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Abstract

This thesis involves the measuring of grinding wheel wear using an improved grinding
wheel scanner. The positional resolution of the scanner has been improved from 26.5 um
to 0.65 um with the addition of a second encoder. A vision based homing system was
designed, and is able to track the position of the grinding wheel with a resolution of 2 um.
The implementation of a real-time controller improved the reliability of component
synchronization and data acquisition. A slip compensation algorithm was written to
correct the slip between grinding and friction wheels. The algorithm was proven to be
able to compensate the slip to within the resolution of the sensor used. The positional
repeatability of the scanner was measured to have average percent differences of 1.3%
and 0.8% for the x and y directions, respectively. The homing system was measured to be
repeatable within standard deviations of 27.6 um and 19.3 um for the x and y directions,
respectively. The grinding wheel scanner measurements were then compared to SEM
images and the surface areas of distinct features were measured to be within 11% of one
another. The scanner was then used to study the wear of non-grooved and grooved
grinding wheels. Analysis methods were developed to consistently extract parameters
from the measured wheel surface. The extracted parameters were then used to calculate
the G-ratios for the non-grooved and grooved wheels, which were found to be 6849 and
10215, respectively during steady state wear. A comparison of the power and forces to
the uncut chip thickness was able to show the effect of the failure modes and clearly
represented the size effect.
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Chapter 1. Introduction

Grinding is a metal removal process, and as in any machining process, it involves the use
of a tool to remove unwanted material from a workpiece. In grinding, the tool is a wheel
that consists of very hard abrasive grains bonded together. Grinding plays an important
role in manufacturing and is used to produce high quality parts with excellent surface
finish and to close tolerances [1]. A very appealing aspect of grinding is its ability to
machine a wide number of workpieces, especially hard and tough materials. Products that
require grinding span nearly all aspects of everyday life from large turbine blades for an
airplane engine to the prescription glasses that are worn by millions of people around

world.

1.1 Motivation

In other machining processes the effect of tool geometry can be quantified. In grinding,
the tool is the wheel itself, and due to the complexity of its microtopography it is very
hard to define the geometry of the tool. It is known that the wheel’s condition is directly
related to the power, workpiece roughness and workpiece temperature but these
relationships have not yet been fully quantified. In order to effectively study and
understand the grinding wheels surface and its effect on the process outcomes, tools are
needed that can monitor the changes in the wheels surface topography throughout the

process.

1.2 Objectives

The objective of this thesis work was to:
e Improve the current grinding wheel scanner’s resolution and reliability.
e Design and implement a homing system for the grinding wheel scanner.
e Quantify the improved scanner’s repeatability and validate it’s capability to
accurately measure a grinding wheel surface.
e Investigate the wear of grooved and non-grooved grinding wheels using the

improved grinding wheel scanner.



1.3 Organization of Thesis

This work contains 6 chapters. Chapter 2 will provide the essential grinding process
information that is needed to follow the work of this thesis. It will cover the composition
of a grinding wheel, the kinematics of the process and the types of grinding wheel wear
mechanisms. Current grinding wheel surface characterization methods are then discussed.
Chapter 3 describes the old grinding wheel scanner and discusses its issues. Solutions to
these issues, which have been developed and implemented, are then described. Chapter 4
contains the validation of the modified scanner, beginning with the repeatability of 2D
profile and 3D area scans of test surfaces. The scanners capability to measure the
grinding wheel surface is then validated by comparing measurements to digital and
scanning electron microscope (SEM) images. A comparison of ground and unground
grains is also used for further validation. Chapter 5 contains a wear study which was
performed to investigate the wear of grooved and non-grooved grinding wheels. An
analysis method was developed in order to extract parameters from the scanner
measurement. Comparisons of the two wheels’ extracted parameters are then performed
to quantify the differences in their wear. Chapter 6 then summarizes the work included in

this thesis and offers recommendations for future work.



Chapter 2. Background and Literature Review

This chapter will serve as the foundation for the content covered throughout the entirety
of this thesis. The essential topics which will be covered are the composition of grinding
wheels, the kinematics of the grinding process, and common wheel wear mechanisms.
Different methods for measuring grinding wheel topography will then be reviewed. The

methods are separated into three categories contact, non-contact and in-process.

2.1 The Grinding Wheel

The grinding wheel is a key component in the grinding process as its surface acts as the
cutting tool. Grinding wheels are made up of abrasive grains that are held together using

a bonding material. In between the grains and bonding material there are spaces referred

to as pores. The three aspects of a grinding wheel are clearly shown in Figure 2.1.

I I |
1.00mm
Pore  Abrasive Bonding

QGrain material

Figure 2.1 SEM of grinding wheel showing porous voids, abrasive grains and bonding

material

Grinding wheels can be classified using an American National Standards Institute (ANSI)
standardized marking system [2]. The marking system defines the wheel by its abrasive
type, grade, structure and bond material. In Figure 2.1 the abrasive shown is an aluminum

oxide which is the most common type used. Other abrasives that are typically used



consist of silicon carbide, cubic boron nitride (CBN) and diamond. The latter two are
referred to as super-abrasives due to their superior hardness and resistance to wear. The
size of the abrasive plays a large role in the surface finish and achievable material
removal rates. Small grains generally produce a finer workpiece surface finish while
large grains can increase the material removal rate [3]. The grain size is defined by a grit
number M and can be used in the following relationship to estimate the average grain

diameter d, in mm [4].

dy = 15.2M71 (2.1)

The most common bond type used in grinding wheels, and the type used throughout this
thesis is a vitrified bond. The grade of a wheel refers to its hardness. The more bonding
material, the harder a wheel is. The wheels structure indicates the amount of abrasive

grains that are in the wheel.

2.2 Grinding Kinematics

The kinematics of grinding is illustrated in Figure 2.2 to show the basic geometrical
relationship during chip formation. The grinding wheel of diameter d; is rotated at a
peripheral velocity v; and brought into contact with the workpiece, which is translating at
a velocity of v,,. The relative height difference between the bottom of the grinding wheel
and unground workpiece surface is equal to the depth of cut a. The arc length formed
between the wheel and workpiece is referred to as the contact length /.. The feed per
cutting point, f, is the horizontal distance that one grain travels while in the cutting zone.
The combination of the wheel’s rotating motion and workpiece’s translating motion
results in an increasing uncut chip thickness shown in black in Figure 2.2. The resulting

maximum uncut chip thickness is represented as /,,.



Grinding

,,,,, S wheel

Workpiece

\.

Figure 2.2 Illustration of grinding kinematics

The maximum uncut chip thickness can be calculated using Equation [4]. This equation
was derived based on the assumption that the grains are all the same size, and have the
same spacing and protrusion height. In reality the grains are known to be randomly

spaced, sized, oriented and protruding from the wheel surface.

1 2.2)
Dy [ A\2
h =2L—(—)
m vs

All of the terms in Equation (2.2) are seen depicted in Figure 2.2. All parameters except

for the grain spacing L can be easily determined from the grinding kinematics. While



approximations of the grain spacing do exist, due to the complexity of the wheel’s

surface the only true way to obtain the parameter is from direct measurement.

2.3 Wear Mechanisms

The grinding of material inevitably leads to wheel wear. As the wheel wears, its geometry
and therefore the geometry of the cutting tool changes, which can have a significant
effect on the process outcomes. Important parameters such as grinding efficiency,
workpiece surface finish and material properties are all affected by the wear [5]. There
are three dominant wear mechanisms during the grinding process. They are attritious
wear, grain fracture and bond fracture [6, 7, 8, 9]. The three mechanisms are shown in

Figure 2.3.

Workpiece

Figure 2.3 Illustration of wear mechanisms including; (a) attritious wear, (b) grain

fracture and (c) bond fracture [4, 6, 8, 9]

Attritious wear is the result of the grain rubbing against the workpiece. The rubbing
action between grain and workpiece results in high pressures and temperatures on the
grain tips causing them to become dull and eventually forming wear flats [10]. As the
number and size of wear flats increase, increasing frictional energy causes the

temperature to rise. Eventually the metallurgical properties of the workpiece can change



and workpiece burn can occur [1]. Attritious wear is considered the most important form
of wear because as wear flats develop, the forces acting on the grains increase, which

lead to fracture wear [7].

The two types of fracture wear, grain and bond, are illustrated in Figure 2.3. Fracture
wear is a result of the forces acting upon the grain becoming too large and either the
grain, or the bond break. When grain fracture occurs, only a fragment of the grain is
broken and new cutting edges can be exposed in a process referred to as “self-
sharpening”. Bond fracture is the complete dislodgement of a grain as the forces become
too high for the bonding material to withstand. In both cases, fracture wear results in the
wheel surface becoming irregular and in turn causes the workpiece surface finish and

accuracy to deteriorate.

2.4 Wheel Surface Measurement Methods

It is well known that the wheel’s topography, both macro and micro, play a large role in
the grinding process. The wheel’s macrotopography consist of the basic wheel shape and
is responsible for the workpiece geometry [1]. The microtopography of a grinding wheel
comprises of the distribution of abrasive grains over the wheel surface and their
morphology [4] and is responsible for such things as workpiece roughness, energy, wheel
life, and removal rates [1]. Much research has been performed to study the effect of the
wheel topography on the grinding process and a multitude of methods have been
developed in order to characterize different parameters. This section will discuss those

methods in three categories: contact, non-contact and in-process methods.

2.4.1 Contact Methods

Contact methods involve direct contact between the grinding wheel and the measurement

apparatus. The two methods discussed are stylus and imprints.

The use of a stylus, which is similar to standard surface roughness measurements, has
been incorporated by several researches to measure the surface of the wheel. In this

method a stylus coupled with a displacement transducer is dragged along the wheels



circumference producing a profile of the wheel topography. Wheel surface measurements
acquired by a stylus have been used to characterize multiple topographical characteristics
including: number of cutting edges [11, 12, 13], active surface area [14] and grain
sharpness and wheel coarseness [11, 13]. Figure 2.4 illustrates the setup used by Xie et al.
[15] in which a coordinate mapping machine (CMM) was used to characterize the

protrusion height and rake angle of the wheel’s grains.

Diamond grinding wheel

YA ¢
Wheel flank
Probe A
1« ¢~ Flange surface
AR " :
- A Measuring path
4‘;; A
: ite
Measuring A ~
direction a X

Figure 2.4 Stylus method schematic [15]

A significant drawback inherent in stylus measurements is that the size of the stylus tip
limits the resolution of the measurement, and the small features of the grains are not
picked up [16]. It is also difficult for the stylus to obtain measurements below the
outermost layer of the surface without getting hung-up and caught in the crevices. The
measurement method is also limited in scanning speed. If the stylus moves too fast it can
lose contact with the wheel surface, resulting in the loss of detail throughout the
measurement [17]. Additionally, using the stylus or probe on a very rough hard surfaces

such as grinding wheel surfaces can cause accelerated wear to the stylus [18].

Another contact measurement technique used to obtain topographical data of grinding
wheels is the imprint method. The wheel is rolled over a second surface and the imprint
that is left behind is examined. Different mediums have been used to roll the wheel over
including soot [19], dye [20], lead tape [21] and carbon paper [22]. The principle was that

cutting edges would leave a noticeable feature on that surface. The number of cutting



points can be evaluated from the features left on the rolled surface. While fairly simple,

this method results in inaccurate measures and is time consuming [23].

2.4.2 Non-Contact Methods

Several non-contact measurement methods have been developed in order to characterize
the wheel without the drawbacks associated with contacting the wheel including
inaccuracies and rapid wear. Non-contact measurements vary greatly, in both method and
complexity, from an LED and phototransistor to a 3D confocal laser scanning

microscope.

SEM images provide a very detailed image of the grinding wheel surface with excellent
depth of field. Researches have used SEM to study the grain geometry [24], cutting edge
density [25], dressing effects [26] and active surface [27]. It is even possible to acquire a
3D measurement from an SEM by using stereo photographs and a triangulation process
[28]. The drawback to an SEM is that it requires a small sample size and, therefore, the

grinding wheel must be destroyed preventing any further process monitoring.

Conventional optical microscopes have also been used in the characterization of the
wheel surface. Lachance et al. [29] developed a system that could measure wear flats
automatically from microscopic images without removing the wheel from the machine
using a custom positioning system and image processing techniques. Their design is
shown in Figure 2.5. Feng and Chen [30] were able to monitor the wheel loading using

microscopic images and image processing with a similar method to Lachance et al.
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Angular

encoder
Grinding
motor

—— Camera

Optic assembly

Workpiece

Figure 2.5 Wear flat measurement system [29]

Fathima et al. [31] used an LED and phototransistor to measure the profile around the
circumference of the wheel to study the basic shape of the wheel. The setup is shown in
Figure 2.6, as the wheel is rotated it interrupts the light traveling to the phototransistor.

