UNCLASSIFIED

AD NUMBER

ADB846668

LIMITATION CHANGES

TO:

Approved for public release; distribution is
unlimted.

FROM:

Distribution authorized to U S. Gov't. agencies
and their contractors; Critical Technol ogy; SEP
1968. Ot her requests shall be referred to Air
Force Materials Laboratory, Wight-Patterson
AFB, 45433. This docunent contains export-
controll ed technical data.

AUTHORITY

AFML per DTIC form 55

THISPAGE ISUNCLASSIFIED




AFML-TR-68-309

STUDY OF GRINDING PROCESS AS APPLIED TO
HIGH-STRENGTH AND THERMAL-RESISTANT ALLOYS

K. Okamura, T. Nakajima, N. DesRuisseaux, J. Lemon
D. Brown, J. Gerhardt, R. Snoeys
UNIVERSITY OF CINCINNATI

AD846668

TECHNICAL. REPORT AFML-TR-68-309

October 1968

Air Force Materials Laboratory
Air Force Systems Command
Wright-Patterson Air Force Base, Ohio

This document is subject to special export
econtrols and each transmittal to foreignm governments
or foreign nationals may be made only with prior
approval of the Manufacturing Technology Division,
MATF, Air Porce Materials Laboratory, Wright-Patterson

Air Force Base, Ohio 45433.




NOTICES

When U.S. Government drawings, specifications, or other
data are used for any purpose other than a definitely related
Government procurement operation, the Government thereby
incurs no responsibility nor any obligation whatsoever; and
the fact that the Government may have formulated, furnished,
or in any way supplied the said drawings, specifications, or
other data is not to be regarded by implication or otherwise,
as in any manner licensing the holder or any other: person or
corporation, or conveying any rights or permission to manu-
facture, use, or sell any patented invention that may in any
way be related thereto.

DDC release to CFSTI not authorized. The distribution of
this report is limited because it contains technology iden-
tifiable with items on the strategic embargo lists excluded
from export or re-export under U.S. Export Control Act of
1949 (63 STAY. 7), as amended (50 U.S.C. App. 2020, 2031), as
implemented by AFR 400-10.

Qualified requesters may obtain copies from Defense
Documentation Center, Cameron Station, Alexandria, Virginia
22314, Orders will be expedited if placed through the
librarian or other person designated to request documents
from DDC.

Copies of this report should not be returned to the
Research and Technology Division unless return is required by
security considerations, contractual obligations, or notice
on a specific document.

This dooument is subject to special ezport
asontrols and each transmittal to foreign governments
or foreign nationale may be made only with prior
approval of the Nanufaoturing Teohnology Division,
MATF, Air Poroe Nateriale Laboratory, Wright-Patterson
. Ohio 45433.




Blank Page



FOREWORD

This Final Technical Report covers the work performed under Contrect
AF33(615)-5412 from 1 July 1966 to 30 September 1968. The manuscript was
released by the authors in September 1968 for publication.

This contract with the University of Cincinnati, Cinoimnati, Chio
was initiated under the Manufacturing Methods Project 9-711, "Study of
Orinding Process as Appliad to High-Strength and Thermal-Resistance Alloys".
The work has been accomplished under the technical direction of Mr. E. Smith,
Mr. F.L. Whitney, and Mr. M. Guenther of the Advanced Fabrication Techniques
Branch (MATF), Mamufacturing Technology Division, Air Force Materials Labore-
tory, Wright-Patterson Air Force Base, Ohio.

The following investigators have been assigned to this project:
Dr. K. Okamura, Visiting Professor; Dr. J.R. Lemon, Associate Professor;
Dr. R. Snoeys, Visiting Professor; Dr. R. Zerkle, Associate Professor;
Mr. T. Nakajima and Dr. N. DssRuisseaux, Junior Research Associates; and
Mr. D. Brown and Mr. J. Gerhardt, Research Assistants.

Metallurgical tests were conducted by Metcut Research Associates,
3980 Rosslyn Drive, Cincinnati, Ohio L5209.

This project has been accamplished as part of the Air Force Manufacturing
Methods Program, the primary objective of which is to develop, on & timely
basis, manufacturing processes, techniques and equipment for use in economical
production of USAF materials and components.

Your camments are solicited on the potential utilization of the informa-
tion contained herein as applisd to your present and/or future production
programs. Suggestions concerning additional manufacturing methods development
required on this or other subjects will be appreciated.

This technical report has been reviewed and is spproved.
.JACK R. MARSH, Chief

dvanced Fabrication Techniques Branch
anufacturing Technology Division

i




ABSTRACT

This project is engaged in a program which is directed to-
wards “the -study of the basic understanding of the grinding pro-
cess as applied to high-strength thermal-resistant alloys.
Analytical methods and testing and specification techniques
have been developed that should enable significant improvements
in grinding efficiency and finished surface integrity to be
accomplished.

Grinding is an extremely complex process with many
interrelated phenomena occurring simultaneously. For this
reason an attempt is made to look at all aspects of grinding
processes with ths wheel-work interaction analysis taken as
the basic standpoint for all of the analyses. The group of
investigators is organized from many specialists in various
technologies such as manufacturing, heat transfer, metallurgy
and vibration.

The chip formation mechanism in the grinding process has
been clarified and the relationship between working conditions
and grinding results are discussed from a scientific viewpcint.

Thermal analyses have been presented which can be  used to
investigate the heat effect upon:'the finished surface.

A set of scientific grinding wheel characteristics have
been defined such that a better understanding of the grinding
process when used as a cutting operation can be gained.

The machine tool-grinding system has been investigated
using vibrational analysis techniques to determine the effects
of machine dynamics and to improve the grinding efficiency
for HSTRA materials.

In conclusion, new high efficiency grinding techniques
which yield extremely high production rates for grinding HSTRA
materials have been recommended from this study.

This dooument is subjeot to spaecial export
controls and each transmittal to foreigm governmentes
or foreign nationals may be made only with prior
aprrovcl of the Manufacturing Technology Divieion,
NATF, Air Foros Materiales Laboratory, Wright-Patterson

Air Poroce Baee, Ohio 45433.
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INTRODUCTION

The following is the FINAL TECHNICAL REPORT on a "Study
of Grinding Process as Applied to High-Strength and Ther@alf
Resistant Alloys" and covers the work performed under Contract
No. AF33(615)-5412 from 1 July to 30 September 1968. In this
finat-report- the results of the-work performed for the purpose
of finding techniques to grind high-strength and thermal-resistant
alloys (HSTRA) with high efficiency and good finished surface
integrity are summarized-and improvements of HSTRA grinding

are clearly indicated.

Data and theories have been presented in detail in the i
gix interim engineering progress reports.
Each interim report has been divided into nine sections. :
The results on a specific subject for a reporting period have %
been described under the same section number of each interim
report. In this reporting system it is convenient to follow ;
the development of progregs on a gpecific subject in each interim
report.
In the final report all results of this contract work
are divided into eight sections. The subject matter appears,
in some cases, under a different section number than was used
in the interim reports. The purpose of this reorganization
is to provide better continuity and more logical relationships
between the interrelated sections.
In Section I the fundamental policy and method of study

under this contract are outlined. The purpose and organization
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of the areas of investigation and the interrelation between
each section are generally described.

. In Section II the analysis of wheel-work interaction;
whi;h {s one of the most important basic considerations, is
summarized. The following are presented: the theoretical
and experimental analyses on rubbing and ploughing in transitional
cutting operation, the cutting model used to analyze the grinding
mechanism, the geometrical analysis of wheel-work conformity,
and the contact stiffness consideratior: where the relation
between chip formation mechanism and finished surface integrity
are analyzed.

In Section III thermal analysis of the effect of cooling
is presented. Furthermore, relations are developed which indicate
the effect of temperatureoccurring on the surface being ground
to the surface which remains after grinding.

In Section IV grinding wheel characteristics are discuss;d.
Several physical properties of grinding wheels are described
based on the consideration of scientific grinding wheel charac-
teristics. Furthermore, new dressing methods for obtaining
optimum cutting edges for high efficiency grinding are presented.

In Section V dynamic characteristics of grinding systems
are described. New vibration theories for the grinding process
are summarized. The stiffness of several grinders and the
relation between the stiffness and grinding results are discussed.

In Section VI the application of the fundamental theories

to HSTRA grinding are reported. Practical grinding for HSTRA

materials are carried out. The grinding conditions are

-2-




selected considering the fundamental analysis and the inputs
which essentially affect the wheel-work interaction are
studied.

In Section VII new recommended high efficiency grinding
processes are proposed. The background for the recommended
grinding and the improvement predicted by the new recommended
high efficiency grinding are discussed. Furthermore, the
difficulties of applying the recommended high efficiency
grinding are considered.

General conclusions obtained from the efforts under this

contract are summarized in Section VIII.

-3-
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SECTION I
GENERAL DESCRIPTION

1.1 Introduction

The main purpose of this contract is to conduct HSTRA
grinding development. The specific objectives of the program
of study outlined in this report are: to fully develop the
mechanism of grinding as applied to very high-strength and
thermal-resistant alloys within a dynamic machine tool-grinding
system; to organize and execute and analytical and experimental
program aimed at investigating, controlling and minimizing
the detrimental effects of grinding variables on metal
removal rate, surface integrity, etc.: and therefrom create
criteria which will form the basis for development of signif-
icantly improved capabilities and economies in precision
grinding of difficult-to-machine materials.

This type of work was started about 15 years ago
and much has been written on the subject. At present, HSTRA
materials are ground under specifications which came from
past reports. For example, titanium alloy (Ti-4A-6V) is

ground under the conditions which are shown in Table I-1.

TABLE I-1 - SPECIFICATION OF TITANIUM GRINDING CONDITIONS

Grinding Wheel A60JYV
Wheel Speed (fpm) 1500 - 2500
Work Speed (fpm) 50

Infeed Rough (in/pass) .001
Finish (in/pass) .0005 max.




Usually the roughness, the accuracy and/or the grinding
ratio are checked to obtain the best grinding condition. It
is not as difficult to obtain desired surface roughness and
accuracy as it is to minimize the production time and to
improve the surface integrity of HSTRA grinding.

