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ABSTRACT
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Abrasive machining such as grinding involves simultaneous contacts between the
workpiece and several abrasive grits. Hence, it is difficult to assess the tribological effects
(i.e., friction and wear) of individual grits from grinding tests. Therefore, there is a need to
develop a laboratory scale test technique based on single-grit tests.

In this research, a test method, which employs a pin-on-disk tribometer using single
abrasive particles sliding against a workpiece material, is designed. To evaluate the proposed
test, alumina and silicon carbide abrasives are used as pins and bearing steel and tool steel are
used as disks. Single-grit abrasion tests are conducted with loads similar to those estimated
for the individual grits in grinding. To confirm the results, steel specimens are ground in a
cylindrical plunge mode using either alumina or silicon carbide grinding wheels. Data

obtained from the two sets of experiments are compared in terms of material removal rate,

frictional behavior, wear of abrasives and the mechanisms of material removal.



Morphological features of the debris collected for both tests are identified using a scanning
electron microscope.

The results indicate that the single-grit abrasion test can be used to predict the
tribological interactions during abrasive machining. The trends in the material removal rates
during single-grit abrasion and grinding are in good agreement. In both cases, alumina
abrasives wear faster than silicon carbide when used against either steel under dry condition.
The material removal mechanism is identified as "cutting" for bearing steel and as "plowing"

for tool steel, consistent with the differences in the mechanical properties of the two steels.
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Chapter 1

Introduction

1.1 Motivation for the Study

Grinding is the most widely used abrasive machining technique in industry to
manufacture metallic materials and ceramics. For the grinding process to be economical,
choosing the right grinding wheel for a given workpiece is an important step. The
interactions between the abrasives in the grinding wheel and the workpiece during the
dynamic contact dictate the mechanisms involved in the material removal process, the material
removal rate (MRR) of the workpiece, grinding force, and wheel wear. Since these
phenomena are associated with the sliding action of the abrasive against the workpiece; they
can be defined as the tribological aspects of machining,

A thorough understanding of the various tribological aspects during grinding is critical
to make a right choice of 'tool' for a given 'workpiece'. Lack of data relating tribological
effects of different abrasives used in grinding wheels on different workpiece materials makes
it difficult to choose the right type of abrasive for machining a given workpiece. Since in
grinding, a large number of abrasive particles are in contact with the workpiece, it is not
possible to evaluate the interactions between individual grits and the workpiece. Further, the
cost of wheel preparation adds to the high cost involved in conducting a full-scale grinding
trial to optimize the 'tool-workpiece' combination and the cost of manufacturing. It is

necessary to develop a lab-scale test method to screen the efficiency of a variety of abrasives
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with respect to a particular workpiece material. Testing with a single grit against a small
workpiece material in place of a grinding wheel and a large workpiece material is certainly an
attractive and cost-effective option. Such an approach will make the grinding process
planning effective and economical.

Previous studies involving single abrasives scratching against metals have been
conducted using different materials at different conditions with different test techniques [1 -
12). A detailed account of the literature will be provided in Chapter 2. The key focus of the
previous studies was to understand the wear of abrasives. Eiss Jr. [1] studied the fracture
strength of abrasives while cutting mild steel and showed that strength depended on the depth
of cut, tangential force and the number of cuts before fracture. Duwell and McDonald [2]
found that wear of abrasives occurs by either attritious wear (submicroscopic removal of
material from the surface by chemical degradation, melting, or plastic flow) or fragmentation
wear (loss of small volumes of the grit to relieve internal stresses). Komanduri and Shaw [3]
investigated the wear of silicon carbide abrasives and found that silicon carbide abrasive wears
by attrition. Konig et al. [4] quantified the wear rates of abrasives based on the cross-section
of wear grooves on the workpiece.

A few reports are available on single-grit abrasion studies pertaining to other aspects
in addition to the wear of abrasives. For example, Calabrese and Murray [5] studied the
morphology of the wear tracks formed by sliding single alumina and cubic boron nitride
abrasives against steel. Using this test result, they predicted the fatigue life of the steel
components ground with alumina wheels. In a single-grit scratching test, Buttery and

Hameed [6] found that the cutting efficiency of the abrasives increased with the cutting speed



and hardness of the workpiece material. Sedriks and Mulhearn [7] found that the mechanical
properties of the workpiece material, angular orientation of abrasive, and friction coefficient
affect the cross-sectional area formed by plowing. Sinha et al. [9] reported that the tangential
force on the abrasive grit varies linearly with the cross-sectional area of the chip formed
during cutting. Matuo et al. [10] found that the cutting force increases exponentially with the
increase in the apex angle of the conically shaped abrasive.

It is clear from the above discussion, that the single-grit abrasion tests reported in the
literature primarily used abrasives of controlled geometries, in addition to the few reports
using actual abrasives. The earlier research work focussed on qualitative evaluation of the
wear of abrasives. It is evident that no test design is available to correlate the single-grit -

abrasion test to grinding of steels in order to understand the tribological aspects of grinding.

1.2 Scope of the Thesis

The objective of this research is to develop a test method to assess the tribological
aspects of 'tool-workpiece' interactions during grinding of bearing steel and tool steel using
alumina and silicon carbide abrasives. A single-grit abrasion test was developed for this
purpose and the results, such as material removal rates of steels, coefficient of friction, and
the wear rate of abrasives obtained in these tests, were compared with the results obtained
during grinding. To confirm the validity of the single-grit abrasive tests, the mechanisms of
material removal identified in single-grit abrasion tests were compared with the mechanisms
of material removal identified during grinding. The results obtained can be used as reference

for choosing an appropriate abrasive for grinding each steel.
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1.3 Organization of Thesis

This thesis constitutes of five chapters following the introduction chapter. A brief

summary of each chapter is given below.

Chapter 2:

Chapter 3:

Chapter 4:

Background and Literature Review: This chapter gives a review of the
previous work done in this particular area of research. The entire review is
classified into two parts. The first part deals with the work done in
understanding the abrasive/work interactions. The second part reviews the
literature pertaining to the single-grit abrasion tests.

Materials and Method: This chapter describes the experimental procedure
adopted in the development and use of the single-grit abrasion test to
understand the tribological aspects of abrasive machining. The first section
describes the properties of the abrasives and workpiece materials used in this
study. The second section deals with the microstructural characterization of
the materials. The third section explains the test design developed using the
single-grit abrasion test. The fourth section describes the procedure for
abrasive machining using a cylindrical grinding machine.

Comparison of Single-Grit Abrasion and Grinding of Bearing Steel: This

chapter presents the results obtained during single-grit abrasion tests and
grinding tests on bearing steel. The results are compared and discussed in
detail with respect to the material removal rate, coefficient of friction, wear

of abrasives and mechanisms of material removal in both tests.



Chapter 5:  Comparison of Single-Grit Abrasion and Grinding of Tool Steel: This chapter
presents the results obtained during single-grit abrasion tests and grinding
tests on tool steel. The results are compared and discussed in detail with
respect to the material removal rate, coefficient of friction, wear of abrasives
and mechanisms of material removal in both tests.

Chapter 6:  Discussion of the Results: This chapter discusses the results obtained in this

study and offers explanation for the results.

Chapter 7:  Conclusions and Recommendations: This chapter summarizes the major

findings of the thesis and offers recommendations for future work.



Chapter 2

Background and Literature Review

2.1 Background

Abrasive machining is a widely used technique for manufacturing structural materials.
Grinding is one such abrasive machining technique used in the manufacture of metallic
components. During grinding, abrasive tools such as grinding wheels are used against the
workpiece materials under various settings of the parameters such as feed, depth of cut, table
speed, grinding fluid and type of wheels [13 - 15]. Among all the above mentioned
parameters the choice of the grinding wheels is an important aspect of grinding. The grinding
wheels are classified into different types based on the nature of abrasives and the nature of
bonding agents used in the wheel. Alumina, silicon carbide, boron carbide and diamond are
the commonly used abrasives in the manufacture of grinding wheels. The bonding agents are
usually made up of either resins, or metals, or glasses. Accordingly, the grinding wheels are
termed as either 'resinoid bond', or 'metal bond' or ‘vitreous bond' wheels.

