 2 increased MR fluid viscosity even more, 

although the ribbon continued to look good. This behavior is opposite to that 

observed when additional water is added to an aqueous MR fluid, thereby 

reducing the overall solids concentration and viscosity. 
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(b) 

Figure 5.9 Viscosity of the MR fluid before and after adding 
nanodiamonds (nd) on Day 1, after adding nanodiamonds 
but before adding DI water early in the morning of Day 2 
(remeasured), and after adding DI water on Day 2 [for 1 L 
batch]: (a) over all shear rate range; (b) at the shear rate of 
760 sec-1. 
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5.6 Forces as a function of fluid condition 

Figure 5.10 shows the measured drag force (Fd) and normal force (Fn) as a 

function of nanodiamond concentration and DI concentration in the nonaqueous 

MR fluid. The addition of nanodiamonds has no impact on drag force which 

remains constant at various nanodiamond concentrations. However, there exists a 

positive correlation with drag force and the content of DI water in the nonaqueous 

MR fluid, where drag force increases with the DI water concentration, as shown 

in Figure 5.10(a). Normal force is unaffected by the addition of nanodiamonds or 

DI water, as shown in Figure 5.10(b). 
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(b) 

Figure 5.10 The measured forces as a function of nanodiamond and 
DI water concentrations: (a) drag force (Fd); (b) normal 
force (Fn). 
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5.7 Shear stress as a function of fluid condition 

Figure 5.11 shows the calculated shear stress (i.e., drag force divided by 

spot area) as a function of the viscosity of the nonaqueous MR fluid. The 

viscosity is influenced by the additions of nanodiamonds and DI water. Shear 

stress for ALON shows an increase with nanodiamond concentration. This is 

contrary to the behavior seen in an aqueous MR fluid, where shear stress against 

an ALON surface is insensitive to nanodiamond additions (up to 0.1 vol.%). 

Shear stress increases with the additions of DI water in the nonaqueous MR fluid. 

The increase in shear stress is due to the increasing viscosity, as 

demonstrated in Figure 5.11. Shear stress shows a strong positive correlation with 

the off-line measured viscosity. Shear stress increases in response to increasing 

viscosity at a fixed shear rate of 760 sec-1, by either the addition of nanodiamonds 

or the addition of DI water. 
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Figure 5.11  Shear stress as a function of fluid viscosity (measured 

off-line) at the shear rate of 760 sec-1. 
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5.8 Material removal rate 

Figure 5.12 shows the volumetric removal rate for ALON as a function of 

the fluid condition. The MR fluid without nanodiamonds or DI water has a 

negligible volumetric removal rate of ~ 0.0001 mm3/min. The 0.15 vol.% addition 

of nanodiamonds moderately increases the volumetric removal rate to 0.0007 

mm3/min. However, the overall volumetric removal rate is still low. The last 

addition of nanodiamonds, resulting in a total addition of 0.3 vol.% nanodiamonds 

in the nonaqueous MR fluid, significantly brings up the removal rate, by over 50 

times from 0.0001 mm3/min to 0.0056 mm3/min. The non-magnetic nanodiamond 

abrasives enhance the mechanical interaction during the MRF process and make a 

major contribution to the overall material removal rate.  

The volumetric removal rate is seen to increase by 57%, from 0.0056 

mm3/min to 0.0088 mm3/min, after the fluid was circulated overnight. This 

increase might be due to the increase in viscosity as noted by Kordonski et al. 

[12]. This overnight increase could be also attributed in part to some form of 

enhanced dispersion of the nanodiamonds into the MR fluid, possibly by the 

break-up of agglomerates [5]. 

The first small addition of DI water to the fluid on Day 2 is seen to raise 

the volumetric removal rate by another 26%, up to 0.011 mm3/min. The increase 

in material removal rate continues with further additions of DI water. The last 

addition of DI water, reaching a total amount of 1.5 vol.%, results in a volumetric 

removal rate of 0.025 mm3/min. This is a 180% increase over the removal rate 

without DI water.  

Removal rate in conventional MRF can be enhanced by increasing CI 

concentration, abrasive concentration, or penetration depth. With this experiment 

we show that removal rate can also be increased by the addition of DI water into a 

nonaqueous MR fluid with low miscibility in water. Nonaqueous MR fluids have 

been shown to be useful in polishing special materials such as water soluble 

single-crystal potassium dihydrogen phosphate (KDP) [13, 14]. The ability to 



 145

increase the removal rate by adding a small amount of an immiscible liquid to an 

MR fluid opens up the possibility for improving the material removal efficiency 

for polishing water-soluble materials with MRF, if a suitable host liquid can be 

found.  
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Figure 5.12 Volumetric removal rate (VRR) as a function of 
nonaqueous MR fluid condition. 

 

Figure 5.13 shows the volumetric removal rate as a function of shear stress. 

There is a positive dependence of removal rate on shear stress, which is in 

agreement with the modified Preston’s equation for MRF as proposed in our 

previous work on aqueous MR fluid spotting experiments on optical glasses [15]. 

The material removal rate increases strongly with shear stress, which is a result of 

the increasing fluid viscosity, as influenced by the additions of nanodiamonds and 

DI water. An exponential increase in peak removal rate for BK7 was observed by 

Shorey [16] with the addition of water to an MR fluid consisting of CI and 

alumina in a dicarboxylic acid ester. The explanation given was that the water 
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enhanced the hydration and softening of the glass surface, promoting removal and 

smoothing in a manner analogous to that found in classical aqueous abrasive 

polishing of glass. No fluid viscosity or shear stress measurements were taken. 
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Figure 5.13 Volumetric removal rate as a function of shear stress. 

 

Figure 5.14 shows the direct correlation between volumetric removal rate 

and viscosity. Kordonski et al. demonstrated that material removal rate for MRF 

of glass increases with in-field fluid viscosity [12]. Figure 5.14 confirms this 

claim where a significant portion of removal rate increase is due to the increase in 

viscosity after the addition of DI water into the nonaqueous fluid. As shown in 

Figure 5.14, the nonaqueous MR fluid was sensitive to the addition of DI water. 

