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Abstract

This work investigates experimentally the use of a circumferentially-grooved grinding
wheel on the creep-feed grinding process. The work was divided into three main
objectives which are: investigating the performance of a grooved wheels in comparison
to a regular non-grooved wheel, developing a practical method for wheel grooving, and
exploring reasons why the grooved grinding wheel performed better. A single-point
diamond dressing tool was used to cut shallow circumferential groove on an aluminum-
oxide grinding wheel. The results showed that, for the creep-feed grinding conditions
used in this research, a grooved wheel can reduce the consumed power by up to 61%,
enable up to 37% more material to be removed while still maintaining workpiece surface
roughness values below 0.3um (“fine quality” surface finish), and enable up to 120%
more material to be removed while still maintaining workpiece surface roughness
values below 1.6um (“average quality” surface finish). A wear study was also carried
out to compare the performance of both the grooved and non-grooved grinding wheels.
For the conditions used in this study, the results showed that a grooved wheel not only
exhibits less wear than a non-grooved wheel but also can remove approximately twice
as much workpiece material before failure occurs. A corresponding new grinding wheel
grooving system was developed that is able to both groove as well as re-groove a
grinding wheel using a single-point diamond tool. The re-grooving capability of the
new system is achieved by synchronizing the grinding wheel angular position with the
dressing tool translational position. This position synchronization enables the diamond
dressing tip to repeatedly engage the grinding wheel at the same angular position
around the wheel and then proceed to trace the existing groove pattern along the wheel
surface to, for example, refresh a worn groove geometry. Furthermore, the proposed
system can be mounted on either a conventional or a CNC grinding machines and can
groove and re-groove the grinding wheel without the need to remove it from the
grinding wheel spindle. The novel wheel grooving system was experimentally validated
by creating helically shaped circumferential grooves on the grinding wheel surface. The
developed grooving system is able to inscribe various groove patterns into the grinding
wheel as well as dress the wheel. It was found that the grooved wheel performs better
than regular non-grooved wheel because of an increase in the size effect as well as
because more grinding fluid can be delivered into the contact zone. The grooved
grinding wheel chips were approximately six to eight times wider than the chips
removed by the regular wheel. Also, the grooved grinding wheel was, in comparison to
the regular non-grooved wheel, able to deliver more than twice the volume of coolant
fluid into the contact zone which lead to better lubrication and cooling.

Xiv
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Chapter 1. Introduction

The grinding operation is one of the oldest manufacturing processes and it is utilized in
most manufacturing industries ranging from conventional machine shops to aerospace
industries. The grinding process is very important due to its ability to grind or machine
hard-to-machine materials such as ceramics and super alloys. The economic impact of
the grinding process is staggering [1]. As determined by the United States Department
of Commerce [2], the U.S. manufacturing sector accounted 14% of their Gross Domestic
Product (GDP) and 20%-25% of all manufacturing expenditures are associated with the
grinding operation as stated by Malkin and Guo [3] in 2008. In 2013, the U.S. GDP was
$16.8 trillion [4], which indicates a conservative estimate of the economic impact for the
grinding operation to be US$ 475 billion. An example of these conservative estimates for

selected years between 2006 and 2013 are shown in Figurel.l.
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Figure 1.1: U.S. economic impact for the grinding operation

Because the grinding process plays such an important economic role, it is very critical to
study this process and develop methods that help reduce the operational cost by
ensuring that the manufactured part has the desired quality and the scrap (rejection)

rates are reduced.

1.1 Motivation

There are some factors which limit the efficiency of this process. For instance, high
grinding forces and high consumed power can cause grinding wheel break-down and/or
workpiece thermal damage. The grinding process requires a very large energy input per
unit volume of material removed. Most of this energy is converted into heat in the
grinding wheel-workpiece contact region. A large portion of the generated heat is
conducted to the workpiece and concentrated at the surface layers of the workpiece

material causing a localized rise in grinding temperature. This has the potential to



create burn defects, surface oxidation, and a resulting change in workpiece material

properties.

There are different approaches to improve the grinding process. For instance, the
published literature suggested that the grinding wheels with slots or grooves may have
the potential to improve grinding process efficiency and productivity. However, there
was little recent concrete work in this area and existing grooving wheels methods seem

impractical.

1.2 Objectives

The main objectives of this work are to:

* Investigate alternative/new groove patterns.

* Experimentally study different groove geometries and compare their results,

* Develop a practical method that can groove the grinding wheel quickly and
repeatedly.

* Develop a better understanding of why grooved grinding wheels improve the

grinding operation.

1.3 Thesis Outline

The contents of this thesis are arranged in the following sequence: Chapter 2 provides
background of the grinding process including a description of grinding geometry and
kinematics, grinding wheel specifications, and the dressing operation. Chapter 3 then
presents a review of various grinding wheel grooving research that was found in the
literature. Chapter 4 presents the experimental methodology which was followed. Also,
this chapter includes an initial investigation that uses circumferential-groove pattern on

the grinding wheel as a proof of concept case study. Then, in Chapter 5, experimental



investigations were conducted to assess the performance of grooving grinding wheels
on the creep-feed grinding process. In these experimental investigations, different
groove geometries are studied. Chapter 6 presents a novel and practical method of
grooving and re-grooving the grinding wheel which was designed and tested. Chapter
7 then investigates the reasons why the grooved grinding wheel performed better than a
regular non-grooved grinding wheel. Finally, Chapter 8 draws conclusions and makes

recommendations.



Chapter 2. Grinding Process

2.1 Introduction

Grinding is a process by which materials is removed in the form of minute chips by the
action of irregularly shaped hard abrasive particles [5]. These abrasive particles are
bonded together to form a grinding wheel that operates at very high peripheral
velocities. The grinding wheel, the grinding cutting parameters, and the grinding fluid
are the main components of the grinding process. Therefore, in this chapter, a brief
description of the grinding wheel, grinding kinematics, and grinding fluid are

presented.

2.2 Grinding Wheels

A grinding wheel, as illustrated in Figure 2.1, is a ternary system that is composed of
thousands of small hard, non-metallic, abrasive grains held together by a bonding

material, and porosity. A Scanning Electron Microscope (SEM) micrograph of a typical



grinding wheel is shown in Figure 2.2, where the abrasive grits, bond material, and
porosity (voids) are clearly visible. The bonding material is the glue that holds the
abrasive grains together, the abrasive grains are responsible for material removal, and
the voids provide chip cleaning and coolant transport into the grinding zone. The

volumetric proportions of abrasive grains V, , bond material ¥}, , and pores ¥V, can be

expressed as:

V,+V,+V,=1.0 (2.1)

The main parameters used to describe a grinding wheel are the abrasive type, the
abrasive grain size, the wheel hardness (grade), the wheel structure, and the bond type.
These parameters are specified in the marking system of a grinding wheel which is

typically written on the side of the grinding wheel.

Figure 2.1: Samples of various grinding wheels available at Dalhousie University



Porosity (Void) Abrasive Grain Bonding Material

Figure 2.2: SEM micrograph of an 80-grit grinding wheel

The marking system for conventional abrasive wheels is defined by the American
National Standards Institute [ANSI] by standard B74.13 — 1977 [6]. Figure 2.3 illustrates
this marking standard that provide the user with key information regarding the
construction of the grinding wheel. It starts with a prefix for the manufacture’s symbol,
which indicates the exact kind of abrasive, followed by the possible parameters of the
wheel specification, and ends with a manufacture’s private marking to identify a wheel.

CONVENTIONAL ABRASIVE WHEELS MARKING SYSTEM
Example: Aluminum Oxide Wheel 51 A36 L5V 23

51 - - 5 - A\ - 23
[ I T T
. Abraswe Abraswe Grade Manufacturer’s
Prefix Structure Bond Type
Type Slze (Hardness) Record
’—1 \ \_‘ \_‘
Manufacturer’s ( N (" Dense "\ (B - Resinoid
Symbol A - Aluminum Oxide Coarse: 8 10 12 14 16 20 24 1 BF - Resinoid Reinforced Manufact ,
Indicating Exact Medium: 30 36 46 54 60 2 E - Shellac o ers
Kind of C - Silicon Carbid Fine: 70 80 90 100 120 150 180 : O - Oxychloride Mok
Abrasive con Larbide Very Fine: 220 240 280 320 400 500 600 : R - Rubber arking to
. . Identify Wheel
(Use Optional) N ) 8 RF - Rubber Reinforced .
9 S .- Silicate (use Optional)
e N : V - Vitrified
Soft A B CD E F G H :
Medium: I J KL M N O P L 15
Hard: Q R S T U V W X Y Z 16
etc.
- J \_Open J

Figure 2.3: Standard marking system for conventional abrasive wheel [6]



The first parameter in the wheel marking system is the abrasive type. Aluminum oxide
(Al20s), which used for grinding most steels, and silicon carbide (SiC), which used for
grinding cast irons and non-ferrous metals are the two most common abrasives used in
production grinding. Super-abrasives such as cubic boron nitride (CBN) and diamond
are generally reserved for demanding application where the workpiece material is very
hard, such as ceramics and carbides. The second parameters used to characterize the
grinding wheel is the abrasive grain size which is very important due to its influences on
stock removal rate, chip clearance in the wheel, and surface finish of the grinding
operation. A low abrasive grain size indicates large (coarse) grains which promotes
higher material removal rates at the expense of surface finish while a high abrasive grain
size indicates small (fine) grains which permits a smother surface finish at a lower
material removal rates. Malkin [7] approximated the average diameter, in mm, of an

abrasive grain d, according to:

d,=152M" 2.2)

where M is the abrasive grain size. The third parameter is the wheel grade which
indicates the grinding wheel’s bond strength in retaining the abrasive grits during
cutting. The wheel grade is greatly dependent on the amount of bonding material

present in the wheel structure — ¥V, in Equation (2.1). The abrasive grade is measured

on a scale that ranges between soft and hard. The softest grade is indicated by the letter
“A” and the hardest grade is indicated by the letter “Z”.  Softer wheels lose grains
readily and are generally used for applications requiring low material removal rates and
grinding of hard workpiece materials [8,9]. Harder wheels retain their abrasive grains
and are typically used to achieve high stock removal rates and for grinding of relative
soft work materials. The fourth parameter is the wheel structure which is measured on
a scale that ranges between a dense structure and an open structure. A dense wheel

structure is one in which the volumetric proportion of bond material ¥, is relatively



small, and the volumetric proportion of abrasive grains V, is larger, and it is used to

obtain better surface finish and dimensional control. By contrast, an open structure is

one in which V, is relatively large, and V, is relatively small, and it is generally

recommended in grinding where clearance for chips must be provided. That is, there
are more pores and fewer grains per unit volume. The relationship between the

volumetric proportion of abrasive grains ¥, and the structure number § is given in the

following equation [7]:

V,=0.02(32-5) (2.3)

Finally, the fifth and last parameter in the wheel marking system is the bond type. The
bond type is specified by the first letter of the material type. For example, V stands for
“vitrified” which is used on more than 75 percent of grinding wheels [5]. One should
say here that the conditions of the abrasive grains during grinding may change due to
wear of the grinding wheel during grinding. Various grinding wheel wear mechanisms

are explained next.

2.3 Grinding Wheel Wear

The wear of a grinding wheels affects the grinding process efficiency as well as the
workpiece quality [10]. The wear cycle of a grinding wheel is an extremely complex
process and is affected by many factors, such as: the initial condition of the grinding
wheel, the workpiece material, the grinding process parameters, and the type and
quantity of the cutting fluid used. Grinding wheel wear can be categorized into three
modes [11,12]: bond fracture, grain fracture, and attritious wear, as shown in Figure 2.4.
In bond fracture, the abrasive grain is broken away from the bond. Grain fracture occurs
when the grain breaks and may create new sharp cutting edges — a process called self-

sharpening. Both bond fracture and grain fracture occur when the cutting forces of a



dull abrasive grain exceed the fracture strength of the abrasive grain or bond material.
Unfortunately, both fracture wear mechanisms tend to create an irregular wheel surface
resulting in degradation of the workpiece surface finish. Attritious wear, on the other
hand, is a gradual process of dulling the initially sharp grain and it refers to the growth
of wear flats due to rubbing against the workpiece surface. This kind of wear leads to

the increase in grinding forces and, consequently, grinding temperatures.

Types of Wheel Wear

Bond Fracture

Grain Fracture
Cracks Lead to Fracture

Attritious Wear

Figure 2.4: Flucidation of the wheel wear mechanism

Wheel wear causes a deterioration of the wheel surface which leads to damage of the
workpiece surface and/or loss of accuracy. Therefore, reconditioning the grinding wheel

surface by using a dressing operation is required to achieve the appropriate wheel

surface with sharp and accurate cutting edges.
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2.4 Wheel Dressing Process

Dressing is the process of conditioning the grinding wheel surface in order to reshape
the wheel when it has lost its original form or has become dull due to wear. It restores
and sharpens the grinding wheel topography which has a significant impact on the
grinding wheel force, energy, temperatures, wheel wear, and surface finish [11].
Dressing is also performed as a method for removing chips that may become lodged in
the grinding wheel. This clogging of the pores on the grinding wheel surface is called

grinding wheel loading which decreases the cutting efficiency of the grinding wheel.

There are different methods used for dressing the grinding wheel, such as diamond roll

dressing and single-point diamond dressing as illustrated in Figure 2.5.

(@) (b)

Wheel Rotation: Wheel Rotation

Wheel Rotation
Out of Page

,,,,,,,,,,,,,,,,,,,,,,,,,,

» Dressing Feed

Diamond Roll
Dresser
*» 47
0°-30°
Diamond Roll Dressing Single-point Diamond Dressing

Figure 2.5: Conventional grinding wheel dressing methods

Diamond roll dressing, which is also called rotary dressing as shown in Figure 2.5(a), is
a method that uses a cylindrical tool with diamond particles embedded in the periphery.
In this method, the rotating grinding wheel is a fed into the rotating diamond roll to a

specific depth. Single-point diamond dressing is the most common method of dressing

11



grinding wheels. As shown in Figure 2.5(b), this method employs a single-point
diamond that is set at an angle with the periphery and the face of the grinding wheel

[13]. The dressing is accomplished by feeding a grinding wheel having a diameter d
and rotating with a peripheral velocity v, toward the diamond’s tool tip at a certain
cross-feed velocity v, and depth of cut a,. The axial feed of the dressing tool per wheel
revolution is called the dressing lead/feed f, which can be calculated by the following
equation:

_med v,

Jo=—"—" (2.4)

1%

In single-point dressing, the effective cutting width b, depends on the dressing depth
a, and the tool geometry. The ratio of the cutting width and the feed f, is called the

overlap ratio U, [8]:

U, =~ (2.5)

Small overlap ratios indicates fast cross-feed velocities which cause coarse wheel
surfaces used for rough grinding processes, while large overlap ratios correspond to
slow cross-feed velocities which generate fine wheel surfaces used for fine surface
finishes. In this thesis work, both rotary dressing and single-point dressing were
applied. The former dressing method was used for removing a desired depth from the
grinding wheel and the latter method was used prior to each grinding experiment to

condition the wheel surface.

12



2.5 Grinding Kinematics

Analysing the grinding cutting geometry provides information on the cutting path and
the contact behavior between a grinding wheel and a workpiece. Figure 2.6 illustrates
the basic grinding operation. As can be seen from this figure, an abrasive wheel of

diameter d_ rotating with a peripheral velocity v, takes a depth of cut a, from the
workpiece as it translates at velocity v, [7]. The width of contact between the abrasive
wheel and workpiece during the grinding process is b,. The curve that defines the
contact between the grinding wheel and the workpiece is known as the contact length /,

and is calculated as [7-9]:

I, =(a,-d,)" (2.6)

c

Grinding Wheel

Peripheral Velocity Grinding Wheel

Coolant Nozzel

( «

Minutes Chips

3 R ) g €
e 1/\/71eel—7,uork]m'ece4

V ZC Contact Length

Workpiece —————

Workpiece Feed
f—
vw

Figure 2.6: Grinding kinematics
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The volume of workpiece material removed per unite time is known as the material

removal rate 0, and is found from:

QW = bM/ : ae ' VW (2'7)

During the cutting interaction between the grinding wheel and the workpiece, the
abrasive grain follows a path which is a complicated trochoidal motion that results from
the simultaneous rotational motion of the grinding wheel and the translational motion
of the workpiece. Figure 2.7 depicts the result of the abrasive grain motion simplified
for a single grain. A grain in imminent contact with the workpiece is shown embedded
in a grinding wheel at time #” when the relative position between the grinding wheel

n+l1

and workpiece is at point O as represented in Figure 2.7. At time ¢"*' when the
relative position between the grinding wheel and workpiece is at point O', the abrasive
grain has exited the workpiece and removed the shaded material shown in the figure.
Evidently, the thickness of the removed material changes with the position of the acting
grain along the cutting path and is symbolized as the instantaneous chip thickness / in

Figure 2.7. The maximum grain engagement with the workpiece produces the maximum

un-cut chip thickness %, which can be calculated using the following equation [7-9]:

0.5
h, = ZLV—W[&j (2.8)

where L is the spacing or distance between adjacent abrasive grains.
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Uncut-chip

¥

max

cu

Worpiece Feed V
—

Figure 2.7: Trochoidal grain path

The equivalent chip thickness 4

eq

is widely used in describing the undeformed chip

because of its simplicity and is defined as [7-9]:

h,=a, (2.9)

It is obvious from Equations (2.8) and (2.9) that the uncut chip thickness is in direct
relation with both the spacing between active grains and depth of cut. The increase in
the uncut chip thickness tends to result in more efficient grinding in energy terms [8] —a

phenomenon known as the size effect.
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2.6 Grinding Forces & Energy

Grinding forces and grinding energy are important grinding performance measures
since they are directly related to grinding wheel wear, grinding temperatures, and
surface integrity [14]. Grinding forces and spindle power are commonly measured to
characterize the grinding process and evaluate grinding wheel performance. The main
two force components acting between the abrasive grinding wheel and workpiece

during grinding are the tangential force F, and the normal force F, as shown in Figure

2.8. The tangential force component is proportional to the grinding power, which in
turn is directly related to the temperature generated in the grinding contact zone and
possible thermal damage to the workpiece [15]. The grinding power P is associated

with the tangential force F, and the grinding wheel peripheral velocity v, and can be

found from the following equation [7-9]:

A Wheel Rotational
Grinding Wh :

- Tangential Force

Work Feed
Y

Workpiece Normal Force

Figure 2.8: Force components in grinding process
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P=F-v (2.10)

N

The power in grinding is often represented as the energy per unit volume of removal

material which is often known as the specific energy e, . This specific energy can be

obtained by combining Equations (2.7) and (2.10) as [7-9]:

e,=— (2.11)

Specific energy is an inverse of grinding process efficiency. The lower the specific
energy, the more efficient the process. Specific energy is affected by the difficulty to
grinding or machine a workpiece material as well as wheel wear [8,16]. There are
various factors that can be considered to reduce the specific grinding energy; for
example: a well lubricated process, large uncut chip thickness, and sharp abrasive

grains.

