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Abstract

Magnetorheological finishing (MRF) of polycrystalline, chemical-vapordeposited zinc sulfide (ZnS) optics leaves visible surface artifacts known as
“pebbles”. These artifacts are a direct result of the material’s inner structure that
consists of cone-like features that grow larger (up to a few millimeters in size) as
deposition takes place, and manifest on the top deposited surface as “pebbles”.
Polishing the pebble features from a CVD ZnS substrate to a flat, smooth surface to
below 10 nm root-mean-square is challenging, especially for a non-destructive
polishing process such as MRF.
This work explores ways to improve the surface finish of CVD ZnS processed
with MRF through modification of the magnetorheological (MR) fluid’s properties.
A materials science approach is presented to define the anisotropy of CVD ZnS
through a combination of chemical and mechanical experiments and theoretical
predictions. Magnetorheological finishing experiments with single crystal samples of
ZnS, whose cuts and orientations represent most of the facets known to occur in the
polycrystalline CVD ZnS, were performed to explore the influence of material
anisotropy on the material removal rate during MRF. By adjusting the fluid’s
viscosity, abrasive type concentration, and pH to find the chemo-mechanical
conditions that equalize removal rates among all single crystal facets during MRF, we
established an optimized, novel MR formulation to polish CVD ZnS without
degrading the surface finish of the optic.
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Chapter 1. Introduction and Motivation

Magnetorheological finishing (MRF) is a polishing process developed at the
Center for Optics Manufacturing (COM) at the Laboratory for Laser Energetics (LLE)
during the 90’s. It was a collaborative effort between scientists from Minsk-Belarus
and local scientists at the University of Rochester. The unique use of fine iron
particles [carbonyl iron (CI)] with polishing abrasives for polishing optical substrates
resulted in both super-smooth surfaces and a minimal degree of sub-surface damage
(e.g., micro-cracks). The amount of surface and sub-surface damage of an optic is
what governs 1) the low light absorbance and scattering of the finished surface; 2) the
flatness and uniformity of a possible coating on the finished surface; and 3) the
amount of laser power that the optic can safely handle. In addition to being a highprecision finishing technique, MRF is capable of processing complex shapes, such as
aerodynamic profiles and free-form lenses, out of variety of optical materials (glass,
ceramics, and polymers). Despite all its advantages, MRF has difficulties polishing
smoothly certain ceramic materials, such as chemical-vapor-deposited (CVD) zinc
sulfide (ZnS).
Zinc sulfide is an infrared (IR) material widely used in applications like IR
windows, missiles domes, and optical lenses. Magnetorheological finishing of such
material tends to leave artifacts on the finished surface (“pebbles”) that are easily
detected by the unaided eye. Such artifacts prevent ZnS (and other similar optical
materials) from being processed by MRF. In this work, we present a materials science
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approach to acidic MRF of CVD ZnS without degrading the surface finish of the
optic. We explore the material crystallographic structure, and adjust both the
mechanics and chemistry of the magnetorheological (MR) fluid in the acidic region to
find those chemo-mechanical conditions that work best for MR finishing of
polycrystalline CVD ZnS with minimum surface artifacts. We provide an overview of
the MRF process and of CVD ZnS as an important IR material in Chapter 2. This
chapter also reviews the available literature on the microstructure and mesostructure
of CVD ZnS, and our hypothesis that crystallographic anisotropy of CVD ZnS is the
leading cause for surface artifact generation during MRF of such material. We finish
this chapter with examples from the literature where chemo-mechanical polishing
(CMP) techniques were found to be a useful tactic for polishing “difficult to polish”
materials, and explain our approach of introducing CMP principles to the MRF
process in order to remove surface artifacts on CVD ZnS.
The crystallographic anisotropy of CVD ZnS is extensively studied in
Chapter 3. Using single crystal samples of ZnS, whose cuts and orientations represent
most of the facets known to occur in the polycrystalline CVD ZnS material, we
studied the relationship between crystallographic orientation and physical properties,
such as microhardness and chemical reactivity. These properties have an important
role in the process of material removal during MRF.
To incorporate CMP principles into the MRF process, chemical modification
of the MR fluid was necessary. Because working with iron particles in an aqueous
environment is challenging due to the tendency of iron to oxidize (especially at low
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pH range), a unique type of iron particles were adopted in our research. Chapter 4
describes in brief the process for preparing a zirconia sol-gel based coating that
protects the iron particles from rapid corrosion in an acidic environment. This process
was invented, and later patented by the materials research group at the LLE and
Professor Hong Yang’s research group of the Chemical Engineering Department at
the University of Rochester in 2008. We show the characterization of these particles
and describe the development process for MR fluids based zirconia-coated CI at pH
levels of 4, 5, and 6, and viscosities of ~47 cP, 118 cP, and 196 cP, respectively.
In Chapter 5, we describe studies of material removal rate in single crystal of
ZnS during MRF using the three chemically and mechanically modified MR
formulations described in Chapter 4. The intent was to establish the ideal chemical
(fluid pH) and mechanical (fluid viscosity) conditions at which minimal variation in
material removal rate is observed among the single crystal samples studied. We
assumed that polishing all single crystal face orientations at approximately the same
rate will result in minimal degree of surface roughness and artifacts. The validity of
our assumption is also provided in this chapter by showing roughness results for
several CVD ZnS elements that were MRF spotted with the three acidic MR
formulations.
Following development of the chemical and mechanical conditions of the MR
fluid that lead to reduction in pebbles on MR finished CVD ZnS; we studied the effect
of polishing abrasives during MRF. We expect that the addition of polishing abrasives
to the “ideal” MR formulation will further reduce the surface artifacts and improve
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surface roughness. Two types of polishing abrasives (alumina and nanodiamonds)
were incorporated in our acidic MR formulation. This work is described in Chapter 6.
In addition to the CI particle type described in Chapter 4 and the ideal MR fluid pH
and viscosity explored in Chapters 5, determination of the polishing abrasive type and
concentration, described in this chapter, was the final link in the optimization process
of a new, chemo-mechanically modified MR fluid for finishing CVD ZnS smoothly.
The new MR formulation reduced surface artifacts and improved the surface
microroughness of several CVD ZnS samples that were processed via MRF. We also
demonstrated that this formulation can be adapted to polish a variety of other
polycrystalline CVD materials such as hot-isostatic-pressed (HIP) ZnS, zinc selenide
(ZnSe), and magnesium fluoride (MgF2). A summary of results and recommendations
for future work are given in Chapter 7.
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Chapter 2. Background and Literature Review

2.1

Overview of magnetorheological finishing
Magnetorheological finishing (MRF) is a precise and deterministic polishing

process with the ability to polish flats, spheres, aspheric, and free-form optics [1-5] . It
utilizes a magnetorheological (MR) fluid composed of micron-size carbonyl iron (CI)
particles, polishing abrasive particles, stabilizers and water as a carrier fluid [6-8].
The fluid is relatively viscous and has a typical off-line viscosity (η25°C) of 40-100 cP
[6] at room temperature (for comparison, ηwater (25°C) = 0.9 cP). When loaded on a MRF
machine, the fluid is circulated in the delivery system and ejected through a 2-3 mm
diameter nozzle hole on a ceramic-coated wheel located on top of an electromagnet,
which creates a magnetic field of ~5 kG at the wheel area [2-4]. A schematic of the
MRF principle is given in Fig. 2.1 [9].
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Figure 2.1. A schematic of the delivery system in a MRF machine [9]. The fluid is
subjected to high shear mixing in the conditioner vessel and is pumped through the
nozzle to a rotating wheel. Under the influence of a magnetic field, the fluid stiffens
and acts as a polishing pad for a rotating and pivoting workpiece. The fluid is then
collected and delivered back to the conditioner vessel.

When ejected onto the wheel, the fluid forms a narrow ribbon. The magnetic
particles in the fluid are tightly packed by the influence of a magnetic field, forcing
the non-magnetic portion (abrasive and water) to the top most part of the stiff ribbon,
where the magnetic field is weaker. A rotating workpiece, which can be glass,
ceramic or a polymer optic [7,10,11], is then placed against the stiff ribbon where the
surface is being polished by the abrasives via normal and shear forces [12-14]. The
contact area between the MR ribbon and the workpiece is subjected to a distributed
force that controls the shape of the removal function. Figure 2.2 shows a schematic of
the MRF process [9].
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Figure 2.2. A schematic showing the MRF process at three major stages: (a)
MR ribbon condition before magnetic field is applied on the fluid, (b) MR
ribbon condition after magnetic field is applied: CI particles are in order,
forcing the non-magnetic portion of the fluid (polishing abrasive and water) to
the top most layer, (c) an optic is being forced against the MR ribbon and is
polished by the fine abrasive layer [9].

When the workpiece is stationary, the material removal shape is referred to as
a MR spot. A spot has an elongated, ‘D’ shape (from a top view) that is shallow at the
curved tip, and gradually become deeper as the stiff fluid (ribbon) shears against the
surface (Fig. 2.3). The material removal function (spot) is measured using phaseshifting interferometry (also called laser interferometry) [15], and is used in a
computed algorithm to calculate the necessary polishing steps and the overall time it
required to achieve the desired final shape for the optic. The point where the most
material was removed (designated in blue in Fig. 2.3) is referred to as the “deepest
depth of penetration” (DDP), and is mainly used here to obtain microroughness data.
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Figure 2.3. A laser interferometer false color image (top) and a line-scan profile
(bottom) showing a characteristic MRF spot. The shape of the spot is
determined by the pressure distribution at the contact zone.

2.2

Crystallography of chemical-vapor-deposited ZnS
Chemical-vapor-deposition is a chemical reaction of vapors to form a solid.

Many IR (infrared) materials, such as zinc sulfide (ZnS), zinc selenide (ZnSe) and
silicon carbide (SiC), are produced this way [16,17]. There are three types of ZnS.
The standard grade CVD ZnS (also called FLIR, or forward looking IR) is produced
by chemical reaction of zinc (Zn) vapor and hydrogen sulfide (H2S) vapor in an argon
(Ar) environment at temperatures of 600-720°C and pressures of 300-1000 Pa
[18-20]. The byproduct of the reaction is hydrogen gas (H2). The solid ZnS is
deposited on a graphite mandrel. At the end of the deposition process, the CVD ZnS
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substrate removed from the CVD reactor has a pebble-like surface, referred to in the
literature as “alligator skin”, among other names [21]. An example of standard CVD
ZnS is given in Fig. 2.4 [22].

Figure 2.4. A photograph of standard CVD ZnS (yellow) and CVD ZnS
(orange) right after deposition, showing large pebbles on the surface, and
after polishing, showing smooth surfaces [22].

Standard CVD ZnS is a mixture of two crystallographic structures: cubic, also
called sphalerite or zinc blend, and hexagonal which is also called wurtzite. The
wurtzite phase is known to be less thermodynamically stable than the sphalerite
phase. Its refractive index depends on the direction of incident light, which makes it
optically anisotropic. This phase is also what gives the standard ZnS its yellowamber-orange color [19]. Hot-isostatic-pressing (HIP) of standard CVD ZnS turns the
hexagonal phase into a cubic phase. The residual pores in the bulk are eliminated, the
transmission (especially in the visible range) is improved, and the yellow color is lost.
The grain size increases from 2-8 μm to 20-200 μm, which leads to a decrease in its
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fracture toughness and hardness [23,24]. This second type of ZnS is called ‘HIP ZnS’,
‘Cleartran’, ‘multi-spectral’ or ‘water-clear grade ZnS’. A different synthesis
approach for ZnS is described by Zhenyi, et al. [25] in which elemental sulfur vapor
(S) reacts with hydrogen gas (H) to create a hydrogen sulfide (H2S) vapor, which in
turns, reacts with zinc (Zn) vapor at 700-820 °C and 500 to 1000 Pa to create solid
ZnS and hydrogen gas. This type is called ‘elemental’ ZnS and it has similar color,
strength, and erosion properties as the standard ZnS, but its transmission is similar to
the HIP CVD ZnS. A comparison among the spectra of three ZnS types is given in
Fig. 2.5 [23]. This figure shows the standard CVD ZnS is transparent in the range of
3.0 to 5.5 μm (~60 to 70% transmission), 7 to 10 μm (~72% transmission) and 10 to
13 μm (~70 to 30% transmission). The stable and relatively high transparency in the
7 to 10 μm infrared region, and its mechanical properties are the main reasons why
standard CVD ZnS is widely used in production of IR windows and domes [19]. The
HIP and elemental forms of ZnS have similar transparency. They show very high
transparency (>75%) in the 3 to 10 μm infrared region; however, the elemental ZnS
has absorption at λ≈6 μm, similar to that of the standard ZnS. Although the focus in
this thesis was on standard CVD ZnS, elemental CVD ZnS, HIP CVD ZnS, and other
IR materials were also examined in Chapters 5 and 6.
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Figure 2.5. Transmission spectra of standard ZnS (6 mm thick), HIP ZnS multispectral (5.2 mm thick) and elemental ZnS (4.5 mm thick). Reprinted from D.
Harris [23] with author and SPIE permission.

2.2.1

Microstructure of CVD ZnS
A crystalline material is composed of many crystallites (grains). A crystallite

is characterized by the long-range ordering of its atoms, i.e., the atoms have a unique
and organized order that repeats itself over a long range in space [26]. Grains differ
from each other by their orientation in space, which gives rise to grain boundaries
(a site where two or more grains meet) and is characterized by a high concentration of
atomic voids, lattice misfit, and crystallographic defects. The grain orientation in
space is defined by Miller indices—(hkl), where h, k, l are integer numbers similar to
those used in a Cartesian coordinate system. Chemical-vapor-deposited ZnS is
polycrystalline, with mostly cubic FCC (face-centered cubic) structure of the atoms.
Figure 2.6 shows the unit cell of its FCC unit cell structure. The zinc (Zn) atoms
occupy the usual FCC lattice positions, and the sulfur (S) atoms are located at the
(¼, ¼, ¼) positions.
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Figure 2.6. A unit cell of the cubic structure of ZnS with a face centered
structure (FCC). White spheres designate zinc atoms at the unit cell face
and corners, and orange spheres designate sulfur atoms at the (¼, ¼, ¼)
location. White bonds designate Zn-S bonds; white lines bordering the
repeated unit are not a physical bond.

Grains within the crystal usually have a random crystallographic orientation.
Due to the various directions, physical properties such as elastic modulus, electrical
conductivity, and index of refraction may be different from one grain to another
[27,28]. A material for which the measured properties depend on the direction of the
measurement is said to exhibit “anisotropy”. For the majority of polycrystalline
materials, the orientation of each individual grain is random; however sometimes
there is a preferred crystallographic orientation for which the grain’s orientation
distribution is non-random and the polycrystalline is said to have a “texture” [26,27].
Anisotropy also exists at the single crystal level when the crystallographic structure
has a low symmetry order such as a monoclinic or triclinic structure [23]. Examples
for differences in material properties due to grain orientation are given in
Refs. [26,29,30], in which the Young’s modulus and micro-hardness of ZnS,
aluminum, copper, and iron vary among the materials’ crystallographic orientations.
Similarly, Harris [16] showed how the optical transmittance (refractive index) in a
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non-cubic polycrystalline material is dependent on the grain crystallographic
orientation while a cubic structure, which has good symmetric order, is not. In CVD
ZnS, anisotropy in the grains’ dimension is also reported and is known to occur due to
a preferential growth orientation [31]. During the growth process, the most preferred
orientation (higher growth rate) is along the (100) axis, and the next preferred
orientation is along the (311) axis. Therefore, a higher volume fraction of grains is
found along these two directions. Since grains grow more rapidly in the (100)
orientation, a columnar structure is developed [32-34], as shown in the scanning
electron microscopy (SEM) images in Fig. 2.7 (a) and (b). The average size of the
grains in the plane parallel to the growth direction is several times longer compared to
the average grain size in the plane perpendicular to the growth direction.

(a)

10 μm

Growth
axis

Growth
axis

(b)

2 μm

Figure 2.7. SEM micrographs of the CVD ZnS grain structure as it appears
(a) parallel to the growth direction (elongated grains), and (b) perpendicular
to the growth direction (uniform grains).
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2.2.2

Mesostructure of CVD ZnS
Chemical-vapor-deposited materials such as ZnS, ZnSe and SiC exhibit

hundreds of micrometers to millimeter size characteristic features in the bulk and on
the surface called nodules [18], hillocks [35], haystacks [36] and pebbles [37,38],
[see Fig. 2.8(a)-(c)] [39].

(b)

(c)

Figure 2.8. Millimeter size pebble structure in the bulk and on the surface of
CVD ZnS (a) perpendicular, and (b-c) parallel to the growth axis. Reprinted
from Zscheckel, et al. [39] with permission from John Wiley and Sons.

These features are believed to be a result of heterogeneous nucleation around
impurity inclusions in the form of dust or gas phase particles (particles that are formed
homogeneously away from the mandrel/interface) which ‘land’ on the mandrel or
interface as deposition progresses. These inclusions project out of the surface and are
exposed to a higher reactant concentration in the flow stream. As a result, local
growth rates are significantly higher than those in the bulk, forming hillock structures
[18,35,36] . It is known that hillocks are a result of grains that grow in a radial
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direction to the inclusion and out towards the space above the interface [36], as shown
in Fig. 2.9.

Impurity particle
Gas phase particle of ZnS

Graphite mandrel

ZnS deposit

~20 mm

ZnS deposit
ZnS deposit

Bulk growth
axis

Graphite mandrel

Figure 2.9. Schematic shows the hillock structure grown from an inclusion
particle up through the bulk of the material (motivated by McCloy, et al. [40]
and Kozhinova, et al. [41]).

Zscheckel, et al. [39] used the electron backscatter diffraction (EBSD) method
to show that grains within the hillocks have preferred growth orientations, i.e.,
texture. The grains’ texture within a given hillock is different from its neighboring
hillock, as shown in Fig. 2.10 [39].
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(a)

(b)

(c)

Figure 2.10. (a) FLIR CVD ZnS interface (top view) presenting the pebble-like
structures after CVD process; (b) A IPF+IQ-map of an EBSD scan overlaid on a SEM
micrograph of two neighboring pebbles from image (a) showing the crystallographic
orientations of the different grains within the pebbles. The governed colors of each
area (pebble) indicate the grains’ preferred orientation (texture). (c) Pole figures for
area 1 and 2 describe the <001>-textures. Area 2 shows a good match with the <001>
orientation (pole map is symmetric and concentric), while area 1 is slightly off. This
implies that area 1 texture shifts away from the <001> orientation towards the <101>
orientation [see orientation map in image (b)]. Reprinted from Zscheckel, et al. [39]
with permission from John Wiley and Sons.

We expect that when two or more neighboring hillocks meet, the intersection
sites exhibit a poor fit due to contrary crystallographic orientation of grains in the
hillocks’ boundary (see Fig. 2.11). Since hillocks can grow to millimeters in size, the
misalignment at the hillocks boundaries can stretch over millimeters. We hypothesize
that the boundary between neighboring hillocks is essentially a collection of multiple
grain-boundaries that extend over a few millimeters. Therefore the crystallographic
defect concentration in this region, such as voids and misalignment, is assumed to be
significantly higher than that of a usual grain boundary located inside the hillock.
Consequently, we speculate that the hillock boundaries are more chemically and
mechanically reactive during polishing than normal grain boundaries, and these lead
to millimeter-sized artifacts on the finished surface.
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Inclusion (Impurity/ZnS particle)
ZnS Crystallite – A grain with an hkl orientation
Hillock boundary – A sequence of grain boundaries

Top view

Front view

~20 mm

Bulk
growth
axis

Neighboring
hillocks

Bulk
growth
axis

Neighboring
hillocks

~2 mm

Figure 2.11. A schematic that shows the preferred growth orientation of the grains
inside neighboring hillocks (front view). The misfit at the hillocks’ intersection is
hypothesized to be a collection of grain boundaries.

2.2.3

Variability in polycrystalline CVD ZnS
The production of polycrystalline ZnS via the CVD process is sensitive to

conditions such as deposition temperature and pressure, gaseous flow rate, and type of
mandrel [18]. There is no consensus on the ideal deposition parameters for CVD ZnS
[18,35]. Different manufacturers select different deposition conditions, which mean it
is reasonable to assume that the physical properties of the final product (color,
average grain and pebble size, and crystallographic orientation volume fraction) are
different among vendors and might lead to variations in polishing results among
different parts. Kozhinova, et al. [41] reported that the pebbles’ density and mean size
on the “free” surface of a CVD ZnS substrate are significantly larger than those on the
surface closer to the mandrel. This finding is shown in Fig. 2.12. The effect occurs
because the growth of the material is characterized with hillock-like structures that
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start at early stage of deposition and grow larger as deposition progresses. The result
is a higher number of relatively small pebbles on the side closer to the mandrel and
fewer but larger pebbles on the free surface. Similarly, the grains located at the
mandrel side of several ~5 mm thick CVD ZnS substrates were found to be ~30%
larger than the grains located at the free surface [42]. The explanation for this
phenomenon is that grains at the mandrel side go through a grain coarsening phase
that depends on the deposition duration. During this phase, large grains will grow at
the expense of smaller grains via grain boundary migration so that the total grain
boundary energy is reduced [43-45]. Since the grains on the mandrel side are the first
to be formed, they spend more time in the deposition reactor, what allows the grain
coarsening effect to take place [18].
Variations in optical appearance (color) within the CVD ZnS sample, showed
by McCloy, et al. [31], and among different parts manufactured by different vendors,
shown in Fig. 2.13, are also common in CVD ZnS.
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Closer to the mandrel
24.1 mm2

Further from the mandrel
2

58.1 mm
13.5 mm2

2

30.3 mm

12.9 mm2

28.0 mm2
2

44.4 mm

2

17.4 mm

2

49.3 mm

17.4 mm2
2

36.9 mm

2

17.1 mm

10 mm

2

6.5 mm

2

12.5 mm

Figure 2.12. Nomarski microscope (1x magnification) stitched images of both sides
of a ~2 mm thick CVD ZnS sample that was semi-polished on a glass lap with a 1
µm alumina abrasive. The pebbles density and size difference from one side to
another are easily observable by the unaided eye. The marked pebbles on the side
closer to the mandrel (left) are shown to be larger on the farther side (right). The
pebbles area was obtained using the accompanied software Image-Pro Plus.
Microscopy by Jackson Anderson.