In most studies on HSTRA grinding to the present time,
results have been obtained by changing easily-varied parameters
within a range available on a specific grinding machine.
Recommendations therefore are based on data obtained within
the confinements of the machine in use. Consequently all
papers(l'g) which have been published during these fifteen
years describe almost the same conclusions. Grinding condi-
tions recommended for HSTRA were as follows see Figure I-1 :

(1) Do reduce wheel speed (VS)

(2) Do increase work speed (Vw)

Grinding techniques have hardly been improved in spite
of much work on grinding because most of the research,
not only on HSTRA grinding but alsoc on grinding of conventional
steel, has been performed in manner discussed above. The main
purpose of production engineering efforts is to increase
production efficiency. Over the past ten years cutting speeds
in turning have almost doubled while relative cutting speeds
in grinding have been almost constant and therefore productivity
in grinding has shown little improvement. The reason may nhot
be due to the number of personnel on grinding, but rather

the approach of the personnel.

-5-
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In order to significantly improve techniques in the
field of engineering, optimum conditions for a process
should be determined after clearly describing the actual
phenomena in the process and the relations between results
and input parameters. In other words, the best way to improve
a pracess is to clarify the mechanisme of the process. For
example in air travel, speeds have been increased substantially
in the past half century. The reason is that the understanding
of fluid mechanics has been extensively developed.

Under this contract, AF33(615)-5412, the mechanisms of
grinding have been developed in order to relate input and
output variables in grinding, and indicate the direction of
improvement of productivity in HSTRA grinding more clearly

than any of the reports published to the present time.

I.2 Basic Consideration of Grinding Frocess

In order to ascertain the quality of grinding, many
kinds of grinding results have been used. However, the
prelation (wheel-work interaction) between input (working
conditions) and output (grinding results) should be discussed
in detail to find real grinding results with which grinding
efficiency and surface integrity can properly be estimated.

Figure I-2 shows the process for investigating an ideal

machining process. All machining processes such as single
point twol cutting, milling, grinding, honing and lapping

are chip formation processes which possess relative motion

-7-
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between cutting edge and workpiece and have some relative
position.

Improvements in machining are aimed at higher efficiency,
better surface integrity and lower costs. Therefore an ideal
machining process is one in which the operating conditions
yield higher efficiency, better surface integrity and lower
cost. In other words, an ideal machining process implies
free cutting at high cutting speed: with multi-cutting edged
tools as can be seen in Figure I-2. The grinding process is
operated at the highest cutting speed with the greatest
number of cutting edges of all machining processes. It is,
however, uncertain whether or not the grinding process is a
free cutting operation which yields metal removal without adverse
effects upon the finished surface. :

Therefore grinding processes should aim at means of obtaining
free cutting at high cutting speeds for high efficiency and
good surface integrity. It is therefore necessary to determine
the chip formation mechanism in the wheel-work interaction zone.

The most difficult problem of conducting grinding studies
from above-mentionzd point of view is that the boundary condi-
tions (input) are so abundant and so complicated that they
have not yet been defined scientifically. For example, the
studies on single point tool cutting should be conducted after
completely investigating the geometry of the cutting edge.

For grinding, the cutting edge conditions are represented by
grain material, grain size, grade, bond material, structure

of grinding wheel and dressing condition. These values are

-9
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not adequate to determine the cutting edge condition, which
is one of the basic boundary conditions in wheel-work inter-
action.

Therefore, the definition for scientific boundary condi-

tions which have a direct relation to the cutting phenomena

in wheel-work interference zone is considered instead of the
old commercial and expedient input conditions.
First, the basic conditions which influence the wheel-
work interaction can be classified into five categories as
, follows:
1. Cutting edge condition - wheel condition
and dressing condition
2. Work material condition
3. Machine tool condition

4, Geometrical condition - working condition

S. Atmospheric condition - grinding fluid

; In Figure I-3 , the interrelation between various basic
categories and grinding results -are shown schematically.

: These categories are explained abstractly. It is necessary
to show the physical quantities which have a direct effect on
the grinding r<sults corresponding to these categories.

Thus it is necessary to consider the relation between
practical grinding conditions and the most basic variables
or parameters which can be most directly used to describe the
grindin, mechanism. These basic variables are obtained from
the analytical studies which are presented in the following

sections.

A
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From these considerations, each of the basic categories
should be subdivided into a number of physical values as shown
in Figure I-4 . It is the purpose of this diagram to clarify
the relation between grinding results and each physical param-
eter of the basic conditions is shown in Figure I-3 ., The
physical meaning and the influence of each parameter as shown
in Figure I-4 will be explained in the following sections.

It is impossible under this contract to describe the
effects of all parameters (input) shown in Figure I-4 upon
HSTRA grinding. In order to find the best grinding condition
for HSTRA materials for the purpose of optimizing efficiency
and surface integrity, the efforts under this contract has
been conducted with special attention paid to several
important parameters which may significantly affect the HSTRA
grinding results. The important parameters can be found by
simplifying and analyzing important phenomena in the wheel-

work interaction.

I.3 Interrelation Between Follow@ga Sections

Optimum condition for HSTRA grinding can be found by
analyzing the phenomena in wheel-work interference zone and
clarifying how the inputs that control the phenomena affect
efficiency and surface integrity. For this purpose the
work under this contract has been divided into five

groups as follows:

=12~
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GROUP 1 - CHIP FORMATION PHYSICS:

The purpose of this work is to determine how grinding
chips are generated. First, rubbing and ploughing phenomena
in transitional cutting have been analyzed with elastic and
plastic theory and experimentally verified. These theories
have provided information on the difference of the ground
surface properties in the elastic, plastic and cutting regions.
Next, it has been pointed out that the two dimensional cutting
model cannot be applied to an analysis of grinding process.
A new cutting model has been proposed in order to clarify the
transitional cutting process. Important parameters for ana-
lyzing the grinding process have been related to working
conditions through geometrical analysis of wheel-work confor-.
mity. Furthermore, contaét stiffness considerations have been
established by combining the elastic and plastic deformation
theories with the wheel-work conformity theory. These con-
siderations have laid the foundation for the stock removal
rate equation in grinding and described the relation between
the chip formation physics and ground surface integrity which
traditional theories on cutting mechanisms of abrasive grain
have never been able to do. The work in this group is of
primary importance in this contract and forms the basis of
the recommendation for high efficiency grinding.

GROUP 2 - THERMAL ANALYSIS IN GRINDING:

In any process of generating a chip and forming a new

surface, energy must be supplied, part of which is converted
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to heat. The heat generated results in high-temperatures
which affect finished surface integrity. Thermal analysis
of the grinding process includes the determination of the
effect of surface cooling on grinding temperatures. Conditions
approximating surface grinding and cylindrical plunge grinding
are discussed. New considerations presented in this report
consider the effect of grinding geometry and temperature in
the vicinity of a single grain on the temperature of the work-
piece surface which remains after grinding.

GROUP 3 - GRINDING WHEEL CHARACTERISTICS:

The work material (HSTRA) and the grinding wheel charac-
teristics determine the effects of wheel-work interaction.

The traditional grinding wheel characteristics whrich are
represented by the five parameters of grain material, grain
size, grade, bond material and wheel structure, are convenient
for the manufacturers of grinding wheels. However these
are not sufficient to indicate the cutting edge conditions
which affect the wheel-work interaction. ' In group 3, grinding
wheel characteristics whirh are essential for the analysis of
wheel-work interaction have been described, based upon the
wheel wear mechanism. The vibration dressing procedure has
been experimentally investigated. The results of the new
dressing procedure indicate greatly improved cutting ability
and reduced damage.

GROUP 4 - DYNAMIC ANALYSIS IN GRINDING:
The analyses on wheel-work interaction are basic theories

which do not consider machine dynamics or gross wheel and work
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deformations, and therefore assume that the relative position
between the wheel and workpiece is fixed. In practical
grinding, the relative position varies cyclically due to
dynamic characteristics of the machine tool-work system and
therefore the basic boundary condition for the analysis of
the grinding process is different from the geometrical one.
The dynamic characteristics of a grinding machine should be
analyzed in order to better apply high efficiency grinding
recommended under this contract. In group ¥, a new theory
has been developed to analyze the vibration resulting from
grinding. The relation between the vibration and grinding
results has been discussed theoretically and experimentally.

GROUP 5 - HSTRA GRINDING TESTS

In this group, selection of grinding test conditions
with which relations between working conditions and grinding
results can be analyzed has been discussed, based upon the
theoretical and experimental results of the previous four
groups. Consequently a set of standard grinding test conditions
has been proposed. HSTRA grinding has been systematically
carried out under the standard grinding conditions. Work
materials in t?e grinding tests are HSTRA (titanium Ti-4Al-uV,
Rene'¥l and Waspalloy) and heat treated 4340 steel.

Figure I-5 schematically shows the interrelation
between the groups and clearly indicates work considered and
the purpose of the efforts under this contract. The work

under this contract also indicates a method to develop and
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significantly improve HSTRA grinding. Recommended HSTRA
grinding yielding suprisingly high grinding efficiency and

good surface integrity is discussed in detail in Section VII.

I.% Futurs Development

The fundamental and academic studies performed during
the two year duration of this contract have clearly defined
the important phenomena of the wheel-work interaction in
grinding and indicated how to greatly improve the efficiency
of HSTRA grinding. The grinding theories and experimental
data under this contract can be further developed in order
to provide additional advancement to grinding process
technology.

The latest grinding machines and measuring equipment
have been utilized at U.C. under this contract. These grinding
machines and equipment are, however, not good enough to
verify the recommended methods for improving the efficiency
and surface integrity in grinding under this contract. If
the results of the work under this contract are applied to
high efficiency grinders which are being developed in Norton
Company, Cincinnati Milling Machine Company, Europe and
Japan, significant improvements of HSTRA grinding can be

made in the near future.
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SECTICON II
CHIP FORMATION PHYSICS

II1.1 Introduction

All the mechanical machining operations utilize the
chip formation process where the relative motion and position
petween the tool and workpiece produce the chip. Practical
development of machining cannot, therefore, be made until
the chip formation physics is clearly understood. This is
clear from the fact that the two-dimensional cutting thecry
has played a great role in the analysis of the cutting mechanism
for a single cutting edge guch as in turning and milling
and aided significantly in their development. Most investigations
on grinding to the present time has been conducted by varying
the easily measurable quantities such as grain size, grade,
depth setting and feed rate. This approach has not been
gignificantly useful in developing grinding processes. The
reason is that these easily varied parameters are not basic
factors which affect the cutting mechanism in grinding. These
parameters are more useful for specifying the configuration
of the machine or in the manufacture of the grinding wheel.