That is, a small addition of DI water, only 1.5 vol.%, increases the viscosity of the 

fluid by 25%, from 205 cP to 256 cP at the shear rate of 760 sec-1.  
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Figure 5.14 Volumetric removal rate as a function of fluid viscosity at 

the shear rate of 760 sec-1. 

 

The addition of nanodiamonds causes an increase in shear stress, 

strengthening the mechanical interaction between the part and MR fluid ribbon 

and hence leading to an increase in removal rate. Note that the addition of DI 

water increases shear stress only moderately, by ~ 40%, while causing a dramatic 

increase in the volumetric removal rate, by over 180%. The increase in shear 

stress makes only a partial contribution to the dramatic increase in removal rate 

after the addition of DI water. For ALON, the addition of DI water does not 

enhance the chemical contribution in material removal, which is normally the case 

for glasses [16], since ALON ceramic is chemically inert under the conditions of 

this experiment. However, it is possible that the addition of DI water may work as 

a lubricant, making it easier to remove the debris away from the part and 

improving the cutting action of the abrasives on part surface, thus increasing the 

removal efficiency.  
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5.9 Summary 

We developed a nonaqueous MR fluid with a series of off-line viscosity 

experiments on small 12.5 ml batches. We investigated the effects of high-shear 

mixing, the addition of a dispersant, combinations of liquids of different 

viscosities, the introduction of DI water, and combinations of CIs of different 

particle sizes on the viscosity of the MR fluid. Once developed, the fluid was 

scaled up to a 1L batch and successfully pumped in the STM for two days. We 

showed that, using this MR fluid, conventional D-shaped spots on a hard 

polycrystalline ALON part could be obtained. Drag force remains unchanged with 

additions of nanodiamonds but increases with DI water concentration. Normal 

force tends to be unaffected by the additions of either nanodiamonds or DI water 

in the nonaqueous MR fluid. The additions of nanodiamonds and DI water 

significantly increase the viscosity of the fluid, leading to an increase shear stress 

and hence an increase in volumetric removal rate. Nanodiamonds enhance the 

mechanical contribution in material removal while also change the rheological 

behavior of the nonaqueous MR fluid. DI water increases the viscosity of the MR 

fluid, causing an increase in removal, while it may also lubricate the surface and 

improve the interaction between the nanodiamonds and part surface, making the 

material removal more efficient. Material removal rate for a hard ceramic can be 

enhanced dramatically by a small amount addition of DI water into the 

nonaqueous MR fluid. 
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Chapter 6  

Rheological and Corrosion Study of Aqueous MR Fluid Using 

Dual Oxide Coated Carbonyl Iron Particles 
 

6.1 Introduction 

All commercial magnetorheological (MR) fluids consist of carbonyl iron 

(CI), non-magnetic polishing abrasives, a water carrier and stabilizers [1, 2]. 

Carbonyl iron particles used in MR fluids have a severe aging problem. The CI 

particles easily get corroded due to their interaction with water. In our previous 

work, a nonaqueous MR fluid was prepared to solve the corrosion problem [3]. 

However, this nonaqueous MR fluid had a very low material removal rate for 

glass due to the absence of water.  

In our recent work, we have demonstrated the ability for coating a thin 

layer of metal oxide on the CI particles by a sol-gel process [4-6]. The thin 

coating features a core/shell structure: CI particle as the core, one oxide layer 

attached to the CI particle and a second metal oxide layer being the external 

coating. The outer metal oxide coating is corrosion resistant, offering full 

protection from water. The two coatings modify the surface features and the 

chemical properties of the CI particles, making it difficult to prepare a high solid 

concentration aqueous MR fluid while maintaining low viscosity. A high solids 

concentration is necessary for forming a stiff MR fluid ribbon. Therefore, it is 

important to understand the rheological behavior of the MR fluid based on the 

dual oxide coated CI particles, and to reduce the viscosity in order to achieve a 

high solid concentration MR fluid for practical application.  

This chapter focuses on the investigation of the rheological behavior of 

MR fluid prepared with dual coated CI particles. The effect of pH adjustment and 

the addition of dispersants on the viscosity of the resulting MR fluid are studied. 

The goal is to reduce the viscosity of the dual coated CI particle MR fluid while 
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maximizing the solid concentration. This is the first work attempting to prepare a 

corrosion resistant MR fluid based on double layer oxide coated CI particles. 

 

6.2 Materials and MR fluid preparation 

6.2.1 Uncoated CI and coated CI  

A commercially available small size carbonyl iron (CI) (average size: ~ 

1.1 μm) was used in the present work. A thin silica (silicon dioxide, SiO2) layer 

was coated on CI particles by sol-gel process. Then the resulting particles were 

coated with another layer of zirconia (zirconium dioxide, ZrO2). The dual coating 

is schematically shown in Figure 6.1. The thickness of silica coating is about ~ 10 

nm and the thickness of the zirconia coating is about ~ 50 nm [4]. The resulting 

coated CI particles were used for rheological tests. Rheological tests on uncoated 

CI particles were also performed for comparison.  

CI 

ZrO2 

2) Sol-gel synthesis 
of ZrO2 layer 

1) Surface modification 
by SiO2 

CI 

SiO2 

Uncoated Dual coated 
 

Figure 6.1 Schematic of the double-layer coatings on carbonyl iron 
(CI) particles by sol-gel process: inner coating, SiO2; outer 
coating, ZrO2 (not to scale). 

 

Figure 6.2 shows the surface microstructure of the uncoated and dual 

coated CI particles. As shown in Figure 6.2(a), the surfaces of CI particles as 

received are relatively smooth, without large surface features. However, dual 

coated CI particles have a faceted surface texture, which is the typical 
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morphology of zirconia crystals [7]. This faceted surface would make additional 

contributions to material removal during MRF process [4]. Also, there are many 

small free zirconia particles randomly distributed around the coated CI particles. 