The interruption pattern is used to describe the wheel surface.

Phototransistor U

Sensor ;

LED Q Grinding wheel

Figure 2.6 Wheel profile sensor [31]
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Auto-focusing systems have been incorporated with lasers to measure the distance from
the object using theory that when in focus, the light intensity measured will be higher
than when out of focus [32]. White light interferometers (WLI) have also been used to
obtain a variety of grain topography parameters [33, 34, 35, 36]. WLI works on the
principle that if the distance to one light source is known, the interference pattern
between it and another light source can be used to determine the distance to the second
source. Generally, small samples are required for this method although Hecker et al. [33]
used a combination of a WLI and the imprint method to scan an imprinted surface of the
grinding wheel in order to compensate for the curvature of the wheel in larger scans. The

incorporation of the imprint method however, introduces the same aforementioned issues.

Confocal laser scanning microscopes have recently been implemented into grinding
research. They have the ability to acquire optical images and 3D topographical data at the
same time. Tahvilian et al. [37] used the digital image to create a mask of the grains in
the scan, which allowed for the removal of bonding material from 3D topographical data.
Small samples were again required for this work, resulting in the destruction of the

wheel.

Darafon et al. [38] developed a system capable of scanning an entire grinding wheel with
the use of a white light chromatic sensor and a custom positioning control system. This
same system is the basis of this thesis and will be discussed in detail in the following

chapter.

2.4.3 In-Process Methods

As the name implies, in-process measurements are taken during grinding process and do
not involve any interruptions. The methods that are commonly used are force

dynamometer, thermocouple and acoustic monitoring.

The dynamometer and thermocouple methods are based on the same principle. As a
cutting edge passes over the sensor a force or thermal pulse will be measured [4]. When

measuring the force, a razor thin workpiece is mounted on the dynamometer so that
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individual force pulses may be identified. Based on the kinematics of the process and
number of pulses measured the cutting edge density can be derived. The measured pulses
are often not clearly separated causing difficulty in interpreting the data [4]. The

thermocouple technique is very similar, except the sensor is embedded in the workpiece

[4].

Acoustic monitoring has also been used to measure the wheel in several different ways.
Acoustic emissions have been monitored during the process and proven to successfully
define a worn grinding wheel [39]. By mounting an acoustic emission sensor on a
dressing tool, Weingaertner and Boaron [40] were able to count the number of cutting

edges on a grinding wheel and map their location.

2.5 Summary

This chapter introduced the essential information in order to completely comprehend the
findings of this work. The grinding wheel itself was discussed, and then the kinematics of
the operation was covered with information on how to calculate the uncut chip thickness.
Next the three main grinding wear mechanisms were discussed which were attritious,
grain and bond fracture. Grinding wheel surface measuring techniques were then

discussed in three categories: contact, non-contact and in-process.
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Chapter 3. Grinding Wheel Scanner

This chapter will introduce, in detail, the grinding wheel scanner which has been
previously developed. The three major issues that have been observed with the scanner,
namely: poor resolution, lack of a homing procedure and controller reliability, will be
discussed. The issues were then resolved and their solutions include an additional
encoder, the design of a vision based homing system and the implementation of a real-

time controller.

3.1 Measurement Principle

The main component of the grinding wheel scanner is a Nanovea CHR-150 Axial
Chromatism sensor. It is the device used to obtain the topographical data of the grinding
wheel. Axial Chromatism is an optical measuring technique that takes advantage of the
different wavelengths of light. A white light source is separated into its spectral
components as it passes through a lens with a high degree of chromatic aberration. As
seen in Figure 3.1, the color of light transmitted back to the sensor is dependent on the
distance of the object in focus. A pinhole and diffraction grating configuration ensure that
only focused light is transmitted back to the CCD strip, which is used to determine the

measured distance.
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Figure 3.1 CHR-150 Schematic (adapted from [41, 42])

3.2 Scanning Method

The grinding wheel scanner was designed so that the optical pen from the previously
discussed section can scan an entire wheel. In order to accomplish this, positioning
systems we’re established in the X, y, and z coordinates which can be seen in Figure 3.2.
The x-axis drive system is comprised of a SILVERPAK 17C stepper motor connected to
a friction wheel by a 50:1 planetary gearbox. When the friction wheel is brought into
contact with the wheels surface they both rotate. In order to monitor the position of the
grinding wheel as it is rotated there is a Teledyne-Gurley Series 825 rotary encoder
attached to the number 40 tapered vertical spindle on which the grinding wheel sits. The
optical pen is attached to a Parker Series 4000 stage and ZaberTLA28A linear actuator to
achieve motion along the y-axis. The optical pen itself obtains the z-axis information but
a custom horizontal lead-screw stage was designed to move the pen within its working
distance. There is also a digital camera attached to another horizontal stage with 40°

separation between the two.
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Figure 3.2 Grinding wheel scanner [38]
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3.3 Scanner Issues

The previously developed scanner had three significant problems. The following section

will discuss those problems which were: resolution, homing and reliability.

3.3.1 Resolution

The encoder connected to the hub of the grinding wheel is an incremental quadrature
encoder. Quadrature encoders work by fastening a code disk to a rotating shaft as shown
in Figure 3.3. The code disk is comprised of both opaque and transparent sections. Two
light sensors (A and B) are constantly reading for a light signal. As the disk rotates light
from the two light sources is either blocked by the opaque sections or passes through the
transparent sections to the light sensor. By analyzing the output signals the position and
velocity of the encoder can be determined. Figure 3.3 depicts the operation of an encoder

and its output signals.

Code disk

Light sources

/ QOutput signals

Light sensors

Figure 3.3 Depiction of encoder functionality (adapted from [43])

The resolution of an encoder is directly related to the number of windows that its code
disk has. The scanner’s hub encoder consists of 12000 windows. Using an encoder in
quadrature mode produces four counts per each cycle. Therefore the hub encoder

produces a total of 48000 counts per revolution (CPR). While this may seem like a high
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resolution, when factoring in the diameter of grinding wheel the final resolution is
diminished significantly. As seen in Figure 3.4, the arc length s, which is equivalent to

the resolution of the x-axis position of the scanner, is dependent on both the central angle

0 and the radius r.

Figure 3.4 Arc Length

The central angle was determined to be 0.0075° with the following relationship:

_ 360° (3.1)
" CPR

With the largest radius of the grinding wheel being 203 mm, the worst-case scenario

resolution in the x-direction was found to be 26.5 um using the following equation:

s = 2mnrd (3.2)

This resolution results in numerous data points being taken during the same encoder
value if the sampling interval is set to a value below 26.5 um. To account for this fault,
data was previously resampled assuming constant velocity of the wheel [38]. This
method however did not account for slip, which is an inherent issue when using a friction
wheel. External vibrations from someone bumping the table or even walking by could
affect the contact between the grinding wheel and friction wheel. Preferably, the physical
resolution of the scanner’s x-axis would be closer to that of the resolution of the optical

pens which are 4 um and 1.4 um for the 1200 um and 130 um pens, respectively.
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3.3.2 Homing

The end goal of the grinding wheel scanner is to monitor the effect of the grinding
process on the wheel’s surface micro-topography and vice versa. Without a homing
system this wheel monitoring can prove difficult, as the location of the scanned area is
lost if the grinding wheel is removed from the scanner and replaced. The addition of a
homing system would allow for repeated scanning of the same area between multiple

grinding tests.

3.3.3 Reliability

The largest concern with the previous scanner was its control reliability. All of the
components were originally operated using a LabVIEW program on a desktop computer.
The control system needs to be able to control all components and acquire measurements
synchronously and with very precise timing. Using a computer to control all components
proved to be problematic in several situations. The computer’s top priority is not to
control the scanner and, therefore, it could become bogged down with performing other
tasks. The computer repeatedly would crash while running the LabVIEW program,
indicating that the control and acquisition was straining the computer’s limits. The third
party encoder board also required the computer to be constantly running several
background programs in LabVIEW in order to acquire the encoder position. This third
party software would often fail, causing the motor to spin uncontrollably until the power
was shut off to the system. Together, these problems rendered the scanning system
problematic. Entire measurements and their resulting time could be wasted if any of these

issues arose during a scan.

3.4 Friction Wheel Encoder

To resolve the issue of a lack of resolution in the x-direction, an encoder was attached to
the drive shaft of the friction drive motor. The new encoder is a US Digital E5 series with
4000 counts per revolution. With the addition of the 50x1 gearbox this encoder gives
2x10° counts per revolution. Placing an encoder directly on the drive system greatly

increases the resolution due to the relatively small size of the friction wheel. The friction
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wheel has a diameter of 41 mm. Using the added encoder as the x-position gives a
constant resolution of 0.65 wm, which is finer than either of the optical sensors. The
added encoder also allows for tracking the relative motion between the two wheels,

which can be used to monitor slip as will be discussed in Section 4.1.1.

3.5 Vision Based Homing

There is a need to be able to remove the grinding wheel and place it back in the exact
same position. The desired resolution of the homing system is to be within the sensor
resolution, which is 1.4 and 4 um for the 130 and 1200 um optical pens, respectively. The
homing system must be able to withstand the harsh environment in the grinding machine
and also not affect the balancing of the grinding wheel. A vision based homing system
was determined to be the optimal method due to its small target requirement and
relatively small space needed. The two key components to homing the grinding wheel
scanner are the hardware and software which will be discussed in this section. The setup

can be seen in Figure 3.5, which includes the target and the camera.

Camera

Figure 3.5 Homing system setup
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3.5.1 Homing Hardware

When dealing with imaging there are many factors that affect the resolution of the

system. Using imaging to home the grinding wheel scanner requires an understanding of

how cameras work and the different parameters to take into consideration. Figure 3.6

depicts the essential parameters that were taken into account during the design of the

system. The fundamental imaging parameters are as follows [44]:

Field of view (FOV): The total area that the image covers.
Resolution: The smallest resolvable feature in the image.
Sensor size: The size of sensor is an important limit in the system resolution.

Working distance (WD): The distance from the lens to the object.

Lens ———>

Working
distance

Resolution

Figure 3.6 Essential imaging parameters (adapted from [44])
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A Point Grey Dragonfly2 series camera was used for the application. The two main
components in the camera system are the imaging sensor and the lens. The sensor
determines the spatial resolution of the system, meaning the smallest feature it can detect.

can be used to calculate the resolution of a camera.

Camera resolution = 2 X pixel size (3.3)

The pixel size of the camera was 7.4 um, giving it a resolution of 14.8 um. The sensor by
itself is incapable of producing a usable image for the homing process and requires a lens
to magnify the object of interest. For this application the lens was selected based on a
working distance constraint. After evaluating the free space within the complete volume
of the system, the optimum location for the homing mechanism was determined to be
underneath the grinding wheel. It was deemed necessary to place the homing target on
the hub rather than the wheel itself. In order to see the hub, the camera had to be placed

on the plate seen in Figure 3.5, which left a maximum working distance of 12.5 cm.

The camera itself has a height of 1.5 c¢m, leaving 11 c¢m between the camera and hub as
the maximum working distance for the application. A 12 mm fixed focal length lens was
selected for the system which has a minimum working distance of 20 ¢m. By applying a 1
cm spacer into the system’s optics, the minimum working distance was reduced to 8 cm.
The sensor is roughly 4.9 mm and the lens configuration gives a final field of view of
3.24 cm, which can be used in the following equation to calculate the primary

magnification of 0.15 for the system:

Sensor size (3.4)

Pmag = FOV

After applying the optics to the systems, its final resolution is diminished due to the

magnification. Equation (3.5) is used to determine the system’s resolution of 100 um.
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Camera resolution (3.5)

System resolution =
Y Pmag

The selected target was a black, 1.5 c¢m circle printed on white vinyl adhesive. The vinyl
was selected to ensure that the target would stay in place while being exposed to the

elements in the grinding machine, mainly the oil based coolant at high velocities.