In order to significantly develop grinding, it should be

made clear which essential factors affect the cutting mechanism
in grinding; that is, what the tpansfer function is between
grinding results (output) and grinding conditions (input)

which have a direct effect upon the grinding results.
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The following factors describe the grinding operation,
dut do not apply to two-dimensional cutting:

1., ‘Transitional cutting operation.

2., Cutting edge geometry (multi-cutting edges,

large negative rake angle, large contact
area as compared with the depth of cut).

3. High cutting velocity

%. Small depth of cut.of individual cutting edges.
Due to these differences, grinding is remarkably complicated
as compared with conventional machining. In the cutting by
an abrasive grain in grinding, the depth of cut increases
linsarly i‘rom zero to a maximum and then decreases to zero.
Therefore there are two regions, the elastic and plastic
regions, at the beginning of contact between the abrasive
grain and workpiece which are very important. In the elastic
region the workpiece is only elastically deformed and in
the plastic region grooves are produced by plastic deformation
without any chip formation. The elastic and plastic regions
have a direct effect upon the grinding efficiency and surface
integrity and play a very significant role in the formation
of the surface even in cases where these two regions are
very small as compared with the whole length of contact between
cutting edge and workpiece. The metal deformed elastically
and plastically at the beginning of contact forms the remaining
surface in grinding. '

The clastic and plastic regions always exist ahead of

the cutting region and therefore the cutting process of each
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gréin in grinding is transitional. Much grinding work

is based upon the assumption that the two-dimensional cutting
theory is applicable for each moment that the cutting grain
is in contact with the workpiece.

This is incorrect from the standpoint that the complete
aeformation process is considered to be only A shear phenomenon
and does not give any information concerning the.surface
integrity during grinding. This approach, however, is better
than the trial and error approach basically taken when the
easily varied parameters are utilized.

In order to significantly develop the grinding process,
the chip formation physics should be analyzed from theAnew
viewpoint that the cutting process in grinding is transitional.

In Subsection II.2 deformation processes in transitional
cutting operation will be analyzed with elastic ang piastic
theories and a clear understanding of the significant effects
during the transitional cutting processes developed. 1In
Subsection II.3, the deformation theories will be verified
experimentally and the differences between the deformation
process in each region will be discussed. In Subsection II.h,
conformity theory, fundamental for determining what happens
during grinding, will be developed, and the manner in which
the undeformed chip shape is changed with working conditions
such as wheel speed, work speed, and depth setting will be

discussed.
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Thé conformity theory will be combined with the deformation
theory in Subsection II.5 and the grinding process will be
described as the transitional cutting process.

Conclusions obtained in each subsection will be summarized
in Subsection II.6 and it will be shown that the chip formation
physics approach presented in this report is very useful for

developing significant grinding results.

II.2 Deformation Theory

II.2.1 Introduction

The cutting process of an abrasive grain in grinding is
transitional. In other words chips are not generated from
the beginning of the contact between the workpiece and cutting
edge since tha cutting edge has a finite mounting spring
constant, large contact area and the cutting edge cuts into
the workpiece at a very small ang.e. There are always two
regions, elastic and plastic regions, ahead of the cutting
region., In the elastic region the cutting edge slides on the
surface of workpiece and in the plastic region a groove is
produced by plastic deformation without producing a chip.
Therefore, there arc three completely different deformation
processes between the cutting edge and workp’ -~e during contact
instead of just the cutting process as >ften considered. The
elastic and plastic regions have a close relationship to the
stock removal, wear of the cliearance surface of the abrasive

grain, induced grinding temperatuve and/or temperature gradients,
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and properties of the ground surface. In order to

analyze the cutting process of the abrasive grain froa the
viewpoint of transitional cutting, the deformation processes
in the elastic and plastic regions should bhe made clear

initially.

In this subsection the deformation processes at the
beginning of the contact zone where the depth of cut iunc.oeases
linearly from zero, will be analyzed with the elastic and
plastic theories. The parameters that affect the transitional
cutting process will be determined. In the analysis of
elastic deformation, elastic sliding length and critical
normal force, under which the workpiece begins to be deformed
plastically, will be analyzed as a function of the relative
cutting velocity, interference angle, properties of the
workpiece (yielding stress) and cutting edge conditions
(spring constant and wear area of the clearance surface)
based upon the assumption that the deformation under the
clearance surface plays a leading role in the elastic region
because of its larger wear area as compared with the depth
of cut. On the other hand, the effects of the frictional
coefficient and the rake angle upon the plastic deformation
process will be discussed on the assumption that the defor-
mation under the rake surface plays a leading role in the
plastic region. Furthermore, typical results of the elastic
and plastic deformation theories and essential factors which

affect the transitional cutting will be discussed.
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11.2.2 Elastic Deformation Theory
(1) TFUNDAMENTAL EQUATIONS

A simplified model for describing an elastic deformation
process is shown in Figure II-1. An abrasive grain is consid-
eved as a rigid body resiliently mounted with a mounting
spring constant k' and in contact between the clearance
surface and the workpiece with a wear width of 2a. The work-
pisce is considered as a semi-infinite elastic space under
the boundary surface. The cutting edge slides over the surface
of the workpiece with a relative velocity v and an interference‘
angle i‘ to the surface. However, because of the displacement
of the workpiece and the cutting edge, the real cut-in angle
iw is smaller than the geometrical angle ig shown in Figure
II-1.

Since the depth of cut is very small in the elastic
region, effects of the rake surface are negligible in the
analysis of the elastic deformation. From the above consid-
erations , fundamental equations and boundary conditions
can be introduced by the theory of elasticity. The dynamic
equilibrium equations for a two-dimensional elastic body

can be expressed as

e 2 a"u _
(A+p) s+ wvu -8 ;:7 =0

de 2 A%v
C(at+p) =— + uvv - 8 =0
e 2t? (II.2.1)
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FIGURE 11-2 - EQUIVALENT STRESS DISTRIBUTIONS UNDER
THE ABRASIVE GRAIN
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If the frictional force in the contact region between the
cutting edge and the workpiece surface obeys Coulomb's law of
friction, the boundary conditions are:

(1) (an) =0, (Tgn) = 0 (-ecf<-a and a<Ecw)

n=0 n=0

(i1) ('En) = plo)) (-a<g<a)
n=0 n=0 (11.2.2)

(2) CRITICAL NORMAL FORCE IN THE ELASTIC REGION

Now, the condition under which the workpiece surface is
elastically deformed below the clearance surface of the
cutting edge is investigated. Solving the Equations (II.2.1)
so that the boundary conditions (II.2.2) can be satisfied,
we find the components of stresses at the surface of workpiece

in the form

(0.) . _ MF-NK . sin 7 © P(x)
£ n=0 CN-HH " (a+'£)°(a-E)I:F
() . _8in 7 ® . P(x)
=0 z (a+£)° (a-g) "
i (x)
(r. ) : - p sin n 6 . P
& =0 T (aﬂ:)e(a—i)l-e (IT1.2.3)

where C, D, G, H, F, K, M, N are constants which can be
determined by the cutting velocity, modulus of elasticity
and density of the workpiece and @ can be given in the form

L1, -1
® = - tan (CN-DM) /p (DG-CH) (II.2.4)

Now, using Tresca's criterion of yielding for the workpiece

and assuming that the workpiece is an ideal plastic-elastic
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body. The equivalent stress aeq(z) is given as a function of §

only and has the minimum value when § = - a (1-20).

_sin v @ MF-NK 2 2 P(x) 1]

Teql¥ T T J‘m = DT e ST ‘
]

|

|

1

|

|

|

(a+e)’(a-€ !
(11.2.5) ° ;
The distribution of the equivalent stress aeq(E) with a given
normal force P(x) is shown as the solid line in Figure II-2.

The expression of the yielding stress of the metal being cut
is remarkably influenced by the rate of strain, oe(V). The
metal being cut is deformed plastically in the regions

-a 2§ < EA and g4 £ £ % aas shown in Figure II-2, where the
equivalent stress oeq(s) is larger than the yielding stress
ce(V). Now, supposing that the cutting surface of the metal
changes from the region of elastic deformation into that of
plastic, while the minimum value of the equivalent stress
{aeq(z)}min becomes equal to the vielding stress of the
workpiece (see border line in Figure II-2). The critical

normal force P(xe), the point where the workpiece begins to be

plastically deformed can be given as 4

P(xe) z ce(V) . G(p,V) . 2a (II.2.8) %
where ;
i

G(p,V) = = cosec n 9 . g(ea// W/(g%fgg - 1)2 + upz 3

i

g(8) = ()% (1-0)t"° (II.2.7) ;

It can be seen that the critical normal force P(xe) is a

EOR

function of the cutting velocity V, the properties of workpiece,

frictional coefficient p and the contact width 2a.
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(3) ELASTIC SLIDING LENGTH OF THE CUTTING EDGE ON

THE WORKPIECE SURFACE:

The workpiece is only deformed elastically because of
the small normal force at the beginning of contact where
the depth of cut increases linearly from zero. The metal
being cut begins to be deformed plastically when the increasing
normal force P(x) caused by the increasing depth of cut
becomes equal to the critical normal force P(xe).

In the following discussion the distance from the beginning
of the contact to the critical point, the elastic sliding
length Xy s will be analyzed to determine the length of the
elastic region.

Displacement v in the y-direction of the workpiece
at the surface is given with normal force P(x) acting on
the cutting in the equation
v = P(x)/J(p,V) (I1.2.8)

where

1 .1 2d,2
m s ["n(d—- - (14v)] = 20

CH-DG
GN-FH

d.
s° 1/11 - (2 (11.2.9)

Putting P(x) = P(xe) in Equation (II.2.8), the depth of cut
Yo &t the elastic critical point can be given in the form

Ve = P(xg)/3(p,V) (II.2.10)
The displacement Ang of the cutting edge at the same point

can be expressed as:

Ane = P(xe)/ks (I1.2.11)
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On the other hand, from the geometrical relations shown in

Figure II-1 the following can be obtained:

Xq + tan i =y, + 4n, | (11.2.12)
Substituting Equations (1I.2.10) and (II.2.11) into the relation
(II.2.12) the elastic‘sliding length of the cutting edge
can be determined as:

X = ;5—:{;2113; « Glp,V) . o (V) . 2a ., cot i

e s * P g
(II.2.13)
where J(p,V), G(p,V) and ae(V) are characteristic values
of the workpiece which are determined by cutting velocity

and frictional coefficient between the cutting edge and work-

piece. Then

x, = £ll,0,0) . 32
g (11.2.13")

From this equation it should be noted that the elastic sliding
length is proportional to the contact width of cutting edgs,

2a, and inversly proportional to the interference angle, ig.