Since zirconia is known to be an excellent polishing abrasive [8], these zirconia 

particles could also make contribution to material removal [4].  

 

 

(a) 

(b) 
Free 

Zirconia

Figure 6.2 SEM images of CI particles: (a) uncoated CI; (b) dual 
coated CI. Low voltage (3 kV) and short working distance 
(~ 4 mm) were used.   

 

The properties of the resulting coated CI particles are different from 

uncoated CI particles as shown in Table 6.1. The density of dual coated CI 

particles was much lower than that of uncoated CI particles due in part to the low 

density of the silica and zirconia coatings (density: silica, ~ 2.2 g/cm3; zirconia, ~ 

5.89 g/cm3). In addition, free zirconia particles left in the product also contribute 
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to a smaller overall density. The dual coated CI particles exhibited a strong 

hydrophilic behavior in contrast with hydrophobic of uncoated CI particles. 

Shafrir et al. confirmed the change from hydrophobic nature of uncoated CI to 

hydrophilic nature of ZrO2-coated CI by performing the contact angle test with a 

video microscope system [6]. The hydrophilic nature of the dual coated CI 

particles would make it much more difficult to achieve a low viscosity, aqueous 

MR fluid. Wang reported a value of -58 mV for the zeta potential of uncoated CI 

at pH 8, which were measured in DI water with 0.25 wt.% Darvan 811 dispersant 

on the AcoustoSizer (see ref. [9] for details about the measurement). However, 

the zeta potential for dual coated CI particles measured at the same condition was 

only -16 mV [10], much smaller than the zeta potential value for uncoated CI 

particles. Houivet et al. also reported a low zeta potential value, ~ 30 mV, for 

zirconia (mean diameter 1.1 μm) at pH 8 without the use of a dispersing agent 

[11]. The dual coating dramatically lowers zeta potential magnitude of CI 

particles. The smaller zeta potential of the dual coated CI implies that the 

repulsion between coated CI particles is weaker than uncoated CI particles, 

making it easier for them to agglomerate.  

      
Table 6.1 The properties of both uncoated and coated CIs.  

 Density* 
(g/cm3) Surface wetting d50 size**

(μm) 
Zeta potential 
@pH 8 (mV)** 

Uncoated CI 7.78 Hydrophobic 1.4 -58 

Dual coated CI 5.79 Hydrophilic 1.7 -16 
* Density data measured with a Micrometrics Pycnometer. 
** Particles size and zeta potential measured on a Colloidal Dynamics 

AcoustoSizer IIs [12]. For details see ref. [9, 10].   
 

6.2.2 Fluid components 

In order to promote dispersion of the CI particles in the resulting MR fluid 

and lower the fluid viscosity, different types of additives were used to prepare 
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aqueous suspensions in DI water. Acetic acid (CH3COOH) or sodium hydroxide 

(NaOH) was added to adjust pH. Organic dispersants including glycerol, 

ammonium polymethacrylic acids (Darvan C, 811 and 821A) and diammonium 

citrate (DAC), as listed in Table 6.2, were studied at different concentrations 

and/or in combination. Darvan C has the highest molecular weight, over 10,000 

g/mol, Darvan 811 and 821A have moderate molecular weight, 3000-5000 g/mol, 

and DAC has the lowest molecular weight, only ~ 250 g/mol. These compounds 

acted as surfactants to reduce viscosities by steric and/or electrosteric stabilizing 

mechanisms [13]. A low-molecular weight surfactant might disperse the solids 

better and reduce the viscosity more than a high-molecular weight surfactant, 

whose long molecular chains could bridge together and form agglomerates [14].  

 

Table 6.2 Properties of dispersants. 

Additives Molecular 
weight (g/mol)

Density 
(g/cm3) State pH† Ionic 

nature Source 

Glycerol 92.1 1.26 liquid - - Sigma-Aldrich 
[15] 

Diammonium 
citrate (DAC) 226.2 1.48 solid 4.3 Anionic Sigma-Aldrich 

[15] 
Darvan 821A 3500 1.16 liquid 7.7 Anionic Vanderbilt [16]
Darvan 811 5000 1.30 liquid 7.8 Anionic Vanderbilt [16]
Darvan C 10,000-16,000 1.11 liquid 7.5 Anionic Vanderbilt [16]
† pH was measured as received except for DAC whose pH comes from a 0.1 M 
solution (see the product literature). 

 
6.2.3 Procedure for preparing the MR fluid 

Conventional aqueous MR fluid is prepared by mixing the liquid portion 

containing DI water, stabilizers and dispersants with pre-weighed CI particles 

together without high-shear mixing. However, this common procedure did not 

work for the dual coated CI fluid.  

A special procedure was developed for preparing the MR fluid with dual 

coated CI particles. A predetermined amount of DI water or DI water with 

adjusted pH (using acetic acid or NaOH) was added into a vial containing 
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pre-weighed dispersants. The resulting solution, called initial liquid, was stirred 

until dispersants were totally dissolved. pH was measured and designated as 

initial pH. Then a predetermined amount of uncoated or coated CI powder was 

added to the initial liquid to form an MR fluid. To break up agglomerates and 

achieve uniform dispersion, the resulting MR fluid was high-shear mixed [17] at a 

selected intensity setting (setting 3) for 9 min. The high-shear mixing was 

performed in 3-minute intervals for three times at room temperature. During 

high-shear mixing, the vial containing the MR fluid was immersed in a beaker of 

water (~ 50 ml) sufficient to dissipate heat generated inside the vial from the 

high-shear mixing process. For all the MR fluids, the high-shear mixing treatment 

did not affect the initial pH.  