3.5.2 Software

LabVIEW’s image analysis software was used to perform the image acquisition and
processing. A custom LabVIEW program was then developed in order to home the
machine. The first step in the homing program is to search and locate the circle.
LabVIEW’s match pattern sub-VI is used to determine whether the circle is in the frame
or not. This function looks for edges in the image and determines whether or not they
match a template, which was set as the target. Once the circle is detected, a “locate
circular edge” function is used to determine the center of the circle with sub-pixel
resolution. This function works by creating a spoke wheel search field defined by two
radii and spacing. Figure 3.7 (a) depicts the search wheel’s parameters and Figure 3.7 (b)

shows a screen shot of the real-time circle tracking in progress.
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(b)

lenter X = 326.52E+0
enter Y = 247.98E+0

Figure 3.7 Circle tracking (a) search algorithm and (b) real-time example

The search lines in Figure 3.7 (a) are 45° apart to simplify the illustration. Each search
line, shown in green, finds an edge along itself. By using search lines that are separated
by 1°, the program fits a circle to 360 data points, thus obtaining sub-pixel resolution.
Each search line also uses a sub-pixel algorithm to find the edge of the circle. The edge

detection algorithm that the LabVIEW functions use can accurately detect edges to 1/25
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of a pixel size, which gives is equivalent roughly 2 um [45]. This value agrees with
observations, since when the wheel is stationary the center position value varies + .04
pixels. To home the grinding wheel, the friction wheel drives the grinding wheel until the

center of the target is located in the correct position.

3.6 Real-Time Controller

The reliability of the scanning system was a primary concern. The computer was unable
to acquire all measurements and information synchronously, and simultaneously control
the positioning system on its own. A designated controller was therefore implemented in
order to separate the computer’s processing tasks from the control of the scanner.
National Instruments’ CompactRIO (cRIO) controller series offered multiple appealing
aspects for the application. The cRIO series combines a Field-Programmable-Gate-Array

(FPGA) with a real-time (RT) controller.

3.6.1 FPGA Overview

FPGAs are reconfigurable silicon chips that consist of logic cells and programmable
switches. The logic cells and switches can be individually programmed to perform
desired functions using hardware rather than software. There are several benefits to using
an FPGA rather than a microprocessor found in a computer. Running programs through
hardware rather than in software results in faster hardware /O and parallel processing
capabilities [46]. Both benefits played large roles in the selection of the FPGA rather than
using a microprocessor. When acquiring measurements as precise as the grinding wheel
scanner the speed of the I/O is crucial to record reliable measurements. With the addition
of the motor encoder, there are two pulse trains to monitor and the motor pulses will be
changing up to 40 times faster than the hub encoder. The system also needs to be well
synchronized to ensure that it is acquiring the correct data from all the components
simultaneously. The FPGA’s parallel processing capabilities allow for a reliable

synchronization, as the components are not all fighting for processing power.
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3.6.2 Controller

The selected controller was the CRIO-9076 model shown in Figure 3.8 . It has an
integrated 4 slot LX45 FPGA chassis and 400MHz real time processor. The LX45 has
43661 reconfigurable logic cells discussed in the previous section. The chassis
accompanies National Instruments I/O modules. In order to control the scanner, three
modules were needed. From left to right in Figure 3.8 they are: an NI 9401 Digital I/O for
the encoder readings, an NI 9870 for serial communication to the sensor and y-axis
actuator, and an NI 9502 to control the friction drive motor. One open slot remains for
future expansion. The real time processor is the connection between the hardware 1/O to
the PC. It performs the synchronized data acquisition from the FPGA, processes the data,
and then writes it to a flash drive connected to the USB port on the controller. The FPGA
is constantly communicating with the hardware and, when necessary, the processor

retrieves the required data.

Serial Motor

Digital 1/0 communication ¢controller

Chassis

Figure 3.8 cRIO Controller with modules
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3.6.3 Software

Custom LabVIEW programs were developed to control the scanner. Using a cRIO
required three levels of code to be developed: FPGA, Real-Time, and Host PC. The Host
PC contains the user interface to control the entire system. The desired sampling interval
and sampling rate are used to determine the motor speed and direction. The speed and
size of the scan are then sent to the RT program, which communicates to and controls the
FPGA program. As the scan progresses, data from the sensor and two encoders are sent

from the FPGA to RT level to be analyzed and logged.

3.7 Summary

This chapter presented the previously developed grinding wheel scanner which uses a
chromatic sensor to obtain topographical surface measurements from the grinding wheel.
The issues that were hindering the scanner were then discussed including resolution, lack
of a homing procedure and control system reliability. Solutions to these issues were then
established. An additional encoder placed directly on the motor creates a theoretical
constant x-direction resolution of 0.65 wm, which is 40 times more accurate than the
previous generation scanner. A vision based homing system was then developed which
uses a circular target adhered to the hub of the grinding wheel. A camera that is held
stationary on the position system is then used to monitor the position of the camera. Sub-
pixel approximation was used to reduce the resolution of the homing system from 98 um
to 2 um. A real-time controller was then implemented into the system. This new
controller runs separately from the host computer which allows for control of all
components without fighting for PC computing power. The controller also offers FPGA
capabilities which allow for constant and simultaneous control and communication to all

scanner COI’l’lpOIlCl’ltS.
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Chapter 4. Validation

This chapter presents the validation of the grinding wheel scanner. The primary concern
of the validation was the positioning system since the optical sensor has already been
factory calibrated. The validation began with two and three dimensional scans of simple
well-defined test surfaces. The test surfaces were required due to the complexity of an
actual grinding wheel surface. Once the positional accuracy was validated a grinding
wheel surface was measured and compared with scanning electron microscope (SEM)
measurements. 3D analysis software was then used to compare the surfaces of worn and

fresh grains.

4.1 Profile Scan

One scan of a grinding wheel can consist of tens of thousands of individual profiles and
in order to validate the scanner the first step is to ensure that it could repeatedly scan one
profile. A metal grinding wheel with grooves scribed in it was used for the positioning

system validation as seen in Figure 4.1 below.
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Figure 4.1 Etched grooves
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4.1.1 Slip Compensation

Using the 1.2 mm optical pen the grooves were scanned repeatedly 20 times at a velocity
1.5 mm/sec and a sampling rate of 300 Hz in order to achieve a sampling interval along
the metal grinding wheel of 5 um. The vertical stage was kept at the same height to
ensure the same profiles were being scanned. In order to emulate an actual area scan the
friction wheel was kept in continuous contact with the wheel for these experiments, and

the scanner was not homed between profiles. Figure 4.2 shows five of the profile

measurements.
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Figure 4.2 Etched grooves profile scan
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If the scanner was working perfectly then all of the profiles would be identical. Figure 4.2
clearly shows that the two scans are not identical. Each pass progressively is being
shifted to the right which indicates that there could have been slippage between the
friction wheel and metal wheel. To further investigate the potential for slip, both the
friction wheel and grinding wheel encoders were monitored throughout the scans. If slip
was occurring between the two wheels then their respected encoders should be able to
capture the slippage. Figure 4.3 shows two encoder pulse trains for the first and 20" pass.
Since the resolution of the hub encoder was much lower than that of the friction wheel it

is possible to plot them as a function of each other.
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Figure 4.3 Non-constant slippage seen in encoder pulse trains

As shown in Figure 4.3, the same lagging effect can be seen between the 1% and 20™
passes, which confirms that there was indeed slip. Another important point to note from
Figure 4.3 is that the difference is not constant throughout the scan. In order to correct for
the varying amount slip throughout a profile both encoder readings were simultaneously
recorded. A MATLAB program was then created to align each successive pulse train

with the first profile. By monitoring the motor pulse count for each shift in hub encoder
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reading it is possible to measure the difference at each hub pulse based on the motor
encoder count. The difference can then be used to shift the current profile back in line
with first profile. Since each hub encoder pulse value has several corresponding data
points and the slip was not constant throughout it was necessary to linearly interpolate
between the current pulse difference and the following difference values. Figure 4.4
shows the effect of interpolating the shift value. The black triangles and red squares

depict measurements being taken for the 1¥* and 20™ pass, respectively.
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It can be seen in Figure 4.4 (a) that the first pulse had a difference of 23 friction wheel
encoder counts while the second pulse was only off by 19 counts. In Figure 4.4 (b) the
20™ scan was shifted back by a constant value equal to the difference at the first pulse,
which results in another shift of 4 counts pulses remaining at the end. To account for this,
the linear interpolating shift can be seen in Figure 4.4 (c). Figure 4.5 shows a plot of the

corrected profiles
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Figure 4.5 Corrected groove profiles
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The alignment of the grooves in Figure 4.5 clearly presents an improvement from Figure
4.2. Figure 4.5 also shows the numbered grooves from 1 to 6. In order to quantify the
capability of the slip compensation algorithm, the largest differences at six of the grooves
were recorded for both the original and compensated scans. An example of the method is
shown in Figure 4.6, in which the largest differences of groove number 4 are being

measured for the uncompensated and compensated scans.
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Figure 4.6 Measuring of largest difference for groove number 4

The results for the six grooves are summarized in Table 4.1 Throughout the 20 passes the
average maximum uncorrected difference of the profiles was 17.8 um. It is important to
bear in mind that this experiment was only performed over 20 passes and a scan of a
grinding wheel could have tens of thousands profiles and therefore the total slip would be
much greater. After slip compensation the difference went down to 5.7 um. This
remaining error was most likely due to the resolution of the pen which is 4 um and the
fact that the sampling interval itself was 5 um. Vibrations from people walking by could

also cause slight deviations in the scans.
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Table 4.1 Maximum differences of groove locations

Peak Average
number 1 2 3 4 S 6 difference
Uncorrected

difference 220 | 150 | 19.0 | 21.0 | 14.0 | 16.0 17.8
[pem]

Corrected

difference 7.0 6.0 5.0 6.0 4.0 6.0 5.7
[pem]

To further investigate this difference, the same set of experiments was performed with the
130 um pen. The scanning parameters were kept the same, and since the resolution of this
pen is 1.4 um, it can determine if the resolution of the pen is causing the observed error in
the corrected difference. Figure 4.7 shows the uncorrected and corrected groove number

4 scanned with the 130 um pen.
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Figure 4.7 Groove comparison with 130 um pen

As can be seen in Figure 4.7, the difference is much smaller than with the 1.2 mm pen.

The correct profiles are nearly indistinguishable, but when measured have an average



35

difference of 2 um, which proves that the errors seen with the 1.2 mm pen are largely due

to the pen’s spot size.

4.2 QR Scan

The next step was to validate the grinding wheel scanner’s ability to take repeatable
three-dimensional scans. A target was chosen that had surface features of known
geometry so that repeatable measurements could be taken. The chosen target was a Quick
Response (QR) code that represents “Dalhousie Mechanical Engineering”. The QR code
is a high contrast target that allows for the intensity readings from the CHR-150 sensor to
be used rather than axial depth. The axial resolution of the optical pen is predetermined
and calibrated; therefore, it is not controllable and is not a concern in the validation of the
positioning system. A flat target makes for true measurement of the x and y directions,
which were the main concern for this test. The QR code was printed as a 3 x 3 mm square
so that the features being scanned would be within the size range of features of concern
on an actual grinding wheel. It was then adhered to the metal replica wheel as seen in

Figure 4.8.

< 3mm —>

Figure 4.8 QR code

During experimentation with actual grinding wheels, the wheel will have to be removed
from the scanner and placed into the grinding machine. In order to simulate grinding
experiments being performed, the replica wheel was removed from the scanner after each

scan. It was then placed back on the spindle to be homed. This procedure was repeated
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four times with each pen in order to characterize the system completely. The scans were

taken with sampling intervals of 5 um in each direction.

4.2.1 QR Data Processing and Analysis

In order to use these measurements for validation the data needed to be processed
accordingly. The first step in processing is to correct for any slip that has occurred during
the scan. This step also functions as further validation for the slip compensation
algorithm previously discussed. Figure 4.9 shows a comparison of an original and

corrected intensity scan.
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Figure 4.9 QR code slip compensation

Before correction it appeared as though the top and bottom left hand edges of the code
were offset by 0.087 mm to the right. It can be seen from the compensated scan that the
offset should have actually been 0.029 mm to the left, which concludes that 0.116 mm of
slip has been corrected. The 0.116 mm of slip accounts for 3% of the total 3.5 mm
scanned. The slip is relatively easy to see when using the QR code, but due to the

randomness of the grinding wheel it is important to validate the slip compensation with a
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known feature. Another aspect to note from Figure 4.9 is that the waviness of the features
is likely due to the resolution of the printer and the roughness of the paper used, not the
scanner or slip compensation. To confirm that the waviness is indeed real, a digital photo
of the QR code was taken and can be seen in Figure 4.10 (a). By applying a threshold to
the image the background was removed to appear more like the scanned data which can

be seen in Figure 4.10 (b).

