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FOREWORD

This Final Technical Documentary Report cover6 all work per-
formed under AF33(600)-40122 from 2 October, 1959 to. 15 November,
1962. The manuscript was released by the authors on January .24,
1963 for publication as an ASD Technical Report.

This contract with the Sheffield Corporation, of the Bendix
Corporation, Dayton, Ohio, was initiated under ABD Manufacturing
Methods Project 7..757, "Imposed High Frequency Vibration System
and its effect on Conventional Grinding of High Thermal Materials".
It was administered.under the technical direction of Floyd Whitney
of the Fabrication Branch, Manufacturing Technology ,Laboratory,
Aeronautical Systems Division, Wright-Patterson Air Force Base
Ohio.

Sheffield personnel are R, N. Roney, P~oject and Chief
Technical Enginoer,,and D. Giardini, Ultrasonics Engineer. The
entire project was under the guidance of Mr. Walter Burkart,
* Manager of the Machine Tool Division, Sheffield Corporation.

This project has been accomplished as a part of the Air Force
Manufacturing Methods Program. The primary objective of the Air
Force Manufacturing Methods Program is to develop, on a timely
basis, manufacturing processes, techniques and equipment for use
in economical production of USAF materials and components. The
program encompasses the following technical areas,

Rolled Sheet, Forgings, Extrusions, dastings, Fiber anJ
Powder Metallurgy
Component Fabrication, Joining, Forming# Materials Removal
Fuels, Lubricants, Ceramics, Graphites, Non-metallic Structural
Materials, Solid State Devices, Passive Devices, Thermionic
Devices.

Your comments are solicited on the potential utilization of
the information contained herein as applied to your present or
future production programs. Suggestions concerning additional.
Manufacturing Methods development required on this or other sub-
jects will be appreciated.
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FINAL REPORT ON IMPOSED HIGH FREQUENCY VIBRATIONS
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THERMAL RESISTANT MATERIALS
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SUBSIDIARY OF BENDIX CORP.
MACHINE TOOL LABORATORY

Vibrations from 60 cycles to 40,000 cycles per second were in-
vestigated for possible application to grinding. Direct vibration
of the part being ground and vibration of the grinding wheel Itself
were used. Most successful in performance was the wheel vibrating
in the 20,000 cycles per second frequency range. Benefits to con-
ventional grinding are lower grinding temperature, lower power to
grind, greater grinding ratios, no impairment to surface finish, no
impairment to meohanical properties as to cracks, fatigue or ten-
sile strength, even though using harder wheels than those normally
used.

An internal, external and surface grinder was modified to an
ultrasonic grinder by attaching an ultrasonic spindle which vibrated
the special ultrasonic wheel and hub assembly.

Numerous grinding tests were made from which test criteria were
established for the simulated production runs made on each of the
three grinder types.

Operational feasibility, adaptability to specific grinding
operations, design variations and substantiation of previous find-
ings were made. Simulh ted production grinding runs showed that
on Ti6Al-4V, the volume removed improved over four fold and grind-
ing ratios improved five fold. On H-11, the grinding ratios im-
proved two to three fold and on 15-7 MO, the grinding ratios im-
proved nearly two fold with 50% power reduction.

Procurement specifications, on industrial ultrasonic grinding
machines, basically in the form of supplements to existing speci-
fications, were made to include centerless as well as surface, ex-
ternal and internal grinders.

PUBLICATION REVIEW

This Report has been reviewed and is approved.

FOR THE COMMANDER:

Ijack R. Marsh
Assistant Chief,
Manufacturing Technology Laboratory
Directorate of Materials and Processes
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SECTION I

1I.1 Introduction

The materials necessary to prevent complete or partial dis-
integration by frictional heat, fatigue and others, frequently fall
in the category of High Thermal Resistant Materials. There are
numerous instances now, and there will be many more in the future,
of present machining practices being pushed to the limit in order to
fabricate or generally alter the part geometry.

Though the present state of the machining art is in most
cases capable of altering parts to desired configuration, there is
a need in certain fields, such as the grinding field, for more
rapid material removal rates, as well as certain improvements de-
sired, as in alleviation of surface residual stresses, surface
checking, lower grinding temperatures, etc.

If economical methods of producing and changing the configu-
ration of a part made of these super alloys were possible, costs of
space vehicles and high speed aircraft would be considerably less;
materials presently available with excellent required characteristics
could be used, and machining time could be brought within the realm
of economic possibility. It is toward a solution of these problems
that this project is directed.

Until the last few years there was little use for any High
Thermal Resistant Materials as conventional aircraft, automotive
equipment, electrical appliances and all other items produced in
this country and abroad could very easily use conventional materials
which could be easily altered to any part configuration desired.
With the advent of the space age, new methods of machining and form-
ing parts had to be developed. The development of adequate machin-
ing methods, while they have increased in leaps and bounds, have
not nearly stayed abreast of the new materials developed.

Within the past decade, vibrations of high frequencies up
to 40,000 cycles per second have permitted machining of the mater-
ials of hardness beyond the realm of possibility during World War
II. Germanium, quartz, glass, ferrites are some of these materials
which are beyond the realm of normal machining but which are being
machined with ultrasonics in limited sizes. It is thought that
these ultrasonic vibratory units, in combination with that of con-
ventional machining methods, could result f.i a definite increase in
material removal rate, alleviate residual stresses, hardness change,
and surface cracking.

The application of vibrations to conventional grinding has
been used by grinding operators on piece part rates. They have
been known to deliberately induce vibrations to the wheel
mount to increase grinding rates, and thus, number of pieces per
hour. Some experimental work, from 60 to 120 cycles per second,
has been conducted by Russian Scientists. Some published

1



data are available concerning vibrations induced to the wheel by metal
embedded within the grinding material and on applications of ultra -
sonics to workpieces while grinding.

1.2 Purpose

The purpose of this project is to determine if the application
of induced vibrations of varying frequencies, including ultrasonics,
either into the workpiece or the grinding wheel, will alleviate pro-
duction problems of grinding in the series of super alloys currently
planned for use in aircraft, engines and missiles. These problems
are of such magnitude at present, that certain of- these steels pre-
sent bottlenecks and serious production obstacles which are restrain-
ing weapons systems design advancements. It may be possible as a re-
sult of this project to completely eliminate such problems or con-
siderably improve grinding operations of these super alloys. Posi-
tive results should considerably raise the level of confidence in
accepting and extending practical use of various grinding processes.

This project is divided into three phases. Phases I and II
were generally exploratory. Phase III is fundamentally the appli-
cation of the process as developed in Phase I and II to simulated
production grinding involving surface, internal, and external or
cylindrical grinding.

Total program length, originally scheduled for two years, has
been extended principally for a materials testing program run in
Phase II.

2



PHASE I - PRELIMINARY EXPERIMENTAL WORK

1.3 TEST MECHANISM & WHEEL & SAMPLE RECOMMENDATIONS

@ 1.3.1 Test Material Selection

In the initial portion of the project, to evaluate instru-
mentations, test specimen coupling, and over all adaptability of the
various modes of vibration, specimens of SAE 1020 were used. As
these were proved out under test, SAE 4340 and 40C Stainless and
15-7T40 were added. Test specimen dimensions are 1/2" X 1/2" X 3".

The four materials selected for actual testing after coupl-
ing methods, vibration modes and frequencies had been determined
through test and experimentation as representative samples of High
Thermal Materials, approved by Manufacturing Methods Division,
Wright-Patterson Air Porce Base are:

1. H-11 die steel hardened to RC 56-58

2. Titanium Alloy Ti6Al-4V, hardened to RC35-40

3. Precipitation Hardening Stainless Steel 15-7 NO

4. High Temperature Alloy Rene 41 hardened to RC40-42

1.3.2 Conventional Grinding

An actual written specific definition of conventional grind-
Ing is not available. Therefore, we have contacted a major grinding
wheel concern to establish for us the most universally accepted wheels,
speed, feed, etc., variables in the conventional grinding process:

1. Wheel size (diameter and width)

2. Grit sizes

3. Hardness

4. Wheel R. P. M.

5. Table Speed (feet ptr minute)

6. Depth of Cut

7. Wheel wear

3



The Carborundum Company, Niagara Falls, New York, was se-
lected as a leading manufacturer of grinding wheels, and recommended
the following* on the selected materials:

Wheel size - 7" X I" X if"

Wheel Speed - 3450 R P M (excepting 1500 to
2500 S F M on Ti6Al-4V) (2)(3)

1. Surface Grinding

Table Speed - 50 feet per minute

Depth of Cut - .002" per pass

Cross Feed - 1/32" per pass

Material Wheel

(a) H-11 Die Steel AA46-G8-Vfo

(b) Titanium Alloy Ti6Al-4V AA46-I8-V40

(c) Precipitation Hardening AA46-H8-V40
Stainless 15-7 MO

(d) Udimet 40 or Rene 41 AA46-I8-V40

2. Cylindrical Grinding

Work Speed - 70 S F M

Table Speed - 12" per minute

Infeed - .002" per traverse

All Materials - Use wheel specifications
listed above

*By private communication.
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3. Centerless Grinding

Work Speed - 100 S F M

Angle Feed Wheel - 20

Angle Work Blade - 150

Blade Above Center - 1/16" for }" to 3/4"
caiameter stock

All Materials - Use wheel specifi-
cations listed above

Feed Wheel - A80-R2-R

1.3.3 Test Mechanism

A test mechanism, or mock-up grinder, for evaluating the
selected vibration and permitting as many modes and methods as possi-
ble, was selected. The simplest application of high frequency vibrat-
ion was to the piece part, employing standard electronic transducers
with capabilities of up to 40,000 cycles per second. The size of
these standard transducers, when mounted verticalýy on the work table,
was in excess of 18 inches, which meant the wheel must clear the table
by 18 inches. It was also necessary to mount the transducer in a hori-
zontal plane, requi-ing the grinder to be capable of adjusting to with-
in approximately six inches under the wheel.