10 mm

Figure 2.13. Three samples of CVD ZnS from different manufacturers showing
differences in optical appearance (color) and in transparency to light. The sample on
the left is orange; the middle sample is milky-yellow; the sample on the right is
yellow and is the most transparent to white light.
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A closer look at the material’s crystallography also shows variations among
samples manufactured by different vendors. Table 2.1 shows the x-ray diffraction
(XRD) results of the relative intensity of crystallite orientation within four CVD ZnS
samples denoted as A, B, C, and D, each from a different supplier. For all samples,
the peaks were normalized to the highest peak; i.e., for samples A, C, and D, the
intensity peaks were normalized to the (111) peak, whereas for sample B, the peaks
were normalized to the (311) peak. Table 2.1 shows that the relative intensity rating
was different among the four samples. For example, Sample A’s XRD results showed
that the (111) plane had the highest relative intensity value followed by plane (200)
and plane (311). For sample B, the ranking from high to low for the first three peaks
was (311), (111), and (200). This inconsistency in the order of diffracting planes is
also true for Samples C and D. McCloy, et al. [31] showed that the crystallographic
structure and the crystallite orientations of CVD ZnS material vary along the growth
direction during deposition. Their powder XRD results showed that the portion of the
200 and 400 orientations in the mandrel area was higher than that in the free surface.
[31] On the contrary, the portion of the 220 orientation increased as deposition took
place. Therefore we can conclude that the sample crystallographic properties depend
on the physical location of the cut (top, middle, or mandrel side), and the desired
dimensions of the cut (thin or thick).
Unless one can control the cut position when purchasing a CVD ZnS
substrate, variations in the crystallographic properties are expected. In addition, as
mentioned earlier, there is no consensus on deposition settings for CVD ZnS, which
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likely affects the relative portions of the crystallite orientations within the deposited
material and adds to the variations in properties among samples purchased from
different manufacturers. We believe that this non-uniformity in crystallographic
properties within the material and among materials manufactured by numerous
vendors is the source for anisotropy in the material removal rate during MRF
polishing, which leads to surface artifacts on CVD-grown materials such as ZnS, and
inconsistent finishing results.

Table 2.1. Relative intensity of CVD ZnS substrates from four vendors with respect
to diffraction angle (2θ) and crystallographic plane. The shaded cells represent the
highest peak that was used to normalize the rest of the data.
Relative intensity within sample (%)

Diffracting angle
2θ ()

Diffracting
planes at 2

Sample A

Sample B

Sample C

Sample D

28.5

111

100.0

70.2

100.0

100.0

33.1

200

84.3

43.8

48.0

2.1

47.5

220

25.3

15.5

23.9

22.2

56.3

311

69.3

100.0

59.8

13.4

59.1

222

2.1

0.9

1.6

1.7

69.5

400

48.4

28.5

33.1

1.2
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2.3

Polishing of polycrystalline materials and CVD ZnS

2.3.1

Post-polishing irregularities
Polycrystalline and CVD materials such as CVD ZnS and ZnSe can be more

challenging to polish than amorphous materials such as glass. The presence of many
grain orientations within the polycrystalline material, along with the crystal growth
technique (i.e., CVD), give rise to two post-polishing effects referred to as “orange
peel” and “alligator skin.” In the orange peel effect, the finished surface has a visible
pitted and uneven surface texture that reminds one of an orange peel [46,47]. This
effect occurs when the material is subjected to variations in the removal rate among
the different crystallites during polishing because of anisotropy in physical properties
[48,49]. Furthermore, grain boundaries are subjected to even higher material removal
rates than the grains because of a higher concentration of microstructural defects, such
as vacancies [26,50]. A good example for the orange peel effect is given by Gregg,
et al. [51] where grain decoration in polycrystalline aluminum oxynitride (ALON)
was observed after polishing with a flat, bound abrasive lap (Fig. 2.14) [51]. The
false-color white-light optical interferometer images clearly show the height
difference between neighboring grains. Similarly, Namba, et al. [48] showed grain
decoration in polycrystalline manganese zinc ferrites when using the ultrafine
finishing technique with ferrite (Fe2O3) as loose abrasive(see Fig. 2.15) [48].
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Figure 2.14. White-light interferometer false-color maps of the grain structure on a
surface of a polycrystalline optic (ALON) after polishing with a flat bound abrasive
lap. Reprinted from Gregg, et al. [51] with author and SPIE permission.

Figure 2.15. A Nomarski microscope image and a profile scan of the grain structure
on the surface of manganese zinc ferrites polished with an ultrafine finishing
technique using Fe2O3 loose abrasive powder. Reprinted from Namba, et al. [48]
with permission from ICRP.

In the alligator skin effect (typically observed in CVD-grown materials)
multiple millimeter-sized pebble-like structures appear on the finished surface
[18,35,36,38,40]. This effect is shown in Fig. 2.12, which consists of two stitched
Nomarski microscope images of a CVD ZnS disc that was semi-polished on both
sides on a glass lap with 1 µm aluminum oxide (Al2O3) abrasive. The pebbles on the
finished surfaces are a direct result of the inner hillock structure of the CVD material,
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as was extensively described and shown in Sec. 2.2.2. Because hillocks are basically a
collection of grains with similar crystallographic orientation, and because neighboring
hillocks have different textured orientation, we hypothesize that the alligator skin
phenomenon is similar to the orange peel phenomenon only at larger scale
(millimeters versus micrometers). We believe that, similar to grain boundaries, the
pebbles boundary are more likely to be chemically and mechanically reactive than the
pebble bulk during polishing because of larger crystallographic defects at these sites
and (similar to grains) pebbles are likely to show differences in their physical
properties due to a diverse texture.
Conventional pitch polishing seems to handle the grain decoration and pebble
decoration of CVD materials relatively well. During conventional polishing of such
materials, the top surface of the optic is plastically deformed by the abrasives and the
applied normal force. As a result, the long range array of the atoms in the lattice is
distorted, and the crystalline structure becomes amorphous and remarkably smooth
[48].
Even though conventional polishing is capable of smoothing the surface, it has
major limitations: a) optical properties, such as absorption, show some degree of
degradation because of the amorphous layer; b) the time to complete a job is
considerably longer due to low removal rates; and c) it is challenging to polish nonconventional and complex shapes. Non-destructive polishing techniques, such as
MRF, do not leave an amorphous layer, however, they tend to expose the material
inner structure that manifest on the surface as millimeter size artifacts.
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2.3.2

MRF of CVD ZnS
In the previous section we reviewed two post-polishing irregularities and

artifacts one might face when finishing polycrystalline and/or CVD materials. We
also mentioned that although conventional polishing can provide smooth surfaces, it
introduces plastic deformation to the finished surface, which makes it essentially a
destructive technique. Non-destructive polishing techniques, such as ultra-fine
finishing and MRF, tend to expose both the grain structure and the material on the
finished surface. Because the scope of this thesis focuses on MRF of CVD ZnS
material, this section will discuss the surface artifacts and irregularities that occur
during MRF of such material.
Reports of grain decoration in CVD ZnS after polishing have not been found
in the literature. To better understand if this phenomenon occurs during MRF, the
surface of a CVD ZnS sample was MR finished and later evaluated using a SEM
(Fig. 2.16). Areas that were subjected to a higher material removal than others are
observed as darker shades of gray. Both darker and lighter areas are in the order of
4 to 10 µm, in good agreement with the material’s grain size range of 2 to 8 µm [23].
Although the finished surface does not look like a typical grain decorated surface
(i.e., faceted), these findings evidently suggest that grain decoration does exists in
MR-finished CVD ZnS.
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5 µm

Figure 2.16. A SEM micrograph of a CVD ZnS surface after MRF. Areas
that were subjected to a lower material removal rates are seen as brighter
spots; those that were subjected to a higher material removal rates which
are seen as darker spots.

The other, and easily detected, artifact on a CVD ZnS surface that was
finished with MRF is the pebble-like structure. Figure 2.17 presents white-light
interferometer micrographs (black and while, false color map, and a lateral line scan
at the center of the MRF spot) of the pebble-like artifact resulting from MRF of CVD
ZnS. The MR ribbon signature (long grooves in the direction of the MR fluid flow) is
also easily detected on the surface. These artifacts appear on the surface of prepolished1 substrates of CVD ZnS after at least ~0.5 µm of material was removed, and
along with surface microroughness, appear to gradually increase with the amount of
material removed (Fig. 2.18) [38].

1

A pre-polished surface refers to a surface that was conventionally polished on pitch before the MRF
technique was applied.
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Figure 2.17. White light interferometer images of a MR spot taken on a CVD ZnS
substrate finished with a conventional alkaline MR fluid. A black and white
micrograph (left) shows the pebble-like artifacts inside the spot; a 2-D false color map
(top-right), and a lateral scan (bottom-right) at the center of the spot provide a
quantitative information about the surface waviness and roughness. The red oval
designates a single feature on the surface, and its prominence in the 2-D map and the
lateral scan images.

Figure 2.18. Evolution of surface roughness (RMS) with the amount of material
removed during MRF of a pitch-polished CVD ZnS with a conventional alkaline MR
fluid prepared with four different abrasives. “r.r” stands for removal rate at the
deepest depth of penetration. Reprinted from Kozhinova, et al. [38] with permission
from the Optical Society of America.
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The pebble-like artifacts caused by MRF with a conventional alkaline MR
fluid was minimized when altering the MR fluid composition. By introducing
chemistry (reduced pH to ~4.5) and altering mechanical (used soft type of CI),
Kozhinova, et al. [38] showed both a reduction in pebble-like artifacts and an
improvement in surface roughness. The use of chemo-mechanical polishing to solve
surface irregularities in polycrystalline materials is introduced and reviewed in the
next section.

2.4

Chemo-mechanical polishing of polycrystalline materials
Chemo-mechanical polishing (CMP) is a method where the chemical and the

mechanical effects during polishing are joined to produce a smooth surface finish with
minimal subsurface damage on materials where mechanical polishing alone is not
sufficient [52-55]. In CMP, the material removal mechanism is a result of a chemical
reaction of the substrate surface with the chemical medium that is followed by a
mechanical removal of the reactant layer formed on the surface during the precursor
chemical reaction [52,53]. At the first stage of the polishing process, the etching agent
(an oxidizer) reacts with the protrusions on the surface. The abrasives in the slurry,
which are pressed against the polishing plate and the workpiece, form mico-cracks on
the surface, which helps the etching agent to penetrate deeper and react with fresh
material [52]. Since the abrasive used in CMP is usually softer or has nearly the same
hardness as the workpiece material, damage due to mechanical fracture is relatively
minimal [53]. The chemical etching of the surface helps in conditioning the surface by
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forming a softer reaction product (a thin layer < 100 Å [53]) that is removed via
chemical friction between the workpiece and the polishing plate. With the help of the
abrasives, a smooth surface finish is achieved.
Chemo-mechanical polishing is often used to polish “difficult to polish”
materials, such as thin CVD diamond films [53], and silicon wafers [54,55] for
integrated circuits (IC). Difficult to polish materials are those that demonstrate high
surface roughness due to variations in material removal rate during the polishing
process. This effect occurs when the inner structure of the material is composed of
crystallites with differences in physical properties, such as hardness and chemical
reactivity. The key to overcoming this problem is to find both the chemical and
mechanical conditions wherein the removal rate of the different crystallites is
relatively uniform. Namba, et al. [48] reduced grain decoration and the overall
roughness of polycrystalline manganese zinc ferrites during ultrafine finishing using
the CMP approach. In their work, several crystallographic orientations (single crystal
flats) of manganese zinc ferrites were polished using several polishing fluids with
different combinations of chemical and mechanical conditions to produce similar
removal rates among the different crystallographic planes. Similarly, Gavrishchuk,
et al. [49] also examined the chemical etching rate of several etching agents during
pitch-polishing CVD ZnSe. They found that the smoothest surface was obtained when
the chemical etching rate and the mechanical removal rate (without etching) shared
similar values.
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In 2005, Kozhinova, et al. [38] showed that surface artifacts (pebble
decoration) caused by MRF on several pre-polished CVD ZnS substrates can be
diminished by altering the MR fluid composition by using a softer type of CI
particle and reducing the slurry pH to ~4.5. The surface texture and roughness
results, provided in Fig. 2.19(a)-(b), were remarkable. They also showed that
surface microroughness is relatively insensitive to an increase in material
removal [Fig. 2.19(b)]. Based on Kozhinova’s work, Hallock, et al. [56] from
QED Technologies showed a reduction in pebble decoration on ZnS and ZnSe
substrates when using the same MR fluid used by Kozhinova, et al. [38].
However, the successful MR fluid used in their work could not provide
consistent performances due to rapid corrosion of the carbonyl iron particles.
The idea of introducing principles from CMP into MRF to polish
problematic materials such as CVD ZnS required further exploration and was the
scope of our work. We investigated how chemical and mechanical manipulations
of the MR fluid can improve the surface finish quality of CVD ZnS optics
processed with MRF.
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(a)

Figure 2.19. (a) A white light interferometer intensity map (2.5X, 2.8 mm X
2.1 mm field) for the surface of CVD ZnS after polishing out 2.5 µm of material by
use of the fluid with altered CI and altered chemistry (b) Evolution of RMS surface
roughness (20X objective, no filter applied) with amount of material removed on
an initially pitch-polished surface by use of two alumina-based MR fluids: one
with altered CI and the other with altered CI and altered chemistry. Reprinted from
Kozhinova, et al. [38] with permission from the Optical Society of America.

32
Chapter 3. Investigation of Anisotropy in Polycrystalline
CVD ZnS Using Single Crystal Flats of ZnS

3.1

Introduction
The final step in production of an optical component involves polishing of the

element’s surface, leaving it almost crack-free and with minimal sub-surface damage.
This step is essential if excellent optical and physical performance is desired.
However, many polycrystalline materials are challenging to polish smoothly because
of their multi-grain structure [48,51] . In polycrystalline materials, different grains
have different spatial arrangement of the atoms within them [26]. As a result,
parameters such as inter-atomic and inter-planar distances vary from one grain to
another [57]. These parameters govern and define the grain’s crystallographic
orientation. It appears that different grains do not share similar values of physical and
optical properties [31,57]. For this reason, the process of material removal during
polishing varies from one crystallographic orientation to another, leaving the
polycrystalline surface uneven with large-scale surface artifacts. In this chapter, we
study the anisotropy of ZnS using four single crystal orientations: (100), (110), (111),
and (311), which constitute ~96% of the overall orientations within the polycrystalline
CVD ZnS [58]. By using both mechanical and chemical testing tools that resemble
forces involved in polishing, and atomic-level theoretical calculations, we
investigated the contribution of the different crystallographic orientations to the
anisotropic nature of the polycrystalline material.
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3.2

Materials and methodology

3.2.1

Single Crystal and Polycrystalline CVD ZnS Substrates
Growing a single crystal of any material is a challenging task. Keeping the

uniform arrangement of the atoms in the lattice is difficult to control during crystal
growth. As a result, a high density of crystallographic defects such as vacancies, grain
boundaries, and stalking faults2 is observed and the material is no longer considered to
be a single crystal [59]. These defect formation is why single crystals are significantly
more expensive and cannot be grown in large sizes (more than 25 mm in diameter)
[59,60].
In our work, four single crystal ZnS materials with crystallographic
orientations of (100), (110), (111), and (311) were purchased from SurfaceNet,
Germany [61]. Three unfinished blanks from each orientation (a total of 12 substrates)
were cut from a large single crystal ingot of cubic phase ZnS that was grown by the
Bridgman–Stockbarger technique [62]. This technique is commonly used in the
semiconductor industry for the production of single crystals. The single crystal ingot
growth process starts with a “crystalline seed” of ZnS at one end of the chamber that
is filled with melted polycrystalline ZnS. By controlled cooling and movement of the
other end of the chamber, a single crystal identical in orientation to the seeded crystal
is formed. Each single crystal blank of ZnS was ~25 mm in diameter and ~1 mm
thick. The cutting angle was calculated and later verified via the Laue diffraction
method [27]. After delivery, the different crystallographic orientations were further
2

A stacking fault is a term in crystallography that describes a type of plane defect wherein some of the
crystallographic planes of the material are disordered.
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tested and evaluated using Laue diffraction and XRD texture analysis done by Chris
Pratt of the Department of Mechanical Engineering. A photograph of the four samples
is given in Fig. 3.1. For comparison, a ~40 mm in diameter and 5 mm thick
polycrystalline CVD ZnS blank purchased from Rohm and Haas [63] was examined
in addition to the single crystal planes. The samples were pre-polished in-house by
Alex Maltsev of the LLE Optical Fabrication Shop using a controlled loose abrasive
grinding process with 40 µm alumina on cast iron, followed by 20 µm alumina on
glass, and 9 µm alumina on glass. The final step was polishing on a pitch lap with
~1 µm diamond abrasive to a peak-to-valley (p–v) flatness of 1 to 2λ (λ=633 nm), an
areal roughness of less than 40 nm p–v, and a root mean square (RMS) of less than
3 nm.

10 mm

Figure 3.1. A photograph of the four single crystal ZnS samples purchased from
SurfaceNet. Each sample measured ~20 mm in diameter and ~1 mm thick.

3.2.2

Tests for Evaluating Anisotropy in Polycrystalline CVD ZnS
Different crystallographic planes have different arrangements of the atoms. As

a result, parameters such as inter-atomic and inter-planar distances within the material
vary from one crystallographic plane to another. In the case of material removal by
cutting, grinding, or polishing, the rate of atom removal from the lattice depends on
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these parameters. Therefore, variations in properties among different crystallographic
planes of ZnS are expected when the material undergoes a series of mechanical and
chemical examinations.

3.2.2.1 Microhardness Test
Microhardness measurements were performed by Lucca J. Giannechini of the
Department of Mechanical Engineering using a diamond Vickers indenter on a
TUKON 300BM microhardness tester. To determine the ideal indentation load, we
performed a preliminary indentation experiment in which the single crystal planes
were indented at different loads. It is known that during indentation of materials, the
hardness tends to increase as the indentation load decreases; this phenomenon is
defined in the literature as indentation-size effect (ISE) [64]. However, there is a
region at which the hardness values do not change significantly with increased load,
and it is common to choose an indentation load in this region. For the single crystal
planes, the indentation masses used were 2 g, 5 g, 10 g, 25 g, 50 g, 100 g, 200 g, and
300 g. A micrograph of the indentations on the surface at 10X magnification is shown
in Fig. 3.2. The microhardness versus mass plot for four orientations of ZnS is given
in Fig. 3.3. These figures show that the indentation dimensions correspond to the
indentation load (mass used); a higher load leads to larger and deeper indentation, as
expected. The microhardness also decreases as the indentation load increases, which
was also expected. The microhardness for all tested orientations approaches a stable
value roughly around 100 gf, but continues to slightly decrease with an additional
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increase in indentation load. Because 100 gf is a considerably large load to apply
when indenting fragile substrates such as glass and ceramics, we chose to use this
load when indenting the single crystal planes to avoid fracture of these materials since
these samples were costly and difficult to obtain.
Our goal was also to measure the fracture toughness of the four orientations.
However, we found that the lateral cracks that usually appear at the four corners of the
indent appeared in an unexpected way when indentations ranged from 2 gf to 100 gf
(Fig. 3.4). For the 200 gf and the 300 gf indentations, a significantly large subsurface
lateral cracking pattern was observed (Fig. 3.2). With no lateral cracks, attempts to
calculate the fracture toughness for the single crystal planes failed.
For the polycrystalline CVD ZnS material, the ISE results (Fig. 3.5) suggested
that testing for hardness at a load of 200 gf will be sufficient to get reliable and
repeatable results.

2 gf 10 gf
5 gf

25 gf

200 gf

50 gf

100 gf
300 gf

30 µm

50 µm

Figure 3.2. A micrograph of microindentations on the surface of a single crystal plane
of ZnS performed at 2 gf, 5 gf, 10 gf, 25 gf, 50 gf, 100 gf, 200 gf, and 300 gf.
Microscopy by Lucca J. Giannechini.
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Figure 3.3. A plot of microhardness versus mass (2 g, 5 g, 10 g, 25 g, 50 g, 100 g,
200 g, and 300 g ) for four orientations of ZnS showing that hardness stabilized
above 100 gf. Microindentation testing was performed by Lucca J. Giannechini.
Reprinted from Salzman, et al. [65] with permission from SPIE.

100 gf

25 gf
50 gf
15 µm

15 µm

Figure 3.4. Micrographs of microindentations on the surface of a single crystal
plane of ZnS performed at 25 gf, 50 gf, and 100 gf. Lateral cracks appeared in an
unexpected way, preventing us from obtaining fracture toughness information.
Microscopy by Lucca J. Giannechini.
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Figure 3.5. A microhardness versus mass (2 g, 5 g, 10 g, 25 g, 50 g, 100 g, 200
g, 300 g, 400 g, and 500 g) plot for a polycrystalline CVD ZnS sample, showing
that hardness stabilized above 200 gf. Microindentation testing was performed
by Lucca J. Giannechini.