(a) Digital image

|I.- 3 mm 1

Figure 4.10 QR code comparison using (a,b) digital camera and (b) grinding wheel

scanner
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The waviness of the scan is clearly seen in the digital images as well. A large difference
that is noticeable between Figure 4.10 (b) and (c) is that the camera had significantly
more black in it than the scan did. This difference is most likely a result of the roughness

of the paper once again. All of the features however look very similar in shape and size.

With the slip compensation validated using the digital image the next step was to develop
a method to analyze the scans. The goal of this method is to validate and quantify the
scanner’s repeatability by comparing the distances between certain features and also the
area of the same features. By converting the scan data into digital images it is then
possible to use LabVIEW’s image-processing software to analyze the subsequent scans.
The pixel sizes in the images are directly related to the scan sample interval, which in this
case was 5 um in the x and y directions. Figure 4.11 demonstrates the four main steps in

the process.

The aforementioned white areas seen in the Figure 4.11 (a) were first filled using a hole
filling function as can be seen in Figure 4.11 (b). This function creates well-defined
features that are able to provide a more robust analysis. Next an edge detection based
pattern matching function was used to locate the centroids of 10 features. These features
are shown with red boxes around them in Figure 4.11 (c). With all of the features located,
it was then possible to analyze the data by performing a projection calculation, which is

demonstrated in Figure 4.11 (d).
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(a) Raw data (b) Hole filling

(d) Projection calculation

',

Figure 4.11 Depiction of image processing steps from (a) raw data, (b) hole filled, (c)

pattern matching to (d) projection calculations

The selected features shown in Figure 4.11 (c) were chosen so that the majority of the
scan was incorporated in the analysis. A coordinate system must first be established in
order to complete the projection calculations and compare the distances between the

features in all scans. The coordinate system ensures that the results are not influenced by
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misalignments from the homing, which is not the primary objective of these tests. Figure

4.12 shows the coordinate system used throughout the analysis.

X, Feature #3

Feature #2 I

Feature #1

Figure 4.12 Coordinate system for projection calculations

Figure 4.12 demonstrates the distance and angle being measured for feature #3. Feature
#1 represents the origin and the line between features #1 and #2 is used as a reference for
all angles. Using the measure of the angle between the reference and the feature of
concern ¢ and the distance from the origin to the same feature Dy relative x and y
distances to the feature (xrand yy ) can then be calculated using the following projection

equations:

Xs = Dy - sin(¢) (4.1)

Yr =Dy~ cos(p) 4.2)
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4.2.2 QR Analysis Results

The analysis method previously described was used in order to quantify the repeatability
of the grinding wheel scanner. The x and y distance calculations from the 1200 um pen
scan can be seen in Table 4.2 and Table 4.3. The mean distance x of the n scans were
calculated for each feature in both the x and y directions. Their respected standard
deviations ¢ were then calculated using Equation (4.3). The x and y direction had average

standard deviations of 9.3 and 5.9 um respectively, which gave percent errors from the

mean of 2.1 and 1.0 %.

S (x; — %)? (4.3)

n

The x-direction values tend to deviate more which is likely due to the device being driven
along the x-axis. When put into perspective with realistic grain sizes, the true effect of
these errors can be understood. For example, using 300 um for an average grain size of
the wheel, these errors only account for 3 % in the x-direction and 2 % in the y-direction

of one grain.

Table 4.2 1200 um pen, x-direction results

Feature # Distance in x-direction [um] Mean c Error

Scan1l | Scan2 | Scan3 | Scan 4 [um] [um] [%]

3 1529.2 | 15649 | 1551.1 | 1556.5 1550.5 13.2 0.9
4 885.5 896.4 883.8 884.2 887.5 5.2 0.6
5 2309.9 | 2357.3 | 2348.4 | 2338.4 | 2338.5 17.8 0.8
6 18.2 18.8 22.0 15.0 19.1 1.7 9.1
7 1999.9 | 2015.3 | 1991.9 | 2004.7 | 2002.9 8.5 0.4
8 896.4 918.6 915.6 920.7 912.8 9.7 1.1
9 1454.6 | 1473.1 | 14539 | 1461.5 1460.8 7.7 0.5
10 -328.8 | -303.5 | -3104 | -3274 -317.5 10.9 34
Average 9.3 2.1




Table 4.3 1200 um pen, y-direction results
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Feature # Distance in y-direction [um] Mean c Error

Scan1l | Scan2 | Scan3 | Scan4 [um] [um] [%]

3 1836.2 | 1820.6 | 1825.2 | 1821.0 1825.8 6.3 0.4
4 677.3 668.9 678.2 686.1 677.6 6.1 0.9
5 1486.6 | 1481.6 | 1486.0 | 1506.3 1490.2 9.6 0.6
6 1368.6 | 1364.0 | 1372.5 | 13719 1369.3 34 0.3
7 1495.0 | 1470.8 | 1479.3 | 1493.7 1484.7 10.1 0.7
8 -141.6 | -160.6 | -150.3 | -142.7 -148.8 7.6 5.1
9 2257.3 | 2257.8 | 2262.8 | 2260.3 2259.6 2.2 0.1
10 859.2 855.7 860.6 858.5 858.5 1.8 0.2
Average 59 1.0

The same experiment was also performed with the 130 um pen in order to provide further

validation and determine the effect of sensor spot size on the measurements. The results

for the four scans can be seen in Table 4.4 and Table 4.5. It can be seen that the standard

deviation in both the x and y directions have decreased to 8.1 and 5.7 um respectively

with the average percent errors being 1.3 and 0.8 %. Since all measurement parameters

were kept constant throughout all experiments the slight improvements seen are

presumed to be due to the decrease in sensor spot size.

Table 4.4 130 um pen, x-direction results

Feature # Distance in x-direction [um] Mean c Error

Scan 1 Scan 2 Scan 3 Scan 4 [um] [um] [%]

3 1566.3 1548.2 1560.8 1565.3 | 1560.1 7.2 0.5
4 878.2 875.9 870.2 896.5 880.2 9.9 1.1
5 23324 | 23524 2359.2 | 2355.7 | 23499 | 104 0.4
6 28.5 32.3 29.4 30.0 30.1 1.4 4.6
7 1995.3 2013.4 2030.5 | 2013.2 | 2013.1 12.4 0.6
8 892.9 886.6 897.7 919.8 899.3 12.5 1.4
9 1449.5 1435.7 1451.2 1445.0 | 14454 6.0 0.4
10 -319.6 -328.3 -315.8 -319.1 | -320.7 4.6 1.4
Average 8.1 1.3
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Table 4.5 130 um pen, y-direction results

Feature # Distance in y-direction [um] Mean c Error

Scan1l | Scan2 | Scan3 Scan 4 [um] [um] [%]

3 1819.2 | 1824.1 | 1818.6 1831.2 1823.3 5.0 0.3
4 669.8 670.0 662.8 666.6 667.3 2.9 0.4
5 1485.4 | 1494.7 | 1481.5 1502.8 1491.1 8.3 0.6
6 1371.5 | 1372.6 | 1378.7 1371.7 1373.7 3.0 0.2
7 1480.2 | 1498.1 | 1480.6 1491.6 1487.6 7.6 0.5
8 -149.3 -139.1 | -151.0 -142.9 -145.6 4.8 33
9 2271.6 | 2277.1 | 2270.5 2255.1 2268.6 8.2 0.4
10 843.2 850.2 855.2 859.3 852.0 6.0 0.7
Average 5.7 0.8

Another parameter of concern for the grinding wheel scanner is the size of the features
scanned. The image analysis program was also capable of outputting the areas of the
features. By performing the same analysis procedure as for the distances, the area
measurements were compared for further validation. The results for the four scans taken

with each optical pen were compared and summarized in Table 4.6 and Table 4.7.

By looking at the results it can be seen that the scanner was able to scan the areas within
a very accurate range. When scanned with the 1200 um pen the area measurements
deviated an average of 1345.6 um” and had an average error of 2.0 % from the mean
value. The 130 um pen resulted in an average deviation and percent error of 548.1 um’
and 0.7%, respectively. The 130 um pen’s significant improvement in repeatability is
likely due to the difference in spot sizes. The 130 um pen’s spot size is 65% smaller than
the 1200 um pen, and there was an overall reduction of 60% in the deviation and 66% in
error from the mean over all features. The smaller spot size evidently provides a higher
resolution of the edges of the features. This observation can be used to explain why the
results seen in the distance measurements were fairly similar. Although the 2.8 um spot
size does provide a more a more detailed edge, the effect is roughly the same on all sides
which has little effect on the centroid of that feature. When compared to the average grain

size 300 um, these deviations only account for 1.9 and 0.8 % of the total area.



44

Table 4.6 1200 um pen, area results

Feature # Measured Area [x1 04ym2] Msan , g , Error

Scan1 | Scan2 | Scan3 | Scan4 | [XI0 um”] | [X10°um”] | [%]

1 10.35 10.04 9.54 9.73 9.91 0.31 3.1
2 11.41 11.41 11.75 11.75 11.58 0.17 1.5
3 10.52 | 10.42 10.31 10.21 10.36 0.12 1.1
4 1.48 1.56 1.48 1.55 1.52 0.04 2.4
5 1.25 1.27 1.21 1.15 1.22 0.05 3.8
6 19.95 | 19.75 19.55 19.36 19.65 0.22 1.1
7 5.65 5.54 5.37 5.10 5.42 0.21 3.8
8 25.71 | 25.45 25.45 25.71 25.58 0.13 0.5
9 4.19 4.19 4.19 4.02 4.15 0.07 1.8
10 3.09 3.09 3.06 3.00 3.06 0.04 1.2
Average 0.13 2.0

Table 4.7 130 um pen, area results

Feature # Measured Area [x1 04ﬂm2] Msan , 3 , Error

Scan1 | Scan2 | Scan3 | Scand4 | [XI0um”] | [X10°um”] | [%]

1 10.78 | 10.57 10.79 10.65 10.70 0.04 0.9
2 10.58 | 10.71 10.54 10.74 10.64 0.08 0.8
3 1092 | 11.12 10.88 10.93 10.96 0.09 0.8
4 1.47 1.46 1.47 1.47 1.47 0.01 0.3
5 1.20 1.20 1.20 1.20 1.20 0.00 0.0
6 20.31 | 2032 | 20.04 20.12 20.20 0.12 0.6
7 5.95 6.03 6.02 5.98 5.99 0.03 0.5
8 26.04 | 25.97 | 26.08 26.01 26.03 0.04 0.2
9 4.42 4.36 4.33 4.34 4.36 0.04 0.8
10 3.00 2.93 3.05 3.03 3.00 0.04 1.5
Average 0.05 0.7

Another measure that was also extracted from the image processing analysis program was
the overall capability of the homing system. Monitoring the coordinates of the origin
feature’s centroid for each scan allows for a comparison of the relative x and y positions.

Since the centroids of the features were not highly affected by the optical pen it is
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reasonable to analyze all measurements together. Table 4.8 shows the x and y coordinates
of feature #1 throughout both sets of experiments. The average deviation seen along x-
axis was 27.6 um and 19.3 um along the y-axis. This result means that the system is
capable of homing to within roughly the size of a human hair. Acknowledging the

amount of sources for error in such a system these values were deemed to be acceptable.

Table 4.8 Homing capability

X Position Y Position
Lm] Lum]
Scan 1 521.3 2498.5
Scan 2 484.4 2499.3
1200 pm Pen =g o3 549.7 2484.0
Scan 4 523.6 2508.7
Scan 1 518.4 2527.7
Scan 2 508.8 2537.1
130 um Pen =g an 3 467.2 2541.2
Scan 4 553.8 2501.8
Mean 515.9 2512.3
c 27.6 19.3

Overall, the QR code tests provided sufficient evidence that the positioning system of the
grinding wheel scanner is more than capable of scanning a grinding wheel. The resulting
percent errors for both pens are summarized in Table 4.9. It also confirmed that given the
considerable amount of sources of error, the homing system works appreciably well.
Using a smooth metal wheel presumably gives a worst-case scenario repeatability
measurement. The x-axis positioning is based on a friction drive system and the
coefficient of friction of smooth metal is drastically lower than that of a coarse grinding

wheel.
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Table 4.9 QR repeatability summary

Pen X Position [%] | Y Position [%] | Area [%]

1200 pm 2.1 1.0 2.0

130 um 1.3 0.8 0.7

4.3 Grinding Wheel Validation

With the repeatability of the scanner now quantified based on position, it is time to
incorporate the main component: the grinding wheel. The randomness in size and shape
of the grains adds a layer of difficulty to the validation process and, therefore, much of

the validation is performed by comparisons.