An understanding of the interactions between the grinding wheel (tool) and the
workpiece during grinding is critical in order to select an appropriate grinding wheel and to
optimize the setting of grinding parameters. The interactions during grinding for a specific
combination of grinding wheel and workpiece can be classified mainly into the following four
groups. They are (i) the interactions between the abrasives and the workpiece, (ii) the

interactions between the bond used in the grinding wheels and the workpiece, (iii) the
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interactions between the chip formed during grinding and the workpiece, and (iv) the
interactions between the grinding chip and the bond used in the wheel [16]. Among these,
the interactions between the abrasives and the workpiece are of primary importance since they

contribute to the material removal process by abrasion.

2.2 Abrasion Studies

The process of abrasive wear of metallic materials by multiple particles has been
studied extensively for decades [17 - 22]. Khruschov [17] reported that the removal rate of
the workpiece depends on the hardness of both the abrasive and the material being abraded.
Sin et al., [18] found that the ductility of the workpiece materials was important in controlling
its removal rate. They found that highly ductile materials like nickel and copper had lower
material removal rate than less ductile materials like steel. The formation of debris by abrasion
was studied by Zum Gahr [19]. He observed that factors such as crystal anisotropy,
mechanical instability, flow pressure, work hardening, and ductility, influence the removal
rate. Garrison and Garriga [20] found that material removal by plowing decreases as hardness
of the workpiece material increases. Gundlach and Parks [21] investigated the effect of
abrasive hardness on the material removal rate of the workpiece and observed that it was
greatly influenced by the hardness and type of the abrasives used.

The mechanisms by which the material is removed in abrasion of metals have been
investigated and reported [18, 23 - 24]. Kato et al., [23] found that abrasion results in three
modes of material removal, namely, shearing, cutting and wedge formation. Kato [24]

reported that the abrasive wear mode undergoes transitions from ‘cutting’ to ‘wedge
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formation’ and to ‘plowing’ in single pass sliding based on the contact load. Sin et al., [18]
found that a transition from cutting to sliding (i.e., plowing) wear mechanism was a result of
the grit size effect.

The tribological interactions (including friction, wear, and lubrication effects) between
the contacting surfaces greatly depend on the experimental conditions [25 - 28]. The
influence of abrasive grit size and specimen size on removal rate was studied by Larsen-Basse
[26, 27]. He found that the "critical grit diameter" for material removal rate was dependent
on the length of the workpiece and proportional to the contact pressure used in the tests [26].
He also found that the nature of interactions between copper and silicon carbide abrasive
paper was independent of the grit size and that the average width of the grooves were not
significantly affected by the applied load, whereas the number of grains in contact increased
as a function of load [27]. Larsen-Basse [28] reported that the fracture stress of silicon
carbide abrasive grits increased as the grit size decreased and that the presence of moisture
decreased the fracture stress, causing self-sharping of the grits.

The above literature survey, has provided the introductory information on the work
done in understanding the abrasive wear of materials in general. Since abrasion phenomenon
plays a major role in material removal mechanisms during grinding, efforts in this thesis work
have been made to characterize the tribological interactions during single-grit abrasion of
materials. In the following section, the literature related to single-grit abrasive studies is

reviewed.



2.3 Single-Grit Abrasive Tests

Many researchers have conducted single-grit abrasion tests in order to understand the
abrasive wear phenomenon. The previous test results used either (i) abrasives of controlled
geometry (e.g., Vickers indentor) [6 - 8, 10 - 11] or (ii) actual abrasive grits [1 - 4, 12].

In the first case, Buttery and Hameed [6] conducted single grit abrasion test using
Vickers diamond indentor to understand the mechanics of grinding. They found that the
cutting efficiency of the abrasives increases with the cutting speed and the hardness of the
workpiece material. Sedriks and Muthearn [7, 8] performed abrasive wear experiments using
pyramidal tools. They found that the mechanical properties of the workpiece materials, the
friction coefficient and the orientation of the tools affect the cross-sectional area of the
grooves formed by plowing [7]. They also found that the friction coefficient determines the
critical angle to form chips and that work-hardening of the workpiece material results in
increased force to arrest the motion of abrasive [8]. The single grit abrasive study of Matuo
et al., [10] showed that the grit shape (e.g., conical or hemispherical) affects the forces
significantly, while the type of grit (e.g., diamond or cubic boron nitride) had no significant
effect on forces.

On the other hand, single-grit abrasion tests conducted using actual abrasive grits
emphasized on understanding the properties and wear performance of the abrasives [1 - 4,
12]. Eiss, Jr., [1], studied the fracture strength of single grits while cutting mild steel, and
showed that the fracture strength of the abrasives depends on the depth of cut, the tangential

force and the number of cuts before fracture. Brecker [12] investigated the effects of grit size



and shape on the fracture strength of abrasives. He found that the fracture strength of grains
increased as the particle size decreased and the strength was not affected significantly by the
shape of the grains [12]. The factors affecting the wear resistance of abrasive grits were
studied by Duwell and McDonald [2]. They observed that the performance of an abrasive for
a test depends on the workpiece and the lubricant used in the tests. Single-grit scratching to
simulate the wear of abrasives in the grinding process was investigated by Komanduri et al.,
[3], in the 1970s. They found that silicon carbide abrasives exhibited attritious wear behavior
with no metallic buildup on the surfaces, while alumina abrasives exhibited metallic buildups.

Single-grit abrasion studies were also conducted to understand the forces encountered
by individual abrasives during grinding by Sinha et al., [9]. They found that the tangential
force on the grain varied linearly with the cross-sectional area of the chip in cutting
experiments using single abrasive grains. Wear tracks formed by single alumina and CBN
abrasives on M50 steel were studied by Calabrese and Murray [5]. They found that the wear
tracks were in agreement with the grinding grooves formed on M50 steel by alumina and
CBN abrasive wheels. Based on this they suggested that in sifu simulation of grinding using
single abrasives may be possible.

The above literature review reveals that although a number of single-grit studies were
conducted, none of them established a fundamental relationship with grinding. In this
research, a test design is developed using single abrasive grits to facilitate a comparison
between a lab scale test and grinding. For this purpose, the load range and environmental
conditions are chosen so that both were similar in lab scale tests and grinding trials. Alumina

or silicon carbide abrasives used in the manufacture of grinding wheels are used. It should
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be borne in mind that any test design should be simple to be adopted in order to obtain
repeatable and reproducible results. For this reason, a widely used wear test machine such
as the 'pin-on-disk' tribometer with a fairly simple configuration is used to develop a test
method. Single abrasives are used instead of 'pins' against steel disks. The test method thus
designed is expected to help in understanding the mechanisms of material removal in addition
to evaluating such important phenomena as the material removal rate, friction coefficient, and

wear rate of abrasives during grinding.

11



Chapter 3

Materials and Method

3.1 Materials and Properties

Two types of steels were used as the workpiece materials in this study: AISI 52100
bearing steel and AISI M7 tool steel. These represent the most common steel materials used

for making tools and dies in manufacturing operations. Their chemical compositions are given

in Table 3-1.