An increase in specific energy during grinding is, as proposed by Hahn [17], a result of
the increased rubbing between the abrasive grains and the workpiece. Additionally, as
shown in Figure 2.9, Hahn [18] perceived three distinct stages during the abrasive
grain’s interaction with the workpiece: rubbing, ploughing, and cutting. Rubbing takes
place at low depth of cuts when the uncut chip thickness is in the range of 0</A2 <0, .
This stage consists of elastic deformation and heat generation through friction and is
considered an energy waste stage as no material removal occurs [1]. At slightly greater

depths of cut, when the uncut chip thickness increases to the range of 6, </ <4, the

ploughing stage occurs causing plastic deformation of the material on the surface of the
workpiece. The workpiece material tends to bulge ahead of the abrasive grain to form a
ploughed lip followed by side flow as the motion progresses. The ploughing phase is
considered inefficient as well since there is no material ejected from the workpiece. The

cutting stage happens at large depths of cut once the uncut chip thickness increases to

17



the range of &, <h<J, causing material removal. The cutting phase tends to be

efficient as there is little energy wasted in the form of elastic deformation.

Rubbing

Residual Scratch Plowing Lip

Ploughing

Figure 2.9: Rubbing, ploughing, and cutting phases of grain-workpiece interaction

It was suggested by Kannapan and Malkin [19] that the specific energy in grinding
could be divided into three components that correspond to three mechanisms proposed
by Hahn [18]. Therefore, the total specific energy is the summation of the specific

energy for rubbing e, , the specific energy for ploughing e, and the specific energy for

cutting or chip formation e,

n

as expressed by the following [7,8]:

ec = er + ep + ech (212)

The tangential and normal forces are each split into three components according to the
three values of grinding energy. These grinding forces are composed of a sliding force,

ploughing force and, chip formation force, so [7,8]:
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F = F;,r + F;,p + F;,ch (213a)

t

E1 = Ez,r + F;q,p + EI,Ch (213b)

n

where F;, and F,, are the tangential and normal forces associated with the sliding or

rubbing stage, F;, and F, , are the tangential and normal forces for the ploughing

P

phase, and F, , and F, , are the tangential and normal forces for the cutting or chip

formation phase. There are some parameters that affect the grinding forces and
consequently the grinding energy. For instance, the grinding fluid as well as the
abrasive grain spacing. An effective lubrication can result in minimizing the tangential
force and grinding power due to the reduction in friction occurring in the sliding phase.
An increase in grinding wheel spacing between active grains results in increase in the

uncut chip thickness and, consequently, decreases the grinding energy.

2.7 Grinding Fluids

Grinding fluids are an important component in the grinding process and are
traditionally used as an external means to improve the process performance by
providing lubrication and cooling at the grinding wheel-workpiece interface [20,21].
Yet, the effectiveness of the grinding fluid depends upon many factors, such as:
placement of the coolant jet, flow velocity, quantity of flow, direction of application, and
design of the nozzle [22]. The main purposes of utilizing grinding fluids include: to
lubricate the abrasive contacts, to cool the wheel-workpiece contact zone, and to remove
and transport the debris away. Grinding fluid could be either water based or oil based.

In this research, a water based grinding fluid is utilized.

During grinding operation, the coolant absorbs a fraction of the heat generated in the
grinding contact zone between the grinding wheel and workpiece. The rise in grinding

temperature causes an increase in the fluid temperature which can lead to a change of

19



fluid phases from non-boiling, to nucleate boiling, to film boiling (Figure 2.10). In the
non-boiling case, the coolant temperature is below the boiling point. In the nucleate
boiling case, the temperature is at the boiling limit where bubbles occur at the heated
surfaces causing a higher rate of heat transfer than that in the non-boiling case [23,24].
With the increased heat transfer, a vapour film forms near the heated surface behaving

as an insulator preventing further heat convection and causing a temperature spike.

Grinding Wheel

Workpiece Workpiece

Non-Boiling Nucleate Boiling

: 1- Coolant
— e 2- Gas Bubbles
e NN\ 3- Gas Layer

Workpiece

Film Boiling

Figure 2.10: Coolant boiling phases

The occurrence of a temperature spike is considered to be one of the grinding process
failure modes. Such a temperature spike could be monitored during grinding by seeing
or measuring a sudden rise in the grinding spindle power. Therefore, in this work, any
thermal damage that occurred due to a failure in fluid delivery was considered to be a
grinding process limitation. The fluid delivery system utilized in this research is

described in the coming chapter.
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2.8 Surface Finish in Grinding

The term surface finish generally refers to the overall description of the machined or
ground surface. The surfaces produced by machining and grinding, in particular, are
generally irregular and complex. The principal elements of surfaces have been defined
by the American Society of Mechanical Engineers in ASME B46.1-2002. The roughness
parameter measured and used in this thesis work is the arithmetic mean surface
roughness symbolized as R,. Figure 2.11 represents the profile of a surface highly
magnified. A centerline, x-axis, is drawn through the profile representing the average

plane of the surface. The ordinates 4, h,, ..., h, show the variations of the profile

n
from the centerline at equal intervals. The average surface roughness parameter is

found as:

1 /
R, = j | £ ()| dx (2.14)

The digital approximation of the average surface roughness is [25]:

1 i=n
R, =;g|h,-| (2.15)
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Figure 2.11: A profile of surface roughness



The surface roughness in this research is considered to be a quality measure of the
grinding process; therefore, it was measured for every grinding experiment in this thesis

work.

2.9 Summary

This chapter has briefly introduced the grinding process and outlined the important of
the kinematic relationship that affects the grinding process and that are relevant to this
work. Of note was the trochoidal motion of the abrasive grain through the workpiece
and the resulting increase in the uncut chip. It was also shown that grinding forces and
specific energy are affected by kinematic parameters of grinding as well as the grinding

wheel surface topography.
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Chapter 3. Grooving Grinding Wheels
Review

The state of the surface of a grinding wheel affects the performance of the grinding
operation. Therefore, researchers have investigated different parameters that would
assist in improving the performance of the grinding process. For instance, it appears
from the literature that grinding wheels with grooves or slots tend to improve the
grinding process. The following sections describe the grooves and their potential

benefits found in literature.

3.1 Grooving Patterns

A groove pattern refers to the geometry of how the grooves were formed on the
grinding wheel surface. Figure 3.1 illustrates various grooved grinding wheels with
different surface grooving patterns (except Figure 3.1(a) which depicts a non-grooved
regular grinding wheel for a comparison purposes). As can be seen from this figure,

three groove patterns are introduced as follows. Firstly, a helical-groove pattern (see
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Figure 3.1(b)) where the grooves are formed on the grinding wheel surface at an angle
called the helix angle. Secondly, an axial-groove pattern where the grooves are parallel
to the wheel axis as shown in Figure 3.1(c). This second groove pattern is similar to the
first in that it has a helix angle which is equal to zero. Thirdly, as illustrated in Figure
3.1(d), a circumferential-groove pattern which is further developed and presented in this

thesis work with more details in the forthcoming chapters.

(a) (M. (c) (d)

/I helix angle

4'1"

-

Non-grooved Helically-grooved Axially-grooved Circumferentially-grooved

Figure 3.1: Wheel grooving patterns

3.2 Review of Literature

The earliest published research investigating the use of a grooved grinding wheel is the

work of Nakayama et al. [26] in 1977. In their work, a grooved grinding wheel (WA 46 ]
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6 V) was tested on the surface grinding process. Helical grooves, as depicted in Figure
3.1(b), were formed on the surface of the grinding wheel using a screw-shaped crushing
roll made of hardened carbon steel. The groove width was 2.5 mm. The authors
reported a 30% reduction in the grinding forces and consumed energy when using this

grooved wheel.

In 1979, Verkerk [27] also studied a helically-grooved grinding wheel (NA 100 K7 VA)
on the cylindrical grinding process. In addition to creating 1 mm to 1.2 mm wide
grooves on the wheel using a crushed roll approach similar to Nakayama et al. [26],
Verkerk [27] used a grinding wheel (NWA 80 N 8 VA) with premanufactured helical
slots (60 slots) with width and depth of 3.5 mm and 65 mm, respectively. He
recommended that the slots be narrow to avoid measurable traces of the slots on the
workpiece surface, and that the slots be at an angle with the wheel axis to reduce

grinding force fluctuations. Verkerk [27] also introduced the term groove factor (7 ) that
can be used to describe the remaining non-grooved surface area of the grinding wheel
after it has been grooved and it can be calculated as follows:

n= "A ¢ x100% (3.1)

o

where A4, as illustrated in Figure 3.2(a), is the total wheel surface area (mm?), and Ag ,

as illustrated in Figure 3.2(b), is the total groove area (mm?). A grinding wheel without

any grooves would, therefore, have a 100% groove factor.
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Figure 3.2: Grooved and non-grooved surface areas

Matsui et al. [28], in 1986, used an axially grooved (segmented) grinding wheel (WA 60E
7V) with 6, 12, and 24 pieces which were removed from the upper layer of a
conventional grinding wheel.  These pieces were then attached to the outer
circumference of an aluminum holder. This segmented axially-grooved wheel showed a
reduction in both grinding forces and grinding temperature. However, it could be said
that the construction strategy of the segmental wheel was very complex and is

impracticable to use for ordinary machining workshops.

In 1990, Suto et al. [29] developed an axially-grooved grinding wheel with cooling holes
perforated in the wheel working surface as shown in Figure 3.3(a). They stated that the
specific worn area of the active abrasive grains at the leading edge and at the trailing
edge of every segment as shown in Figure 3.3(b) were 0.70% and 0.95% respectively. It
was suggested that the abrasive grains on the leading edge experience micro scale

fracture on their tips. However, the grains on the trailing edge are rubbing and thus
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form wear flats more quickly. Zhang et al. [30], in 1995, used the same developed wheel
by Suto et al. [29] and reported that the axially-grooved wheel with a cooling-hole
structure possesses advantages in grinding metallic material, can avoid wheel loading,

and provides a more effective and efficient coolant supply method.

(@) L (b)

Axially-grooved grinding\ - .

Leading Edge J

Trailing Edge

Qi
Workpiece

Figure 3.3: Axially-grooved wheel with cooling holes [29]

Okuyama et al. [31], in 1993, studied the effect of axially-grooved grinding wheels on the
surface grinding process. The axial grooves studied by Okuyama et al. [31] had a width
and depth of 3.0 mm and 0.5 mm, respectively. These researchers examined the use of 4,
12, and 36 grooves around the periphery of the grinding wheel and reported that the
maximum heat transfer coefficient increases with the number of grooves. In addition to
this grooved-wheel research, in 1994, Zheng and Gao [32] developed an analytical
thermal model for axially-grooved wheels showing how groove geometry influences the
grinding temperature and can reduce workpiece thermal damage. The developed
thermal model is based on the Jaeger [33] and DesRuisseaux [34] thermal models. The

developed model [32] was verified experimentally and results showed that grinding
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temperatures were less when using the grooved wheel than when using the regular

wheel; however, the grooved wheel temperatures were fluctuating in a periodic fashion.

In 1997 Kim et al. [35] noted that, while grooved wheels show promising results,
implementing grooved wheels in practice is problematic because the groove depth is
limited and requires frequent re-dressing and grooving of the wheel as it wears. These
authors focused their research on axially-grooved wheels and developed a moulding
technique to produce grinding wheels with very deep axial-groove geometries (such
that the groove depth spans the working radius of the wheel). Their solution overcomes
the need for redressing axial grooves on the wheel as the wheel wears while still

achieving the improved grinding performance observed when using axial grooves.

Kwak and Ha [36], in 2001, introduced a simulation model using the SIMULAB program
for predicting the grinding forces. The model was verified experimentally utilizing
axially-grooved wheels that have 6, 12, and 24 grooves with a groove width of 6 mm.
On an aluminum oxide wheel (WA 100 L MV), these axial grooves were cut by using a
diamond wheel in the tool grinder and inclined from the radial direction. Figure 3.4
depicts a schematic drawing of this wheel. They reported that as the number of axial
grooves increase the grinding temperature decreased and the value of surface roughness

increased resulting in a worse surface finish.
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Figure 3.4: Schematic drawing of the grooved wheel used by Kwak and Ha [36]

Fu et al. [37], in 2002, presented an optimization model for wheel topography. They
designed and fabricated a slotted CBN grinding wheel with 144 axial grooves to
optimize the model and to verify it experimentally using the fabricated axially-grooved
wheel. The model accounts for the spacing between two effective abrasive gains which,
in the case of the grooved wheel, are located at the edges of the groove as shown in

Figure 3.5.

- Ax‘iail‘y—grob\'red‘::‘ \
- Grinding wheel |

Distance between
two effective grians

Workpiece

Figure 3.5: Illustration of effective grains on axially-grooved grinding wheel [37]
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In 2005, Nguyen and Zhang [38,39] incorporated radial coolant jets into an axially
slotted (segmented) grinding wheel via a fluid chamber system which forces the coolant
to penetrate into the grinding zone. They also developed a model to predict and
understand the relationship between coolant flow rate and fluid mist formation when
using the developed grinding wheel. In their later research, Nguyen and Zhang [40,41]
concluded that the developed wheel assists in reducing the ploughing and rubbing

during grinding and as well as in improving in better chip cleaning.

Jackson [42], in 2008, developed a finite element model to study radial and
circumferential stresses for segmented (axially-grooved) grinding wheels. He stated that
increasing the number of segments and reducing the depth of the abrasive segments can

reduce the radial and circumferential stress levels.

In 2012, Koklii [43] experimentally investigated the cylindrical grinding process for
different steel materials using a helically-grooved aluminum oxide wheel (127 TS 291-3
EKR 60K6V). 24 helical grooves were formed on a grinding wheel using a cut-off disc
where the groove width and depth were 2.6 and 3 mm, respectively. The helical grooves
were cut at three angles 15?, 30° , and 45°. Koklii [43] stated that the helically-
grooved wheel, especially the wheel with the 45° grooves, improved the workpiece

ground surface finish, the workpiece roundness, and the residual stress.

In 2014, Fang and Xu [44] established an analytical model to calculate the temperature
distribution in surface grinding with an intermittent wheel that has axial grooves. Their
experimental results validated the model and showed that the contributions of segment

and groove-engaging states to the temperature profiles were of a big difference.
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3.3 Summary

As was found in the literature, grinding wheels with grooves or slots appear to have the
potential to improve the grinding process. Axially and helically-grooved grinding
wheels were utilized in previous research work. The procedures used to form these
grooves, however, were unpractical and difficult to reproduce. Therefore, the
forthcoming chapters introduce the development of a novel and practical wheel
grooving device and demonstrate the effect of circumferentially-grooved grinding

wheels on the creep-feed grinding process.
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Chapter 4. Experimental Procedure & Proof of
Concept

From the previous literature review chapter, it was found that axial and helical grooves
with wide and deep grooves have been studied. However, circumferentially-grooved
grinding wheels with shallower groove geometries have never been investigated. This
chapter describes the experimental procedure for the grinding experiments followed by
a description of some initial experimentations used to prove that performing grinding
with sallow circumferentially-grooved grinding wheels is effective. Finally, this chapter

is ended with a summary.

4.1 Overview of Experimental Setup

This thesis work was based on extensive grinding experimental investigations.
Therefore, a great deal of care was performed on monitoring and controlling the
grinding parameters such as the conditions of the grinding wheel and the grinding fluid,

etc.
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4.1.1 Grinding Wheel Preparation

Figure 4.1 shows a picture of a Blohm Planomat 408 creep-feed grinding machine which
was used for all the grinding experiments performed for this thesis work. Prior to
proceeding the grinding experiments, the grinding wheels utilized in this thesis study
were initially trued and then a precise static balancing was performed. The procedure of
the grinding wheel balancing is shown in Appendix A. Additionally, to condition the
grinding wheel cutting surface, a single-point diamond dresser was implemented for all
experiments presented in this thesis work. @A medium dressing condition, as
summarized in Table 4.1, with a fixed depth of cut of 0.1 mm and overlap ratio of three

was applied on the grinding wheel.

