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ABSTRACT
Abrasive processes are some of the most important operations employed in
manufacturing to remove unwanted material and introduce desired geometry and surface
finish. However, some of the difficulties encountered when trying to model abrasive
process are related to a multi-point of contact tooling composed of extremely hard and
brittle particles which geometry, shape and distribution are unknown. With the
introduction of engineered abrasives to the market over the past few years, the
opportunity to drastically improve the quality and consistency of abrasive machining now
exists. One of the main benefits of engineered abrasives is the ability to control the
abrasive grit properties i.e. size, shape, distribution and composition. The objective of
this study was to develop a parametric model of the engineered abrasives that allows for
studying the interaction of this particular tooling with various surfaces. This would also
allow for prediction of surface roughness from a given tool-workpiece pair. The
development of this model, the analysis of the tool-workpiece interaction, and the
algorithms for surface generation are carried out using a computer model developed for
each specific purpose. Additionally, experimental validation of this model is presented. It
was found that the machined surface improves as the depth of indentation increases, but
beyond a certain level the surface roughness obtained becomes asymptotic. It is observed
that machining at 30° attack angle results in the smoothest surface and that increasing the
number of abrasive grits beyond a certain number does not yield better surface.
Contributions of this project include suggestions for new tooling geometry for abrasive
manufacturing and optimization of machining parameters for efficient operations along

with a simulation tool for a better understanding of the abrasive machining process.
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1.INTRODUCTION

Metal or wood parts rarely obtain their final finish through manufacturing process such as
casting, forging and machining. Secondary processes such as grinding and polishing are
normally used to give the object their final smooth form. These processes are commonly
known as abrasive machining processes.

Abrasives are used with hard materials, such as metals and ceramics that are too hard or
too tough to be machined by single point tool. Another important application of abrasive
process is when a good surface finish or highly polished surface is required. Metal and
ceramic grinding and wood sanding are some of the biggest application for abrasives.
Some abrasives occur in nature (flint, garnet, etc), and some are man-made (aluminum
oxide, silicon carbide, zirconia, etc). Until now, most coated abrasive tools have
consisted of single or multiple layers of oriented grits of approximately the same size that
are attached to a substrate. The size of the particles used on coated abrasives is
established by passing the crushed grits through screens of standard mesh [58] while
some of the finest grit sizes are segregated by sedimentation or air floatation. The
application of the abrasive grits to the belt backings are either achieved through gravity or
electrode-induced polarization. This traditional manufacturing practice, however, yields
an abrasive belt that presents variations in grit size, grit distribution, and grit orientation.
The machining process is generally not as understood as it appears. One of the common
issues that arise in abrasive machining of wood is the inconsistency of the surface
roughness under identical machining parameters. In abrasive machining processes, not all
points are in contact with the workpiece at any given time and the dynamics of the

processes and the structure of the abrasives normally cause these active points to fracture.



This ongoing fracture mechanism generates new, perhaps unpredictable, geometries in
active particles or lowers their profile sufficiently so other neighboring particles become
active. Additional difficulties encountered are the multi-point of contact tool composed of
small, extremely hard, and brittle refractory particles whose geometry, shape, and
distribution are unknown. Because of all these mechanisms, the geometry of cutting grits
changes from particle to particle, making it impossible to know, for instance, the rake or
attack angle for any given grit and cut. All these phenomena make it even more difficult
to model this abrasive machining process.

Abrasive-based machining processes have been some of the most difficult and
challenging to model and characterize. Earlier efforts have included models assuming
single point cutting tools with known geometry, as well as statistical input-output
characterization via experimental design. But none of these models have tried to
incorporate the abrasive machining processes as a multilayer or continuous process nor
do they model this as a closed form. The single grit tooling assumption simplifies the
model but is not realistic. It has been difficult to understand from this model the effects of
multiple passes and the effects of multiple grits on workpiece surface.

Recent advances in manufacturing processes have allowed replacement of the random
arrangement of minerals on conventional belts by a technology called microreplication.
3M defines microreplication as, the science of creating small, precisely shaped, threé-
dimensional structures and reproducing them on a variety of surfaces. The belt’s surface,
considered in this case, consists of precisely shaped pyramidal structures containing
micron-graded minerals that are uniformly applied to a backing material. This

development has been around for several years but it was not until recently that



commercial fabrication of belts became feasible. The new class of abrasive tools is called
engineered or structured abrasives. They consist of abrasive belts that are more
deterministic: the shape, size, distribution and orientation are known and controlled. This
provides a very even distribution of mineral and yields a more consistent rate of cut and
surface finish. The motivation for making such abrasives lies in the idea that, by
removing variation in the grit geometry, it is possible to remove variation in the finish
quality.

A 3D model that can simulate the geometric features of the engineered abrasives can help
in better visualization and understanding of these abrasives. A model that possesses the
ability to manipulate the geometric parameters of these abrasives can help determine the
optimized geometry for a particular surface roughness. Such a model is presently not
available for analysis. The development of computer models that can simulate and
replicate the engineered abrasives is believed to support future advance such as custom-

patterned abrasives, etc.

1.1 STATEMENT OF RESEARCH

The motivation behind developing an abrasive tool model is to provide a better insight of
the impact of the individual geometric features of abrasives on surface roughness. By
doing this, new geometries that would perform better can be proposed. The hypothesis is
that, by varying each parameter involved in the abrasive machining processes and
studying their effect on the machined surface it is possible to predict the resultant surface

as well as to optimize the process and tool parameters. Furthermore, developing a



parametric tool coupled with a workpiece surface model will help researchers

characterize and understand the abrasive machining process.

The proposed study has been subdivided into four main areas:

Parametric modeling of abrasive tooling:

The objective of this part is to develop a geometric tool that would allow defining
and manipulating the different shape parameters and properties of the engineered
abrasives while generating various tooling configurations. The developed model
would help in visualizing abrasives in 2D and 3D and lead to a better understanding
of the impact of their geometry during machining in this section. The parameters of
interest are the size, shape and distribution of the abrasive grits as well as their
relative orientation with respect to the feed direction. Since it was the first
commercially available configuration, this study focuses exclusively on pyramid-

shaped grits with rectangular base.

Generation of workpiece surface:

The objective of this section is to develop a model capable of representing many
different surface roughnesses prior to machining. The parameters of the discrete data
composing the roughness distributions are obtained via reverse metrology from
specimens machined in controlled experiments. Consequently, these computer-

generated surfaces are developed to resemble the actual ones.

Modeling of tooling-workpiece interaction:

This section combines the earlier two outputs to develop the interaction between the

tool and the generated surfaces. This interaction is graphically generated on the



computer and the resultant profile after machining is then assessed. Calculations of
the corresponding surface descriptors are obtained and compared against available

experimental values.

e Experimental validation and contribution:

Experimental validation of the created program is carried out in this section. A set of
previous experiments that were created using known geometric parameters of the
abrasives (such as their width and height, the attack angle, etc) is used. The relevant
surface from the experiments is assessed and documented. These results are then
validated against the output from the computer model under identical conditions for

verification purposes.



2.BACKGROUND

2.1 Fundamentals of coated abrasives

Coated abrasive products have been used for a long time as a highly efficient method of
metal removal and finishing. The construction of these coated abrasives has been
relatively standard: a flexible or semi rigid backing to which a single or multiple layer of
abrasive grain is randomly arranged and bonded by an adhesive. They are constructed by
combining minerals, backings and bonds to form the products.

Abrasive minerals perform the basic operation of grinding, cutting, etc. Some of these
abrasives occur in nature (emery, garnet) whereas some are synthetically manufactured
(aluminum oxide, silicon carbide). Backings are the substrate, which carry and support
the mineral grains. Some of the backings used include paper, cloth, and fiber, among
others. These abrasive grits are bonded by glue, resin over glue, or resin over resin. The
abrasives are then applied to the backing by gravity coating process in which the
abrasives are dropped from an overhead hopper onto the backing. Another method is
electrostatic coating process in which, the backing is coated with an adhesive bond and
the abrasive grains pass through an electrically charged field. As the abrasive grains and
the coated backing pass simultaneously through the electrostatic field, the abrasive grains
are propelled upward and embedded in the adhesive on the backing. The size of the
particles used on coated abrasives is established by sifting the crushed grits through
screens of standard mesh [58]. Some of these grits are segregated by sedimentation or air
floatation. This traditional manufacturing process, however, results in an abrasive belt

having inconsistent grit size, grit distribution, and grit orientation. The nature of this



process does not allow for accurate control of the contact area between abrasive grain and
the workpiece for a given pressure, and may result in an unexpected finish.

Recent advances have been made in the manufacturing processes of abrasives and a new
technology called ‘microreplication’ has been developed. 3M Corporation defines
microreplication as, the science of creating small, precisely shaped, three-dimensional
structures (e.g. pyramids, cones etc) and reproducing them on a variety of surfaces.
Multiple patterns of these structures provide more options for achieving the best grinding

results. This new class of abrasives is known as ‘engineered or structured abrasives’.
g

(Fig. 2-1)

Conventional Abrasive Engineered Abrasive
Fig. 2-1: Conventional and engineered abrasives.
These abrasive belts are more deterministic: the shape, size, distribution and orientation
are known and controlled. It is claimed that they offer performance gains such as higher
stock removal rate, improved surface finish, and increased belt or disk life by 3-10 times.
As the 3D structures are worn in the grinding process, successive layers of fresh cutting
points are exposed. Additionally these new abrasives are reported to provide cooler
cutting, resulting in less metallurgical damage to the part. Engineered abrasives are
narrow belts available with aluminum oxide and silicon carbide abrasives in grit sizes

comparable to conventional abrasives ranging from P150 to P2500. Backings are either



flexible cotton or semi-rigid polyester. Currently there are three abrasive patterns

available: Pyramid, Quad and Tri-helical, as shown in figure 2-2.

Pyramid Quad Tri-Helical
Fig 2-2: Engineered abrasive Patterns (Source: www.nortonabrasives.com)

This study focused on the pyramid shaped engineered abrasives.