IT.2.3 Typical Results of Elastic Deformation Theory

(1) VALUES OF PARAMETERS IN COMPUTATION OF THE THEORY:

Each equation of the elastic deformation theory in Sub-
section II.2.2 is so complicated and composed of so many
parameters that it is difficult to determine from the equation
which factors appreciably affect the elastic deformation
region. In order to clearly determine the effect of each

parameter upon the critical normal force, the critical depth

-29-



of cut and the elastic sliding length; numerical calculation
using the elastic deformation theory was performed for
titanium (Ti-6At-4V) and 4340 steel. Values of the parameters
used in the calculations of the theory are shown in Table II-1.
The constants for the mechanical properties of the workpiece
are selected from a conventional table and are, therefore,
static values. It should be noted, however, that in grinding
the metal is being deformed under very high strain rate
temperature, and pressure. Typical trends predicted by the
theory will be illustrated and the implications of these
trends indicated.

(2) THE EFFECT OF FRICTIONAL COEFFICIENT, CUTTING

VELOCITY AND CONTACT WIDTH ON CRITICAL NORMAL
FORCE:

Force constants G(p,V) which determine the critical
normal forces are summarized in Table II-2 for titanium and
in Table II-3 for 4340, Figure II-3 shows the effect of the
frictional coefficient o and the relation of cutting speed V
on the critical normal force P(xe) for titanium and Figure
II-4 shows that of p and the contact width 2a on P(xe) for
4340. It should be noted from these tables and figures that
~he critical normal force decreases significantly with the
increase of the frictional coefficient between the cutting
edge and workpiece and slightly with the increase of cutting
velocity. Furthermore, the critical normal force increases

linearly with the increase of contact width. The critical
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TABLE II-1 - VALUES OF PARAMETERS IN COMPUTATION

MATERIAL
PARAMETERS DIMENSION | TITANIUM 4340
E Young's Modulus 1bs/in? | 1.60 x 107 2.5 x 10’
v Poison's Ratio - 0.25 0.3
y Density 1ba/in’ 0.15 0.3
04(V) Yield Stress bs/in® | 1.30 x 105 3.0 x 10%
o) Frictional
Coefficient - 0, 0.2, 0.4, 0.6, 0.8, 1.0
v Cutting feet/min | 1000, 5000, 10000, 20000,
Velocity 30000
, -4 -4 . -3
2a Contact Length in 10 °, 5x10 °, 10 7,
1072, 2x1072
-5 . -4 -3
iq Interference rad. 5x10 ¥, 10 °, 10 7,
Angle 1072, 2x1072
5 .6 6 .7
k Spring Constant 1lbs/in/in | 5x10°, 10°, 5x10°, 10
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TABLE 11-2 - FORCE CONSTANTS G(o,v) FOR TITANIUM

G(p,V)
\'4 £/min
1000 5000 10000 20000 30000
=0 1.5708 1.5705 1.5696 1.5661 1.5601
= 0.2 1.4687 1.4684 1.4677 1.4643 1.4595
= 0,1 1.2608 1.2606 1.2601 1.2577 1.2538
= 0,6 1.0682 1.0680 1.0675 1.0655 1.0621
= 0.8 0.9236 0.9234 0.9229 G.9208 0.9173
= 1.0 0.8209 0.8207 0.8201 0.8179 0.8140
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TABLE 11-3 - FORCE CONSTANTS c(e.v) FOR 4340

G(p,V)
\'4 £/min
1000 5000 10000 20000 30000
=0 1.3930 1,3925 1,3912 1,3857 1.3764
= 0.2 1.3226 1.3222 1.320 1.3162 1.3080
= 0.4 1,1698 1,1695 1.1686 1.1648 1,1584
= 0.6 1.0170 1.0167 1.0159 1.0127 1,0073
= 0.8 0.8956 0.8959 0.8946 0.8915 0.8863
= 1.0 0.8064 0.8062 0,8053 0.8021 0.7966

-33-



. lﬂ
10,000 20,000 30,000
V  FPM

FIGURE II-3 - EFFECTS OF » AND vV ON P(x)
FOR TITANIUM (2a = 1074 in,)

-3

LBSS 1N

Plxa)



§8 B §88% 8 S~ ~

s

-

Wi 5

®xja

x

+ P(x.)

FIGURE I1-4 - EFFECTS OF o AND 2a ON P(x,)

FJR 4340 (v=5000 £/min)

-35-




TABLE I1-4 - DEFORMATION CONSTANTS (e,v) FOR TITANIUM

J(o,v)  1bssin®  x10’
\'4 feet/min
1000 5000 10000 20000 30000

-0 35.5786 | 35.5786 | 35.5786 | 35.5786 | 35.5786
- 0.2 4.2295 | 4.2311 | 4.2364 | 4.2577 | 4.2946
- 0.4 2.2484 | 2.2493 | 2.2523 | 2.2644 | 2.2852
= 0.6 1.5312 | 1.5318 | 1.5339 | 1.5423 | 1.5568
- 0.8 1.2609 | 1.1614 | 1.1637 | 1.1694 | 1.1805
- 1.0 0.9348 | 0.9352 | 0.9365 | 0.9417 | 0.9507
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TABLE 11-5 - DEFORMATION CONSTANTS a(e,v) FOR 4340

Jip,V)  1bs/in® x10’
v feet/min
1000 5000 10000 20000 30000
=0 89.0067 | 89.0067 | 89.0067 | 89.0067 | 89.0067
=0.2 7.263¢ | 7.2668 | 7.2774 | 7.3205 | 7.39s8
= 0.4 3.7862 | 3.7880 | 3.7938 | 3.8173 | 3.8582
= 0.6 2.5604 | 2.5617 | 2.5656 | 2.5817 | 2.6098
= 0.8 1.9342 | 1.9352 | 1.9382 | 1.9505 | 1.9718
= 1.0 1.5541 | 1.5549 | 1.5573 | 1.5672 | 1.s84s
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normal force for titanium 1s about five times as large as
that for 43u0.

(3) THE EFFECT OF FRICTIONAL COEFFICIENT AND CUTTING

VELOCITY ON CRITICAL DEPTH OF CUT:

Deformation constants J(p,V) which determine the
deformation of workpiece are summarized in Table II-4 for
titanium and in Table II-5 for 4340 respectively. These
deformation constants correspond to the spring constant of
workpiece and indicate the stiffness of workpiece.

It should be noted from these that the spring constant
of workpiece becomes slightly stiffer with the increase of
cutting velocity and weaker with the increase of frictional
coefficient between the cutting edge and workpiece. Therefore
the critical depth of cut which can be given as a ratio of
the critical normal force to the deformation constant, decreases
with increasing cutting velocity and decreasing frictional
coefficient.

(4) THE EFFECT OF CONTACT WIDTH ON ELASTIC SLIDING

LENGTH:

Figure II-5 and II-6 show the effect of contact width
upon the elastic sliding length for titanium and 4340
respectively. It can be seen from these figures that the
elastic sliding length of the cutting edge increases linearly

with the increase of contact width both for titanium and 4340.
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(5) THE EFFECT OF FRICTIONAL COEFFICIENT ON THE
ELASTIC SLIDING LENGTH:

As can be seen in Equation (II.2.13), the elastic sliding
length is a complicated function of the fricticnal coefficient.
For practical grinding the frictional coefficient between the
cutting edge and workpiece will change with different kinds
of coolant. As the coolant affects the cutting mechanism of
the abrasive grain both physic-lily and chemically, the effect
of the coolant on the elastic sliding length cannot be
completely understood from the elastic deformation theory.

In this paragraph, the physical aspect of the effect 6f the
coolant on the‘cutting process, that is, the effect of fric-
tional coefficient on the elastic sliding length, is discussed.
Figure II-7 shows the effect of frictional coefficient on

the elastic sliding length for titanium for the spring constant
ks = 10s 1bs/in/in, It can be easily seen in this figure

that the elastic sliding length decreases with the increase

of frictional coefficient for any interference angle. Figure
II-8 shows the effect of frictional coefficient on the elastic
sliding length with a different spring constant for the cutting
edge mounting for 4340, It can be seen that the effect of
frictional coefficient on the sliding length should be discussed

in relation to the spring constant. As seen.in Equation (II.2.13),

the elastic sliding length is proportional to the value
k +J(p,V) k_+J(p,V)

EE_JTFTVT G(p;V). The value EE_UTFTVT becomes nearly equal
8
to l/ks when kB << J(p,V) and to 1/J{(p,V) when kB >> J(p,V).
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The effect of frictional coefficient on the elastic sliding
length is, therefore, controlled by the value G(p,V)/k. when
ks << J(p,V) and by the value G(p,V)/J(p,V) when k8 >> J(p,V):
As seen in Tables II-4 and II-5, the deformation constant
J(p,V) is of the order of 107 for both.titanium and 4340,
Therefore, the elastic sliding length decreases simply with
the increase of frictional coefficient for small values of
the s»ring constant (example: ks = 5 x 10° and 106 1bs/in/in)
because the value G(p,V) decreases with the increase of fric-
tional coefficient. The elastic sliding length increases
simply with the increase of the frictional coefficient for
large values of the spring constant because the value
6(p,V)/JCp,V) increases with increasing frictional coefficient.

For spring constants of the same order (k = 107 1bs/in/in)
as the value of J(p,V), the elastic sliding length becomes a
maximum near p = 0.2.

(6) THE EFFECT OF CUTTING VELOCITY ON THE ELASTIC

SLIDING LENGTH:

The effects of cutting velocity on the elastic sliding
length are summarized in Tables II-6 and II-7 for titanium
and 4340 respectively. As seen in these tables, the effects
of cutting velocity on the elastic sliding length are not
great because the value of yield stress is taken as a constant,

although actually the yield stress is a function of the cutting

velocity.
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(7) THE EFFECT OF INTERFERENCE ANGLE ON THE
ELASTIC SLIDING LENGTH:

Figure II-9 and II-10 show the effects of the inter-
ference angle on the elastic sliding length for different
values of contact width and frictional coefficient respec-
tively. It should be noted from these figures that the elastic
sliding length decreases linearly with the increase of inter-
ference angles.