After the indentation load for all samples was determined, hardness data was
collected. All samples were randomly selected and tested. A total of three identical
indentations were placed on each part. We compared our experimental findings for
the (100), (110), and (111) orientations with experimental data published by
Westbrook, et al. [29] and theoretical hardness values published by Li, et al. [66].
Because no data was available in the literature for the (311) orientation, we followed
the method described in Li, et al. [66] to calculate the theoretical microhardness of the
(311) orientation; this is provided in Appendix A.
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3.2.2.2 Chemical Reactivity Test
The pre-polished substrates (both single crystal and polycrystalline ZnS) were
etched using an aggressive etching agent developed in our laboratory based on Refs.
[33] and [67]. (Several other etching formulas and techniques [33,34,67-72] were also
tried, but etching time was relatively long. To ensure that our procedure is safe, we
consulted with Kenneth L. Marshall—the Chemical Hygiene Officer at the
Laboratory for Laser Energetics. The etching solution we developed was composed of
40 g of chromium trioxide (CrO3) and 3 g of sodium sulfate (Na2SO4) in 200 ml of
deionized water (DI H2O), to which was added 200 ml of concentrated hydrochloric
acid (HCl, 37 w/w%). The pH of the etching solution was below 1. All work was
performed in a certified fume hood with personal protective equipment (lab coat,
safety glasses, and acid resistant gloves). The procedure involved placing one drop
(~0.02 ml) of etchant inside a 1/8-in. hole punched into a commercial “blue painter’s
tape” that was adhered to the part’s surface (Fig. 3.6). The etching time was 4 min at
room temperature (~22°C). Immediately after etching, the etched area was rinsed with
5 ml of a solution composed of 40 g CrO3 in 200 ml deionized water, as suggested in
Ref. [67], followed by a rinse with ~150 ml deionized water. The resultant etched area
was a cylindrical “etching spot” with a relatively uniform depth, as shown by the false
color laser interferometer images in Fig. 3.7. The etching depth (µm) was determined
by averaging six linear profiles across the center of the etched spot that were collected
using a laser interferometer [15]. More information about the etching procedure can
be found in an LLE internal memorandum [42].
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10 mm

Figure 3.6. A photograph of a single crystal sample of ZnS with
a (100) orientation during chemical etching experiment. A blue
tape was applied on the surface to prevent the etchant (brown
drop) from spreading across the sample’s surface.
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Figure 3.7. Laser interferometer images in 2-D and 3-D presenting the
etched zone (blue circle) of the sample shown in Fig. 3.6, along with a linear
profile of the etched area.
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3.2.2.3 Calculation of Planar and Bond Density
Calculations of planar density (PD) and bond density (BD) for each singlecrystal plane (with Miller indices h, k, and l) were based on a cubic unit cell structure
of ZnS (also called zinc blend or sphalerite). We defined planar density as the area of
both zinc and sulfur atoms that were centered on a given (hkl) plane divided by the
area of the plane [73]. We defined bond density, in general, as the number of Zn–S
bonds across the (hkl) plane divided by the plane area (motivated by Ref. [74]).
Figure 3.8 shows a schematic of the Zn and S atoms in the (100), (110), (111), and
(311) planes (cuts). The atoms arrangement on each plane was used to calculate the
planar density and the bond density, where the unit cell lattice constant a is equal to
5.41 Å and the ionic radius of Zn2+ and S2- are 0.083 nm and 0.174 nm, respectively.
The complete calculations are provided in Appendix B.
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Figure 3.8. Schematic of a cubic
ZnS unit cell and the atoms orientation
within the (100), (110), (111) and (311) crystallographic planes.
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3.2.3

MRF Spotting Experiment
The MRF machine used in this work is a research platform referred to as the

“spot-taking machine” (STM) [12]. This type of machine has similar features to a
conventional MRF machine: a peristaltic pump that circulates the MR fluid; a mixing
vessel where the MR fluid is being continuously stirred and mixed; and a nozzle that
ejects the MR fluid onto a rotating wheel located in a magnetic field. The main
difference between the STM and a conventional MRF machine is the inability of the
optical substrate to rotate or move in the x and y directions on the STM. This design
provides a single spot on the surface that has fine grooves in the direction of the wheel
rotation. The MR fluid used in this section was a conventional, alkaline fluid (D11),
purchased from QED Technologies [75]. The single crystal planes were spotted for
2 seconds each.

3.2.4

Metrology
Material removal rates for chemical erosion and MRF spots were obtained

using a Zygo Mark IV laser interferometer [15] by subtracting the original surface
from the etched or spotted area, respectively.

3.3

Physical properties of single crystal ZnS

3.3.1

Micro-hardness results
The Vickers microhardness (HV) values of the different crystallographic

planes tested at 100 gf are presented in Table 3.1, along with both experimental
Vickers hardness data from Westbrook, et al. [29] and theoretical predictions of
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Vickers hardness data from Li, et al. [66]. The data from Westbrook, et al. [29]
provides information about indentation tests done under two main conditions: “wet”,
which corresponds to as- received or as-polished single crystal samples that did not go
through a drying process before indentation test; and “dry”, which corresponds to
samples that were heated two hours in dry argon at 300 °C, followed by a controlled
cooling to room temperature before the indentation test was performed. In addition to

hardness results, the ratio between the (100) plane and the other three planes is also
provided in Table 3.1. This data gives an indication on the anisotropy degree among
the different orientations, where a value of “1” indicates the material is completely
isotropic; any shift from this value indicates the material has some degree of
anisotropy. Experimental results show that the degree of anisotropy among planes
(100), (110), and (311) varied from 9% to 15%. Between the (100) plane and the
(111) plane, there was a maximum difference in microhardness of 55%. Ranking the
Vickers hardness of the planes from low to high shows that HV110 < HV100 < HV311
< HV111.
When comparing our findings with experimental results from Westbrook,
et al. [29] and Li, et al. [66], we see that although our results are in fair agreement
with the “wet” data published by Westbrook, et al. [29], they agree better with the
theoretical predictions of Li, et al. [66]. Because the single crystals in Westbrook,
et al. [29] are naturally occurring crystals, the contributions from measurements on
“imperfect” and/or marginally oriented crystals in their work from 1968 might be the
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reason for the deviation between theirs findings and ours. For all sources, the (111)
plane had the highest Vickers hardness value.

Table 3.1. Experimental and theoretical Vickers microhardness of single crystal ZnS
planes and CVD ZnS.
Vickers microhardness, Hv (GPa)
Source
Experimental data
(100 g)
Westbrook et al.
[29]; wet (50 g)
Westbrook et al.
[29]; dry (50 g)
Li et al. [66]

(100)

(110)

(111)

(311)

CVD ZnS

1.89±0.03

1.71±0.04

2.93±0.04

2.17±0.12

1.50

1.80

2.00

N/A

N/A

1.32

1.61

1.87

N/A

N/A

2.08

2.32

2.90

2.26*

N/A

1.94±0.05
(200 g)

Relative to
(100)
plane
1.00; 0.91;
1.55; 1.15
1.00; 1.20;
1.33; N/A
1.00; 1.22;
1.42; N/A
1.00; 1.12;
1.39; 1.09

*Calculated using the method from Ref. [66].

The polycrystalline CVD ZnS had a Vickers hardness value of ~2 GPa, closer
in value to that of the (100), (110), and (311) planes. Using the relative intensity
(Int.%) of the different orientations within the polycrystalline sample extracted from
XRD data in Sec. 2.2.3 Table 2.1 (data for sample A), a simple calculation of the
relative contribution of the four planes to the overall hardness of the polycrystalline
material was performed (shown below). The result shows that the calculated hardness
for the polycrystalline material was 2.27 GPa, about ~17% higher than the measured
hardness. These findings are reasonable since not all crystallographic orientations
were used in the calculation.
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H v(200)  Int.%(200)  H v(400)  Int.%(400)  H v(220)  Int.%(220)  H v(111)  Int.%(111)  H v(222)  Int.%(222)  H v(311)  Int.%(311)
Int.%(200)  Int.%(400)  Int.%(220)  Int.%(111)  Int.%(222)  Int.%(311)



1.89  0.84  1.89  0.48  1.71 0.25  2.93 1  2.93  0.021  2.17  0.69
GPa  2.27 GPa
3.28

3.3.2

Chemical reactivity results
Chemical etching results for the different single crystal planes and the

polycrystalline CVD ZnS substrate are presented in Table 3.2. These results show that
the (100) and (110) planes share similar chemical erosion rates [4% deviation from
the (111) plane] that were slightly lower than that of the (311) plane. The (111) plane
had a significantly slower chemical erosion rate (~30%) than the other planes,
implying that this plane is less chemically reactive.

Table 2.2. Chemical-etching rates of single crystal ZnS planes and CVD ZnS.

Nominal
etch rate
(nm/min)

3.3.3

(100)

(110)

(111)

(311)

CVD ZnS

Relative to
(100) plane

13.29±1.26

13.83±0.59

9.29±0.49

15.29±0.83

14.5±0.6

1.00; 1.04;
0.70; 1.15

Planar and bond density calculation
Planar-density and bond density calculations are provided in Table 3.3. The

results indicate a high degree of anisotropy among the single crystal planes. Plane
(111) is again the most unique orientation among the other tested planes. The
relatively high planar density and bond density of this plane can explain its high

46
microhardness and low chemical reactivity values. Because it has a higher number of
atoms and bonds than the other planes evaluated, it takes more effort to remove atoms
from its lattice by mechanical or chemical forces.

Table 3.3 Planar and bond densities calculated for single crystal ZnS planes.
2

Planar density (atoms/nm )
2

Bond density (bonds/nm )

(100)

(110)

(111)

(311)

Relative to (100) plane

0.79

0.56

0.91

0.45

1.00; 0.70; 1.15; 0.57

13.67

14.50

39.45

24.71

1.00; 1.06; 2.89; 1.81

These microhardness, chemical reactivity, planar and bond density findings
for the different single crystals provided us with a useful understanding of the
anisotropy of polycrystalline ZnS. We learned that there is a 30% to 50% variation in
chemical and mechanical properties between the (111) plane and the (100), (110), and
(311) planes, and that the (111) plane is harder and more chemically resistant to
etching.

3.4

Material removal rate anisotropy during conventional MRF
The variations in physical properties among the different crystallographic

orientations discussed in Sec. 3.3 is believed to be the main cause for the uneven
material removal rate during MRF of CVD ZnS. This uneven material removal
eventually results in significant surface artifacts (pebbles) and a relatively high
surface roughness. To support this hypothesis, an MRF spotting experiment with a
conventional alkaline MR fluid was performed. The results presented in Fig. 3.9
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showed that maximum difference in material removal rate between two planes was
obtained for the (100) and the (110) orientations—more than 1 µm difference (~27%).
The (100), (111) and (311) orientations showed a variation range of 5% to 10%.
These findings suggest that as material being removed by MRF, the differences
between planes become more significant, making the surface progressively rougher.
These findings provide a scientific explanation for results reported by Kozhinova,
et al. [38] that showed a gradual degradation of the surface of CVD ZnS as material
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was removed by conventional MRF (Fig. 2.18).
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Crystallographic orientation

Figure 3.9. Material removal rates during conventional MRF of four
crystallographic orientations of ZnS.
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3.5

Conclusions
The physical basis for the anisotropy of polycrystalline CVD ZnS was

investigated using four single crystal orientations. Microhardness and chemical
etching results for the single crystal ZnS planes identified variations among the planes
and the (111) crystallographic orientation as the most unique orientation. These
variations were explained by theoretical calculations of planar and bond density,
which showed differences in the number of Zn and S atoms and Zn–S bonds between
the different planes. During chemo-mechanical finishing by MRF, anisotropy in the
material removal rate among the single crystal planes was also observed when using a
conventional alkaline MR fluid. These variations in physical properties and in
material removal rate among the four orientations of ZnS provided a scientific
explanation for the surface-texture problem experienced during conventional MRF of
CVD ZnS.
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Chapter 4. Development of low-pH MR fluids

4.1

Introduction
Rapid oxidation of fine CI particles is likely to happen in a MR fluid with

acidic pH. For this reason, the use of ordinary CI particles (that constitute ~80 wt.%
of the MR fluid) is not practical and some other form of these magnetized particles
should be considered. In 2008, Shen, et al. [76] developed unique CI particles coated
with a thin, sub-micron layer of zirconia that were shown to be highly resistant to
oxidation under aggressive acidic conditions [76-79]. A MR fluid made of these
particles (35 vol.% coated CI and 65 vol.% water) at pH ~8,3 showed an improved
ability to maintain its pH value for a period of more than 3 weeks [80]. These
desirable properties of the zirconia-coated CI particles were the motivators for
replacing the uncoated CI regularly used in conventional MR fluids. In this chapter,
we characterized the microstructure, morphology and electrophoretic properties of the
zirconia-coated CI particles. The process of formulating acidic MR fluids at pH
values of 4, 5, and 6 is also described in this chapter.

3

A conventional MR fluid made with uncoated CI particles is constantly kept at pH above 10 to
suppress corrosion of the particles.
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4.2

Materials and methodology

4.2.1

Synthesis of zirconia-coated CI particles
When considering the MRF process using an acidic MR fluid, the CI particle’s

oxidation rate must be addressed. A method of coating CI particles using the sol-gel
process4 was developed and reported by Shen, et al. [76,79]. The complete coating
procedure is summarized below:
o Zirconia sol preparation: A zirconia sol-gel solution was prepared by mixing
1000 mL of DI water, 73 mL of zirconium (IV) butoxide [Zr(OC4H9)4], and
30 mL of concentrated (69 wt.%) nitric acid (HNO3). The initial mixture had a
milky-white color and a pH of ~1 and was continually stirred for ~24 h, until it
became clear.
o CI powder preparation: A 200 g batch of CI powder (HQ type) was added to
600 mL of DI water and dispersed by placing it in an ultrasonic bath for 30 min at
room temperature.
o Coating process: A 2 liter round bottom flask with the dispersed CI particles and
water was placed in a water bath on top of a hot plate and the mixture was agitated
using a mechanical stirrer at ∼60 rpm. To the flask, 400 mL of zirconia sol was
added. The water bath temperature was set to 70 °C and the mixture was left to
stir for 4 h, after which the hot plate was turned off and the mixture was stirred
continuously overnight.

4

Sol-gel process is a technique used to produce small solid particles of metal oxide from a wet
solution. During the sol-gel process the precursor sol (or solution) gradually turns to a gel-like network
containing both a liquid phase and a solid phase.
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o Separation and drying process: The zirconia-coated CI particles were separated
from the liquid portion using a magnet, and washed three times with DI water and
once with ethanol (to speed water evaporation). The separated particles were dried
in a vacuum oven at 60 °C for 24 h under vacuum.
o Milling process: The dried, coated particles were manually milled with a mortar
and pestle, and sieved through a 350 µm opening sieve to obtain a uniform
powder.

4.2.2

X-ray diffraction
Powder XRD is a useful technique to determine both the type and

crystallographic structure of materials. When an X-ray beam hits the material it
diffracts in a certain direction. By changing the incident angle, a pattern of angles and
intensities of the diffracted beam is produced that represents the type and the
crystallographic structure of the tested materials or materials [57]. The data analysis
software (X’Pert High Score by PANalytical) matches the diffraction angles and the
d-spacing of the tested material against known material from a reference database [the
Joint Committee for Powder Diffraction Standards (JCPDS) file by International
Centre for Diffraction Data (ICDD), Newtown Square, PA]. [57] However, it does not
use all the diffracted peaks to perform the match, but only the three highest peaks. In
this work, the matching process of the XRD results with the database files was
performed using a least squares method, in which all of the diffracted peaks from the
measurements were used to perform the match. A detailed explanation on the least
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squares method, and the analysis procedure (including a program written in Microsoft
Excel) is provided in Appendix C. Development of this procedure was done with the
assistance of Professor Stephen J. Burns (of the Department of Mechanical
Engineering) and Professor Peter A. Salzman (of the Department of Bio-statistics and
Computational Biology) at the University of Rochester.
The XRD instrument used was a general purpose X-ray diffractometer (Philips
X'Pert, MPD system), located at the Mechanical Engineering Department at
University of Rochester. A Cu (Copper) Kα radiation was used to produce the XRD
pattern in a 2θ angle range of 10° to 70°, or 90° with step intervals of 2θ=0.03°.

4.2.3

Scanning electron microscopy and Transmission electron microscopy
Sample morphology was obtained using the SEM based on the GEMINI

e-beam column from Carl Zeiss AURIGA CrossBeam FIB/SEM Workstation. The
samples were prepared by adhering loose particles of the dried samples to a double
sided carbon tape that was attached to a typical aluminum SEM stub. Compressed gas
from a duster was blown over the stub to remove loose particles. To achieve good
image quality, a conductive layer of gold (25 to 30 Å, which corresponds to ~30 sec at
15 mA in the sputter machine) was sputtered over the samples to minimize
electrostatic charge buildup on the sample surface during the beam scanning. Low
voltage (3 to 10 mV), short working distances (3 to 5 mm) and 10 mm or 30 mm
apertures were used.
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Transmission electron microscopy work was performed by Karan Mehrotra
(Materials Science PhD candidate) using the FEI Tecnai F20 G2 Scanning
Transmission Electron Microscope (S)TEM. A high resolution micrograph was
produced, and an energy-dispersive X-ray spectroscopy (EDX) was collected to
produce a false-colored map of the different chemical elements in the zirconia-coated
CI powder.

4.2.4

Zeta potential and particle size analysis
The AcoustoSizer IIs [81] is designed to provide zeta potential and particle

size data using an electrophoresis method (where an electric field is applied to the
colloid). This instrument was used to measure the zeta potential and the particle size
distribution (d15, d50, and d85) of diluted zirconia-coated CI suspensions. Five wt.%
of coated CI particles in 95 wt.% of 0.001 molar potassium nitrate (KNO3) were
mixed using a high-shear mixer. Using a low molarity salt increased the ionic strength
of the suspension and helped to stabilize the suspension at very high and low pH
levels [82-84]. Each measurement was repeated three times.

4.2.5

Fluid viscosity analysis
Knowledge of the MR fluid’s viscosity is essential in determining the

composition of the acidic formulation. Parameters such as zirconia-coated CI particle
concentration and particle dispersing agent concentration can be determined via
viscosity measurements (discussed in Sec. 4.4). The off-line viscosity and shear stress
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for the MR formulations were measured using a Brookfield cone/plate rheometer
(DV-III) [85]. At each pH value, ~0.5 ml of MR formulation was placed on the
viscometer plate. The fluid underwent shearing for ~15 min before the viscosity and
the shear stress as a function of shear rate from 40 to 1000-1/s were collected. This
process assisted in minimizing the transient behavior5 of the MR fluid. All fluid
samples underwent a shearing cycle in which the shear rate went from 0 to 960-1/s,
and then back down to 0-1/s. These cycles are referred to as an “up ramp”, and a
“down ramp”. The gap observed between the two ramps implies a transient behavior
on a given fluid. Each measurement was repeated three times.

4.3

Characterization of zirconia-coated CI particles

4.3.1

Morphology
Figure 4.1(a)-(b) shows SEM micrographs of as-received, uncoated CI

particles and their cross sections, respectively. The particles are spherical with a
relatively smooth surface. A SEM micrograph of the zirconia-coated CI particles is
given in Fig. 4.1(c). The rough texture on the surface indicates a zirconia coating is
present. A cross section of this type of CI particles is shown in Fig. 4.1(d). In this
figure the zirconia layer presence is obvious both by color and by texture. The coating
appeared to be continuous and protects the iron core from rapid corrosion [79,80].
The lighter rim underneath the zirconia layer is believed to be a thin layer of black
iron oxide [79]. The presence of the iron oxide layer is due to oxidation of the CI
5

A transient behavior of a fluid is when the viscosity changes with time. This results in data
repeatability issues and problems with data comparison.
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particles during the coating process before the zirconia layer is formed. The nitric acid
within the zirconia sol, which is a strong oxidizer, caused rapid oxidation of the CI
particles to FeO and Fe2O3. Since FeO is thermodynamically unstable below 567 °C
at atmospheric pressure, it attached to a Fe2O3 molecule to create a Fe3O4 molecule in
the form of FeO·Fe2O3 [86], or it turned into a Fe3O4 molecule and Fe0 molecule, as
shown in this stoichiometric equation:

4FeO → Fe0 + Fe3O4. The existence of

unattached, “free” zirconia particles in the powder that are cogenerated during the
synthesis process of the coated CI were first reported by Shen, et al. [79]. Figure 4.2
shows a TEM image and EDS mapping analysis of a free zirconia particle.

(a)

(b)

1 µm

500 nm

(c)

(d)
1 µm

1 µm

1 µm

Figure 4.1. SEM micrographs of (a) uncoated CI particles, (b) cross
sections of uncoated CI particles, (c) zirconia-coated CI particles, and
(d) cross sections of uncoated CI particles.
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Figure 4.2. TEM micrograph and colored maps obtained from EDS of zirconiacoated CI particle showing the different elements in the powder [87].
Microscopy by Karan Mehrotra.

4.3.2

Microstructure
X-ray diffraction results for the zirconia-coated CI particles are given in Table

4.1. Analysis using the least squares technique showed that the zirconia-coated CI
sample was composed of iron (Fe) and black iron oxide (FeO·Fe2O3 or Fe3O4). The
matching fit % was above 99.8% for both segments. No trace of zirconia (in any
crystallographic structure form) was found. A different presentation of the data as
intensity versus diffraction angle is given in Fig. 4.3. In this plot the diffraction
pattern of monoclinic zirconia (the stable phase at room temperature, and atmospheric
pressure [88]) is provided in addition to the zirconia-coated CI, uncoated CI, and
black iron oxide samples. The zirconia-coated CI sample had all the three
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characteristic peaks of iron (Fe) at diffraction angles of 44.6°C, 65.06°C and 82.4°C.
The pattern of the coated CI sample also showed six iron oxide characteristic peaks.
Note that the strong peaks in the iron oxide sample were found in the coated CI
pattern, while the weak peaks did not. This observation is commonly occurs when
mixed phases and/or components are tested. Only the strongest peaks of each phase
and/or component appear in the pattern, and their intensity is usually lower than that
of the pure material. The monoclinic zirconia pattern does not have any common
peaks with the zirconia-coated CI sample.

Table 4.1. Lattice parameters of zirconia-coated CI, uncoated CI, black iron oxide, red iron oxide, and nano-zirconia
particles obtained from XRD data using the least squares analysis method.
Material

Matched material Matched material lattice Calc. lattice parameters
and card No.
parameters
(of sample)

Fit %

Crystallographic
structure

a (Å) b (Å) c (Å) beta (°) a (Å) b (Å) c (Å) beta (°) a (Å) b (Å) c (Å) beta (°)

Uncoated CI
Black iron oxide

Fe3O4 - 750033
α-Fe - 654899
Fe - 870722
Fe3O4 - 893854

Red iron oxide
Nano-zirconia

α-Fe2O3 - 871164
ZrO2 - 070343

Zirconia coated CI

8.38
2.87
2.86
8.39

8.37
2.87
2.86
8.39

99.80
99.98
99.88
99.99

5.04
13.75
5.03
13.75
99.85
99.98
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Figure 4.3. X-ray diffraction patters of zirconia-coated CI, uncoated CI,
black iron oxide samples, and monoclinic zirconia. The zirconia–coated CI
sample has the characteristic peaks of iron and black iron oxide, but not
those of monoclinic zirconia.