( (a)

Laser Pen

Figure 4.1: A Blohm Planomat 408 creep-feed grinding machine
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Table 4.1: Dressing parameters

Parameter Value

Style Single-point diamond dresser
Depth of dressing 0.01 mm

Grinding wheel surface speed 22.35 m/sec

Dressing overlap ratio 3

Dressing cross-feed Variable

4.1.2 Grinding Fluid Delivery

Figure 4.2 depicts the grinding fluid delivery system layout used in this research work.
As can be seen, a tank which contains approximately 950 liters of the grinding fluid was
used in the grinding experiments. A CIMTECH 310 metal working fluid, which is
recommended for creep-feed grinding processes on non-ferrous or ferrous metals, was
mixed with water so the mix concentration was 5.1% (the minimum recommended
percentage for grinding operation). The grinding fluid concentration was monitored
and measured before and in-between every grinding experiment using a refractometer
shown in Figure 4.3. The mix concentration in percent was obtained by multiplying the
refractometer factor which is here a 1.7 by the scale reading (Brix %) obtained from the

refractometer scale.
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Figure 4.2: Coolant delivery layout.
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Figure 4.3: Picture of typical refractometer
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A continuous filtration of the grinding fluid was performed using two parallel filter
medias Cyclotron HF125-3 and Cyclotron HF225-3 of rating 10 and 20 micron,
respectively; and produced by Cyclotron Products, Inc. This important maximum
filtration procedure was performed to ensure the grinding fluid was always in good
condition. The refractometer utilized in measuring the fluid mix concentration was also
used for checking the grinding fluid quality. For example, a display of a sharp line, as
shown in Figure 4.4(a), indicates a clean fluid and a display of fuzzy or blurred line, as

shown in Figure 4.4(b), indicates a dirty or old fluid.

Figure 4.4: Brix% scale (a) clean fluid (b) dirty fluid

Besides the regular check of the grinding fluid concentration and filtration, a precise
positioning of the fluid nozzle was achieved. An 8 mm nozzle diameter was used to
cover the entire workpiece width as illustrated in Figure 4.5. The nozzle distance from
the centre of the grinding wheel was 242 mm. A small reduction in the grinding wheel
diameter happens when the grinding wheel is dressed or cleaned and consequently this
would result in changing the jet spot position or direction. Therefore, it was necessary

to implement a coolant delivery methodology to ensure that the relative position of the
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coolant jet with respect to the grinding wheel and the workpiece was always maintained

the same.

Nozzle Distance = 242 mm

Grinding Wheel Nozzle Diameter
o

Nozzle Angle
(Orientation) = 2°

prd

Workpiece .

S

Figure 4.5: Coolant jet relative position to the grinding wheel & workpiece

Figure 4.6 shows a drawing of a procedure developed for adjusting the fluid jet position
with any change in the grinding wheel diameter. As can be seen, a laser pen was
mounted on the pipe utilized in delivering the grinding fluid. With the availability of
the accurate machine axes positioning, a G-code program was written and used so the
fluid jet positioning was always updated when any change in the grinding wheel
diameter occurred. Then, the exact spot of the fluid jet was adjusted using the laser
beam that passes through a hole on a target mounted on the grinding machine table as it
can be seen from Figure 4.6. When all the adjustment procedure were set, the fluid

positioning system was tightened.
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Figure 4.6: Grinding fluid adjustment setup

4.2 Measurements Devices

Figure 4.7 illustrates the experiment setup used during all grinding experiments. As can
be seen, consumed grinding power and forces were acquired. The grinding power was

measured indirectly by measuring the voltage and current supplied to the spindle motor
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using a power transducer and the grinding forces were measured by using a force

dynamometer—Kistler 3 component dynamometer.
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Figure 4.7: Experimental setup

The data acquisition utilized for the experimental work is detailed in Table 4.2. A

LabView code was developed to acquire and save the consumed power and forces

measurements.

Table 4.2: Data acquisition equipment

Component

Make and Model

Spindle Power Meter

Force Dynamometer
Charge Amplifier
Connector Block

Data Acquisition Card
Acquisition Computer
Analysis Software

Load Control Inc. PH-3A Power Cell Power
Transducer

Kistler: 3 Component Dynamometer — Type 9257B
Kistler: Multi Channel Charge Amplifier — Type 5019
National Instruments BNC 2120

National Instruments PCI-MIO-16XE-10

Desktop PC

National Instruments LabVIEW 8.2
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Besides acquiring the forces and consumed power data during grinding experiments,
the workpiece ground surface was measured. First, a precise high measurement was
taken using a height gauge with an accuracy of 0.001 mm to ensure the specific desired
depth of cut was achieved. Any sign that the depth of cut was less than the desired
value could be an indication of wheel wear or wheel breakdown. Visual inspection of
the grinding wheel cutting surface was also performed after each grinding experiment to
examine if there were any signs of visible abrasives breakages. Second, the surface
roughness along the ground workpiece surface was measured using a MahrFedral Inc.
Pocket Surf. The surface roughness measured is the arithmetic average of the absolute
values of the roughness profile ordinates (R,) which is the most widely used one-
dimensional roughness parameter. Third, a surface profile scanning measurements

were also acquired utilizing a Nanovea CHR white light chromatic sensor with a 1200

um optical pen. The scanning system was validated using two calibration blocks shown

in Figure 4.8.

Figure 4.8: Calibration blocks
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The first calibration block, Figure 4.8(a), was a Veeco Step High Standard (Veeco Part #:
301-031-8.0um) from VLSI Standards incorporated and the second calibration block,
Figure 4.8(b), was an Ambios Reference Standard for Thin Film Step Heights. Samples

of the calibration results are illustrated in Figure 4.9 and Figure 4.10.
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Figure 4.9: Results sample of Veeco Step High Standard
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Figure 4.10: Results sample of Ambios Reference Standard for Thin Film Step Heights

4.3 Grinding & Repeatability Testing

In this section, two main grinding experiments were applied. The first experiment was
set to examine the change in the consumed power with the change of the grinding wheel
diameter. This experiment was considered as it was anticipated to groove and remove

the groove from the grinding wheel and thus this would result in a decrease in the
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grinding wheel diameter. The second grinding experiment was set to examine the
repeatability of the grinding experiments and to ensure the controllability of the

grinding fluid delivery and other grinding parameters.
4.3.1 Consumed Power vs. Wheel Diameter Experiments

In this set of experiments, creep-feed grinding experiments were conducted on a Blohm
Planomat 408 creep-feed grinding machine utilizing an aluminum oxide Al:Os grinding
wheel (WRA 60-J5-V1) and an AISI 4140 steel workpiece material (152 mm x 50 mm x
6.35 mm). The depth of cut, feed rate, and wheel speed grinding parameters were held
constant for all experimental samples and set to 1.25 mm, 1.7 mm/sec, and 23 m/sec,
respectively. In order to experiment various grinding wheel diameters, the grinding
wheel was reduced in radius, using rotary dresser, by 0.570 mm in every experiment
(rotary dresser used gradually by 0.095 mm in six passes to achieve 0.570 mm reduction
in the grinding wheel radius). Then, to maintain a constant sharp wheel condition after
each wheel reduction, the wheel was dressed with a single-point diamond dresser prior

to each grinding experiment using the dressing parameters listed in Table 4.1.

Figure 4.11 shows the measured grinding consumed power results verses the grinding
wheel diameter. It can be noticed from the figure that the consumed power decreased as
the grinding wheel diameter decrease. The maximum change in consumed power was
approximately 10% when the grinding wheel diameter decreased by up to 13 mm. The
rate of change of the consumed power with wheel diameter reduction was 0.027

kW/mm.
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Figure 4.11: Consumed power vs. grinding wheel diameter

It is obvious from the above figure that the results have a linear relationship trend. The
R-squared value is 0.94. This resulting trend was expected due to the linearly reduction
in the contact area between the workpiece and the grinding wheel as the grinding wheel
diameter decreased. More importantly is that the result of this experiment was a
supporting evidence that when pursuing the grooving experiments and with the use of
shallower grooves resulting in decreasing the wheel diameter in smaller difference than
shown in this study, the effect of change in wheel diameter, due to grooving and groove

removing, on the resulting measured power would be very small.
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4.3.2 Repeatability Experiments

These experiments were performed to test how consistent the grinding operation was.
A creep-feed grinding experiments were performed on the Blohm Planomat 408 creep-
feed grinding machine utilizing an aluminum oxide Al20s grinding wheel (WRA 60-]5-
V1) and an AISI 4140 steel workpiece material. The grinding cutting path performed at
an angle (as shown in Figure 4.12) using a G code program written and used for these
experiments. As the grinding progressed along the workpiece, the depth of cut
increased. The angle of cut was very small (0.2°) to obtain precisely the critical depth of
cut where a workpiece burn occurred. The initial depth of cut was 1.6 mm. The
grinding wheel cutting speed and the workpiece feed remained constant for all
experiments and were set to 22.352 m/sec and 1.693 mm/sec, respectively. The grinding

fluid was delivered at 50.4 L/min.

B O00G — Grinding

Workpiece

Figure 4.12: Angled grinding cutting path
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A procedure was developed to grind two workpieces in two separate grinding passes
using the same grinding wheel diameter as illustrated in Figure 4.13. The grinding
wheel width was symmetrically divided into two sides. The first side was used to grind
the first workpiece, which is workpiece (a) shown in Figure 4.13(a), and the second side
was used to grind the second workpiece, which is workpiece (b) shown in Figure 4.13(b).
This technique was developed so that: 1- two workpiece samples can be ground with the
same grinding wheel diameter; and 2- one side of the wheel can be used for grinding a
workpiece using the non-grooved wheel and then the other side can be used for

grinding a workpiece using the grooved wheel after grooving it.
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Figure 4.13: Using grinding wheel width for grinding two workpieces

Figure 4.14 depicts the consumed power measured along the workpiece. As can be seen,
the consumed power increases as the depth of cut increased and all measured consumed

power approximately matched indicating grinding repeatability. The spikes seen at the
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end of the curve are where a workpiece burn occurred. It appears, from Figure 4.14, that
the burn spikes changes its position and yet the maximum variation of the depth of cut

was only 0.028 mm (+0.014 mm) with maximum change in consumed power of 2.9%.
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Figure 4.14: Repeatability consumed power comparisons

The results presented in the above two set of experiments indicate that great
controllability and repeatability of the grinding parameters can be achieved using the

developed technique.
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4.4 Initial Wheel Grooving Proof of Concept

In this section, a grinding study was made to investigate whether or not grooving the
grinding wheel would improve the performance of a regular a grinding wheel. First, an
explanation of how the wheel was grooved is presented and then initial grinding results

and comparisons are presented.
4.4.1 Wheel Grooving Method

Figure 4.15 illustrates a novel, inexpensive, and straightforward method to cut
circumferential grooves on a grinding wheel surface was performed using a single-point
diamond dresser. The grooving was, as seen from Figure 4.15 and Figure 4.16, applied
by traversing a rotating grinding wheel across a single-point diamond mounted on the
grinding machine table. The resulting groove geometry is shown in Figure 4.16. The

spiral-shaped groove on the working surface of the grinding wheel has a groove depth

of a, and a groove width of bg .
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Figure 4.15: Wheel grooving procedure
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Figure 4.16: Illustration of circumferential groove

Figure 4.17 shows a picture of a grooved grinding wheel (Norton 38A46HVBE) utilized

in this study.
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38 A 46 H VBE

Figure 4.17: Initial circumferential pattern groove on aluminum oxide wheel

4.4.2 Grinding Experiment Procedure

The experimental setup used in this study is shown in Figure 4.18. This experimental
investigation was performed on a Blohm Planomat 408 creep-feed grinding machine.
An aluminum oxide ALOs wheel, Norton 38A46HVBE, was used on AISI 1018
workpiece (152 mm x 50 mm x 6.35 mm) with constant grinding parameters. The
grinding wheel speed and workpiece feed parameters were 22.35 m/sec and 1.7 mm/sec
respectively. In the grinding experiments, power, forces, and workpieces surface
finishes were measured. Besides these measured data, a visual inspection was
performed on the workpiece and the grinding wheel surfaces to determine whether any
surface damage occurred. In this study, two sets of grinding experiments were
conducted where each set of experiments consists of the use of a non-grooved wheel and

a grooved wheel.
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Figure 4.18: Experimental setup

Prior to the grinding experiments, the workpieces were trued and then the grinding
wheel was dressed using a single-point dresser. In order to examine both a non-grooved
wheel and a grooved wheel using the same grinding wheel diameter for each set of
experiments, the grinding wheel working surface was divided into two areas (this
method was explained in Figure 4.13). The grinding was first performed on one
workpiece using one grinding wheel edge. When the non-grooved wheel experiment
was completed, the grinding wheel was grooved to the desired groove geometry and
then the grinding experiment was performed on the other workpiece using the other

side of the grinding wheel.
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In order to examine various depths of cut during a single grinding cutting pass, the
grinding machine was programed to take a constant angled grinding path (the cut path
angle was 2°). Therefore, this setup enables the depth of cut to continuously increase
starting from initial depth of cut of zero. Figure 4.12 depicts schematically the angled
grinding cut path which was performed in this study. During the grinding operation
along the workpiece, the machine power was monitored. A sudden rise in the
consumed power appearing as a power spike indicates the occurrence of workpiece

burn.

4.4.3 Results

e Consumed Power & Forces Results

Figure 4.19 shows the resulting consumed power profiles for both the non-grooved and
grooved grinding wheels experiments, where the measured spindle power is plotted as
a function of the distance travelled by the wheel along the workpiece (lower axis) and
depth of cut (upper axis). It can be seen from this figure that, as grinding progressed
along the workpiece length, the consumed power increased due to the continuous
increase in the grinding depth of cut. As shown in Figure 4.19, the non-grooved wheel
was able to grind to a maximum depth of cut of 1.5 mm which was the point or the
depth of cut limit where a workpiece thermal damage occurred (as indicated in the
figure by the measured power spike). When using a grooved wheel, however, the
maximum depth of cut increased to approximately 4.0 mm. Furthermore, the consumed
spindle power decreased by about 54% when compared with the non-grooved wheel

case.
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Figure 4.19: Consumed power along workpiece length

Similar trends were also observed with the measured tangential and normal grinding
forces as shown in Figure 4.20. The observed drop in spindle power and grinding forces
when using the grooved wheel is likely due to a combination of the following two
factors: First, the grooved wheel may allow more cutting fluid to be delivered into the
contact zone between the workpiece and the grinding wheel enabling more lubrication
and cooling than the non-grooved wheel case. Second, grooving the grinding wheel
may increase the spacing between active cutting grains on the wheel surface thereby
effectively increasing in the average uncut chip thickness and improving grinding

efficiency.
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Figure 4.20: Measured tangential and normal forces
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o Surface Finish Results

Figure 4.21 plots the measured average surface roughness along the length of the
ground workpiece for both the non-grooved and grooved wheel cases. As can be
noticed from the figure, the grooved wheel resulted in slightly rougher workpiece
surfaces. This increase in surface roughness may indicate that grooving the grinding
wheel generates a sharper wheel surface — an observation consistent with the hypothesis
that grooving the grinding wheel may increase the spacing between the active cutting
grains. It should be pointed out, however, that the resulting increase in surface
roughness is still below the 1.6 um surface roughness associated with Average Quality

surface finish [45].
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Figure 4.21: Surface roughness along the workpiece’s ground surface
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Additional workpiece surface measurements were taken using a Nanovea PS-50 Surface
Profilometer to determine whether or not the use of the grooved wheel leaves any trace
of groove marks on the workpiece ground surface. Figure 4.22 shows an example of the
measured surface profile across the width of the workpiece for both the non-grooved
wheel and grooved wheel cases. As can be seen in this figure, there was no indication of

any groove marks left on the ground surface.
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Figure 4.22: Workpiece surface profile

4.4.4 Discussion

It was shown from the above figures, the consumed power figure and forces figure, that

the mechanism of cutting of the grooved grinding wheel is different in comparison to
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the regular non-grooved grinding wheel. Two main parameters that assist in describing
the prevailing mechanism of the abrasive cutting. These parameters are the specific
energy and the force ratio. The specific energy results from this experiment is shown in
Figure 4.23. As can be seen, the specific energy decreases as the depth of cut increased
when the grinding progressed along the workpiece. More, the specific energy of the
grooved wheel is less than the non-grooved case. This observation might be due to the
energy consumed in the grinding using the grooved grinding wheel was spent more on

deforming and cutting and less on sliding than the regular wheel.
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Figure 4.23: Specific energy vs. depth of cut

The force ratio, which is the tangential force divided by the normal force, is illustrated in

Figure 4.24. From the figure, it appears that the force ratio is higher when grinding with
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the grooved wheel. This might be an evidence for a change in the friction forces during
grinding. Therefore, there is less friction when using grooved wheel due to the decrease

in the number of grains, which was caused by grooving the wheel, in the contact zone.
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Figure 4.24: Force ratio

It was found from this proof of concept experiment that the new grooving method
works and outcomes in better results. However, this proof of concept did not study
various groove geometries and groove factors. The groove geometry is assumed to take
the cross-section interaction between the grinding wheel and the grooving tool tip and,
as described previously, the groove factor is based on the remaining cutting surface area

of the grinding wheel after grooving it which can be calculated from:
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For that, the forthcoming chapter, chapter 5, studies various groove factor and
geometries. The study will consider the use of another aluminum oxide grinding wheel
with different grits specification. Additionally, more examination of why the grooved
grinding wheel behaves better or different than the regular non-grooved grinding wheel

is explored carefully in later chapter, chapter 7.