Investigations of all grinders resolved, finally, in the
selection of a No. 13 Brown and Sharpe Universal grinder. With a
simple extension mounted on the spindle housing, heights of twenty or
more inches between the wheel and work table were possible. With its
single column construction, adaptability of any size spindle diameters
was made possible. With the addition of accessories, cylindrical or
external grinding tests can be accomplished. Other accessories per-
mit that of internal grinding, and centerless applications.

Modifications of table speed, wheel R P M, spindle extensions,
can easily be accomplished. This permits testing of the selected vi-
brations modes and their applications in the initial stages of the in-
vestigation, permitting accurate accumulation of data for final select-
ion of the grinder for Phase II.

1.3.4 Test and Evaluation Program

Tests were conducted on the vibration of the piece part in
various modes and on wheel vibration in one mode, in a surface grinder
type application. Results of these tests have guided us in evaluation
of the method of applying vibrations and the selection of a Phase II
test grinder, which, will be of the reciprocating table surface type.

5
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SECTION 2

2. Instrumentation

The following is a report on the instrumentation which con-
cerns the recording of data such as temperature, frequency and ampli-
tude of transducer vibration, the amplitude of the vibration present
at the spindle, marker, spindle power and the forces acting due to
the travel of the grinding wheel over the workpiece.

2.1 Temperature

The temperature of the workpiece was measured by a thermo-
couple iron and constantan wires welded to the workpiece to measure
the change in temperature at the exact center of the workpiece. The
signal from the thermocouple was fed into two Tektronix Type D Pre-
amplifiers connected in cascade. The signal was boosted to a use-
ful level, and fed into the FM channel of an Ampex series FR-lIOO
Tape Recorder and placed on the tape for later reference. Placed on
the tape, along with the temperature trace, was a marker trace.This
enabled one to detect the exact position of the thermocouple trace
in relation to where the grinding wheel was on the workpiece. The
marker trace is explained in section 2.9.

When the signal was taken off of the tape, it was recorded
on a B&K Type 2304 Level Recorder, incorporating a B&K Type 4610 In-

Sverter. The data from the level recorder was processed and placed
in table form.

2.2 Vibration

The amount of vibration applied to the workpiece was measur-
ed with a B&K Type 4329 Accelerometer. This accelerometer was not
placed in direct contact with the workpiece as no commercially avail-
able accelerometer could measure the accelerations which are present
at the workpiece when ultrasonics are applied. The magnitude of
acceleration at this point is 40,000 g's or more. The position of
the accelerometer was adjusted so that the vibration of the air be-
tween the accelerometer and the tool holder would give a reading
which was in agreement with the actual P-P amplitude of vibration
of the workpiece.

The distance between the transducer and the accelerometer
was approximately .020". Once the accelerometer wac set and cali-
brated, it was not moved until all the tests were completed. In
order to establish a calibration curve for the accelerometer, a

7
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National Scientific Instrument Type 4015 600 Power Optical Micro-
scope was mounted, permitting the excursion of the workpiece to be
measured and related to the voltage produced by the accelerometer.
This information was used to determine the P - P amplitude of the
vibration for the test runs.

The E;inal from the accelerometer was fed into a B&K Type
2110 Audio Frequency Spectrometer, where, it was amplified enabling
it to be recorded on magnetic tape. For this signal a direct record
amplifier in an Ampex series FR - 1100 Tape Recorder was used.

To get the information from the magnetic tape, the accele-
rometer signal was palyed through the audio frequency spectrometer
and two traces were made on the level recorder. One was made with-
out filtering and another with everything but 20KC filtered out.
This was done so that we could determine the amount of distortion
present in the 20 KC signal at the workpiece. From this information
tables could be made and conclusions drawn.

The amplitude of vibration present in the spindle was
measured by the use of two B&K Type 4329 Accelerometers, one in
the vertical axis and the other in the horizontal axis. These
two signals were fed into a two channel selector and then into the
level recorder. This information could be put into chart form for
further reference.

2.3 Marker

A marker signal was superimposed on the thermocouple trace
for the purpose of telling the exact position of the trace in re-
lation to the grinding wheel. It was also fed into the tape re-
corder on a separate channel for the purpose of comparing the
marker signal to the marker on the thermocouple trace.

The marker was produced by a batter in series with a po-
tentiometer and a microswitch. The microswitch was mounted on the
grinder and two hardened steel blocks, with an eccentric ground on
each, were mounted so that they would move with the table. The
blocks were adjusted so the microswitch would be actuated the in-
stant the grinding wheel touched, and again when it left the work-
piece. These two pulses were fed into the tape recorder.

The power consumption of the spindle was measured with a
John Fluke Manufacturing Company, Model 101 VAW Meter. The Motor
was connected in one phase of the three phase power line feeding
the spindle motor. Thp total power would then be three times the
meter reading. This information was recorded on the Ampex Tape
Recorder by voice, along with the run number, the pass number,
the depth of cut, and other information which was pertinent for
that particular pass.

8
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During the course of the project, experiments showed that
the spindle power and the temperature time traces were a function
of the same variables which is believed to be the frictional phe-
nomena and the energy of deformation.

With this relationship in evidence, the temperature time
traces were eliminated from the instrumentation and the Spindle
Power was recorded using a John Fluke 101 VAW Meter, a Bruel and
Kjaer Type 2304 Level Recorder and a 4610 Inverter. The D C Volt-
age generated across th'! VAW meter terminals was fed into the In-
verter and then to the Level Recorder.

In order to carefully control the frequency of vibration
being applied to the workpiece by the ultrasonic generator, a B&K
Type 1013 Beat Frequency Oscillator was used. A Model 400 Erie
Counter was used to monitor the frequency of tht B.F.O.

2.4 Thermocouple Interpretation, Welding and Calibration

To adequately resolve the changes in temperature of the
workpiece, during grinding, it is necessary to use a temperature
sencing device. The use of thermocouples was decided upon as the
best method to accomplish this. It was then necessary to find
the most satisfactory method of mounting the thermocouple on the
workpiece.

The thermocouple must be so mounted that it will with -
stand surface particle accelerations of 40,000 g's or greater.
Any air spaces or other insulating effect, that would be detri-
mental to the response of the thermocouple, must be held to the
minimum.

2.5 Thermoelectric Thermometers

At the junction of two dissimilar metals, there exists
an e.m.f. known as the Seebeck Effect, which is a function of
temperature. If the circuit is closed by another remote junction
of the two conductors, another opposing e.m.f. exists at the other
Junction. If these junctions are at the same temperature, the
e.m.f.'s are equal and opposite, and no current flow will result.
However, if one junction is at a higher temperature, the e.m.f.
at the hot junction will exceed that at the cold junction, and
a current will flow which is dependent on the resistance, in-
vil-es a dissipation of energy in heating the conductor, but,
the current may be used to perform work.

The electrical energy is derived from an absorption of
heat at the hot junction and a rejection of heat at the cold
junction, so that the device is a thermo-dynamic engine for the
conversion of heat to electrical power. This relationship is

1
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actually parabolic, but inasmuch as the second order term is small

enough to be disregarded, the relationship is essentially linear.

Usuable thermocouple materials:

1. Platinum and an alloy of 10% Rhodium with
platinum

2. Copper and Constantan

3. Chromel-P and Alumel

4. Chromel-P and Constantan

5. Iron and Constantan was used on this project
because of suitable temperature range and
,large thermal e.m.f.

A technique was then deviqed to flash-weld a small diam-
eter wire to the workpiece to form a thermocouple, consisting of
the workpiece and the wire; the idea being to improve response.
With the use of suitable guiding fixtures, the junction may be
placed on the workpiece with satisfactory response, a wire of
small diameter was used. (.003" and smaller).

Due to the surface treatment and differences of reaction
between various metals when subjected to an electrical arc, it is
necessary to change the voltage current relationships to suit the
particular metal concerned.

Because of the attrition of the material in the small
diameter wire when heated, it is necessary to confine the area of
molten flow to the end of the wire as much as possible. This ne-
cessitates the use of a comparatively large current with a duration
of a few milli-seconds.

This presented a problem as to the rate of feed of the
wire into the welding operation. This was satisfactorily resolved
by insuring the irregularity of the contacting surfaces and placing
the wire under compression, which operates satisfactorily with the
short period allowed for the flash. Welds using this method have
been satisfactory for the tests performed to date.

12



2.6 Operation of the Welder

The position of the thermocouple on the workpiece or speci-
men is determined by the use of appropriate measuring instruments
with the accuracy required as to placement tolerance. For this
operation, micrometers and gage blocks are used to place a scribed
line a known distance from the top of the workpiece to be tested.
A steel scale, accurate to 1/100", is used to determine the mid-
point of the thermocouple location along the line.

The flash welder, shown in figure 6, must be connected to
a suitable source of power. The correct voltage for the metals
being used is selected from the potentiometers on the welder. The
ground return of the welder is clipped to the workpiece to assure
a good connection. The wire to be welded to the workpiece is
securely fastened, for good contact, to the probe of the positive
lead. A good connection may be made by winding a few turns tight-
ly about the tip of the probe, leaving about two inches of straight
wire beyond its tip. The tip of the wire to be welded is then
placed at the Junction of the scribed lines. The pressure on the
wire is now increased until a bow in the wire, about 3/8 of an inch
from normal, is formed. The discharge button is then depressed and
an arc will occur at the end of the wire, welding it to the work-
piece. The wire is then unwound from the probe tip leaving the
wire welded to the workpiece. It may be supported by a soldered
joint. A return or ground wire is welded to the workpiece by the
same method.

2.7 Calibration

The thermoelectric power can vary in each test material
due to differences in material, impurities, resistivity, etc.
It was necessary to determine the thermoelectric power of each
test specimen. The calibration apparatus is shown in figure 5.