2.2 Fundamentals of abrasive machining process.

In general, an abrasive machining process is not 100 percent efficient. This is due to the
fact that the volume of workpiece swept by the tool is not completely removed. The
process is extremely complex, because of the irregular shape of abrasive particles. Only a
portion of such particles actually cuts into the metal. The shape of the abrasive particles,
that cut the metal, determine the profile of the machined surface. The rest of the particles
either scratch the surface or pass over it without making contact with the workpiece. The
rake angle and the geometry of the abrasive particles are some of the parameters, which
determine the final machined surface roughness. The rake angle (the angle between the
advancing face of the pyramid and a vertical line perpendicular to workpiece surface) is

one of the most significant parameters in abrasive machining. (Fig. 2-3)
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Fig 2-3: Negative and positive rake angle. (Source [46])

Grooves produced by pyramids that have negative rake angles usually terminate with a
long, ribbon like chip. It can be assumed that all the volume of workpiece material swept
by the point is now in this chip and that all the material would be removed from the work
piece if the chip broke off. The chip will eventually break off, when the tool reaches the
edge of the workpiece. The point can be assumed to be operating in cutting mode.

Grooves that have been produced by pyramidal points with positive rake angles usually
terminate in a prow. Ridges form at each side of the groove, so that the size of the prow is
constant no mater how far the point has moved. The volume of material swept out in the
workpiece by the point is now in the prow and the ridges. The point is operating in a

plowing mode, and the efficiency of removal of material is zero unless the prow or the

ridges break off.



A - Cutting

B — Wedge Forming

C - Plowing

Fig 2-4: Wear modes in single tip grooving. (Source [21])

In cutting mode the material moves continuously upward past the rake face of the tool,
separating a ribbon of material from the surface. (Fig.2-4). In wedge forming, the abraded
material is pushed in front of the tip, producing a wedge-like wear particle which
continuously grows and eventually falls off, the wedge works as a built-up edge. In
plowing mode, material first moves in advance of the rake face and then moves around
the face into the side ridges, resembling the bow wave formed in front of a ship. The
important point is that material is merely moved on the surface but is not detached. It can
be moved through some secondary process. The implication is that the efficiency of
removal of material in an abrasive machining process will be determined by the
proportion of abrasive points in contact with the workpiece that have a rake angle suitable
for cutting a chip.

Another important factor in the efficiency of abrasion is the value of the critical rake
angle. Critical rake angle is the angle that is the dividing line between efficient and
inefficient removal of material. The more negative the angle, the larger the proportion of

the points in an abrasive paper that will cut a chip. The value of the critical angle is also

10



dependent on the workpiece material but at present it is not possible to say categorically

which basic properties of the material determine the value of the critical angle [46].

2.3 Fundamentals of numerical methods and statistics

2.3.1 Newton Raphson method

Whenever the roots of a non-linear equation f (X) = 0 cannot be found in a closed form, it
is necessary to resort to approximation methods. Such methods are iterative, i.e. start
from Xy, X, X5 . and converge to a desired root.

The roots of an equation are those values of some parameters for which the equation is
satisfied. Numerical methods are used to approximate these roots. In the present case, the
non-linear expression is a polynomial equation of high order. Approximation methods are
used in this work to approximate the roots that satisfy the intersection between a line and
polynomial equation. These roots represent the points of intersections between the two
equations (shown later) and are used to determine the profile of the machined surface.
Numerical methods are iterative algorithms for finding a numerical quantity to a
prescribed accuracy. It is a mathematical procedure, which reaches its solution in a step-
by-step fashion. These methods give solutions through successive and iterative
calculations. Newton Raphson method is the numerical method used to approximate the
roots in this case.

The Newton Raphson Method is defined by:

P )

nel T f,(x)

Where f* (X) is the first derivative of the function f(x).

11



Starting with a given initial approximation Xy, a sequence X;, X, Xj... is computed,
where X,:; is determined by the aforementioned formula. The function f(x) is

approximated by its tangent at the point (X,, f(X,)), and X, is taken as the abscissa of

the point of intersection of the tangent with the x-axis.

If £ (x) =0, or even if f* (x) = 0 for x near x (where x is the root), then there may be

some trouble locating x . Some of the possible difficulties are illustrated in Figure 2-5.

The problem in Figure 2-5, (a) — (c) arises because the graph of f/ has a running point
(local max or local min) near the x —axis. When this occurs, it, may not be clear from a
rough sketch whether the x — axis is touched at a single tangency point x (a), at two close

interval x1 and x2 (b), or not at all (c). In case (d) there is a root, but it is hard to say

exactly where.
X, X
N\, _
> .
x —
@ (b) © (d)

Fig 2-5: Situations that present numerical difficulties to finding roots. (Source [37])

For all cases a through d, the following applies:

Both f(x) = 0 and f (x) = 0 for X ~ X
For such x, round off error (due to loss of significance) in calculating f (x) can be greater

than | f (x)| itself, making f (x) hard to evaluate accurately. As a result, all root-finding

methods will have difficulty finding x accurately.

12



2.3.2 Monte Carlo simulation

The Monte Carlo simulation method consists of a simple structure of computational
algorithm. This algorithm consists, in general, of a process for producing random events.
The process is repeated N times, each trial being independent of the rest and with the
results of all trials averaged together. Because of its similarity to the process of
performing a scientific experiment, the Monte Carlo method is sometimes called the
method of statistical trials. In a more strict sense of the term, the Monte Carlo method is
defined as the construction of an artificial random process possessing all the necessary
properties, but which is in principle realizable by means of ordinary computational
apparatus: pencil, paper, tables, computers and sometimes simple apparatus for
generating random numbers. (Such as a table of random numbers).

Problems handled by Monte Carlo methods are either called probabilistic or deterministic
according to whether or not they are directly concerned with the behavior and outcome of
the random processes.

In the case of probabilistic problem the simplest Monte Carlo approach is to observe
random numbers, chosen in such a way that they directly simulate the physical random
processes of the original problem, and to infer the desired solution from the behavior of
these random numbers.

In the parametric model developed here, the probabilistic approach of Monte Carlo
simulation is used during the workpiece surface generation. N random numbers are
generated using gamma distributions, which were assumed to be representative of the
properties and roughness parameters of the original surface. These numbers are then

fitted with a polynomial curve and the random numbers now represent a workpiece

13



surface that can be machined by the tool. This process is carried out N number of times
(10,000 in the case of this work) to incorporate the inherent randomness of surface
roughness. Each time the surface is machined, the roughness parameters of the machined
surface are calculated. An average of these parameters is taken to calculate the final
result. This methods usually allows for confidence intervals to be calculated for the data

generated.

2.3.3 Random number generation

Random numbers are needed in a wide range of areas, such as Monte Carlo methods, but
they are also of great importance in computational statistics, in the implementation of
probabilistic algorithms, and in related problems of scientific computing. In addition,
random numbers are applied in areas of direct practical interest such as VLSI testing,
cryptography, and computer games. Given a distribution function F on R random number
generators introduce a sequence of real numbers that simulates a sequence of independent
and identically distributed random variables with a distribution function F.

Early in the history of the Monte Carlo method, it became clear that in the case of
sequences generated by computers “truly random” numbers are fictitious from a practical
point of view. Hence pseudorandom numbers (abbreviated PRN) can be generated by the
computer using deterministic algorithms with relatively few input parameters. The
standard algorithms for generating sequences of PRN are based on recursive procedures
and yield sequences that are ultimately periodic.

Furthermore there are two types of pseudorandom numbers, uniform pseudorandom

numbers and non-uniform pseudorandom numbers. The task in uniform PRN - generation

14



is to generate a sequence of real numbers that simulates a sequence of independent
uniformly distributed random variables in [0,1]. Non-uniform PRN’s are obtained by
transforming uniform PRN’s to a given distribution. Many methods have been developed
for transforming uniform PRN into non-uniform PRN; some of them are as follows:

(i) Inversion method: Where the uniform PRN function F has an inverse function F
defined as the non-uniform PRN.

(i1) Rejection method: Where the random number generated are accepted or rejected
based on the comparison of certain condition.

(ii1) Composition method.

(iv) Ratio-of-uniforms method.

There are quite a few other general techniques for transforming uniform PRN into non
uniform PRN, and there is a great abundance of methods tailored to special distributions,
such as normal distributions, beta distributions, gamma distributions, and so on.

For the parametric model a gamma distribution is used to generate pseudo random
numbers. The scale and shape parameter of the gamma distribution are used to generate
PRN. The gamma distribution was used in this case because it relies on two parameters
sample (skewness & std. deviation) to calculate its shape and scale parameter, which in
turn are used to generate PRN.

The formula for PRN using gamma distribution is:

T:b,c~-blog(TIR) =Y. —blogR,

Where R; — independent unit rectangular variates.
b - scale parameter

c - shape parameter

15



2.3.4 Gamma distribution

The gamma distribution produces the chi-squared, Erlang, and exponential distributions

as special cases, but the shape parameter of the gamma is not confined to integer values.

The gamma distribution starts at the origin and has a flexible shape. The parameters are

easy to estimate by matching moments.
Variate y:
Parameter: b (scale), and c (shape).
Range 0 <x < 0.
Scale parameter b > 0.
Shape parameter ¢ > 0.

-Xx
N jc—l |:eXp 7}

Probability density function: ( b BT (c)

Where I'(c) is the gamma function with argument c.