4.3.1 Pen Selection

Two optical pens have been used thus far to validate the system but for grain monitoring
it would not be practical to continue using both pens. Since the measurement principle is
based on the reflectivity of the white light, it is possible that the pens could result in
different measurements when looking at the same area. In order to test this theory, the
same area was scanned on a WA 46] vitrified aluminum oxide grinding wheel using both
pens. The grinding wheel was made up of Al,O; abrasive grains with an average size of
0.32 mm in diameter, held together by a vitreous bond. The wheel had a 32% porosity.

Figure 4.13 shows the top 75 um of the two scanned areas.
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a) 1200 um
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Figure 4.13 Grinding wheel topography with (a) 1200 um pen and (b) 130 um pen

Despite the fact that the 130 um pen can measure to a depth of 130 um, the scan in Figure
4.13 shows only the top 75 um due the difficulty in manually adjusting the standoff
distance perfectly. It is evident from Figure 4.13 that both pens have measured the same
area and, at first glance the two scans look very similar. The differences between the two
pens become more obvious by examining smaller areas of the scan. Figure 4.14 shows a
comparison between areas scanned with the 1200 and 130 um pens and a digital photo

taken of the same area.
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Area 1 Area 2
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Figure 4.14 Comparison of scanned grains with (a) digital image, (b) 1200 um pen and
(c) 130 um pen

By comparing the scanned areas in Figure 4.14(b) and (c) to the digital image in Figure
4.14 (a) it is clear that both pens capture the shape and distinctive features of the grains
accurately, however, the two pens result in significantly different looking scans. The 130
um pen is much more sensitive than the 1200 um and for that reason there appear to be
many small broken up portions throughout the grains. Due to the 130 um pen’s small

measurement range it also proves very difficult adjust the distance of the pen to ensure
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the entire scan will be within the range of the pen whereas the 1200 um pen has a larger
range to accommodate for the randomness of the grains. Another aspect to consider is
that it is currently unknown at what depth into the wheel is meaningful for research
purposes. All of these factors contributed in the decision that the remaining scans for this

work will be taken with the 1200 um optical pen.

4.3.2 Scan Validation

The main objective of the grinding wheel scanner is to be able to monitor the grains
throughout grinding experiments. With the pen selected, a preliminary surface grinding
experiment was performed in order to validate the scanner’s capabilities in measuring the
grinding wheel grains. The experiment was performed on a Blohm Planomat grinder with
a 4140 steel workpiece. The grinding wheel was trued and dressed using a diamond
single point-dressing tool. The dressing depth was 1 um and an overlap ratio of 3 was
used. The wheel was then used to grind the workpiece with a 10 um depth of cut. The
workpiece velocity was 0.21 m/s and the tangential wheel velocity was 25 m/s. The
workpiece was 6.35 mm wide and 156 mm long, resulting in 9.9 mm’ of material being
removed each pass with a material removal rate of 13 mm’/sec. A total of 2500 passes
were performed in order to ensure the wheel had been sufficiently worn. The grinding
wheel scanner was then used to measure two 5x6.5 mm areas of the wheels surface, one
worn and one unworn. The sampling interval was 5 um in each direction. Figure 4.15

below shows the difference between an unworn and worn section of the wheel.
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Figure 4.15 Grinding wheel topographies for (a) fresh and (b) worn sections.

Visually comparing the two images one can see that the newly dressed portion in Figure
4.15 (a) has significantly more amount of red or high areas. To say that two scans look
different however does not fully validate the system. The measured portion of the wheel
was cut out using a Pro.Point Turbo Diamond Cutting Blade and then scanned using a
Hitachi S-4700 Field-Emission SEM. Figure 4.16 shows a comparison of a scanned area

to an image from the SEM for a fresh section of the wheel.
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Figure 4.16 Comparison of (a) scanner measurement and (b) SEM image
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The features in Figure 4.16 (a) can easily be seen in Figure 4.16 (b). The images from the
SEM can be used to confirm that the measurements from the grinding wheel scanner are
comparable. The area of three easily distinguishable features in the SEM were estimated
using a pixel counting technique and then compared to the grinding wheel scanner
measurements. Figure 4.17 shows the three distinguishable areas used in (a) Scanned area

and (b) SEM.
Feature # 3

(a) Scan

Feature # 2

Feature # 1

(b) SEM

(I T e e e S R
500um

| 1 1 1 1 1 1 1
500um

Figure 4.17 Distinguishable features used for area measurement comparison with (a) scan

and (b) SEM

Digital Surf Mountains Software was was used to threshold the height of the scan so that
only the feature of concern was visible. A surface area measuring algorithm was then

used to compute the surface as shown in Figure 4.18, which depicts the measuring of
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Feature #1. By selecting a set of points around the object of concern the program

computes its surface area and volume.

Faak
[ surface (pmz) 20172 |
Walume (pm™) 290974

Figure 4.18 Feature #1 example with Mountains Software surface area measurement tool

To compare the grinding wheel scanner data to the SEM, the areas of the same features
must be measured using pixel counting. The large number of pixels in the image make
this a difficult task. Overlaying a 10x10 pixel grid onto the SEM decreased the amount of
time to count the pixels significanlty without affecting the results due to the total size of
the area. Based on the maginification of the SEM each pixel was 1x1 um, therefore each
grid block contained a surface area of 100 um?. In order to measure the edges of the
features, an approximation was made in “4 increments. Essentially, if a small portion of
the block contained the feature then only 25 um® were added to the sum, and so on.
Figure 4.19 demonstrates the grid counting technique used on an edge of Feature #1. In
this example the different colours of grids correspond to the fraction of grain which was

contained in that grid.
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Figure 4.19 Grid counting method for Feature #1

The measurements of the three distinguishable features are summarized in Table 4.10.
The average percent difference between them was 9.7%. This value is likely a result of
the subjectiviity during the manual edge definition. Overall, the agreement between

results confirm the scanners ability to measure the wheels surface accurately.



55

Table 4.10 Area comparison results

Area measurements [ x/ 0’ ,umz ]
Feature | Grinding Wheel Scanner SEM % Difference
1 2.9 2.6 11
2 2.6 2.4 9
3 4.1 3.7 9

A comparison of worn and fresh grains can also be used to further validate the scanner’s
capabilities. The grinding parameters chosen for this experiment were selected based on
the work of Lachance et al. [29]. The goal was to induce more attritious wear than
fracture wear so that the tops of the grains could be used to validate the difference
between worn and fresh grains. Figure 4.20 (a) shows worn and fresh grains with an SEM
and the grinding wheel scanner. Commercially-available Mountains Software was then
used to extract a profile along the grains to compare the difference seen in Figure 4.20 (b)

and (c).
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Figure 4.20 Grain comparison between worn and unworn with an (a) SEM and (b)

grinding wheel scanner and (c) corresponding profiles

The worn grain in Figure 4.20 (a) appears to be much smoother than the fresh grain. The
red line represents the profile that will be taken. Figure 4.20 (b) is the same area taken
with the grinding wheel scanner. It is more difficult to clearly see the differences due to
the large verticle scale. The profiles seen in Figure 4.20 (c) clearly show the differences
between the two. By calculating the arithmatic average of the profiles the Ra values were
obtained. The worn grain only varries within a range of 30 um and has a Ra value of 2.03

um while the fresh grain varies within a range 80 um and has a Ra value of 6.21 um. This
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result demonstrates that the grinding wheel scanner is capable of measuring the

difference between used and fresh grains.

The size of features and there morphology are important parameters, but the validation
process has yet to examine the spacing between features which is analogous to the cutting
edge spacing measurement. Fusing an image from the SEM with the grinding wheel
scanner measurement can demonstrate, for illustration purposes, that the measurements
are correct. Figure 4.21 shows the process of this fusion at different SEM transparency
levels. The transparency level of the SEM image was decreased from 100 to 0% in

increments of 20% throughout six images.
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Figure 4.21 Fusion of grinding wheel scanner data and SEM
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The transparency levels were decreased in order to emphasize the alignment of features.

The red or high points in the scan seem to line up nearly perfectly with distintive ridges

in the SEM image.
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As grinding progresses, chips from the workpiece can become lodged in the wheel. This
wheel loading is an unavoidable characteristic of grinding and it causes problems both in
the process itself and also in measuring the grinding wheel surface. In particular, wheel
contamination becomes an issue during scans when the object rests above the surface of

the wheel. Figure 4.22 demonstrates this effect of wheel contaminate.
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Figure 4.22 Effect of wheel contaminate on scanner measurements
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The chips in the wheel are clearly visible from the SEM. Their effect on the scan can then
be seen in the wheel surface colour map. Chips above the wheel surface will cause the
sensor to detect a height that is not realistic. The tops of the grains shown in Figure 4.22
all lie at an approximate height of 400 um. In the areas where chips are present the scan
increases to a height of 600 um. This sudden rise in height is not realistic and if a grain
really had such a feature it would simply break rather than contribute to material removal.
Regardless of the issue, this phenomena does contribute to the validation in the scanner
as it proves that large spikes seen throughout the scan are not false measurements but are

in fact workpiece chips.

4.4 Summary

This chapter presented the validation process for the grinding wheel scanner. A slip
compensation algorithm was first developed for slippage seen in 2D profile
measurements. It was discovered that the accuracy of the pen had a large effect on the
slip correction results. Next a QR code was measured and the repeatability of the scanner
was quantified using image analysis. When used with the 1200 um pen, the scanner was
able to measure the distance between features in the x and y directions with percent errors
of 2.1 and 1.0%, respectively. The repeatability of its area measurements was found to be
within 2% throughout the four measurements. Using the 130 um pen had a small effect
on the x and y distance measurments, resulting in percent errors of 1.3 and 0.8% for the x
and y directions. The area measurements improved subtantially with the 130 um with an
error of 0.7%. Overall if compared to an average grain diameter of 300 um these errors
only account for a maximum of 3% of one grain. Using the QR code the homing was also
validated and quantified to be repeatable with standard deviations of 27.6 and 19.3 um
for the x and y directions, respectively. A grinding wheel was then scanned with both
pens and it was deemed accetable to perform grinding wheel scans with the 1200 um pen.
A aluminum oxide wheel was then ground and measured using the scanner. A manual
pixel counting method was then used to compare SEM images to the grinding wheel
scanner and they were found to be within 11% of each other. The surfaces of two grains,
one worn and one fresh, were found to have Ra values of 2.0 and 6.2 um, respectively.

An SEM image was then overlayed onto a colour map from the scanner measurement and
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the distinguishable features lined up exceptionally well. Spikes seen in the scanner
measurements were then investigated using SEM images and it was found that they

corresponded to chips lodged in the wheel.
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Chapter 5. Wear Study

In this chapter the grinding wheel scanner was used to investigate the wear of grooved
and non-grooved grinding wheels. Methods were developed in order to extract pertinent
information from the grinding wheel scan including; number of particles, particle width
and total surface area. The extracted parameters were then analyzed for both grooved and
non-grooved wheels. A direct comparison of the radial and volumetric wear of the wheels
was then performed using the extracted parameters. The extracted parameters also

allowed for the comparison of cutting edge spacing for both wheels.

5.1 Grooved Grinding Wheels

Grooving the wheel surface has been proven to induce several beneficial characteristics
in the grinding process. Nakayama et al. [47] were the first to perform an investigation
with grooving, and found that a helically grooved wheel resulted in a 30% reduction in
the grinding forces and consumed energy. Okuyama et al. [48] showed that by grooving a
grinding wheel axially they were able to increase the maximum heat transfer coefficient.
Mohamed et al. [49] reported a decrease of up to 61% in consumed power by grooving
the wheel circumferentially. The circumferential groove was also proven to allow for up
to 120% deeper cuts without damaging the workpiece or grinding wheel. Mohamed et al.
also discovered that circumferentially grooved grinding wheels could grind for longer
periods between dressing cycles [49, 50]. Considering all of the reported benefits of
grooving the grinding wheel it was decided to use the grinding wheel scanner to
investigate the wear of circumferentially grooved grinding wheels. Figure 5.1 shows the

grinding wheels that were used for the study.
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(a) Non-grooved wheel (b) Grooved wheel

Figure 5.1 Grinding wheel surface for (a) non-grooved and (b) grooved wheels

The images shown in Figure 5.1 are of the same grinding wheel, but in Figure 5.1 (b) the
wheel was grooved circumferentially using the method developed by Mohamed et al.
[49]. The two main parameters used to describe the groove geometry are the groove

width and depth, as shown in Figure 5.2.