Table 3-1  Chemical Compositions of Steels Studied *

Bearing Steel (% wt.) Tool Steel (% wt.)
C 095-1.1% 0.97-1.05%
Mn 03-05% 0.15-04%
Cr 14-1.65% 35-4%
“Si 0.35% 0.2-0.55%
P 0.03 % -
S 0.03 % --
w -- 14-21%
"ﬁo -- 82-92%
F -- 1.75-225%
Ni -- 03%
* From Reference 29

In order to understand the tribological interactions in grinding, knowledge of the
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physical and mechanical properties of the materials is important. The properties of the steels
used in the present study are listed in Table 3-2. The typical values of the Young's modulus,
Rockwell hardness and density of the two steels are shown in Table 3-2. The published

Table 3-2  Properties of Steels Studied

Properties Bearing Steel Tool Steel
Rockwell C hardness 4 62-66 64-66
Vickers hardness * 7.7+0.1 GPa 8.6 £ 0.06 GPa
Fracture toughness * Not determined 6.4 MPa m"?
Young’s modulus 206.8 GPa * 200 - 206.8 GPa °
Density 7.81 g/ec ® 7.94 g/ec ®

+ From this study

a From Reference 29
s From Reference 30
o From Reference 31
+ From Reference 32

values for the Rockwell hardness of these two steels are identical. In order to check the
hardness for the specific samples used in the study, the Vickers hardness and fracture
toughness values were determined. It is important to determine the fracture toughness of
these steels since the heat treatment was expected to affect the brittleness of the steels. The
Vickers hardness and the fracture toughness of the steels were measured on a polished steel
surface using the indentation crack technique [33]. The steel disks were consecutively
polished using silicon carbide papers of grit sizes 240, 320, 400 and 600. The final polishing
was done using 6 pum and 1 pm diamond pastes for hardness and toughness measurements.

A load of 300 N was used for the indentations. In order to obtain the hardness values for the
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steels, the diagonals of the indents were measured using an optical microscope (Nikon
Diaphot, Mager Scientific Inc., Dexter, MI). The Vickers hardness value was calculated by
dividing the applied load in Newtons by the square of the measured diagonal mean in
millimeters, as shown in the following equation.

H, = 1.854 P/d?

In the above equation P is the indentation load in Newtons, d is the measured mean
diagonal in millimeters. Vickers hardness of bearing steel and tool steel thus measured were
7.7 +£0.1 GPa and 8.6 & 0.06 GPa, respectively. For fracture toughness calculation, the crack
sizes from the indentations were measured using an optical microscope. The indentation
fracture toughness was calculated using the following equation as described by Anstis et al.
[33]

Fracture toughness (K,.) = 0.016 (E/H)"?P/c*? *

In the above equation P is the indentation load in Newtons, ¢ is the length of the crack
in millimeters, H the measured hardness of the material and E the Young's modulus of the
material. From Figures 3-1a and 3-1b, it can be seen that the tool steel (Figure 3-1a)
exhibited cracks from the corners of the indentation impression, whereas no cracking could
be observed for the bearing steel at the same load (Figure 3-1b). Using the crack size, the
fracture toughness of tool steel was estimated to be 6.4 MPa m'2. Since there were no cracks
in the bearing steel the toughness of this material could not be determined and was expected
to be higher than that of the tool steel.

Commercially available alumina and silicon carbide abrasive grits (provided by the

» This equation is used mainly for brittle materials.
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(b)

Figure 3-1  Optical micrographs of Vicker's indentation on (a) bearing steel
and (b) tool steel

15



Norton company) were used in this study. The abrasives that were used in the manufacture
of grinding wheels were selected for this purpose. The properties of the abrasives studied are

shown in Table 3-3. The alumina abrasive was designated as 38 A with a grit size of 20. The

Table 3-3  Properties of Abrasives Studied

Properties Alumina Silicon carbide
Knoop hardness ° 19.6 GPa 24.5 GPa
Young’s modulus * 496 GPa 524 GPa
True Density ° 3.95 g/cc 3.2 glce
“Melting point ° 2000 °C Dissociates at approx. 2300 °C
nCrystal form °© Alpha Alumina Alpha Silicon carbide

o From Reference 34
« From Reference 3

silicon carbide abrasive was designated as 39C with a grit size of 20. The information
regarding the Knoop hardness values, densities, melting temperatures and the crystal forms
of the particular abrasives as provided by the supplier [34] are listed in Table 3-3. Typical
values for Young's modulus of alumina and silicon carbide abrasives are shown in Table 3-3

as 496 GPa and 524 GPa, respectively [3].

3.2 Microstructure

The microstructural details of the bearing steel and tool steel were characterized using

polished and etched surfaces. Steel disks with a diameter of 60 mm and a thickness of 6 mm,
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were polished initially using silicon carbide papers of grit sizes 240, 320, 400 and 600. The
specimens were further polished using micro-suspension cloth and oil-based diamond
suspensions of 6, 1, 0.25 um. The polished disks were etched for 10 seconds in 2% nital (2%
nitric acid in ethyl alcohol). The etched surfaces were examined under an optical microscope.

The optical micrographs of the etched surfaces of bearing steel and tool steel are
shown in Figures 3-2a and 3-2b, respectively. The microstructure of bearing steel shows a
fine grain structure (Figure 3-2a). The hard carbide particles of about 0.75 um in size are
distributed uniformly in the soft martensitic matrix (Figure 3-2a). The grain size of tool steel
is almost ten times coarser than that of bearing steel (Figure 3-2b). The hard carbide
particles appear as agglomerations as large as 15 pm in size and are arranged in a hexagonal
fashion (Figure 3-2b). The steels contain other inclusions which appear as dark regions
indicated by the arrows in Figures 3-2a and 3-2b.

The alumina and silicon carbide abrasives used in the tests were examined under a
scanning electron microscope (Hitachi S-530, Hitachi Ltd., Japan). The abrasives were
sputtered with gold before viewing them under the SEM. Two low magnification SEM
micrographs of the alumina and silicon carbide abrasives are shown in Figure 3-3a and 3-3b
respectively. From Figure 3-3a and 3-3b, it can be seen that both the abrasives have similar
morphological features such as irregular facets. The average diameter of the abrasives was

about 1.3 mm in both cases.

3.3 Single-Grit Abrasion Test Design

A test design was developed to study the tribological interactions of the abrasives with
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(b)

Figure 3-2  Optical micrographs revealing microstructure of (a) bearing steel

and (b) tool steel
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(b)

Figure 3-3  SEM micrographs of (a) alumina abrasives and (b) silicon carbide
abrasives
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the workpiece using a pin-on-disc tribometer (CSEM, Switzerland). The single-grit abrasion
tests were performed on steel disks (as workpiece materials) sliding against either alumina or
silicon carbide abrasive particles. Polished steel specimens were used as the disks and the
abrasives attached to specially designed pin.

The schematic of the pin-on-disk test setup is shown in Figure 3-4. In order to hold

Wear track

Figure 3-4 Schematic of Single-Grit Abrasion Test Apparatus

a single abrasive particle, a conical cavity of diameter 1 + 0.02 mm, was provided at the end
of the pin (Figure 3-4). A drop of cyano acrylate glue (super glue adhesive) was placed in
the conical cavity of the holder, an abrasive particle was placed into the groove, and the glue
was allowed to harden for 24 hours. The abrasive particles were glued such that the longer

axis was perpendicular to the base of the holder. The abrasive particle was inspected to make
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sure that the glue was not covering the particle, and that the particle was securely attached
to the holder and could not be removed by forcing it to the sides. The steel disks were
consecutively polished using silicon carbide papers of 240, 320, 400 and 600 grit sizes. As
the abrasives were inconsistent in morphology, a few similarly shaped abrasives weighing
approximately 0.4 g with an average diameter of 1.3 mm were selected for this study using
an optical microscope.