Mean: bc
Variance: bc

Coefficient of skewness: 2¢ 2

Coefficient of kurtosis: 3 + §
c

Special cases of the gamma variates exists:
These variates,
1. Exponential variates E:
Variate E: b

Scale parameter b > 0, the mean
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2. Weibull variates W:
Variates W: b, ¢
Scale parameter b > 0,

Shape parameter ¢ > 0

3. Erlang Distribution:
Variates y: b, ¢
Scale parameter b > 0,

Shape parameter ¢ > 0

4. Chi-squared variates X
Variates X*: v
b=2

c=v/2

Shape parameter v, degrees of freedom.
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2.4 Literature review

Some of the literature review in the areas of abrasive machining, and surface roughness is
presented in this section. A classical paper titled “Machining Wood with Coated
Abrasives” [17] presented the effects of standard parameters such as pressure, belt speed,
contact area, moisture content and dressing with respect to material removal rate, power
consumption and belt life. This research is still one of the most exhaustive efforts
completed in this area, though it is more than four decades since it was published. Some
limitations in this study were: input-output relationships were analyzed in a one-at-a-time
fashion (no interactions considered); no surface pattern or quality was observed as an
output and abrasive minerals as well as grit size range were limited to those used at that
time. Additional work in this area of process parameters was done by Stewart [53], in
which all-possible combinations of three parameters (grit size, mineral type, and platen
pressure) at three levels were considered. In this case, the experiment was performed on a
stroke sander under dynamic conditions. The material removal rate was the only response
observed. Terry and Brown [56] investigated the parameters for characterizing
topographies and a method of selecting these parameters. Conventional and scale-
sensitive fractal parameters were tested for cross-correlation, ability to differentiate
process variables and ability to relate grinding wheel topography with ground surface
topography. It was found that no parameter could differentiate the process variables or
could relate wheel and workpiece topographies in all situations. The waviness height
(Wt) was the best for differentiating process variables, and a scale-sensitive fractal-based
parameter, the smooth-rough crossover (SRC), was best at relating workpiece and wheel

topographies. The work by Carrano [8] and by Taylor, Carrano, Lemaster [55] represents
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two of the very few attempts to characterize multiple parameters. In these studies, the
main effects, interactions, and response surfaces of grit size, interface pressure, abrasive
mineral, and grain orientation are presented with respect to material removal rate and
surface roughness. Some of the results indicate that silicon carbide produce a better
surface than aluminum oxide, this being more pronounced when using coarse grit sizes.
Additionally, two and three factor interactions were negligible for all grit sizes studied.
Some studies on abrasive metal machining have provided insights into the process. The
work by Mulhearn and Samuels [38], and Samuels [45] addressed several aspects of the
abrasion of metals in metallographic polishing process. Initially, a distribution curve for
rake/attack angles for a two-dimensional case was developed. It was found that there is a
well-defined attack angle above which the point cuts a chip, but below this threshold, it
merely ploughs a groove. For steel, this critical angle was determined to be 90° and that
only about 20 percent of the contacting points in a 220-grade silicon carbide paper would
cut a chip. Additionally, scanning electron microscopy revealed that the development of
flats at the contact tips by means of attrition wear was negligible. However it was also
found that the fracture mechanisms were of much greater significance. Such fractures
characteristically followed a plane perpendicular to the rake surface of the abrasive
particle (plane of principal stress) if there are no pre-existing cracks on the abrasive
surface. This indicates that contacting points, which initially were shaped so that they
rubbed a groove, will continue to do so after the point has fractured. However, contacting
points that initially ploughed are likely to remain ploughing points if the attack angle was

less than 90°, but are likely to become rubbing points if the attack angle was greater than

90°. Finally, this work also examined how the number of contacting particles increases
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with the use of the paper. Buttery and Hamed [6] developed a geometric representation of
cutting by single grit based on the scratch pattern. This was derived for a Vickers
pyramid indenter with the known geometry and was verified experimentally on carbon

steel with a surface grinder.

Gahlin and Jacobson [21] worked on the influence of tip angle, tip blunting and tip
packing density on the wear rate. Wear tests were performed in a pin-on-abrasive disk
configuration with tin as abraded material. It was found that the angle dependence of the
abrasion rate is approximately linear and independent of the packing density of the tips.
Blunt tips, however, gave lower rates and also lower sensitivity to variation in the tip
angle than sharp tips. Further, the sensitivity o‘f the tip angles fell with increased packing
density of the tips. Gahlin and Jacobson [22] researched the particle size effect in
abrasion by controlled abrasive surfaces. In this work, abrasive surfaces were created by
using a micro-mechanical etching technique, which allows for manufacturing different
packing densities and tip radius. It was found that blunt particles exhibit a size effect
while sharp particles do not. In those situations where wear debris accumulated on the
abrasive surface, clogging also resulted in a particle size effect. Other small differences
(such as pyramid angle) showed a strong impact on the wear rate. The work by
Komanduri and Shaw [30] attempt to explain the differences in performance among
commercial abrasives used in grinding by means of topography observations in a
scanning electron microscope. Here, some relationships between surface morphology and
structural defects with respect to grinding performance were developed. Komanduri [29]
discussed how the rake angles and the widths of cut are the parameters determining the

transition between cutting a chip and ploughing a groove. In this work, the importance of
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frictional conditions at the rake angle face on the previously mentioned transition is also
discussed. Some work in modeling this process [42] has also been developed based on
slipline field theory. Gahlin and Jacobson [18] studied the effects of high biaxial
compressive stresses on the abrasion of diamond coatings by diamond particles. It was
seen that the highly stressed coatings obtained a smoother worn surface and a
significantly lower wear rate as compared to the stress-free coatings. It was found that
biaxial stresses increased the inherently high wear resistance of diamond coatings. Gahlin
and Jacobson [19] developed an etching procedure to produce silicon abrasive surfaces in
a controlled and reproducible way. The process developed was successful in
manufacturing well-defined abrasive surfaces in silicon showing nearly constant tip shape
and size over large areas. Gahlin and Jacobson [20] developed two new techniques for
wear evaluation on a micro-scale: local wear volume determination and wear distribution
mapping. These techniques were based on studies of the same surface area before and
after wear. Ulf [57] showed the applicability of light as a means of controlling the surface
roughness in a grinding process. The specular reflected light increases as the surface is

smoothened.

Clearly, the introduction of engineered abrasives as a new tooling presents a unique
opportunity for both modeling and validating the abrasive process. To date most studies
have addressed single grit models. A gap in current research exists related to the multiple
pass effects and effects of the individual tooling geometry upon final machined surface.
To develop better and more efficient engineered abrasives, an understanding of the way
in which the tooling affects the final roughness of the machined workpiece is required.

The objective of this study is to address this gap.
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3. METHODOLOGY

3.1 Parametric modeling of abrasive tooling

The first commercially available engineered abrasives presented pyramid-shaped grits
with rectangular base. These pyramidal structures can be characterized with two base
widths and a height. The proposed tooling model is generated by varying the geometric
parameters such as the base widths, and the pattern of these pyramidal shaped abrasive
grits. The model is generated with information from a micrograph of an actual abrasive
sheet. As seen in Figure 3-1, base widths of the pyramid shaped tool are mapped into a
computer representation shown on the right. These dimensions of the geometric

parameters are measured from the micrograph using Sigma Scan Pro® software and used

as input to develop the tooling model.

Fig 3-1: Micrograph of pyramidal grits and tool model representation.
Due to the nature of the manufacturing process that produces these abrasives, a patch
defining the basic tooling matrix is then developed. This patch is replicated throughout
the entire belt surface. It consists of a 7 x 4 pyramid grits matrix as shown in Figure 3-1.
For convenience the rectangular base widths of each of the 28 pyramid grit vary along the

X-axis and Y-axis of a standard cartesian 3 dimensional axis configuration. The Z-axis
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represents the height of the grits (not shown). Two Vectors of change are then defined
from the micrograph measurements. A vector of change is a ratio used to manipulate the
X and Y dimensions of each grit with respect to a base grit (of ideal dimensions 1 by 1
units). It consists of two vectors A (7 X 1) and (4 X 1) as follows: (1, 0.63, 0.72, 0.83,
0.74, 0.63, 1) for X-axis and (1,0.72, 0.72, 0.72) for Y-axis. This vector was developed
from measurements taken from the micrograph. The path size can be assumed either as
standard, thus replicating the micrograph or scaled for e.g. 0.5 times the original patch
size. (This would reduce the base widths in both the X-axis and Y-axis by half). This
ratio can be changed as desired. The patch can then be replicated (N) number of times in
rows, (number of patch rows X 4 rows in a patch) and (M) number of times in columns,
(number of patch columns X 7 columns in a patch) thus resulting in multiple grit tooling
environment simulation. The scale is selected such that the dimensions of the pyramidal
grits in the model are equal to the dimensions of the grits in the micrograph. It gives an
opportunity to simulate a condition where the base widths are increased or decreased as
desired at the same time keeping the aspect ratio of the base widths constant. To
incorporate feed direction, the tooling model can be rotated at a specified angle (attack
angles, the angle at which the tool machines the surface) about Z-axis (Fig.3-2)
Homogeneous transformation are used to rotate the coordinates of the pyramid grits to

the specified angle about Z. The homogeneous transformation used is presented below (o

indicates attack angle).
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To provide perspective view of the pyramid grits, the abrasive tooling is represented in
3D (Fig.3-2). To visualize the machining process in 2D, the tooling model is projected on
the XY (top view) plane and XZ (side view) plane. Figure 3-2 shows a 3D view of a
particular tool configuration. It shows a patch size of 1 x 1, which includes 7 grits/row
and 4 rows at 35° attack angle. The XY projection gives a better understanding of the
base widths and the patch size while the projection in XZ provided the cumulative profile
of the tooling as it approaches the surface and represents the multiple pass effect that
effectively occurs during machining. This projection (XZ) is used to develop the

algorithm for the tooling-workpiece interaction.
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Fig 3-2: 3D image of tooling model with projections in XY and XZ plane.

Figure 3-3 shows a 2D view of the tool projection in XZ plane. The projection in this

example is of a tool at 35° attack angle and patch size of 2 x 1.
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Certain assumptions had to be established when developing this model. These are:

All rows must have same number of abrasive grits.

The volume removed is the volume swept by the portion of pyramids that is
underneath the work surface. (100 % efficiency [45] [46]).

The feed direction is always parallel to the Y-axis.

Rotation must be limited between 0° and 45°. Beyond 45°, other vertices will give the
projection of grits without producing different projections.

The geometry of the grits must be kept without change, i.e. there is no crushing,

fracturing, cracking, or wear of any kind of the grits.