4.5 Summary

In this chapter, it was presented how all experimental procedure was under precise
control. Also initial investigation of wheel grooving showed a potential improvement of
the grinding operation. It was found that circumferentially-grooved grinding wheel can
remove more than twice as much material as a non-grooved wheel before workpiece
burn occurs. Furthermore, it was found that the consumed power dropped by
approximately 54% when using a grooved wheel. The resulted surface finish was
slightly higher in the grooved wheel case than the non-grooved wheel case. This
promising results leads to more grooving experiment investigation which is presented in

the following chapter, Chapter 5.
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Chapter 5. Wheel Grooving Investigation

5.1 Introduction

An initial investigation of wheel grooving, which was called proof of concept, presented
in the previous chapter proofed that grooving the grinding wheels with circumferential
groove have a potential improvement to the creep-feed grinding process. Therefore, in
this chapter, wider exploration of the use of shallow circumferential grooved grinding
wheels to the creep-feed grinding is explored. Various groove factors and geometries

are studied in this chapter.

5.2 Experimental Method

In this study, a Radiac Abrasives WRA 60-J5-V1 aluminum oxide (Al20s) wheel was
utilized to investigate further the performance of the newly implemented
circumferentially-grooved wheels. This grinding wheel had different specifications,

such as grit size and hardness, than the once used in the previous chapter for the proof
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of concept study. The grinding conditions are similar to the described in the previous

chapter. However, the following table, Table 5.1, summaries these grinding conditions.

Table 5.1: Grinding conditions

Condition Description

Grinding Process Creep-feed Grinding
Grinding Wheel aluminum oxide (Al20s) wheel (Radiac Abrasives WRA 60-]5-V1)

Workpiece AISI 4140 — 46 HRC - (152.4 mm x 6.23 mm x 30 mm)

Wheel Speed 22.4 m/sec

Feed Rate 1.7 mm/sec

Results Measured Forces, Consumed Powers, Surface Roughness

Dressing dressing feed of 0.04 mm/rev and a dressing depth of 0.01 mm
Fluid Flow 50.4 L/min

Experiments were initially carried out using a regular (non-grooved) grinding wheel in
order to establish a benchmark for comparing the performance of the grooved wheels.
Referred to throughout this chapter as Case 1, these benchmark creep-feed grinding
experiments gradually increased the depth of cut from 0.75 mm until either workpiece

burn or grinding wheel breakdown occurred.

Similar experiments were then carried out with three circumferentially-grooved wheels,
referred to in this chapter as Cases 2, 3 and 4, to compare their performance against this
benchmark. As summarized in Table 5.2 and illustrated in Figure 5.1, Cases 2 and 3
used two different groove factors (70% and 50%, respectively) while keeping the groove
width and depth constant at 1.08 mm and 0.10 mm, respectively. For these experiments,
the two different groove factors were achieved by changing the single-point diamond
dressing lead from 3.60 to 2.16 mm per wheel revolution (referred to as groove lead in
Table 5.2). The experiments conducted for Case 4 investigated the effect of reducing the
groove width from 1.08 mm to 0.50 mm, while keeping the groove factor and groove
depth the same as in Case 3. Note that in order to change the groove width without
changing the groove depth, two different single-point diamond dressing tools were

required. Figure 5.2 illustrates the measured tip geometry for the two diamonds used in
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this research. Diamond tips were selected such that, for the given depth of cut of 0.1
mm, the width changed by approximately a factor of two (from 1.08 mm for Cases 2 and

3, to 0.50 mm for Case 4).

Table 5.2: Summary of groove parameters

Case # 1 2 3 4

Groove Factor - 7 100% 70% 50% 50%

Groove Width -  (mm) - 1.08 1.08 0.50

Groove Depth - a, (mm) -- 0.10 0.10 0.10

Groove Lead (mm/rev) -- 3.60 2.16 1.00

Groove Shape -- Figure 5.1(a)  Figure 5.1(b)  Figure 5.1(c)

(@) (b) (c)
Case 2 Case 3 Case 4

n 70% 50% 50%

ad. | 0.0lmm | 0.1mm | 0.1 mm

b | 1.08mm | 1.08mm | 0.50 mm

Figure 5.1: Grooved grinding wheels with different groove geometries
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5.3 Results and Discussion

Figure 5.3 compares the measured creep-feed grinding spindle power as a function of
increasing grinding depth of cut for all four cases (regular non-grooved wheel and three
grooved wheel cases). It can be seen in Figure 5.3 that, as the grinding depth of cut
increases, the consumed power increases as expected; however, this figure also shows
that, in all cases, the grooved grinding wheels required less power than the non-grooved
wheel and enabled larger grinding depths of cut before workpiece burn or wheel
breakdown occurred. As summarized in the upper portion of Table 5.3, compared with
a non-grooved grinding wheel, there was an average reduction in the consumed power
by 34% when using a grooved wheel having a 70% groove factor, and an average
reduction in the consumed power by 42 to 61% when using a grooved wheel having a
50% groove factor. Figure 5.3 also shows that the maximum grinding depth of cut for
the non-grooved wheel (Case 1) was approximately 1.82 mm, after which point
workpiece burn occurred and power spike was recorded. The maximum depth of cut
achieved using the grooved wheel with a 70% groove factor was 2.75 mm, after which
point workpiece burn occurred. This increase in depth of cut represents an
improvement of 51%. Furthermore, the maximum depth of cut achieved using the
grooved wheels with 50% groove factor was between 3.75 and 4.00 mm before signs of

grinding wheel breakdown began to occur — an improvement of between 106 and 120%.
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Figure 5.3: Consumed grinding power vs. depth of cut

Table 5.3: Summary of results

Case # 1 2 3 4
Groove factor 100%  70% 50% 50%
Max. depth of cut (mm) 1.82 2.75 3.75 4.00
Depth of cut increase -- 51% 106%  120%
Power reduction == 34% 42% 61%
Max. depth of cut for fine 1.82 2.50 2.25 1.75
surface finish (mm)

Depth of cut increase - 37% 24% —4.0%
Max. depth of cut for average 1.82 2.75 3.75 4.00
quality surface finish (mm)

Depth of cut increase = 51% 106%  120%
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The resulting average workpiece surface roughness for all four cases was measured and
plotted as a function of grinding depth of cut in Figure 5.4. To place the results into
perspective, dashed lines were superimposed on this figure to represent “fine quality”
surface finishes (as defined by roughness values up to approximately 0.30 um [45] and
“average quality” surface finishes (as defined by maximum roughness values between
0.30 and 1.6 um [45]. In the case of the non-grooved wheel (Case 1), the resulting
workpiece surface roughness remained within the fine quality surface finish standard;
however, this case was limited to a maximum depth of cut of 1.82mm (due to workpiece
burn). As summarized in the lower portion of Table 5.3, the grooved wheel cases
remained within the fine quality surface finish standard up to depths of cuts of 2.50,
2.25, and 1.75 mm for Cases 2, 3 and 4, respectively. Furthermore, although the surface
roughness appears to increase as the grinding depth of cut continues to increases, the
grooved wheel cases still achieved average quality surface finishes at depths of cut as

high as 2.75, 3.75 and 4.00 mm for Cases 2, 3 and 4, respectively.
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Figure 5.4: Surface roughness vs. depth of cut
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To ensure that there are no traces of the grooved wheel on the resulting workpiece
surface, a Nanovea PS50 — 3D Non-Contact Profilometer was used to determine if the
grinding wheel groves left any grooves or ridges on the workpiece surface. Figure 5.5
shows a sample of the measured workpiece surface topography over a 5mmx6mm area
achieved with a grooved wheel at a grinding depth of cut of 3.50 mm. The 5 mm length
was selected to ensure that more than one full revolution of the grooved wheel was
represented along the measured surface. It is evident from Figure 5.5 that the workpiece
surface does not exhibit any sign of the circumferential grooves embedded in the

grinding wheel.

pm

Figure 5.5: Measured workpiece surface profile

Figure 5.6 plots the tangential and normal grinding forces as a function of depth of cut
for all four cases studied in this work. It is clear from this figure that the grinding forces
generally appear to increase with depth of cut and that grooving the wheel decreases the

forces such that the lower the groove factor, the smaller the forces.
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Figure 5.6: Comparisons of tangential and normal force results
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The corresponding force ratio y can be calculated by dividing the tangential force F, by

the normal force F,, as follows [7,8]:

(.1)

=
1
SIS

Figure 5.7 plots the force ratio as a function of depth of cut for all four cases studied. It
can be observed that, for a given wheel groove case, the force ratio is relatively constant
over all grinding depths of cut tested — suggesting a linear relationship between F: and
Fx. More importantly, however, the force ratio tends to increase as the groove factor
decreases. Anderson et al. [46] used a combination of experiments and finite element
simulations to show that the force ratio has both a frictional component and a cutting
mechanics component for a single abrasive. Given that the frictional component is a
material property which can be assumed to be constant in the present case, the
remaining component represents the cutting force divided by the normal force. A
higher force ratio, therefore, implies that more of the applied tangential force is being
used for cutting rather than for overcoming friction which, in turn, suggests a more
efficient grinding process. Referring to Figure 5.7, the higher force ratios associated with
grooved wheels suggests that decreasing the groove ratio increases the resulting

grinding efficiency.
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Figure 5.7: Comparison of force ratio

To quantitatively evaluate the efficiency of the grinding process one can use the
grinding specific energy €. which is a measure of the amount of energy required to

displace a unit volume of material and can be calculated as follows [7,8]:

e, =— (5.2)

where P is the consumed power and Q,, is the material removal rate.

Figure 5.8 plots the grinding specific energy as a function of the material removal rate
for the four different cases studied. The figure clearly shows that creep-feed grinding
with a grooved wheel is more efficient (having lower specific energies) than grinding

with a non-grooved wheel. This result is consistent with the higher force ratios
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observed in Figure 5.7. Furthermore, the pronounced negative slopes observed in
Figure 5.8 indicate that there is a size effect whereby increases in the uncut chip
thickness further improve the efficiency of the grinding process. This increase in the
uncut chip thickness might be reasoned to the increase in the spacing of the active grains
which generated by grooving the grinding wheel. For the conditions used in this
research, the efficiency of the grinding wheel having a 70% groove factor improved by
about 30% over a non-groove wheel, while the efficiency of the grinding wheels having

a 50% groove factor improved by approximately 50 to 60%.
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Figure 5.8: Specific energy vs. material removal rate

In addition to these experiments, a wear study was performed to determine whether or
not wheel grooving would result in accelerated wear. These wear experiments were

conducted for both a non-grooved grinding wheel as well as the grooved wheel
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corresponding to Case 3. Throughout all of these experiments, the grinding depth of
cut, wheel speed, and workpiece speed were kept constant at 1.0 mm, 22.4 m/sec, and 1.7
mm/sec, respectively. To carry out the wear study, the workpieces were continuously
ground without dressing the grinding wheel surface, and the grinding forces, consumed
power and workpiece surface roughness were measured continuously. As this work did
not measure the wear occurred at the grain level, the measured forces and power data
were utilized to determine the type of wheel wear mechanism occurred during grinding.
Generally, grinding wheel wear is classified into three mechanisms: attritious wear,
grain fracture, and bond fracture [7,11-12]. Only the attritious wear results in increasing

the grinding forces due to the growth in wear flats.

Figures 5.9 and 5.10 plot the corresponding average consumed power, tangential forces
and normal forces as a function of workpiece material removed for both the non-
grooved and grooved wheels. As expected, the power and forces tend to increase as
more workpiece material is removed indicating the growth of wear flats. It can also be
observed in these figures that the grooved wheel exhibits less power and lower forces
than the non-grooved case — results which are consistent with Figure 5.3 and Figure 5.6.
It is interesting to note that the rate of increase in grinding power and forces is higher for
the non-grooved case than it is for the grooved case. This important result suggests that
grooving the wheel does not accelerate the wheel wear process and may in fact slow

down wheel wear.
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Figure 5.9: Consumed power for wear study
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Figure 5.11 plots the resulting workpiece surface roughness as a function of workpiece
material removed for both the non-grooved and grooved wheels. Although the grooved
wheel produces a slightly rougher workpiece surface than the non-grooved wheel, both
wheels are able to maintain a “fine quality” surface finish over the course of the wear
study. Furthermore, the relatively constant roughness values observed during the wear
study support the observation that grooving the wheel does not accelerate the wheel

wear process.

09 £
07 £
05 ¥ Fine Quality Surface Finish

o

03 FA- g A B A DB A-A DA A-pB—-

Surface Roughness, [um]

02T X % X X X X X X X X X X X X
01 +

o

0 5000 10000 15000

Workpiece Material Removed, [mm?]

Figure 5.11: Surface roughness for wear study

Figure 5.12 plots the force ratio as a function of workpiece material removed for both the
non-grooved and grooved wheels. In both cases, the force ratio decreases as the wheel
wears indicating that the cutting edges are becoming less sharp and grinding efficiency
is decreasing. The grooved wheel case, however, is consistently higher than the non-

grooved wheel case — an advantage of grooved wheels which is consistent with Figure
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5.7. Furthermore, the rate at which the force ratio changes is approximately the same in

both cases suggesting, again, that grooving the wheel does not accelerate the wheel wear

process.
n 100% | 50%
04 % )
- o (mm) - | 1.08
0.35 1 d, (mm)| - |01
03 LA Symbol | %X | A
: E A .
=025 | A A
= - AAAAAAA A A
= r X
& ' X x
5 015 4 X X x x x %
S B
= N
0.1 4
0.05 4
0 @ttt b b Dy
0 5000 10000 15000

Workpiece Material Removed, [mm?]

Figure 5.12: Force ratio for wear study

It is interesting to note that, while Verkerk [27] characterizes grooved wheels using the
groove factor, the different results observed in this research for the 50% groove factor
(Cases 3 and 4) suggest that other groove characteristics, such as groove width, also play
an important role. For example, the 50% groove factor (Cases 3 and 4) in Figures 5.3, 5.6
and 5.8, show that a 0.5 mm groove width is more efficient as it yields lower consumed
power, tangential and normal forces, and specific energy — all of which tend to reduce
the chances of workpiece burn. The 1.08mm groove width (50% groove factor), on the

other hand, yields a better workpiece surface finish at higher depths of cut (Figure 5.4).
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Ultimately, the improvements observed in creep-feed grinding using a grooved wheel
are likely due to, by virtue of the grooves, more cutting fluid being able to pass through,
lubricate and cool the grinding zone, and a larger average uncut chip thickness which
creates more efficient cutting via the size effect. Such reasoning supports the result that
the groove geometry (in addition to the groove factor) has a strong influence on the

resulting grinding performance.

5.4 Summary

This chapter has investigated grooved grinding wheels with different groove factors and
groove geometries and compared their results with grinding using a regular non-
grooved wheel results. It was shown that, for the conditions tested in this research, a
grooved wheel has the potential to increase the achievable depth of cut by up to 120%
and reduce the power required by up to 64% (when compared with a non-grooved
wheel) while still maintaining an “average quality” surface finish. Furthermore, the
maximum depth of cut that yielded a “fine quality” surface finish for a non-grooved
wheel was 1.82um while, for a grooved wheel, was up to 2.5um (an increase of 37%). By
studying the specific power and force ratio, it was concluded that the lower the groove
factor, the more efficient the grinding process became. In addition to the groove factor,
the groove geometry (such as groove width) strongly influences the grinding
performance. It was also observed that grooving does not appear to accelerate the wheel
wear process. One can suggest that the resulting improvements observed when using a
grooved wheel in the creep-feed grinding process are likely due to the different in the
grinding mechanism of the grooved wheel. Therefore, a hypotheses and discussions of
why the grooved wheel improved the creep-feed grinding process is investigated and
presented in chapter 7. Finally, one can say that the grooving method investigated and
presented showed two main facts which are: first, grooving the grinding wheel

circumferentially benefited the creep feed grinding process and second, the method
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cannot be used to re-groove the grinding wheel when it is worn. Therefore, a practical

method of wheel grooving was developed and is presented in the coming chapter.
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Chapter 6. A Novel Grooving Method: Design
& Testing

6.1 Introduction

While grooving a grinding wheel has been shown in the literature, introduced in the
previous chapter, to have the potential to be highly beneficial, a practical method of
grooving and then re-grooving a grinding wheel has not been found in the literature.
Previous researchers have created grooved grinding wheels using complicated grooving
techniques requiring the wheel to be removed from the machine spindle. It was found
that the grooving methodology was performed on the grinding wheel while it was not
mounted on its machine spindle by the use of complicated grooving techniques or was
manufactured by applying moulding processes. Additionally, the straight forward
approach of using the single-point dressing tool developed in the previous two chapters
where a circumferential groove formed on an aluminum oxide grinding wheel is
incapable of re-grooving the existing groove as the grinding wheel wears. Therefore,

this chapter presents the design, development, and testing of a novel and practical wheel

80



grooving method that can carry out this re-grooving process without removing the
wheel from the grinding machine spindle and can readily be retrofitted onto existing

traditional, conventional and CNC grinding machines.

This novel system enables grooves on the grinding wheel to be precisely re-grooved so
that the desired groove geometry can be maintained as the wheel wears without having
to first remove the worn groove through a dressing operation which wastes both time
and wheel material. Using the developed grooving system, this chapter validate the
new grooving system, re-examines the wear characteristics of the resulting grooved

grinding wheel, and compares the wear results with a non-grooved wheel.

The following sections describe the novel wheel grooving system that was designed and
developed to enable the single-point diamond’s motion to be controlled so that it could
engage and re-groove the grinding wheel by following the same trajectory taken by the

diamond tip’s previous grooving pass.