The single-grit abrasion test conditions used in the present study are as shown in Table
3-4. The tests were performed at several loads ranging from 0.5 N to 5 N. These loads

Table 3-4  Single-Grit Abrasion Test Conditions

Test Parameter Specification
Disk material Polished bearing steel or tool steel
Pin material Alumina or Silicon carbide
Applied normal load 05,1,2,3,4and SN
Sliding speed 0.1 m/s
Sliding distance 10m
Environment Dryor

Wet (5% by volume of VHP E210 grinding fluid)

were selected since they were consistent with the normal forces encountered by a single-grit
during grinding. The procedure adopted to calculate the normal force per grit is given in
Appendix A. In brief, the normal force per grit in grinding was estimated by using the
measured grinding force and an estimate for the number of grits in contact with the

workpiece. The number of grits in contact was calculated by multiplying Shaw's contact
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length for the grinding process and the grit concentration per unit area in the grinding wheel.
Shaw's contact length is given by the square root of the product of the depth of cut and the
equivalent diameter of the workpiece and grinding wheel. The load per grit calculated for the
normal forces existing during grinding tests of this study ranged from 0.7 N to 10N.

A sliding speed of 0.1 m/s, which was the maximum speed possible for the tribometer
was chosen. This speed is much smaller than the relative surface speed used in grinding (~
40 m/s). Thus, the thermal effects present in grinding are not simulated in the single-grit
abrasion tests. The test was conducted for a constant sliding distance of 10m. The number
of rotations were adjusted based on the diameter of the wear track to maintain a constant
sliding distance of 10m. A new abrasive particle was used for testing at each load. The tests
were performed under both dry and wet conditions. For the dry tests, the relative humidity
varied from 60 to 70% at room temperature condition (approximately 22° C). For the wet
tests, a 5% by volume of VHP E210 oil-in-water grinding emulsion (Master Chemical

Company) was used. The tests were repeated three times for each condition.

3.4 Procedure for Grinding Tests

The grinding operation was performed under a constant normal force using a Herald
ICF machine. The steel disks of circumference 101.6 mm were ground in a cylindrical plunge
mode, using abrasive wheels made from the same alumina and silicon carbide abrasives used
in the single-grit abrasion tests. A schematic of cylindrical plunge grinding is shown in Figure
3-5. The grinding experiments were performed under the conditions as shown in Table 3-5.

The tests were conducted at various constant applied loads, by adding weights to the axis of
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Abrasive Grinding Wheel

Cylindrical Workpiece

Figure 3-5  Schematic of Cylindrical Plunge Grinding
the grinding wheel. The constant force grinding condition enabled the comparison between
single-grit abrasion tests and grinding tests. The grinding was done in dry and wet conditions.
The grinding fluid used during wet grinding was the same as that used in wet single-grit
abrasion tests described in the previous section. The abrasive wheels were dressed and trued
before each experiment to ensure that the condition of the wheel was the same at the
beginning of each experiment. This maintained a perfect contour of the wheels for the tests
and exposed new abrasives thus increasing the sharpness of the wheels. A combination of

truing and dressing of the wheels was achieved by using a diamond wheel.
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Table 3-5

Grinding Test Conditions

"]

Test Parameter Specification
Work piece material Bearing steel or tool steel
Grinding wheel Alumina or Silicon carbide
Applied constant force 1.7,2.6,3.5,43,5.2,6.1 and 6.9 N/mm
Work piece diameter 101.6 mm
Grinding wheel diameter 127 mm
| Measured radial feed 0.002 mm/s to 0.04 mm/s
Workpiece speed 0.8 m/s
Grinding wheel speed 40 m/s
Environment Dry or

Wet (5% by volume of VHP E210 grinding

fluid, Master Chemical Corporation)

3.5 Characterizations in Single-Grit Abrasion Tests

3.5.1 Measurement of Friction Force

The friction force was monitored via a transducer during the single-grit abrasion

experiments. The force data were recorded using a data aquistition system. The friction

coefficient during the tests was calculated as the ratio of the steady state friction force (in

Newtons) to the normal load (in Newtons). From the three repeated single-grit abrasion tests,

the average coefficient of friction and the standard deviation were calculated.
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3.5.2 Measurement of Material Removal Rate

The volume of material removed by alumina and silicon carbide abrasives abrading
against the steels was determined from the recorded surface profiles across the wear tracks.
Surface profiles were obtained using a stylus surface profilometer (Perthen, Germany) with
a diamond stylus with a tip radius of about 10 pm. The surface profiles of each track were
recorded at three different locations on the wear track. Prior to surface profile measurements,
the steel samples were ultrasonically cleaned in acetone for 2 minutes to remove debris and
wear particles (see Section 3.5.4). Typical wear track profiles recorded in this manner for

tracks from both dry and wet condition are shown in Figure 3-6. The obtained surface
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Figure3-6  Typical surface profile of wear tracks under (a) dry condition and
(b) wet conditions
profiles were scanned using an optical scanner (Epson ES-1200C, Seiko Epson, Corp.,
Japan). The scanned images were then digitized using a commercial software (Un-Scan It).
The software converted the scanned images into x, y data points that were used to determine

the cross-sectional areas of the wear tracks. The average area from the three profiles per
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track was used to calculate the volume of material removed during a single test. The volume
of material removed was calculated by multiplying the cross-sectional area of the wear scar
by the length of the wear track, as shown in the following equation.

Volume of material removed = m d, A
where A is the average cross-sectional area of the wear scar in millimeters square, and d, is
the diameter of the wear track in millimeters. The material removal rate (in mm®/s) was
calculated by dividing the volume of material removed (in cubic millimeters) by the sliding

time (in seconds).

3.5.3 Measurement of Weight Loss of Abrasives

Wear of abrasives was determined using a weight loss method. The individual
abrasives were weighed before each test. After the test the abrasives were removed from the
pin by placing the pin in acetone and ultrasonicating for 3 minutes. The individual abrasives
were then blow-dried using flowing nitrogen gas and then weighed. The difference in the
weights of the abrasives before and after each test was used as the weight loss of the

abrasives. The accuracy of the weight loss measurements was in the range of 10% g,

3.5.4 SEM Analysis of the Debris

The morphological features of the debris collected during single-grit abrasion tests
were examined using a scanning electron microscope (SEM). In the dry single-grit abrasion

tests, the debris were directly collected from the tracks using double-sided adhesive tape, and
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coated with a thin layer of gold. The coated debris were then viewed under SEM. In the wet
single-grit abrasion tests the fluid was collected and the emulsion was dissolved in hexane.
The debris were filtered using a filter paper (Whatman Size No. 1). The filtered debris were
then transferred onto a double side adhesive tape, and coated with a thin layer of gold. The

coated debris were viewed under SEM.

3.6 Characterizations in Grinding

3.6.1 Measurement of Force Ratio

The power consumed in grinding (in horsepower) was measured during the grinding
tests and the tangential force was calculated as the ratio of the measured power to the wheel
speed (in millimeters per second). The force ratio was then calculated as the ratio of the
tangential force F, (in Newtons per millimeters) to the applied constant normal force E, (in

Newtons per millimeters). The force ratio can be considered as the friction coefficient.

3.6.2 Measurement of Material Removal Rate

The diameter of the cylinder being ground was measured before and after the grinding
process. The volume of material removed was calculated using the diameter and the thickness
of the cylinder as given below.

Volume of material removed = = (d; - dp)* t,
In the above equation d; is the initial diameter of the cylinder in millimeters, d; is the final

diameter of the cylinder in millimeters, and t, is the thickness of the cylinder in millimeters.
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The material removal rate (in mm®/s) was then calculated by dividing the volume of material

removed (in cubic millimeters) by the machining time (in seconds).

3.6.3 Measurement of Wheel Wear

The wear of grinding wheel during grinding was calculated from the depth of wear
groove formed on the wheel. A depth gauge was used for measuring the exact depth of
groove. The groove depth was multiplied by width of the groove and the average
circumference of the grinding wheel to obtain the wheel wear volume. The wheel wear rate
(in mm’/s) was then calculated by dividing the wheel wear volume (in cubic millimeters) by

machining time (in seconds).