13



2.8 Vibration Mode of Workpieces

Two modes, longitudinal and flexural, have been selected
in which to vibrate the work specimens. The longitudinal is
characterized by particle motions parallel to the axis of propa -

gation. The flexural mode is characterized by particle mntiona
usually at right angles to the axis of propagation, the waveform
being analagous to the violin string.

Approach of Grinding Wheel to Axis of Propagation

Referring to - Longitudinal Mode - Method A:(see Fig. 7)

Note particularly that the axis of the transducer, which
in the axis of longitudinr I vibration, is normal to the grinding

wheel spindle axis.

Referring to - Longitudinal Mode - Method B:(see Fig. 8)

Note that the transducer axis and the direction of longi-
tudinal vibration propagation is parallel to the grinding wheel
spindle axis.

Referring to - Flexural Mode - Method B: (see Fig. 9 )

Note that the propagation direction of the flexural mode
is normal to the spindle axis - Particle motion is parallel to the
spindle.

Referring to - Flexural Mode - Method A: (see Fig. 10)

Note that the propagation direction of the flexural mode
is in the direction of table travel (normal to the spindle axis)
and the particle motion is normal to the spindle axis and normal
to the table travel.
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.WORK THERMOCOUPLE

MOVEMENT WIRE

ACCELEROMETER

VERTICAL LONGITUDINAL VIBRATION
* POSITION "A"

Figure 7

ACCELEROMETER

WORK MOVEMENT THERMOCOUPLE
WIRE

HORIZONTAL LONGITUDINAL

VIBRATION-POSITON "B"

Figure 8
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Figure 9
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Figure 10
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2.9 Spindle Revolutions While Grinding

Revolution of spindle count while grinding was accomplished
by mounting an Electra Model 3015-A Transducer at the end of the
spindle shaft. A hex nut was attached to the end of the shaft.
When the spindle revolved, the hex nut broke the magnetic field of
the transducer creating six pulses for every revolution of the spindle.
These pulses were fed to a Model 400 Erie Counter. In order to count
the number of pulses during the time the wheel was on the workpiece it
was necessary to feed a gate pulse to the counter when the grinding
wheel touched, and again when it left the workpiece. These pulses-
were supplied by a marker system consisting of a battery in series
with a potentiometer and a microswitch. The microswitch was mounted
on the grinder, and two hardened steel blocks, with an eccentric
ground on each, were mounted so that they would move with the table.
The blocks were adjusted so that the microswitch would be actuated
at the right instant. When the counter received the first gate pulse,
it would begin to record the pulses; similarly the second gate pulse
would stop the count. The. count of the counter divided by six equals
the number of revolutions the grinding wheel made during its pass
across the workpiece.

Test passes were made before each grinding run and under the
conditions existing during grinding to determine repeatability of the
number of revolutions per pass.
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SECTION 3

3. Data Collection

3.1 Grinding Tests

Initially, all grinding tests were fully instrumented to
record the temperature rise of the test specimen under conditions
of ultrasonic assisted grinding. Identical runs were made, ex -
cept for the lack of vibration, in order to afford a comparison.
To monitor the uniformity of vibration level, a recording was
made of the acceleration and frequency imparted to the workpiece
while grinding.

All runs were made dry and the wheels were diamond dressed.
The amplitude of vibration for tests was from 5 to 19 divisions (i
division equal to 50 micro-inches peak to peak). Runs were made
as a function of the amplitude and the depth of cut. The samples
for testing were of SAE 1020, 4340, 440C and 15-7M0 stainless.
Grinding wheels used:

38A 6-H8VBE
38A lOo-I6VBE
AA60-S8-V'O
AA6o-R8-V40
32A-60-L7-VG

Two grinding techniques were employed in making test runs:

(a) Grinding the specimen with a 7/16" wide plunge
cut. The depth of cut varied in increments of
.0003". A set of five passes consisted of one
run.

(b) Grinding the specimen employing a crossfeed,
using 10 steps of .050" width on each pass. A
set of three passes consisted of one run.

The majority of runs were of the plunge cut type. These
runs were recorded on chart headings, such as spindle current
reading, ultrasonic frequency, conventional grinding, depth of
cut, etc. Swarf was taken on let, 3rd, and 5th pass. A check-
out list, including instrumentation, ultrasonic generator per-
formance, etc., was used prior to each run. During the run a
commentary of visual and running performance was logged.

0
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3.2 Workpiece Coupling

The very wide dynamic range of amplitude chosen for the
eventual investigation, (0-2000 micro-inches P-P), requires extra
consideration to the means and methods of attaching the workpiece
to the source of vibration. If a silver soldering technique was
employed, giving one the strongest bond normally afforded, the
distortion of the piece parts would not permit a careful analysis
of the test specimen. The use of a mechanical or threaded con-
nection has several disadvantages, namely, low endurance for the
high amplitudes and the requirement for excellent matching of
resonant frequency. Mechanical bonds are lacking in the prevention
of heat rise in the joined surfaces as well as strength, and would,
in many cases, cause the early failur. of specimens. A soft-solder
of 60 PB-4OSN was selected with soldering temperature maintained at
40 0°F or less. This provides sufficient bond strength, commensur-
ate with piece deformation due to heat distortion.

The selection of soft solder (60PB-4OSN) for Flexural and
Longitudinal modes, therefore, becomes a compromise between bond
strength on one hand and workpiece distortion on the other.

Exceptions to the solder mounting were made when vibrating
at 60 to 1000 cycles per second. This is because the stress at
the lower frequencies is low enough to permit other bonds.

Further, test specimens are to be secured with 910 Eastman
cement for the additional ultrasonic spindle tests.

3.3 Method of Dressing Grinding Wheel

Orinding wheels on all test runs were diamond dressed with
a 033-Wheel Truing Tool Company diamond. The wheel, revolving at
grinding speed (6180-6320 SIr), was adjusted down to contact with
the vertically mounted diamond. The wheel was moved to one side
and adjusted down (.003-.006"). The table to which the diamond was
fixed was moved slowly under the rotating wheel past the opposite
edge. The direction of table motion was reversed, passing the
diamond again under the wheel. If the wheel surface was not clean,
the process was repeated.

24



3.4 Grinding Forces

The forces which are exerted during grinding were measured
by accurate dimensional measuring equipment. The transducer sup-
port was designed to allow movement which would be indicated to an
amplifier. The force in a horizontal line, parallel to the table
and opposite to that of the table movement, was indicated at amp-
lifier # 1. The vertical forces caused by grinding, were indi -
cated at two amplifiers: # 2 and # 3. These meters were calibrat-
ed by dead weight methods. The amount of deflection caused by
grinding would then indicate the force in pounds. (figure 12)

Calibration of amplifiers was accomplished without any
problems. However, during actual grinding tests, the amount
of variables introduced by table travel, wheel vibration, grinder
vibration and induced ultrasonic vibration, proved very erratic
and seemed to be unreproducible. Therefore, further instrumen-
tations of this nature, to evaluate grinding wheel contact forces
were abandoned.
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3.5 Swarf Collection and Analysis

Swarf is collected in an envelope held in the spark stream
of a designated pass. If the pass is not typical (too shallow or
too deep), of a designated series of passes, the envelope is dis-
carded. The swarf saved is evaluated for a ratio of spheroids to
chips, size of spheroids, general description of chips (color
and evenness of size), and, the adherence of spheres to chips.

To evaluate the swarf, the envelope is emptied on a glass
plate and quartered until an aliquot remains. This small quantity
is evenly distributed and viewed through an American Optical Stereo-
scopic Microscope at 54X. The chips and balls of 10 locations are
counted and averaged. All envelopes of swarf of this same run are
evaluated in the same manner, and the total of all is averaged.
To measure the diameter of spheres a Sheffield Micro-hardness tes-
ter with optical iagnification of 40OX was used. The filar-microm-
eter eyepiece is calibrated in microns and adjusted by a micrometer
screw moving a sliding hair line to or from a stationary, adjustable
line. The first 20 spheroid diameters, of a representative sample
of each pass, are measured and averaged. Each pass of a run is
measured and averaged in the preceding manner, as is the sum of all
passes.

The results are charted, permitting evaluation of convention-
al grinding to grinding with ultrasonic aid. If sufficient heat is
generated, the material removed during grinding will be oxidized and
spheroids will be formed. A lesser heat F-nerated will increase the
number of chips which is indicative of a "wer temperature during
grinding.

3.6 Swarf Adhesion to Glass

A second method of swarf evaluation was accomplished by using
clear glass. A li" square piece of window glass was inserted in the
spark-stream during grinding. If sufficient heat is generated,parti-
cles of the swarf will fuse to the glass. The higher the temperature
the greater the amount of particles will be visible. Figures 87 to 92
picture representative runs of conventional and various amounts of
divisions of vibrations. As will be noticed, the deeper the amount
of cut, the more heat generated and the darker the glass due to ad-
hesion of metal particles. It is also obvious that the higher the
divisions, or stroke of vibration, the lesser the amount of chips or
spheroids adhering to the glass.

0
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3.7 Ultrasonic Vibrating Grinding Wheel (see figure 15)

A prototype of an ultrasonically vibrated grinding wheel
has been designed and built to further explore vibration aided
grinding. It consists of:

(a) Grinding wheel assembly (hub bonded to wheel)

(b) Transducer assembly (1000 Watt Transducer)

(c) Slip ring and' pulley assembly (slip rings,
drive pulley and shaft adaptor)

(d) Bearing support assembly (mounting plate and
bearing supports)

This spindle assembly replaces the existing spindle on
the test grinder. The "V" belt drive is arranged to facilitate
change of spindle speeds from 2150 to 3875 RPM.