 

6.3 Viscosity of uncoated and coated CI particle MR fluids 

Figure 6.3 plots the viscosity data of uncoated CI particle MR fluids with 

and without addition of dispersant together with the dual coated CI particle MR 

fluid with glycerol dispersant. The composition of each fluid is included in Figure 

6.3 and its caption. As shown in Figure 6.3, all the fluids display a shear-thinning 

behavior, where viscosity decreases with increasing shear rate. By comparing the 

viscosity of uncoated CI particle MR fluid prepared with or without the addition 

of glycerol dispersant, it can be seen that the addition of glycerol effectively 

reduces the viscosity of the MR fluid. Glycerol was also used in standard aqueous 

MR fluid, working as a lubricant for CI particles to reduce the viscosity of the MR 

fluid [18]. This demonstrates the necessity for the addition of dispersant for 

reducing the viscosity in order to maximize the CI concentration in the MR fluid.  

Figure 6.3 also plots the viscosity of the coated CI particle MR fluid with 

the addition of dispersant. With the same amount of glycerol dispersant in the MR 

fluid, the dual coated CI particle MR fluid has a much higher viscosity than 

uncoated CI particle MR fluid, even though the coated CI particle concentration 

in the MR fluid is much lower than that of uncoated CI particle MR fluid. The 
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high viscosity of the coated CI MR fluid may be attributed to the chemical 

properties of the coating. The coated CI particles are hydrophilic in nature, as 

shown in Table 6.1. In addition, the zeta potential for the dual coated CI particles, 

only -16 mV [10], is much lower than the zeta potential, -58 mV, for the uncoated 

CI particles [9]. This implies that the repulsion between coated CI particles is 

weaker than uncoated CI particles, making them easier to agglomerate. On the 

other hand, the faceted surface feature and slightly bigger size of coated CI may 

contribute to the resulting higher viscosity. When the CI concentration is above 

40 vol.%, the viscosity of the resulting fluid, with 2 vol.% addition of glycerol, is 

not sufficiently fluid-like. Therefore, the 2 vol.% addition of glycerol is not 

enough to make a pumpable high solid concentration MR fluid based on the dual 

coated CI particles.  
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Figure 6.3 Viscosity of uncoated and coated CI particles. The two 

uncoated CI particle MR fluids had 37 vol.% of CI particles, 
one (♦ solid diamond) without glycerol, the other (◊ open 
diamond) with 2 vol.% of glycerol; the coated CI particle 
MR fluid (○ open circle) contained only 30 vol.% of solids 
and 2 vol.% of glycerol. All MR fluids were high-shear 
mixed for 9 min at a setting 6 [12.5 ml batch].  

 

6.4 Effect of initial pH on viscosity 

The MR fluid pH is an important parameter for initiating chemistry during 

the MRF process. The concentration of H+ and OH- ions in a suspension has a 

decisive effect on the surface charge of solid particles [13, 19]. Therefore, it is 

important to understand how pH of the MR fluid affects the viscosity. 

In this experiment, the effect of the initial base fluid pH on viscosity was 

studied. MR fluid was prepared by adding coated CI particles into the initial 

liquid which was pH adjusted with acetic acid and NaOH, and which contained 

glycerol. The pH of the initial liquids (water, pH adjusting agents, and glycerol) 
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was measured as the initial pH. After adding coated CI particles, pH was 

re-measured and recorded as pH of the MR fluid (initial liquids plus coated CI 

particles).  

Figure 6.4 shows the pH of the MR fluid (after mixing coated CI particles) 

as a function of initial pH of the base liquids (before adding coated CI particles). 

The pH of the MR fluids is quite different from that of the initial liquids used to 

make the MR fluid. pH was remarkably changed by the addition of coated CI 

particles, as previously reported by Houivet et al. for a similar metal oxide 

composition system (ZrO2-TiO2-SnO2) [11]. pH tends to approach neutral region 

after adding coated CI particles. For the initial liquid adjusted with acetic acid, pH 

of the resulting MR fluid moved up to 6.1 from 4.2. For DI water and liquids 

adjusted with NaOH (initial pH: 7.8 and 11.6, respectively), pH of the resulting 

MR fluids dropped to around 7.2. For a highly basic initial liquid (initial pH = 

12.9), pH of the resulting MR fluid decreased to 9 after the addition of coated CI 

particles.  

The zirconium oxide tends to hydrolyze in the presence of water to form 

hydroxide layers containing MOH groups (where M stands for Zr4+ ions), which 

react with the protons in acidic solution or hydroxyl ions in basic solutions, 

following Equation 6.1 [11, 14, 20].  

 OHMOMOHMOH 2
OHH

2 +⎯⎯ →←⎯→← −+ −+

 (6.1) 

The increase in pH from acidic to neutral is due to the absorption of H+ ions onto 

the hydrolyzed zirconia, while the decrease in pH for basic fluid might be a result 

of hydrolyzation of zirconia coating in strong alkaline environment. Therefore, 

the zirconia coating or free zirconia left in the sol-gel process product serves as a 

pH buffer. No matter what the initial pH of liquids is, the final pH value of the 

prepared coated CI particle MR fluid falls close to the neutral zone.  
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Figure 6.4 pH of MR fluid measured after addition of coated CI 

particles. Initial liquids were pH adjusted using acetic acid 
and NaOH. All the fluids had the same amount of coated CI 
particles (30 vol.%) and 2 vol.% of glycerol dispersants, 
and were high-shear mixed for 9 min at a setting 6. [12.5 
ml batch]. pH was measured before adding coated CI 
particles into the initial liquids and remeasured after adding 
coated CI particles. 

 

Figure 6.5 plots the viscosity of the coated MR fluids prepared with initial 

liquids of various pH. MR fluids with initial pH below 10 exhibit similar 

viscosities over the range from 200 sec-1 to 960 sec-1, which is in line with the fact 

that all these MR fluids have same pH value after adding coated CI particles. For 

initial pH ~ 13, the viscosity of the resulting MR fluid is much lower than others. 