6.2 Wheel Grooving System Concept

In the previous chapters, the grooving tool, which is a single-point diamond, was
stationary and mounted on the grinding machine table. The concept of the new
grooving system, as shown schematically in Figure 6.1, is to drive the single-point
diamond in a linear manner and, at the same time, synchronize its linear motion with
the rotational motion of the grinding wheel. To achieve this synchronization, the system
monitors a reference point which is an index pulse signal from an encoder mounted on

the motor of the grinding wheel spindle.
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Groover

Figure 6.1: Proposed wheel grooving concept

Figure 6.2 shows an illustration of the motion synchronization which is desired from the
proposed wheel grooving system. The figure shows an illustration of the position of a
point on a rotating grinding wheel as a function of time, the grinding wheel’s encoder
index pulse cycle occurring once for each revolution of the grinding wheel, and the
linear velocity curve of the grooving tool as a function of time. It can be seen that at time
t. a C-program code for grooving is initiated so the system monitors a pulse signal from
the grinding spindle encoder to trigger the grooving system. Immediately, when the
encoder pulse signal is detected, it triggers the linear motion of the grooving tool at time

t, and the grooving tool (single-point diamond) accelerates to reach a constant velocity

before the engagement between the grinding wheel and grooving tool occurred. The

single-point diamond tool tip engages with the grinding wheel to start to form the
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circumferential groove at time t, and then it disengages the grinding wheel at time t.

To perform the re-grooving process to track the present groove on the grinding wheel,
the same sequence of events shown in Figure 6.2 occur. Note that the difference

between the initiating time and the triggering time (t, —t,) of the system are not always

the same (depending on what the angular position of the grinding wheel is when the
grooving sequence of events is initiated); however, the linear stage speed and wheel
phase curves shown in Figure 6.2 should always match. As a result, the engagement
and disengagement of the grooving tool should occur at the same locations on the
grinding wheel. The following section outlines the design requirements of the proposed

grooving system.
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6.3 Design Requirements

Key to the success of the proposed wheel grooving system was to establish the required
accuracy of the motion of the single-point diamond tip throughout its engagement with

the grinding wheel.

During the re-grooving processes, any deviation in the position of the diamond dressing
tip as it attempts to re-trace the existing groove pattern along the wheel surface will

effectively increase the groove width b . and reduce the resulting groove factor. To help
determine the required position accuracy of the proposed wheel grooving system,
Figure 6.3 plots the resulting groove factor 77 as a function of error in the position of the
single-point diamond tip e, during re-grooving. As shown in this figure, a groove factor
of 100% corresponds to a non-grooved wheel, while a groove factor of 77 represents the

desired groove factor for a re-grooving operation. Any error in the position of the

single-point diamond will result in a decrease in the resulting groove factor 77, .
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Figure 6.3: Resulting groove factor vs. single-point diamond position error
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For a given groove width b,, the single-point diamond position error e, can be related

to the corresponding change in the groove factor (77 —7,) using the following equation:

n-n,
e = (m}bg (6.1)

where 77, is the resulting groove factor for a given re-grooving position error e,, and b,

corresponds to the desired groove width. Referring to Figure 6.3, if a relatively wide

groove corresponding to b, was used to achieve a desired groove factor 77, then a
single-point diamond position error of e, would result in a decrease in the resulting
groove factor from 7 to 7,. If, however, a narrower groove corresponding to b, was
used to achieve the desired groove factor 77, then less diamond tip position error e,
could be tolerated for the same decrease in the resulting groove factor from 7 to 77,. In

general, as it can be seen from both Figure 6.3 and Equation (6.1), the larger the groove
width used to achieve a desired groove factor, the larger the allowable single-point
diamond position error can be for a given maximum allowable decrease in groove
factor. Here, the maximum acceptable change in groove factor was assumed to be 2% (a
drop in groove factor from 50% to 48%) and the desired groove width ranged from 0.5 to
1.5 mm. Therefore, using Equation (6.1), the maximum re-groove position error that can
be tolerated during a re-grooving operation (corresponding to the smallest groove width

of 0.5mm) was determined to be 0.02 mm.

In order to design the wheel grooving system, estimates of the tool forces and cutting
speeds were required. A single-point diamond dressing tool was mounted on the force
dynamometer in the Blohm Planomat 408 CNC creep-feed grinding machine.
Experiments were conducted on an aluminum oxide (Al20s) wheel (Radiac Abrasives
WRA 60-J5-V1). The results, summarized in Table 6.1, show that the tangential and

normal forces increase as the wheel speed increases and that the axial force is relatively
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small. Note that the wheel speed was significantly smaller than typically used in
dressing and trueing operations in order to keep the forces on the single point diamond
relatively small to avoid damage to the grinding wheel and to enhance the
controllability of the grooving operation. Results presented later in this chapter will
show that these speeds produced an acceptable groove profile. Given the results of
these tests, the proposed wheel grooving system needs to be designed to meet the
single-point diamond tip position requirements in the presence of normal, tangential
and axial load conditions of 100 N, 80 N, and 10 N, respectively, for wheel velocities up

to 7.5 m/sec and axial speeds of 35 mm/sec.

Table 6.1: Measured forces during grooving the grinding wheel

Wheel Wheel Velocity =~ Axial Speed Normal Tangential Axial Force
RPM (m/sec) (mm/sec) Force (N) Force (N) (N)

90 1.764 8.50 77.3 57.5 3.1

180 3.528 17.0 93.5 76.2 6.0

385 7.560 36.4 96.0 69.7 0.5

6.4 Wheel Grooving Setup

Figure 6.4 shows a picture of the main components of the grooving system. Figure 6.5
presents a schematic diagram of the grinding wheel grooving system while Figure 6.6
shows an image of the final wheel grooving device mounted on the grinding machine.
As can be seen from Figure 6.4 and Figure 6.5, the wheel grooving system consists of the
following main components: control boards, power supply, brushed DC motor, linear
stage that carry and drive a single-point diamond tool, encoders, and limit switches.

The following is a brief description of the setup components.
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Figure 6.4: Picture of the main parts of the grooving system
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6.4.1 Control Boards

A high performance 8-axis motion controller Board (KFLOP: Dynomotion, Inc. -
Processor: TMS320C67-200MHz DSP 1.2GFLOP and 90 psec servo sample rate was used.
This KFLOP board provides low-latency, guaranteed, real-time deterministic response
and offers 45 Bi-directional I/O bits. Along with KFLOP Board, a multi-purpose
amplifier (SnapAmp: Dynomtion, Inc. — max. supply of 80 Voltage and peak current of
25 Amps) is connected to KFLOP. The SnapAmp adds four PWM full bridge amplifiers

and a single PWM/Full bridge is required for a brushed motor.
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6.4.2 Motor & Power Supply

A brushed DC servo motor (Dynetic Systems: MS22 series — model: MS2215-38/GI-392)
was used to drive the single-point diamond grooving tool. This motor specification is
listed in Table 6.2. The power supply used is AnTek Inc.-PS-4N38 with two capacitors
of 10000 pF and its power, output voltage, and current are 400W, 38V, and 10.5Amps

consequently.

Table 6.2: Motor specification

Motor Type Brushed DC Motor
Max Speed (Operating Limit) 8000 RPM

Rated Voltage D.C. 38 DC Volts

Rated Current 2.9 Amps

Rated Torque 22 oz-in

Rated Speed 5700 RPM

Rated Power Out 92 Watts

No Load Speed 6400 RPM

6.4.3 Linear Stage

The linear stage is the device that carries the single-point diamond tool mounted on a
holder and driven by the brushed DC servo motor. The linear stage which was utilized
is HIWIN Single Axis Robot (model: a HIWIN KK60 05 P 100T9-1192) with ballscrew
lead of 5.0 mm as shown in Figure 6.7. It provides a high stiffness and a high accuracy
linear motion of +0.003 mm with maximum speed limit of 550 mm/sec. The basic static
and dynamic load of the linear stage ballscrew are 6243N and 3744N, respectively; and
the basic static and dynamic load rating of the linear stage guideway are 13230N and

21462N respectively.
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Figure 6.7: Linear stage (a HIWIN Single Axis Robot)

6.4.4 Encoders

Two encoder sensors were required for the wheel grooving setup in order to track the
position of the wheel grooving (single-point dressing) tool and synchronize its
movement with the rotating grinding wheel as described previously in Section 6.2. The
first encoder (US-Digital: E5-1250-IE D-E-GB) is mounted on the brushed DC servo
motor that drives the linear stage. This encoder provides 5000 pulses per one revolution
and one index pulse per one revolution. Since the one revolution of the linear stage
results in 5mm linear motion, then one pulse of the encoder represents 1x10° mm of the
linear motion. Besides knowing the linear motion position of the wheel grooving tool,
this encoder is used for homing the wheel grooving system with the assistance of a limit

switch signal.

The index pulse signal of a second encoder mounted on the grinding wheel spindle
motor is utilized by the control system to trigger and synchronize the precise movement
of the linear stage. The encoder is a high speed MZ encoder which was incorporated

into the CNC grinding machine spindle’s motor (FANUC AC spindle motor series <
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15/8000). The encoder provides signals A, A* B, B¥, Z, and Z* and the last two are
related to the index pulse being used. In order to use this machine encoder signal, a GE
Fanuc breakout board was installed to split the signal into two parallel lines as shown in
Figure 6.8. As can be seen, a signal line remains connected to the machine spindle
amplifier and the second parallel signal line is connected to the control board of the

wheel grooving setup.

» % Grinding Wheel

i - Spindle Motor
Encoder

GE Fanuc: Breakout Board
I Signal Splitter

Spindle
Amplifier

Grinding
Machine
Controller

KFLOP

Motion Encoder Signal
Controller Treatment

Figure 6.8: Splitting the encoder signal from the machine spindle” motor

It was found that the split signal was noisy and its amplitude was lower than the
minimum 3.0V limit required by the control system. Therefore, first order low pass filter
and instrumentation amplifiers were implemented and built as shown in Figure 6.9.
Figure 6.9(a) shows a schematic drawing of the developed signal conditioning circuit,
Figure 6.9(b) displays the breadboard circuit utilized for initial testing of this circuit, and
Figure 6.9(c) presents the final circuit board that was utilized in the control system of the

wheel grooving setup. Figure 6.10 presents snapshots from an oscilloscope showing the
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steps used to condition the signal. Figures 6.10(a) and 6.10(b) show samples of noisy

signal and low voltage signal, respectively.

(a)

+15V
e 1.39kQ) Y
nput
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= 74 nF
+15V
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————O
-15V
+15V
—+ 1.39kQ)
Input (V2)
| > AW L
= 74 nF !

(b)

(C) J _Instru.ment.ation : I;ow Pass l
Amplifier Filter
e
From Grinding Wheel
Spindle Encoder
To KFLP Motion
Controller

Figure 6.9: Filtering and amplification circuit
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It can be seen from the schematic drawing shown in Figure 6.9(a) that both encoder
inputs (V1 and V2) that represent Z and Z* were first connected to operational amplifiers
(op amps) that acted as voltage followers (buffers) in order to keep both inputs stable
without any losses so that the parallel encoder signals remain steady. Then both
voltages (V1 and V2) were connected to a first order low pass filter to eliminate the high
frequency noise. A sample of the resulting filtered signal is shown in Figure 6.10(c).
Now, both filtered voltages (Vi and V2) were amplified utilizing a low power differential
instrumentation amplifier and a sample of the resulting amplified signal is shown in
Figure 6.10(d) which appears as a clean sinusoidal pulse. Since the positive cycle is the
desired input to the control system, the bias voltages were changed from (+Vc, -Ve) to
(+Ve, 0) and a sample of the resulting signal is shown in Figure 6.10(e). Finally, the gain
value was adjusted via a variable resistor to obtain +3.0V, as shown in Figure 6.10(f), so

that the system controller was able to detect the encoder index pulse signal.

Figure 6.10: Oscilloscope snapshots of signal treatment
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6.4.5 Limit Switches

There are two limit switches (Omron Electronics Inc-EMC Div: D2VW-01L2A-1MS), as
shown in Figure 6.11(a), which are used in the wheel grooving setup. Each limit switch
was mounted at one end of the linear stage. For safety purposes, these switches also
trigger the control system to stop the linear stage should it travels too close to the ends
of the stage. These limit switches are also used for homing purposes so that the linear
stage is always initialized at the same position. It can be seen from Figure 6.11(b) that a
normally open connection was used with a pull-up resistor configuration to ensure a

well-defined logical level.

(b)

( )
KFLOP Motion
Controller Contact Type: Normally Open (NO)
e

General Purpose I/O

+5V Power Output

Digital Logic Ground — \
. J

Figure 6.11: Limit switches
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For the note, two C programs were written for homing the wheel grooving system and
grooving the grinding wheel. A G-code program was also written to place the grinding
wheel at the same position whenever grooving and re-grooving is required. After
assembling the wheel grooving setup and precisely installing it on the grinding machine
table, experiments were performed to test the system’s repeatability and accuracy.

Details of these experiments are shown in the following section.

6.5 Results and Discussion

The PID controller gains were manually tuned using a ramp response. First, the
proportional gain was tested by increasing its value starting from zero. The minimum
steady state error was at proportional gain value of 3.25 as shown in Figure 6.12. The
selected proportional gain was held constant while varying the other gains. When
setting the integral gain to a non-zero value, the system became unstable and the steady
state error increased; therefore, the integral gain was kept at a value of zero. Repeating
the same procedure for the derivative gain, better results were achieved when the
derivative gain value was at 0.005 as shown in Figure 6.13. Table 6.3 summaries the

final PID gains values.

96



5 O Average Steady State Error (mm)

Gainl =0.0 & GainD=0.0

T 05 ¢
g
s, 10
o’ 1
mininum ess
0.05 = o
] o
| B 0pg o
1 Ooopopoao
0-005 L I L I L I L I L I L I L I L I L
0 0.5 1 1.5 2 2.5 3 3.5 4.5
Gain P
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Figure 6.13: Derivative gain tuning process
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Table 6.3: Proportional, integral, and derivative gains

Gain Proportional Integral Derivative

value 3.25 0 0.005

Figure 6.14 shows the final no-load ramp response and corresponding position error
using these controller gains. It can be seen from this figure that the stage can follow a
ramp input with an average steady state error of 0.01 mm when the wheel grooving
system was tested without any loading at a speed of 40 mm/sec and an acceleration of
7x10° mm/sec2. As desired, this error is less than the 0.02 mm maximum error

requirement established in the previous section.
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Figure 6.14: System response during the PID controller tuning

In order to examine the effect of grooving forces on the motion accuracy and
performance of the wheel grooving system, a variety of external loads were applied to
the stage, as shown in Figure 6.15, in the normal, tangential, and axial directions while
the stage was commanded to follow the ramp input shown in Figure 6.14. The resulting
steady state errors for a ramp input are plotted as a function of the applied load in
Figure 6.16 for a linear stage speed of 40 mm/sec. The normal (Figure 6.16(b)) and
tangential (Figure 6.16(c)) applied loads resulted in steady state position errors of

0.0088mm and 0.0102mm, respectively, when the maximum normal and tangential
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forces were applied. Moreover, it can be seen from Figure 6.16(d) that the steady state
error increases linearly as the axial load increases and a 50N maximum axial load would
result in a position error of 0.02mm. It can also be seen that, in all cases, the position

errors are under the required accuracy by at least a factor of 10 under the worst-case

loading conditions.

Tangential

Figure 6.15: Orientating the grooving setup to test the loading at different axes
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Figure 6.16: Results of examining the effect of various loads on the position’s steady state error

In order to validate the wheel grooving system’s accuracy and performance,
experiments were conducted at constant wheel speed and constant linear stage speed
which were 155 rev/min and 10.935 mm/sec, respectively. The first set of experiments,
which is referred to as Test 1, consists of three experiments. The first experiment (Test 1-
a) commanded the wheel grooving system to carry out one grooving pass having a 0.1
mm groove depth. The second experiment (Test 1-b) repeated (Test 1-a) and then
carried out three subsequent passes without increasing the groove depth. The third

experiment (Test 1-c) was similar to the previous experiment except that instead of only
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three passes, six subsequent passes were carried out without increasing the groove

depth.

For each of these three experiments, the spindle power during wheel grooving and re-
grooving was measured using a Load Controls Inc. PH-3A Power Cell Transducer and
the results are presented in Table 6.4. It can be seen in this table that, for all three
experiments, the measured spindle power for the first wheel grooving pass was
approximately the same with an average of 0.113 kW. It can also be noticed that the
measured power for all subsequent re-grooving passes (which were performed without
increasing the depth of cut) was, on average, only 0.00580 kW — which is very similar to
the average measured spindle power when a grinding wheel is freely rotating and not
engaged with the grooving system’s single-point diamond (0.00586 kW). Looking at
how close these averages are in Table 6.4, it is evident that, within the sensitivity of the
spindle power sensor, there were no detectable changes in power between a freely
spinning grinding wheel and a re-grooving pass. This important result lends credibility
to the new re-grooving system’s ability to accurately re-trace the same grooving path

generated from the first grooving pass.

Table 6.4: Measured spindle power in [kW] during grooving and re-grooving of the grinding wheel

Grooving | Re-grooving
Pass # 1 2 3 4 5 6 7
Test (1-a) | 0.113 - - - - - -
Test (1-b) | 0.105 0.0076 0.0058 0.0063 - - -
Test (1-c) | 0.121 0.0043 0.0048 0.0051 0.0064  0.0049 0.0070
Average grooving power over Tests a), b) and c): 0.113
Average re-grooving power over Tests a), b) and c): 0.00580

Average power when grinding wheel is freely rotating:  0.00586

To further validate the re-grooving system, the resulting groove profiles on the grinding
wheel’s surface were measured using the 3D grinding wheel surface topography

measurement apparatus shown in Figure 6.17. This setup consists of a Nanovea
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CHR150 white light chromatic sensor with a 1200 um optical pen. This sensor gives the
wheel scanning systems a measurement range of 1200 um, a depth accuracy of + 200nm,
a depth resolution of +25 nm, a maximum planer resolution of 1 um, and a range of
sampling rates between 30 and 1000 Hz. The grinding wheel scanning system uses the
horizontal, vertical, and rotary stages shown in Figure 6.17 to position the optical pen
and rotate the grinding wheel as desired [47,48]. Figure 6.18 depicts surface topography

measurements of a grooved grinding wheel as well as a selected cross-section profile.