The absence of zirconia in the analysis was rather surprising, since both
Fig. 4.1 and previous work [79,80] showed the existence of a thin zirconia layer. A
search in the literature [27,57] provided two possible explanations for these
observations: (1) either the zirconia content in the coated CI powder is <5 wt.%,
which would reduce the diffracted signal significantly, or (2) the zirconia
crystallographic structure is amorphous and no diffraction takes place because
Bragg’s law cannot be satisfied. In order to determine which explanation was valid, it
became necessary to determine the portion of the zirconia within the coated CI
particles. A SEM micrograph of a cross-section of a zirconia-coated CI particle
(shown in Fig. 4.4) was examined. Assuming that the outer ring observed from the
micrograph is the zirconia coating and the inner ring is the black iron oxide layer [79],

60
the zirconia layer is clearly thicker than the iron oxide layer. Using this insight, a
general comparison between the masses of zirconia and iron oxide in the two layers
was performed. The mass of the material is calculated by M  V , where M is the
mass of the layer in g, ρ is the layer’s density in g/cm3 (~5.6 g/cm3 for zirconia [89],
and ~5.2 g/cm3 [90] for black iron oxide), and V is the layer’s volume in cm3. The
volume of the layers can be estimated as V  4   Ri3  ri3  , where Ri is the outer
3
radius of the CI particle including the zirconia or the iron oxide layer in nanometers, ri
is the inner radius of the CI particle without the zirconia or the iron oxide layer in
nanometers, and i designates either a zirconia or black iron oxide segment. Because
the zirconia coating is formed on top of the black iron oxide layer, its radii (R and r)
values are slightly higher than the black iron oxide. As a result, the zirconia layer
volume is larger than that of the iron oxide layer. The zirconia density is slightly
higher than that of iron oxide and these results indicate in a larger overall mass for
zirconia than for iron oxide. The detection of black iron oxide by XRD in the sample
verifies that at least 5 wt.% of this material is presented in the coated CI sample,
which in turn implies that the zirconia coating constitutes more than 5 wt.%. The
absence of peaks for crystalline zirconia in the XRD result increases the probability
that its structure is amorphous.
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Figure 4.4. An SEM micrograph of a cross section of a zirconiacoated CI particle showing the iron core, the black iron oxide shell
(light rim), and the zirconia shell (gray, textured rim). Red marks
designate the thickness of each shell.

To verify the crystallographic phase of the zirconia coating, the precursor
zirconia sol used in the coating process was examined. Figure 4.5 shows the XRD
pattern of the zirconia sol calcined at five different temperatures (60 °C, 250 °C,
350 °C, 450 °C, and 700 °C). At temperatures below 450 °C the “solidified” zirconia
(a solid substance at this point that cannot be designated as “sol”) was amorphous.
The wave-like pattern of the diffraction scan implied that the material had no
crystalline structure to diffract the x-ray beam. At temperature of 450 °C and above,
the zirconia sol gradually crystallized as the calcination temperature increased and
showed the typical characteristic peaks for monoclinic zirconia. Because the
temperature during the coating procedure does not exceed 70 °C, these results suggest
that the zirconia coating on the CI particles is indeed amorphous. Transmission
electron microscopy analysis of the coated particles was conducted to verify the
zirconia crystallographic phase; the TEM images are shown in Fig. 4.6. These images
show that the outer layer of the particles is amorphous, as indicated by its granular
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texture. Beneath this layer is a lattice structure composed most likely of iron oxide.
These results, combined with those of the calcination experiment of the zirconia sol
and the layer thickness estimation, verify the amorphous nature of the zirconia
coating.
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Figure 4.5. X-ray diffraction patterns of the precursor zirconia sol used in the
coating process calcined at 60 °C, 250 °C, 350 °C, 450 °C, and 700 °C. The
heated material has an amorphous structure at temperatures below 450°C, and a
typical monoclinic crystalline structure at 700 °C. Crystallization of the zirconia
sol occurred gradually with increased calcination temperature. Top (pink)
spectrum is a typical pattern for monoclinic zirconia included as a reference.
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Figure 4.6. TEM micrographs of the CI particles and the coating that show an
amorphous structure of the outer zirconia layer and the lattice structure of the black
iron oxide layer underneath the zirconia layer [87]. Microscopy by Karan Mehrotra.

4.3.3

Particle size and zeta potential
Particles in an aqueous suspension are known to have an “electric charge” on a

thin layer of surrounding fluid. The electric potential measured between the thin static
layer around the particle and that measured in the bulk of the suspension far from the
particle is denoted as the “zeta potential” (ζ). The zeta potential of a suspension is an
important factor in determining the suspension’s stability, which indicates how well
the particles in the suspension are dispersed. Zeta potential and particle size are both
important characteristics that govern the fluidic properties of a suspension. The zeta
potential determines the degree of electrical repulsion between particles, and these
electrical forces affect the flow behavior of a suspension (i.e., whether it is paste-like
or free-flowing). High zeta potential values (values greater than ±25 mV) indicate
high colloidal stability and a well-dispersed suspension, while low zeta potential
values lead to flocculation and particle agglomeration (i.e., large “grain size”).
The pH of the suspension is also important; all suspensions have a pH at
which the net charge on the particles is zero. The colloidal at this point is said to be
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‘unstable’ and shows severe flocculation and sedimentation of particles. This value is
defined in the literature as the ‘iso-electric point’ (IEP) [91,92]. Knowledge of both
the IEP and the zeta potential of a suspension as a function of pH help determine the
optimum pH range in which the suspension is stable. This stable range provides good
dispersion and improved flowing properties, and occurs usually two to three pH units
away from the IEP [92].
The zeta potential and the particle size distribution of as-received, uncoated CI
and zirconia-coated CI suspensions at pH 9.29±0.01 and 4.45±0.03, respectively, are
given in Table 4.2. The relatively high zeta potential values of the suspensions
indicate that the suspended particles are well dispersed. The mean particle size of the
uncoated CI particles (HQ type) was in good agreement with the manufacturer’s CI
powder mean particle size of d50=2 μm [93], and slightly different than what was
found in the literature (Table 4.3). The zirconia-coated CI particles mean size was
~0.5 µm (~500 nm) larger than that of the uncoated CI particles. This finding was
consistent with the SEM imaging observation (Figs. 4.1 and 4.4), which implies a
coating thickness of ~150 to ~200 nm.

Table 4.2. Average particle size and electric charge analysis for uncoated CI and
zirconia-coated CI suspensions.
Material

Suspension
pH

ζ (mV)

d15 (µm)

d50 (µm)

d85 (µm)

Uncoated CI

9.29±0.01

-42.97±0.23

0.59±0.00

2.00±0.00

6.83±0.01

Zirconia-coated CI

4.45±0.03

33.53±0.32

0.50±0.01

2.52±0.02

12.82±0.41
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Table 4.3. A particle size distribution summary collected from
different sources.
Source

d10 (µm)

d50 (µm)

d90 (µm)

Abshinova, et al. [94]

-

2.5

-

Shafrir, et al. [80]

0.50

1.1

2.2

Bombard, et al. [95,96]

0.44; 0.57

0.72; 0.88

1.52; 1.67

Determination of the IEP of both the uncoated and coated CI particles was
accomplished by titration of the diluted suspensions with a strong acid [1 M nitric
acid (HNO3)] to obtain the zeta potential at low pH, and a strong base [2 M sodium
hydroxide (NaOH)] to obtain the zeta potential at high pH. Experimental
determination of the IEP for the uncoated particles failed due to rapid oxidation of the
CI particles at pH values <6, however; however, a search of the literature found IEP
values for the same type of CI particles (HQ) at pH ~4.5 to 5.0 [97,98]. The zeta
potential versus pH for the zirconia-coated CI particles is shown in Fig. 4.7. The IEP
of a suspension of these particles (pH at which ζ=0 mV) occurs at pH ~6.62. This
observation was in good agreement with previous work published by Skarlinski, et al.
[99] in which the IEP of a zirconia-coated CI-based MR fluid (35 vol.% particles in
65 vol.% water) was reported to be at pH 7.2±0.5. Rheology techniques, similar to
those in Sec. 4.4.1.2 were used to obtain these results.
The zirconia-coated CI suspension showed similar characteristics to that of a
nano-zirconia based suspension. Leong, et al. [100] showed that the zeta potential of a
nano-zirconia based suspension had a positive zeta potential at low pH and a negative
zeta potential at high pH. The IEP, as determined by the electrophoresis method, was
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at pH 6.7. The zirconia coating is surmised to govern the colloidal properties of the
coated CI particles. Because these zirconia-coated CI particles behave similarly to
nano-zirconia particles, it is expected that dispersion techniques useful for nano-

Zeta potential (mV)

zirconia particles will also be applicable to zirconia-coated CI particles.
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Figure 4.7. A plot of zeta potential versus pH for a zirconia-coated CI-based
suspension. The iso-electric point (IEP) is the pH at which the zeta potential (ζ)
is zero (pH 6.62 for this suspension).

4.4

Formulation of zirconia-coated CI based MR fluids
The MR fluid must have both colloidal and rheological stability for a number

of reasons: (1) because the fluid is circulated in a tube-based delivery system,
sedimentation of the CI particles must be avoided; (2) an MR fluid with colloidal and
rheological instability can introduce air bubbles and interrupt fluid flow, making it
difficult to pump; and (3) material removal rate and surface finish quality are strongly
dependent on both particle size uniformity and the presence or absence of
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agglomerations. Two methods of improving the stability of the MR fluid are to
employ a particle dispersing agent (e.g., a surfactant) and adjust the fluid’s pH to be 2
to 3 units away from its IEP. Because the IEP of the zirconia-coated CI particles is at
pH ~6.62, working with an acidic (pH 3 to 5) MR fluid based on these particles is
strongly not recommended. Shifting the IEP of the acidic zirconia-coated CI MR fluid
to the alkaline range was considered as a possible solution. Fengqiu, et al. [101]
demonstrated that polyethylene-imine (PEI) is useful both as a particle dispersing
agent for zirconia based suspensions and to shift the IEP over a pH range from ~6.5 to
~10.5, producing a suspension with zeta potential of between 30 to 45 mV between
pH 3 to 5. For this reason, PEI was selected as the particle-dispersing agent for
formulating the acidic MR fluids.

4.4.1

Particle dispersing agent-Polyethylene-imine
Polyethylene-imine (PEI) is a cationic polyelectrolyte containing the imine

(-NH-) functional group. The PEI used in this work was water soluble at moderate
temperatures and provided as a 50 w/w% solution in water with a pH of ~12, and a
density of ~1.8 g/cm3. When using a cationic polyelectrolyte such as PEI to disperse
zirconia-based suspensions, it is recommended to neutralize the PEI imine groups
with a strong acid to render the PEI chains positively charged [101,102], as shown
below [101].

– (CH2 – CH2 – NH–)n + H3O+ → (CH2 – CH2 – NH+–)n + H2O
PEI chain

Acid
molecule

Neutralized
PEI chain

Water
molecule
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For the acidic MR formulation process, 0.5 M nitric acid (HNO3) was used to
neutralize the as-received PEI solution; the density of the neutralized PEI solution was
calculated to be 1.25 g/cm3.
When zirconia particles are dispersed in water and the resulting suspension pH
is approximately 7, the charge on the particle’s surface can adopt either a positive or
negative charge. Once the positively charged PEI chains are added to the suspension,
they are easily absorbed on the negatively charged zirconia particles, and the net
charge of the suspension is positive (suspension pH≈6). Addition of a base will be
required to bring the net charge to zero and drive the suspension to its IEP, which
consequently results in an alkaline MR suspension.

4.4.1.1 Determination of the PEI concentration in MR formulation
When using a particle dispersing agent in a colloidal solution, determining the
optimum quantity of the dispersant to use is critical. At relatively low concentration,
coverage of the particles will be below the saturation value and particle dispersion
will not occur efficiently. In this case, some degree of agglomeration may occur along
with inconsistent viscosity values, and hardening or solidification of the suspension
due to the increased surface area of particles from broken flocculants [103]. At a
relatively high dispersant concentration, unabsorbed dispersant in the suspension
destabilizes the fluid via “depletion flocculation” [91,104], an effect that occurs when
two particles in a suspension are in close enough proximity that the large dispersant
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molecule cannot fit into the gap between the particles. As a result, the osmotic
pressure (the minimum pressure applied to a solution to prevent the inward flow of
water across a semipermeable membrane) in the gap increases, which allows the
solvent medium to flow away from the gap. Because the degree of depletion
interaction is proportional to the osmotic pressure in the gap [104], the particles are
brought closer together, which results in depletion flocculation with an accompanying
inconsistency in the fluid’s rheological properties.
An additional flocculation mechanism reported in the literature [92,105] is
“bridging flocculation”, in which the dispersant chain is adsorbed onto the surface of
two or more particles, binding them together and inducing flocculation. The optimal
amount of dispersing agent to avoid flocculation can be determined from viscosity
measurements [70,92,81]. Monitoring the viscosity of the suspension as the dispersant
concentration is gradually increased will reveal a reduction in the viscosity; the
optimal concentration of dispersant will be found when the suspension viscosity stays
constant (or rises due to depletion or the bridging flocculation phenomenon) as more
dispersant is added.
The optimal amount of PEI for the zirconia-coated CI based MR formulation
was determined by testing six PEI concentrations (3 vol.%, 3.5 vol.%, 4 vol.%,
6 vol.% and 10 vol.%). The dispersant and water were first mixed, and the zirconiacoated CI particles were then added; the particle concentration remained constant at
40 vol.%. The initial pH value for all of experimental fluids and dispersant
concentrations was ~6. Figure 4.8 shows a viscosity versus shear rate plot for all the
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dispersant concentrations; each curve represents an average of three viscosity
measurements. An additional plot with a magnified vertical axis scale is provided as
an inset in Fig. 4.8.
A typical MR fluid has the characteristics of a Bingham plastic fluid [106], in
that it behaves like a thick fluid under low shear stress but thins and flows more easily
under higher shear stress. The zirconia-coated CI MR formulations containing PEI
also behave as a Bingham plastic fluid, as shown in Fig. 4.8. The viscosity of the fluid
decreases with increasing dispersant concentration to a minimum value at 6 vol.%,
and rises to a similar value as was observed for the 4 vol.% dispersant as the
dispersant concentration reaches 10 vol.%. The rheological stability of the MR fluid is
improved significantly at 6 vol.% dispersant; it displays minimal transient behavior
(change in viscosity as a function of time at a given shear rate), the data points are
less scattered, and their standard deviation bars are minimal. Figure 4.8 also shows
that the viscosity for all experimental MR formulations decreases with increased shear
rate and reaches a minimum at a shear rate between 300-1/s to 400-1/s, which is
followed by an increase in viscosity as the shear rate continues to increase. Note that
data for shear rate less than 150 cP represent a torque in the viscometer of less than
10% of the maximum torque, and hence are subjected to a large uncertainty.
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Figure 4.8. Viscosity versus shear rate plot for several 40 vol.% zirconia-coated CI
based MR formulations containing PEI at concentrations of 3.0 vol. %, 3.5 vol.%,
4.0 vol.%, 6.0 vol.%, and 10.0 vol.%. The inset in the figure shows the same data
plotted with a magnified y-axis to emphasis the differences in viscosity values.

Because viscosity values for the 40 vol.% zirconia-coated CI MR formulation
were relatively high, a similar experiment was conducted using a reduced
concentration of zirconia-coated CI particles (35 vol.%) in the MR fluid and 4 vol.%,
6 vol.%, 8 vol.%, and 10 vol.% concertation of PEI. The results are shown in Fig. 4.9.
The thinner 35 vol.% MR formulation shows a similar viscosity trend to that of the
thicker 40 vol.% formulation; the viscosity decreases with increasing shear rate and is
followed by an increase in viscosity as the shear rate continues to increase. As was
previously observed with the 40 vol.% zirconia-coated CI formulation, addition of
6 vol % PEI produced both the lowest viscosity and the highest rheological stability.
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Figure 4.9. Viscosity versus shear rate plot for the 35 vol.% zirconia-coated
CI based MR formulations containing PEI concentrations of 4 vol.%,
6 vol.%, 8 vol.%, and 10 vol.%.

Investigation of the fluid’s zeta potential (and particle size value) with
increasing dispersant concentration is another technique widely used to determine the
optimum dispersant concentration in a suspension [83,91]. In this method, the
suspension’s zeta potential increases with the addition of dispersant until particle
flocculation occurs, which is evidenced by a decrease in the zeta potential. The shift
point indicates the optimal dispersant concentration. This method was not able to be
applied successfully to the zirconia-coated CI based MR formulation containing PEI,
as it was not possible to obtain representative data to confirm the optimal amount of
PEI concentration in the fluid.
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4.4.1.2 Effect of PEI on the MR formulation’s iso-electric point
To determine the IEP of the zirconia-coated CI-based MR formulation when
using PEI as the dispersant, viscosity measurements taken at different MR
formulation pH values were employed. This approach was presented in Greenwood,
et al. [91]. A 35 vol.% zirconia-coated CI particle-based MR fluid was mixed with
6 vol.% of PEI. To modify the MR formulation’s pH over a range of 2.89 to 12.26,
a few drops of acetic acid (13 M) and sodium hydroxide (5 M) were used at a time.
A plot of viscosity versus pH was created for several shear rates (see Fig. 4.10).
The viscosity increased with increasing pH until it reaches a maximum at pH of ~9.8.
One way to interpret the maximum in the macroscopically measured viscosity
is by invoking the expected relation of viscosity to the IEP of the formulation. It is
expected that the particles flocculate at this maximum point due to extremely low net
charge on the zirconia-coated CI particles; this explains why the highest viscosity
values are obtained. For all shear rates, the maximum value of the viscosity was
obtained at pH of 9.8. This finding is consistent with those of Fengqiu, et al. [101],
who showed that zirconia-based suspensions undergoes a shift in IEP from pH ~6 to
pH ~11 when PEI is added as a dispersant.
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Figure 4.10. A plot of the 35 vol.% MR formulation’s viscosity versus pH at
different shear rates. An absolute maximum was obtained at pH 9.8 which
identifies the formulation’s IEP (zero net charge). Reprinted from Salzman,
et al. [65] with permission from SPIE.

4.4.2

Effect of pH level on MR formulation viscosity
After both determining the optimum dispersing agent concentration in the MR

formulation (Sec. 4.4.1.1) and assuring that the MR formulation’s IEP is at an alkaline
pH value (Sec. 4.4.1.2), the next step was to reduce the MR formulation pH to <7.
Initial efforts were directed toward 3 pH ranges: neutral (pH 7), moderately acidic
(pH 5), and high acidic (pH 2). Glacial acetic acid was chosen as pH control agent
based on previously published work by Kozhinova, et al. [38] and Hallock, et al. [56].
However, a rapid increase in the MR formulation’s pH was observed immediately
after this acid was used to reduce the MR fluid’s pH to ~2. A literature search
[84,100] revealed that zirconia based suspensions are usually titrated with nitric acid
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to the acidic region. Similar difficulties were faced in getting the MR formulation to
maintain a pH value of ~2 when nitric acid was employed. This behavior convinced
us that the zirconia coating has some deficiency at extremely low pH values.
The MR formulation became thick and viscous (~250 cP) when adjusting the
MR formulation to pH ~7. A thick MR fluid is unstable, as it cannot be pumped and
circulated easily in the MRF machine and might lead to slow flow and particle
sedimentation. These two reasons were responsible for changing the experiment goals
to work at easily achievable pH values of 6, 5, and 4.
The viscosity of the zirconia-coated CI MR formulation was found to be pH
dependent, even though the zirconia-coated CI powder concentration remained
roughly the same (~40 vol.%, or 81 wt.%) throughout the experiment. Figure 4.11(a)
presents the off-line viscosity versus shear rate data for all MR fluids at pH 4, 5, and
6. At ~800-1/s shear rate (the shear rate a MR fluid is subjected to when it ejected out
from the MRF machine nozzle [80]) the fluid’s off-line viscosities are ~47, ~109, and
~194 cP for pH 4, 5, and 6, respectively. A ~50% increase in viscosity occurs for a pH
increase of one unit in a linear trend.
Figures 4.11(b) presents the off-line shear stress of the fluids as a function of
shear rate. The slope of a pH 4 formulation is moderate compare to that of the higherpH formulations, which implies that a low pH formulation is thinner and requires less
effort to keep it in motion, while a high pH formulation is more viscous. The yield
stress (the minimal shear stress required to initiate flow, which is at the intercept with
the y-axis) for the formulation at pH 4 is only ~69 dyn/cm2, while the yield stresses of

76
the fluid at pH 5 and 6 were almost the same (~178 and ~182 dyn/cm2, respectively).
The reduction in the MR formulation’s viscosity and shear stress with reduced pH can
be explained via colloidal stability theory. This formulation has an IEP at pH ~10
(Sec. 4.4.1.2) and its zeta potential increased as the pH decreased toward 4 (Fig.
4.10). As a result, the formulations degree of dispersion follows the trend of pH 4>pH
5>pH 6, which implies lower pH leads to lower viscosity.

Figure 4.11. (a) A plot of viscosity versus shear rate for a zirconia-coated CI MR
formulations at pH 4 (circles), 5 (triangles), and 6 (diamonds). The inset shows the
viscosity pattern of a conventional MR fluid with uncoated CI and cerium oxide
(CeO2) abrasives at pH 11; (b) A plot of shear stress versus shear rate for zirconiacoated CI MR formulation at pH 4 (circle), 5 (triangle), and 6 (diamond). Both
viscosity and shear stress are pH-dependent and are lowest at pH 4. Reprinted from
Salzman, et al. [65] with permission from SPIE.
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4.5

Conclusions
The changes in the CI particles as a result of the coating process were

primarily confined to the outer surface of the particles. A black iron oxide layer,
formed at a very early stage of the particle coating synthesis due to high concentration
of hydrogen irons in the zirconia sol, was covered by a layer of amorphous zirconia in
the order of a few tens of nanometers. The majority of the iron core was shown to be
preserved. By covering the entire exterior surface area of the CI particles, the coated
particles behaved similarly to zirconia particles when suspended in aqueous media.
The zirconia-coated CI based suspensions had similar iso-electric points value to
those of a pure zirconia-based suspension under the same experimental conditions.
Both suspensions were equally affected by the presence of PEI as a particle dispersing
agent. The MR formulation was shown to obey colloidal stability rules in that its
viscosity is greatly dependent on pH.
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Chapter 5. MRF with Chemically and Mechanically
Modified MR Fluids

5.1

Introduction
Surface finishing of an optical component is essential for preventing light

scattering and absorption and improving imaging performance. In polycrystalline
CVD materials such as ZnS, surface finishing can be more challenging than in
amorphous materials such as glass [18,23,51] due to uneven material removal rates
among the different crystallite orientations within the CVD material (discussed in
Chapter 3). The presence of many crystallite orientations (grains) within the
polycrystalline material, along with the CVD crystal growth technique gives rise to
two post-polishing effects referred to as “orange peel” and “alligator skin”,
respectively (Chapter 1). Namba, et al. [48] showed that for manganese zinc (MnZn)
ferrite when the mechanical force (abrasive concentration) and the chemical force
(slurry pH) were balanced during ultra-fine finishing, the inherent crystallite
anisotropy was overcome and a relatively uniform removal rate was obtained for its
different crystallite orientations (100, 110, and 111). Similarly, Gavrishchuk, et al.
[49] found that when the chemical erosion of several acids on polycrystalline CVD
ZnSe substrate was well matched with the applied normal force (mechanical driving
force) during conventional planetary polishing, a better surface finish resulted. Using
principles from chemo-mechanical polishing methodology in MRF, Kozhinova, et al.
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[38] successfully reduced surface artifacts and improved surface roughness both by
converting the MR fluid’s pH from alkaline to acidic (pH ~4.5) and reduced the
hardness of the CI particles. The most likely explanation is that the chemical forces
(reduced pH level) were balanced with the mechanical forces (soft CI type) during
polishing, which lead to uniform material removal among the different grains within
the material.
In this chapter, the anisotropy in the material removal rate of ZnS was studied
under MRF conditions. Three chemically and mechanically modified MR
formulations at pH 4, 5, and 6 (Chapter 4) were used to identify the ideal conditions in
which a uniform material removal rate was obtained for all tested crystallographic
orientations (100, 110, 111, and 311). This work demonstrates that applying these
conditions on the polycrystalline CVD ZnS material indeed reduces both surface
texture and surface artifacts during MR finishing.