Grooved
grinding wheel

Groove
v_ & depth

Groove width

Figure 5.2 Groove geometry

Another useful term in discussing grooved grinding wheels is the “groove factor”, which
was introduced by Verkerk [51]. The groove factor represents the amount of non-grooved
surface area remaining after the grooving process. For example, a grinding wheel which

has not been grooved would have a groove factor of 100%.
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5.2 Method

Grinding experiments were carried out on a Blohm-Planomat 408 creep-feed grinding
machine with a Radiac Abrasives WRA 60-J5-V1 aluminum oxide grinding wheel. The
wheel’s grains had an average size of 0.220 mm and were held together with a vitrified
bond. The groove parameters were selected based on the work of Mohamed et al. [49,
50]. A groove factor of 50%, groove depth of 0.0889 mm and groove width of 1.4 mm
was reported to perform the best and therefore chosen for this study. Annealed AISI 4140
steel was used as the workpiece with a length of 153.9 mm and a width of 6.25 mm.
Throughout all experiments, the grinding depth of cut, wheel speed, and workpiece speed
were kept constant at 1.0 mm, 22.4 m/s, and 1.7 mm/s, respectively. A cutting-fluid
concentration of 5.1% CIMTECH 310 was used and the fluid was delivered to the
grinding zone at 50.4 L/min.

The grinding power was measured using a Load Controls Inc. PH-3A power transducer.
A Kistler 9275B force dynamometer with a 5019B charge amplifier was used to measure
the grinding forces. A system consisting of a National Instruments BNC 2120 connector
block linked to a National Instruments PCI-MIO-16XE-10 data acquisition board
controlled with a National Instruments LabVIEW code was used to collect all
measurements at a sampling frequency of 500 Hz. The arithmetic mean surface
roughness Ra of the workpiece was measured after every pass using a MahrFedral Inc.

Pocket Surf.

The grinding wheel scanner was used to measure the same 7x7 mm area of the wheel
surface after 4 and 8 passes for the non-grooved and grooved wheels, respectively. The
scan size was selected to ensure that enough data was captured to fully represent a
grinding wheel based on the work of Darafon et al. [38]. The scan increment was a
tradeoff between scanning time and wheel wear rate. Each scan takes roughly 8 hours and

then more time is required to perform the grinding and both setups.
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5.3 Analysis

After performing the grinding experiments and collecting wheel topography
measurements from the scanner it was essential to have a method of quantifying the
differences seen between grinding wheels. Figure 5.3 shows scans of 4x7 mm sections of

both wheels before and after the grinding experiments were performed.

- 850 um

- 750
- 600
F 450

- 300

150

Figure 5.3 Grinding wheel surface topographies for (a) fresh non-grooved, (b) worn non-

grooved, (c) fresh grooved and (d) worn grooved wheels

While the wheel surfaces are clearly different, it is difficult to quantify these differences
without an automated analysis method. Darafon et al. [38] used the blob analysis method
in which they were able to extract grain information from 3D grinding wheel scans. Blob
analysis functions by applying a threshold plane to the scanned data. All features that are

over the set threshold are turned into a binary image and can be analyzed using image
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analysis techniques. Figure 5.4 demonstrates how blob analysis works with cone-shaped
cutting edges. The method developed by Darafon et al. [38] has been modified for this
research and now accepts an image with 16-bit colour depth rather than an 8-bit, allowing
for a more detailed analysis. Figure 5.4 shows an example of the three parameters that
were extracted from the scans, are as follows:

e Number of particles: The number of individual particles that are in the binary

image.
e Average particle width b,: The average width of all particles in the image.

e Total area: The total area of the particles in the image.

Threshold plane

Figure 5.4 Blob analysis example with decreasing threshold plane

Figure 5.5 shows the effect of increasing threshold depth on the resulting binary image
for the freshly dressed grooved wheel.
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5.3.1 Filtering

Obtaining measurements from the chromatic sensor presents two major issues that that
need to be corrected before the data can be used. First, noise from the sensor can form
small peaks throughout the data which inherently has a large effect on the number of
particles and average particle width. Secondly, as the wheel is used, debris such as
workpiece chips can become clogged between the grains as shown in Section 4.3.2.
Debris generally results in significant height differences in the measurement due to their
shape. In order to address these issues, a series of filtering techniques were applied to the
measurement data. A low-pass attenuating FFT filter was first used on the data to remove
the peaks. This filter applies a linear attenuation to the data which is directly related the
frequency. High frequencies are attenuated significantly while low frequencies see little
to no effect. While this filter worked appreciably well, some erroneous measurements
remained. A small particle filter would potentially remove the top of actual grains and
therefore cannot be used. A custom filter was designed to remove all remaining erroneous
measurements and is illustrated in Figure 5.6. The custom particle filter works by
examining the edges of all particles under a set limit of area at each threshold height. If
over 50% of the surrounding pixels of the examined particle result in a change of height
over 200% of the particle’s smallest dimension then the particle was considered to be
unable to perform in the cutting operation and was removed from further analysis. For
this study, any particle with an area less than 500 um” was examined. For the example
shown in Figure 5.6, the threshold height is at 100 gm and the minimum dimension of the

particle is 1 pixel; therefore, 5 um.

(a) Keep (b) Remove }7 —
um
I
99 98 96 96 99 98 96 96 5 um
L
97 97 4 4
3 10 9 8 3 10 9 8

Figure 5.6 Custom filter example for (a) pass and (b) remove cases
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Figure 5.6 (a) shows a particle that would have passed through the filter because 60% of

its surrounding particles are within the 5 um range. In Figure 5.6 (b) however, only 40%

of the particles neighbours are within the limit and therefore due to its aspect ratio it is

removed from further analysis. Figure 5.7 shows the effect of the two filters on the

freshly dressed grooved wheel data at decreasing threshold levels.
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Figure 5.7 Filtering effect through decreasing threshold depth

It can be seen from Figure 5.7 that many of the small particles have been removed at all

threshold depths. There are, however, some particles still remaining which is the benefit

of the custom filter over a standard small particle filter. Figure 5.8 shows the filtering

progression of one grain at a threshold depth of 40 um and compares the results to a

digital image of the grain.
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(a) Raw data (b) FFT filter (c) Peak removal (d) Digital image
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Figure 5.8 Filtering progression for (a) raw data, (b) FFT filter and (c) peak removal at a
threshold depth of 40 um with comparison to digital image

Based on Figure 5.8 it is clear that the removed area was probably not part of the grain

but could have been wheel contaminate.

5.3.2 Height Referencing

In order to directly compare subsequent scans, it is crucial that the scans are referenced to
the same baseline. Continuously removing and placing the wheel on the scanner resulted
in some setup error. It is also important to note that due to the scans taking roughly seven
hours each, full experiments can take months to complete and it is nearly impossible to

ensure that the optical pen is not moved during that period.

A technique was developed in order to ensure that all the scans were referenced to the
same height to account for the previously discussed issues. The method works by
ensuring that the scan contains a portion of the wheel that had not been ground. This
unground section of the scan was used as a reference surface. The scan is then processed
in two separate portion: the unused or reference portion and the ground portion. Figure
5.9 depicts the reference portion for two scans taken at different periods during the

experiment.
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Figure 5.9 Reference section comparison for (a) fresh and (b) used wheel surfaces

In Figure 5.9 a dashed red line separates the two portions of the scan: above being the
reference and below being the ground portion. Figure 5.9 (a) is a fresh grooved grinding
wheel before any grinding had been performed and Figure 5.9 (b) is after 38100 mm® of
workpiece material has been removed. The two reference portions are clearly very similar
while notable change can be seen between the lower sections. To better demonstrate these
differences, Figure 5.10 shows the reference and used sections of the scans for both the

freshly dressed and used wheel at different threshold depths.
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It can be seen throughout the threshold depths that the reference sections for the fresh and

used wheel were more or less the same. By aligning the blob analysis results of the

reference sections it ensures that all scans are being analyzed from the same starting
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height. Significant differences can be seen in the grinding zone sections as a result of the
wear of the grinding wheel. Abrasive wear has removed some grains from the wheel
completely and attritious wear has lowered the surface of the wheel which is why there
are practically no particles seen in the shallow depths of the used section. The small
particles seen at a depth of 5 um in the used wheel are likely wheel contaminate. This
observation raises the question: What depth truly represents the surface of the wheel?
Being able to determine where the surface of the wheel is located is critical for the
analysis of grinding wheel wear. Although the filters removed much of the noise, some
contaminate in the wheel cannot be filtered out due to its geometry. In order to try to
differentiate the wheel surface from contaminate the rate of change of the total area was
examined for the two grinding zone scans in Figure 5.10 and the results can be seen in

Figure 5.11.
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Figure 5.11 Rate of change of area as a function of threshold depth

A rate of change of 0 mm?*/um means that the particles at that depth are not getting wider
as the radial depth increases, which is not realistic of a cutting edge and therefore can be
disregarded. In order for a given height to truly represent the grinding wheel it cannot
have a rate of change of zero. This observation leads to the conclusion that the height at

which the surface of the wheel lies can be derived by finding the location at which the
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rate of change becomes and remains a non- zero value. For the two scans shown in Figure
5.11, the surface of the wheel would be located at depths 42 and 58 um for 0 and 38100
mm?® of removed material respectively. The difference in the surface height indicates that
the wheel has worn 16 um. In order to compare results from the blob analysis
consistently, the data must be shifted to ensure that all threshold planes begin at the

surface of the wheel that is in contact with the workpiece for each scan.

5.4 Results

This section will present the results of the grinding experiments. Conventional grinding
experiment measurements will be presented first. The blob analysis results will then be
discussed for both non-grooved and grooved wheel measurements. A detailed analysis
will then be performed to measure the effect of the grinding process on both wheels.
Finally a direct comparison will be carried out to quantify the differences in wear

between both wheels.

5.4.1 Conventional Measurements

Figure 5.12 shows the average spindle power consumed for both sets of experiments.
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Figure 5.12 Consumed power for non-groove and grooved wheel experiments
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When grinding with a non-grooved wheel the power consistently increases as more
material is removed and the workpiece experienced burn at 12001 mm’ of removed
material, at which point the experiment was stopped. During the experiments with the
grooved wheel the power was consistently lower than with a non-grooved which agrees
with literature [47, 49, 50]. The power seems to level off and at 21907 mm’ and it begins
to fluctuate at 30480 mm’ of removed material. The forces are directly related to the
power and surface topography as well. Figure 5.13 plots the normal and tangential forces

for both the non-grooved and grooved grinding wheels.
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Figure 5.13 Normal and tangential forces for non-grooved and grooved wheel

experiments
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Both forces follow the same general trends as the power which is to be expected. The
grooved grinding wheel is consistently lower than the non-grooved, and the fluctuations
begin around 30480 mm’ of removed material. The final conventional measure which
was recorded was the workpiece surface roughness. The surface roughness is also

directly correlated to the topography of the grinding wheel and is shown in Figure 5.14.
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Figure 5.14 Surface roughness for non-grooved and grooved wheel experiments

The grooved wheel resulted in a consistently rougher surface but both wheels were below
1.6 um which corresponds to an “average quality” surface finish [52]. The non-grooved
surface roughness generally increases as more material is removed. The surface
roughness for the grooved wheel roughness decreases from 0.7 to 0.6 um at 6668 mm® of
removed material and remains relatively constant until 29527 mm’, after which it

increases again.

5.4.2 Blob Analysis

The non-grooved wheel was examined first using blob analysis. The data was processed

and aligned using the method previously discussed. A maximum depth of 50 um into the
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wheel was selected to be investigated. Figure 5.15 shows a comparison of the freshly

dressed and worn wheels’ resulting binary images for threshold depths of 5, 10 and 25

um.
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Figure 5.15 Non-grooved wheel topography with increasing threshold depth
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A significant difference can be seen in the smaller depths. The particles appear to be

larger for the worn wheel. Figure 5.16 shows the number of particles, particle width and

total area as a function of depth for a non-grooved wheel throughout the experiments.

This data will be analyzed further in later sections.
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All five scans in Figure 5.16 (a) can be seen to have the same general trend, which is to
rise quickly and then fall slightly to a relatively steady state. The sharp rise at the
beginning is due to the tips of cutting points being discovered at lower threshold depths.
The peak is likely due to the fact that grains can have multiple cutting points and at
deeper depths the cutting points that share a single grain amalgamate into their respective
grains. By examining the difference throughout material removal it can be seen that the

peaks are shifting to the left due to the wear of the individual cutting points.