Grinding Wheel

Ampllfler

Adjustable
Linear Sta,

- Linear v
| y Actuator

Figure 6.17: 3D grinding wheel surface topography measurement apparatus
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Figure 6.18: Portion of grooved surface of grinding wheel

Figure 6.19 shows the resulting grinding wheel groove profiles taken along a line
parallel to the grinding wheel axis. It can be seen from this figure that the measured
profiles of the resulting grooves generated from the Test 1-a), b) and c) experiments are
very similar. This observation is confirmed in Table 6.5 which uses manual
measurements of Figure 6.19 to summarize the corresponding groove width, groove
depth, and groove lead for this set of experiments. The maximum deviation in the
groove width was only 0.015 mm. The maximum difference of the groove depth was
only 0.013 mm. This small difference is likely due to the brittle fracture mechanism of
the abrasive grits. It can also be seen in Figure 6.19 that the resulting groove lead was

4.233 mm which is very close to the desired 4.25 mm.
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Test (1-a) - One Grooving Cut and No Re-grooving
Test (1-b) - One Grooving Cut and Three Re-grooving
Test (1-c) - One Grooving Cut and Six Re-grooving
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Figure 6.19: Groove profiles comparison when re-grooving the grinding wheel

Table 6.5: Comparison of resulted groove geometry of Test-1

Groove width by Groove depth, g, Groove lead
[mm)] [mm)] [mm]
Test (1-a) 0.925 0.110 4.25
Test (1-b) 0.940 0.113 4.25
Test (1-c) 0.935 0.109 4.25

A second set of experiments was carried out to further validate the proposed wheel
grooving system. Identified as Test-2, this set of experiments also contains three
experiments; however, unlike Test-1, the grooving depth of cut was gradually increased

for each subsequent pass. Test-2 was carried out because it was envisioned that this
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system might be used to cut very deep grooves using a series of shallow cuts. The first
experiment (Test 2-a) consists of one grooving pass with a 0.1 mm groove depth. The
second experiment (Test 2-b) started with a 0.1 mm groove depth, and was followed by
two grooving passes which incrementally increased the depth of cut by 0.05 mm
resulting in a final predicted groove depth of 0.2 mm. The third experiment (Test 2-c)
also started with a 0.1 mm groove depth, but it was followed by five grooving passes
which incrementally increased the depth of cut by 0.05 mm resulting in a final predicted
groove depth of 0.35 mm. Figure 6.20 shows a picture of grooved grinding wheel which

resulted from the multi grooving passes of the third experiment (Test 2-c).

The average spindle power measurements for Test 2-a), b) and c) are presented in Table
6.6. It can be seen in this table that the average measured power for the first wheel
grooving pass for each of the three experiments was approximately the same with an
average of 0.114 kW. The grooving depth of cut for subsequent passes was
incrementally increased by 0.05mm and the results show that the average measured
power for these re-grooving passes resulted in approximately the same average power
of 0.061 kW. The similar power measurements for the first pass as well as the similar
power measurements for all subsequent passes attest to the ability of the wheel grooving

system to consistently groove and re-groove the grinding wheel.
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Figure 6.20: Successful multi-grooving process with gradual increase of depth of cut

Table 6.6: Average measured spindle power in [kW] as groove depth was gradually increased

0.1 mm depth | Incremental increases in re-groove depth by 0.05 mm
Pass # 1 2 3 4 5 6
Test (2-a) | 0.130 - - - - -
Test (2-b) | 0.111 0.0499 0.0703 - - -
Test (2-c) | 0.100 0.05735  0.0667 0.0721 0.0536  0.05735
Average 0.1mm grooving power over Tests a), b) and c): 0.114
Average 0.05mm grooving power over Tests a), b) and c): 0.061

Figure 6.21 shows the corresponding surface profile measurements for the Test 2-a), b)

and c) experiments where the grooving depth of cut was gradually increased in different
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cutting passes. To quantitatively compare the resulting groove width, groove depth,
and groove lead for these experiments, Table 6.7 summarizes the resulting
measurements. The results shown in Figure 6.21 and Table 6.7 support the observation
that the wheel grooving system works well. It should also be pointed out that gradually
increasing the groove depth to create a deep groove will likely reduce the chances of

damaging the wheel or single-point tool compared to using only one deep groove cut.

Test (2-a) - One Grooving Cut (max groove depth = 0.10 mm)
Test (2-b) - Three Grooving Cuts (max groove depth = 0.20 mm)
Test (2-¢) - Six Grooving Cuts  (max groove depth = 0.35 mm)
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Figure 6.21: Comparison of the re-grooving accuracy when gradually increasing the groove depth

Table 6.7: Comparison of resulted groove geometry of Test-2

Groove width bs[mm]  Groove depth, a;[mm] Groove lead [mm]

Test (2-a) 0.925 0.116 425
Test (2-b) 1.360 0.209 425
Test (2-¢) 1.605 0.364 425

Figure 6.22 shows that the new wheel grooving system is also capable of producing
different groove patterns in addition to the spiral-shaped circumferential groove pattern
studied in this paper. For the groove patterns (a), (b), and (c) shown in Figure 6.22, re-

grooving tests were performed four times in order to accomplish the desired final
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groove depth of 0.150 mm, while the sinusoidal groove shown in Figure 6.22(d) was

performed using one grooving cut which was 0.0889 mm in depth.

Figure 6.22: Sample groove patterns that the developed wheel grooving system is capable of
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6.6 Wheel Wear Experiments

Grinding experiments were then carried out to study the wear performance of these
circumferentially-grooved wheels formed by the developed setup. Creep-feed grinding
experiments were conducted on the Blohm-Planomat 408 creep-feed grinding machine
utilizing an annealed AISI 4140 steel workpiece with the same material poroperties and
dimensions introduced in the previous chapter, and an aluminum oxide (Al2Os) wheel
(Radiac Abrasives WRA 60-J5-V1). Throughout all of these wear experiments, the
grinding depth of cut, wheel speed, and workpiece speed were kept constant at 1.0 mm,
22.4 m/sec and 1.7 mm/sec, respectively. Prior to the creep-feed grinding experiments,
the grinding wheel was dressed using a single-point diamond dresser having a dressing
feed of 0.04 mm/rev and a dressing depth of 0.01 mm. Grinding wheel wear
experiments were first conducted using a non-grooved grinding wheel and then a
grooved grinding wheel was used under the same grinding conditions. In the grooved
wheel case, the grinding wheel was grooved according to the following parameters:
groove factor of 50%, groove depth of 0.0889 mm, and groove width of 1.4 mm. These
parameters were selected because of the different groove geometries explored in the
previous chapter, this groove geometry performed best. In calculating the groove factor,
the geometry of the groove was assumed to take the same geometry of the diamond tip

engaged with the grinding wheel during the grooving operation.

Grinding forces and consumed power results were acquired using the force
dynamometer and power transducer. The resulting grinding forces and consumed

power were measured at a sampling frequency of 500Hz. The arithmetic mean surface
roughness R, of the resulting ground workpiece was measured directly using a

MahrFedral Inc. Pocket Surf. The cutting-fluid concentration and flow maintained

similar to the experiments in the previous chapter at 5.1%and 50.4 L/min, respectively.
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6.6.1 Wheel Wear Results

Figure 6.23 plots the consumed power as a function of the volumetric workpiece
material removed. As can be seen from this figure, the consumed power increased as
more workpiece material was removed, due to grinding wheel wear. Generally,
grinding wheel wear is classified, as discussed in the background chapter: Chapter 2,
into three mechanisms: attritious wear, grain fracture, and bond fracture [11,12].
Attritious wear occurs by the rubbing of the grains on the workpiece which, over time,
dulls the cutting edges and results in higher consumed grinding power. It can also be
observed in Figure 6.23 that the rate of increase in grinding power is higher for the non-
grooved case than it is for the grooved case. This important result suggests that
grooving the wheel does not accelerate the wheel wear process and may in fact slow
down wheel wear. Additionally, it can be seen from Figure 6.23 that in the non-grooved
wheel case, the amount of workpiece material removed was limited by the occurrence of
workpiece burn — likely due to an increase of rubbing between the workpiece and the
grinding wheel. The grooved grinding wheel, on the other hand, was able to remove
approximately twice as much workpiece material as the non-grooved wheel case.
Instead of workpiece burn, grinding wheel breakdown ultimately limited the amount of
workpiece material that could be removed. This wheel breakdown can be identified by
a slight drop in the consumed power just before failure occurred where grain fracture

likely existed.
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Figure 6.23: Consumed power vs. workpiece material removed for wear study

Figure 6.24 plots the corresponding average measured workpiece surface roughness as a
function of the volumetric workpiece material removed. It can be seen from this figure
that the average surface roughness using the grooved grinding wheel was only slightly
higher than when a non-grooved wheel was used and was in the range of 0.30 pm which
corresponds to a “fine quality” surface finish and was well within the 1.6 pm range

which corresponds to an “average quality” surface finish [45].
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Figure 6.24: Surface roughness vs. workpiece material removed for wear study

6.7 Summary

A novel wheel grooving system was successfully designed, developed, and
experimentally validated. The resulting system exhibited a high degree of repeatability,
with a maximum difference in groove width and depth of 0.015 mm and 0.013 mm,
respectively, for 10 consecutively cut grooves. These small discrepancies are likely due
to the brittle fracture mechanism of the aluminum oxide grits. The wheel grooving
system has the ability to groove and re-groove a wide variety of groove patterns

including circumferential, helical, and sinusoidal patterns. For the conditions used in
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this research, a wear study showed that circumferentially-grooved wheels can remove
twice as much material as the non-grooved wheel case. Furthermore, these wear results

showed that wheels with grooves wear slower than a non-grooved wheel.
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Chapter 7. Non-grooved & Grooved Grinding
Wheels Mechanics Comparisons

This chapter investigates why circumferentially-grooved grinding wheels are able to
improve the performance of the grinding process when compared with non-grooved
wheels by examining the roles that chip formation and coolant play on the resulting

grinding wheel cutting mechanics.

7.1 Kinematics & Effect of Grooving on Chip Formation

This section provides an explanation of the kinematics of the circumferentially-grooved
grinding wheel and how its chips are formed. Figure 7.1 delineates the mechanism of
how a circumferentially-grooved grinding wheel interacts with the workpiece during

the grinding operation. The right hand of the figure represents a grooved grinding
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wheel with a 50% groove factor* and the left hand of the figure shows a serious of slices;
series of slices are taken for one groove spiral for one lead. If one takes a single slice of
the grinding wheel, such as slice (1) in Figure 7.1, it can be seen that there is an equal
amount of grooved and non-grooved wheel surfaces, as represented by the solid red and
dotted black lines, respectively. By taking equally spaced slices of the wheel across its
width, for example from slice (1) to slice (9) in the cross-section A-A shown in Figure 7.1,
it can be seen that the grooved and non-grooved portions rotate clockwise one complete
cycle for every rotation of the wheel. This cycle then repeats if one is to continue taking

slices across the wheel.

" Groove factor is the percentage of the remaining surface area of the grinding wheel after
grooving it. The lead of the groove is the distance that the groove advances across the grinding
wheel width.
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Figure 7.1: Illustration of selected cross-sections for one complete groove rotation
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The grain spacing in the groove portion L; is much greater than the grain spacing in the

non-groove portion L (see slice 1 in Figure 7.1). This large spacing results in the large
undeformed chip thickness. To help observe this phenomenon more clearly, Figure 7.2
shows the effect of wheel grooving and abrasive grain spacing on chip formation and
chip thickness. As can be seen from the figure, the spacing between active abrasive
grains for the non-grooved portion of the grooved grinding wheel is represented by the

symbol L which results in a mean undeformed chip thickness of h, that can be

calculated as [7,8]:

05
1% a

h =—*-L-|—* 7.1

S o)

For the grooved portion of the grinding wheel, the spacing of cutting edges L; (which
are located at the leading and trailing edges of the groove) and the resulting

undeformed chip thickness hm’g are shown in Figure 7.2. The undeformed chip

thickness for the grooved portion of the grinding wheel 7, , can also be calculated by

m.g

Equation (7.1). Since L; is larger than L, then £, , will be proportionally larger than

mg

h

m
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Figure 7.2: Active grains spacing and chip thickness

As a result, the overall average chip thickness for the entire grooved wheel will be
effectively larger than a non-grooved wheel. To validate the kinematics explained in
Figures 7.1 and 7.2, experiments were carried out to examine the resulting chip sizes

generated from both grooved and non-grooved grinding wheels.
7.1.1 Chip Measurements Experiments

In order to compare grinding chip sizes generated from the use of a regular non-grooved
grinding wheel and a circumferentially-grooved grinding wheel, grinding experiments
were conducted to collect and examine the resulting chips. Prior to each grinding
experiment, the grinding machine was cleaned to ensure that only chips from the
desired experiment were collected. In these experiments, an aluminum oxide wheel
(Al20s Radiac Abrasives WRA 60-]5-V1) was utilized to grinding 4140 annealed steel.
First, a grinding operation was performed using a non-grooved wheel. The grinding
wheel speed, workpiece feed, and depth of cut were 22.35 m/sec, 1.70 mm/sec, and 1.00
mm, respectively and the grinding fluid was delivered at 50.4 L/min. At the end of this

experiment, all of the grinding chips were collected and dried. @ Then, a
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circumferentially-grooved grinding wheel with a 50% groove factor was tested under
the same grinding conditions utilized for the non-grooved wheel case. In a similar

manner to the non-grooved case, all grinding chips were collected and dried.
7.1.2 Chip Size Results

The collected chips were examined using a scanning electron microscope (SEM) and the
resulting images are shown in Figure 7.3. Figure 7.3(a) is an SEM image of the grinding
chips collected after using the regular non-grooved grinding wheel, and Figure 7.3(b) is
an SEM image of grinding chips collected after using the grooved grinding wheel.
Evidently, a significant chip size difference can be seen in these figures. Most chips
shown in Figure 7.3(a) are same sizes while chips shown in Figure 7.3(b) vary in size.
Using the provided scale on the images, the average chip width for the non-grooved
wheel case is between approximately 5 and 8 pm while the average chip width for the
grooved wheel case is between approximately 42.5 and 55 pum - an increase of
approximately 7.5 times. Figure 7.3(b) shows that there are also some chips which have
similar sizes to the ones seen in Figure 7.3(a) which is evidence that the cutting
mechanisms associated with the non-grooved portion and grooved portion of the
grooved wheel were both involved in grinding (as predicted from Figures 7.1 and 7.2).
Extra figures of large chips that the grooved grinding wheel formed are shown in

Appendix D.
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Figure 7.3: SEM comparisons of chips sizes of (a) non-grooved and (b) grooved wheels
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The increase in the chip width seen in Figure 7.3(b) must be related to chip thickness.
Both the chip thickness and chip width are a result of the abrasive grain width that
acting when it penetrate into the workpiece during the chip formation. To help further
explain this phenomenon why an increase in chip width occurred when using a
circumferentially-grooved grinding wheel, an exaggerated schematic drawing
illustrating the variation of the effective width of the abrasive grain as it interacts with
the workpiece is shown in Figure 7.4. As can be seen in the figure, different wheel
surfaces can be extracted by taking slices of the wheel along threshold planes at

h, , h

increasing depths into the grinding wheel (i.e., A

cuy /

s Mo, and h, ). Figure 7.4

demonstrates how, the deeper the abrasive grains penetrate into the workpiece during

the metal removal process, the wider the effective widths are. For example, depth 7,
causes a greater effective width of b, than depth %, which only results in an effective
width of b, . Backer et al. [49] suggested that the effective width b, can be assumed to

be proportional to the average undeformed chip thickness /4, :

b, o h, (7.2a)

b, =—nh, (7.2b)

where r is the ratio of chip width to thickness at any point.

Therefore, the greater the effective width is, the greater the average undeformed chip

thickness will be.
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Due to the kinematic motion between the grinding wheel rotational speed and the linear
translation of the workpiece feed, it requires time for the active grain at the edge of the
groove to interact with the workpiece as it penetrates deeper than the grains in the non-
grooved portion of the wheel. This increase in the interaction time results in an increase
in the depth of penetration causing a higher effective width and, consequently, a higher

average undeformed chip thickness.

Clearly, as seen from the above discussion, a grooved wheel results in an increase in the
chip size or volume. The following section investigates the effect of grooving on the

resulting workpiece surface finish.
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7.1.3 Effect of Grooving on Surface Finishes

To investigate the effect of grooving the grinding wheel on the workpiece surface
finishes, dry and wet grinding experiments were carried out. The resulting surface
roughness of the ground workpiece is depicted in Figure 7.5. It can be seen from this
figure that the grooved grinding wheel produced workpiece surface finishes that were
slightly rougher than the regular non-grooved grinding wheel. In addition, both dry
and wet grinding cases produced workpieces having surface roughness values that were
approximately in the same range. In the dry grinding experiments, the resulting
average surface roughness for the regular non-grooved and the grooved wheel cases
were 0.69 um and 0.76 um, respectively. In the wet grinding experiments, the resulting
average surface roughness for the regular non-grooved and grooved wheel cases were
0.66 um and 0.74 um, respectively. Note that all experiments resulted in what is
considered to be a fine surface finishes suggesting that the loss of surface finish was not

problematic.
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Figure 7.5: Resulted surface finish (a) dry grinding and (b) wet grinding

When performing wet grinding experiments, there were no signs of workpiece burn or
surface oxidation due to the availability of the grinding fluid; however, in the dry
grinding experiments, workpiece burn occurred. Figure 7.6 depicts pictures of the
workpiece ground surface resulting from performing these dry grinding experiments
where the first row of images shows the results for the non-grooved wheel experiments

and the second row of images shows the results for the grooved wheel experiments. It
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can be seen from the figure that different degrees of oxidation or burn occurred during
these grinding tests. For both the regular non-grooved and grooved wheels, the degree
of burn increased with depth of cut. It is also apparent that the grooved grinding wheel
resulted in less discoloration or burn in comparison to the non-grooved wheel
confirming that a grooved wheel can remove more material before workpiece damage
occurs. In addition, for the grooved wheel, the burn occurred in a periodic manner. It is
likely that the non-burned areas were due to the grooves and the burned areas were due

to the non-grooved portion of the wheel.