5.2

Materials and methodology

5.2.1

Single Crystal and Polycrystalline CVD ZnS Substrates
The single crystal planes of ZnS described in Sec. 3.2.1 were also used in this

part of the work. Four CVD ZnS substrates were purchased from four different
vendors. One elemental CVD ZnS substrate was purchased from China; the other
three are forward looking-infrared (FLIR) CVD ZnS substrates that were purchased
from Chinese and U.S vendors. The difference between FLIR and elemental CVD
ZnS is in the chemical reaction of the precursor gases during the CVD process
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(Sec. 2.2). These substrates are identified as “Sample A” (FLIR, from Rohm and Haas
[63]), “Sample B” (FLIR, from II-VI infrared [107]), “Sample C” (FLIR, from WTS
Photonics CO. [108]), and “Sample D” (elemental, from Research Institute of
Synthetic Crystal [109]). All samples were 40 mm in diameter and 5 mm thick. The
samples were prepared in-house using a controlled loose abrasive grinding process
followed by pitch lap polishing (described in Sec. 3.2.1) to achieve a peak to-valley
(p-v) flatness of 1 λ to 2 λ (λ=633 nm) and an areal roughness of less than 27 nm PV
and 2 nm RMS. The tested materials and some of their relevant properties are listed in
Table 5.1.

Table 5.1. Characteristics and properties of IR materials.
Sample
ID

Sample type

Crystal
structure

HV (GPa)*

Grain size
(m)

ZnS (100)

Single crystal

Cubic

1.890.03

NA

ZnS (110)

Single crystal

Cubic

1.710.04

NA

ZnS (111)

Single crystal

Cubic

2.930.04

NA

ZnS (311)

Single crystal

2.170.12

NA

ZnS A

Polycrystalline; CVD; FLIR

1.860.02

1.180.34**

ZnS B

Polycrystalline; CVD; FLIR

1.720.02

2.030.64**

ZnS C

Polycrystalline; CVD; FLIR

1.610.14

–

ZnS D

Polycrystalline; CVD;
Elemental

Cubic
Cubic
(Face-Centered)
Cubic
(Face-Centered)
Cubic
(Face-Centered)
Cubic
(Face-Centered)

2.000.03

1.940.46**

*Determined using a Tukon 300 BM Micro-Indenter at 100 gf for single crystal, and 400 gf for all

other samples.
**
The lineal intercept method for average grain-size determination was used. A detailed procedure
can be found in Ref. [42].
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5.2.2

MRF formulations
The three MR formulations used in this part of our work were based on the

zirconia-coated CI particles described in Chapter 4. The formulations’ pH were ~6,
~5, and ~4. All pH measurements were obtained with the PH220-S stick electrode
waterproof Palm pH meter from Extech Instruments, and are within the measuring
device standard deviation of ±1% (±0.01 units), unless indicated otherwise. The
primary MR formulation composition used to prepare the acid-polishing slurries is
shown in Table 5.2. One liter of fluid with an initial pH of 5.88 was prepared, and this
formulation’s pH was adjusted throughout the experiment according to the desired pH
level. A few milliliters of 8 M nitric acid solution (Sigma-Aldrich) were used to adjust
the formulation’s pH. Once adjusted, the formulation’s pH remained fairly constant at
both pH ~6 and pH ~5, and was stable at these values for >3 weeks. At pH 4,
however, the zirconia-coated CI particle-based MR fluid showed a constant and
gradual increase in pH of ~0.018 pH-units/min, which indicated on oxidation of the
iron core of the particles resulting from interaction with the hydrogen ions from the
acid.

Table 5.2. Initial MR fluid composition before pH adjustment.
Component
Zirconia-coated carbonyl
iron (CI) powder
Polyethylene-imine (PEI)
DI water
Total

Density
(g/cm3)

Volume (mL)

Mass (g)

Volume %

Mass %

6.72

384.80

2583.93

38.60

80.67

1.10
1.00
-

69.68
542.36
996.84

76.65
542.36
3202.94

6.99
54.41
100.00

2.39
16.93
99.99
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5.2.3

MRF spotting experiment
The MRF spotting experiment was performed on the spot-taking machine

(STM) research platform (Sec. 3.2.3). The MR formulation was loaded on the STM in
bypass mode and circulated overnight. The next day it was loaded on the STM wheel
and circulated for ~2 h before the spotting experiment started. The measured pH at
this point increased from 5.88 to 6.00, probably because of exposure to machine parts
and air. The single crystal planes were spotted first in random order. One spot was
taken on each substrate at pH 6.0 for one minute, yielding a total of three identical
spots for each single crystal orientation. The overall duration for spotting all parts at
pH 6.0 was ~30 min, during which time the pH stayed constant at 6.0±0.01. The
formulation was then circulated through the machine in bypass mode until the next
day when the pH was lowered from 6.00 to pH 5.12 using ~4 ml of 8 M nitric acid
(the addition of 4 ml of acid into ~1000 ml of fluid caused a negligible change in CI
vol.%.) The spotting experiment resumed ~25 min after the addition of acid; each
single crystal substrate was spotted once. The pH throughout this portion of the
experiment was 5.11±0.07%. The next day, approximately 5 ml of 8 M nitric acid
were added to the formulation to lower the pH from 5.65 to 4.19. During this spotting
experiment, an additional 1 ml of 8 M nitric acid was continuously added to maintain
the pH level at ~4.20. Throughout this portion of the experiment (~30 min), the pH
was 4.25±0.12. The machine settings were: (1) ribbon height 1.4 to 1.6 mm;
(2) penetration depth 0.2 mm; (3) wheel speed 200 rpm; (4) pump speed 110 rpm; and
(5) electric current 15 A. When the experiment was finished, each substrate had three
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spots on its surface, one at each pH (Fig. 5.1). The material removal rates and surface
roughness values for a given orientation are reported in Secs. 5.3.1 and 5.3.2 as an
average of data collected from three spots taken at the same pH. The formulation pH
values of 4.25, 5.11, and 6.00 reported here for the single crystal substrates were
rounded to pH 4, 5, and 6, respectively in the following sections for simplicity.

Figure 5.1. (a) Two-dimensional and (b) three-dimensional laser interferometer
images of a single crystal substrate with (100) orientation. The spots were taken with
the zirconia-coated CI MR formulations at pH 4, 5, and 6. Reprinted from Salzman, et
al. [110] with permission from the Optical Society of America.

The polycrystalline CVD ZnS substrates were each spotted once at pH 4, 5,
and 6. During this stage of the experiment special attention was paid to removing at
least 0.5 µm of material; this step was based on observations of Kozhinova, et al. [38]
that pebbles start to appear on pre-polished surfaces of CVD ZnS once a minimum of
0.5 µm of material has been removed with MRF.
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5.2.4

MR formulation’s rheology
The off-line viscosity (η) of the MR fluids was measured using a Brookfield

cone/plate (DV-III) Rheometer [85]. At each pH, ~0.5 ml of fluid was extracted
directly from the mixing vessel of the STM and placed on the viscometer plate. The
fluid underwent shearing for ~15 min prior to taking viscosity data as a function of
shear rate from 40 to 1000 1/s. Each measurement was repeated three times. The
viscosity of the zirconia-coated CI-based MR formulation did not change with time as
long as the fluid’s pH remained constant.

5.2.5

Metrology
Material removal rates for the MR spots taken on the single crystal planes was

obtained using a Zygo Mark IV laser interferometer [15] by subtracting the data for
original surface from that for the spotted area. The peak removal rate was measured as
the deepest vertical depth of material that was removed by MRF divided by the
spotting time (Fig. 5.2).
Surface microroughness values were obtained using a Zygo NewView 100
white-light interferometer equipped with a 20X Mirau objective (areal measurements
of 0.26 mm X 0.35 mm without a filter [111]). For spots taken on the single crystal
substrates, areal RMS and PV values were reported as an average of 15 measurements
(five measurements on each substrate, three substrates from each crystallographic
orientation) collected within the depth of deepest penetration (DDP) for each spot. In
addition, 20 linear profiles (0.35 mm long) in the longitudinal direction were collected
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from one areal measurement at the DDP for each spot (a total of 60 for one
orientation) in the direction of the MR fluid flow. This action minimized the influence
of the MR ribbon grooves on the roughness data, which were formed as a result of
holding the part stationary with no rotation. For the polycrystalline CVD ZnS
substrates, four areal RMS and PV measurements were taken at the DDP of each spot.
Five line profiles were collected for each areal measurement. Overall, 20 line profiles
were averaged for each spot at a given pH. Data on the surface texture and the
emergence of pebbles inside the spots taken on the polycrystalline, CVD ZnS
substrates were obtained using a Zygo NewView 5000 white-light interferometer
[112] equipped with a 1X Mirau objective and a 0.8X zoom without a filter. Low
magnification was more suitable for observation and evaluation of submillimeter
features such as pebbles. The spots were masked along their inner edge to analyze the
spotted area. From the remaining masked surface, a cylindrical shape was extracted.
For the remaining masked area (a “D” shape of 2 mm X 4 mm, shown in Fig. 5.2), the
areal RMS roughness was recorded along with ten linear profiles (3 to 4 mm long)
drawn in the direction of the MRF ribbon grooves. Another surface analysis technique
selected here is the power spectral density (PSD) analysis6. It was performed in the
direction of the fluid flow (longitudinal) by using the “average X PSD” function in the
accompanying MetroPro software by Zygo. For this analysis we masked a rectangular
area (2 mm X 1 mm) around the DDP of each spot. Both RMS roughness and PSD

6

Power density is calculated as the square of the amplitude of a sine wave multiplied by the length of
the profile. The height of a bar (y-axis) indicates the power density of a component sine wave. The
position of the bar (x-axis) indicates the frequency.
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data analyses provided information on the on the waviness of the spotted surfaces.
Because roughness measurements taken at low magnification (1X) usually have a
relatively low resolution, the data shown here for pebble analysis more closely
represent surface texture rather than surface microroughness, which would require a
20X Mirau objective.

0.00

MR fluid flow direction

Pre-polished
surface
Masked area along
the spot’s edge

-1.48

MRF spot’s DDP

Height (µm)

MR ribbon
grooves

Peak removal

0.0

0.0

-0.2

-0.2

-0.4

-0.4

-0.6

-0.6
0

2

4

6

8

Distance (mm)

Figure 5.2. A 3-D white-light interferometer image (12 X 8 mm2) of a MRF spot
taken on a pre-polished CVD ZnS substrate showing the spots’ depth of deepest
penetration (DDP), the MR ribbons grooves, the masked area along the spot’s edge,
and the MR fluid flow direction. Also presented is the MRF removal function,
showing the peak material removal around the spot’s DDP.
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5.3

Studying anisotropy during MRF with modified MR formulations

5.3.1

Removal rate of single crystal ZnS
The average peak removal rate (PRR) and volumetric removal rates (VRR) of

the different fluids are given in Tables 5.4 and 5.5, respectively. For all single crystal
ZnS orientations, the PRR decreased with decreasing formulation pH and viscosity.
The average PRR at pH 4 is ~50% lower than at pH 6, while keeping the magnetic
particles’ concentration constant within ±1%. There was an apparent correlation
between the pH and viscosity of the formulation, and the removal rate; lower pH
caused lower MR formulation viscosity, which led to a lower removal rate. This
finding confirms the expectation that the material removal rate is driven by the
decrease in shear stress as the viscosity decreased. The lower viscosity of the fluid at
low pH is believed to cause the MR fluid ribbon to become more compliant under the
applied normal force from the workpiece surface, causing it to expand transversely. A
support for this observation can be found in Fig. 5.1. The laser interferometer image
of the spotted surface of plane (100) shows that the spot taken at pH 6 (center) is
narrower than the one taken at pH 5 (right), which is narrower than the one taken at
pH 4 (left). The same behavior was observed for all spotted substrates. These
observations (removal rate, spot shape, and dimensions) imply that the distributed
pressure (and the normal and shear forces) during MRF were smaller at low pH, when
all other conditions were held constant.
Examination of the VRR results shows that VRR at pH 6 was similar to that
obtained at pH 5, but was significantly (~50%) higher than the VRR at pH 4. When
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observing the relative peak and volumetric removal rates among the different single
crystal planes, the smallest anisotropy in removal rate was observed for the MR
formulation with pH 4 and an off-line viscosity of ~47 cP. Supportive findings are
given in Tables 5.3 and 5.4 (average of all orientation). The data shows that the
standard deviation for the global average for the individual averages of the single
crystals was lowest when the samples were finished with a pH 4 MR formulation.
This finding indicates that variations in removal rate among the single crystals
finished with this formulation were minimal. Figures 5.3(a) and 5.3(b) also present
the same data for the peak and volumetric removal rates, respectively. These results
suggest that finishing the polycrystalline CVD ZnS material with this MR formulation
(pH 4, off-line viscosity of ~47 cP) will result in a smaller amount of pebbles and
surface artifacts on the finished surface (Sec. 5.4).

Table 5.3. Average and standard deviations of PRR (μm/min) for all orientations
when polished with modified zirconia-coated CI MR formulation at three pH levels.
Average peak removal rate X 100 (m/min)
Orientation

pH 4

pH 5

pH 6

(100)

6.00±1.35

9.17±0.57

12.93±0.78

(110)

5.87±0.93

8.93±1.18

12.13±1.16

(111)

5.37±0.67

10.43±1.53

14.03±1.12

(311)

5.27±0.31

8.13±1.72

12.07±0.57

Average of all orientations

5.63±0.35

9.17±0.95

12.79±0.91
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Table 5.4. Average and standard deviations of VRR (μm/min) for all four orientations
when polished with modified zirconia-coated CI MR formulation at three pH levels.
Average volumetric removal rate X 105 (m3/min)
Orientation

pH 4

pH 5

pH 6

(100)

4.24±0.61

7.58±0.85

7.83±0.97

(110)

4.39±0.68

7.10±1.62

7.16±0.79

(111)

4.28±0.13

8.66±1.33

8.20±0.42

(311)

4.04±0.73

7.09±1.44

7.52±0.55

Average of all orientations

4.24±0.15

7.61±0.74

7.68±0.44
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Figure 5.3. The peak removal rate (a), and volumetric removal rate (b) versus pH for
all four single crystal orientations. The smallest degree of anisotropy in removal rate
was observed when the MR formulation had a pH of 4 and an off-line viscosity of
~47 cP. Higher removal rates and anisotropies are observed at pH 5 and 6 due to
higher viscosity values. Reprinted from Salzman, et al. [110] with permission from
the Optical Society of America.

5.3.2

Surface roughness of single crystal ZnS
The surface roughness data at the DDP for the spotted single crystal planes are

summarized in Table 5.5 and Fig. 5.4(a)-(b). The areal RMS (nm) and linear RMS
(nm) of three identical spots were averaged for each orientation. For all single crystal
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planes, MRF using the altered fluids significantly roughened the pre-polished surface
at all pH values. The randomly distributed scratches beneath the surfaces (sub-surface
damage from grinding and pre-polishing) were enhanced during MRF with the altered
formulations, as shown in Fig. 5.5. The areal roughness increased with increasing
fluid pH and viscosity.
Linear RMS roughness showed ~50% smoother surfaces than areal RMS
roughness, which is a result of avoiding the MRF grooving effect on the surface
caused by lack of part rotation. The least variation in the areal roughness among the
different orientations was observed at pH 4 (η ≈ 47 cP) [Fig. 5.4(a)]. Linear roughness
as a function of pH for all orientations is given in Fig. 5.4(b). The results were similar
for all surfaces spotted at pH 4 and 5, with slightly higher values obtained when the
part was spotted at pH 6. The smallest anisotropy was observed at pH 4 and an offline viscosity of ~47 cP (areal measurements) and at pH 4 and 5 at an off-line
viscosity of ~47 and ~108 cP, respectively (linear measurements).

Orientation

Table 5.5. Areal and linear RMS surface roughness for the pre-polished and spotted
single crystal ZnS substrates.
Prepolished

pH 4

Areal

Areal

RMS

RMS

(nm)

100

pH 5

pH 6

(nm)

Linear
RMS
(nm)

Areal
RMS
(nm)

Linear
RMS
(nm)

Areal
RMS
(nm)

Linear
RMS
(nm)

1.710.22

9.73

4.38

10.54

4.34

16.15

8.08

110

1.73

8.21

3.55

12.64

3.78

19.03

6.07

111

1.69

8.27

4.24

14.35

4.19

22.89

5.24

311

2.84

8.71

3.39

13.22

3.25

18.14

4.13

Linear surface roughness rms (nm) Areal surface roughness rms (nm)
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Figure 5.4. Plots of (a) areal RMS (0.35 mm X 0.26 mm) and (b) linear (0.35 mm)
RMS versus pH for all four single crystal orientations. The smallest anisotropy is
observed at pH 4 and an off-line viscosity of 47 cP for the areal measurements and at
pH 4 and 5 at an off-line viscosity of 47 and 108 cP, respectively, for the linear
measurements. Reprinted from Salzman, et al. [110] with permission from the
Optical Society of America.
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Figure 5.5. White-light interferometer images depiction of a single crystal
substrate with the (100) orientation, (a) Pre-polished before MRF; (b) at pH 4;
(c) at pH 5; and (d) at pH 6. Reprinted from Salzman, et al. [65] with
permission from SPIE.

5.4 Surface texture evolution of polycrystalline CVD ZnS
The surface texture inside the MRF spots is composed of both submillimeter
features and microroughness. Figure 5.6 shows the PSD for CVD ZnS surfaces
spotted with zirconia-coated CI MR formulations at pH 4, 5, and 6. For all four
vendors, the surface texture and waviness after MRF were highest at pH 6, somewhat
lower at pH 5, and significantly lower at pH 4. The areal RMS roughness and the
average linear profiles taken within the spots are presented in Fig. 5.7(a) and 5.7(b),
respectively. When finished with the zirconia-coated CI MR formulations, both areal
(a 2 mm × 4 mm “D”-shape) RMS roughness and average linear profiles (3 to 4 mm
long) decreased with a reduction in the MR formulation’s pH and viscosity for
substrates from all vendors. Variations in roughness from sample to sample were
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minimal when finishing with a pH 4 MR formulation. Because roughness
measurements were taken at a low magnification (i.e., at low resolution) the data more
closely represents surface texture rather than surface microroughness, which is not
provided here. Since pebble surface texture occurs at length scale ~0.5 to 3 mm, the
equivalent special frequency is 0.3 mm-1 to 2 mm-1. Therefore, we view spatial
frequency less than 2 mm-1 an indicative of pebble texture. Consequently, spatial
frequencies larger than 2 mm-1 are viewed as microroughness.

Figure 5.6. Average PSD along the x direction for zirconia-coated CI MR
formulations at pH 4 (dotted line), pH 5 (dashed-dotted line), and pH 6 (dashed
line) for Samples A–D, respectively. Reprinted from Salzman, et al. [58]
with permission from Elsevier.
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Figure 5.7. Macroroughness (RMS) versus formulation pH for the zirconia-coated CI
MR fluid at pH 6, pH 5, and pH 4. (a) Areal RMS roughness of a 2 mm × 4 mm “D”
shaped area; (b) average RMS roughness taken from ten linear profiles (3 to 4 mm
long lines). Horizontal lines are used to guide the eye, identifying the maximum and
minimum values. Reprinted from Salzman, et al. [58] with permission from Elsevier.

Magnetorheological finishing with zirconia-coated CI MR fluid at pH 4
achieved a remarkable improvement in surface texture (lower spatial frequency range)
and surface microroughness (higher spatial frequency range) than was possible using
the fluids at pH 5 and pH 6 for all four CVD ZnS substrates tested. Because a lower
value of PSD indicates on a surface with less texture, the emergence of pebbles on the
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surface of CVD ZnS substrates can be reduced by using the zirconia-coated CI MR
fluid at pH 4. Root-mean-square (RMS) data collected both from a masked area inside
the spots and as multiple linear scans (Fig. 5.7) supported the results obtained from
PSD analysis. A corresponding reduction in surface texture was observed as the
zirconia-coated CI formulation pH and viscosity were both reduced. The ability of
this formulation at pH 4 to maintain similar performances among all four tested
substrates is evident from both areal [Fig. 5.7(a)] and linear [Fig. 5.7(b)] roughness
results.
The zirconia-coated CI MR formulation at low pH has a particularly low
material removal rate, especially at pH 4, which is expected because of the absence of
any abrasives. Adding some type of abrasive, such as alumina or nanodiamonds, is
expected to boost the overall PRR of the zirconia-coated CI MR formulation and
improve its efficiency. These abrasives should also produce considerably smooth
surface microroughness.