3.6.4 SEM Analysis of the Debris

The morphological features of the debris collected during grinding tests were
examined using SEM. The steel surfaces after dry and wet grinding were wiped with filter
paper to collect the grinding debris. The debris collected during the dry grinding tests were
then transferred onto a double side adhesive tape, and coated with a thin layer of gold. The
gold coated debris were viewed under SEM. The debris from the wet grinding tests were
rinsed in hexane to dissolve the emulsion. The rinsed debris were then transferred onto a
double side adhesive tape, and coated with a thin layer of gold. The gold coated debris were

viewed under SEM.
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Chapter 4

Comparison of Single-Grit Abrasion and Grinding of Bearing Steel

4.1 Single-Grit Abrasion Tests

4.1.1 Material Removal Rate of Bearing Steel

The removal rate of bearing steel as a result of abrasion against alumina and silicon
carbide abrasives during dry and wet single-grit abrasion tests are shown in Figures 4-1a and
4-1b, respectively. Under the dry condition, the material removal rate for the bearing steel
increases with load for both alumina and silicon carbide particles (Figure 4-1a). The removal
rate of steel, however, is higher against alumina than against silicon carbide. Under the wet
condition, the material removal rate remains constant at low loads for alumina particles with
a large increase at 3 N load (Figure 4-1b). When silicon carbide abrasive is used the material
removal rate gradually increases at the low loads, however, a large increase is observed at a

load of 3 N. The difference in the removal rate between the abrasives is not significant at the

high loads.

4.1.2 Coefficient of Friction

The measured friction coefficients during single-grit abrasion tests are as shown in
Figures 4-2a and 4-2b for the dry and wet tests, respectively. Because of the scatter, it is

difficult to make a general conclusion regarding the effect of load on the coefficient of friction

29




~0— Alumina
xz —o—Silicon carbide Dry Single-Grit Abrasion of Bearing Steel
E«
q
[
&
]
&
-
B
[
:
éu +
1
- 7 T
o -+ ° —r—r—t . ¥ p—
- Applied Normal Load (N) 10
()
0
—0— Alumina
"Qw —o—Silicon carbide Wet Single-Grit Abrasion of Bearing Steel
'f
S
%so i
I
&
E
20 -
g
&
=
%10
= ! I
= I —1
0 TR N +
. 0
ol Applied Nor}nal Load (N) !
(b)

Figure 4-1  Material removal rate of bearing steel vs applied normal load during the

single-grit abrasion tests against both abrasives under (a) dry and (b) wet
conditions
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Figure 4-2  Friction coefficient vs applied normal load during the single-grit abrasion

of bearing steel against both abrasives under (a) dry and (b) wet
conditions
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in the dry tests. However, the coefficient of friction is higher when alumina is used as the
abrasive than when silicon carbide is used, as illustrated in Figure 4-2a. The coefficient of
friction under the wet condition for the single-grit abrasion tests is lower compared to the
tests conducted under the dry condition (Figures 4-2a and 4-2b). In the wet tests, the
coefficient of friction is independent of load and almost the same for both abrasives as shown

in Figure 4-2b.

4.1.3 Wear of Abrasives

The wear of abrasives measured by the weight loss measurements at different loads
are shown in Figures 4-3a and 4-3b for the dry and wet single-grit abrasion tests. The weight
loss of alumina abrasive is larger than that of the silicon carbide abrasive in the dry single-grit
abrasion tests (Figure 4-3a). In the wet tests, there is no difference in the wear of abrasives

at low loads, but weight loss of silicon carbide is higher than that of alumina at larger loads

(Figure 4-3b).

4.1.4 Mechanism of Material Removal in Bearing Steel

The SEM analysis of the wear debris collected during dry single-grit abrasion tests
exhibit thin curly chips for both the alumina and silicon carbide abrasives (Figures 4-4a and
4-4b). These chips are typical cutting chips, confirming that the material removal in the
single-grit abrasion tests is through a cutting process. The wear debris collected from the wet

tests also exhibited similar cutting chips.
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Figure 4-3  Weight loss in abrasives vs applied normal load during the single-grit
abrasion of bearing steel against both abrasives under (a) dry and (b) wet
conditions
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(b)

Figure 4-4 SEM micrographs of bearing steel debris during single-grit abrasion
against (a) alumina and (b) silicon carbide abrasives at S N load,
under the dry condition
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4.2 Comparative Study with Grinding

4.2.1 Material Removal Rate of Bearing Steel

The material removal rate for the bearing steel in grinding is shown in Figures 4-5a
and 4-5b for dry and wet grinding respectively. Under both conditions the material removal
rate increases with the normal grinding force for both alumina and silicon carbide wheels. The
removal rate of steel is gradual and lesser with the silicon carbide wheel than with the alumina
wheel in both dry and wet grinding.

When comparing Figures 4-1a and 4-5a, it is seen that under the dry condition, the
removal rate of steel by alumina abrasives is larger than that by silicon carbide in both single-
grit abrasion and grinding tests. Under the wet condition, there exists a difference between
the abrasives in grinding, but such a difference is not observed in the single-grit abrasion tests
(Figures 4-1b and 4-5b). The removal rate in the wet environment is higher than the removal
rate in the dry environment during both the single-grit abrasion and grinding tests for both
abrasives, especially at higher loads and forces (Figures 4-1a, 4-1b, 4-2a and 4-2b). The
trends observed in the material removal rate for both single-grit abrasion and grinding are

quite similar.

4.2.2 Force Ratio

The force ratios calculated using the normal and tangential grinding forces are shown

in Figures 4-6a and 4-6b for the dry and wet grinding conditions, respectively. The force
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Figure 4-5  Material removal rate of bearing steel vs applied grinding force during
the grinding tests with both abrasive wheels under (a) dry and (b) wet
conditions
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ratio shows a slight decreasing trend as the grinding force increases. In both dry and wet
grinding, the force ratio with the alumina wheel is higher compared to the silicon carbide
wheel (Figures 4-6a and 4-6b). However, under dry grinding at the lowest applied force of
5 N/mm, the force ratio for the silicon carbide wheel is higher than for the alumina wheel. It
may be noted that the grinding fluid does not act as a lubricant in case of grinding, since the
force ratio is not affected by the presence of the grinding fluid.

A comparison of the coefficient of friction observed during single-grit abrasion
(Figures 4-2a and 4-2b) and the force ratio (Figure 4-6a and 4-6b) observed during grinding
suggests the following: (1) Under dry condition, the friction coefficient with alumina abrasive
is larger than with the silicon carbide abrasive for both single-grit abrasion and grinding
except at the lowest grinding force, (Figures 4-2a and 4-6a). (2) Under the wet grinding
condition, there exists a difference between the alumina and silicon carbide abrasives.
However, such a difference is not observed in the single-grit abrasion tests (Figures 4-2b and

4-6b).

4.2.3 Wheel Wear

The wheel wear rates of the alumina and silicon carbide wheels calculated from the
depth of wear groove on the wheels are shown in Figures 4-7a and 4-7b. The wear of both
alumina and silicon carbide wheels increases as the grinding force increases in both dry and
wet grinding. In both cases, the wear of alumina wheel is higher than the wear of silicon
carbide wheel (Figures 4-7a and 4-7b). It is observed that wet grinding causes more wheel

wear than dry grinding.
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The higher wear of alumina abrasives compared with silicon carbide in single-grit
abrasion tests under dry condition agrees with the higher wheel wear noted for alumina wheel
during dry grinding (Figures 4-3a and 4-7a). Under the wet condition, there exists a
difference between the abrasives in grinding, but such a difference is not observed in the

single-grit abrasion tests (Figures 4-3b and 4-7b).