The radial mode of ultrasonic vibration was selected for
use on the prototype ultrasonic spindle.
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3.8 Grinding Wheel Hubs

Two different grinding wheel hubs have been designed and
are being tested. The first hub is a 3" diameter bar whose half-
wave length is cut for 20 kc., having a 44" diameter flange at
its nodal point. A grinding wheel was bonded with Armstrong
Epoxy Bond at this nodal point. One end has a I - 28 tapped
hole 3/4" deep for attachment to the transducer, the other, a
600 tapered center to receive a nylon support. This center sup-
port is at the nodal point to reduce the particle motion and to
isolate vibration from the frame of the machine. It will also
alleviate bending stresses at the "hub-to-transducer" Junction.
Radial cracking of the wheel occurred during the curing of the
adhesive bond. This was remedied by slowly increasing and de-
creasing the temperature during bonding and curing. The wheel
assembly was excited at its radial resonance, and vibrated for
15 minutes at 3 division stroke (150 micro-inches). Occasionally,
the wheel would crack and be destroyed by a violent flexural mode
that would appear while tuning the wheel for this radial mode.
This was corrected by maintenance of low power setting while tun-
ing for the radial mode.

The second hub, a 5 inch in diameter disc, has a 1-28
tapped hole for attachment to the transducer. An advantage of
this design is the reduction of the shear stress at the "hub-to-
transducer" Junction eliminating the outboard support. The
grinding wheel is bonded to the disc using Armstrong Epoxy ce-
ment. Testing as before revealed that both radial and flexural
modes could be excited.

3.9 Ultrasonic Spindle Testing and Grinding

The ultrasonic spindle has been mounted to the test
mechanism after assembly and balance. There, it has been
electrically and mechanically connected. Having a 3 speed
drive selection, (2150, 2700, 3875), the lower speed (2150 RPM)
was used for the breaking-in period. While turning at the latter
RPM the grinding wheel was tuned at a low power setting. The
maximum speed and amplitude of vibration of the grinding wheel
was reached in 3 steps, as performance warranted.

Grinding tests were started as in the past. However in
this case, the grinding wheel was vibrated rather than the test
specimen. The test specimen was rigidly attached as was custo-
mary in conventional grinding techniques.
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3.10 Low Frequency Vibration Grinding

Since magnetostrictive transducers are inefficient in power
output at frequencies below 10 kc, it became necessary to design
build and test an electrodynamic type that would have sufficient
power. At first, a device similar in design to a loud speaker
transformer was used in grinding tests of 500 cps to 1000 cps.

This unit consisted of two assemblies:

A. Lower "E" lamination steelstack having coil around
center of "E". Polarizing current is introduced
to this coil from a modified ultrasonic generator.

B. Upper "E" lamination steel stack having coil around
center of "E", alternating current of controlled
frequency is introduced to this coil from a modi-
fied transducer generator.

Next a 60 cycle, 200 watt, 110 volt vibrator made by the
Pressed Steel Company, Muskegon, Michigan, was obtained. This
offered a simple, inexpensive low frequency vibration source.
This unit had a resonant armature excited by the 60 cycle line
frequency. All of the 60 cycle grinding tests were performed
with this vibrator. Finally, a 220 volt, 300 watt, 60 cycle
vibrator was designed, fabricated and tested for future use.
The amplitude and power of vibration could be varied by an ad-
Justment screw.

3.11 Grinding at the Nodal Region (Antinode of Stress)

In previous grinding tests using ultrasonic vibrations, the
test specimen was mounted to a tool holder where maximum particle
motion and minimum stress occurs. This distance is a quarter wave
length from the nodal region of the tool holder. The test specimen
was brazed to this region.(figure 20) In this position the specimen
is under maximum stress and minimum particle motion. Due to this
stress, difficulty was encountered in maintaining a bond between
specimen and the tool holder. However, the few specimens that did
hold, showed no change in spindle power between comparative grind-
ing tests of ultrasonic and conventional grinding.

3.12 Wheel Bonding

Four methods of wheel bonding have been explored for use in
the ultrasonic spindle assembly:
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A. Carborundum Wheel #A60-NI50-MI/4. The manufacturing
* of this wheel consisted or a build up or layers of grit and metal

by an electroplating process to a total of 1/4" thickness. This
rim enclosed the peripheral surface of a 71" diameter hole to which
was soldered a stainless steel hub. The only way resonance could
be obtained was to reduce the outside diameter of the wheel, which
meant cutting off the grinding material thus rendering the wheel
useless. Further tests along this line were discontinued.

B. Armstrong Epoxy A-4. Using the epoxy bond extreme
cleanliness of the bonding surfaces is important. The metal hub
bonding surface was knurled to increase bond area. The epoxy
was applied to both mating surfaces, being careful not to create
bubbles. The setting up and curing of the epoxy had taken place
at the same time, in an oven, at curing temperature. If the bond
was allowed to set up before curing, cracking of the wheel would
occur. This is due to the differences of expansion coefficients,
between the metal hub and aluminum-oxide grit wheel. This bond
is the only one that has been used so far on the ultrasonic spindle.

C. Cupric Oxide and Phosphoric Acid Bond. In the pre-
scribed proportions, a mixture or cupric oxide and phosphoric acid
were mixed. This was then applied to both the inside diameter of
the grit wheel and knurled outside diameter of the wheel hub.

* Wheel and hub were then joined and left 24 hours to air dry. When
ultrasonically excited the bond life was found to be very short.

D. Silver Bonded Grit. The grinding wheel was ultrasoni-
cally cleaned in distilled water. Then it was placed in a silver-
ing solution, (Rochelle Salt Method). Sufficient time was allowed
for silvering the wheel surface to a suitable thickness. The
wheel was then copper plated to (2 mils) in thickness. The inside
diameter was then tinned with soft solder and sweated on a wheel
hub. The latter bond seems promising by offering longer endurance
and improved heat dissipation possibilities.
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3.13 Frequen'y and Amplitude Modulation Grinding

An electronic circuit was designed and tested for obtaining
variables in frequency and amplitude modulations. With this, grind-
ing tests were performed on specimen 15-7 MO material using a .0009"
depth of cut. The following combinations of frequency modulations
were usedi

(a) 8 cps modulation 1200 cycle swing

(b) 32 cps modulation 1800 cycle swing

(c) 64 cps modulation 2000 cycle swing

Grinding tests using amplitude modulation of varying combi-
nations will be investigated in the future.

3.14 Ultrasonic Wet Grinding

Grinding tests using a thin water film on the test specimen
surface were made with and without ultrasonic vibration. Sufficient
information was collected to substantiate another advantageous grind-
ing technique. Grinding temperatures were lower using ultrasonic
Wet grinding as compared to conventional wet grinding. To accurately
measure the differences in grinding temperatures, a stable and uni-
form wetting system would have to be set up.
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o WORK MOVEMENT
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TRANSDUCER
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VIBRATION SYSTEM

Figure 19

S*..,.

NODAL POINT
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Figure 20
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SURFACE GRINDING

TEMPERATURE TIME TRACE AREA AS A
0.875 FUNCTION OF THE DEPTH OF CUT

WITH VIBRATION AS A PARAMETER

.
Material 1020

aC Wheel 38A46-H8VBE
Z. 6 2 5 - - 10 Division Wheel Speed 6200 SFPM
w Conventional Table Speed 6.2 FPM

IC Longitudinal Mode
.500 Method A (see pp 19 & 20)

F-47 /20 KC Range

Z7 0 Conventional
E ,- ",K 1 5 Division 0 10 Division
0.25015 Division

.12 1

SRun Numbers: I - 11-180
.0003 .0009 .0015 .0021

DEPTH OF CUT IN INCHES Figure 21

SURFACE GRINDING

TEMPERATURE TIME TRACE AREA AS A
U875 FUNCTION OF THE DEPTH OF CUT

WITH VIBRATION AS A PARAMETER

F.750 Material 440 C
CY Wheel 38A46-H8VBE

625 Wheel Speed 6200 SFPM
Table Speed 6.2 FPM

0Conventional Longitudinal Mode
•.500 Method A (See pp 19 & 20)

20 KC Range

2.375 0 Conventional
- -0 5 Division

5 Divis on.250-

r...125

Run Numbers: I - 29-39
.0003 .0009 .0015 .0021

DEPTH OF CUT IN INCHES Figure 22
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SURFACE GRINDING

.875 TEMPERATURE TIME TRACE AREA AS A
FUNCTION OF THE DEPTH OF CUT
WITH VIBRATION AS A PARAMETER

.750-

Material 4340
Wheel 38A46-H8VBE

.625 Wheel Speed 6200 SFPM
Table Speed 6.2 FPM

0 Longitudinal Mode
.500 -- Method A (see pp 19 & 20)

20 KC Range

.375 -- - 0Conventional
1 0 5 Division

Conventional 10 Division 0 10 Division

E4 0 5,Division ,Run Numbers: I - 7-10,26-28,

.0003 .0009 .0015 .0021 40-52

DEPTH OF CUT IN INCHES Figure 23II
SURFACE GRINDING

S_~Conve ntio nal

to7 ____tin TEMPERATURE TIME TRACE AREA AS A
.8 - FUNCTION OF THE DEPTH OF CUT

.5© Division WITH VIBRATION AS A PARAMETER

0 _e-- jMaterial 4340

"" 0 Wheel 38A100-I6VBE
-6 - Wheel Speed 6200 SFPM

S/ ..- Table Speed 6.2 FPM
wo /_eLongitudinal Mode

9.500/l I Method A (see pp 19 & 20)
P 1 -4 -10 Division 1 20 KC Range

0 Con,,entional
19 Division/ 0 5 Division

M.25d - - - 10 Division
. 19 Division

w. 125

Run Numbers: I - 66-881 0 1 1

.0003 .0009 .0015 .0021
DEPTH OF CUT IN INCHES Figure 24
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- -SURFACE GRINDING

TEMPERATURE TIME TRACE AREA AS:

FUNCTION o THE DEPTH OF CUT
== WITH VI.BRATION AS A PARAMETER

Material 440 C
-. 165 Wheel 38A46-H8VBE

Wheel Speed 6200 SFPM
Table Speed 6.2 FPM

-"-93_-_ - Longitudinal Mode

"Conventional Method A (see pp 19 & 20)

w.69 - 20 KC Range
.050" Cross Feed 10th Step

S.466 0 Conventional

S - s Divi ion. 5 Division

IRun Numbers: I - 53-58
w 0_

.001 .002 .003 .004 .005 .006 .007

DFPTH OF CUT IN INC.Hr.q Figure 25

- - -SURFACE GRINDING

TEMPERATURE TIME TRACE AREA AS A
-- FUNCTION OF THE DEPTH OF CUT

5 Division WITH VIBRATION AS A PARAMETER

Material 4340
Conventional Wheel 38A46-H8VBE

1.16- - Wheel Speed 6200 SFPM
Table Speed 6.2 FPM

.3 Longitudinal Mode
0.932 MethodA (see pp 19 & 20)

20 KC Range
'.699| .050" Cross Feed 10th Step

10 Division 0 Conventional
M.466---------------------0 5 Division

0 10 Division

w.233

0 Run Numbers: I - 59-65

.001 .002 .003 .004 .005 .006 .007
DVPTH Or' CUT IN INCrT-r.q Figure 26
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TEMPERATURE TIME TRACE

Longitudinal Mode - Method "A" - 20 KC - .002 cut - .050 cross feed

Wheel #38A46-H8VBE - 6200 SFM - Material SAE 4340

Peak Temperature and Step No.
122.50C (10) - 72.80C (9) - 35.40C (8) - 20.40C (7) - 10.20C (6)

Conventional

Peak Teml erature and Step No.
5°.5C (10) - 64.70C (9) 30.60C (8) - 13. 60 (7) - 6.0 (6)

Edf Cut

.......... 1z5 Divisions

Peak Temperature and Step No.15.20C (10) - 8.40C (9) - 54.40C (8) - 23.8 C (7) - 80C (6)

10 Divisions

Wheel A

Material F
R 62, 59, 65

46 Figure 28
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TEMPERATURE TIME TRACE

Longitudinal Mode - Method "A" - 20 KC - .004 cut - .050 cross feed
Wheel #38A46-HSVBE - 6200 SFM - Material SAE 4340

Peak Temperature and Step No.
132 80C (10) - 1110C (9) - 56.50C (8) - 28.60C (7) - 18.40C (6)

Conventional

Peak Temperature and Step No.
112.5 0 C (10) - 750C (9) - 47.70C (8) - 27.40C (7) - 17 C (6)

5 Divisions

Peak Temperature and Step No.
95 20 C (10) - 7 .20C (9) - 800C (8) - 27.40C (7) - 10.20° (6)

10 DiVisions

Wheel A
L Material F

R 63, 60, 65

48 Figure 30
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TEMPERATURE TIME TRACE

Longitudinal Mode - Method "A" - 20 ICC - .006 cut - .050 cross teed

Wheel #38A46-H8VBE - 6200 SFM - Material SAE 4340

Peak Temierature and Step No.0
13 OC (10) - 1 9.50C (9) - 74.80C (8) - 40.800 (7) - 24.3 0 C (6)

Conventional

Peak Temperature and Step No.
12 00 (10) - 1 6 0C (9) -61 30 C (8) -3 ~0 (7) -1700 (6)

Peak Temperature and Step No.0
95.200 (10) - 81.70C (9) - 78.2 C (8) - 37 400 (7) - 4 300 (6)

10 Divisions

L Material F
2 ~R 64, 61, 65

s0 Figure 32
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TEMPERATURE TIME TRACE

Longitudinal Mode - Method "A" - 20 KC - .006 cut - .050 cross feed

Wheel #38A46-HBVBE - 6200 SFM - Material 440C

Peak Temperature and Step No.
1 4 2be (10) m r 1360 C (9) 98 80C (8) 54.4 0 C (7) - 30.C (6)

Conventional

-.01
4-aw End of Cut
0

0

Peak Temperature and Step No.
37.'40C (10) - 34°C (9) 23.8 0 C (8) - 13.6°C (7)

5 Divisions

Wheel A
L Material E

i"2 R 58 & 55

I 2

52 Figure 34
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TEMpERATURE TIME TRACE

Longitudinal Mode - Method "A" - 20 KC - .004 cut - .050 cross feed

Wheel #38A46-H8VBE - 6200 SFM - Material 440C

Peak Temperature ;nd Step No.
13 0 C0 (10) - 130 0 C (9) - 95.5OC (8) - 560 (7) - 30.60 (6)

5 DiveisionsL.

Peak Temperature 5nd Step No20.40C (10) - 97C (9) 11 II.5C (8) -3.4°C (7)

Wheel A
L Material E o

"• -- 2 R R 57 & 54 .. •

54 Figure 36
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TEMERATURE TIME TRACE

Longitudinal Mode - Method "A" - 20 KC - .002 cut - .050 cross feed

Wheel #38A46-H8VBE - 6200 SFM - Material 440C

Peak Temperature and Step No.
49. I°F (10) - 34. 4°F (9) - 14. 86F (8) - 9. 70 P (7)

Conventional

End f Cut

Peak TemperLure and Step No.
4•. 20 F (10) 36..0 0F (9) - 21. 60r (8) - 7. S°F (7)

5 Divisions

Wheel A
L Material E

S2- R 56 & 53

56 Figure 38



SURFACE GRINDING

GRINDING RATIO AS A FUNCTION
OF THE DEPTH OF CUT WITH
VIBRATION AS A PARAMETER

6 Material 15 - 7 MO
0 Wheel 32A60-L7V6
0 5 Wheel Speed 6200 SFPM

20 Division Table Speed 35 FPM

- - IL I vston Flexural Mode (see pp 19 & 20)
10 Division Method A 10 KC Range

0 Conventional
0 10 Division
0 20 Division

Conventiona.
2-

*GRINDING RATIO = Vol, Material Remqoved
1 -Vol. Wheel Loss

0 S.0003 .0009 .0015

DEPTH OF CUT IN INCHES Figure 39

SURFACE GRINDING

GRINDING RATIO AS A FUNCTION
OF THE DEPTH OF CUT WITH
VIBRATION AS A PARAMETER

6

O Material 15-7 MO
O 5 Wheel 38A100-I6VBE

Conventional Wheel Speed 6200 SFPM
C 4 Table Speed 35 FPM

Longitudinal Mode (see pp 19&20)
Method A 20 KC Range

0 Conventional
0 10 Division

2 0 20 Division

-*GRINDING RATIO Vol. Material -Removed
1 20 1- - -NIG AI Vol. Wheel Loss

0 ,I
.0003 .0009 .0015

DEPTH OF CUT IN INCHES Figure 40
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SURFACE GRINDING

GRINDING RATIO AS A FUNCTION
OF THE DEPTH OF CUT WITH
VIBRATION AS A PARAMETER

SMaterial 15-7 MO
5. Wheel 32A60-L7VG

S5- 10 Division Wheel Speed 6200 SFPM
Table Speed 6.2 FPM

4 -- Longitudinal Mode(pp. 19 & 20)
Method A 20 KC Range
0 Conventional
0 10 Division

2-

/"*Conventional
-*GRINDING RATIO: Vol. Material Removed

01 
Vol. Wheel Loss.

.0003 .0009 .0015

DEPTH OF CUT IN INCHES Figure 41

SURFACE GRINDING

GRINDING RATIO AS A FUNCTION
OF THE DEPTH OF CUT WITH
VIBRATION AS A PARAMETER

SMaterial 15-7 MO
5- Wheel 38A100-I6VBE

Wheel Speed 6200 SFPM
- Table Speed 35 FPM

Longitudinal Mode (pp. 19 & 20).
Method A 20 KC
30 Conventional

L7 0 10 & 20 Division

10 Div.20 Div__________

1 *GRINDING RATIO Vol. Material Removed
Vol. Wheel Loss

0 LContventio~nal •

.0003 .0009 .0015 I

DEPTH OF CUT IN INCHES Figure 42
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SURFACE GRINDING

GRINDING RATIO AS A FUNCTION
QF THE DEPTH OF CUT WITH
VIBRATION AS A PARAMETER

6 -

Conve ntional Material 15-7 MO
0.-5 Wheel 38AI00-I6VBE

Wheel Speed 6200 SFPM

4 Table Speed 35 FPM
- Longitudinal Mode (pp. 19 & 20)

Method A 25 KC Range
3 - 0 Conventional

0 10 Division
e 20 Division

2 10 Div.

x *GRINDING RATIO: Vol. Material Removedp • ,•Vol. Wheel Loss

0 920Dv. - -

.0003 .0009 .0015 I
DEPTH OF CUT IN INCHES Figure 43

SURFACE GRINDING

GRINDING RATIO AS A FUNCTION
OF THE DETH OF CUT WITH
VIBRATION AS A PARAMETER

05 - -Material 15-7 MO
SWheel 38A100-I6VBE

Wheel Speed 6200 SFPM

0 4 Table Speed 35 FPM
Flexural Mode (pp. 19 & 20)

2Method A 20 KC Range
3 0 conventional

St10 Division 0 10 Division

2 -1 0 20 Division

1 .Conventional *GRINDING RATIO: Vo. Material Removed
1 *GINDNG RTIO Vol. Wheel Loiss

0-*--20 Division

0 ....0 3 .0009 A0 15

DEPTH OF CUT IN INCHES I Figure 44
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SURFACE GRINDING