An important circumstance that has to be considered to keep the model realistic: the

entire projection length is never swept by all rows of grits. Consequently, it is not

possible to use the total projection length as the evaluation length for descriptor

calculation.

It was necessary to develop an algorithm that would calculate the section of the projected

length that was swept by all rows (so called evaluation length) to be used for further

calculations (Fig 3-4). This algorithm would calculate the leftmost vertex (or closest to

the Y-axis) from the first grit on the last row (this is grit (M, 1)) and the rightmost vertex

(or farthest from Y-axis) from the last grit in the first row (or grit (1, N)). Depending

upon the configuration, these were the actual lengths that are swept by all rows present in

the configuration and were the lengths for the descriptor estimation. (Fig.3-4).
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Fig 3-4: Total projection length and evaluation length.
The 3 dimensional tooling model is then projected onto two planes, the XY plane
projecting the top view and the XZ plane projecting the side view of the tool. The
projection of the tool in the XZ plane is done by translating the vertices of pyramid grits
onto a plane with common Y coordinates (i.e. Y=0). The overlapping of pyramid grits
along Y-axis creates a cumulative 2-D profile that resembles the multiple pass effect (Fig

3-5).
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Fig 3-5: Multiple pass effect.
Thus the tooling model represents several aspects: from modeling the pyramid grit tool to

the perspective view on the multiple pass effect at the specified attack angle.

3.2. Generation of workpiece surface

The next step after developing a tooling model was to represent the workpiece surface for
the development of different surfaces before any machining has been performed. To
understand the abrasive machining process, it was necessary to develop a workpiece
surface whose descriptors were known. To develop a surface whose descriptors are
known, a reverse metrology approach was followed. Figure 3-6 shows a flow chart of the
surface generation process. The following surface descriptor: Average Roughness (R,),
Root Mean Square Roughness (Rg), maximum profile valley depth (R,), maximum
profile peak height (R,), maximum peak to valley (R;) as well as Skewness (Ry) and

Kurtosis (Rg,) were collected from an unmachined surface using both a stylus probe
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profilometer and a light inferometer. From these surface descriptors, Root Mean Square
Roughness (Ry) and Skewness (Rgk) were used as input for Gamma distribution. Figure 3-

6 shows the flow chart of the generation of workpiece surface process.
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As shown in Figure 3-6, Gamma distribution was used to generate a surface whose
descriptors are known.
As described in section 2.3.4 the probability density function of gamma distribution is

given by:

—X
o
- (Zj bL (c)
Where

b >0 is Scale parameter

¢ >0 is Shape parameter.

0 < x <o is Range.
To determine the value of scale parameter (b) and shape parameter (c), the Ry, Sqy values
of an actual surface are used.
The Gamma distribution is generated in MATLAB as follows:

Gampdf(0:30,b,c)

Where,
(0:30) indicates the scale on X-axis

_4
Rsk * Rsk

— de

Vb

R, = Skewness

1 & -
S =\/L—V‘Z]:(xi_x) }

31



As a special case of S4y, when x=0 s

1 N 5 N 5
Sa =\/[F2(x1) } Which is similar to R, =\/[%211(x,) ]

Hence S¢v = Rq (RMS Roughness)

Thus by using the roughness parameters of the original surface a gamma distribution is
fitted. This creates a distribution from which it is possible to generate random points to fit
many new random surfaces. These fitted surfaces will have, on the average, the same
parameters as the distribution that originated the point and consequently will follow the
parameters of the original workpiece surface.

This approach is suitable for a Monte Carlo simulation scenario. The random generation
of surface allows for incorporation of variability into the workpiece surface while
maintaining the average surface descriptors for each individual surface. 16 random
numbers were generated from this Gamma distribution using the “gamrnd” function in
MATLAB. To create a surface a 15 degree polynomial is fit through these points using
another MATL AB function called “polyfit”.

It was found that if the degree of the polynomial was increased beyond 20 degrees the
polynomial oscillates and would not pass through all the points. The oscillations are due
to a mathematical occurrence known as the Runge Phenomenon. It occurs due to the
method in which polynomial interpolation is calculated and occurs when a large number
of interpolation points are equidistant from each other. Due to this, the polynomial is ill —
conditioned at the edges in the given interval. It is smooth in the center but oscillates at
the edges. To deal with this oscillation phenomenon the concept of representative surface

length was developed. (Fig.3-7).
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The representative section of the surface includes the smooth center section of the

polynomial interpolation, while excluding the edges where the polynomial is ill

conditioned. The remaining surface that includes the ill-conditioned polynomial is

defined as the non-representative surface.
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Fig 3-8: 10 deg polynomial interpolation in interval [+5, -5}
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Fig 3-9: 20 deg polynomial interpolation for the same function in interval [+5,-5]
Figures 3-8 and 3-9, demonstrate the Runge Phenomenon in polynomial interpolation. As
can be seen the interpolation gets worse as the degree of polynomial is increased. In this
work for generating the surface model, 15 degree polynomial was fitted as it provided a
good range of random numbers while limiting oscillations at the extremities.

This Runge phenomenon can also be reduced to a certain extent by making the
interpolation points closer to the edges instead of equidistant. The density of points at the
boundaries of the interval is higher as compared to the center of the interpolation interval.
This makes the polynomial smoother around the boundaries while the oscillations are
reduced. This part is further discussed in detail in the future work section 7.

A 15 degree polynomial was determined to be the right degree for curve fitting using

polynomials. The generated surface is then projected in XZ plane and superimposed with
the 2D-pyramid grits tool projection (Fig 3-10). In this example a patch size of 2 X 2 is

used to simulate the tool.
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Fig 3-10: 2D surface and tool projection in XZ plane
Since the generated surface is 2D in XY plane, it is rotated around X-axis and projected
into XZ plane. Homogeneous transformation matrix is again used to rotate the surface co-
ordinates around X-axis.
The matrix used is:
(1 0 0o 0|
T®)=| 0 cos® -sinH 0
0 sin®6 cos® O

0 0 0 0

Where 0 = 90°

The workpiece and tool are now projected in the same plane and the interaction can now

be modeled between the two to simulate the machining process. (Fig. 3-10)
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3.3 Modeling of tool workpiece interaction

After developing the tooling and the workpiece surface models, the next step was to
determine the interaction between the two. In order to calculate the surface descriptors of
the machined surface it was necessary to determine the profile of the machined surface.
Only after determining the point of intersection between the tool (pyramid grit) and the
workpiece surface, can the machined surface profile be determined. The intersection
points can only be calculated if the tool and surface are represented by some
mathematical expression.

As previously shown the edges of the pyramid grits are represented by line equations and
the surface by a polynomial equation. To obtain the points of intersection between the
tool and surface, the two intersecting equations are solved simultaneously. The Newton
Raphson Method is used to approximate the point of intersection between the line
equations of tool and the polynomial equation of the surface. However, certain error was
found in the approximation. A single pyramid grit is shown in figure 3-11 along with the
surface that passes through the center of the grit. The point of intersection between the
surface and the pyramid grit was approximated to be the center point. As seen in the
figure there is an error in the X and Y coordinates calculated by the Newton Raphson
method. Instead of the intersection point being calculated on the sides of the pyramid
grits where the intersection takes place, it is calculated at its center. Figure 3-11 shows

this approximation error in detail.
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Fig 3-11: Approximation error and compensation.
To compensate for this error, the Y coordinate of this interaction point is substituted in
the line equation (Y=mx + c), which represents the sides of the pyramid grits. The X

coordinate of this interaction points is calculated as

x =225
m

Where y = substituted point.

¢ = constant

m= slope of the line.
These line equations are earlier calculated during parametric modeling of tool, (section 3-
1). The new intersection points seen in Figure 3-11 falls on the side of the pyramid grit.
Due to multiple points of contact between the tool and the surface, it is important to

determine those points, which determine the final machined profile. An algorithm is
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developed to screen the relevant points of intersection. The intersection occurs between
the pyramid grits of the tool and between the tool and the workpiece surface (Fig 3-5).
Only those points of intersection between the tool and the surface are relevant for
determining the final machined profile. Only those points of interaction, which results in
the workpiece surface being machined by the tool, considered being relevant. These
points indicate the section at which the material is removed from the workpiece surface
and indicate the profile of the machined surface. The developed algorithm screens these
points. By connecting these screened points, the final machined profile is obtained (Fig 3-

12).

Machined Surface Points
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Fig 3-12: Machined Profile.
For ease of model validation, the assessment of roughness was performed to resemble a
contact stylus profilometer. To calculate the surface descriptors the profile is scanned at a

specific sampling rate. This sampling rate is calculated from the Mitutoyo SJ 401
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profilometer which was used to calculate the surface descriptors of actual machined
sample pieces. Under the settings of interest, this profilometer uses a sampling space of
0.05 microns. This sampling spacing of 0.05 microns is scaled into the program and used
to develop the machine profile.

The program code developed, collects discrete number of data points and calculated the
final surface descriptors, Average roughness (R;), root mean square roughness (Ry),
maximum profile valley depth (R,), maximum profile peak height (R;), maximum peak
to valley (R,) as well as skewness (Rg) and kurtosis (Ry,). Refer to Appendix C for an

explanation of such descriptors.
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Fig 3-13: Resultant surface descriptors and profiles.
Figure 3-13 depicts the output from the program. It shows the calculated descriptors and
the machined profile along with the original surface descriptor’s and generated surface in

the evaluation length. This figure gives details of the input parameters used to generate
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workpiece surface and the resultant roughness parameters obtained from the machined
profile. The details of the machined surface profile are also visible. Thus the machined

surface profile is developed by the interaction between the tool and the work piece

surface.

3.4 Graphical user interface (GUI)

There are 14 geometric parameters used as inputs to the program to develop the
parametric tool (e.g. pyramid height, attack angle, etc), the workpiece surface (e.g. Ry,
R,) and in the end to perform the interaction (e.g. indentation depth) between the two.
There was a need for developing a front end for the program, so as to facilitate the entry
of these 14 parameters without having to enter these parameters into the actual program
code.