4.2.4 Mechanism of Material Removal in Bearing Steel

The grinding swarf (debris) reveals thin curly cutting chips along with spherical
globules with both alumina and silicon carbide wheels (Figures 4-8a and 4-8b). Similar
globular wear particles during grinding of steel have been reported by others [35]. From
Figure 4-9, it can be speculated that the globules are formed as a result of melting and
solidification at high local temperatures during grinding. The swarf debris collected during
wet grinding exhibited similar features but with fewer globules, suggesting a lower
temperature due to cooling effects of the grinding fluid. The thin curly chips found during
grinding of bearing steel are similar to the cutting chips collected during single-grit abrasion

tests (Figures 4-4 and 4-8).

4.3 Summary

The trends in material removal rate, coefficient of friction, wear of abrasives, and the
mechanism of material removal observed during single-grit abrasion tests were compared

with the results obtained during grinding of bearing steel. The trends in material removal
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(b)

Figure 4-8 SEM micrographs of bearing steel grinding swarf debris against
(a) alumina and (b) silicon carbide abrasive wheels at 17.6 N/mm

normal force, under dry condition
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Figure 4-9  High magnification SEM of globular a debris forming at the tip of a
cutting chip

rate of bearing steel by alumina or silicon carbide in single-grit abrasion tests were in agreement
with the trends in the material removal rate of bearing steel observed during grinding. The
coefficient of friction during single-abrasion tests under the wet condition revealed lesser values
compared to the dry condition. However, no such difference was observed between the wet and
dry grinding of bearing steel. Single-grit abrasion tests recorded higher wear of alumina abrasives
as compared to silicon carbide, which was indeed the case in grinding. The debris collected
during single-grit abrasion tests as well as those collected during grinding tests indicated long
curly chips. Spherical debris particles were observed during grinding but not during single-grit
abrasion tests. The mechanism of material removal during grinding of bearing steel was observed

to be dominated by a "cutting' process similar to the single-grit abrasion tests.
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Chapter 5

Comparison of Single-Grit Abrasion and Grinding of Tool Steel

5.1 Single-Grit Abrasion Tests

5.1.1 Material Removal Rate of Tool Steel

The material removal rates of tool steel as a result of abrasion against alumina and
silicon carbide abrasives during dry and wet single-grit abrasion tests are shown in Figures 5-
1a and 5-1b, respectively. Under the dry condition, the material removal rate for the tool
steel is almost the same with both alumina and silicon carbide abrasives and gradually
increases with load (Figure 5-1a). Under the wet condition, the material removal rate
increases gradually at low loads; however a significant increase in the material removal rate
is observed when the load is above 2 N (Figure 5-1b). Such an increase is observed for both
abrasives. No significant difference in the material removal rate is observed between the two

abrasives.

5.1.2 Coefficient of Friction

The coefficients of friction during single-grit abrasion tests for the dry and wet
conditions are shown in Figures 5-2a and 5-2b, respectively. Because of the scatter, it is
difficult to make a general conclusion regarding the effect of load on the friction coefficient

in the dry tests. In the dry tests, the coefficient of friction with the alumina abrasive is higher
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Figure 5-1  Material removal rate of tool steel vs applied normal load during

single-grit abrasion tests against both abrasives under (a) dry and
(b) wet conditons
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than with the silicon carbide abrasives at low loads, but they are comparable at high loads
(Figure 5-2a). Under the wet condition, the coefficient of friction remains unchanged when
the load is increased for both abrasives (Figure 5-2b). The coefficients of friction are almost
the same for both abrasives under the wet condition but lower compared to the dry condition

as shown in Figures 5-2a and 5-2b.

5.1.3 Wear of Abrasives

The wear of abrasives measured by the weight loss measurements at different loads
are shown in Figures 5-3a and 5-3b for the dry and wet single-grit abrasion tests respectively.
The wear of alumina abrasive is more than the silicon carbide abrasive in the dry tests at the
intermediate loads (Figure 5-3a). In the wet tests, no distinction can be made between the

weight loss of the abrasives (Figure 5-3b).

5.1.4 Mechanism of Material Removal in Tool Steel

The SEM analyses of the wear debris collected during dry single-grit abrasion of tool
steel revealed a few small and thin curly chips along with a large number of small and flat
chips for both alumina and silicon carbide abrasives (Figures 5-4a and 5-4b). The flat chips
are typical of plowing chips, confirming that the material removal in the single-grit abrasion
of tool steel is dominated by plowing. The wear debris collected from the wet tests also

exhibited similar plowing chips.
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conditions
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5.2 Comparative Study with Grinding

5.2.1 Material Removal Rate of Tool Steel

The material removal rates of tool steel in the grinding tests are shown in Figures 5-5a
and 5-5b for dry and wet grinding, respectively. During grinding with the alumina wheel, the
material removal rate increases with the normal grinding force for both dry and wet grinding
(Figures 5-5a and 5-5b). In dry grinding of tool steel with alumina the material removal rate
steadily increases with normal force (Figure 5-5a), while in wet grinding a sharp increase in
the material removal rate is observed at 15 N/ mm (Figure 5-5b). The material removal rate
for silicon carbide wheel in dry grinding remains unchanged as the normal force is increased,
while a gradual increase is observed in wet grinding (Figures 5-5a and 5-5b ). In both dry
and wet grinding, the removal rate of tool steel is higher with the alumina wheel than with
the silicon carbide wheel.

By comparing Figures 5-1 and 5-5, it can be noticed that the removal rate in the wet
environment is higher than the removal rate under the dry condition for the single-grit
abrasion tests, but not for the grinding tests. We also observe a difference in the material
removal rate for the different abrasives in the grinding tests, whereas no such difference is

observed in the single-grit abrasion tests.

5.2.2 Force Ratio

The force ratio in grinding calculated using the normal and tangential grinding forces,
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Figure 5-5  Material removal rate of tool steel vs applied grinding force during the
grinding tests with both abrasive wheels under (a) dry and (b) wet
conditions
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are shown in Figures 5-6a and 5-6b for the dry and wet grinding conditions, respectively. The
force ratio for alumina wheel shows a slight increasing trend as the normal force is increased
for both dry and wet grinding (Figures 5-6a and 5-6b). The force ratio for silicon carbide
wheel shows a decreasing trend in dry grinding but remains almost constant for wet grinding
(Figures 5-6a and 5-6b). The alumina wheel is associated with a higher force ratio than the
silicon carbide wheel at high normal forces for both dry and wet grinding. It should be noted
that the grinding fluid does not act as a lubricant in grinding, since the force ratio is not
lowered by the presence of the fluid.

By comparing the friction coefficients obtained during single-grit abrasion tests with
the force ratio obtained during grinding tests (Figures 5-2a, 5-2b, 5-6a and 5-6b), we can see
that in case of single-grit abrasion tests, the fluid reduces the coefficient of friction. However,
no such reduction in the force ratio is observed in grinding. Another observation is that the
use of different abrasive wheels resulted in different force ratios during the wet grinding,

while no such difference can be noticed in the wet single-grit abrasion tests.

5.2.3 Wheel Wear

The wheel wear rates calculated using the depth of wear grooves in the wheels for
both dry and wet grinding are shown in Figures 5-7a and 5-7b. The wear rate of alumina
wheel is higher than that of the silicon carbide wheel (Figures 5-7a and 5-7b) at a given
normal force. The wear of alumina wheel increases as the grinding force increases in both dry
and wet grinding. The wear of silicon carbide wheel remains constant in dry grinding, but

increases rapidly with the normal force in wet grinding. Wet grinding causes more wheel
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wear than dry grinding for both alumina and silicon carbide wheels.

The higher wear rate of alumina abrasives compared with silicon carbide abrasives
observed in dry single-grit abrasion tests agrees with the higher wheel wear noted for alumina
wheel compared to the silicon carbide wheel during dry grinding (Figures 5-3 and 5-7). We
observe a difference between the abrasives in the grinding tests, while no such difference is

observed in the single-grit abrasion tests.