5.5 Conclusions
Large differences in the material removal rate among the four single crystal
planes of ZnS were observed when substrates were finished with zirconia-coated CI
based MR formulation with a pH of 5 and 6 and an off-line viscosity of ~117 cP and
180 cP, respectively. Variations in the material removal rate between the single
crystal substrates were minimized if an MR formulation with a pH 4 and an off-line
viscosity of ~47 cP was used for the finishing process. Although roughness was
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minimized with this formulation at pH 4, it remained relatively high due to lack of
polishing abrasives in the fluid. When several polycrystalline CVD ZnS substrates
were MR finished with the three experimental fluids, the lowest degree of surface
texture and roughness was obtained with a pH 4 (η≈47 cP) MR formulation due to the
relatively uniform material removal rate among the single crystal planes under these
conditions. The performance of the zirconia-coated CI MR formulation at pH 4 was
better than for similar MR formulations at pH of 5 and 6.
These results verify that there is an optimal balance between mechanical
(crystallography, strain rate, viscosity) and chemical (pH) effects in the material
removal rate of ZnS. Both a relatively low MR fluid viscosity and a lower pH
minimized variations in the material removal rate among different crystallographic
orientations. This work now provides a scientific explanation for the observations
published by Kozhinova, et al. [38] and Hallock, et al. [56], that reduction in surfacetexture and surface roughness of CVD ZnS finished with MRF were achieved when
using a low-pH and a “soft” MR fluid. One disadvantage is that the zirconia-coated CI
MR formulation at low pH had a particularly low material removal rate (especially at
pH 4) which is expected because of the absence of any polishing abrasives. Adding an
abrasive such as alumina or nandiamonds is expected to boost the overall material
removal rate of the zirconia-coated CI MR formulation and improve its efficiency.
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Chapter 6. An Advanced Acidic MR Formulation to Improve
Surface Finish of Polycrystalline CVD ZnS and Other
Polycrystalline Materials

6.1

Introduction
In Chapter 5, the chemical and mechanical effects during MRF of both single

crystals and CVD ZnS were explored. Three acidic MR formulations with different
pH and viscosity values, all employing zirconia-coated CI particles, were evaluated
for their material removal performance on single crystal ZnS substrates. Minimal
variation in material removal rate among the single crystals was observed when both
the mechanical forces were minimized using a low-viscosity formulation and the
chemical forces were enhanced using a low pH formulation. Under these MR
conditions, all examined single crystal orientations were polished roughly at the same
rate, which resulted in reduction of surface texture (emergence of pebbles on the
surface) of several polycrystalline CVD ZnS substrates. Although reduction in pebble
emergence on the surface of several CVD ZnS substrates was achieved, surface
microroughness remained considerably high (~44 nm RMS). To enhance the
performance of the low-pH, low-viscosity MR formulation described in Chapter 5,
polishing abrasives were added to the chemo-mechanically balanced formulation.
In this chapter, we describe the work done to further reduce pebble generation
and improve surface microroughness on both several CVD ZnS substrates and other
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important IR polycrystalline materials. A modified version of the zirconia-coated CI
particles was developed and used to further increase the acidic MR formulation
lifespan at pH 4 [78,113]. The effects of two polishing abrasives (alumina and
nanodiamonds) on the removal rate of single crystal orientations of ZnS was
examined, along with the surface finish of several IR polycrystalline materials
finished with the low-pH, low viscosity MR formulation that contained these two
polishing abrasives. The primary focus of this study was on CVD ZnS.

6.2

Materials and methodology

6.2.1

Improved zirconia-coated CI particles for MR formulation
As described in Chapters 4 and 5, zirconia-coated CI-based MR formulations

with pH 4 did not remain at a stable pH for more than a day. Following from the work
described in Chapter 5, where it was shown that low pH is an essential characteristic
for the MR formulation in order to minimize surface artifacts (pebbles) on CVD ZnS,
effort was directed toward improving the durability of the zirconia-coated CI particles
against oxidation and corrosion under acidic conditions. The process of improving the
performance of zirconia-coated CI particles at low pH by increasing the zirconia
coating thickness on the CI particles is described in the M.S. thesis work of Lucca
J. Giannechini [78]. The study of the differences between the two versions of
zirconia-coated CI particles using SEM, EDX and X-ray photoelectron spectroscopy
(XPS) methods is presented in Sec. 6.3.
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6.2.2

MRF spotting experiment
An MRF spotting experiment was performed on the STM (spot-taking

machine). Two 1-L acidic MR formulations were prepared, one contained alumina
abrasive and the second nanodiamond abrasive. These MR formulations were mixed
off-line and loaded onto the machine in bypass mode for several hours. The pH of the
formulations throughout the experiments remained at 4.53±0.09 and 4.54±0.11 for the
alumina and nanodiamond based formulations, respectively. The experiment was
divided into three phases: (1) preliminary determination of the effect of abrasive type
and concentration on the material removal rate for single crystal flats of ZnS; (2) spotfinishing of polycrystalline CVD ZnS substrates with the acidic formulations at
maximum abrasives concentration; and (3) the surface finish performance of the two
acidic formulations was evaluated on an extended group of polycrystalline and CVD
materials that included CVD HIP ZnS, CVD ZnS and MgF2.
The single crystal substrates were spotted twice with a given acidic
formulation for 1 min. The polycrystalline substrates were spotted once for 15 min
each to remove between 0.7 to 1.0 m of material at the deepest depth of penetration
(DDP). The STM settings were 1.3 mm ribbon height, a penetration depth of 0.2 mm
(for single crystals) and 0.3 mm (for polycrystalline) penetration depth, a wheel speed
of 220 rpm, pump speed of 110 rpm, and an applied electric field of 15-A.
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6.2.3

Optical substrates
The single crystal flats and CVD ZnS materials used were the same samples

employed throughout this work and described previously in Chapters 3 (Sec. 3.2.1)
and 5 (Sec. 5.2.1). An additional three materials were investigated: CVD HIP ZnS,
CVD ZnSe, and MgF2. These materials were selected based on their similarity in
microhardness and microstructure to CVD ZnS. The relevant characteristics and
properties of these materials are listed in Table 6.1 (along with CVD ZnS). All
materials were pre-polished in-house on a pitch polisher with diamond abrasives as
described in Chapter 3.2.1. The CVD HIP ZnS and CVD ZnSe samples had a peak tovalley (p-v) flatness of 1 λ to 2 λ (λ=633 nm) and an areal roughness of less than 350nm PV and 20 nm RMS (CVD HIP ZnS); and 130-nm PV and 3.5-nm RMS (CVD
ZnSe).

Table 6.1. Characteristics and properties of IR crystalline materials.
Sample
ID

Sample type

Crystal structure

HV (GPa)*

Grain size (m)

CVD ZnS

Polycrystalline;
CVD

Cubic
(Face-Centered)

1.940.05

1.18 to 2.03
(Table 5.1)

HIP ZnS

Polycrystalline;
CVD; HIP

Cubic
(Face-Centered)

1.330.05

75 to 150
(Ref. [32])

ZnSe

Polycrystalline;
CVD

Cubic
(Face-Centered)

0.900.06

439.00
(Ref. [114])

MgF2

Polycrystalline

Tetragonal
(body-centered)

2.290.05

~0.45
(Ref. [115])

*

Determined using a Tukon 300 BM Micro-Indenter at 100 g·f (single crystals) and 400 g·f (all
other samples).
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6.2.4

Metrology

6.2.4.1 Material removal rate of single crystal ZnS
Peak removal rates for all spots taken on the single crystal samples were
obtained using a Zygo Mark IV laser interferometer [15] by subtracting the spotted
area from the original unspotted surface and dividing the difference by the spotting
time.

6.2.4.2 Surface artifacts and microroughness of polycrystalline materials
The submillimeter and millimeter-sized pebbles on the spotted polycrystalline
materials that result from the CVD growth technique [18,32,35,38] were evaluated
using a Zygo NewView 100 white-light, non-contact interferometer [111]. A 5 X
objective with a field of view of 1.39 X 1.04 mm2 was used to capture two areal
roughness measurements at the DDP of the spots. These measurements were analyzed
using a “low-pass” filter option in the MetroPro software to screen out the roughness
and leave only the surface waviness [116,117]. An example of a low-pass filtered
measurement is given in Fig. 6.1(a)-(c), where the original measurement (a) is
decomposed to a waviness plot (b) and a roughness plot (c). The waviness data
provided an indication on the pebbles dimension generated on the surface after MRF.
An additional technique used to obtain information about surface texture and pebbles
emergence is PSD analysis performed in the direction of fluid flow using the “average
X PSD” function in MetroPro. For this analysis, a 20X objective with a field of view
of 0.35 X 0.26 mm2 was used.
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Surface microroughness, which captures submicron and micron-sized features
such as pits, scratching marks, and grain boundaries (also known as the “orange peel”
phenomena [49]), was measured using the NewView 100 with a 20X objective. Four
areal measurements were taken at the DDP for each spot. Within each areal
measurement, five linear scans were collected in the direction of the MR fluid flow.
This action helped avoid the grooves created by the MR ribbon during MRF that are a
direct result of the workpiece being held stationary without rotation on the STM.
The linear profile data better reflects the roughness that would be expected if a
conventional MRF machine with a full substrate run would have used.
To support the collected data, we added typical micrographs of the surfaces.
The “slope”7 function in MetroPro was used to distinguish between different features
on the finished surface. The slope x micrographs provided information on features
reflected from the surface in the horizontal direction, and the slope y micrographs
provided information on features reflected from the surface in the longitudinal
direction. For all cases presented here, the longitudinal direction was the direction of
MR fluid flow which is why the slope y micrographs show mainly the MR grooves on
the surface.

7

Slopes are directly related to the reflective properties of the surface. They are useful for controlling
cosmetic appearances of surfaces [118].
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Figure 6.1. A set of 3-D white-light interferometer images (1.39 X 1.04 mm2)
of a CVD ZnS substrate polished with a conventional alkaline MR fluid. (a)
Original measurement showing both surface waviness and roughness, (b) lowpass filter analysis showing surface waviness, and (c) high frequency
roughness that was filtered out.

6.3

Characterization of improved zirconia-coated CI particles for MR
formulation

6.3.1

Morphology
The morphology of both versions of zirconia-coated CI particles was obtained

via SEM micrographs [Fig. 6.2 (a)-(d)]. Figures 6.2 (a) and 6.2(b) show the surface
morphology of the particles wherein smaller particles of pure zirconia (color shown in
green) are attached to the surface of larger zirconia-coated CI particles. The modified
version had larger amounts of zirconia particles attached to the coating than that of the
original zirconia-coated CI. The cross-section images [Fig. 6.2(c) and 6.2(d)] show
that the zirconia coating (the outer ring) of the modified particle-version [Fig. 6.2(d)]
is 30% to 50% thicker than the coating on the original coated particles [Fig. 6.2(c)].

105
(a)

(b)

1 µm

(c)

1 µm

(d)

500 nm

500 nm

Figure 6.2. SEM micrographs of (a) the original zirconia-coated CI particles,
(b) modified zirconia-coated CI particles, and their cross sections in (c) and (d),
respectively. Micrographs (c) and (d) produced by Lucca J. Giannechini.
Reprinted from Salzman, et al. [113] with permission from SPIE.

6.3.2

Quantitative evaluation of chemical elements in zirconia-coated CI
powders
Energy-dispersive X-ray spectroscopy (EDX) and X-ray photoelectron

spectroscopy (XPS)8 were used to determine the amount of zirconia in the coating and
any “free” zirconia particles in the powder. X-ray photoelectron spectroscopy was

8

Preparation involved pressing the powders onto carbon tape that was attached to a post. Once the
samples were installed in the instrument, it was set up to have a base pressure of 2 X 10 –9 Torr during
operation. The X-rays used were monochromatic Al-Kα (1486.6-eV) rays with a beam diameter of 1
mm. The photoemitted electrons were collected at a 55° emission angle by a hemispherical analyzer
using a pass energy of 150 V for the scans. A flood gun was used at minimum energy for charge
compensation on the samples. The XPS data was then sent to us for further analysis.
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measured at the Cornell Center for Materials Research Shared Facilities,9 and
analyzed by Brittany Hoffman of the Optical Materials Technology group at LLE.
Energy-dispersive x-ray spectroscopy was measured at the URnano Facilities at the
University of Rochester by Lucca J. Giannechini. Table 6.2 shows the relative weight
present (wt.%) of the chemical elements iron (Fe), zirconium (Zr), and oxygen (O)
from the EDX measurements. The original version of the coated CI contained a large
amount of iron (94 wt.%) and very little zirconium (1.8 wt.%) and oxygen (4.1 wt.%).
After modifying the coating process, the amount of zirconium in the powder was 20X
larger than the original material, while the amount of iron detected was ~50% less.
The Fe/Zr ratio dropped dramatically from 53 in the original version to 1.4 in the
modified version. The data in Table 6.3 are similar to those found by EDX analysis,
instead expressed in atomic present (at.%). The amount of zirconium was 2X higher
in the modified particles than in the original particles, and the relative amount of iron
was significantly reduced in the modified version. Oxygen and carbon levels (mostly
due to sample contaminations) changed very little. The Fe/Zr ratio was significantly
decreased in the modified coated CI sample. One different between the EDX and XPS
techniques is that EDX penetrates deeper (~1 µm) into the sample than XPS
(~10 nm) [119]. All findings from EDX and XPS analysis suggest that the zirconia
coating thickness increased in the modified zirconia-coated CI powder.

9

This work made use of the Cornell Center for Materials Research Shared Facilities, which are
supported through the NSF MRSEC program (DMR-1120296).
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Table 6.2. Elemental composition of the MR powders by
EDX analysis, expressed in wt.%.
wt.% of the elements in powder
Element

Original coated
particles

Modified coated
particles

Iron (Fe)

94.09

50.21

Zirconium (Zr)

1.79

35.75

Oxygen (O)

4.12

14.04

Table 6.3. Elemental composition of the MR
powders by XPS analysis, expressed in at.%.
at.% of the elements in powder

6.3.3

Element

Original coated
particles

Modified coated
particles

Iron (Fe)

14.99

8.77

Zirconium (Zr)

5.28

11.32

Oxygen (O)

49.30

49.68

Carbon (C)

30.44

30.24

Corrosion resistance
The two versions of zirconia-coated CI particles, along with as-received,

uncoated CI particles, underwent an accelerated corrosion test. In this test 6 g of
powder was mixed with 8 g of 50% aqueous acetic acid solution to produce a pH
value of ~2.5. The suspensions were constantly agitated with a magnetic stirrer. The
pH of the samples was continuously monitored with a pH meter [120]. Sample failure
in this experiment was defined as when the average pH value reached 3. Figure 6.3
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shows the elapsed time to failure for the three samples. Throughout the experiment,
the sample with uncoated-particles showed an immediate increase in pH along with
clear evidence of corrosion (sample foaming and rust-like odor), lasting about 7 min
when the pH value was <3. The original zirconia-coated CI sample lasted about 2 h
(120 min) while the modified zirconia-coated CI sample survived ~15 h (~900 min),
which implied that the latter is ~7 times more resistant to corrosion and protective
than the original coated CI particles. These findings were in good agreement with
morphology and quantitative observations presented in Sec. 6.3.1. and 6.3.2. In the
following sections, the modified version will be referred to as the “advanced zirconiacoated CI sample”.

Advanced Original
zirconia- zirconiacoated CI coated CI

Figure 6.3. Accelerated corrosion test data for uncoated CI, original
zirconia-coated CI, and modified zirconia-coated CI samples. Vertical
axis (logarithmic scale) designates the elapsed time for the average pH
to rise from ~2.5 to ~3.0. Reprinted from Salzman et al. [113]
with permission from SPIE.
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6.3.4

MR fluid formulation process
Modification of the coating process led to subsequent changes in the acidic

MR formulation process. Factors such as particle dispersant (PEI) concentration,
coated CI particle concentration, water concentration, and the type of pH control
agent (acid) needed re-evaluation. Determination of the relative concentration of the
MR formulation components was required. First, the PEI concentration was
determined. Three different volumes of dispersant were tested: 11.5 vol.%,
15.0 vol.%, and 20.0 vol.%. The maximum amount of dry advanced zirconia-coated
CI powder that could be added to the dispersant-water mixture without causing
solidification of the MR formulation was 35 vol.% (Fig. 6.4). The lowest viscosity
was obtained when 20 vol.% of PEI was used, which is more than 3X the amount
used in the original MR formulation. For this reason, no further increases in PEI
concentration were attempted.

Viscosity (cP)
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Figure 6.4. A viscosity versus shear rate plot for several 35 vol.% MR
formulations based on the advanced zirconia-coated CI with PEI concentrations
of 11.5 vol.%, 15.0 vol.%, and 20 vol.%.

The next step was to select a pH agent, with the focus being on how the pH
agent affects the formulation’s viscosity and its ability to maintain the formulation’s
pH between 4.0 to 4.5. Five acids were evaluated for this purpose: acetic,
hydrochloric, nitric, phosphoric, and hydrofluoric. An 8 M concentration of each acid
were used to reduce the pH of five MR formulations made with the advanced
zirconia-coated CI powder. The coated CI powder (35 vol.%) was added
incrementally to the dispersant-water mixture (20 vol.% PEI and 45 vol.% water) and
hand-stirred until a homogenous fluid was formed. The acid was then added dropwise
until a pH of 4 was reached (initial pH value ~6). The acidic MR formulations were
then continuously mixed on a rotating ball mill between 23° and 25 °C. The viscosity
versus shear rate and the pH versus elapsed time data for the different acidic MR
formulations are shown in Figs. 6.5 and 6.6, respectively.
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Figure 6.5 shows that the formulations made with acetic acid and phosphoric
acid had the lowest viscosity (~160 and 80 cP, respectively). The viscosities of the
formulations made with hydrochloric, nitric and hydrofluoric acids were significantly
higher (>600 cP). The gradual drop in viscosity for the MR formulation made with
hydrofluoric acid at a shear rate higher than 300-1/s was an artifact due to the inability
of the rheometer to accurately determine the real viscosity at this shear rate. The same
was true for the hydrochloric and nitric acids, whose data points are overlapped with
the hydrofluoric acid at shear rates of 300-1/s and higher.
Figure 6.6 shows pH versus elapsed time data for the acidic MR formulations.
Before addition of acid, all formulations pH were between 5.5 and 6.0. Addition of
acid reduced the pH to between 3.70 to 3.95. The pH gradually increased with time in
the first several hours after addition to the MR fluid; this behavior is typical and was
first reported by Miao, et al. [121]. After ~24 h, an additional quantity of acid was
added to return the pH to ~4.0; no additional acid was added to the MR formulations.
The plot in Fig. 6.5 shows that after the second addition of acid to the formulations,
the pH gradually increased by 0.00 to 0.16 units/day. A similar rate of increase in pH
was observed for all formulations (the slopes of the plots’ segments are similar). The
experiment was terminated after six days, during which time none of the formulations
exceeded pH a of 4.5. Based on Figs. 6.5 and 6.6 and on previous work by Kozhinoa,
et al. [38] and Hallock, et al. [56], acetic acid was selected as the pH control agent for
the acidic MR formulation.
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Figure 6.5. A plot of viscosity versus shear rate for the advanced zirconiacoated CI MR acidic formulations made with acetic (diamond), hydrochloric
(triangle), nitric (square), phosphoric (circle), and hydrofluoric (cross) acids.
Reprinted from Salzman, et al. [113] with permission from SPIE.

Figure 6.6. A plot of pH versus elapsed time for the advanced zirconia-coated
CI-based acidic formulations made with acetic (diamond), hydrochloric
(triangle), nitric (square), phosphoric (circle), and hydrofluoric (cross) acids.
Reprinted from Salzman, et al. [113] with permission from SPIE.
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After determining the dispersant concentration and the pH control agent type,
two types of polishing abrasives (alumina and nanodiamond) were evaluated.
Information on these polishing abrasives is given in Table 6.4. The addition of
abrasives to the acidic formulation had no effect on the formulation’s viscosity or pH.
For the alumina based-MR formulation, the abrasive concentrations evaluated were
0 vol.%, 1 vol.%, 2 vol.%, and 3 vol.%; for the diamond based-MR formulation,
abrasive concentrations of 0 vol.%, 0.06 vol.%, 0.12 vol.%, and 0.18 vol.% were
tested. The diamond abrasive concentration is one order of magnitude lower than that
of alumina due to the more aggressive action of diamond for equivalent abrasive
concentration.

Table 6.4. Polishing abrasives, their source and characteristics.
Polishing abrasive

Source

Form of supply

Particle size* (nm)

Alumina (alpha)

NanoTek

Dry powder

d15=19; d50=52 ; d80=169

DIANAN®
nanodiamond

Straus Chemical
Corporation

Dry powder

d15=13; d50=28 ; d80=143

*

Particle size data were obtained using an AcoustoSizer IIS particle size/zeta potential analyzer [81].
Samples contained 0.5 wt.% of dry abrasive in DI water. All suspensions were dispersed ultrasonically
for 20 min. prior to measurement.

After all other parameters of the fluid had been determined; the formulation
composition was required to have a viscosity of 47 cP. Figure 6.4 shows that the
formulation’s viscosity at shear rate of ~800-1/s was relatively high (~200 cP).
Adding water to dilute the acidic formulation to obtain a viscosity of ~47 cP allowed
the ratio between the coated CI particles and the PEI dispersant to remain the same as
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in the original, undiluted formulation before the addition of water. The acidic MR
formulation composition, prior to addition of polishing abrasives is given in
Table 6.5.

Table 6.5. Acidic MR formulation showing the different components, their form of
supply, and their relative portion in the fluid in volume present.
Component

Form of supply

Vol. % in MR fluid

Advanced zirconia-coated CI particles

powder

27.97

DI water

liquid

49.3

Polyethylene-imine

Neutralized solution

20.71

Acetic acid

~16 molar (M) solution

2.02

6.4

Screening experiment: Effect of polishing abrasives on material removal
rate in single crystal ZnS
The goal of the work described in this section was to explore whether the

addition of polishing abrasives affects the MR formulation’s viscosity and/or pH
values by chemical interaction with the formulation’s components. If such
interactions occurred, they would disrupt the chemo-mechanical balance in the
formulation necessary to maintain minimal variation in material removal rate among
the single crystal planes of ZnS and would result in increased surface artifacts
(pebbles).
The PRR for all four single crystal ZnS substrates finished with various
amounts of alumina and diamond abrasives in the acidic MR formulation is given in
Table 6.6 and Fig. 6.7(a) and (b). Both data sources show that the addition of abrasive
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increased the overall PRR of the acidic MR formulation. When alumina was first
added to the formulation, the average PRR of all four orientations was increased by
~40% (from ~0.029 µm/min to ~0.046 µm/min). Additional amounts of alumina
added to the formulation did not have a significant effect on the PRR. Addition of
nanodiamond abrasive to the acidic formulation increased the average removal rate by
~46% (from ~0.026 µm/min to ~0.038 µm/min). In contrast to alumina, additional
amounts of nanodiamonds linearly increased the average PRR of the formulation
[Fig. 6.7(b)]. The highest average PRR of ~0.053 µm/min was achieved when 3X the
original amount of nanodiamond abrasive was added (i.e., 0.18 vol.%).
The above findings point out that the addition of polishing abrasives to the
acidic MR formulation increased the overall material removal rate of the fluid while
at the same time maintained good uniformity in the material removal rate among the
different single crystal orientations of ZnS. This observation is significant because the
uniformity in material removal rate among the different crystallographic orientations
is the key for improved surface finish of CVD ZnS during MRF (see Section 5.4).
For MRF of polycrystalline IR substrates, we used acidic MR formulations
that contained the maximum amount of alumina and nanodiamond (i.e., 3 vol.%
alumina, and 0.18 vol.% nanodiamonds).