Hence the GUI (graphical user interface) was developed to allow the user to enter the
required data in one stop easy entry format. Figure 3-14 shows a screen shot of this GUI

for generating a tool with a patch size of 3X2 at 35°
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Fig 3-14: Graphical user interface (GUI)

Here, the required parameters for generating the tool, such as the height of the pyramid
grits, and base widths are entered. BW1, BW2, BW3, BW4, BW5, BW6 and BW7
represent the 7 different bases that are used to make the seven different pyramids in a
row. As mentioned in earlier section, a single patch consists of 7X4 pyramid grits. The
aforementioned widths are used to form these 7 pyramid grits that compose one row.
There are 4 such rows, which are constant and together form a patch. To generate the
random workpiece surface the skewness (Rs) and standard deviation (Sgv) of the original

surface are required. These two descriptors are manually entered into the GUI as shown
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in Figure 3-14. To perform the interaction between the generated tool and the workpiece
surface, it is necessary to enter the indentation depth (how deep the tool penetrates below
the surface mean line) and the attack angle (the angle at which the tool machines the
surface).

Finally the tool size i.e. the number of rows and columns of patches of the pyramid grits
to be used to machine the surface are entered. These determine the ultimate size of the
tooling (i.e. length and width of belt). On entering all of these 14 parameters the program
is ready to perform the algorithm. By clicking on the “start” button the program gets
executed.

Since the program uses a certain scale to incorporate the actual values of the real surface
and tool dimension, the data entered is scaled too. For e.g. The Z-axis for the tool uses
the scale (1 unit = 20 microns). Hence to enter a height of the tool grit of 450 microns, a
value of 22.5 is entered into the GUL

The GUI allows the user the flexibility to modify the parameters as required in a very

user-friendly environment and in the shortest possible time.
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4. RESULTS

To calculate the results the program was run 10,000 times. To match experimental
conditions, the configuration of the model was a patch size of (6 X 10), 34 um
indentation depth, base widths 1000, 630, 720, 830 and 740 microns in X-axis and 1000
and 720um in Y-axis, 400 um height and 0.05 pum scanning interval. To generate the
random surfaces the surface descriptors are taken from two cases:

Case 1: Stylus profilometer instrumentation.

An unmachined mirror surface aluminum specimen is used and the surface descriptors
calculated from the Mutitoyo SJ 400 profilometer with a Sum stylus tip. The Root Mean
Square Roughness (Rg) and Skewness (Ry) are used as input to generate the random
surface.

Case 2: Light Inferometer instrumentation.

The descriptors from the same unmachined mirror surface scanned by a Light
Inferometer are used as input. (Light Inferometer uses laser beams to scan the surface and
its smallest spot diameter allows it to penetrate into deeper cuts on the surface.)

The results of these iterations are shown in the table below.

Table 4-1 is divided into 2 major sections of results. The experimental value section
refers to the surface descriptor values obtained from using surface profiling instruments
such as the stylus profilometer and the light inferometer. The stylus profilometer uses a
mechanical tip to scan the surface in the X and Z-axis. Hence it is referred to as 2D (2
dimensional) in the table. The light inferometer scans the surface using laser beams in X
and Z-axis (2D) as well as in X, Y and Z-axis (3D). A mirror finish surface was scanned

using both these instruments and the resulting values are used as input to generate the
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workpiece surface in the computer model. Although the same mirror surface was scanned
by the two instruments the results differ as different technologies are used for scanning.
The laser beam is capable of reaching finer and deeper valleys in a surface than a
mechanical tip and hence the surface seems less smooth in the case of light inferometer.
The computer model section refers to the results obtained from the program developed in
this work as well as an earlier model [9]. The results in the polished workpiece column
were obtained when assuming a perfectly flat workpiece. The 10,000 iterations columns
refer to the results obtained from this present work. The profilometer (2D) column shows
the values obtained by using the profilometer readings as inputs. Whereas the light
inferometer (3D) column shows results obtained when using the input from light
inferometer reading.

Table 4-1: Comparative table between experimental and computer model results.

All values are R, in microns.

Experimental Values Computer Model values
Stylus . Polished | Profilometer | Light Inferometer
Input ProﬁlometerL'g ht Inferometer Workpiece (2D) (3D)
2D 2D trace| 3D 10,000 runs 10,000 runs
Mirror finish Input 0.032 0.068 0.032 0.068
0° attack angle 2.66 5.21 6.44 11.60 2.65 3.36
35° attack angle 2.45 4.79 4.47 6.10 3.39 3.38

Table 4-2 shows the standard deviation and 95% confidence interval for the results
obtained from the developed computer model. The 2D and 3D columns refer to the
results obtained by using the profilometer and light inferometer respectively. The 0 deg

and 35 deg are the attack angles used to machine the workpiece surface. As seen from the
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above table 4-2, the low standard deviation indicates that the computer model provides
consistent results. The 95% CI also shows very less variation in the results obtained by
using this model. Thus the results from this work are comparable to the results from other
instruments shown in table 4-1. Further analysis of these results is presented in the next

section.

Table 4-2: 95% Confidence Interval of computer model results.

2D 3D
95% ClI St. Dev 95% CI St. Dev
0 Deg 2.54 2.75 0.18 2.67 2.67 1.19
35 Deg 3.29 3.48 0.02 3.28 348 0.05
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S. ANALYSIS

As seen in table 4-1, in case of 2D, the results obtained from the computer model are
comparable to those obtained from the Mutitoyo profilometer. For 0 degree attack angle
the values are almost identical, which is an improvement from the earlier model, which
had a very different result. When compared with the results from the inferometer there is
50% difference in the values but is still closer to the result as compared to the earlier
model, which has a 145% difference in values. Thus the difference in result of this work
is smaller as compared to earlier model. When compared, the values for 35 degree, the
results are 50 % better than the polished workpiece model as compared with the results of
the Profilometer. As compared to the results of the inferometer both the models show an
equal amount of percentage discrepancy, around 30%.

In case of 3D, the results show a substantial increase in accuracy over the earlier model.
The discrepancy is 47% as compared to 80% to the earlier model incase of 0 degree
attack angle. For the 35 degree attack angle the discrepancy is 24.45% as compared to
36.31% of the earlier model [9] in the value of R, descriptor.

The computer model mostly generates results that lie between the values given by the
profilometer and the light inferometer. Hence the result indicates that the model is more
accurate than the profilometer.

Thus it can be concluded that there is definite improvement in the accuracy of this model
over the earlier ones. The surface roughness descriptors can now be predicted with better
accuracy.

A possible explanation for the difference between the experimental and model values can

be due to the fact that in actual machining the grits can undergo wear and fracture. The
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grit geometry changes due to fracturing of tips during machining whereas, in the
simulation model the grit geometry is assumed to be constant. No wear and tear is
simulated. Due to this, the areas, which could have been left unmachined or lightly
machined due to fracturing of tips or wear, are simulated to be completely machined in
the model. Hence it finally results in the value of the surface descriptors being different.
Another reason for the difference could be due to the profile scanning technique. The
profilometer uses a tip of certain diameter to scan the surface profile. The diameter of the
tip limits the crevices in the valleys that the tip can measure (also called physical
filtering). The light inferometer scans the surface, using laser and hence scans the
machined profile better than the profilometer. Due to the very small diameter, the laser,
can measure very tiny peaks and valleys and hence results in different descriptor values.
The model uses line-scanning technique where the surface is evaluated at specific
intervals and the values obtained are used to calculate the final machined profile. Hence
the differences in measurement techniques result in different surface descriptor values.
Additionally, the dissimilarities in the values can be partially attributed to the material
used. The actual material machined can create obstructions at times due to its chemical
properties and lattice structure. Since the model considers only geometrical features, the
influence of the chemical and physical properties of the wokpiece are assumed to be zero.
This is not true in real life machining and hence results in variable descriptor values.
Finally, the fact that the material removal mechanisms are not 100% efficient also affects
the final results. Earlier research carried out [22,34] found that approximately 15% of the
groove volume is removed to form a chip, and that the remainder forms ridges on the

metal surfaces. Also, the relative bluntness of non-ideally sharp tip decreases with
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increasing penetration depth. The model assumes 100% material removal and infinitely

sharp tip, thus leading to variance in final results

5.1 Noise matrix

To test the robustness of the model, noise was artificially introduced into the parameters.
The program was then run to calculate the surface roughness descriptors. The geometric
dimensions of the abrasive grits in the manufactured abrasive belts have some built-in
variation. These could be due to any number of reasons in the manufacturing process. It
was necessary to incorporate this variation in dimensions of pyramid grits and to analyze
the effects of this variation in the final descriptor values. The analysis using a noise
matrix addresses this issue.

To generate this artificial noise; the dimensions of the parameters were measured using
the micrograph in the Sigma Scan software. A normal distribution was fitted for noise
purpose and random numbers were generated using the average and standard deviation of
these geometric dimensions. For example the height of the pyramid grits were measured
10 times and the average and standard deviation of these values was calculated. Using
these values, random numbers were generated using normal distribution and the resulting
values were used as noise in the noise matrix. Similar procedure was carried out for other
parameters. A total of 256 runs were performed using this noise matrix and following

results were obtained. See appendix A for more data on the noise matrix.
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Table 5-1

(All values in microns)

: Statistics of parameters used to develop Noise matrix.