(8) THE EFFECT OF SPRING CONSTANT ON THE ELASTIC

SLIDING LENGTH:

Figure 1I-11 shows the effects of spring constant of
the cutting edge mounting on the elastic sliding length for
titanium. It can be easily seen that the elastic sliding
length decreases with the increase of spring constant,
although the slope of the curve decreases with the increase
of spring constant.

II.2.4 Plastic Deformation Theory

(1) TFUNDAMENTAL EQUATIONS AND BOUNDARY CONDITIONS:
In the analysis of the deformation process in the
plastic region the deformation under the rake surface plays
a leading role, whereas the deformation under the clearance
surface was important in the analysis of the elastic region.
Therefore only the deformation under the rake surface will
be considered in the plastic region, as is shown in Figure II-12.
There are two stages in plastic deformation process

under the rake surface for the model of a cutting edge with
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rake angle and the spring constant entering the surface at
the interference angle 18.

In stage (a) there is elastic and plastic deformation
under the rake surface, and the plastic deformation is
developing from point A with increasing values of the depth
of cut. Even in this stage a groove will be produced by
the partial plastic deformation. In stage (b) there is only
plastic deformation under the rake surface and a groove will
Se produced without chip generation.

It is very difficult to analyze the deformation process
corresponding to stage (a), but it is fortunately obvious
from experiments that stage (a) is very short and the greatest
part of the plastic region is stage (b). Therefore in this
subsection the deformation for the stage (b) case will be
analyzed two-dimensionally. Also the theory assumes that
the metal being cut is ideally plastic and that initial strain
is large enough to neglect the work-hardening‘effect of the
plastic deformation. On the assumption that inertia forces
are small as compared with the forces required to produce
plastic deformation, fundamental equations (yielding criterion,

strain increment relations and equilibrium equations) are:

2 2 2
(°x'°y) + Mtxy = 4k
”
0 T 90 t
=2+ X -9 | L+ X .
x 3y ay X
au v
X + =0 '
Ix y (Continued)
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3u av du v

= _ X X+ X

X 3y Iy ax = 120

% Iy Ty (II.2.1%)

where k is the yielding stress in shear of the workpiece,

u, and vy are velocity components parallel to the corresponding

axis and A is a parameter which represents the rate of strain.
For the slip line field defined by the angle ¢ and the

hydrostatic pressure 0, the fundamental equations become

(see Figure II-13):

6 + 2k ¢ = const (along sl—line)
6 - 2k ¢ = const (along 52—11ne) (11.2.15)
du - vd¢ = 0 (along sl—line)

dv + udé¢

0 (along s,-line) . (II.2.186)

The stress components are given in the equations

6 - k sin 2¢

Q
"

X

6 = 0 + k gin 2¢

v si

Txy = k cos 2¢ (11.2.17)

An important parameter and boundary conditions for this
problem are:
(a) the velocity V in x-direction.
{b) the frictional force on the rake surface which
obeys Coulomb's law of friction.
(c) the pile up volume ahead of the rake surface

equal to the volume of the groove produced.
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(2) PLASTIC DEFORMATION UNDER THE RAKE SURFACE:

Plastic deformation under the given boundary condition
is non-linear. However, the theory can assume that the plastic
deformation occurs with a similar shape with increasing depth
of cut., Figure II-14 shows a slip line field useful for
analyzing the plastic deformation below the rake surface
under the given boundary conditions. This deformation process
may take place in practical grinding and therefore is called
a normal type (N-type) deformation process.

Denoting by 8o (pile up profile angle) the angle between
x-axis and free surface BC of the pile up -head of the rake
surface, stress components °n,BC and TIBC in normal and tan-
gential directions to the surface BC can be given from Equation
(I1.2.17) in the form

°n|Bc =g + k sin (2¢ + 28))

tlge = - k cos (24 + 28) (I1I.2.18)

There is no external force on BC and the stresses on BC are com-
pressive. Consequently, the hydrostatic pressure o and the
angle ¢ between the first slip line 8 and x-axis can be

given as:

o= -k
on BC

¢ = -8 (II.2.19)

o and ¢ are given from Equation (II.2.15) on the contact

line AB between the cutting edge and workpiece in the form

52~




FIGURE [1-16 - C-TYPE SLIP LINE FIELD
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o= - k (1 ¢+ 218)
on AB

|
¢=g-Bc- (II.2.20)

From Fquation (II.2.20) and Coulomb's law of friction we get
pL(1 + 2yp) + sin 28,) + cos 28, = 0 (II.2.21)

The relation between the depth of cut y and the contact length

h on the rake surface is:
hf{cos a - J;-cos ’B sin BC] =y €r1.2.22)

From the boundary condition that the volume of pile up ahead
of the rake surface is equal to that of the groove produced,

the following results can be obtained:

2
42 h sin B,8in ’dei-h sin B cos 8,+h sin a-y tan al= %—

W
(I1I1.2,23)
Geometrical relations between each angle are:
BA + BB = /2
Bgp + v * B - = Wb (I1.2.24)

By Equations (II.2.21) to (II.2.24) the plastic deformation
under the rake surface is analyzed by checking if this slip
line field satisfies the condition for the velocity components.
The velocity component v along the sz-line is zero and u

along sl-line is, from Equation (II.2.16),

co8 o

u=V.,.
Eﬁ‘!; (11.2.25)
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In infinitesimal time dt, the incremental volume deformed

plastically under the rake surface is V dt . h cos a and
that of the pile up is ¥2 h sin 8y - u . sin & . Both values %
are equal. Therefore this slip line satisfies the condition
of the velocity components. l
It should be noted here that the plastic deformation
processee change with the rake angle a and the frictional
coefficient p between workpiece and the cutting edge.
For smaller rake angle a and frictional coefficient o,
the pressure angle 83 could possibly be equal to zero. 1In
this case the hydrostatic pressure ¢ on the contact line
AB becomes equal to -k as seen in Equation (II.2.20). 1In
other words, the hydrostatic pressure is uniform for the
complete plastic deformation zone under the rake surface
and, therefore, the slip line field for this case is composed
of only straight lines (L-type slip line field) as shown
in Figure II-15.
For larger rake angle a and frictional coefficient o,
the stress in the tangential direction on the contact line AB
can possibly equal the yielding stress k and then the contact
line AB itself becomes a slip line (C-type slip line field)
as shown in Figure II-16. Therefore, there are three different
types of deformation processes (N, L and C type) depending
on the rake angle and the frictional coefficient. The boundary
between N and L type is Yg © 0 and that between N and L type
is 8, = /2. The Equations (II.2,21) to (II.2.24) obtained for

N-type are effective for L and C types with g *© 0 or 8y = /2.
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(3) FPORCES REQUIRED TO PRODUCE THE PLASTIC DEFORMATION
AND PLASTIC FLOW LAYER:

For each type of deformation process (L, N and C), stresses
on and t on the contact line AB in the normal and tangential
direction to the rake surface can be given in the following
equations:

o .
i (1 + ZVB) + sin ZSA

T .
K= - cos ZBA (II.2.26)

Then pressures q and p in x and y direction which act on
the rake surface are

P = o, gin a - t cos a

qQ =0, ,c08 0+ sin a (I1.2.27)

From Equations (II.2.26) and (II.2.27) forces P(x) and Q(x)
acting on the cutting edge in y and x direction, respectively, .
are given in the equation

P(x) = [(1 + 213) gin a + cos (ZBA -a)]l . khsina

Q(x) [C1 + 2vg) cos a ¢+ sin (28, - a)] . k i cos a
(II.2.28)
fhe relation between the depth of cut and normal force P(x)
in the plastic region are from Equation (I1.2.22)
y = R/Ip00,0) (11.2.29) .
where Jp(p,a) is a constant which can be determined by yielding

stress k, the rake angle a and the frictional coefficient p

and is expressed as
-56-




[(1#2YB)ain-a+coa(2BA-6)]sin a

J (pya) = k .
P cos a - 42 sin BA sin 'C ¢II.2.30)

It should be noted from Equation (II.2.29) that the normal
force P{x) is proportional to the depth of cut in the
plastic region. On the other hand, the depth of the plastic
flow layer can be given from Figure II-14 to II-16

D, = 0 for L-type

D, = h sin 8aL1- 47 sin 8,) -y
for N and C-type (I1.2.31)
(4) DISCYUSSION ON THE DETERMINATION OF THE BOUNDARY
POINT BETWEEN THE PLASTIC AND CUTTING REGIONS:

The metal which piles up ahead of the rake surface
increases with increasing depth of cut in the plastic region
and should finally be removed as a chip. It is very hard
at the present time to determine quantitatively the boundary
point between the plastic and cutting regions and more experi-
mental and theoretical investigation is required. However,
the following qualitative consideration may be useful to
determine the boundary point.

Figure II-17 shows a slip line field in two dimensional
cutting by E.H. Lee and B.W. Shaffer and this may be effective
in the cutting region for this cutting problem.

At the boundary point L - type deformation process should
change into the slip line field in Figure II-17(a) and N

and C type into that in Figure II-17(b). Upor changing of
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(A) SLIP LINE FIELD CONFIGURATION WITH NO
BUILT-UP NOSE

(B) SLIP LINE CONFIGURATION WITH A
BUILT-UP NOSE

FIGURE 11-17 - SLIP LINE FIELD IN CUTTING REGION
(LEE & SHAFFER)
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the slip line field from N and C types into that in Figure
II-17(b), the built~up nose may be formed by the stress
released due in part to the initiation of micro-cracks at
point A. Therefore a relation between the strength of
metal being cut and the stresses at point A may be useful
to determine the boundary point.

Furthermore the pile up phenomena ahead of the rake
surface has a close relation to the plastic deformation
processes. From the above mentioned point of view the bound-:-
ary point will be determined in the near future.