Table 6.6. Average PRR (µm/min) for single crystal substrates of ZnS finished with acidic and low viscosity MR
formulations containing various amount of alumina and nanodiamond abrasives. The alumina abrasive concentrations were
an order of magnitude higher than in the MR fluid containing nanodiamonds.
Average peak removal rate (µm/min)
Single
crystal
orientation
100
110
111
311
Average

Acidic MR formulation with alumina abrasive

Acidic MR formulation with nanodiamond abrasive

0 vol.%

1 vol.%

2 vol.%

3 vol.%

0 vol.%

0.06 vol.%

0.12 vol.%

0.18 vol.%

0.030±0.002
0.028±0.000
0.032±0.003
0.028±0.001
0.029±0.002

0.045±0.001
0.046±0.004
0.045±0.000
0.048±0.002
0.046±0.001

0.040±0.001
0.048±0.002
0.049±0.003
0.040±0.003
0.044±0.005

0.041±0.000
0.039±0.000
0.041±0.002
0.045±0.002
0.042±0.002

0.029±0.000
0.029±0.002
0.020±0.002
0.025±0.001
0.026±0.004

0.035±0.000
0.043±0.003
0.036±0.008
0.037±0.001
0.038±0.004

0.046±0.007
0.050±0.003
0.046±0.003
0.040±0.007
0.046±0.004

0.053±0.001
0.056±0.004
0.051±0.005
0.053±0.000
0.053±0.002
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Figure 6.7. Average PRR of all single crystal orientations versus
abrasive concentration in the acidic MR formulation. (a)
alumina-based acidic MR formulation; (b) nanodiamond-based
acidic MR formulation. The alumina abrasive concentration was
~10 times higher than that of the nanodiamond abrasive.
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6.5

Effect of polishing abrasives on surface finish of CVD ZnS

6.5.1

Surface texture and waviness results
Results from the study of pebble generation on four CVD ZnS substrates using

waviness data is given in Table 6.7; the unfiltered roughness data is provided in
Appendix D. The waviness results show that alumina-based acidic MR formulation
produced significantly less waviness (~50%) on the surface of Samples A and B
(~60 nm PV, and ~7 nm RMS) than on Samples C and D (~195 nm PV and 24 nm
RMS, and ~150 nm PV and 16 nm RMS, respectively). Samples finished with a
nanodiamond-based formulation had similar waviness results for all four samples and
also to those of Samples A and B finished with alumina. When used in combination
with the low-pH and low-viscosity MR formulation, this type of abrasive dealt
successfully with the part-to-part variations typically observed in CVD ZnS samples
as a result of differences in manufacturing conditions and procedures among different
suppliers [58].
Power spectral density analysis performed on Samples A-D [Fig. 6.8 (a)-(d)]
also showed that MRF with the nanodiamond-based acidic MR formulation resulted
in a smaller number density of pebbles on the surface. At spatial frequencies below
100-1/mm (corresponding to a lateral distance of 0.1 mm and higher), the
nanodiamond curve for Samples A and B showed the lowest value of PSD. The PSD
results clearly show clearly that surface texture and waviness for all CVD ZnS
samples were improved (a flatter power density trend line and lower values of power
density) when nanodiamond abrasive was used.

Table 6.7. Surface waviness as PV and RMS, collected with a 5X objective at the DDP of the spots for four
polycrystalline, CVD ZnS substrates obtained from different suppliers. All data was obtained using a low-pass filter.
Surface waviness (nm) collected using a 5X magnification and a low-pass filter
CVD ZnS sample

Acidic MR formulation with alumina abrasive
PV

RMS

Sample A

DDP (μm);
r.r. (μm/min)
0.76; 0.051

62.26±33.02

Sample B

0.77; 0.051

Sample C
Sample D

Acidic MR formulation with nanodiamond abrasive
PV

RMS

7.06±1.76

DDP (μm);
r.r. (μm/min)
0.95; 0.063

64.51±1.31

9.24±0.86

54.83±13.33

7.22±1.34

0.84; 0.056

47.29±0.48

5.51±0.22

0.69; 0.046

194.67±42.24

24.14±0.82

1.10; 0.073

55.47±14.91

7.35±1.76

0.79; 0.053

147.85±1.91

16.43±0.72

0.94; 0.063

71.46±12.43

7.81±2.34
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Figure 6.8. Power spectral density data for CVD ZnS Samples A-D.
The solid line designates alumina abrasive, while the dashed line designates
nanodiamond abrasive in the acidic MR formulation.

6.5.2

Surface microroughness results
Surface microroughness study results are provided in Table 6.8, and

Figs. 6.8-6.10. Samples A and B finished with the alumina-based formulation, had
microroughness value of ~700 nm PV, and ~20 nm RMS. The microroughness of
Samples C and D were similar (~1000 nm PV, and ~37 nm RMS), but both of these
samples had considerably higher microroughness than that of Samples A and B. All

121
samples finished with the nanodiamond-based formulation showed a remarkably low
surface microroughness of between 28 to 33 nm PV and 6 to 7 nm RMS. The part-topart variation in surface microroughness (well-known to be a result of differences in
manufacturing conditions and processes among different suppliers [58]) was
diminished.
Power spatial frequency data in the range of 100-1/mm and above (the range
that designates microroughness) showed that Samples A and B reached the lowest
PSD value with nanodiamond abrasive, indicating that their microroughness is lower
than that of Samples C and D. Note that PSD analysis results shown here was
influenced by the MRF grooved.
Micrographs taken with the Zygo NewView 100 interferometer using a 20X
magnification (Fig. 6.9 and Fig. 6.10) show the surfaces of all four samples finished
with acidic MR formulation containing different abrasive types. For the aluminabased MR formulation [Fig. 6.9)], a pitted pattern is seen on all CVD ZnS samples.
These pits appeared to be correlated with the grooves produced by the stiff MR ribbon
during finishing (slope y micrographs in Fig. 6.9). Similar defects were observed
when the nanodiamond abrasive was used in the acidic MR formulation, but the
number density of pits and grooves was significantly reduced, particularly for
Samples A and B (Fig. 6.10).
The pronounced pits and MR grooves on the finished surfaces are believed to
contribute to the overall roughness data that were collected and presented in this
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work. Because these grooves are a result of the parts being held stationary and not
rotating during the MRF process, it is expected that lower roughness data (especially
PV) can be obtained if these surfaces were polished on a commercial MRF machine.

Table 6.8. Areal (PV and RMS) and linear (PV and RMS) surface roughness data collected with a 20X objective at the
DDP of the spots for four polycrystalline, CVD ZnS substrates provided from different suppliers.
Surface microroughness (nm) collected using a 20X objective
CVD ZnS
sample

Acidic MR formulation with alumina abrasive
Areal

Acidic MR formulation with nanodiamond abrasive

Linear

Areal

PV

RMS

PV

Sample A

694.23±8.10

18.53±1.58

75.70±7.88

14.22±1.35 1361.11±147.15 14.33±1.01 28.46±4.54 6.10±1.24

Sample B

694.68±25.87

20.38±1.79

79.39±15.19

15.58±2.75

Sample C
Sample D

RMS

PV

Linear

775.50±285.04

RMS

PV

RMS

10.32±2.54 27.66±4.38 5.93±0.76

903.72±110.06 39.48±1.80 111.67±52.06 29.83±4.47 1364.06±53.33 26.94±1.70 32.87±7.58 7.79±1.98
1160.39±343.47 36.08±4.74 136.03±20.64 28.39±4.32 1215.28±138.67 18.35±2.91 30.08±4.26 6.94±0.85
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Figure 6.9. White-light interferometer (Zygo NewView 100) micrographs
(20X objective; 0.35 X 0.26 mm2) at the DDP of CVD ZnS Samples A-D finished
with an acidic MR formulation containing alumina abrasive. The top micrographs are
the ‘slope x surface maps’; the bottom micrographs are the ‘slope y surface maps’.
Pits on the surface (seen in top micrographs) correspond to MR ribbon grooves (seen
in bottom micrographs) in the direction of MR fluid flow.
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Figure 6.10. White-light interferometer (Zygo NewView 100) micrographs
(20X objective; 0.35 X 0.26 mm2) at the DDP of CVD ZnS Samples A-D finished
with an acidic MR formulation containing nanodiamond abrasive. The top
micrographs are the ‘slope x surface maps’; the bottom micrographs are the ‘slope y
surface maps’. Pits on surface (seen in top micrographs) correspond to MR ribbon
grooves (seen in bottom micrographs) in the direction of MR fluid flow.
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The surfaces of CVD ZnS substrates degrade as more material is removed by
conventional MRF [38], as was demonstrated by Kozhinova, et al. [38] (shown in
Fig. 2.18, and discussed in Chapter 3, Sec. 3.4). To ensure that the results presented in
Sec. 6.4 are systematic, the surface roughness versus removed material during MRF
was investigated using the acidic, low-viscosity MR formulation containing
nanodiamond abrasive. Because of several constraints (supply of CVD ZnS samples,
pre-polishing of the substrate surface, physical space on the substrate surface, and
available time to perform an extended MRF spotting experiment) only CVD ZnS
Sample B was employed for this phase in the experiment.
Surface microroughness collected as both areal and linear data for Sample B
spotted for different penetration depths is provided in Table 6.9 and Fig. 6.11. These
results indicate that the surface roughness is relatively constant as material is being
removed by the advanced MR formulation. At a maximum removal depth of ~6 µm,
both PV and RMS surface roughness were similar to that observed when smaller
amount of material was removed. These results are important, since they validate the
hypothesis that achieving parity in material removal rate among the different
crystallographic orientations of ZnS can overcome its anisotropy during MRF and
result in a smooth surface finish.
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Table 6.9. Areal (PV and RMS) and linear (PV and RMS) surface roughness data
collected with a 20X objective at the DDP of the spot on CVD ZnS Sample B.
Areal (nm)

Material removed
(µm)

Linear (nm)
PV
RMS

PV

RMS

36.45±6.64

1.63±0.17

8.84±1.51

1.49±0.20

868.61±272.04

8.18±0.81

30.14±6.47

6.47±1.86

1.56

133.13±117.68

9.42±1.05

33.64±5.72

8.06±1.82

3.15

322.86±213.54

8.70±0.71

31.08±6.26

6.74±1.65

4.74

292.95±345.97

8.80±0.71

31.31±5.64

6.91±1.29

5.84

99.41±24.53

11.76±0.58

36.09±6.66

7.81±1.72

0.00
(pre-polished)
0.64

Microroughness (nm)

50

50

PV
RMS

40

40

30
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20
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0
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Figure 6.11. Surface microroughness versus amount of material removed
from the surface of CVD ZnS Sample B using the acidic, low-viscosity MR
formulation containing nanodiamond abrasive. The diamond represents data
points for PV microroughness, while the squares represent RMS
microroughness values.
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6.6

Implementation of the advanced acidic MR formulation for polishing of
other IR polycrystalline materials
The two acidic MR formulations tested on polycrystalline CVD ZnS substrates

A-D described in Sec. 6.4 were also implemented on CVD HIP ZnS, CVD ZnSe, and
MgF2-the only material in the group that is not grown by CVD.

6.6.1

Surface texture and waviness results
Table 6.10 shows the surface waviness of the ZnS materials after finishing

with acidic MR formulation and the two abrasives as determined using the Zygo
NewView 100 interferometer with 5X magnification and the low-pass filter. The
unfiltered data is provided in Appendix D. The waviness data shows that CVD HIP
ZnS and CVD ZnSe behaved similarly when finished with the alumina-based acidic
MR formulation; the pebbles on both surfaces had the same order of magnitude. No
change in pebble emergence and size was found on CVD HIP ZnS surface when
nanodiamond abrasive was used in the acidic formulation. In contrast, the surface
waviness of CVD ZnSe was improved by ~40% when nanodiamond abrasive was
used, which indicated a reduction in pebble emergence on the surface when using
nanodiamonds. Although magnesium fluoride does not display the pebble-like
structure seen in CVD grown materials when processed by MRF, an ~80%
improvement in PV values was observed only when the acidic MR formulation with
nanodiamond abrasive was used.

Table 6.10. Surface waviness (PV and RMS) collected using the Zygo NewView 100 with a 5X
objective at the DDP of the spot for three polycrystalline IR substrates. The data was obtained
using a low-pass filter.
Surface waviness (nm) collected using a 5X objective and a low-pass filter
Polycrystalline
Acidic MR formulation with
Acidic MR formulation with
sample
alumina abrasive
nanodiamond abrasive
PV
RMS
PV
RMS
HIP ZnS

331.37±84.21

58.52±14.01

379.21±13.35

58.35±3.04

CVD ZnSe

377.94±21.65

53.06±0.71

236.33±83.42

29.31±6.67

MgF2

45.69±8.01

5.76±1.33

9.81±0.75

4.84±4.15

129

130
6.6.2

Surface microroughness results
The surface microroughness results provided in Table 6.11 show that for CVD

HIP ZnS a smoother surface finish was achieved with alumina than with
nanodiamond abrasive in the acidic MR formulation. These findings are similar to
those observed in surface waviness data for this material. The micrographs of the
finished surface in Fig. 6.12 and Fig. 6.13 support these findings. Conversely, the
amount of pits and MR ribbon grooves on the same surface is higher when finished
with alumina abrasive rather than nanodiamonds (x slopes in Figs. 6.12 and 6.13).
Figure 6.12 shows only three noticeable pits on the surface of CVD HIP ZnS finished
with nanodiamond abrasive, and these pits are clearly correlated with the three
noticeable grooves caused by the MR ribbon (slope y micrograph in Fig. 6.12). If
these grooves are avoided by taking roughness measurements as linear scans (see
“Linear” columns in Table 6.11), a remarkable reduction in the PV and RMS values
was obtained for both abrasive types. Linear roughness results obtained from the
nanodiamond-based MR formulation were still higher than that of the alumina-based
formulation.
Although the microroughness of CVD ZnSe finished with the acidic MR
formulation and alumina abrasive was relatively high, a significant reduction in both
surface roughness and pebble formation was found when this material was finished
with the acidic MR formulation containing nanodiamonds. Figure 6.13 illustrates the
diminished small-scale pebble artifacts on the surface of a CVD ZnSe substrate
finished with the acidic MR formulation containing nanodiamonds.
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The finish of the MgF2 substrate using the acidic MR formulation containing
alumina provided relatively good surface roughness (~38 nm PV, and ~7 nm RMS as
linear). The roughness was reduced by > 75% when nanodiamonds were used
(~7 nm PV, and ~1 nm RMS as linear).
The PSD versus spatial frequency plot of the surface of CVD HIP ZnS
finished with nanodiamonds (Fig. 6.14) was higher than with alumina. In contrast, the
roughness of CVD ZnSe and MgF2 was improved when using the nanodiamonds.
The waviness and microroughness results obtained for the CVD HIP ZnS
sample using the two abrasives were surprising due to the similarity between CVD
HIP ZnS and CVD ZnS. Because both have a cubic structure and composed of the
same chemical elements, and are manufactured using the same techniques, both
materials would be expected to show similar surface roughness. One possible
explanation for these findings might be that the ceramic’s crystallite (grain) size might
have an effect on how well the acidic MR formulation interacts with the sample
surface. Both CVD ZnS and MgF2 have the smallest grain size among the four types
of polycrystalline materials evaluated in this work (~2 μm and ~0.45 μm [115],
respectively). For these two materials, we observed low surface roughness and
minimal level of surface artifacts and pebbles. The CVD ZnSe has an intermediate
grain size (~45 µm [114]) among the four materials; for this material some degree of
surface artifacts were observed, along with a surface microroughness of ~87 nm PV
and 21 nm RMS. The CVD HIP ZnS has the largest grain size (~75 µm [32]) due to
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the high temperature (~1000Cº) used in the HIP process, where recrystallization of the
grains occurs [32,122].

Table 6.11. Areal (PV and RMS) and linear (PV and RMS) surface microroughness data collected using the Zygo
NewView 100 with a 20X objective at the DDP of the spot on CVD HIP ZnS, CVD ZnSe, and MgF2 substrates.
Surface roughness (nm) collected using a 20X objective
Acidic MR fluid with alumina abrasive
Polycrystalline
sample

Areal
PV

Acidic MR fluid with alumina abrasive

Linear

Areal

RMS

PV

RMS

PV

Linear
RMS

PV

RMS

HIP ZnS

1180.68±158.00

47.48±8.72

160.62±31.70

36.39±9.56

1476.2±251.10 58.80±15.90

191.30±57.67

54.30±20.60

ZnSe

1734.16±230.39
554.91±142.89

81.49±9.57

193.55±38.20

46.37±9.77

2270.1±351.85

66.80±8.31

87.39±26.31

21.20±5.72

7.72±0.72

38.808±5.88

6.681±0.75

43.54±12.72

1.32±0.13

6.06±0.92

1.09±0.18

MgF2
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Figure 6.12. White-light interferometer (Zygo NewView 100) micrographs (20X
objective; 0.35 X 0.26 mm2) at the DDP for CVD HIP ZnS, CVD ZnSe, and MgF2
substrates finished with the acidic MR formulation containing alumina abrasive. The
top micrographs are the ‘slope x surface maps’, while the bottom micrographs are
‘slope y surface maps’. The pits on the substrates surface top micrographs) correspond
to MR ribbon grooves (bottom micrographs) in the direction of MR fluid flow.

Figure 6.13. White-light interferometer (Zygo NewView 100) micrographs (20X
objective; 0.35 X 0.26 mm2) at the DDP for CVD HIP ZnS, CVD ZnSe, and MgF2
substrates finished with the acidic MR formulation containing nanodiamond abrasive.
The top micrographs are the ‘slope x surface maps’, while the bottom micrographs are
‘slope y surface maps’. The pits on substrates surface (top micrographs) correspond to
MR ribbon grooves (bottom micrographs) in the direction of MR fluid flow.
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Figure 6.14. Power spectral density data for CVD HIP ZnS, CVD ZnSe, and MgF2
samples. The solid line designates the acidic MR formulation with alumina abrasive;
the dotted line designates the acidic MR formulation with nanodiamond abrasive.

6.7

Conclusions
The addition of polishing abrasive to the low-pH, low-viscosity MR

formulation does not affect the relative material removal rate among the different
single crystal orientations of ZnS. The overall material removal rate of the single
crystal orientations increased with increasing nanodiamond concentration in the
formulation, but stayed relatively constant when the alumina abrasive concentration
was increased.
Surface roughness and PSD results showed that the emergence of pebbles on
the surface of several CVD ZnS substrates finished with the acidic MR fluid
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containing nanodiamond abrasive was significantly minimized, and the surface
microroughness achieved was as low as ~30 nm PV, and ~6 nm RMS. Variation in
surface artifacts and microroughness among the different CVD ZnS substrates
purchased from different manufacturers was also eliminated when nanodiamonds are
used in the acidic MR fluid.
The pronounced pits and MR grooves observed on the finished surfaces
impact

the overall roughness data; we believe that lower roughness values,

(particularly PV) will be obtained if these surfaces were to go through a complete
polishing run on a commercial MRF machine. Roughness results were consistently
around 30 nm PV, and between 6 to 8 nm RMS when different amounts of material
were removed (up to ~6 µm) with the diamond-based MR formulation. This MR
formulation (pH ~4.5; η≈45 cP) reduced the surface artifacts and microroughness of
CVD ZnSe and MgF2, but not of CVD HIP ZnS. The ceramic’s grain size is believed
to have some influence on this behavior; further investigations on this topic are
needed.
The relatively low material removal rates observed for the acidic MR
formulation throughout this work make it suitable for the final step of finishing of a
CVD ZnS substrate via MRF, where minimal material removal is needed and low
surface microroughness is required.

137

Chapter 7. Summary and Recommendations for Future Work

7.1

Summary of major results
Magnetorheological finishing of polycrystalline CVD ZnS, a material

commonly used for IR applications in industry and the military, leaves noticeable
surface artifacts on the finished surface that are believed to be a result of the
materials’ anisotropy. These artifacts can lead to imaging problems caused by light
absorbance and scattering, as well as coating issues such as non-uniform thickness
and chipping. Achieving a surface microroughness for CVD ZnS below ~30 nm PV
and ~10 nm RMS is challenging via MRF. This dissertation explored methods for
improving the MRF performance through both chemical (pH) and mechanical
(viscosity and abrasive concentration) modification of the MR fluid.
The physical basis for the anisotropy of polycrystalline CVD ZnS was
investigated using four single crystal orientations. Microhardness and chemical
etching results for the single crystal ZnS planes identified both variations among the
different planes and the (111) crystallographic orientation as the most-unique
orientation. These findings were explained and supported by theoretical calculations
of planar and bond densities, which show the differences in the number of Zn and S
atoms and Zn–S bonds between the different planes. During MRF (which
simultaneously incorporates both mechanical and chemical effects), anisotropy in the
material removal rate among the single crystal planes when using a conventional
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alkaline MR fluid was also presented. These variations in both physical properties and
material removal rate among the four orientations of ZnS suggested a scientific
explanation for the surface-texture problem experienced during conventional MRF
processing of CVD ZnS.
To modify the MR fluid’s chemical properties, a novel kind of corrosion
resistant CI particles was employed in the formulation of a low-pH MR fluid.
Investigation of these particles’ behavior in aqueous suspensions suggested that the
zirconia coating, which covers the entire outer surface of the CI particles, caused them
to behave very similarly to large zirconia particles. Aqueous suspensions based on the
zirconia-coated CI particles shared similar iso-electric point values to that of a pure
zirconia-based suspension under the same experimental conditions. Both suspensions
were equally affected by the presence of the particle dispersing agent PEI. Results
also indicated that the viscosity of a MR formulation based on the zirconia-coated CI
particles was greatly dependent on the formulation’s pH. At pH 6, the viscosity was
fairly high (~180 cP), but became substantially reduced as the pH was lowered to
4 (~47 cP).
Magnetorheological finishing spotting experiments performed on four single
crystal ZnS substrates using three chemo-mechanically modified MR formulations
(pH ~4.2 and η of ~47 cP, pH ~5.0 and η of ~117 cP, and pH ~6 and η of ~180 cP)
showed large differences in both material removal rate and microroughness among
the single crystal substrates when polished with zirconia-coated CI-based MR
formulations at pH 5 and 6. Variations in both material removal rate and
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microroughness between the single crystals were minimized when an acidic MR
formulation (pH ~4.25) was used. When several polycrystalline CVD ZnS substrates
were processed by MRF using the three experimental formulations, the smallest
degree of surface texture and roughness was obtained with a pH 4 MR formulation.
The results show clearly that there is an optimal balance between mechanical
(crystallography, strain rate, viscosity) and chemical (pH) effects in the material
removal rate of ZnS. The zirconia-coated CI MR formulation at pH 4 had a
particularly low material removal rate and high microroughness (~ 44 nm RMS),
which was expected due to the absence of any polishing abrasives.
The addition of polishing abrasive to the low-pH (~4.5), low-viscosity
(~ 47 cP) MR formulation increased the overall material removal rate and improved
the surface microroughness of several CVD ZnS substrates. The relative material
removal rate among the different single crystal orientations of ZnS was maintained
after the addition of polishing abrasives. The emergence of pebbles on the surface of
several CVD ZnS substrates finished with the acidic MR formulation with
nanodiamond abrasive was significantly minimized, and the surface microroughness
achieved was as low as ~30 nm PV and ~6 nm RMS. The variation in surface artifacts
and microroughness among the different CVD ZnS substrates purchased from
different manufacturers was also eliminated using this type of abrasive in the acidic
MR fluid. Examination of surface microroughness as a function of material removal
from the surface (for up to ~6 µm depth) of one CVD ZnS sample (Sample B)
revealed consistent PV and RMS results. This finding validated the experimental
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approach and hypothesis that uniform material removal rate among the different
crystallographic orientations within the polycrystalline CVD ZnS material during
MRF will result in a smooth surface finish. Implementation of the optimized MR
formulation was also shown to reduce surface artifacts and microroughness on CVD
ZnSe and MgF2 substrates.