ID | PH | BWix | BW2x | BW3x | BW4x | BWSx | BWly | BW2y ‘:‘“;‘;fz‘ Skewness | Std Dev
AVG |34.10 | 455.07 | 1011.28 | 617.23 | 727.00 | 837.90 | 720.79 | 734.77 [1084.84| 34.83 | 0.10 | 0.02
STDDV | 3.17 | 285 | 921 | 936 | 549 | 742 | 832 | 847 | 1844 | 065 | 022 | 0.76
MIN |26.12|447.48 | 989.75 | 592.00 | 712.18 | 817.73 | 698.16 | 713.94 [1039.46| 33.19 | -0.65 | 1.97
MAX |42.41|461.43 |1035.10| 639.94 | 740.33 | 856.09 | 741.19 | 75721 |1133.70| 36.53 | 0.65 | 191

Table 5-2: Noise matrix result (all values in microns)

Ra Rq Rsk

Mean 4.97 6.36 0.99
Szﬁggﬁ 365 421 098
Maximum 22.86 28.18 2.62
Minimum  2.77 3.58 -3.36

As seen in Table 5-2 there is considerable difference in the minimum and maximum

values. This is due to two reasons; one is due to a large standard deviation used to

generate the random surface. Second reason for high roughness values is due to high

amount of noise in the indentation depth. Table 5-1 indicates the statistics used to

develop the noise matrix. From this table it is evident that the high degree of standard

deviation in most of the parameters used to develop the matrix contributes to the high

standard deviation in the results. The situations that contributed to the large variations

in the mean occurred few times in the matrix, they influence the average, since these

values are very high as compared to the normal average. These variations accorded

only 9% of the entire 256 runs. Thus within the limitations of the variation in inputs
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used to develop the matrix, the model provides consistent results. Since the variation
in inputs is high, the variation in results obtained would be high too. Hence it is

inconclusive at this stage whether the model is completely influenced by the noise.

5.2 Individual effect of parameters

To develop a better understanding of the effects of the individual parameters on the
final roughness values, a main-effect (one factor at a time) analysis was carried out.
The base settings for the factors were; pyramid height (415um), number of grits per
row (21), number of rows (20), sampling resolution (0.5um), and depth of indentation
(34pm). With only the exception of varying the factor of interest, these were the

factor settings.

|—+—Ra —8—Rq —&—Rt=Rp+Rv

Surface Roughness. (Microns)

1X1 2X2 4X4 6X6 7X8 9X 10 12X11 13X13 15X15 17X17 19X19
# of Collumns X # of Rows

Fig 5-1 Individual effect of number of pyramids (number of grits per row and

total number of rows).
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Surface Roughness (microns)

~ |Za—Ra —m—Rq —e—Rt=Rp+Rv |
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1000 e S s, SS—
500 | A
0.00 % } } k t i f

0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50

Sampling Resolution

Fig 5-2 Individual effect of sampling resolution

Surface Roughness (Microns)

|—=—Rq ——Rt=Rp+Rv —#—Ra

10 15 20 25 30 35 40 45 50
Indentation Depth (Microns)

Fig 5-3: Individual effect of pressure applied (indentation depth)
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L—l— Ra —&—Rq ——Rt =ARpA+Rvi

100 200 300 400 500 600 700 800 900 1000
Pyramid Height. (Microns)

Fig 5-4: Individual effect of pyramid height.

[—&—Ra —4—Rq ——Rt=Rp+Rv |

Surface Roughness. (Microns

0 5 10 15 20 25 30 35 39
Attack Angle. (Deg)

Fig 5-5: Individual effect of attack angle.
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Figure 5-1 indicates that the number of pyramid grits does have a substantial
influence on the surface roughness. The surface roughness descriptors R,, Ry drop as
much as 32 % for a 60% increase in the number of pyramids. However after a certain
point the change is not that drastic and the descriptors approach an asymptote.
Although there is change in the descriptors, it is not substantial enough to justify the
increase in the number of pyramids. The decrease in value of roughness descriptors,
indicating a smoother surface, is due to the multiple pass effect. As the numbers of
pyramids are increased the number of grits interacting with the workpiece also
increases and thus results in more material being removed. The section of workpiece
left untouched by the front grit is removed by the next grit passing in the same line.
But, as the numbers of grits keep increasing a point is reached when the following
grits scratch at the same region where the grits before it have scratched. Thus the
same area is machined again and again, leading to constant descriptor values.

As per Figure 5-2 there is no substantial evidence that increasing the scanning
resolution affects the roughness descriptors. The R, value shows some variation and
this is because at higher scanning intervals the possibility of missing peak to valleys
increases and thus results in variable descriptor values.

As seen in Figure 5-3 the indentation depth affects the value of descriptors R, and R,
substantially. There is 78% change in the minimum and the maximum value of these
descriptors. As the peaks and valleys increase with increase in indentation depth the
value of R, increases. At smaller indentation depth the tool barely scratches the
surface. Hence a smoother surface is obtained. As the tool penetrates into the

workpiece more material is removed and more peaks and valleys created as the depth
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increases. This occurs only up to a certain depth after which the values become
constant.

Figure 5-4 indicates that as the pyramid height increases the roughness of the
machined surface also increases. Although there is substantial increase, around 352%
in the surface descriptors as the pyramid height is changed from 100 to 400 microns,
the change is hardly 5% above 500 microns height. Shorter pyramid with larger base
removes more material than taller grit with smaller base. Since the indentation depth
is constant, and the height increases, the area of the tool coming in contact with the
workpiece decreases. As the pyramid height increases, lesser amount of surface
comes in contact with the tool, leading to an increase in the peaks and valleys. As the
number of peak and valleys increases the roughness of the machined surface increases
until it reaches a point where the difference is negligible. After a point the change in
affect of the change in height is insignificant.

Figure 5-5 suggests that the angle of attack at 0 degree gives the best surface as
compared to other angles. However, due to the geometric dimensions of the pyramid
base grits and the 0 degree angle only 5 pyramid grits interact with the surface to
form the new machined surface. Since the input surface parameters have very small
roughness, the value of the new machined surface is influenced by these values,

leading to an impression that the 0 degree attack angle gives the best surface.
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Fig 5-6: 2D view of the tool and work piece interaction at ( deg attack angle.
Figure 5-6 above shows the interaction between the tool at 0 degree attack angle and
the workpiece. As mentioned there is minimum interaction at this angle. This is due
to the fact that at 0 degree the pyramid grits line up behind each other. And hence
only 5 grits in the 2D plot are seen instead of 20 rows and 21 grits/row (11760 grits),
which make up the tool in this case.

Since the workpiece surface here is a highly polished surface, the final profile
obtained represents the workpiece surface with few indentations made by the tool.
Hence the 0 degree attack angle results in a very smooth surface.

If the 0 degree attack angle is neglected then according to Figure 5-5, the 30 degree
angle gives the best surface. As the attack angle increases from 0 degree to 30 degree
the surface roughness increases and at 30 degree the best surface is obtained. As the

angle is further increased the roughness again increases, leading to the conclusion that
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the 30-degree attack angle is the best surface yielding attack angle. The Rq value
obtained at 30 degree is 38 % better than the worst case at 39 degree. Earlier research
[9] has shown that 35 degree attack angle is the best, but current research shows that
the value of R, and Ry descriptors obtained at 30 degree is 29.47 % better than those

at 35 degree.

The various conclusions that can be drawn from this analysis are presented in the next

section.
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6. CONCLUSION

Until now there was no accurate model to simulate or analyze the actual abrasive
machining process with multiple-pass effect. This parametric model represents a tool
that can be used for such purposes. The analysis carried out proves the robustness and
accuracy of this model. It also incorporates the multiple pass effects that hitherto were
not analyzed by other models [46]. It can be concluded that a model to calculate the
effects of various geometric parameters on the workpiece surface is available.

The flexibility to accept input through a graphical user interface (GUI) for parameters
such as base widths, pyramid height, the number of pyramids, attack angle, sampling
resolution, and the indentation depth, surface roughness parameters to generate the
random surface is the most important feature of this model. The GUI makes the
model simple and easier to use.

The tooling model is highly flexible, allowing the researcher to manipulate various
geometric features (pyramid height, base, etc). The ability to manipulate the number
of abrasive grits allows for further analysis into intricate machining processes of
abrasive grinding. The ability to use attack angle at any degree gave the opportunity
to determine the best possible attack angle. It also put forth the effects of different
attack angles on the roughness of the machined surface. It provides an excellent
opportunity for a better understanding of the behavior of the pyramid grits at different
angles. It also allows the opportunity to study the multiple pass effect on the work
piece surface. Due to the multiple pass effect, the abrasive grits cut through the work
piece one after the other and increase the amount of material removed, thus increasing

the material removal rate. This phenomenon could not be analyzed in earlier models,
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which used just single grit. Due to the multiple grits that can be specified in the
program, effects of the number of grits can be analyzed. Statistical verification carried
out on the results of the model, provides robust analysis of their performance.
Another, big advantage of this model is the ability to generate random surfaces whose
surface roughness is known. The technique of generating random numbers using
Monte Carlo method incorporates the variability that occurs in nature. Surfaces
having different shapes but similar roughness descriptors occur in nature. Generating
random surfaces having similar roughness descriptors has been the most challenging
part in this model. It provides a unique set of problems. Successfully simulating these
random surfaces not only makes the model highly robust but also increases its
efficiency and accuracy. It also brings the model a step closer to the real life
scenarios.

Polynomials are one of the simplest curves found. The use of polynomial curves to
represent the workpiece surface makes it a simpler mathematical problem to calculate
the surface descriptors as compared to the use of other curves such as Bezier or B-
Spline curves. It is very simple to calculate the value of the surface at any point in the
interval. Hence when evaluating the machined profile, scanning the polynomial
surface becomes very simple and easy. Hence the calculation of the final machined
profile becomes a simple matter of substitution into their respective mathematical
equations.

The extensive analysis carried out with the model leads us to the following

conclusions about the various geometric parameters in the model.
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As mentioned earlier, the multiple pass effect significantly influences the
roughness of the machined surface. As the number of pyramid grits increase
the roughness of the machined surface reduces (i.e.) a smoother or more
polished surface is obtained. After a certain point though, any increase in the
number of pyramid grits fails to affect the roughness values in a significant
way. This indicates that the optimized level was reached. The model indicates
that 13 grits/row and 13 rows (4732) of pyramids is the optimized level. This
would serve as a valuable reference to the manufacturers of engineered
abrasives.

Increasing the sampling resolution from 0.1 micron to 0.5 micron show no
significant difference in the roughness descriptors in that interval. Thus any
instrument having scanning interval between this range, can be used to
measure the surface descriptors. Hence an instrument having a scanning
interval of 0.5 microns can be used as compared to a more expensive 0.1-
micron resolution instrument.