However, the high pH slurry exhibits corrosion. 
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pH adjustment doesn’t offer an effective method for reducing the viscosity 

of a coated CI particle MR fluid. The next section discusses the preparation of 

MR fluids with DI water and without pH adjustment. 
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Figure 6.5 Viscosity of coated CI particle MR fluids prepared with 

initial liquids of various pH. Initial liquids were pH 
adjusted using acetic acid and NaOH. All the fluids had the 
same amount of coated CI particles (30 vol.%), glycerol 
dispersant (2 vol.%), and were high-shear mixed for 9 min 
at a setting 6. [12.5 ml batch]. Initial pH was measured as 
before adding coated CI particles into the initial liquids. 

 

6.5 Effect of combinational dispersant on viscosity 

A high solid content MR fluid can not be prepared without the addition of 

glycerol, because the glycerol dispersant can effectively lower the viscosity of 

uncoated CI particle MR fluid [18]. However, adding a small amount of glycerol 

dispersant is not sufficient to reduce viscosity of the coated CI particle MR fluid 

even at very low solid concentrations, as can be seen in Figure 6.3. In order to 
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further reduce the viscosity of the coated CI MR fluid, a combination of two 

dispersants, glycerol and Darvan C, was tested.  

Figure 6.6 shows the viscosity of the coated CI MR fluids with either a 

combination of Darvan C and glycerol or only glycerol where the total dispersant 

concentration in the MR fluid is same. The viscosity of coated CI particle MR 

fluid with a combination of Darvan C and glycerol dispersants is much lower than 

that of MR fluid added with only glycerol, demonstrating that the combined 

dispersants are more efficient in lowering the viscosity.  

The combination of Darvan C into glycerol produces additional reduction 

in viscosity compared to the same amount of pure glycerol. Darvan C is a salt of a 

carboxylated polyelectrolyte which reduces the viscosity by the electrosteric 

mechanism, a combination effect of electrostatic and steric stabilization.  

The long-chained Darvan C dispersant causes steric stabilization of coated 

CI particles in the MR fluid. Based on the observation by Wang et al. on the 

interaction between glycerol and nonionic dispersants [21], Sofie et al. proposed 

the formation of a glycerol/Darvan C micelle structure where the hydrophilic ends 

of the Darvan C [16] dispersant interact with the hydroxyl groups of glycerol, 

resulting in the hydrophobic ends of glycerol pointing outward into the solution 

[22]. This micelle structure, distancing the CI particles and thus excluding the 

formation of agglomerates, helps reduce the fluid viscosity. 

On the other hand, the surface charge associated with the polyelectrolyte 

functions enhances electrical repulsion between coated CI particles in the MR 

fluid. This reduces the agglomeration of coated CI particles. In aqueous solution, 

Tang et al. [20] also found that the addition of Darvan C enhances the zeta 

potential of the coated CI particles, leading to an increase in repulsive interaction 

between CI particles and making the CI particles less agglomerated. Darvan C 

polyelectrolyte introduces the electrosteric effect on the coated CI particles, which 

provides an extra contribution to lowering the viscosity. 
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Figure 6.6 Viscosity of coated CI particle MR fluids with only 

glycerol and with a combination of glycerol and Darvan C. 
The MR fluid had 35 vol.% of coated CI particles, 2 vol.% 
of glycerol and 1 vol.% of Darvan C. The MR fluid was 
high-shear mixed for 9 min at a setting 6 [12.5 ml batch]. 

 

6.6 Surfactant types 

A combination of glycerol and Darvan C was able to effectively reduce 

the viscosity of the coated CI MR fluid. However, Darvan C is a long molecular 

chain polymer which is easy to break down during high-shear mixing and the MR 

fluid may not be stable with time. With this being considered, three other 

polymeric dispersants (Darvan 811, Darvan 821A, DAC) were tested in this work. 

These dispersants are anionic polyelectrolytes, similar to Darvan C but with 

different molecular weights. MR fluids were prepared with each of the three 

dispersants together with a certain amount of glycerol. pH for Darvan C and 

Darvan 821A (or 811) MR fluid did not change after adding coated CI particles, 

all in the neutral region. The pH for DAC initial solution is acidic, but becomes 

neutral with the addition of coated CI particles.  
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Figure 6.7 Viscosity of coated CI particle MR fluids prepared with 

various combination of dispersants. The MR fluid had 35 
vol.% of coated CI particles, 2 vol.% of glycerol and 1 
vol.% of either Darvan C, 811, 821A or DAC. All the MR 
fluids were high-shear mixed for 9 min at a setting 6 [12.5 
ml batch].   

 

Figure 6.7 plots the viscosities against shear rate for the MR fluids 

prepared with glycerol plus three other Darvan polyelectrolytes and DAC. These 

polyelectrolytes are able to provide electrosteric effect, mitigating the 

agglomeration of coated CI particles and hence reducing the viscosity of the MR 

fluid. DAC results in the lowest viscosity, which offers the possibility of 

maximum solid loading, while Darvan C produces the highest viscosity. 

Absorption of the long-chain polymer at a particle surface usually involves the 

attachment of many segments, which entangles/bridges the individual particles 

together and forms the agglomerates, resulting in a high viscosity [14]. The short 
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chained DAC molecules are subject to less agglomeration, producing a lower 

viscosity. Tang et al. found that, DAC is able to shift the IEP of ZrO2 particles 

below pH 2, lower than that of Darvan C, which in turn results in a higher 

repulsive interaction between solid particles and minimizes the agglomeration 

[20]. This explains why DAC acts as a better dispersant to lower the viscosity of 

coated CI particle MR fluid, serving as an excellent candidate for maximizing the 

solid content.  

DAC, in combination with glycerol, is seen to be the best candidate for 

lowering the viscosity of the coated CI particle MR fluid. Darvan C, having the 

longest molecular chain, is easily broken and could show a diminished lubricant 

effect after the MR fluid is circulated over a period of time. Its short molecular 

chain should make the DAC polymer more tenacious during high-shear mixing. 

 

6.7 Concentration 

With the combination of two types of dispersants, the solid content in a 

coated CI MR fluid may be raised up to 35 vol.%. This is still below the solids 

concentrations used successfully in many MRF polishing experiments [23, 24]. 