7.2

Recommendations for future work
The experiments described in this chapter are based on work done for this

dissertation, and are suggested for future study.

7.2.1

Material removal rate improvement
The results of experiments in Chapter 5 and 6 showed that the material

removal rates using zirconia-coated CI-based formulations are fairly low
(0.063 µm/min) compared to that of conventional MR fluids, which can be as large as
a few microns. Low material removal rate leads to slow workpiece processing time,
which may represent a barrier to commercialization of such a fluid. There are several
factors believed to be at the cause of the low material removal rate of the zirconiacoated CI-based formulation: 1) the relatively low coated CI particle concentration of
~28 vol.%; and 2) the oxidized layer underneath the zirconia coating, which degrades
the magnetic strength of the CI core. Several suggestions for ways to increase the
overall material removal rate are described below.
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7.2.1.1

Larger quantities/additional derivatives of PEI

The challenge of increasing the coated CI particle concentration in the acidic
formulation is that the formulation’s viscosity also increases concurrently. Particle
dispersant agents can used to raise the particle concentration while maintaining the
formulation’s viscosity at around 47 cP. The PEI used in this dissertation work was
the only dispersant known to shift the iso-electric point (IEP) of zirconia-based
suspensions to the alkaline pH range. Other dispersants {tri-ammonium citrate,
polyacrylic acid (PAA), and polyethylene glycol KD7 [70]} shift the suspension’s
IEP to the acidic pH range, making them impractical to use. The amount of PEI in the
optimized acidic MR formulation used in this dissertation work was 20 vol.%. Higher
concentrations of PEI may be beneficial; another possibility is perhaps gone as far as
to replacing completely the water content in the formulation with PEI. Performing
similar experiments to those we described in Chapter 4, Sec. 4.4.1.1 with the modified
formulation should provide an indication on the formulation’s reaction to the changes.
If additional PEI leads to reduction in the formulation’s viscosity, the coated CI vol.%
could be increased substantially. At least 40 vol.% of coated CI should be added to
the acidic formulation in order to expect to see a significant difference in the material
removal rate.
Another option that would be beneficial in dispersing the zirconia-coated CI
particles more efficiently is using a different form of PEI. Polyethylene-imine is
supplied in many chain-lengths and molecular weight ranges. In this work, a fairly
large PEI molecule was used [number-average molecular weight (Mn) ~60,000;
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weight-average (Mw) = 750,000]. The effect of several other PEI variations with
lower molecular weight on the rheology of zirconia-coated CI-based formulation is
worth considering to reduce the formulation’s viscosity.
Figure 6.4 showed that phosphoric acid added to the zirconia-coated CI
formulation as a pH control agent produced the lowest viscosity (~80 cP) of all of the
acids evaluated, including the acetic acid used in this work (~120 cP). Substitution of
phosphoric acid for acetic acid may represent another agent to increasing the particle
concentration while keeping the formulation’s viscosity below 47 cP.

7.2.1.2 Evaluation of less-destructive synthesis methods for coating CI
There is a reason to believe that the zirconia coating that protects the CI
particles from rapid oxidation in an acidic environment is also what reduces the
particles’ magnetic strength. At this time, it is not entirely certain whether the
transformation of a portion of the iron core into black iron oxide during the coating
process (as described in Chapter 4, Sec. 4.3.2) degrades the magnetic properties of the
particles; alternatively, the reduction in magnetic properties could be due to a
shielding effect of the non-magnetic zirconia coating. The zirconia coating process
should be re-evaluated, along with an extensive literature search for a less disruptive
coating technique that does not damage the CI particles during the coating process.
Measurements of the magnetic strength of the coated and uncoated particles should be
employed as part of the optimization process.
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7.2.2

Evaluation of additional chemistries to extend MR formulation lifespan at
acidic pH
The optimized zirconia-coated CI–based formulation described in Chapter 6

survived 4 to 5 days at a pH < 4.5, after which time its pH increased rapidly to around
6 and signs of corrosion (foam and rust-like odor) appeared. The zirconia coating may
contain minute holes or cracks through which the acid and air from the surrounding
medium can pass through. Scanning electron micrographs (Fig. 7.1) show several
zirconia-coated CI particles taken from an acidic MR formulation used in the
finishing experiments described in Chapter 6 after its pH had increased beyond pH 6,
and signs of corrosion were clearly evident.
The formulation lifespan below pH 4.5 might be increased further by the use
of a pH buffering solution. A pH buffer solution is capable to maintain a relatively
constant pH by resisting any pH change. The presence of such a buffer probably will
not suspend the oxidation process of the CI core, but it might provide higher
survivability of the MR formulation below pH 4.5.
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Figure 7.1. SEM micrographs of zirconia-coated CI particles extracted from
an acidic MR formulation used in the MRF spotting experiment described in
Chapter 6. Minute holes (~200 nm in diameter) designate weak areas in the
zirconia coating where both the acid and the dissolved oxygen in the MR
formulation could pass through.

7.2.3

A full-run finishing of CVD ZnS on a conventional MRF machine
In Chapter 6, we presented the surface finish of several CVD ZnS substrates

and other IR materials that were finished with the acidic MR formulation. Although
microroughness results were remarkable (between 6 to 8 nm) the final surface finish
is compromised by the MR grooves known to occur when the workpiece is held
stationary without rotation. Smoother surfaces than those achieved in this dissertation
should be possible if this MR formulation was used on a conventional MRF machine
in a production configuration. Such a full-run experiment on a conventional MRF
machine using the optimized acidic MR formulation should be conducted on CVD
ZnS substrates with accompanying analysis for surface artifacts and microroughness.
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Appendix A: Microhardness theoretical calculation for four
crystallographic orientations of ZnS

This appendix provides the theoretical calculations performed to obtain the
microhardness of four crystallographic orientations of ZnS: (100), (110), (111) and
(311). Results of these calculations were presented and discussed in Chapter 3.
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Appendix B: Theoretical calculation of planar density and bond density
of four crystallographic orientations of ZnS

This appendix provides the theoretical calculations performed to obtain the
planar density of four crystallographic orientations of ZnS: (100), (110), (111) and
(311). Results of these calculations were presented and discussed in Chapter 3.
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Appendix C: X-ray diffraction data analysis using the
least squares analysis method

The unique arrangement and structure of atoms inside a material characterize
its properties. Knowledge of the crystallographic structure of materials helps in
understanding their behavior in different systems under certain conditions. X-ray
diffraction (XRD) or powder XRD, is a useful method for determining the
crystallographic structure of materials. Correct analysis of XRD results is crucial in
determine both the type and structure of a tested material. The most efficient way to
achieve this end is by calculating the lattice parameters of the tested material using
XRD data, and compare it with a known material that has similar values of lattice
parameters from a database. In this appendix, we describe in detail the process of
analyzing XRD data and matching the analysis results with a known material from the
published database file using the “least squares” method.

C.1. Introduction
A powder XRD pattern is a useful technique to determine both the type and
crystallographic structure of materials. When an X-ray beam hits the material, it
diffracts in a certain direction. By continuously changing the incident angle, a pattern
of angles and diffracted beam intensities is created. This pattern is unique and distinct
for each material, and reflects the crystallographic structure of the material [1]. Once
a XRD pattern is collected, the data is analyzed using computational software that
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calculates the lattice distance, known as “d-spacing”, of the material using Bragg’s
law   2sin  dhkl , where λ is the X-ray beam wavelength (1.5418Å), and θ is the
diffraction angle (determined by the user). The software then matches the d-spacing
calculated from the highest intensities (peaks) against a d-spacing of a known material
stored in a large database called a JCPDS file. However, in most cases, the software
matches the data with more than one component or material, and very often low
intensity peaks (data) are not matched at all. The ideal solution is when all peaks in
the XRD pattern are used in the matching process. This process is accomplished
usually by employing the least squares method used in regression analysis field. There
are advanced software to analyze XRD pattern by calculating the material lattice
parameters, but they are very complex (private communication)10. This appendix
describes in detail the process of matching an XRD pattern with a known material
from the database files by calculating the lattice parameters using the least square
method.

C.2. Experimental procedure and methods
C.2.1 Powder X-ray diffraction
A general purpose X-ray diffractometer (Philips X'Pert, MPD system) at the
University of Rochester was use to obtain the XRD data. A Cu (Copper) Kα radiation
with a wavelength of 1.5418-Å. A 2θ angle range of 10° to 90° with step intervals of

10

Private communication with Professor S. J. Burns of the Department of Mechanical Engineering at
the University of Rochester February 14, 2011.
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0.03° was selected. The X-ray diffraction data analysis program used was X’Pert High
Score. The reference database was taken from the Joint Committee for Powder
Diffraction Standards (JCPDS) file by International Centre for Diffraction Data
(ICDD), Newtown Square, PA.

C.2.2 Preliminary data analysis
The raw data for the sample in question is plotted using the X’Pert High Score
software and background correction is then applied. Figure C.1 shows an example of
an XRD pattern for a carbonyl iron (CI) sample. The software automatically provides
a peak list for the pattern. This list is carefully checked by the user. In the case where
a peak was not detected by the program, it can be manually added to the peak list. An
automatic search is then performed by the software to match the peaks with a possible
material (or materials) from the database. In most cases, the program provides a list of
more than one possible material with a matching score. A report is then produced.
That contains a list of the diffraction angle (2θ) and the corresponding Miller indices
(h, k, l) of the crystallographic plane of the material. This data is used in the advanced
analysis described in the next section.
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Figure C.1. Powder XRD pattern of carbonyl iron sample after
background correction.

C.2.3 Advanced analysis: Calculation of lattice parameters using the least square
method
This analysis is different from the X’Pert program analysis in this it uses all
data obtained from the XRD analysis. The lattice parameters are also calculated in
place of the d-spacing. The common approach to calculate the lattice parameters is by
substituting the d-spacing in the Bragg’s law equation with the equivalent lattice
parameters (Table C.1).
Table C.1. D-spacing in different crystal systems.
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For example, for a monoclinic system, Bragg’s law can be written as:

i  2  sin  

sin 2 
h 2 k 2  sin 2  l 2 2  h  l  cos 

 2
a2
b2
c
ac

where λ is the X-ray beam wavelength; θ is the diffraction angle; h, k, and l are the
Miller indices; and a, b, c, and β are the lattice parameters. Note that λ, θ, h, k, and l
are all known parameters.
A cubic structure has one lattice parameter a, and therefore one diffraction
angle and set of Miller indices, which is equivalent to one data point in a XRD results
and is sufficient to solve for a. The monoclinic structure has four lattice parameters,
and as such four diffraction angles and Miller indices sets are required. There are
several problems with this approach. In some crystallographic structures, the attempt
to solve a system with four, five or six unknowns leads to very complicated
expressions and terms that are difficult to solve, even when software like MathCad or
MATLAB are used. To overcome this challenge, choosing diffraction angle/Miller
indices sets that contain “simple” planes like (h00), (0k0) and (00l) might simplify the
expressions and make it easier to solve for the lattice parameters. Unfortunately, these
planes do not always satisfy Bragg’s law (reflect the X-ray beam), which does not
reduce the expression’s complexity. When the crystallographic structure becomes
more complex (less symmetric), such as in monoclinic or triclinic structures, the XRD
pattern is composed of many peaks (20 and more), i.e., the number of diffraction
angle and Miller indices sets is larger than the number of unknowns (lattice
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parameters) in Bragg’s equation. In this case, all data points should be used to
calculate the lattice parameters because each data point partially characterizes the
material and contributes to the accuracy of the calculation. Using only a random one
or six sets of data to calculate the lattice parameters might lead to variation in results.
A preferred approach to calculate the lattice parameters from all the data obtained
with XRD is to use the least squares method used in regression analysis. This method
is general, can work with any crystallographic structure, and uses all the collected
data points in the calculation of lattice parameters.

C.2.3.1 The least squares method
The least squares method is used in the regression analysis field. The method
determines the equation of a curve that best approximates the raw data so that the
deviation of the approximate curve from the real data is minimal. In XRD, the X-ray
beam has a constant wavelength value of 1.5418Å, but due to variations in the system
when regressively calculating λ from the XRD data (by substituting the d-spacing, or
the Miller indices, and the diffraction angle 2θ in Bragg’s law), one obtains different
values. Figure C.2 shows an example of monoclinic zirconia taken from the JCPDS
database (card 070343). The results (Miller indices and diffraction angle 2θ sets) in
the JCPDS card were obtained with Cu radiation at 1.5418Å, called λTrue. When
substituting these results back into Bragg’s law, to calculate the Cu radiation-λCalculated,
various values around the number 1.5418Å are observed. Each set of Miller indices
and diffraction angle 2θ values provide one data point in the plot in Fig. C.2. For the
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monoclinic zirconia, there were 31 sets. According to the least squares method, the
best curve fit will be the one where the sum of all squared-deviation is minimal:

 = d12 + d 22 +…+ d n2 =

n

n
2
2
=
 λTrue - λCalc.  = Minimum , where π is the ‘error
 di 
i=1
i=1

function’, and d is the deviation  true  calculated  .
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Figure C.2. Lambda vs. d-spacing plot for the real and calculated wavelengths
of copper emphasizing the different values of λ due to variations in the system.

C.3. Results and discussion
The least square fitting can be used with XRD data by using programs such as
Excel or MATLAB. Following is a detailed description for solving for lattice
parameters of any crystallographic structure using Excel. This analysis also can be
done using the ‘fminsearch’ function in MATLAB.
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C.3.1 Defining the error function
In Bragg’s equation the wavelength of the incident X-ray beam is a function of
the diffracted beam and the Miller indices of the plane that reflected the beam. In an
ideal system, Bragg’s law should be satisfied when substituting the XRD results, i.e.,
for each diffraction angle and Miller indices set given in the analysis report the result
should be λ = 1.5418Å. Because of variations in the system, the outcomes vary from
this ideal value. When writing the error function, it should represent the difference
between the ideal (theoretical) value and the real (measured) value. In our case, we
selected the error function to be λTrue-λCalculated , where λTrue is the Cu radiation of
1.5418Å, and λCalculated is the wavelength calculated from Bragg’s law when a set of
Miller indices and 2θ is substituted) Below is an example of

λCalculated

monoclinic structure.

Calculated  2  sin  

sin 2 
h2 k 2  sin 2  l 2 2  h  l  cos 

 2
a2
b2
c
ac

From the above, the error function used in our work was as follows:

n

    λTrue  λCalc.  
i 1

2

n

 1.5418  λ 
Calc.

i 1

2

for a
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C.3.2 Solving for lattice parameters using ‘solver’ in Excel
a) The first step is to add the ‘solver’ option to the Excel software. This function is not
normally installed on the PC with a standard Excel install, but instructions to do so
easily by looking in the online support center)
b) On the Excel sheet, labels as shown in Fig. C.3 are produced. The blue cells are not
necessary, they were created to make the λ expression easier to type and to make it
easier to track typing mistakes. The yellow cells contain the input data to solve for the
lattice parameters (paragraphs d and e). The example in Fig. C.3 is for a monoclinic
structure. For different structures, the table should be modified in a way that the
expression for λ (columns F and G-L) represents the given structure. In addition, the
lattice parameters table should also be modified by adding or subtracting lattice
parameters.
c) Under each tittle, the correct formula for the expression in the title is written
(Fig. C.4). The green column in Fig. C.4 represents data that should be inserted by the
user. The diffraction angles (2θ) are taken from the XRD report, and the Miller
indices are taken from a JCPDS card that represents the diffraction angles of the
tested material, and λTrue=1.5418Å (00the Cu wavelength).
d) The fields (cells) of the lattice parameters are filled with any initial values (for
example, 1,1,1,1).

175
e) Using the ‘solver’: in the ‘Data’ tab, click the ‘solver’ button. When the solver
parameters window is opened insert the following cell numbers in the right fields
(Fig.C. 5):
- Under ‘set objective’, insert the cell that includes the error function formula
(yellow).
- Under ‘To’ select ‘Min’.
- Under ‘By changing variable cells’ insert the lattice parameters cells (yellow).
- Click the ‘solve’ bottom.
- The software will calculate the lattice parameters that best fit the measured data and
will replace the original values entered before (i.e., 1,1,1,1) (Fig. C.6).

176

Figure C.3. Excel spread sheet showing the different parameters needed to calculate
the error function and the information required to use the solver function.
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Figure C.4. Excel sheet filled with the mathematical formulas and the diffraction angles,
Miller indices, and the true λ.
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Figure C.5. ‘Solver parameters’ window showing the settings to solve for the lattice
parameters.
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Figure C.6. Excel spread sheet shows the ‘solver’ results for the lattice parameters; a,b,c and
β, and for the error function value when using these lattice parameters. Note column F which
showing the values for calculated λ.
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C.3.3 Matching the results with a JCPDS card
The last step in this process should be to find a JCPDS card from the database
that has the closest values of lattice parameters calculated for the tested material.
Because the calculated lattice parameters cannot be perfectly matched (due to possible
impurities in the sample), calculating the fitting % of our results with the matching
material lattice parameters is required. The above matching process provides reliable
results (more than 99% fitting).
Important things to check while running the program
There are several things the user needs to understand regarding the least
squares method and how it produces the output.


When we write the expression for the error function is written, it is not known
how this function behaves and how many minimum points it has. If the
function has multiple local minimas a different outcome for different initial
input (guess) may result. Therefore it is very important to run the ‘solver’
program a few times with different initial values. The correct output will be
the one that gives the lowest value in the error function cell.



Because the least squares method is a numeric analysis, there is always the
possibility that for some error functions this function will not converge to the
absolute minimum point and will diverge no matter what the initial values are.



In order to use the least squares method, the number of data points has to be at
least the number of variables designed to find. Matching a structure that has
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four lattice parameters with only two peaks (i.e., two sets of diffraction angle
and Miller indices) will give infinite possible sets of lattice parameters.

C.4. Conclusions


The advanced data analysis described here relies on the material “finger
prints” (lattice parameters) to match the unknown with a known material. This
method makes the results more accurate and reliable (>99% fitting).



The least squares method is a reliable and suitable mathematical technique to
use in the case of XRD pattern analysis, where the number of observations
(diffraction angle and Miller indices sets) is larger than the number of
unknowns (lattice parameters).



It is better to run the ‘solve’ program a few times with different initial values
to check for the best results.



The user must question the ‘solver’ results and make sure they are reasonable
before drawing any conclusions.

Appendix D: White-light interferometer roughness data for
CVD ZnS, HIP ZnS, CVD ZnSe, and MgF2 samples

The data in Tables D.1 and D.2 was used to perform the waviness analysis described in Chapter 6, Sec. 6.4.1 and 6.5.1.

Table D.1. Surface roughness (areal and linear) collected using the Zygo NewView 100 with a 5X objective at the DDP of
the spots for four polycrystalline, CVD ZnS substrates obtained from different suppliers.
Surface roughness (nm) collected using a 5X objective
Acidic MR formulation with 3 wt.% alumina abrasive
CVD ZnS
Sample

Areal

Acidic MR formulation with 0.18 wt.% nanodiamond
abrasive

Linear

Areal

Linear

PV

RMS

PV

RMS

PV

RMS

PV

RMS

Sample A

287.56±180.42

13.42±2.00

72.93±12.18

12.56±1.16

525.96±177.97

12.53±0.91

55.78±12.35

10.64±2.53

Sample B

737.48±486.54

15.12±2.32

76.91±13.84

13.60±1.46

360.24±10.53

8.21±0.45

36.27±7.01

7.08±0.94

Sample C

1292.91±1241.49

29.37±0.94

146.63±19.77

26.98±2.10

379.23±27.48

10.46±2.13

39.90±5.40

7.99±1.08

Sample D

918.48±599.05

36.52±0.76

184.47±27.50

32.05±5.13

529.31±155.43

11.85±3.54

50.42±9.49

9.19±1.74
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Table D.2. Surface roughness (areal and linear) collected using the Zygo NewView 100 with a 5X objective at the DDP of
the spot for three polycrystalline IR substrates: CVD HIP ZnS, CVD ZnSe, and MgF2.
Surface roughness (nm) collected using a 5X objective
Acidic MR formulation with alumina abrasive
Sample

Areal

Acidic MR formulation with nanodiamond abrasive

Linear

Areal

Linear

PV

RMS

PV

RMS

PV

RMS

PV

RMS

HIP ZnS

1254.13±641.29

72.67±14.50

290.56±60.10

65.26±18.10

868.02±47.76

71.70±2.95

262.40±53.54

62.90±10.40

ZnSe

1528.77±784.67

74.25±1.96

308.96±43.77

68.19±10.90

1714.70±0.76

46.70±5.98

178.90±31.38

36.00±7.02

MgF2

237.102±1.55

8.33±1.55

46.06±8.35

7.81±1.31

37.89±4.85

2.16±0.15

7.19±1.59

1.22±0.29

183