I1.2.5 Typical Results of the Plastic Deformation Theory

(1) DEFORMATION PROCESS IN THE PLASTIC REGION:

For the plastic region in the transitional cutting
process where the cutting edge (withrake angle & and
spring constant of mounting ks) cﬁts with increasing linear
depth of cut into the metal at an angle ig to the surface,
a groove is produced by plastic deformation without the formation
of a chip. In this case the form of pile up ahead of the
rake surface and of the plastic deformation under the rake
surface is a strong function of the rake angle a and the
frictional coefficient p. In other words, there are three
different plastic deformation processes (L, N and C type)
depending on the rake angle a and the frictional coefficient p.
Figure II-18 shows the effective region of each type of the

deformation process in the plastic region.
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It should be noted from this figure thst the L type
deformation process occurs for smaller rake ingle and frictional
coefficient and that C type deformation process occurs for
larger rake angle and frictional coefficient. In practical
grinding the average rake angle of abrasive grain is about
1 radian and the frictional coefficient o is about .2, Then
the plastic deformation process of an abrasive grain in
grinding should be the N type. From Figure II-19 to II-22,
the relations are shown between angles which determine the
deformation process, and the rake angle, with the frictional
coefficient as a parameter, In these figures the changing
ranges of each angle in the L, N and C - type are shown.
However the C - type can be represented by a line, because
each value of the C - type is independent of the frictional
coefficient.

As an example, the pile up profile angle 8, shown in
Figure II;22 is explained in case of p = .3.

The deformation process is L type for rake angle smaller
than .8 and the profile angle 8, increases with increasing
rake angle. At point B the deformation process changes from
L into N type and the profile angle 8, decreases with increasing
rake angle. Then at point C the deformation process changes
again from N into C type and the profile angle Be decreases
with increasing rake angle, independent of the frictional

coefficient.
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(2) CONTACT LENGTH h ON THE RAKE SURFACE:

Contact length h on the rake surface is greater than
y/cos a because of the pile up ahead of the rake surface.
This contact length h has a close relation to the total forces
acting upon the cutting edge and therefore is very important.
Figure II-23 shows the relation for a uﬁit depth of cut between
the contact length and the rake angle with p as a parameter.
It can be seen from this figure that the contact length increases
with increasing rake angle and frictional coefficient in
the L - type plastic deformation process, and that in type N
and C it decreases with increasing frictional coefficient
and becraes minimum for a certain rake angle.

(3) PROFILE OF THE PILE-UP AHEAD OF THE RAKE SURFACE:

The pile-up phenomena ahead of the rake surface has
a close relation to the plastic deformation process and therefore
is very important in the analysis of the transitional cutting
process. Figures II-24 and II-25 show variation with rake
angle of the heights and width of the pile up ahead of the
rake surface for a unit depth of cut, For the N type, which
may be a plastic deformation process in practical grinding,
it should be noted that the rake height coefficient Ce
decreases with inéreasing rake angle a and frictional coefficient p.
This {indicates that the plastic deformation under the rake
surfacde occurs in a more local region with decreasing rake

angle and frictional coefficient.
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(4) PLASTIC FLOW LAYER:

It is obvious that the plastic flow layer on the ground
surface has a close relation to the surface integrity. Figure
1I-26 shows variation of the depth D, of plastic flow layer
for unit depth of cut with rake angle. D is theoretically
zero for the L type plastic deformation process. The depths
Dh of plastic flow layer for N and C types increase with
increasing rake angle and frictional coefficient. Figures -
I1-27 and II-28 show the variation with rake angle of the
pressure a, in the normal direction to the rake surface and
shear stress t on the rake surface. Figures II-29 and II-30
show variation of normal force P(x) and tangential force
Q(x) with with rake angle a and frictional coefficient p.

It should be noted from these figures that the normal force
increases with increasing rake angle and frictional co;fficient
and that the tangential force increases with inereasing fric-
tional coefficient and has a maximum for a certain rake angle.

(5) FORCES ACTING ON THE CUTTING EDGE IN PLASTIC REGION:

Forces acting on a cutting edge have a very close relation
to the deformation process in the elastic, plastic and cutting
regions and are proportional to the depth of cut in the elastic
and plastic regions, although the proportionality constant
is different in each region. In other words, the slope of
the force variations with the cutting distance changes at
the transit%on point of each region. This indicates that
it is ipcor;ect to assume the two dimensional cutting theory

is valid for all depths of cut, as is often done.
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FIGURE [1-30 - TANGENTIAL FORCE
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II.3 Experimental Analysis of Deformation Process in Transitional
Cutting.

II.3.1 Introduction

The elastic and plastic deformations near the beginning
of contact were analyzed in Subsection II.2 and essential
parametsers or factors which affect these transitional cutting
regions were clearly defined. In this subsection the transi-
tional cutting process will be examined experimentally, based
uhon the information obtained from the theoretical analysis
so that a clear understanding can be developed. In order
to examine the transitional cutting process under circumstances
similar to practical grinding, a circular cutting method
where the depth of cut becomes maximum at a certain point
is used.

Various phenomena such as elastic and plastic sliding
length, critical depth of cut, critical normal force, pile-up
at the sides of grooves, plastic flow layer and the workhardened
layer, which is a measure of the surface integrity, will
bc'diséusacd in each region of this experimental research.

11.3.2 Experimental Method and Equipmert

The experimental equipment used in this study is shown
in Figure II-31, It consists of a disc which is attached to
the main shaft of a grinder., Fixed upon the peripheral surface
of this disc is a pyramidal diamond indentor with one of the
pyramidal faces used as the rake surface. A specimen mounted

upon a dynamometer is then cut by the cutting edge. Both the

=70~




\

APPARATUS

|

FIGURE 11-31 - PHOTOGRAPH OF SINGLE GRAIN CUTTING

!

WORKPIECE

G iy’

—
<’xeL=

/v Xp= |

1 / CUTTING EDGE
ﬁ'\%_"lf

FIGURE 11-32 - SCHEMATIC DIAGRAM OF SINGLE GRAIN

CUTTING SET-UP

+73 4

L N

d

. '
Lth__u- .\\\
\

e ——. o~ — o St S e i



norasal component and the tangential component of the cutting
ﬁ@gg@co are measured by the dynamometer and recorded using an
| o\frgcinoscopc .
" The schematic diagram of this experiment is shown in

Figure II-32 and the following experimental condition were -

utiliied;
Cutting velocity V = 4800 - 12,000 ft/min
Interference angle :'Lg = 10* ~ 120"
Rake Angle a = -68°
Workpiece mild steel )

In order to estimate the elastic and plastic length it

is necessary to determine two critical points; that is, the

location of initial plastic deformation and the location at

which cutting begins. These critical pointsg are estimated

from geometrical considerations and from the following

information: -
(a) Variation of cutting forces with cutting distance
(b) Observation of grooves
(c) Variation of the pile-up stock with cutting distance
(d) Pictures taken by high speed camera .
II.3.3 The Elagtic and Plastic Sliding Length

Figure II-33 shows variation of the elastic and plastic
sliding length with the interference angle for a cutting
velocity equal to 5100 ft/min. 1In this figure the line Lth
represents the contact length between the cutting edge and

the workpiece and the line Ymax represents the location of
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the maximum theoretical depth of cut. Furthermore, the Xy
and ‘p curves represent the critical points for the elastic
and plastic regions respectively and the curve (x. + Lt)
represents the summation of the elastic sliding length and
the length of the groove produced. The region from the 18
axis to the X, curve would correspond to the elastic region.
The region from the Xq curve to the xp curve corresponds
to the plastic region and from the X, curve to the (xe + L)
curve the cutting region. The actual length of the produced
groove Lt is therefore equal to the distance between the
xq curve and (xe + Lt) curve. In order to better illustrate
the various regions; several typical cutting grooves are
shown at the top of this figure. For cutting under condition I,
(13330') the cutting groove is not observed, even though
the cutting forces are measured. This indicates that the
cuttigg edge slides elastically throughout the entire contact
length between the cutting edge and the workpiece. For cutting
under condition II (i8=50') the cutting groove is produced
by only the plastic deformation and no chip is generated.
In this case the elastic sliding length at the beginning
of contact is longer than that at the end of contact even
though the geometry is similar 4t both the beginning and
the end of contact.

For cutting under condition III (ig=70'), there are

five different processes of deformation through the contact

length. They are elastic, plastic and cutting at the beginning

-The




of contact and then smaller plastic and elastic at the end

of contact. The results indicate that the interference angle
should be increased to decrease the elastic and plastic sliding
length and therefore to increase the cutting region.

II.3.4 Critical Depth of Cut and Critical Cutting

Forces at Critical Points of the Elastic and

Plastic Regions.

Figure II-34 shows the relationship between the critical
depths of cut y, yp and the interference angle ig. In this
figure, the 2d-curve represents the maximum value of the
theoretical depth of cut.

As can easily be seen in Figure II-34, the critical
depths of cut Ye and yp do not depend upon the interference

angle i8 but do decrease with increasing cutting velocity V.

Curves of the variation of the critical normal forces

P(xe) and P(xp) with the interference angle ig are shown

in Figure II-35. 1In this figure it can be seen that the
cutting velocity and the interference angle have the same
effect upon the critical normal forces as they did upon the
critical depths of cut.

II.3.5 Pile-up Phenomena

A great deal of metal piles up at the sides of the cutting
groove ingtead of being removed as a chip and this pile-up
phenomena has a close relation to the deformation process

during transitional cutting.
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The relationship between the cutting distance, which
has a relation with cutting depth, and the height coefficient
Tp for the case where there is no cutting region (V = 5100
ft/min, ig = 46.5), is shown in Figure II-36. As can be
seen in Figure ITI-36, both Tg and Yy, are equal to zero in
the elastic region and both increase very rapidly in the
plastic region. In the mid-region, s and Y, are nearly
constant with increasing tendencies near the end of the plastic
region. The variation of Yg and 12 for the case where all
three regions exist (V = §100 ft/min, ig = §9,2') is shown
in Figure II-37. 1In the elastic region Y5 and y, are again
equal to zero as expected. These values increase very rapidly
in the plastic region with a sudden decrease at the critical
point where the chip begins to be produced. The same increasing
tendency can be noted near the end of contact. Furthermore
the height coefficient (ys)p and the width coefficient (yb)p
at the elastic critical point are not dependent upon the
interference angle and decrease with the increase of the
cutting velocity.

I1.3.6 Work Hardening

Figure II-38 shows the relation between the depth of
cut and the depth of work hardened layer, which is one of
the factors that determine the surface integrity. It can
be seen from this figure that work hardening doesn't exist
in the elastic region and increases with increasing depth

of cut in both the plastic and cutting. In other words,
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the depth of work hardened layer increases in the plastic
region along the line AB with increasing depth of cut and

in the cutting region along the ..ine BC, which has ‘. smaller
slops than of the plastic region. 1In the last half of the
contact the depth of work hardened layer decreases along

the cufve CB'A' which depends on the interference angle,

The élopcs of" the lines AB and BC in the first half of contact
are independent of the interference angle and also an inverse
function of the relative cutting speed. The fact that the
slope of the work hardening line AB in the plastic region

is larger than that of the line BC in the cutting region,
indicates that the increment of the depth of work hardened
layer in the plastic region is larger than that in cutting
region for a unit increase of the depth of cut. It should

be noted from this data that the plastic region should be
decreased to improve the integrity of ground surface and
therefore the interference angle and the relative cutting

velocity should be increased.