5.2.4 Mechanisms of Material Removal in Tool Steel

The SEM micrographs of the swarf (debris) collected during dry grinding of tool steel
with alumina and silicon carbide wheels are shown in Figures 5-8 and 5-8b. The debris reveal
small flat chips (which are characteristic of plowing) and a few thin curly chips (which are
typical for cutting). Several spherical debris are also evident. The spherical particles are
attributed to the melting and resolidification of steel as a result of high temperatures. The
swarf collected during the wet grinding exhibited similar features but with fewer globules.

It is noted from Figures 5-4 and 5-8 that the dominant mechanism of material removal
during both grinding and single-grit abrasion tests are the same. The debris showing plowing
and cutting chips suggest that the material removal process in both tests consists of a
combination of plowing and cutting mechanisms, with plowing being the dominating

mechanism.
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Figure 5-8  SEM micrographs of tool steel grinding swarf debris against
(a) alumina and (b) silicon carbide abrasive wheels at 17.6 N/'mm
normal force, under dry condition
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53 Summary

Results obtained using single abrasives of alumina or silicon carbide were compared
with the results obtained using alumina or silicon carbide wheels during grinding. The trends
observed in the material removal rate of tool steel by alumina or silicon carbide abrasives in
single-grit abrasion were in agreement with those observed for the tool steel during grinding.
The coefficient of friction during single-grit abrasion tests under the wet condition revealed
lesser values compared to dry condition. No such difference was observed between the wet
and dry grinding of tool steel. Single-grit abrasion tests recorded higher wear for the alumina
abrasives compared to silicon carbide, similar to grinding. The debris collected during single-
grit abrasion tests, as well as grinding tests, indicated flat chips in addition to few curly chips.
The mechanism of material removal during grinding of tool steel was dominated mostly by
plowing, although cutting type chips were also observed. Spherical particles were observed

only during grinding but not during the single-grit abrasion test.
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Chapter 6

Discussion of Results

In this research, it was shown that the trends in the material removal rate and the
mechanisms of material removal during grinding can be predicted using the results obtained
from single-grit abrasion tests under comparable experimental conditions. The material
removal rate of the two types steels studied was higher under the ‘wet' condition than that in
the 'dry’ condition in both single-grit abrasion and grinding. The material removal rates of the
bearing steel and tool steel against alumina abrasives were higher than the removal rates
against silicon carbide abrasives. The friction coefficients observed during single-grit abrasion
tests under wet condition were lower compared to dry condition. However, no such effect
could be observed in the grinding study. The alumina abrasive was subjected to a faster wear
rate than the silicon carbide abrasive in both dry single-grit abrasion and in dry grinding. In
the single-grit abrasion test as well as in grinding, both abrasives had a larger wear rate under
the wet condition compared to the dry condition. The mechanism of material removal of
bearing steel was found to be dominated by cutting, whereas a plowing mechanism controlled

the material removal process of tool steel.

6.1 Material Removal Rate

For a given 'abrasive-workpiece' combination, the material removal rate as a function

of load or grinding force followed a similar trend in single-grit abrasion and grinding studies.
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For example, the material removal rate of bearing steel against silicon carbide abrasive in the
dry condition increased gradually in both single-grit abrasion (Figure 4-1a) and grinding tests
(Figure 4-5a). This suggests that single-grit abrasion tests could be used to predict the overall
trend in material removal rate during grinding. However, the data obtained using single-grit
abrasion tests reveal a larger scatter, which may be attributed to the use of different abrasive
grits selected for each test.

Having confirmed that the trend in the material removal rate could be predicted using
the single-grit abrasion study, the effect of environment on material removal rate of both
steels needs to be understood. The material removal rates of bearing steel and tool steel in
both grinding (Figure 4-5b and Figure 5-5b) and single-grit abrasion experiments (Figure 4-1b
and Figure 5-1b) under wet condition were higher compared to those under the dry condition
(Figures 4-5a, Figure 5-5a, Figure 4-1a, and Figure 5-1a). The larger wear scar area during
single-grit abrasion tests under the wet condition is evident from the typical surface profiles
of the wear tracks shown in Figure 3-6. The higher removal rate under the wet condition can
be attributed to the wear of abrasives. That is, during wet conditions the worn contact
surface of the abrasives results in larger number of sharp facets that aids in higher material
removal rate (see section 6.3). This observation is in agreement with the observations of
Konig et al., [4], who found a higher material removal rate under wet condition.

The effect of abrasive type, i.e., alumina or silicon carbide on the material removal rate
of steels can be analyzed as follows. From Figures 4-1, 4-4, 5-1 and 5-5 it is clear that
alumina abrasive is more efficient than silicon carbide abrasive in the material removal

process. Abrasive wear studies of Gundlach and Parks [21], showed that the removal rate
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of the workpiece material was greatly influenced by the hardness and type of the abrasives
used. They observed that harder abrasives removed more material compared to softer
abrasives. However, in the present study the alumina abrasive (with a Knoop hardness of
19.6 GPa) resulted in a higher material removal rate than the silicon carbide abrasive (with
a Knoop hardness of 24.5 GPa) in both grinding and single-grit abrasion. This contradictory
result can be rationalized based on the different mechanisms by which the alumina and silicon

carbide abrasives wear. The wear of abrasives will be discussed in section 6.3.

6.2 Coefficient of Friction

Another important tribological aspect during grinding is the coefficient of friction.
From Figures 4-6 and 5-6, it is observed that the presence of the grinding fluid does not
decrease the force ratio (which is related to the coefficient of friction) in the grinding tests.
This indicates that the grinding fluid behaves more like a coolant than a lubricant. Our results

are in agreement with those of Osman and Malkin [37], who observed that the cooling effect
of the grinding fluid was more significant than the lubrication effect during grinding.

The effect of abrasive type of on the coefficient of friction can be understood as
follows. When Figures 4-2 and 5-2 are compared, it is clear that there exists a difference in
the coefficient of friction for alumina and silicon carbide abrasives in the single-grit abrasion
tests under dry condition but not in the wet condition. It is a common observation that the
coefficient of friction in the absence of a fluid, depends on the type of materials in contact.

However, in wet tests, this difference is either very small or not evident.
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6.3 Wear of Abrasives

Our results demonstrate that the alumina abrasive wears faster than the silicon carbide
abrasive during both the single-grit abrasion test and grinding (Figures 4-3, 4-7, 5-3 and 5-7).
The wear process of the abrasives is often described to follow either a fragmentation/micro-
chipping process (i.e., loss of small volumes of the grit to relieve internal stresses) or an
attritious wear process (i.e., submicroscopic removal of material from the surface by chemical
degradation, melting or plastic flow) [2]. The excessive wear of the alumina abrasive in the
present study suggests that alumina wears by fragmentation/micro-chipping. It may be noted
that the abrasives that wear by micro-chipping are classified as friable abrasives. The 38A
alumina used in this research is considered to be a very friable abrasive [36]. During grinding
the friable abrasives undergo fragmentation, thus exposing new sharp edges to the work-piece
resulting in an efficient material removal process. This is commonly known as 'self-
sharpening' of abrasives [28].

It has been reported that silicon carbide undergoes attritious wear when used in
grinding steel [2, 3]. The lesser wear of the silicon carbide abrasives compared to the alumina
abrasives in the present study suggests a possible attritious wear process for the silicon
carbide. Komanduri and Shaw [3] pointed out that silicon carbide abrasive chemically reacts
with steel resulting in attritious wear. They found that the sub-microscopic removal of
material from the abrasives during attritious wear resulted in dulling of the abrasives and
reduction in material removal rate. Also, Duwell and McDonald [2], in their study have

shown that abrasives which wear by fragmentation are more efficient in material removal
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process than abrasives that wear by attrition. Therefore, the difference in the material
removal rates by the abrasives observed in the present study can be attributed to the different
wear mechanisms of the abrasives.