DAC shows a strong potential for decreasing the fluid viscosity. This section 

describes work on optimizing the amount of DAC in combination with glycerol to 

minimize the viscosity and in turn maximize the solids concentration. The total 

amount of dispersants was kept constant but the ratio between glycerol and DAC 

was adjusted.  

Figure 6.8 shows the viscosity at the shear rate of 760 sec-1 as a function 

of DAC concentration along with the pH value before and after mixing a 40 vol.% 

dual coated CI MR fluid with an initial aqueous liquid. The addition of DAC 

makes the initial liquid acidic. After mixing with coated CI particles, pH rises up 

and approaches neutral, similar to what is shown in Figure 6.4. 
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Figure 6.8 Viscosity (at shear rate of 760 sec-1) as a function of DAC 

concentration (40 vol.% coated CI). All the MR fluids had 
40 vol.% of coated CI particles, 3 vol.% of total amount of 
combinational dispersants with various ratios between 
glycerol and DAC. All the MR fluids were high-shear 
mixed for 9 min at a setting 6. [12.5 ml batch]. The inset 
summarizes the pH of the initial liquid mixture and the 
resulting MR fluid after the addition of coated CI particles 
for all the compositions. 

 
  The lowest viscosity is obtained at a DAC concentration of 1.0 vol.%, 

where an increase or decrease in DAC concentration makes the viscosity rise 

significantly. In addition, the resulting MR fluid has a moderate pH value, ~ 8.1, 

which we have shown to be stable in MRF polishing for about 3 weeks [25]. 

Electrostatically stabilized dispersions are kinetically stable, but are very sensitive 

to the presence of electrolytes. The excess of DAC significantly increases ionic 

strength, which reduces the electrical double layer repulsion, causing 

agglomeration and degrading the stability of other ceramic slurries [26]. However, 
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a lower DAC concentration is not sufficient to cover all coated CI particles, thus 

being unable to produce a strong electrosteric effect of DAC polyelectrolyte with 

glycerol on the coated CI particles.  

An optimum amount is required for achieving the lowest viscosity. When 

an excessive amount of DAC remains in the fluid, it will increase the viscosity 

vastly. In order to disperse a MR fluid properly, adequate control of the additives 

is required; not only the kind of additive and its properties, but also its most 

effective concentration. 

 

6.8 Corrosion test 

The magnetic solids in a magnetorheological (MR) fluid for 

magnetorheological finishing (MRF) are comprised of carbonyl iron (CI) particles 

which are vulnerable to corrosion in aqueous suspension as a result of the 

interaction of iron with water, affecting the polishing performance/stability of the 

MR fluid and the lifetime of the MR fluid. In order to solve this corrosion 

problem, a thin layer of double layer oxide (ZrO2/SiO2) was coated on the CI 

particles, thereby preventing the interaction of CI particles with water in the 

suspension. An experiment was conducted to test the corrosion resistance of a 

variety of uncoated CI particles and coated CI particles by using the acetic acid 

solution. This corrosion test provides an estimation of how well the CI particles 

are coated and how long the coated CI powder stays resistant against corrosion. 

 

6.8.1 Corrosion test setup 

The MR fluid supernatant, comprised of only the liquid part of a standard 

aqueous MR fluid with no CI particles or abrasives, was used as the base test fluid. 

It was adjusted to be acidic (pH = 4.4) by adding acetic acid. The application of 

acetic acid is to enhance the corrosion process.  

Small batches of MR fluid were prepared for the corrosion test. Each 

batch contained a mixture of 5 ml acetic supernatant and 1 g CI particles. Each 
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batch of acetic MR fluid was stirred on a magnetic hotplate at the speed of 200 

rpm. The hotplate was set at either 30 °C or 60 °C. The high temperature was 

applied to speed up the corrosion process. After the fluid was mixed for a certain 

period of time, a drop of fluid was taken out using a digital EDP rapid charger 

pipette [27] and deposited on a paper towel. If the CI particles of the acetic MR 

fluid were corroded, the drop on the paper towel became orange or a 

yellow-brownish-orange color upon drying [25]. Photos were taken to record the 

color around the drop area to document the level of corrosion.  

Several different CI powders were tested: both uncoated small CI particles 

and coated small CI particles. For the coated CI particles, the coating is a double 

layer of metal oxide (ZrO2, outer layer) and IV column oxide (SiO2, inner layer). 

For double layer coating, the metal oxides are coated in various volume 

concentrations, ranging from 10 vol.% to 50 vol.%. 

      

6.8.2 Corrosion test results 

Figure 6.9 shows the corrosion result of uncoated small CI particles and 

dual coated small CI particles at 30 °C in acetic acid. It is apparent that the 

uncoated small CI particles get corroded within only 5 min in the acetic acid, as 

shown by the yellow-brownish-orange halo around the fluid drop on the paper 

towel in Figure 6.9(a). This coloration is sign of goethite (FeOOH), a known 

product of corrosion [25]. The corrosion gets worse at 10, 20, 30 min, 1h and 

longer times.  

In contrast, all the ZrO2/SiO2-coated small CI particles show an extremely 

strong corrosion resistance in acetic acid at 30 °C. There is no sign of corrosion, 

as checked at different intervals, 5, 10, 20, 30 min, up to 1h, 24h, and for over 12 

days (~ 280 h).  
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(a) 

 
  (b) 

Figure 6.9 Corrosion test results for samples tested at 30 °C: (a) 
Uncoated small CI; (b) Dual coated small CI. 