GRINDING RATIO AS A FUNCTION
OF THE DEPTH OF CUT WITH
VIBRATION AS A PARAMETER

Material 4340
0. 5 Wheel 38A100-I6VBE

Wheel Speed 6200 SFPM
4 Table Speed 35 FPM

Longitudinal Mode (pp. 19 & 20)
Method A 20 KC

3 0 Conventional
0 10 Division

2

10 Division
1I *GRINDING RATIO= Vol, Material Removed
0 -- Conventional Vol. Wheel Loss

01

.0003 .0009 .0015
DEPTH OF CUT IN INCHES Figure 45

T TH

SURFACE GRINDING

10 Division GRINDING RATIO AS A FUNCTION
/ OF THE DEPTH OF CUT WITH

VIBRATION AS A PARAMETER

* Material 4340
5.-Wheel 38A100-I6VBE

Wheel Speed 6200 SFPM
4--Table Speed 35 FPM

Longitudinal Mode (pp. 19 & 20)
Method A 25 KC Range

3 9 10 Division
8 20 Division

2

*GRINDING RATIO Vol. Material Removed
" -20 iv. Vol. Wheel Loss

01 L
.0003 .0009 .0015

DEPTH OF CUT IN INCHES Figure 46
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-SURFACE GRINDING

z PEAK TEMPERATURE RISE AS A
-�- - FUNCTION OF THE DEPTH OFCUT

WITH VIBRATION AS A PARAMETER
174-

Material 4340
145 -Wheel 38Aloo-I6VBE

Conventional Wheel Speed 6200 SFPM
Table Speed 35 FPM

116- Longitudinal Mode (pp. 19 & 20)

Method A 20 KC Range
87 •0 Conventional

0 @I0 Division

20 Div. 8 20 Division

j29

, I I 10'Div.
0 - - Run Numbers: I- 98A-106

.0003 .0009 .0015
DEPTH OF CUT IN INCHES Figure 47

-SURFACE GRINDING

z PEAK TEMPERATURE RISE AS A
FUNCTION OF THE DEPTH OF CUT

174- - -WITH VIBRATION AS A PARAMETER

145 Conventioal Material 15-7 MOi nWheel 38A100-I6VBE
Wheel Speed 6200 SFPM

-1 Table Speed 35 FPM
-\--'•10 Div. Longitudinal Mode (pp.19 &20)

7 Method A 25 KC Range
870 Conventional
I 0 10 Division

5 8 a 20 Division
w - Div.

S29

.0003 .0009 .0015

DEPTH OF CUT IN INCHES Figure 48
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- - - .SURFACE GRINDING

PEAK TEMPERATURE RISE AS A

- - - - FUNC1ION OZ THE DEPTH OF CUT
Convert onal WITH VIBRATION A PARAMETER

Material 4340
145 - Wheel 38A100-16VBE

Wheel Speed 6200 SFPM
Table Speed 35 FPM

10D16 o Longi.tudind Modse(pp. 19 & 20)1 ivt n Method A 25 KC Range
•87 -0 Conventional

* 10 Division
,--20 Division 0 20 Division

~58

29--------------

.0003 .0009 .0015 1
DEPTH OF CUT IN INCHES Figure 49

SURFACE GRINDING

U J REVOLUTION COUNT DIFFERENCE AS

A FUNCTION OF THE DEPTH OF CUT
i ,,wrITH VYaRATION AS A PARAMETER

1 2,

' Material 15-7 MO

SConventional Wheel 38A100-I6VBE
Wheel Speed 6200 SFPM
Table Speed 35 FPM

6 /0 Conventional
9 10 DivisionMeho B0 20visiC

4--
2 - -,

20 Div.

0 - 4....... 1 I
.0003 .0009 .0015

DEPTH OF CUT IN INCHES Figure 50S"62"



SURFACE GRINDING

REVOLUTION COUNT DIFF=RNCE AS
- F NCTION OF THE DEPTH OF CUT
WITH VIBRATION ASAPARAMET I

S12

Material 15-7 MO
10 Wheel 38A100-I6VBE

B - -Wheel Speed 6200 SFPM
Table Speed 35 FPM

8 Longitudinal Mode (pp.19 & 20)
Method A

0- 6 Conventional 0 Conventional
6Cnn n 1 Divsnion

1 20 Division

2D Divvsiso

2 - • 20 Ditiston

0 -I I
.0003 .0009 .0015

DEPTH OF CUT IN INCHES Figure 51

SURFACE GRINDING

REVOLUTION COUNT DIFFERENCE AS

A FUNCTION OF THE DEPTH OF CUT
WITH VIBRATION ASAPARAMETER

12

Material 15-7 MO
10 Convention I -I Wheel 38A100-I6VBE

8 10 Division Wheel Speed 6200 SFPM
Table Speed 35 PPM

.8 - - Longitudinal Mode(pp.19 & 20)

Method A 25 KC Range
"3 6 0 Conventional

* 10 Division
o 20 Division

4 -/' -

2, 20 Division-

0 -~

.0003 .0009 .0015
DEPTH OF CUT IN INCHES Figure 52
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SURFACE GRINDING

E&VOLUTIN COONT DIFFERENCE AS
A FUNCTION Of THE DEPTH OF CUTWMITH VIBRATION ASA PARAMETER

12

Wheel 38A100-I6VBE
Wheel Speed 6200 SFPM

- - Table Speed 35 FPM
0 Division Longitudinal Mode (pp.19 & 20)

z 0 Method B 20 KC Range
06 - - -0 0 Division

4

0.003 .0009 .0015 1

DEPTH OF CUT IN INCHES Figure 53

SURFACE GRINDING

REVOLUTION COUNT DIFFERENCE AS
w- --- A FUNCTION OF THE DEPTH OF CUT_WITH VIBRATION ASAPARAMETER

12-

Material 4340

10 Wheel 38A100-I6VBE
Wheel Speed 6200 SFPM
Table Speed 35 FPM

O Longitudinal Mode(pp.19 & 20)

Method A 25 KC Range
06 0 10 & 20 Division

10 Divisioo

T 07 20 Division

.0DP03 .00 9 CH015
DEPTH OF CUT IN INCHES 64Figure 54



SURFACE GRINDING

SPINDLE POWER AS a FUNCTION
OF THE DEPTH OF CUT WITH

30 
VIBRATION AS A PARAMETER

0
S250 Conventional Material 15-7MO

-Wheel 38A100-I6VBE
Wheel Speed 6200 SFPM

200 Table Speed 35 FPM
MethodFlexural Mode (pp. 19 & 20)

1020D Method. A

10 D- -- 20 Div__ 20 KC Range
6 0 Conventional

0 10 Division
1100 0e 20 Division

.0003 .0009 .0015
DEPTH OF CUT IN INCHES I Figure 55

SURFACE GRINDING

Conventional - -SPINDLE POWER AS A FUNCTION4350 "nt a OF THE DEPTH OF CUT WITH
.9 .VIBRATION -AS A PARAMETER

9-300- -0 
Division

SMaterial 15-7 MO
250 Wheel 32A60-L7VG

2 Wheel Speed 6200 SFPM
20 Division Table Speed 35 FPM

200 • Flexural Mode (pp. 19 & 20)
Method A

150 - -20 KC Range
0 Conventional
B 10 D1,iision

100 - 20 D vision

.0003 .0009 .0015 I
DEPTH OF CUT IN INCHES Figure 56
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SURFACE GRINDING

0350 SPINDLE POWER AS A FUNCTION
OF THE DEPTH OF CUT WITH

300- 
VIBRATION AS A PARAMETER

0
""25 Material 15-7MO

Wheel 38A100-I6VBE
Wheel Speed 6200 SFPM

20---Table Speed 35 FPM
Longitudinal Mode(pp.19 & 20)

is2 Method A
20 KC Range

Infeed .050"
0 Conventional

100 -- 0 10 Division
Conventional

50c- -4- --

0 10 Division••t 4---
.001 .002

DEPTH OF CUT IN INCHES I Figure 57

SURFACE GRINDING

SPINDLE POWER AS A FUNCTION

U350 OF THE DEPTH OF CUT WITH

3VIBRATION AS A PARAMETER

~300-

0 Material 15-7MO
" -2-5n Wheel 38A100-I6VBE

g1 I n Wheel Speed 6200 SFPM
Conventional Table Speed 35 FPM

S- -/- - Longitudinal Mode(pp.19 & 20)

I Method A15 20 KC Range
15 - 0 Conventional

'--10Division 0 10 Division
100- 8I- 20 Division

20 Division

.0003 .0009 .0015 1

DEPTH OF CUT IN INCHES Figure 58
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400 SURFACE GRINDING

350 SPINDLE POWER AS A FUNCTIONOF THE DEPTH OF CUT WITl1

VIBRATION AS A PARAMETER

300-

SMaterial 15-7M0
% Wheel 38A80-H8VBE

Conventional Wheel Speed 6200 SFPM
200 1 Table Speed 35FPMS200 Longitudinal Mode (pp. 19&20)

41Method A 20 KC Range
1 5 -0 0 Conventional

D 10 Division

50-

.0003 .0009 .0015
DEPTH OF CUT IN INCHES Figure 59

400 SURFACE GRINDING

SPINDLE POWER AS A FUNCTION
2350 OF THE DEPTH OF CUT WITH
Ve VIBRATION AS A PARAMETER

Coventional

I Material 15-7 MO

250-- Wheel 38AI00-I6VBE
0 0 iv I Wheel Speed 6200 SFPM

0 10 Div. Table Speed 35 FPM
Longitudinal Mode(pp.19 &20)
Method B 20 KC Range

150- 0 Conventional
1- 10 Division

* 20 Division

50-

.0003 .0009 .0015 1

DEPTH OF CUT IN INCHES Figure 60
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400 SURFACE GRINDING

350 SPINDLE POWER AS A FUNCTION
OF THE DEPTH OF CUT WITH

300 VIBRATION AS A PARAMETER

Conventional Material 15-7 MO
Wheel 38A100-I6VBE
Wheel Speed 6200 SFPM

w 200 Table Speed 35 FPM
Longitudinal Mode(pp. 19 & 20)
Method A 25 KC Range

150- 0 Conventional
0 10 Division

100 - -- e 20 Division
__ _ 0Division

100 '

20 Division

0 - - -
.0003 .0009 .0015 I

DEPTH OF CUT IN INCHES Figure 61

400- SURFACE GRINDING

350 SPINDLE POWER AS A FUNCTION
OF THE DEPTH OF CUT WITH

Conventional VIBRATION AS A PARAMETER300 - /

-0 -

Material 4340

0 Wheel 38A100-I6VBE
-- 20 Division Wheel Speed 6200 SFPM

20 Table Speed 35 PPM
Flexural Mode (pp. 19 & 20)

10 Div. Method A 20 KC Range
15 0 Conventional

0 10 Division

100 
0 20 Division

50]