It is difficult to distinguish large differences in the particle width shown in Figure 5.16
(b). It is clear however, that they follow a very similar trend. The width slowly increases
until reaching an asymptote between 0.06 and 0.08 mm. Due to the sensor not being able
to measure sharp angles, it is not expected that the entire grain diameter be measured. An
asymptote between 0.06 and 0.08 mm is reasonable when considering the average grain

diameter of the wheel is 0.220 mm.

Figure 5.16 (c) shows that the total area increased exponentially at low depths and then
linearly throughout deeper depths. In the linearly increasing region, a fanning out trend
can be seen with less and less area after each pass. The reduction in area is likely due to
fracture wear in the wheel. An interesting characteristic of Figure 5.16 (c) is that in the
deeper depths the difference between areas was decreasing as grinding progressed. At 50
um into the wheel the reduction between successive scans decreased from 14% to 1%

throughout the experiment. This higher initial wear agrees with literature [4].

The grooved wheel measurements were then subjected to the same analysis. Figure 5.17
shows the binary images from the freshly dressed and worn grooved wheel measurements

at threshold depths of 5, 10 and 25 um.
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Figure 5.17 Grooved wheel topography with increasing threshold depth

The groove is clearly visible throughout both sets of images. A noticeable decrease in the
number of particles can be seen in the worn wheel at all threshold depths. Figure 5.18

shows the three extracted parameters as a function of threshold depth.
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The trend seen in the first three scans of Figure 5.18 (a) is similar to that seen in the
corresponding non-grooved plot (Figure 5.16 (a)). The trend begins to degenerate at a
removed volume of 22860 mm® when the number of particles at the peak decreased by
26% and then another 14% reduction seen at 38100 mnr’. The decrease seen in number of
particles is likely due to one of two phenomenona. The first being cutting edges located
on the same grain have amalgamated due to attritious wear. The second possibility is that
accelerated fracture wear has occurred. Further investigation is required in order to

determine which phenomenon is present.

The widths of particles also follow a similar trend to their non-grooved counterparts,
leveling off between 0.06 and 0.08 mm except for the final scan. At 38100 mm’ of
workpiece material removed the width of particles increased 28 % from the previous
scan, at a depth of 50 um. This result is a significant increase compared to the changes
seen throughout the experiment. It is still not possible to determine whether or not the
wheel has undergone cutting edge amalgamation or accelerated fracture wear at this

point.

Considering all three plots together is necessary for determining the leading wear
mechanisms in the final scan. The combination of the significant decrease in number of
particles with the increase in particle width suggests that the cutting edges could have
amalgamated. This theory is further supported by the total area in Figure 5.18 (c), if
further breakdown did occur then a reduction in area would have been seen, when in fact

the area increased by 1% at a depth of 50 um.

Thus far, the blob analysis has indicated that the grains of both wheels were behaving
similarly in the early stages of material removal. Significant differences were seen as the
grinding continued. In the later phase, the results showed the grooved wheel likely

underwent massive fracture wear, whereas the non-grooved wheel did not.
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5.4.3 Wheel Surface Analysis

Analyzing the data as a function of radial depth showed several major aspects such as the
difference in areas and particle widths throughout the depths. Many of the differences
however, were observed at deeper depths into the wheel. In the shallower depths the plots
were generally indistinguishable, leading to no differences being easily seen. The fact
that the differenced were seen at deeper depths indicates that the differences were due to
fracture wear. In order to quantify the attritious wear of the grains it is necessary to
examine the wheel at shallower depths. Comparing the top 5 um of the wheel throughout
the experiment allows for an in depth analysis of the attritious wear. Slices will be taken
in increments of 1 um for the first 5 um of each scan. Figure 5.19 shows the number of
particles at a function of workpiece material removed for the top 5 um of the non-

grooved wheel.
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Figure 5.19 Number of particles at non-grooved wheel surface

Generally, the number of particles rises as the depth into the wheel increases. Before the
wheel was used, the amount of particles increased 173% between 0 and 5 um. This
increase is expected due to the fact that the grains and cutting edges are not all located at

the same height. As the wheel is worn the number of particles also increases slightly and,
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at the surface of the wheel, an increase of 32% is seen in the first 11430 mm’® of removed
material. The increase in particles as material was removed is also due to the grains being
located at different depths. Attritious wear of the wheel lowers the surface and therefore
the following scans are actually looking into a slightly deeper level. The final scan
showed a 22% increase of particles over one pass, which is likely a result of increased
wear rate from the workpiece burn. In order to provide further information of the wear of
the wheel Figure 5.20 shows the particle width for the first 5 wum throughout the

experiments.
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Figure 5.20 Particle width at non-grooved wheel surface

As depth into the wheel increases, more of the cutting edge area is being exposed, which
can explain why Figure 5.20 shows a consistent increase throughout the depths. The same
reasoning can explain why the difference seen between the width at the surface and a
depth of 5 um increased from 36% to 47% throughout the experiments. At the surface of
the wheel the particles show a 14% increase in the first 11430 mm’ of removed material
with a 6% increase in the final 986 mm’. The higher increase in the last pass is again,
likely a result of the workpiece burn. The total area for the top 5 um is shown in Figure

5.21.
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Figure 5.21 Total area at non-grooved wheel surface

The area throughout the top 5 um of thewheel follows the same increasing trends as the
previous two parameters. The final scan once again had a significant shift as a result of
the workpiece burn. Before the burn occurred the area at the surface had increased by

38% over 11430 mm® removed and the final 986 resulted in a 29% increase.

By analyzing deeper depths it is possible to see the effect from fracture wear. As
previously mentioned, the total area seemed to be clearly depicting fracture wear and
therefore is the sole parameter analyzed for deeper depths. Four more slices were taken at
depths of 10, 15, 25 and 50 um. The resulting data can be seen in Figure 5.22 along with

the measure at a depth of 5 um for reference.
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Figure 5.22 Total area of non-grooved wheel
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Looking at the total area seen throughout a wider range of depths shows an interesting

trait. As seen in Figure 5.21 and with the top 15 wum in Figure 5.22, the total area

increases as the wheel wears. At 25 um it can be seen that the active area stays relatively

constant, with even a small decrease throughout the grinding process. At 50 um there is a

significant declining trend seen. The 20% decrease during experimentation indicates that

the wheel is fracturing, whether it be grain or bond fracture is impossible to determine

from blob analysis only. Figure 5.23 shows an example of the different wear mechanisms

measured at different depths into the wheel with a comparison to a digital image.
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Figure 5.23 Wheel wear mechanisms throughout depths

The two depths being examined are 5 and 50 um. By looking at the change in the grain at
a depth of 5 um it is clear that as the wheel wears, its cutting edges become larger. This
confirms the notion that the increase seen in the parameters is from attritious wear. It
should be noted that this type of wear is very difficult to see or quantify from the optical
image. At a depth of 50 um bond and grain fracture can be observed. The red and green
circles show examples of the fracture wear that occurred. The digital image confirms that

grain or bond fracture has occurred.

As with the non-grooved wheel, a detailed analysis of the top 5 um will be performed on

the grooved grinding wheel measurements in order to better quantify the wear.
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Figure 5.24 Number of particles at grooved wheel surface

The first thing to note in Figure 5.24 is the initial reduction in particles when compared
with non-grooved data, the reason being the groove itself. Before any workpiece material
was removed the grooved wheel had 103 particles at the surface and 272 at a depth of 5
um. The non-grooved wheel data, previously shown in Figure 5.19, contained 178 and
485 particles at the same depths, respectively. Although a groove factor of 50% was used,
the scan contained one groove; therefore, approximately 1/3 of the scan is simply a
groove or nothing. The 1/3 missing from the scan directly correlates to the 42% and 44%
decrease in number of particles seen at 0 and 5 um, respectively. During the early stages
of the experiment the number of particles followed very similar trends to the non-grooved
wheel. After 15240 mm’ of removed material the number of particles consistently
decrease, which suggests either cutting edge amalgamation or accelerated fracture wear is

occurring.
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Figure 5.25 Particle width at grooved wheel surface

Figure 5.25 shows a similar increasing trend seen in its non-grooved counterpart shown
in Figure 5.20. Over the first 7620 mm’ of removed material, the grooved wheel’s cutting
edges at the surface increased by 15%. This value is appreciably close to the 14%
increase seen in the non-grooved wheel after the same removed volume. The agreement
of size increase suggests the grains are initially undergoing the same amount of attritious
wear. Recalling that Figure 5.24 showed a significant drop in number of particles at
22860 mm’ of removed material, it is interesting to note that the width of particles
increased by 20% at the same point, which indicates that the cutting edges may have
amalgamated from attritious wear. The next 7620 mm’ however, resulted in a 9%

decrease in particle width, implying that fracture wear occurred.
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Figure 5.26 Total area at grooved wheel surface

The initial total area at a depth of 5 um seen in Figure 5.26 is equal to 0.139 mm* while
the non-grooved had an initial area of 0.222 mm*. This 37% reduction is once again,
likely a result of the groove. An interesting aspect of Figure 5.26 is the 32% decrease in
area seen at 30480 mm® of removed material. The fact that a drop of this magnitude is
seen throughout the top 5 um of the grinding wheel strongly supports the hypothesis that
fracture wear did occur at this point. Figure 5.21 also further supports the fact that
although Figure 5.24 showed a decrease in particle numbers at 22860 mm’ of removed
material, it is was likely due to attritious wear rather than fracture since the area

continued to increase during that period.
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Figure 5.27 Total area of grooved wheel

Figure 5.27 shows that losses in the total area can be seen at lower depths into the wheel.
The non-grooved wheel data only exhibited a negative slope after a depth of 15 um
whereas the grooved wheel data in Figure 5.27 shows negative slopes beginning at 10
um. The negative slope could simply be an added effect of scanning a groove or it could
indicate that grooved grinding wheels have a higher possibility of fracture wear. The
effect of accelerated fracture wear on the blob analysis can be seen by comparing the
same area for a fresh and used grinding wheel. Figure 5.28 shows a 2.75 x 2.75 mm patch
at depths of 5 and 50 um. The depths are compared for a fresh wheel and after the total
removal of 38100 mm® of workpiece stock. A digital image is also included to verify that

the grain removals did occur.
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The red circles in Figure 5.28 point out a section where significant change can be seen at
both depths. By visually comparing the results at a depth of 5 um it can be seen that the
fresh wheel contained noticeably more cutting edges throughout. Many of the fresh
cutting edges at 5 um were very small in comparison to the worn wheel. At a depth of 50
um a similar effect can be seen. There are very few small cutting edges remaining in the

used wheel.

In general, the surface analysis has further proven the notion that the wheels were
behaving similarly in the early stages of grinding. A significant increase in all three
extracted parameters was seen in the final scan of the non-grooved wheel, which is
indicative of workpiece burn. In the final scans of the grooved wheel, the top 5 um
showed a significant decrease in number of particles and total area which was likely due

to accelerated fracture wear.

5.4.4 Comparison

A comparison using more conventional grinding parameters, all derived from the
measured data, will now be performed. The parameters being compared are the radial and
volumetric wear of the wheels, cutting edge spacing, and uncut chip thickness. As
previously mentioned in Section 5.3.2, measuring the difference in surface heights for the
reference and ground portions allows for the observation of radial wheel wear. Figure

5.29 depicts the amount of height reduction measured from the top of the wheel surface.
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Figure 5.29 Radial wear comparison of non-grooved and grooved wheel

The two wheels were wearing at relatively similar rates before the non-grooved wheel
was subject to workpiece burn. The similar height reductions further imply the wheels

were wearing at comparable rates.