 

Our corrosion test offers a direct measure of whether the CI particles are 

well coated or not, and whether the coating is effective at protecting the CI 

particles from corrosion. Figure 6.10 summarizes corrosion test results for all the 
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samples, uncoated or coated, tested at 30 °C or at 60 °C. The uncoated CI 

particles corrode quickly in the acetic acid MR fluid at 30 °C. However, the 

coating, at all ZrO2 concentrations, dramatically increases the lifetime of the CI 

particles. For example, the lifetime of the dual coated small CI particles is 105 h 

at 60 °C and 282 h at 30 °C, much longer than that of uncoated small CI particles, 

only 0.03 h at 30 °C. In addition, as shown by the tests at 60 °C, the high ZrO2 

concentration in the coating presents a stronger corrosion resistance and a longer 

lifetime of the resulting coated CI particles. 
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Figure 6.10 The lifetime of each CI sample before corroding in the 

acetic acid MR fluid.  
 

The high corrosion resistance of the coated small CI particles indicates 

that the CI particles were well coated with metal oxide. The high corrosion 

resistance of coated CI particles also implies that these CI particles can be used 

continuously for a very long time without repeatedly reloading new batch of MR 
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fluid, increasing the stability of the polishing performance of MR fluid and 

reducing the cost of MRF process as well.  

 

6.9 Summary 

In this chapter, a rheological study was performed on dual coated CI 

particles. Corrosion tests of the dual coated CI particles were carried out. 

Magnetorheological (MR) fluids were prepared with CI particles which were 

coated with a thin layer of zirconia and silica.  

We demonstrated that the dual coating was able to effectively minimize 

the corrosion of carbonyl iron, significantly enhance the stability and extend the 

lifetime of the MR fluid. Corrosion test demonstrated that the oxide coating was 

able to provide a good protection for the CI particles against corrosion in the 

aqueous suspension. 

However, the dual coating significantly modified the surface properties of 

the CI particles and the rheological performance of the resulting MR fluids. The 

viscosity can be reduced by the addition of glycerol which, however, can not 

produce a high solid concentration MR fluid. We demonstrated that a combination 

of glycerol with polyelectrolyte dispersant was capable of decreasing the viscosity 

significantly which was due to the electrosteric interaction between the dual 

coated CI particles and the polyelectrolyte dispersants. We also showed that the 

molecular weight of the polyelectrolyte makes a difference in reducing viscosity, 

shorter molecular chain resulting in lower viscosity. In addition, an optimum 

amount of dispersant was required to minimize the viscosity while maximizing 

the solid concentration.  

With the knowledge for how to improve the dispersion of CI particles in 

fluid, we are able to increase the concentration of dual coated CI in the aqueous 

MR fluid up to 40 vol.% while keeping the viscosity at the shear rate of 760 /sec 

below 100 cP.  
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Chapter 7   

Summary 
 

In this thesis work, extensive spotting experiments and rheological tests 

are performed to understand the removal mechanism in MRF. The spot taking 

machine is used as a MRF research platform to take removal data by taking spots 

on part surfaces. A dual load cell is used to take the force data during MRF of 

optics. This is the first time that drag and normal force have been measured in situ, 

simultaneously for MRF. With the capability to measure drag force and spot area, 

for the first time, we present experimental data for shear stress in MRF. The MRF 

removal process is investigated from different aspects.  

In Chapter 3, the MRF material removal process is studied as a function of 

material mechanical properties by taking spots on a variety of materials under the 

same MRF process conditions (except spotting time) using a standard aqueous 

MR fluid. We demonstrate that both drag force and normal force strongly 

correlate to material mechanical properties. Drag force decreases linearly with 

increasing material hardness. However, normal force increases with hardness for 

glasses, saturating at high values for ceramics. The no-slip boundary condition 

does not hold on the part surface. The response of drag force and normal force to 

material hardness can be explained by proposing an indenting and dragging 

behavior for nanodiamond particles at the interactive interface during MRF.  

It is necessary to differentiate spot size from contact area. Spot size is 

material type dependent. The calculated shear stress has an inverse linear 

dependence on material hardness. Volumetric removal rate has a linear positive 

dependence on shear stress. This experimentally validates Shorey’s prediction. 

This linear correlation demonstrates that material removal in MRF can estimated 

by shear stress. There is a threshold for shear stress below which removal rate 

becomes negligible.  
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With the ability to measure both drag and normal forces, for the first time 

the measured ratio of drag force to normal force, equivalent to coefficient of 

friction, is calculated for MRF. This ratio shows a clear dependence on material 

mechanical properties. This implies that the interaction between the MR fluid 

particles and the part is dominated by micromechanics. In addition, this measured 

ratio is directly related to shear stress, which indicates that the measured ratio, 

similar to shear stress, is an alternative measure of material removal efficiency in 

MRF. 

In Chapter 4, we study the role of the MRF process parameters including 

nanodiamond concentration, penetration depth, magnetic field strength and wheel 

speed in material removal. For the first time, we measure drag force and normal 

force in situ, simultaneously as a function of MRF process parameters for both 

BK7 glass and ALON ceramic as a function of process parameters. Both drag 

force and normal force increase initially with the addition of nanodiamond 

abrasives but become saturated at high nanodiamond concentration for both BK7 

and ALON. Deep penetration results in a significant increase in both drag and 

normal forces which decrease slightly with magnetic field strength. Higher wheel 

speed tends to result in larger normal force but has no apparent effect on drag 

force.  

For the first time, we investigate shear stress as a function of MRF process 

parameters. It is demonstrated that shear stress is not a function of nanodiamond 

concentration and machine parameters including penetration depth, magnetic field 

strength and wheel speed. This confirms that for a specific material shear stress is 

predominantly determined by the material mechanical properties.  

 Material removal rate (volumetric removal rate and peak removal rate) are 

studied thoroughly as a function of MRF process parameters. For BK7 glass, CI 

particles contribute to material removal as demonstrated by the moderate peak 

removal rate. Small additions of nanodiamond abrasives remarkably increase the 

material removal rate. However, further additions have little improvement in 
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material removal rate for BK7. There is a linear correlation between material 

removal rate (volumetric and peak) and power 1/3 of nanodiamond concentration 

for BK7 glass. For ALON ceramic, CI particles make no contribution to material 

removal as CI particles are not hard enough to abrade the ALON surface. The 

addition of nanodiamonds dramatically improves the material removal rate for 

ALON. There is a linear correlation between removal rate (volumetric and peak) 

and nanodiamond concentration for ALON. No saturation is seen for ALON. For 

both BK7 glass and ALON ceramic, volumetric removal rate increases linearly 

with increasing penetration depth while peak removal rate remains constant with 

increasing penetration depth. For both BK7 glass and ALON ceramic, both 

volumetric and peak removal rates are insensitive to magnetic field strength. For 

both BK7 and ALON ceramic, there is a strong positive linear correlation 

between either volumetric removal rate or peak removal rate and wheel speed. 