Depth of Cut, [mm]
0.01778 0.0254 0.03302

Non-grooved Grinding Wheel

Grooved Grinding Wheel

Figure 7.6: Comparisons of workpiece burn degree
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Furthermore, these marks have a certain angle relative to the direction of grinding when
using a circumferentially-grooved grinding wheel. To explain these angled marks, the
kinematics of the grooved grinding wheel was analysed. For this set of experiments, the
wheel speed and workpiece feed were 22.35 m/sec and 38.1 mm/sec, respectively. The
resulting grinding wheel rotation was approximately 1048 rpm which is one revolution
per 0.0572 sec. Therefore, the workpiece advances approximately 2.18 mm per grinding
wheel revolution. It can be seen from Figure 7.7 that the period of burn markings
occurred approximately every 2 mm, which is consistent with the distance the grinding
wheel advances per revolution. Since the circumferential grooves are in the shape of a
helix, wrapped around the axis of the grinding wheel with a pitch of 2.8 mm/turn, the
resulting helix angle is 37.9° which is close to the measured value of 36.8" on the
workpiece shown in Figure 7.7. Therefore, there is an excellent agreement between the

kinematic calculations and the measurements of the burn pattern.

3.86 mm

1/64 in

—}3 K— 0.397mm

Figure 7.7: Burn or oxidation marks measurements

Given the different burn patterns observed on the workpiece surfaces, precise profiles of
the ground surface were measured across the workpiece and along the workpiece as

shown in Figure 7.8(a) using a Nanovia Surface Profilometer — PS50 shown in Figure
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7.8(b) to ensure that the circumferentially-grooved grinding wheel was not creating any

surface waviness on the ground surface of the workpiece.

Optical

Ground workpiece Measured profile along (a) (b) Pen

surface workpiece length

Measured profile across
workpiece width

Direction of grinding

Figure 7.8: Workpiece surface profile measurements

Figure 7.9 presents the resulting profile measurements of the ground surface across the
workpiece width and Figure 7.10 shows the profile measurements of the ground surface
along the workpiece length in the direction of the grinding for both the non-grooved and
grooved grinding processes. It can be seen that the surface profiles resulting from the
circumferentially-grooved grinding wheel are very similar to the surface profiles

generated from the regular non-grooved wheel.
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Figure 7.9: Surface profiles across workpiece width
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Figure 7.10: Surface profiles along workpiece length

In order to affirm that there are no signs of dominant surface frequencies caused by the
circumferentially-grooved grinding wheel, a Fast Fourier Transformation (FFT) Analysis
using MATLAB software was performed on the measured profiles for both the non-
grooved and grooved grinding processes. Figure 7.11 plots the results of the FFT in the
frequency domain (1/mm) for the measured profile taken along the workpiece length
and Figure 7.12 plots the same FFT results with respect to wave length in (mm). It can
be seen from both figures that the FFT analysis resulting from the profiles measured
from the grinding experiments using the circumferentially-grooved wheel are similar to
the ones generated from the profiles measured from the grinding experiments using the
regular non-grooved wheel. Clearly, for the grooved wheel set of result, there is no

dominant frequency to indicate the presence of any surface waviness.
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Figure 7.12: FFT results shown in respect to wave length

7.2 Effect of Wheel Grooving on Grinding Forces & Power

From the previous section, it was found that the kinematics of a grooved wheel resulted
in proportionally larger chips than that from a regular non-grooved wheel. This,
consequently, affects the performance of the grinding process. In this section, the effect

of wheel grooving on the resulting grinding forces and power is explained.
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It is known that there are various grinding variables affect the grinding forces and
power of the grinding operation such as the grinding wheel type, wheel structure [50]
wheel dressing condition [51] and grinding fluid delivery parameters [52]. The dressing
process and wheel type affect the grinding wheel surface topography and both play a
role in the grinding fluid delivery to the wheel-workpiece contact zone. Since wheel
grooving is a methodology of restructuring the grinding wheel surface topography and
since the grinding wheel topography directly affects the undeformed chip thickness and
the ability of coolant to flow through the grinding zone, it is likely that one or both of
these factors is/are responsible for the improved performance observed with the
grooved grinding wheels. These two factors will be referred to as the “size effect” and

the “coolant effect” hypotheses.
7.2.1 Size Effect

The size effect is an important property that relates the undeformed chip thickness in
grinding [53] to the process efficiency [7]. Rowe and Chen [53] stated that the power
consumption per unit volume of material removed increases as the undeformed chip
thickness decreased. The undeformed chip thickness is directly related to the material
removal rate. This relationship can be seen in Figure 7.13 which plots the
experimentally determined specific energy verses the specific material removal rate
[7,54-56]. As can be seen from this figure, there is a pronounced decrease in the specific
energy e, as the specific removal rate Q, increases [7,8], hence:

P JORRY,

t N

bW.Q\'/V } bw'ae .V

e =

r
© 0,

(7.3)

w

The undeformed chip thickness (or measured equivalent chip thickness #,) is

proportional to the specific removal rate as follows [8]:

132



h,==*=a, —* (7.4)

As a result, the specific energy decreases with an increase in the undeformed chip

thickness as shown by the following relation [7,8]:

1
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Figure 7.13: Specific energy verses specific removal rate (based on Malkin [7,54-56])
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Studying the size effect is very important as it reveals conclusions about factors
controlling efficiency, wear, and surface finish. Rowe [57] and Marinescu et al. [8] have
listed several possible contributions (physical reasons) to the size effect as shown in
Figure 7.14. These reasons are: 1- threshold force effect, 2- surface area effects, 3- grain
sharpness effect, and 4- rubbing, ploughing and cutting differences. The following

provides a brief description of how each of these physical reasons contributes to the size

effect [8,57]:
Physical How? What?
R ysicd 4(& Size Effect —a>
easons

‘(Threshold Force for |

| Cutting )

( . )
| Surface Area being
"| Cut

(. J
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e N\

Differences between
Rubbing, Ploughing,
\&: Cutting
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y

Q
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Figure 7.14: A chart summaries the size effect property

e Threshold Force Effect: Hahn [18] observed that there is a threshold force required
before significant material removal takes place to overcome the elastic effects of the
workpiece. If the depth of cut value is almost zero, then the specific energy is infinite as
no material is removed. When the depth of cut increases, the abrasive grains penetrate
into the workpiece material resulting in less finite material removal; consequently, the

specific energy becomes finite [8,57].

o Surface Area Effects: the surface area here is related to the surface area of the

undeformed chips. The surface area being cut is also considered as a measure of the
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energy required. There are some parameters that affect the surface area; these
parameters are the grinding depth of cut, grinding feed and active grain density. For the
grinding depth of cut parameter, as it increases, the new surface area of the undeformed
chip increases resulting in a reduction of the specific energy. Regarding the grinding
feed parameter (also known as the workpiece speed), increasing it for a constant depth
of cut results in cutting larger chip area for each single active grain and this,
consequently, reduces the specific energy. And, for the cutting grain density, as the
active grains per unite area increases, the specific energy decrease and vice versa [8,57].
To explain the surface area effects, Rowe and Chen [53] presented a sliced bread analogy
to explain the size effect phenomenon. They stated that the thinner a loaf is sliced, the
more energy is needed to finish slicing the loaf because a greater surface area is
ultimately cut. For example, cutting a loaf into twenty slices will consume
approximately twice as much energy as cutting a loaf into ten slices. This analogy, when
applied to the grinding process, suggests that the energy required to remove material is

reduced when the size of the chips produced is increased.

e Abrasive Grain Sharpness: cutting edge sharpness is described by the ratio of the
depth ¢ that the abrasive grain penetrates into the workpiece over the contact diameter

d, as shown in Figure 7.15. An increase in the depth-to-diameter ratio indicated that

the abrasive grain is sharp (i.e Figure 7.15(a)) and can easily cut the workpiece, while a
reduction in the depth-to- diameter ratio indicates that the abrasive grain is blunt (i.e

Figure 7.15(b)) and energy is consumed more in rubbing than material removed [8,57].
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Figure 7.15: Abrasive grain sharpness [57]

® Rubbing, Ploughing, and Cutting: these three chip formation phases were introduced
in Chapter 2; however, Figure 7.16 is reproduced here for convenience. As can be seen
in Figure 7.16(a), during the chip formation along the contact zone, the abrasive grain
experiences three phases which are rubbing, ploughing, and cutting. In the rubbing
phase shown in Figure 7.16(b), friction is apparent and material removal is insignificant.
This phase is associated mainly with elastic deformation. In the ploughing phase shown
in Figure 7.16(c), the abrasive grain penetrates more and plastic deformation of the
workpiece material occurs and starts to build up in front of the abrasive grain. As the
interaction depth between the abrasive grain and workpiece increases, the cutting phase,
shown in Figure 7.16(d), starts to occur where forces are sufficient to shear the
workpiece material into a chip which is removed from the workpiece. Each of these
stages is associated with it is specific energy; rubbing energy, ploughing energy and
cutting energy. These energies vary as the depth of cut increases or the abrasive grain
penetrates deeper. For instant, when the depth of cut increases, the rubbing energy
decreases as the rubbing stage gets smaller. Also, the reduction of the ploughing energy
can be a significant contribution in the size effect and this was seen clearly in Figure 7.13.

Larger wear flats causes more rubbing during the chip formation and this results an
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increase in the specific energy [8,57]. Generally, it can be stated that the cutting is more
efficient as abrasive grain acts in the chip formation stage in the early stage when it

engages with the workpiece that it acts in rubbing stage.

(a) Grain-workpiece Interaction Phases (b) Rubbing Phase
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Figure 7.16: Rubbing, ploughing, and cutting phases

7.2.2 Coolant Effect

Grinding fluid also plays an important role on the performance of the grinding process.
Its main purposes are to reduce grinding temperatures and to lubricate the grinding
process in the contact zone. The amount of grinding fluid that can be transported
through the contact area (also called the “useful flow”) is mainly limited by variables
such as the jet flowrate, grinding wheel speed, and the structure of the grinding wheel.
Guiniashvilli et al. [58] and Rowe [57] found that the useful flow rate increases with the
jet flowrate and the wheel speed, as illustrated in Figure 7.17. There are two main

mechanisms that describe the flow of coolant through the grinding zone. The first
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mechanism is the flow through the channels between the abrasive grains [59,60] and the
clearance between the grinding wheel and workpiece [61]. This mechanism also
considers the macro channels produced by the grinding wheel dressing process as found
in Engineer et al.’s [62] work. Engineer et al. [62] stated that dressing severity affects the
amount of fluid passing through the grinding zone. They observed that fine dressing of
the grinding wheel resulted in less fluid flow in the contact zone than when coarse
dressing was applied. The second mechanism of the fluid flow through the grinding
zone considers the grinding wheel surface structure [62,63] when the porous surface of a
grinding wheel traps and carries grinding fluid through the contact zone as it rotates. It
is reasonable to assume that this “pumping” action is proportional to the rotation and

porosity of the grinding wheel surface.
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Figure 7.17: Effect of jet flowrate and wheel velocity on useful flowrate based on [57,58]

Grooving a grinding wheel circumferentially effectively increases the porosity of the
grinding wheel surface and the grooves form miniature tubes that, as seen in Figure
7.18, can deliver more coolant to the contact zone. Therefore, one would expect that a

grooved grinding wheel would enhance coolant flow.
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Figure 7.18: Coolant flow through grooves
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7.2.3 Dry & Wet Grinding Experiments

Dry shallow grinding experiments (without grinding fluid) were first performed to
examine whether or not the “size effect” contributed to improving the grinding process
when using a grooved wheel. Then, wet shallow grinding experiments (with grinding
fluid) were performed to investigate the “coolant effect” on the grinding process. In
both dry and wet grinding experiments, regular non-grooved and circumferentially-
grooved grinding wheels (Al20s Radiac Abrasives WRA 60-]5-V1) were utilized to grind
4140 anneled steel at three depths of cut of (0.0178, 0.0254, and 0.0330 mm) and then
their results were compared. The grinding speed and feed remained constant at 22.35
m/sec and 38.1 mm/sec, respectively. The grooved wheel parameters were as follows:
groove factor of 50%, groove width of 1.4 mm, and groove depth of 0.1 mm. In wet
grinding the fluid flow was 50.4 L/min through an 8 mm diameter nozzle exit. Both
wheels were initially conditioned using single-point diamond dressing with an overlap

ratio of 3.0.

Figure 7.19 shows the resulting consumed power as a function of the applied depth of
cuts for both dry and wet grinding experiments. As can be seen from the figure, the
consumed power increased as the depth of cut increased for dry and wet grinding.
After grooving the grinding wheel, the consumed power decreased in comparison to the
regular non-grooved wheel results for both dry and wet experiments. The average
percentage decrease in the consumed power when using a grooved wheel for the dry
grinding experiments was 30.5% and the average percentage decrease in the consumed

power when using a grooved wheel for the wet grinding experiments was 40%.
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Figure 7.19: Measured consumed power for (a) dry grinding and (b) wet grinding

One of the measures to evaluate and characterize the grinding performance is the
specific energy which is defined as the energy expended per unit volume. The
experimental specific energy can be calculated with the use of the grinding process
parameters and the consumed power which is a function of the tangential forces as

follows:
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The grinding specific energy for this investigation study is shown in Figure 7.20. This
figure shows that the specific energy declines with an increase in grinding depth of cut

and, consequently, with an increase in undeformed chip thickness.
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Figure 7.20: Specific energy comparisons for (a) dry grinding and (b) wet grinding
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From these results, it can be clearly seen that the grooved grinding wheel improved the
grinding process when performing both dry grinding and wet grinding. By comparing
the specific energy differences for each depth of cut, as can be seen in Figure 7.21, one
can conclude that there is a variation in the specific energy reduction between dry
grinding experiments and wet grinding experiments. First, the average reduction in the
specific energy when using a grooved wheel in the dry case is 30.6%. As no grinding
fluid was applied in dry grinding experiments, this reduction in the specific energy was
most likely consequence of the size effect. Second, the average reduction in the specific
energy when using a grooved wheel in the wet grinding case was 41.3%. In this
situation, the observed improvement is likely due to a combination of the size effect and
the coolant effect where the additional 10.7% reduction of the specific energies is

attributed to the coolant effect and lubrication.
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Figure 7.21: Specific energy reductions when using grooved grinding wheel
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Studying the grinding forces also assists in understanding more about the behavior of
the grinding process. The measured tangential forces and normal forces are shown in
Figure 7.22. Figures 7.22(a) and (b) show the forces resulting from the dry grinding
experiments and Figures 7.22(c) and (d) show the forces resulting from the wet grinding
experiments. As can be seen in these figures, the trend of the force results is similar to
the trend of the consumed power results. The average percentage decreases in the
tangential and normal forces when using the grooved grinding wheel, in the dry
grinding experiments, were 39% and 49%, respectively; while the average percentage
decreases in the tangential and normal forces when using a grooved wheel, in the wet

grinding experiments, were 45.8% and 57.7%, respectively.