By performing a summation of the area measurements extracted from blob analysis it is
possible to calculate the volume of the grinding wheel surface. Combining a volume
measurement with the radial wear of the grinding wheel allows for a further comparison.
For example, if the wheel was measured to have been reduced by 4 um throughout the
grinding, then the volume contained in the previous measurement’s top 4 um can be
assumed to have been worn away. In order to ensure the volumetric wear is
representative of the entire wheel circumference, a factor must be applied based on the
ratio of scan area to grinding wheel surface area. Figure 5.30 was generated by

calculating the volume removed from the entire wheel for all scans.
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Figure 5.30 Volumetric wear comparison of non-grooved and grooved wheel

Figure 5.30 clearly shows that the grooved wheel performed better than the non-grooved
wheel. Both curves show a similar trend to general tool wear [53]. The three regions of
tool wear are the break-in period, steady state wear region, and the failure region, which
are characterized by changes in the slope and highlighted in Figure 5.30 [53]. A common
performance index known as the grinding ratio (G-ratio) can be derived from the
information in Figure 5.30. The G-ratio is the volume of material removed per unit
volume of wheel wear. During the steady-state wear regimes it is appropriate to calculate
the G-ratio based on the slope of Figure 5.30 [4]. Table 5.1 contains the four calculated
G-ratios. During the steady state regime the grooved grinding wheel was performing 50%
better than the non-grooved wheel. This observation makes sense seeing as throughout
the analysis and comparison the grains of both wheels were wearing similarly, and the
grooved grinding wheel only has 50% of the volume of grains performing the cutting.
During the failure regimes the non-grooved and grooved grinding wheels decreased 93

and 48% respectively.
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Table 5.1 G -ratios for non-grooved and grooved grinding wheels

Steady-state region | Failure region
Grooved 10215 5265
Non-grooved 6849 447

Typically, reported G-ratios in the literature are much smaller than the values found in
this study. G-ratios of 1.5-5 have been reported when grinding tungsten carbide with a
diamond wheel [54, 55]. When grinding with an aluminum oxide wheel, as in this study,
G-ratios of 6.5-20 were reported when used on hardened steel [56], and 100 when used
on boron steel [57]. The reason for the lower G-ratios is that in the past researches have
calculated it by measuring the radial wear and then assumed that the entire volume
encompassed in that depth has been removed. This approach means that the porous
volume of the wheel was included in the wear of the grinding wheel, whereas this
research is only measuring the loss of actual grain material. If the same method was
applied to this research as the others, then the G-ratio would be roughly 160 and 61 for

the steady state wear regimes of the grooved and non-grooved wheels, respectively.

Using the extracted measures of number of particles and particle width, the cutting edge
spacing can be calculated. Assuming that at the surface of the wheel the measured
particles are the cutting edges then the cutting edge density C can be calculated using

Equation (5.1).

- # of particles (5.1
~ Scan Width x Scan Length

By considering an area with only one cutting edge, the width would be equal to the width
of the cutting edge or particle b,, and the length would be equal to the cutting edge
spacing L [4].
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1 (5.2)

With the cutting edge density and width known, Equation (5.2) can rearranged to solve
for the spacing, as in the following [4]:

1 (5.3)

Figure 5.31 shows the cutting edge spacing for both non-grooved and grooved grinding
wheels. There are two plots for the grooved wheel, one looking only at the non-grooved
area of the wheel and the second includes the groove. In order to compensate for the
groove in the results, a factor of 2/3 was applied to the grooved wheel data since 1/3 of
the scan contained the groove. Since 50% of the wheel surface had been grooved, the
average cutting edge spacing would double. The grooved wheel’s non-grooved portion’s
average spacing was then doubled in order to calculate the average cutting edge spacing
with the groove incorporated. The results shown are for a depth of 1 um into the wheel

surface, assuming that all points at this depth are acting in the cutting process.
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Figure 5.31 Cutting edge spacing comparison for non-grooved and grooved wheels
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When looking at non-grooved area only, the spacing between cutting edges was 14.0 and
13.7 mm for the non-grooved and grooved wheel, respectively. This similarity is due to
fact that the wheels were conditioned using the same parameters. By including the
grooved area, the cutting edge spacing for the grooved wheel doubles due to the 50%
groove factor. Figure 5.31 also shows that the two measures continue to follow similar
trends, until workpiece burn occurred with the non-grooved wheel. At this point the non-
grooved cutting edge spacing saw a noticeable decrease. The decrease could be an effect
from accelerated attritious wear or workpiece material that was adhered to the wheel
could have been measured. The cutting edge spacing of the grooved wheel seems to level
off before reaching its failure point. The spacing then increases at a high rate, which
agrees with the notion that wheel breakdown is occurring during this period. The grinding
wheel once again appeared to last double the duration of the non-grooved wheel before

failing.

With the cutting edge spacing known, it is now possible to use Equation (2.2) in order to
solve for the uncut chip thickness. Figure 5.32 shows the uncut chip thickness for the top
1 um of the non-grooved and grooved grinding wheels. In order to obtain an accurate
representation of the grooved wheel’s uncut chip thickness, the grooved area was

included in the calculation.
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Figure 5.32 Uncut chip thickness comparison for non-grooved and grooved wheel

The uncut chip thickness follows identical trends to the cutting edge spacing for both
non-grooved and grooved, which makes sense as it is heavily dependent on the
kinematics of the grinding which were the same throughout the experimentation. The
uncut chip thickness for the grooved wheel is constantly higher than the non-grooved
wheel. Mohamed et al. [58] compared SEM images of the chips formed from both, non-
grooved and grooved wheels, and reported that there was an increase in chip size when

using the grooved wheel.

It 1s important to ensure that the information being extracted from the blob analysis
agrees with the data measured directly from the grinding experiments. Recalling some
noticeable features from the conventional measurements shown in Figure 5.12 to Figure
5.14, the non-grooved wheel steadily increased in power and forces until the workpiece
was burnt. The radial and volumetric wear shown in Figure 5.29 and Figure 5.30, showed
a steady wear rate until reaching the failure point which agrees with the conventional
measures. Figure 5.31 showed that the cutting edge spacing was also decreasing at a
steady state before the burn occurred. As for the grooved wheel, the power and force

curves leveled off around 20955 mm® of removed material. During this period the radial
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and volumetric wear measures were showing signs of steady state wear and the cutting
edge spacing was levelling off as well. At a removed volume of 30480 mm’ the power
and forces began to fluctuate. This point directly matches the point at which the grinding
wheel scanner began to measure significant signs of fracture wear. The radial and
volumetric wear plots entered their failure regime and the cutting edge spacing began to
increase. The increase in cutting edge spacing leads to larger chip thickness and therefore
the cutting forces and power would be expected to lower due to the size effect. At the
same time the rubbing and plowing forces would be expected to increase due to the
significant decrease in sharp cutting edges, the two effects put together can be used to
explain the force and power fluctuations seen. The workpiece surface roughness also

3

increased significantly at precisely 30480 mm” of removed material, which is likely

another result from the increase in cutting edge spacing measured.

Due to the scanning interval of 8 passes or 7620 mm® of removed volume, throughout the
blob analysis it appeared as though the grooved grinding wheel was lasting twice as long
as the non-grooved. Based on the power and surface roughness measurements however, it
appears as though the grooved grinding wheel only began to fail after a removed volume
of 29527.5 mm’, which is roughly 167% greater than the total removed volume the a non-

grooved wheel.

The near perfect alignment between noticeable features in the scanner measurements and
of the conventional measurements has warranted further investigation with the
parameters obtained thus far. The uncut chip incorporates both topographical data as well
as the process kinematics and therefore was selected to tie together all aspects of this
study. Figure 5.33 shows the conventional force and power measurements plotted as a

function of uncut chip thickness.
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All three plots in Figure 5.33 show the same general trend of increasing power with a
smaller uncut chip thickness. Once the wheels failed however, their trends differed
significantly as a result of their failure modes. The non-grooved wheel failed due to
workpiece burn which led to further reducing its uncut chip thickness and therefore an
increase in forces and power. The grooved wheel broke down, leading to a reversal in the
curve. During breakdown the loss of grains increased the uncut chip thickness and the

power decreased slightly due to the size effect.

5.5 Summary

This chapter presented experimental results from a wear study of grooved and non-
grooved grinding wheels. First, an analysis method developed to extract useful
parameters from a scanner measurement was described. The parameters extracted from
the scanner measurements were number of particles, average particle width and total area.
A series of filters were implemented in order to remove noisy data and confirmed with
the use of a digital image. With measurement noise removed, it was possible to reference
all scans to the same point by aligning the blob analysis results from unused sections of
the scans and applying the same difference to the used sections. This reference allowed
for the radial wear of the wheel to be measured which was then used to calculate the
amount of volumetric wear that the wheels had incurred. The G-ratios were then
calculated to be 10215 and 6849 for the grooved and non-grooved wheels’ respectively,
during the stable grinding regime. The cutting edge spacing and uncut chip thickness
were then calculated from the extracted parameters and it was found that in the non-
grooved area of the wheels they were similar during the steady-state wear regimes.
Incorporating the groove into the results doubled both the cutting edge spacing and uncut
chip thickness due to the 50% groove factor. A comparison of the scanner measurements
to the conventional measurements was then performed and there was a very strong
agreement between all methods of measurements. The blob analysis was able to detect a
significant difference in the extracted parameters at the same point that the conventional
measures began to show signs of wheel breakdown. The scanner measurements indicated
a 100% increase in the total workpiece material removed. The conventional

measurements suggested that the grooved grinding wheel was able to remove 167% more
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workpiece material than the non-grooved grinding wheel. This difference was due to the
scanning interval. Overall, the grinding wheel scanner was proven to be able to
consistently measure the wear of grinding wheels by its exceptional alignment with
noticeable traits in the conventional measurements. The near perfect alignment warranted
further investigation which was performed by consolidating the conventional
measurements with the scanner measurements. By comparing the uncut chip thickness to
the consumed power and forces the effect of the wheels failure modes was evident, and

the size effect could be seen clearly.
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Chapter 6. Conclusion

6.1 Thesis Summary

The first objectives upon beginning this work were to improve the grinding wheel
scanner’s resolution, reliability, and to design and implement a homing system for the
scanner. The resolution was improved by placing an additional encoder on the friction
wheel drive motor. By doing so, the resolution of the scanner’s x-direction was improved
from, a worst case scenario of 26.5 um to a constant 0.65 um. The reliability of the
scanner was improved by implementing a designated, real-time controller, which sole
priority is the control of the scanners components. A vision based homing system was
also designed, and using sub-pixel approximation, is able to track the position of the

grinding wheel to within 2 um.

The next objective was to quantify the new system’s positional repeatability, and validate
its capability to measure the grinding wheel surface. The validation began with a 2D
profiles and it was discovered that slippage was occurring in the contact zone of the
friction and grinding wheels. A slip compensating algorithm was then written which was
able to correct for the slip to within 5.7 um and 2 um for the 1200 um and 130 um,
respectively. These differences confirmed that the algorithm was working to within the
sensor resolutions of 4 um and 1.4 um for the 1200 um and 130 um pens, respectively.
Next, 3D scans were taken of a QR code to quantify the positional repeatability of the
scanner. It was found that the 1200 um was able to measure the distance between features
in the x and y direction within percent errors of 2.1 and 1.0%, respectively. The
repeatability of its area measurements was found to be within 2%. Using the 130 um pen
had a small effect on the x and y distance measurments, resulting in percent errors of 1.3
and 0.8% for the x and y directions. The area measurements improved subtantially with
the 130 um with an error of 0.7%. The QR code analysis also confrimed that the homing
system was able to home the within to within standard deviations of 27.6 um and 19.3 um
in the x and y directions. Finally, by comparing the sizes of features in the scanned

measurements to SEM images of the grinding wheel it was found that the feature sizes
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were within 11% of each other. By overlaying an SEM image onto a scanned

measurement, the near perfect alignment of the two was demonstrated.

The final objective was to use the grinding wheel scanner to investigate the wear of
grooved and non-grooved wheels. A wear study was performed and in order to analyze
the scanner measurements an analysis method was developed. The analysis method
allowed for the monitoring of radial wheel wear, which further led to the volumetric
wear. G-ratios of the two wheels were then calculated to be 10215 and 6849 for grooved
and non-grooved wheels, respectively. A comparison of the non-grooved portions cutting
edge spacing and uncut chip thickness was then performed, and showed noticeable
similarities during the steady-state wear regime. By combining the conventional
measurements with the scanner measurements using a calculated uncut chip thickness,
the effect of the different failure modes was shown and it also allowed for the size effect

to be seen.

6.2 Recommendations

The grinding wheel scanner can be used to further strengthen of the link between the
grinding process and the wheel topography. The development of a simulation which uses
the scanned surface topography would be beneficial in determining the true uncut chip
thickness and therefore the depth which should be analyzed. The scanner could be used to
investigate the wear of different grinding wheels, the effect of different workpieces and
or coolant delivery systems on the wheel, and the effect of process parameters such as
depth of cut and feed rate on the wear of the wheel. One further improvement to the
scanner which could be implemented is to replace the optical pen’s manual stage with an
automatically actuated one. This automated stage would ensure the pen is consistently
moved to the same standoff distance for each scan, allowing the 130 um pen to be more
effectively implemented into the research. By automatically controlling the stage,
profiled grinding wheels could then be measured as well, which would further widen the

scope of possible research with this tool.
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