II.4 Conformity Theory in &rinding

II.4.1 Introduction

Two dimensional cutting theory has played a great role
in developing a clear understanding of the chip formation
physics for the cutting of a single grain and therefore was
important in developing machining with a single cutting edge

such as turning. Consequently, there has been much information

-80-




reported using the wrong assumption that the two dimensional
cutting theory is applicable for every moment of the cuttirng
process even for cutting during grinding.

As can easily be seen in the traditional analysis of
the undeformed chip shape, the depth of cut in grinding in-
creases from zero, becomes maximum at a certain point and
then decreases to zero. In such a cutting process the chip
is not formed from tne beginning of contact, but after the
elastic and plastic deformation region as was described in
Section II.2. The elastic and plastic sliding lengths occupy
a great part of the contact length between a cutting edge
and workpiece and for some cases there is only the elastic
region or the elastic and plastic regions without chip
generation. Thus there are three different types of defor-
mation processes which significantly affect the grinding
process and therefore the griuding results. For example,
the integrity of the ground surface is largely determined
by the elastic and plastic iegions, because it is the
elastically and plastically deformed metal which forms the
ground surface.

Therefore a different cutting model from that of the
two dimensional cutting model should be required in grinding
for analyzing the transitional cutting process.

From the above point of view, the-most convenient model
for analyzing the grinding process will be proposed. The

basic boundary conditions in grinding willlbe developed in
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this subsection based upon the essential factors which affect
grinding processes. ' Thess factors were discussed theoretically
and experimentally in Subsections II.2 and II.3. Furthermore,
the undeformed chip shape will be analyzed to discuss how
the working conditions affect the basic boundary conditions
in grinding.

II.%.2 Cutting Model in Grinding

The cutting model in grinding corresponds to a two-
dimensional cutting model as shown in Figure II-39(b). 1In
other words, a cutting edge witli a rake angle a and wear
width 2a cuts into the surface at the small angle i‘ at very
high relative velocity V, a summation of wheel velocity Vg
and work velocity Vw. The depth of cut increases linearly
from zero, becoming maximum (tmax) at a certain point (Lt)
and then decreasing to zero (cutting-out angle id). In this
cutting all of the triangle JAB is not removed as a chip,
because there is always the elastic and plastic region before
the cutting due to displacement of the cutting edge and the
metal being cut (contact stiffness ks)’ Therefore, all
parameters shown in Figure II-39(b) are very important in
analyzing the grinding process since the cutting process
in grinding is transitional. Thus the numoer of the basic
boundary conditions for the cutting model in grinding is
more than in the two-dimensional cutting model, which can be

described by the rake angle a and the depth of cut t.
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The difference between the models is that the effects
of the continuously changing depth of cut, wear area in the
clearance surface, contact stiffness and relative velocity
upon the cutting process should be taken into consideration.
The grinding model will clearly show the finished surface
characteristics which can not be obtained from the two-
dimensional cutting theory.

II.4.3 Undeformed Chip Shape in Grinding

(1) THE LOCUS OF A CUTTING EDGE ON THE WORKPIECE SURFACE:
The locus of a cutting edge of the wheel relative to
the workpiece is a trochoidal curve. Since the arc of contact
between the wheel and work is normally very small, the
equation of this locus can be given approximately as

(See Figure II-40)

2
Y . ABx,
Rg 2 Rg (II.4.1)
1 Kv
where A = —————r B=[l—m(-(l(v+2)]
(Kv + 1) R
D = +1 : external grinding
D = -1 : internal grinding

R
where Kv s Vf , KR z Rf

From the fundamental Equation (II.4.1), the relations between
undeformed chip shape (basic geometrical boundary conditions)

and working conditions such as work speed V_, wheel speed Vgs
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work radius R", wheel radius R., successive cutting edge
spacing 8, and the wheel cutting depth d can be obtained.

(2) INTERFERENCE ANGLE ig:

As mentioned in detail in Subsections II.2 and II.3, the
interference angle ig is very important for developing a clear
understanding of the transitional cutting process.

From the fundamental equation (II.4.1l), the equation for
the interference angle ig can be obtained for external and

internal grinding as follows:

i = 2D tan} |—X-n1 -Jl-znAaKRtanz(’,’-) |+ Dy

8 tan(§)
(1I1.4.2)
K,,*8 K, K
where y = v = vp
R, g
For surface grinding the interference angle ig is
AK,, K
. -1 | v |
1g = 2tan z (II.4.3)

From the Equations (II.4.2) and (II.4.3) it should be noted that
the interference angle ig is a function of the radius ratio Kp»
the velocity ratio Ky and the successive cutting edge spacing
& and that it is not dependent upon the cutting depth of wheel d.
(3) CHIP LENGTH Lc
The approximate chip length L, (See Figure II-40) can be
given in the equation for external and internal grinding:
Lg

KpY

-1 D R

£ ¢ Krooos” Lxmrsmeoregy(t P Virerrg-
s P (II.4.4)
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vhere
[ ] 2 2
e = (A°B) (KR¢D Kp/xd) + 2D KR AB

For surface grinding

L 2K
(] 1l
!: . 3 KVKp * Ika A

It can be seen from the Equations (II.4.4) and II.4.5) the

(II.4.5)

chip length L, is a function of the radius ratio Kz» the
velocity ratio Kys the successive cutting edge spacing &
and the cutting depth of wheel d.

(4) MAXIMUM CHIP THICKNESS ok

The maximum chip thickness can be given for external

and internal grinding in the fcllowing equation:

t K
BAX ., prp - X, (3DK,AB+1)(8-v)?}]
K, Kg R (7PKpAS Y (II.4.6)

where

g = COl-l[xFrx—:gx—7x—T (-1 +D {1 + e)]
R ™p""d

For surface grinding

t K 2°K
max , - PR - Kok )P
R Kdn 7 *Kq vVop (II.4.7)

It can be seen from the Equations (II.4.6) and (II.4.7)
that the maximum chip thickness thax is also a function of
the radius ratio KR’ the velocity ratio Kv, the successive

cutting edge spacing & and the depth of the wheel d.
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(5) THE ANGLE 1d AT THE END OF CONTACT:

The interference angle 18 is the angle at the beginning
of ccntact between the cutting edge and the workpiece and
is an important value for analyzing the transitional cutting
process during up-grinding. However, the angle id at the end
of contact will become important for analyzing down-grinding
as mentioned later in more detail. It is be given by the

fnllowing equation:

1
i, = T,znx (AB+gi-)
d a™ " DRy (I1.4.8)

From this equation it should be noted that the angle id
is a function of the radius ratio KR’ the velocity ratio Kv,
the successive cutting edge spacing § and the depth of wheel d,
although the interference angle ig is independent of the
depth of wheel.

IT.4.4 Typical Example of Undeformed Chip Shape

In the previous paragraph the fundamental and important
equations concerning wheel-work conformity have been developed.
However, these equations are very complicated functions of
the grinding conditions and it is difficult to see from the
equations how the grinding conditions affect the basic boundary
conditions such as the interference angle, the chip length,
the maximum chip thickness and the angle at the end of contact.

In this paragraph typical trends predicted by these
equations will, therefore, be illustrated and the implications

of these trends indicated.
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(1) THE INTERFERENCE ANGLE i‘:

The effects of the various working conditions upon the

o
interference angle 13 are shown in Figures II-41, II-42,

and II-43. As can be seen in Figures II-L1 and II-42, the
interference angle i‘ is greater for external grinding, for
decreasing values of the radius ratio KR’ and is increased
widely simply by increasing the values of the speed ratio
Kv. It is a maximum at Ky=1l. As indicated by Figure II-43,
the interference angle i‘ is a very strong function of the
successive cutting edge spacing ratio Kp, increasing with
increasing Kp. Ordinarily, there is little control over
the value of KR because of the machine and workpiece geometry,
however there is some control over the value of Kp obtained
by changing the dressing condition. The best way to increase
the interference angle 18’ however, is to increase the speed
ratio Kv.

(2) THE MAXIMUM CHIP THICKNESS

In Figures II-44 and II-45, typical variations of the

maximum chip thickness toax with speed ratio X, and the ratio

v
of successive cutting edge spacing to cutting depth of wheel
Kd are shown for typical values of Kp and Kp. The interesting
feature is that the thickness increases with increasing Ky
or the cutting depth of the wheel d.

(3) THE ANGLE 1d AT THE END OF CONTACT

The effects of the grinding conditions upon id are shown

in Figure II-46 to II-48, As can be seen from these figures
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the value of the angle id is nearly constant at small values
of Kv and increases rapidly at high value of K. Furthermore
the value of 1d increases with increasing values of lfDKR and
with the square root of K,.

It should be noted that the main difference between 1‘
lud.id is that the value of 1‘ is a function of Ky, Kp and
Kp while i, is a function of Ky, Xp and K. Also, for small
values pf Kv, the value of id is nearly constant while :I.g

is a drastically changing function.

II.5 Contact Stiffness Consideration

I1.5.1 Introduction

In Subsection II.2 the deformation processes in the
elastic and plastic region were analyzed theoretically for the
tpansitional cutting process where the depth of cut is increased
linearly. A discussion of how the interference angle, the
wear width of the clearance surface, spring constant of grain
mounting and relative cutting velocity affect the deformation
process was presented. In Subsection II.3 the transitional
cutting process was examined by using a circular cutting test
and from this test it was found that the cutting edge slides
elaatically or plastically throughout the entire length of
contact unless the plastic deformation or cutting occurs before
the point where the depth of cut becomes a maximum. In
Subsection II.4 the cutting model in grinding and the basic

boundary conditions were proposed to analyze the transitional

Ol



cutting process in grinding, based upon the theoretical and
experimental analysis of the transitional cutting process. In
this subsection the deformation theory will be combined with

the conformity theory to analyze the grinding process. Further-
more, a discussion of the affect of the grinding conditions

on the elastic and plastic regions is presented. Optimum
grinding conditions for increasing the cutting region by
reducing the sliding length of the cutting edges are discussed.