C 0003 .0c09 .0015

DEPTH OF CUT IN INCHES Figure 62
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400 - SURFACE GRINDING

SPINDLE POWER AS A FUNCTION
35 0-----OF THE DEPTH OF CtUT WITH

30 --- VIBRATION AS A PARAMETER

Material 4340
250 - Wheel 38AI00-I6VBE

Wheel Speed 6200 SFPM
0 _200 - Table Speed 35 FPM

Longitudinal Mode (pp. 19 & 20)
""onventional Method A 20 KC Range

cn 150 - - - -0 Conventionalf 0 10 Division

100-
10 Div.

so

.0003 .0009 .0015
DEPTH OF CUT IN INCHES Figure 63

40C •-SURFACE GRINDING

SPINDLE POWER AS A FUNCTION
o- '-OF THE DEPTH OF OUT WITH

VIBRATION AS A PARAMETER

, 300--

10!--l Div. Material 4340
2501-------------- ----- Wheel 38A100-I6VBE

O / Wheel Speed 6200 SFPM
""40 Table Speed 35 FPM

S200-- Longitudinal Mode (pp.19 & 20)

Method B 20 KCC

S1-0--------- --- - 10 Division

.• 100 --- - -

S50 --.-- -
• o

DEPTH OF CUT IN INCHES Figure 64
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400------- . . . . - SURFACE GRINDING

3 SPINDLE POWER AS A FUNCTION
350 -- -. - - OF THE DEPTH OF CUT WITH

VIBRATION AS A PARAMETER
93S300 -----. - -. -

SMaterial 4340
250 ------ -. -Wheel 38A100-I6VBE

0 Wheel Speed 6200 SFPM
ad /Table Speed 35 FPM
94200 -.-.- 1 Longitudinal Mode (Pp. 19 & 20)

Method A 25 KC Range
150 __ _ 10 Division

10 Div. S 20 Division

100 II
so

S~20 Div.

DEPTH OF CUT IN INCHES Figure 65

400 SURFACE GRINDING

P5INDLE POWER AS A FUNCTION
-- OF THE DEPTH OF CUT WITH

VIBRATION AS A PARAMETER

1300 - - - - - - -

Material 4340
9250 Wheel 38A46-H8VBE

Wheel Speed 6200 SFPM
200 Table Speed 8 FPM

Longitudinal Mode (pp. 19 & 20)
Method A

oils 0 Conventional

Conventional 
9 60 cps 30 Div.

"I 60 cps.

30 Div.

.0003 .0009 .0015

DEPTH OF CUT IN INCHES I Figure 66
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SURFACE GRINDING

SURFACE FINISH (RMS) AS A
FUNCTION OF DEPTH OFCUT
WITH VIBRATION A A P ARAMETER

0)

Material 15-7MO
t100 Wheel 38A100-I6VBE

: Conventional Wheel Speed 6200 SFPM

80 Table Speed 35 FPM
10DLongitudinal. Mode (pp. 19 & 20)

60- Method A 25 KC Range
S60 0 Conventional

Sý20 Div. 0 10 Division
S40 e 20 Division

*20 -- - -

0~I .0003 .0009 .0015

DEPTH OF CUT IN INCHES Figure67

SURFACE GRINDING

0 SURFACE (RMU ACROSS CUT) AS A
FUNCTION OF DEPTH OF CUT WIT1
VIBRATION AS A PARAMETER

Material 4340
-0 Wheel 38A100-I6VBE

0, Wheel Speed 6200 SFPMSTable Speed 35 FPM
80 20 Div. Longitudinal Mode (pp. 19 A! 20)

Method A 25 KC Rat.gje
W 60 0 10 Division

e 20 Division

,a40

10 Div.
20

0

.0003 .0009 .0015 I
DEPTH OF CUT IN INCHES Figure 68
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MICRO-HARDNESS CHECKS* ON TEST SPECIMENS

Material - 15-7 MO - Longitudinal Mode - Method A- 20 kc
Wheel - 38A10016VBE 6200 SFPM
TabI.e Speed - 35 FPM

con t 10 20 -iv.

Depth of Cut Before After Before After Before After

.0003" 526 542 526 579 548 570

.0006" 536 498 548 580 541 583

.0009" 541 560 541 576 526 571
-e

Figure 69

MICRO-HARDNESS CHECKS* ON TEST SPECIMENS

Material - 15-7 MO - Longitudinal Mode - Method A - 25 kc
Wheel - 38A100I6VBE 6200 SFPM
Table Speed - 35 FPM

Conventional 10 Div. 20 Div.

Depth of Cut Before After Before After Before Ater

.0003" 526 542 531 514 548 542

'.0009" 536 498 531 548 526 560

,a__,, ...-......

* Using Sheffield Micro-Hardness Tester - All Values Vickers - Average 3 Tests

Figure 70

72



MICRO-HARDNESS CHECKS* ON TEST SPECIMENS

Material 15-7 MO - Longitudinal Mode - Method A - 25 kc
Wheel 38AI0016VBE 6200 SFPM
Table Speed 35 FPM

Depth of Cut Before After Before After Before After

.0003" 261 Tests not 261 245 230 264
run

.0009" 263 Tests not 263 261 284 287
run

Figure 71

MICRO-HARDNESS CHECKS* ON TEST SPECIMENS

Material 15-7 MO - Longitudinal Mode - Method B - 20 kc
Wheel 38A100I6VBE 6200 SFPM
Table Speed 35 FPM

Conventional 10 Div . z v
Depth of Cut Before After Before After Before After

.0003" 531 --- 536 548 546 ---

.0009" 484 560 526 --- 516 530

Figure 72

* Using Sheffield Micro-Hardness Tester - All Values Vickers - Average 3 Testq
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40--- SURFACE GRINDING

SPINDLE POWER AS A FUNCTION
.350 -OF THE DEPTH OF CUT WITH

VIBRATION AS A PARAMETER
i300

Material 4340
•O250- Wheel 38A46-I8VBE
O Wheel Speed 6200 SFPM

Table Speed 8 FPM
0200 Longitudinal Mode

Method A (pp. 19 & 20)

-O - - - 0 Conventions

Conventional 
0 500 cpa 30 Div.

5~i0 - -(•7

0 3P Div.,

.0003 .0009 .0015

DEPTH OF CUT IN INCHES Figure 73

400 -- SURFACE GRINDING

SPINDLE POWER AS A FUNCTION
OF THE DEPTH OF CUT WITH
VIBRATION AS A PARAMETER

300

Material 4340
250 Wheel 38A46-H8VBE

SWheel Speed 6200 SFPM
Table Speed 8 FPM

200 Longitudinal Mode
Method A (Pp.19 & 20)

150 0 Conventiona1

Conventional•Z 0 1000 cps 30 Div.

100 -- 0- -

1.s 000 cps
50 30 Div.

.0003 .0009 .0015

DEPTH OF CUT IN INCHES Figure 74



400- SURFACE GRINDING

SPINDLE POWER AS A FUNCTION
350- - -OF THE DEPTH OF CUT WITH

VIBRATION AS A EARAMETER

430D

onvenonal Material 15-7 MO
250 - - - Wheel 32A60-L7V6

0 Wheel Speed 6200 SFPM
20 Table Speed 35 FPM

204 Radial Mode (pp. 19 & 20)

'2 KUltrasonic Spindle 20 KC Range
150 0 Conventional

5 D.0 5 Division
20 KG 5 Div.

100 _I
50 - -

.0003 .0009 .0015
DEPTH OF CUT IN INCHES Figure 75

"2

-SURFACE GRINDING

SURFACE (RMS ACROSS CUT) AS A
FUNCTION OF DEPTH WITH VIBRATION
AS A PARAMETER

U
to 20 Div. Material 15-7 MO
8100 Wheel 38A100-I6VBE
4 Wheel Speed 6200 SFPM

Table Speed 35 FPM
80 Longitudinal Mode (pp. 19 & 20)

10 Div. Method A 20 KC Range
60_ 0 Conventional

0 10 Division
S40 - -9 20 Division

ca Convelonal
20------------

0 __ - - -- I
.0003 .0009 .0015

DEPTH OF CUT IN INCHES Figure 76
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8 - SURFACE GRINDING

7 GRINDING RATIO AS A FUNCTION.
OF THE DEPTH OF CUT WITH
VIBRATION AS A PARAMETER

C nventionai Material 4340
5 Wheel 38A46-H8VBE

SWheel Speed 6200 SFPM1000 cps4 300 . - -"" Table Speed 8 FPMS43Longitudinal Mode
2 Method A (pp. 19 & 20)

3--- - ---- 0 Conventional
0 1000 cps. 30 Div.

1 ---- ---- - -*GRINDING RATIO = Vol, Material Removed
Vol. Wheel Loss

0 -_._. . . . . . . . . .

.0003 .0009 .0015 1
DEPTH OF CUT IN INCHES Figure 77

8 -50 Cp,- SURFACE GRINDING30 Div./
7 0 Div- GRINDING RATIO AS A FUNCTION

7 , OF THE DEPTH OF CUT WITH
VIBRATION AS A PARAMETER

Material 4340
""-5- Wheel 38A46-H8VBE

Conventional Wheel Speed 6200 SFPM
-4.Table Speed 8 FPM

Longitudinal Mode
Method A (pp. 19 & 20)

3 - -- 0 Conventional
B 500 CpS 30 Div.