To further discuss the force results, one can investigate the force ratio behavior. The

calculated force ratios F,/F, are presented in Figure 7.23 where Figure 7.23(a) presents

the forces ratios for the dry grinding experiments and Figure 7.23(b) presents the forces
ratios for the wet grinding experiments. In both dry and wet grinding experiments, it
appears that, when using the grooved grinding wheel, the force ratio is slightly higher
than when using the regular non-grooved grinding wheel. Additionally, it can be seen
from the figure that when wet grinding was performed, the force ratios decreased for
the non-grooved and grooved wheels. In the dry grinding experiments, the average
force ratio for the regular non-grooved and grooved grinding wheels are 0.59 and 0.66,
respectively; and in the wet grinding experiments, the average force ratio for the regular

non-grooved and grooved grinding wheels are 0.44 and 0.53, respectively.
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Figure 7.22: Comparisons of tangential and normal forces for (a,b) dry and (c,d) wet grinding
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Figure 7.23: Comparisons of force ratios for (a) dry grinding and (b) wet grinding

The increase in the force ratio for the grooved grinding wheel case occurred because the
tangential force did not decrease as quickly as the normal force. This suggests that there
is perhaps large amount of built up martial in front of the abrasive grains which makes

them to be more efficient. The force ratio 4, as proposed by Subhash and Zhang [64],

is the sum of adhesion friction x, and ploughing friction x,. Adhesion friction is a
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result of the tool sticking or rubbing to the workpiece, whereas ploughing friction is the
result of workpiece material ahead of the tool (abrasive grain) providing resistance to
the abrasive grain motion. Anderson et al. [46] and Cai ef al. [65] looked into changes in
the force ratios as a function of grinding cutting speed. They found that the force ratio
increased with reduction of the cutting speed. It is apparent that a decrease of the
grinding cutting speed increases the undeformed chip thickness and this, consequently,
might vary the occurring periods of chip formation phases (rubbing, ploughing, and
cutting). Anderson et al. [64] found that, as shown in Figure 7.24, the adhesion friction

4, decreased with cutting speed and the ploughing friction 4, remained constant for

all cutting speeds. For each cutting speed, as the grain engaged with the workpiece and
interacted deeper, the adhesion friction remained constant and the ploughing friction
increased. Their result was important as it confirms that adhesion friction was only
affected by the rubbing between the abrasive grain and workpiece while ploughing
friction was a result of the abrasive grain geometry (the abrasive grain sharpness)
interacting with the workpiece. So, at low undeformed chip thickness, pure rubbing
occurred, and as the undeformed chip thickness increased the proportion of rubbing
decreased while ploughing increased. As the undeformed chip thickness was further
increased cutting started and rubbing and ploughing were reduced [46]. In another
work, Anderson et al. [66] reported an increase in the force ratio as the grain size was
decreased. They examined numerically and experimentally the behavior of various
single grain sizes to cut different depth of cuts. Obviously, the depth to diameter ratio
increased as size of the grain got smaller; consequently, the small grain is sharper.
Anderson et al. [66] found that more ploughing and more material were piled up ahead
of the grain that was smaller in size causing the specific energy to decrease and the force
ratio to increase. This was explained in the previous section for the cutting mechanics of
the grooved wheel. Therefore, one can state that the increase in the force ratio indicates
the present of the size effect when using a grooved grinding wheel. Furthermore, a

decrease in force ratio was observed in the wet grind experiments for both wheel cases
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which supports the second hypothesis that coolant also plays a role in improving the

performance of grinding with grooved wheels.
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Figure 7.24: Contributions of adhesion and ploughing on over all coefficient of friction based on [46]

7.3 Effect of Grooving on Fluid Flow

It was shown, in the previous section, that both the size effect and grinding fluid play an
important role in improving the grinding operation when using a circumferentially-

grooved grinding wheel in comparison to a non-grooved wheel. In this section, an

148



experimental investigation is presented to examine differences in coolant flow when

using both non-grooved and circumferentially-grooved grinding wheels.

The experimental setup utilized for this study is presented schematically in Figure 7.25
while Figure 7.26 shows a picture of the setup. As can be seen from both figures, a tank
that contains 12.65x10° m? of grinding fluid was used to deliver the grinding fluid at
different applied pressures. The desired air pressure inside the tank was kept constant
via the use of a precise air pressure regulator. The experiments were first conducted
using a regular non-grooved grinding wheel first and then a circumferentially-grooved
grinding wheel with a 50% groove factor was tested. A set of five air pressures (0, 34.48,
68.95, 103.42, and 137.90 kPa) and four different grinding wheel speeds (0, 10, 23.35, and
35 m/sec) were investigated for each grinding wheel type. Finally, the results of the flow
performance for both the regular non-grooved and grooved grinding wheels were

analysed and compared.
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Figure 7.25: Grinding fluid’s flow apparatus
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Figure 7.26: Picture of fluid flow setup

A special workpiece setup as shown in Figure 7.27 was prepared for this study. The
workpiece was designed in such a way that coolant could enter the grinding zone via a
grinding fluid exit slot. The workpiece had the same width as the grinding wheel width
of 25.4 mm and the grinding fluid exit slot had a cross sectional area of 51.4 mm?. As can
be seen in Figure 7.27, the fluid’s exit slot on the workpiece was not machined across the
entire workpiece width to prevent any side flow of the fluid out of the grinding zone.
Prior to the measurements, the grinding wheel was gradually fed down onto the

workpiece in order to grind an arc on the workpiece that exactly matched the grinding

wheel.
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Figure 7.27: Coolant exit geometry at workpiece wheel contact

7.3.1 Flow Measurements Results

Figure 7.28 summarizes the applied input pressure verses the flow rate results. The
symbol plus (+) represents the flow results without a grinding wheel. The results
represented by the filled dark symbols with the solid lines correspond to the flow
measurements when using the regular non-grooved grinding wheel, and the results
represented by the empty or non-filled symbols with the dashed lines are for the flow
measurements when using a circumferentially-grooved grinding wheel. As can be seen
in Figure 7.28, an increase in the input pressure resulted in an increase in the flow. It
was also observed that an increase in grinding wheel speed resulted in an increases in
the flow rate. Additionally, in the case of the circumferentially-grooved grinding wheel,
the resulting flow rate increased by an average of 56.5% in comparison to the flow

results from the non-grooved wheel.
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Figure 7.28: Flow rate verses applied input pressure

7.3.2 Flow Measurements Analysis & Discussion

The main objective of this discussion is to obtain the drop in the pressure at the contact

zone and correlate the change in the flow rates to the change in the grinding wheel

surface topography via grooving. In order to analyse the results shown in Figure 7.28,

the energy form of Bernoulli’s equation without losses is applied:

1 1
E+pg21+5pV12 =P2+ngZ+EpV22

(7.7)

where P, V', z,and p are the pressure, velocity, height, and density of the grinding

fluid and the subscripts are the location of interest shown in Figure 7.25. Now, re-

writing Equation (7.7) and adding friction losses, Equation (7.7) becomes:
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1 1
R+pgz+ pW =B+pgz+opEK+DV; (7.8)

The lumped loss coefficient K in Equation (7.8) corresponds to the sum of the
component system losses from pipe and fitting friction, the workpiece, and the grinding

wheel. By Omitting V| (as it is assumed to be much smaller than V) and establishing
z,= 0 at plane 2 as the datum, Equation (7.8) is rearranged for the system without a

grinding wheel as:

1
E,=op&K,+DV; ~pgz (7.9)

where P, is the unknown pressure difference (£ —F, in Equation (7.7)) for the case
where no grinding wheel was applied and K, refers to the system losses upstream of

the grinding wheel (i.e., workpiece, pipe, and fitting friction). In the same manner, the

following equation represents the system including the presence of a grinding wheel,

1
R =2p (K, +K 4DV -pgz, (7.10)

where P, is the unknown pressure differences (£ — P, values in Equation (7.7)) for the

case where a grinding wheel (non-grooved or grooved) was applied and the additional

parameter K is the loss coefficient due to the grinding wheel. Now, subtracting

Equation (7.9) from Equation (7.10) results in the pressure drop across the contact zone
between the grinding wheel and workpiece, as:
1 2
PDrop = B‘S _Bo ZEP Ks I/Z (711)

The mean velocity described in the above equations is defined in terms of the volumetric

flow rate O, in m*/sec and cross-section area 4, in mm? as:
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Substituting Equation (7.12) into Equation (7.11) yields:

pPK,

Firor = ZA; Qf’

(7.12)

(7.13)

It is noticed in Equation (7.13) that the pressure drop By is a function of the squared

volumetric flow. To simplify the flow analysis, this equation could be represented in a

linear form as, for example, Py, =ax, where x denotes the squared flow rate Q} and

a denotes the slope of this line. Therefore, from Figure 7.28, the flow rate verses input

pressure results were linearized by squaring the volumetric flow rate and the resulting

straight lines are shown in Figure 7.29.
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Figure 7.29: The squared flow rate verses applied input pressure
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Obtaining the pressure drop in the contact zone between the grinding wheel and the
workpiece was found by subtracting the linear curve fit corresponding to the measured
flow for the case where no grinding wheel was present, from the linear curve fit
corresponding to the measured flow for the cases where grinding wheels were present.
The procedure corresponding to these mathematical steps is shown in Figure 7.30.
Figure 7.30(a) shows, as an example, two selected sets of results (one of which is related
to the flow measurements when no grinding wheel was present). Figure 7.30(b) shows
the linearization plot of these selected sets of results and Figure 7.30(c) shows the

pressure drop obtained from the subtraction shown in Figure 7.30(b).
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Figure 7.30: Example of steps to obtain pressure drop
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Figure 7.31 depicts the resulting pressure drop verses the volumetric flow rate. Again, it
can be seen that the flow rates for the grooved wheel cases are higher than for the non-
grooved wheel indicating, regardless of wheel speed, that more fluid flows through the

contact area resulting in better lubrication and cooling for the process.
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Figure 7.31: Resulted pressure drop at workpiece-wheel contact

For the purpose of examining the results shown in Figure 7.31, one can note that the
resulting pressure drop verses the flow rate follows a quadratic trend. Therefore,
squaring the flow rate values result in linear curves as shown in Figure 7.32. The slopes
(the rate of flow change) ¥ of these trend lines for each set of grinding wheel speeds
were then obtained. These slopes represent the loss coefficient per squared area as

introduced in the pressure drop Equation (7.13), such that:
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Figure 7.32: Pressure drop at workpiece-wheel contact verses squared flow rate

The slope y obtained from each trend line verses the grinding wheel speed is presented
in Figure 7.33. It can be seen from this figure that the rate of change of the loss
coefficient in relation to the wheel speed is less for the case of the circumferentially-
grooved wheel than it is for the case of the regular non-grooved wheel. Due to the

complexity of determining the exact value of both K and 4., an approach of assuming

one parameter to be a constant and investigating the effect of the other parameter was

followed. First, assuming that the area parameter A, is constant, the increase in the
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slope ¥ is due to the increase in the grinding wheel loss coefficient parameter K.

Therefore, the grooved grinding wheel has a lower grinding wheel loss coefficient as it

resulted in a smaller value of . Now, should one assume that the grinding wheel loss
coefficient parameter K_ is constant, then the decrease in the slop ¥ is due to the
increase in the flow area A = Therefore, one can state that the use of circumferentially-

grooved grinding wheels result in larger flow through the contact zone between the

wheel and the workpiece.
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7.4 Summary

In this chapter, extensive experimental investigations were carried out to provide a clear
explanation of why grooved grinding wheels perform better than regular non-grooved
wheels. Evidently, from the dry and wet grinding experiments, the two main
parameters that affect the grinding process proved to be due to the increase in
undeformed chip thickness and fluid delivery through the grinding zone. The
experiments showed that the specific energy dropped by 30.5% and 40% for dry and wet
experiments, respectively. SEM images of the resulting grinding chips revealed that the
circumferentially-grooved grinding wheel resulted in chips that were 6-8 times larger in
width than the chips resulting from the use of the regular non-grooved wheel.
Additionally, experiments of fluid flow through the grinding contact zone showed that
greater grinding fluid was delivered into the contact zone when utilizing the
circumferentially-grooved grinding wheel than the regular non-grooved wheel and the
pressure drop was much less. This increase in the flow, when using grooved wheels,
was due to either an increase in the of the flow area in the contact zone or a decrease in

the loss coefficient causing a better grinding performance.
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Chapter 8. Conclusions

Previous chapters showed that the objectives of this thesis have been met.

A single-point diamond dressing tool was successfully used to create circumferential
groove patterns on the cutting surface of aluminum oxide grinding wheels. Based on a
literature review related to the topic of wheel grooving, the method of using a single-
point diamond for the purpose of grooving grinding wheels was not previously studied.
The resulting circumferentially-grooved wheels were validated experimentally and the
results showed significant grinding improvements in comparison to a regular non-

grooved wheel.

It was observed that the use of a circumferentially-grooved grinding wheel, for the
creep-feed grinding conditions tested in this research, could increase the achievable
depth of cut by up to 120% and reduce the power required by up to 64% when
compared with the regular non-grooved grinding wheel. Additionally, for the range of

depth of cut achieved by the regular non-grooved wheel, the measured surface
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roughness of the ground workpiece surface finish using a circumferentially-grooved
grinding wheel was similar to the surface roughness achieved with a non-grooved
wheel. Yet, beyond this range of depth of cut where the grooved grinding wheel was
able to cut, the surface roughness slightly increased. However, the surface roughness
results still maintained in the range of an “average quality” surface finish. From the
acquired experiments, it was concluded that 50% groove factor was the most efficient. A
corresponding wear study showed that circumferentially-grooved wheels can remove
twice as much material as a non-grooved wheel; indicating that wheels with grooves

wear slower than non-grooved wheels.

In this thesis work, a novel practical wheel grooving system was successfully designed,
developed and experimentally validated. This grooving system is based on the
synchronization between the rotational motion of the grinding wheel and the linear
motion, parallel to the grinding wheel axis, of the grooving unit (single-point diamond
tool). These two motions cause interaction between the diamond tip and the surface of
the grinding wheel resulting in the forming of circumferential grooves. The motion
synchronization is based on monitoring signals from encoders that that are mounted on
the grinding machine’s spindle motor as well as on the grooving system’s motorized
linear stage. Testing the system exhibited high accuracy and repeatability. For
exampling, when performing ten consecutively cut grooves, the resulting maximum
differences in the groove depth and width were found to be 0.013 mm and 0.015 mm,
respectively. These small discrepancies are believed to be because of the brittle fracture
mechanism of the aluminum oxide abrasives. Besides its ability to groove and re-groove
the grinding wheel, the developed system can be used as dressing device for
conditioning the grinding wheel surface after it wears. Also, the wheel grooving system
has the ability to groove and re-groove different groove patterns including

circumferential, helical (with various helix angles), and sinusoidal patterns.
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Analysis and discussion of the cutting mechanics of the regular non-grooved and
grooved grinding wheels were explored. A study using scanning electron microscope
(SEM) images of grinding chips showed that the circumferentially-grooved grinding
wheel resulted in chips that were 6-8 times larger in width than the chips resulting from
the use of the regular non-grooved wheel. Due to this variation in the chip size and
unique cutting mechanism of the grooved grinding wheel, the resulting ground surface
of the workpieces was also investigated. Measurements of workpiece surface profiles
showed that the grooved grinding wheel resulted in a ground surface similar to the one
resulting from the regular non-grooved wheel. A Fast Fourier Transform (FFT) analysis
showed that no surface waviness or marks were left on the ground surface of the
workpiece. Also, extensive experimental investigations including both shallow dry and
wet grinding experiments showed that the improvement in the grinding performance
when using the grooved grinding wheel is due to the size effect phenomenon as well as
the fact that more grinding fluid is delivered to the grinding wheel-workpiece contact
zone. The experimental results showed that the specific energy dropped by 30.6% and
41.3% for dry and wet experiments, respectively. The improvement in the results for the
dry grinding experiments was due to the size effect, while the improvement in the
results for the wet grinding experiments was due to a combination of both the size effect
and coolant effect. Finally, in order to support the findings of the coolant effect,
experiments to measure the fluid flow through the grinding contact zone were
performed. The results of these experiments showed that more grinding fluid was
delivered at the contact zone when using the circumferentially-grooved grinding wheel
than the regular non-grooved wheel. Two factors might have led to the fluid
improvement when using a circumferentially-grooved grinding wheel; they are the
decrease in loss coefficient parameter of the grinding wheel and/or the increase in the

flow area.

Finally, the following lists the main contributions resulting from this thesis work:
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* Development of a novel and practical system for grooving and re-grooving
grinding wheels. This system can be used on both conventional and CNC
grinding machines making it easily transferable to industry.

* Identified the effect of different groove factors and geometries on the creep feed
grinding process.

» Established an understanding of why the circumferentially-grooved grinding
wheel performs better than the regular non-grooved wheel in terms of efficiency

and productivity due to a combination of the size effect and the coolant effect.

8.1 Recommendations for Future Work

There are several significant future applications that could be explored to continue the
work presented in this thesis. The methodology followed in grooving the grinding
wheel and also the developed grooving system could be utilized in the following

suggested research areas:

* Investigating the wear flats characteristics for individual abrasive grains of the
circumferentially-grooved grinding wheels (i.e. the ones which are located at the
edge of the circumferential groove). This study will help in evaluating the
grooved grinding wheel's wear and to determine the tool life and the
appropriate time for conditioning it.

* Testing and comparing the effect of grooving for a wider range of grinding
wheels types such as CBN, abrasive size, and porosities. This study would help
in maximizing the grinding wheel performance where the goal is to achieve the
highest removal rates that the grooved wheel could achieve without wearing the
grinding wheel out too quickly.

* Examining the circumferentially-grooved grinding wheel, in grinding special

alloys such as ceramics (for creep-feed grinding investigation) and material that
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are plated with hard material (for surface grinding investigation). Performing
grinding on these special materials examines the grindability under extreme
grinding conditions in terms of forces and energy that cause a high rise in
grinding temperatures. This study could help in determining the heat partitions
associated with the use of grooved grinding wheels.

Testing the grinding fluid flow through the circumferentially-grooved grinding
wheel with a wide range of grooved factors. This study could assists in
providing a model that can describe the flow characteristics through the contact
zone when using the grooved grinding wheel.

Testing different groove patterns and geometries.
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Appendix A

Figure A: Static balancing of grinding wheel

(1) True and dress grinding wheel. (2) Place it on two knife edges support and allow to
settle to its heavy point. Mark the heavy spot of the wheel. (3) Mount three masses
opposite side of the marked heavy point. (4) Move masses a and b similarly till total

balancing achieved.
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Appendix B

Grinding Wheel J

Workpiece

; High Gauge
Workpiece ; 1 (precision of 0.001 mm )
Holder - k

Figure B: Examining of grinding the desired depth of cut along the workpiece
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Appendix C
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Figure C: Adjusting and mounting the grooving system on the grinding machine table to ensure the

linear motion of the grooving tool is precisely parallel to the grinding wheel axis
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Appendix D

[y

10.0kV 12.2mm %350 SE(U)

P &
\/

s v - ——— g
?! Sk
N A

10.0kV 12.2mm x1.00k SE(U)

Figure D.1: Wide chip formation build up in a unique multi-layers
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Figure D.2: View of lamella structure with various lamella thicknesses
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10.0kV 12.2mm %350 SE(V)

Figure D.3: Illustration of wider chips with different formation
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