TI.5.2 Elastic Sliding Length Ratio In Up Grinding

As described in Subsection II.4, the chip can be divided
into two regions (A and B)., In region A the chip thickness
is linear to the distance from the leading edge of chip and

can be given by the following equation

8 8 (II.5.1)
Region B is a parabolic region and the chip thickness

in this region can be given by the equation

t X 2 X
ﬁ; = D[C1<§;) + C2(K;) + C3]

(11.5.2)
where
C1 = -ig/2 La
02 = ig/2
Cy = -ig-Lula + ng
La = K\,-Kp s Ea = Kd/Kp

On the other hand, a certain amount of normal force P(xe)

is required for the metal being cut to be deformed plastically
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under the cutting edge, and the normal force is given by
Equation (II.2.8). The displacement of the cutting edge
is Ang which is given in Equation (II.2.11) and that at
the surface of workpiece Ve is given by Equation (II,2.10),
when the normal P(x.) acts upon the cutting edge.

Therefore the metal being cut begins to be deformed
plastically under the cutting edge at the point where the
chip thickness given in Equations (II.5.1) and (II.5.2) becomes
equal to the summation (Ane + ye) of the displacement of
the cutting edge and that of the workpiece, Then the critical
depth of cut can be given by the equation

t, = Plx,)/kyg (II.5.3)

where kog 18 a contact stiffnese in the elastic region and

given by the following relation:

1 . 1, 1
ke K I6,0
From Equation (II.5.3) and Equation (II.5.1) or Equation
(11.5.2), the elastic sliding length of abrasive grain in

grinding can be given by the equations

Xy 101 (P(xe)
= )
L ‘g Ry ks (II.5.4)
or
Xe Lu 2La 1 P(xe)
= - [K, - -1?——41
R-s- T 13_-d R:( cs (II.5.5)

Therefore the ratio of the sliding length to the total undeformed

chip length can be obtained as:
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1 ( [ ] )
Y Rs R
e [iL (r+[y—FK,))
gz 'JIgra = (II.5.8)
or P(x )
1 ‘F [K - 1 . e
xe = 7 g a = R: ;B
L 1,2 X
74T, = (11.5.7)

Equation (II.5.6) should be effective for the case where*
the metal begins to be deformed plastically in the linear
region and Equation (II.5.7) for the parabolic region.

Furthermore, it should be noted that the cutting edge
slides throughout the whole contact length between ‘che
cutting edge and workpiece unless the plastic deformation
occurs before the point where the chip thickness becomes
a maximum, as was described in detail in Subsection II.2.

II.5.3 Effects of Grinding Condit:ons Upon the Elastic

Sliding Ratio In Up Grinding

It is very important to discuss the effects of working
conditions upon the elastic sliding ratio to determine optimum
grinding conditions, because one of the means to get optimum
grinding results is to reduce the elastic sliding length.

(1) THE EFFECTS OF THE RADIUS RATIO K,

Figure II-49 shows variation of the elastic sliding length
ratio with the radius ratio KR' In this figure it can be seen
that the sliding length ratio decreases with increasing value
of 1/DKg and that internal grinding has extremely poor

conformity. This figure exemplifies the difficulty of using

37~




internal grinding. External grinding for the same grinding
condition has the lowest values of the elastic sliding length
ratio and should give improved grinding results. This is
consistent with general grinding knowledge.
(2) THE EFFECTS OF THE VELOCITY RATIO Ky
The effect of the velocity ratio upon the elastic sliding
langth is extremely important because the velocity ratio and
wheel cutting depth ;re the most controllable parameters.
Figure II-50 shows a typical example of the effects of
Ky upon the sliding length ratio. It should be noted from
this figure that the sliding length ratio decreases with
increasing value of the velocity ratio K, and becomes minimum
at K,21 where ig is a maximum for the case where the plastic
deformation occurs in the linear region (Region A, Figure
II-39(b)). This region is the important one for most practical
grinding conditions.
However, for some cases of extreme grinding conditions
the plastic deformation occurs in the parabolic region, and
then it is possible that the optimum value of Ky is different
from one. In order to better indicate this point, Figure II-S1
is shown, In this figure K, represents the critical velocity
ratio and in grinding with velocity ratio Ky smaller than

K the cutting edge slides through the whole contact length.

Ve
It should be noted from this figure that the sliding length
ratio is equal to one if KV<KVc’ decreases to a mininum value

at K, and then increases with increasing Ky

Vo
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Therefore the optimum operating condition would be at
KVo for minimum sliding length ratio. For almost all of
the practical grinding the optimum velocity ratio Kyo is,
however, equal to one, because the parabolic region rarely a
exists before the point where the chip thickness is maximum.
(3) THE EFFECTS OF THE SUCCESSIVE-CUTTING EDGE PARAMTER Kp
Since the cutting edge spacing is significantly influenced
by the dressing condition, one indication of the relative
importance of the dresaing condition can be obtained by studying
the effects of the successive cutting edge spacing upon the
elastic sliding length ratio. The effect of the successive
cutting edge spacing parameter Kp is shown in Figure II-52
for a typical value of Kv =,01. It should be noted from
this figure that the elastic sliding length ratio decreases

with increasing value of Kp. However an optimum successive

cutting edge spacing exists for the case where plastic defor-

mation occurs in the parabolic region before the point where
the chip thickness is maximum, as described previously.

(4) THE EFFECT OF THE DEPTH OF CUT OF THE WHEEL

The depth of cut of the wheel is another variable which
can be very easily controlled during grinding and, therefore,
is very important. The effect of the depth of cut of wheel
upon the elastic sliding ratio is shown in Figure XI-53 for
Kv=.01.

The elastic sliding length ratio decreases with increasing

cutting depth of wheel and therefore it appears that for
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larger values of cutting depth better grinding results can
be obtained based upon the elastic sliding length consideration.

(8) EFFECT OF THE CONTACT AREA

A typical variation of the sliding length ratio with
thp contact area is shown in Figure II.S4 for several typical
cases,

In all cases the sliding length ratio increases with
increasing contact area as predicted in the equation for
the elastic sliding length. The'contact area increases due
to wheel wear during grinding and, therefore, the sliding
length ratio will increase with time during grinding.

(6) EFFECT OF THE GRAIN MOUNTING SPRING CONSTANT

Cutting eagss are mounted resiliently by a bond which
has an elastic property and therefore cutting edges can
deflect causing the sliding region to increase. The effect
of the spring constant is shown in Figure II-55. From this
figure the elastic sliding region can be reduced by using
a harder wheel.

IT.5.4 Elastic Sliding Length Ratio In Down Grinding

As described in Subsection II,.4, the cutting-out angle

id is larger than the cutting-in angle i_ for nearly all

of the practical grinding conditions. T:erefore, if the

grinding wheel is operated in the opposite direction (down
grinding), better grinding resuits can be expected because
of the decrease of the sliding length of cutting edges as

in down milling.
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The down-grinding chip geometry is basically the same
as the up-grinding geometry. The chip is divided into
two regions: A linear region and a parabolic region. For
up-grinding the cutting edge enters the linear region, then
the parabolic region but in down-grinding the cutting edge
enters the parabolic region first. Therefore the elastic
sliding length ratio for down-grinding can be determined in

the came way as in up-grinding:

2 T P(xe)
X, IGTE—[KdJK— “Ya R -
(E—) = a gK s'cs
Cdown L, d 1
z I Ia VK (I1.5.8)

In Figures II-56 to II«59, the effects of the grinding condi-
tions upon the sliding length ratio are shown. It should be
noted from these figures that the effects of the velocity
ratio Ky» the radius ratio Kp and the successive cutting

edge spacing parameter Kp upon the elastic sliding length
ratio are very small for down-grinding. The important point
is that in general the elastic sliding length ratio is much
smaller for down-grinding than that for up-grinding.

II.5.5 Consideration of Sliding Phenomena on the Ground

Surface
In the previous paragraph the ratio of sliding length
to the whole length of contact between cutting edge and work-
piece was discussed. However the greatest part of the contact

is removed by the successive cutting edges and therefore
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the final surface will be formed from the initial part of
contact (See Figure II-60).

Therefore, in order to evaluate effects upon the ground
surfacs, a parameter which relates the ratio of the elastic
sliding length to the length of cont;ct which remains on
the ground surface, should be used. For some cases of grinding
thin parameter is possibly equal to one. This doesn't neces-
sarily mean that the cutting e?ge will slide through the
entire length of contact, but the successive cutting edge
removes the cutting region of the previous cutting edge leaving
onl} the sliding region. Therefore the sliding phenomena
may play a greater role upon the formation of the surface
in grinding even for cases when the ratio of the sliding

length to the whole length of contact is very small.
I1.6 Conclusions

In this section the deformations in the elastic and
plastic regions, which exist near the beginning of contact
during transitional cutting, have first been analyzed theo-
retically and experimentally from the viewpoint that the
cutting process in grinding is transitional.

Basic boundary conditions that affect the transitional
cutting in grinding have been clearly defined by the proposed
cutting model in grinding. The relationship between these
basic boundary conditions and the grinding conditions have
been discussed by analyzing the geometrically undeformed

chip shape in grinding.
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Furthermore, various phenomena in the wheel-work inter-
ference zone have been analyzed from the deformation theories
and the conformity theory.

Consequently it has been discovered that the "free cut"
of each grain is required for increasing the grinding efficiency
and improving the ground surface integrity. The conditions
for the free cut of each cutting edge are:

(1) To increase relative cutting velocity

(2) To increase the ratio of work velocity to wheel

velocity

(3) To increase contact stiffness

(4) To use sharper cutting edges.

II1.7 Nomenclature

A = K+ D2

2a = Contact length in clearance surface

B = 1—KJk¢2Hm§

Cy = Rake width coefficient of pile up

Cq = Rake height coefficient of pile up

D = Selection parameter D = +1; external grinding
D = -1; internal grinding

d = Depth of cut of grinding wheel

Dy, = Depth of plastic flow layer

G = Grinding ratio

G(p,V) = TForce constant

h = Contact length on the rake surface ir plastic region

Hmax = Surface roughness
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Interference angle in down grinding
Interference angle in up grinding
Displacement ccnstant in elastic region
Displacement constant in plastic region

8/d = ratio or successive cutting edge spacing to
depth of wheel

Kd/Kp

6/Rs = pratio of successive cutting edge spacing
to wheel radius

Rw/Rs = radius ratio

vw/vs = velocity ratio

Yielding stress in shea