The individual effect of indentation depth indicates that the deeper the tool
penetrates into the workpiece, the higher the roughness value of the machined
surface. This indicates that the deeper the tool penetrates into the surface the
higher the number of peaks and valleys created during machining, thus
resulting in increased roughness of the machined profile. Hence digging
deeper into the workpiece results in more material removed but not

necessarily results in a smoother surface.

59



The individual effect of pyramid height shows an initial increase in roughness
descriptors followed by a constant trend. A smoother surface is observed with
smaller pyramid height and as the height increases the roughness too
increases. This is obvious since for a constant base width a shorter pyramid
height results in a short tool having a broader surface area in contact with the
workpiece will result in much smoother surface than a taller tool with lesser
surface area. This would seem natural as the pyramid indentation depth is
fixed to a certain level. Since the tip penetrates the surface the increase in
height affects the roughness initially and its effect remains unchanged beyond
a certain height.

Due to the ability of the model to incorporate various attack angles, it was
observed that a 30 degree attack angle results in the smoothest machined

surface.

The values obtained were compared against earlier experiments and validated.

The model represents an efficient and accurate analysis tool as compared to

earlier attempts. The trends and values are close to the actual experimental values.

Hence this parametric model simulates the abrasive machining process and also

suggests, the geometric parameters to obtain the optimal surface finish from a

workpiece.
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7. FUTURE WORK

Future work can be carried out in two areas of this model; one would be to increase
the efficiency and accuracy of this model and second to make the model more general
by incorporating other engineering abrasive shapes.

To increase the accuracy of this model a larger surface area can be used than the one
used in this model. Since the degree of polynomials restricts the number of random
number generated which in turn restricts the length of the surface, multiple
polynomials can be used to connect to each other and hence increase the length of the
surface. For e.g. two 16 degree polynomials can be used to form one surface. Hence a
higher number of pyramids with various base widths can be used to calculate the
surface roughness. This would increase the accuracy and robustness of the model.
Polynomials are the simplest curves. They have simple mathematical equation
describing them and it is very easy to calculate the value of a polynomial at any point.
But there are various curves such as Spline, B-Spline, Bezier Etc curves that can be
used to represent the surface. It would definitely be a step forward to see how the
model performs and what results are obtained when different curves are used to
represent the surface.

In this model the pyramid has an infinitively sharp tip at its bottom. In real life as the
abrasives are machined, the edges become smooth due to wear and tear. To
incorporate this change the edges can be represented by a smooth arc or semicircle.
This would make the model more realistic and the results would be more comparable
to the actual machining results. But it should also be noted that the model would be

more complicated.
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Fig 7-1: Pyramid grit with round tip. (Source [36])
Figure 7-1 shows conical shaped grit with round tips. This figure is taken from a paper by
Liang Fang [36]. In this work a simulation of single tip abrasion is performed and
analysis carried out. This conical shaped grit can be used as reference to generate smooth
curved pyramid grits as a continuation of present work. The dimensions for this grit are
given by:
D -2rcos®=2htan 0
H=h+r(l-sin0)

Where h — height of grit frustum.

D — grit diameter.

H — grit height.

r — tip radius.

0 - apex angle

There are only three independent variables. Therefore, D and H were assumed to follow

Gaussian normal distribution. The tip radius r was assumed to have a uniform

distribution. The distribution of the apex angle & and the frustum height 4 are dependent
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upon other variables and their distribution as shown by equations above. These equations
could be useful in developing a future model with conical shaped pyramid grits.

Future work in developing the workpiece surface can be carried out in the area of curve
fitting. As explained earlier, an undesirable effect of using polynomials for curve fitting
1s the Runge Phenomenon. The oscillations at both the edges of the polynomial curve fit
result in an ill-conditioned surface. This is due to equidistant interpolation with
polynomials of high degree. To over come this problem, Tchebycheff abscissae, can be
used. Since the cause of oscillations is due to the equidistant points, it is necessary that
the points be scattered. Tchebycheff abscissae, reduces the distance between the points at
the outside of the interpolation interval and the distance between points in the center is
increased by a small value. Since the distance between the points at the outside of the
interval is reduced, the polynomial is well conditioned in the interval of interest.

In general, Tchebycheff abscissae is given by:

X, =CO0S —, 1=0,1,2,.......... ,m, (m=10)

To demonstrate this solution, 11 random numbers were generated and a 10 degree
polynomial was used to fit the data in the interval [-1,1].
Figures 7-2 and 7-3 show the 10 degree polynomial curve fit before and after using

Tchebycheff abscissae.
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As seen from the above figures, the Tchebycheff abscissae is successful in reducing
the effects of Runge Phenomenon. This new surface can be used as a workpiece
surface in future models. The conclusion drawn from this work as regards to abrasive
geometry in section 6 can be used as basis for further studies into application specific
engineered abrasives. Example, for developing smooth surface, pyramid shaped grits
with small height and large base are recommended. Experiments can be carried out
using such engineered abrasives on different metal and wood surfaces to further
verify results.

Different geometries can be introduced and developed to further strengthen this
model. Quad and helical shaped abrasives can be similarly modeled and the results
obtained would give an interesting perspective on how different abrasive geometries

affect the final roughness of the workpiece.
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APPENDIX A

Noise matrix data:

Following is the data obtained as a result of the noise matrix analysis carried out to

determine the effects of individual parameters on surface roughness.

Table 9-1: Data of individual effect of number of pyramids on roughness

parameters.
Matrix | Ra Rq Rsk Rku Rp Rv |[Rt=Rp+Rv| Ry Rz
1X1 9.66 | 11.21 | -1.11 260 | 2235 11.51 33.86 34.70 | 33.87
2X2 | 10.18 | 11.55 | 0.04 1.60 | 25.84 8.40 34.24 34.84 | 3424
4X4 | 940 | 11.07 | 0.72 2,17 | 2827 | 6.09 34.36 35.00 | 34.37
6X6 | 7.70 | 10.00 | 1.39 3.76 | 30.52 | 4.50 35.02 37.70 | 35.01
7X8 5.40 7.74 1.90 6.19 | 30.03 3.29 33.32 35.60 | 33.33
9X10 | 3.67 5.44 242 10.11 | 2588 | 2.42 28.30 3425 | 28.30
12X11| 3.07 4.51 2.41 1048 | 2342 | 2.02 25.44 29.00 | 25.45
13X13| 223 2.98 1.73 7.72 | 14.95 1.56 16.51 19.90 16.52
15X15| 1.86 2.31 0.94 3.43 9.65 1.31 10.96 11.32 10.96
17X17} 1.71 2.14 1.03 3.80 9.71 1.18 10.89 11.32 10.90
19X19| L.56 1.95 1.07 3.99 9.60 1.07 10.67 11.24 10.68
'—e—Ra —#— liq —a—Rt= Rp.+Rv Rsk & Rku —%— R}:; —e—Rv Ry e Rz

40.00

35.00 1 g——x

(8]
=)
o]
o

25.00
20.00 -
15.00
10.00 -
5.00 -
0.00 {--

Surface Roughness. (Microns)

7X8. .. 9X10

12X 11

13X 13 15X15 17X17

19X 19

500 -1X1

# of Collumns X # of Rows

Fig 9-1: Individual effect of number of pyramids on roughness parameters.
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Table 9-2: Data of individual effect of sampling resolution on roughness parameters.

léqu,(;l:,t:,?)l Ra | Rq | Rsk | Rku | Rp | Rv [Rt=Rp+Rv| Ry Rz
0.10 | 828 | 10.18 | 1.08 | 296 | 26.86 | 489 | 31.75 | 34.62 | 31.75
015 | 825 | 1013 | 1.07 | 293 | 26.60 | 488 | 31.48 | 3426 | 31.48
020 | 824 | 1011 | 1.07 | 293 [ 2700 | 489 | 31.89 | 3505 | 31.88
025 | 826 | 1014 | 1.07 | 2.94 | 27.16 | 489 | 32.05 | 36.00 | 32.05
030 | 829 | 1019 | 1.08 | 297 | 27.00 | 490 | 31.90 | 34.08 | 31.87
035 | 828 [ 1018 | 1.08 | 296 | 26.86 | 490 | 3176 | 34.62 | 31.75
040 | 825 | 10.13 | 1.07 | 2.90 | 2658 | 4.88 | 3146 | 34.16 | 3146
045 | 831 | 1023 | 1.09 | 3.00 | 2681 | 490 | 3171 | 34.60 | 31.71
050 | 828 | 10.18 | 1.08 | 2.96 | 26.84 | 489 | 3173 | 34.62 | 31.78

40.00

35.00 -

30.00 F-----

25.00 -
20.00
15.00 -
10.00

Surface Roughness (microns)

5.00

0.00

0.10

0.25

0.30

Sampling Resolution

0.35

0.40

Fig 9-2: Individual effect of sampling resolution on roughness parameters.
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Table 9-3: Data of Individual effect of indentation depth on roughness parameters.

Indentation
Depth Ra Rq Rsk | Rku | Rp Rv |[Rt=Rp+Rv| Ry Rz
(microns)
10 3.06 3.40 -0.34 1.65 7.23 2.76 9.99 10.74 | 10.00
15 4.71 5.25 0.12 1.50 | 11.28 | 3.54 14.82 15.62 | 14.82
20 6.10 6.97 0.48 1.77 16.14 4.08 20.22 20.60 | 20.23
25 7.12 8.36 0.72 2.11 20.14 4.51 24.65 25.08 | 20.66
30 7.85 9.46 0.93 2.57 | 24.05 4,77 28.82 32.00 | 28.83
35 8.33 10.26 1.10 3.02 | 27.62 4.92 32.54 36.05 | 32.54
40 8.69 | 10.95 1.26 3.61 | 3096 | 5.01 35.97 40.18 | 35.98
45 8.85 11.27 1.36 4.00 | 33.00 5.05 38.05 43,75 | 38.06
50 9.02 11.66 1.48 458 | 3642 5.10 41.52 4958 | 41.53
Ile&—Rsk ® Rt=Rp+Rv = Rsk —%— Rku —e—Rp ——Rv Ry — Rz
60.00 -
2 50.00 -
e
'§ 40.00 -
2 30.00
£
2 20.00
o]
I~
g 10.00 g
E 0.00 %
10.00 . - :
10 15 20 25 30 35 40 50

Indentation Depth (Microns)

Fig 9-3: Individual effect of indentation depth on roughness parameters.
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Table 9-4: Data of individual effect of pyramid height on roughness parameters.