It is found that both alumina and silicon carbide abrasive wheels during wet grinding
(Figures 4-7b and 5-7b) had a larger wear rate than during dry grinding (Figures 4-7a and 5-
7a). Osman and Malkin [37] observed that the use of grinding fluid decreases the G-ratio
during high-speed grinding. The G-ratio is defined as the ratio of the volume of material
removed to the volume of wheel wear in grinding. This indicates that abrasive wheel wears
faster in wet grinding compared to dry grinding. The effect of lubricants during grinding was
also studied by Cholakov et al., [38]. Their study showed that the presence of water in the
lubricant increased wheel wear during grinding. They explained their observation based on
the reduction in the fracture toughness of the abrasives through the adsorption of water by
the alumina and silica bonds. The results obtained in the present study are in good agreement
with other grinding observations as discussed above. The higher wear of grinding wheels
during wet condition compared to dry condition results in exposing new sharp edges thus

removing more material, as discussed in Section 6.1.

6.4 Mechanisms of Material Removal

From Figure 4-4 it is evident that the debris generated from the bearing steel during
single-grit abrasion experiments are primarily 'curly chips' irrespective of the abrasive used.
This observation suggests that the mechanism of material removal in bearing steel as inferred

by single-grit abrasion is 'cutting'. Similar type of chips were also found in the debris
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collected during grinding of bearing steel using either alumina or silicon carbide grinding
wheels (Figure 4-8). This suggests that cutting controls the material removal process in
grinding of bearing steel. Similar ‘cutting chips’ during metal cutting operations have been
reported in the literature [39, 35, 19, 40]. Interestingly, Scott et al. [39] have examined the
debris during various wear phenomena and found similar curly chips in abrasive wear of
metals. Lu et al. [35], have observed long curly chips during grinding of bearing steel.
Scratching experiments conducted on softer metals such as copper and aluminum using
pyramidal steel riders by Zum Gahr [19] also revealed similar types of cutting chips. Recently,
Rigney [40] characterized such curly chips as cutting debris during abrasive wear.

The debris obtained during single-grit abrasion on the tool steel consisted of a large
number of 'flat chips' in addition to the 'curly chips' (Figure 5-4). This suggests that a
‘plowing' mechanism (during which a small part of the volume of wear grooves is removed
as small flat wear debris from the worn surface [19]), is dominant in the material removal
process. Rigney [40] observed such flat chips as debris during sliding wear of tool steel. It
should be pointed out that the debris obtained during grinding of tool steel (Figure 5-8) are
morphologically similar to the debris obtained during single-grit abrasion of tool steel.

It can be seen that there exists a difference in the mechanisms of material removal
between the two types of steels. From our study we know that the bearing steel is softer and
tougher than tool steel. The difference in the material removal mechanisms between the two
types of steels can be attributed to the difference in the hardness values of the two steels. The
material removal mechanism in bearing steel which has a low hardness (7.7 + 0.1 GPa) is by

cutting. This is understandable, since materials with low hardness values can deform more
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plastically and hence produce long cutting chips. Whereas the mechanism of material removal
in tool steel is dominated by plowing, as it can deform less plastically due to its higher
hardness (8.6 + 0.06 GPa). However, in addition to the hardness values the microstructure
of the two steels can also play a role in the mechanism of material removal. For example, the
presence of agglomerates of hard carbide particles in tool steel (Figure 3-2b) can hinder the
formation of long cutting chips as seen in bearing steel.

It is clear from the above discussions that the operative mechanism of material
removal in grinding of steels using alumina or silicon carbide grinding wheels can be predicted
by single-grit abrasion tests. However, there are distinct differences between the grinding
process and single-grit abrasion. One such characteristic is the thermal effect that exists in
grinding as compared to the single-grit abrasion tests. The result of such a thermal effect is
evident through the appearance of spherical 'globules' during grinding of both bearing steel
and tool steel irrespective of type of abrasive used for grinding (Figures 4-8 and 5-8). This
can be attributed to the melting and resolidification of steel debris as a result of the high
interfacial temperature that exists at the contact during grinding (Figure 4-9). The fact that
such spherical particles are less in number in case of wet grinding suggests that the grinding
fluid acts as a coolant. A study of grinding swarf collected from steels using various abrasive
wheels by Lu et al,, [35] revealed spherical particles due to high temperatures in grinding.
They also found that the number of spherical particles was reduced when grinding fluid was

used [35], which agrees well with the results reported in this thesis.
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Chapter 7

Conclusions and Recommendations

7.1 Conclusions

A single-grit abrasion test procedure was developed in this study and was used to
identify the mechanisms of material removal during grinding. The test design uses a pin-on-
disk machine where single abrasive grits are attached to a specially designed pin. The tests
are conducted under environments comparable to the conditions used in grinding. The normal
loads on the individual grits are maintained in the range of the forces experienced by the
individual abrasives during grinding. The friction force which was monitored and recorded
during the tests is used to obtain the friction coefficient. The material removal rate of the
steels is evaluated from the wear track profiles. The weight loss of the abrasives is evaluated
by weighing the abrasives individually before and after the tests. The debris generated during
the abrasion tests are collected and analyzed under SEM. The trends in the material removal
rate, friction coefficient, wear of abrasives and the mechanisms of material removal obtained
in the tests are compared with the data obtained during grinding.

The mechanism of material removal in the bearing steel by both the alumina and silicon
carbide abrasives occurs by ‘cutting, while removal of the tool steel is dominated by 'plowing'.
The trends in the material removal rate observed in single-grit abrasion tests are in agreement
with those observed during grinding, for similar ‘workpiece-tool' combination. The material

removal rate for both the bearing steel and tool steel in presence of a grinding fluid is higher
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than in the absence of any fluid. The material removal rate increases with the normal load (in
single-grit abrasion) or grinding force (in grinding). The alumina abrasive results in a higher
material removal rate in tests with the bearing steel compared to the silicon carbide abrasives
under dry condition.

The grinding fluid has a lubricating effect in single-grit abrasion tests, but has more
of a cooling effect in grinding. Under wet grinding, the type of abrasive has an effect on the
coefficient of friction while no such effect is observed in wet single-grit abrasion.

Alumina abrasive wears faster than silicon carbide abrasive against both steels under
the dry conditions during single-grit abrasion and grinding. There exists a difference between
the wear of alumina and silicon carbide abrasives during wet grinding, while no such effect
is observed in wet single-grit abrasion. The difference in the material removal mechanisms of
the steels can be attributed to a lower fracture toughness of the tool steel compared to the

bearing steel.

7.2 Recommendations for Future Studies

Since the present study used alumina and silicon carbide abrasives against bearing steel
and tool steel, it is suggested that similar experiments be conducted using diamond abrasives
against ceramic workpieces such as silicon nitride. Due to the increasing use of structural
ceramics in automotive and aerospace industry, such work would be important.

Ceramic machining is recognized as an expensive process of ceramic manufacturing.

Hence, single-grit abrasion tests can serve as a potential screening test to determine the cost
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effectiveness of using a particular type of diamond abrasive in the manufacture of grinding
wheels.

Tests conducted using single abrasive particles with different particle shapes,
orientation, speed, load, and environment will help to identify the optimum choice of ‘tool-
workpiece' combination for a desired operation. In order to simulate the temperature
conditions in grinding, the single-grit abrasion tests should be modified by attaching a heating
stage and a temperature controller. The single-grit abrasion tests can be applied even to test
abrasives of small grit sizes (size < 1.3 mm diameter), by using different materials for the glue,

for example soft metals.
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Appendix A

Calculations for estimated normal force per grit during grinding:

Normal force/grit = Grinding force
Number of grits in contact

Number of grits in contact = Shaw’s contact length * Number of grits per unit area

where,

Shaw’s contact length = v d, * depth of cut

Equivalent diameter ‘d,’ = (D, +D,)
2

where D, is the grinding wheel diameter and D,, is the workpiece
diameter
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