Material removal model is modified to include the contribution of MRF 

process parameters such as nanodiamond concentration, penetration depth, 

magnetic field strength and wheel speed in material removal. The modified 

material removal model improves the understanding of the material removal 

process in MRF and offers a direct estimation of material removal rate for a 

specific material under a given MRF process condition. 

In Chapter 5, we develop a nonaqueous MR fluid with a series of off-line 

viscosity experiments on small 12.5 ml batches. We investigate the effects of 

high-shear mixing, the addition of a dispersant, combinations of liquids of 

different viscosities, the introduction of DI water, and combinations of CIs of 

different particle sizes on the viscosity of the MR fluid. Once developed, the fluid 

is scaled up to a 1L batch and successfully pumped in the STM for two days. We 

show that, using this MR fluid, conventional D-shaped spots on a hard 

polycrystalline ALON part can be obtained. The addition of nanodiamonds 

enhances the mechanical interaction during the MRF spotting process and 

increased the material removal rate significantly. Moreover, the introduction of DI 
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water helps lubricate the part surface, which leads to the dramatic increase in 

material removal rate. This nonaqueous MR fluid is sensitive to the addition of 

nannodiamonds and DI water. A small amount of either nanodiamonds or DI 

water causes a significant increase in the fluid viscosity.  

Chapter 6 performs rheological study and corrosion test of the dual coated 

CI particles. Magnetorheological (MR) fluids are prepared with CI particles 

which are coated with a thin layer of zirconia and silica.  

We demonstrate that the dual coating is able to effectively minimize the 

corrosion of carbonyl iron, significantly enhance the stability and extend the 

lifetime of the MR fluid. Corrosion tests demonstrate that the oxide coating is able 

to provide a good protection for the CI particles against corrosion in the aqueous 

suspension. 

However, the dual coating significantly modifies the surface properties of 

the CI particles and the rheological performance of the resulting MR fluids. The 

viscosity can be reduced by the addition of glycerol which, however, can not 

produce a high solid concentration MR fluid. We demonstrate that a combination 

of glycerol with polyelectrolyte dispersant is capable of decreasing the viscosity 

significantly, due to the electrosteric interaction between the dual coated CI 

particles and the polyelectrolyte dispersants. We also show that the molecular 

weight of the polyelectrolyte makes a difference in reducing viscosity. Shorter 

molecular chains result in lower viscosity. In addition, an optimum amount of 

dispersant is required to minimize the viscosity while maximizing the solids 

concentration.  
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Chapter 8 

Future Work 

 
More work could be carried out to extend the understanding of MRF 

removal based on this work.  We summarize our suggestions for the future work 

as follows. 

The MR fluid viscosity is measured out-of-field in this work, which 

provides an indirect assessment of the fluid rheological properties. Future work 

should be done to measure the in-field viscosity with a magnetorheometer. The 

correlation between the measured force data and the in-field viscosity would be 

very relevant. 

In this work, we observe that normal force increases first and then flattens 

out with the increasing material hardness while the shear force decreases with the 

increasing material hardness. We propose an abrasive indentation mode to explain 

this observation. Further work could be done to examine how the abrasives move 

on the surface, indenting or sliding.  In addition, we assume that the abrasives in 

the MR fluid ribbon are moving at the same velocity as the rotating wheel. 

However, there is slip of the abrasives in contact with the part surface during 

MRF, which will result a lower velocity for the abrasive than the MR fluid ribbon. 

The actual velocity of solid particles could be measured to gain a clear 

understanding of how material removal efficiency is correlated to the abrasive 

abrasion velocity. 

Also, the material removal process could be significantly affected by the 

grain size even for the same type of material. For example, polycrystalline 

aluminum parts with larger grain size might have a higher removal rate due to less 

grain boundaries, compared to smaller grain size. We show the surface roughness 

as a function of grain size for a series of ceramic polycrystalline materials. In 

future work, spotting experiments can be conducted on polycrystalline aluminum 

parts of various grain sizes at the same MRF process condition. The resulting 
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normal and shear forces, material removal rate, and surface roughness can be 

examined as a function of grain size. 

We focus on the material removal in our work. Work can be expanded to 

investigate how various MRF process parameters affect the surface smoothness 

and the resulting surface texture. The increasing wheel speed will increase the 

material removal rate. Does it also help smooth the surface? There is no 

significant increase in removal rate when increasing magnetic field strength. How 

will the surface roughness evolve in response to an increasing magnetic field 

strength? The surface roughness study can be performed using power spectral 

density analysis. 

The addition of DI water into the nonaqueous MR fluid increases the 

material removal rate, which is not a result of the introduction of chemistry. It 

may be due to the increased effective abrasion of the abrasive particles on the part 

surface in aqueous environment. This can be explored further from the lubrication 

point of view. A hypothesis is that mechanical parameters can help improve the 

material removal rate, while chemistry parameters mainly contribute to the 

smoothing of the part surface. Chemistry can be manipulated by adding a small 

amount of hydrogen peroxide, acids and bases into the nonaqueous MR fluid. 

We develop a metal oxide coated CI MR fluid in this work. There is 

extensive work on rheological behavior and corrosion resistance of this fluid. 

However, we do not use this fluid to take MRF spots on materials. In the future, 

MRF spotting experiments can be performed to explore the material removal 

efficiency of this corrosion resistant MR fluid on materials.  
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