Pyramid
Height | Ra Rq Rsk | Rku | Rp Rv [Rt=Rp+Rv| Ry Rz
(Microns)

100 2.18 2.83 1.52 4.77 9.19 1.23 10.42 12.92 | 10.42

200 4.36 5.66 1.52 4.77 18.38 | 2.46 20.84 25.85 | 20.84

300 6.50 8.38 1.46 448 | 2592 | 3.68 29.60 35.28 | 29.61

400 8.08 9.98 1.12 3.09 | 27.08 | 4.75 31.83 34.86 | 31.83

500 9.21 11.01 0.87 241 2729 | 5.64 32.93 34.65 | 32.94

600 9.90 11.52 0.65 200 | 27.67 | 6.36 34.03 34.74 | 34.03

700 10.34 | 11.81 0.47 1.74 | 2697 | 6.97 33.94 34.26 | 33.94

800 10.75 | 12.13 0.34 1.60 | 2685 | 7.54 34.39 34.80 | 34.40

900 1096 | 12.26 0.20 1.52 | 26.59 | 8.04 34.63 35.06 | 34.64

1000 10.80 | 11.99 0.05 147 | 2538 | 8.33 33.71 33.95 | 33.72

- Rku ;>K— Rp :;;“Rv ——Rt= Rp+Rv

Roughness Values (Microns)

100 200 300 400 500 600 700 800 900 1000

[ Pyramid Height (Microns)
e

Fig 9-4: Individual effect of pyramid height on roughness parameters.
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Table 9-5: Data of individual effect of attack angle on roughness parameters.

Attack

Angle | Ra Rq Rsk | Rku Rp Rv |Rt=Rp+Rv| Ry Rz

(Deg)
0 2.33 519 | -436 | 22.04 | 19.78 | 14.92 34.71 34.84 | 3471
5 6.84 840 | 0.71 | 2.82 | 2450 | 5.52 30.02 34.40 | 30.02
10 9.03 | 10.78 | 0.73 | 2.28 | 28.09 | 5.65 33.74 35.14 | 33.74
15 921 | 1092 | 0.60 | 2.10 | 28.74 | 6.08 34.83 36.57 | 34.83
20 832 | 1002 | 0.76 | 2.50 | 27.86 | 6.00 33.86 34.83 | 33.86
25 931 | 11.00 | 0.76 | 2.30 | 28.76 | 6.06 34.83 36.82 | 34.83
30 5.48 7.13 125 | 433 | 27.76 | 3.93 31.70 34.04 | 31.70
35 825 | 10.11 | 1.06 | 2.92 | 27.00 | 4.88 31.85 35.00 | 31.85
39 10.11 | 11.37 | -048 | 1.78 | 23.01 | 9.25 32.35 34.06 | 32.35

[—+—Ra —#-Rq  Rsk  Rku —%—Rp ——Rv ——Rt-Rp+Rv —Ry -~ Rz

Roughness value (Microns)

Attack Angle (deg)

Fig 9-5: Individual effects of attack angle on roughness parameters.
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APPENDIX B

Runge phenomenon

Polynomial interpolation is simple, unique, and has a nice geometric interpretation. The
polynomial oscillates when the number of interpolation points are fairly large and
equidistant. This problem is known as the Runge’s Phenomenon.

Example:

The function £ whose graph is the continuous curve shown in Figure 9-6 is approximated

in two different ways by a polynomial of degree 10 in the interval [-1,1].

Fig. 9-6: Runge phenomenon

The dashed curve has been determined by interpolation on the equidistant net with eleven

points (m=10)

77



The graph of the polynomial so obtained has unlike the graph of f- a disturbing course
between the net points. The agreement with f near the ends of the interval is especially
bad, while near the center of the interval [-1/5, 1/5] the agreement is fairly good. Such
behaviour is typical of equidistant interpolation with polynomials of high degree, and can
be explained theoretically (Runge’s phenomenon).

The dotted curve has been determined by interpolation in the so-called Tchebycheff

abscissae,

X, =c0S =, 1=0,12,........... ,m, (m=10)

The agreement with { is now much better than with equidistant interpolation, but still not
good. The function is not at all suited for approximation by one polynomial over the
entire interval. Here one would get a much better result using approximation by rational
functions (somewhat of a trick, since the curve shown is the graph of f (x) = 1/(1425%%)),
or with piecewise polynomials.

Notice that the difference between the values of the two polynomials is much smaller at
the net points themselves (xj = -1 + 2i/10) than in certain points between the net points,
especially in the outer parts of the interval. This intimates that the values which one gets
by equidistant interpolation with a polynomial of high degree can be very sensitive to
disturbances in the given values of the function. Put another way: equidistant
interpolation using polynomials of high degree is in some cases an ill conditioned
problem, especially in the outer parts of the interval [Xo, Xm ]. The effect is even worse if
one extrapolates — i.e., if one computes values of the polynomial at the points outside the

net. However, equidistant interpolation works well near the center of the interval.

78



Even with the equidistant data one can often get a more well-behaved curve by — instead
of interpolating — fitting a polynomial of lower degree (e.g., n = 6) using the method of
least squares. Generally, if one chooses n < 2vVm, then the polynomial fit is quite well-
conditioned, but higher values of n should be avoided. In the above example, however,
the agreement would still be quite bad, even at the net points, when the degree is chosen
to be so low.

If one intends to approximate a function in the entire interval [-1,1] by a polynomial and
can choose the points at which the function is computed or measured, then one should
choose the Tchebycheff abscissae. Using these points, interpolation is a fairly well
conditioned problem in the entire interval and one can conveniently fit a polynomial of
lower degree than m, if one wishes to smooth errors in measurement. The risk for
disturbing surprises between the net points is significant.

Above example shows how important it is to study the course of the curve y = f*(x)
between those points which are used in the calculations before one accepts the
approximation. When one uses procedures for approximation for which one does not
have a complete theoretical analysis, one should make an experimental perturbation
calculation. In the above case such a calculation would very probably reveal that the
interpolation polynomial reacts quite strongly if the values of the function are disturbed
by small amounts, say £ 10 -3 where the sign is chosen randomly (for example, using
random numbers generated by the computer). This would give a basis for rejecting the
unpleasing dashed curve in the example, even if one knew nothing more about the

function than its values at the equidistant net points.
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APPENDIX C

Fundamentals of surface roughness and its descriptors.

e Profiles

Profiling method: A surface scanning measurement technique that produces a two-
dimensional graph or profile of the surface irregularities as measurement data.

Profile: The curve of intersection of a normal plane with the surface.

Nominal profile: A profile of the nominal surface: a straight line or smooth curve.

Real profile: A profile of the real surface.

Measured profile: A representation of the real profile obtained by a measuring
instrument. The profile is usually drawn in an x-z coordinate system.

Roughness profile: The modified profile obtained by filtering to attenuate the longer
spatial wavelengths associated with waviness.

Mean line: The reference line about which the profile deviations are measured.

Profile peak: The point of maximum height on a portion of a profile that lies above the
mean line and between two intersections of the profile with the mean line.

Profile valley: The point of maximum depth on a portion that lies below the mean line
and between two intersections of the profile with the mean line.

Roughness sampling length (I): the nominal surface interval within which a surface
roughness parameter is determined.

Evaluation length: The length over which the values of surface parameters are

determined.
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Traversing length: The length of a profile, which I traversed by a profiling instrument to
establish a representative evaluation length. Because of end effects in profile
measurements, the traversing length must be longer than the evaluation length.

e Roughness height parameters

Roughness average (Ra): The arithmetic average of the absolute values of the profile

height deviations recorded within the evaluation length and measured from the mean line.

R, = szﬂzu)]dx

Root mean square (rms) roughness (Rg): The root mean square average of the profile

height deviations taken within the evaluation length and measured from the mean line.

R, = K%)jZ(x)zde

Maximum profile peak height, (Ry): The distance between the highest point of the
profile and the mean line within the evaluation length.
Maximum profile valley depth (R,): The distance between the lowest point of the
profile and the mean line within the evaluation length.
Maximum height of the profile (R;): The vertical distance between the highest and the

lowest point of the profile within the evaluation length.

R, =R_+R
t p \%
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e Shape parameters and functions

Skewness (Rsk): A measure of asymmetry of the profile about the mean line.

1

R, =—
sk R;

K
3
Z(;[Z (x)dx

Kurtosis (Rku): A measure of peakedness of the profile about the mean line.
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APPENDIX D

Table 9-6: Final Results after 10,000 iterations for 35 deg attack angle (2D).

Ra

Rq

Rsk

RKku

Rv

Ry

Rp

Rz

3.39

5.03

2.47

10.55

2.24

35.00

24.49

26.73

Table 9-7: Final Results after 10,000 iterations for 35 deg attack angle (3D).

Ra

Rq

Rsk

Rku

Rv

Ry

Rp

Rz

3.38

5.02

245

10.43

2.24

33.93

24.13

26.38

Table 9-8: Final Results after 10,000 iterations for 0 deg attack angle (2D).

Ra

Rq

Rsk

Rku

Rv

Ry

Rp

Rz

2.65

3.51

2.47

19.14

14.96

36.32

20.05

35.01

Table 9-9: Final Results after 10,000 iterations for 0 deg attack angle (3D).

Ra

Rq

Rsk

RKku

Rv

Ry

Rp

Rz

3.35

6.02

-3.37

16.06

14.96

38.50

20.96

35.92
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