2---

*GRINDING RATIO Vol. Material Removed
1 -- Vol. Wheel Loss

.0003 .0009 .0015
DEPTH OF CUT IN INCHES I Figure 78
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- - SURFACE GRINDING

GRINDING RATIO AS A FUNCTION
OF THE DEPTH OF CUT WITH
VIBRATION AS A PARAMETER

Material 4340
0. 5 - - - - - - Wheel 38A100-16V'3E

Wheel Speed 6200 SFPM
Table Speed 35 FPM

10 Di iston Flexural Mode (pp. 19 & 20) .

Method A 20 KC Range
S3 .0 ConventionalS0 10 Division

2CoveoConvenn

1 - --'*GRINDING RATIO V VOl. Material Removed
Vol. Wheel Loss

.0003 .0009 .0015
DEPTH OF CUT IN INCHES I Figure 79

1.5 12.5

8-- SURFACE GRINDING
60 cps, a
30 Div. / GRINDING RATIO AS A FUNCTION

OF THE DEPTH OF CUT WITH
VIBRATION AS A PARAMETER

6 ---

SMaterial 4340
5 Wheel 38A46-HSVBE

Wheel Speed 6200 SFPM
Table Speed 8 FPM

4 .Longitudinal Mode

Conventiona Method A (pp. 19 & 20)
3 0 Conventional
3 --- 60 cpu 30 Div.

1 *GRINDING RATIO Vol. Material Removed
- -- Vol. Wheel Lost

0- -
.0003 .0009 .0015

DEPTH OF CUT IN INCHES Figure 80
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SURFACE GRINDING

SPHEROID TO CHIP RATIO AS A
FUNCTION OF THE DEPTH OF CUT

0.-WITH VIBRATION AS A PARAMETER
2.4

Material SAE 1020
IN/q 0 Wheel 38A46-H8VBE

:2.0 Wheel Speed SFPM6200
0onventional Table Speed 6.2 FPM
0 1.6 Longitudinal Mode

. Method A (pp. 19 & 20)
0-10 Division 20 KC Range

1.2 0 Conventional
0 9 10 Division

S0 15 Division

4 15 Divii ion
.4 .

Run Numbers: I - 3-4, 11-18
0--

.0006 .0012 .0018
DEPTH OF CUT IN INCHES Figure 81

-SURFACE GRINDING

SPHEROID TO CHIP RATIO AS A
FUNCTION OF THE DEPTH OF CUT
WITH VIBRATION AS A PARAMETER

2.4 -Material 4340
Wheel 38A46-H8VBE

04.0- Wheel Speed 6200 SFPM
Table Speed 6.2 FPM
Longitudinal Mode

01.6 MethodA (pp. 19 & 20)

'Conventional 20 KC Range

O1.2 0 Conventional
• 010 Division

.4. 5 . s 15 Division
S.8 / 10 Oivistoi

- -15 Division Run Numbers: 1-7-10, 25-28, 40-52 "

0 I L
.0006 .0012 .0018

DEPTH OF CUT IN INCHES Figure 82
78



SURFACE GRINDING

SPHEROID TO CHIP RATIO AS A
- - FUNCTION OF DEPTH OF CUT

Conventiona WITH VIBRATION AS A PARAMTER

'1Material 4340
Wheel 38AI00-I6VBE

012.0 -Wheel Speed 6200 SFPM
Table Speed 6.2 FPM

1605 Division Longitudinal Mode
Method A (pp. 19 & 20)
20 KC Range

S1.2 -0 Conventional
0 5 Division

or 0 0 10 Division
.n8  

- -

0 • 10 Division
.4 --

Run Numbers: 1-66-88

.0006 .0012 .0018
DEPTH OF CUT IN INCHES Figure 83

I- i SURFACE GRINDING

Conventional SPHEROID TO CHIP RATIO AS A
FUNCTION OF THE DEPTH OF CUT

WITH VIBRATION AS A PARAMETER

" 2.4 Material 4340

Wheel 38A46-H8VBE
2.0 Wheel Speed 6200 SFPM

O 5 Division Table Speed 6.2 SFM

1L6 - - -Longitudinal 
Mode

- Method A (pp. 19 & 20)
20 KC Range

1.2 Cross Feed .050"
0 Conventional

0 5 Division
910 Division

.8 - -Dlllo

1 Division

.4 Run Numbers: 1-59-65

0 .010 .002 .003 .004 .005 .006

DEPTH UF CUT IN INCHES Figure 84
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SURFACE GRINDING

SPHEROID TO CHIP RATIO AS A 0
FUNCTIQN OF THE DEPTH OF CUy
WITH VIBRATION AS A PARAMETER

0•.24 - - - - - -

Material 440C
Wheel 38A46-H8VBE

S.-20 Wheel Speed 6200 SFPM
Table Speed 6.2 FPM
Longitudinal Mode

t-4.16 Method A (pp. 19 & 20)

la 20KC Range
0gO. 12 0 Conventional

-- 0 10 Division

V3.08

Conven tional ,...-,
.04-. -Run Numbers: I - 29 - 39

0' / "•10 Dtv ,sion,

.0006 .0012 .0018
DEPTH OF CUT IN INCHES Figure 85

(

SURFACE GRINDING

SPHEROID TO CHIP RATIO AS A
FUNCTION OF THE DEPTH OF CUT
WITH VIBRATION AS A PARAMETER

-Material 440 C
Wheel 38A46-HeVBE

2.0 Wheel Speed 6200 SFPM
Table Speed 6.2 FPM

U Cross Feed .050"
- -.6-Longitudinal Mode

Method A (pp. 19 & 20)
S1.2 20 KC Range
0 0 Conventional

Conventional 0 5 Division

04 - - 51 Dvipion. Run Numbers: I - 53-58

S.001 .02 .003 .004 .005 .006

DEPTH OF CUT IN INCHES Figure 86
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Table "!I,.j
35 ft. ON WS. '

Material 4340
10 Divisions ad ftro)q,,
Table Speed
8.7 ft per min. ;-

materiel 15-7Ji
10 DivisionsadSRk
Table Speed
3S5ft. per min.

material 15-7 wo
10 Divisions 01 OO
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232 SURFACE GRINDING

0 PEAK TEMPERATURE RISE AS A

203 - - - - -FUNCTION OF THE DEPTH OF CUT

17 WITH VIBRATION AS A PARAMETER
S174-

Material 1020
S145 C t - I Wheel 38A46-H8VBE

0..i10 Dvititon Wheel Speed 6200 SFPM
-16 Table Speed 6.2 FPM

Longitudinal Mode (pp. 19 & 20)
Method A 20 KC Range

87 - 0 Conventional
-Jý Q 10 Division

15 Division 0 15 Division
S58--------------

S29------------

Run Numbers: I - 3-4, 11-18
0 Edd

.0003 .0009 .0015
DEPTH OF CUT IN INCHES Figure 93

M232 - -SURFACE GRINDING

•203 PEAK TEMPERATURE RISE AS A
20 - -FUNCTION OF THE DEPTH OF CUT
174 WITH VIBRATION AS A PARAMETER

SMaterial 440 C
0145 Wheel 38A46-H8VBE

i Wheel Speed 6200 SFPM
Table Speed 6.2 FPM

M116- Longitudinal Mode (pp. 19 & 20)

Conventional Method A 20 KCRange
87 I -- 0 Conventional

- 0 10 Division

58- #

10 Divisit n

I Run Numbers: I - 29-39.0003 .0009 .0015

DEPTH OF CUT IN INCHES Figure 94

87



232 ---- SURFACE GRINDING

2 PEAK TEMPERATURE RIE -AS A
S203 ----- ,FUNCTION OF THE DEPTH OF CUT

7 -_WIT VIBRATION AS A PARAMETER
174]

Material 4340
145 - --- Wheel 38A46-H8VBE

Wheel Speed 6200 SFPM

?5116-Table Speed 6.2 FPM
Longitudinal Mode (pp. 19 & 20)
Method A 20 KC Range

87 I0 Conventional
87-----------------------------0 5 Division

10 Division 9 10 Division

58
Conventional.

29 - -

4 +

0 5 Division Run Numbers: I - 7-10, 25-28,
- 40-52

.0003 .0009 .0015
DEPTH OF CUT IN INCHES Figure 95

1.232 - SURFACE GRINDING

onventionalS23 PEAK TEMPERATURE RISE AS A
i203 - FUNCTION OF THE DEPTH OF CUT

5 Division WITH VIBRATION AS A PARAMETER
174 -

10 Dvislto Material 4340

2145 - - Wheel 38A100-I6VBE
Wheel Speed 6200 SFPM
Table Speed 6.2 FPM

11- Longitudinal Mode (pp. 19 & 20)
Method A 20 KC Range

87 0 Conventional
0 5 Division

19 Di ision%& 9 10 Division
SA /1 0 19 Division

2~ 00

Run Numbers: I - 66-88

DEPTH OF CUT IN INCHES Figure 96

88



160 - - -SURFACE GRINDING
1400 

SPINDLE POWER AS A FUNCTION

S14sOF THE DEPTHS OF CUT WITH
SVIBRATION AS A PARAMETER
•120 --------------

Material 4400C
1000 Wheel 38A46-H8VBE

Wheel Speed 6200 SFPM
80 Table Speed 6.2 FPM

I Longitudinal Mode
Conventional Method A (pp. 19 &20)

600iona -- 20 KC Range
0 Conventional

400 [0 10 Division

�--10 Division
20

Run Numbers: I - 29-39

.0006 .0012 .0018
DEPTH OF CUT IN INCHES Figure 97

SURFACE GRINDING

SPINDLE POWER AS A FUNCTION
OF THE DEPTH OF CUT WITH
VIBRATION AS A PARAMETER

600'-Material 15-7 MO

500 - Wheel 32A60-L7VG
I 10 Division Wheel Speed 6200 SFPM

/ l - Table Speed 35 FPM-400I Flexural Mode (pp. 19 & 20)
20 Division Method A

~300- A -0 lKCRange
0 Conventional
0 10 & 20 Division

200

Conventional
100 F -I

Severe Wheel Loading
__ __ _ __

.0003 .0009 .0015

DEPTH OF CUT IN INCHES Figure 98
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160C SURFACE GRINDING

SPINDLE POWER AS A FUNCTION40--OF THE DEPTH OF CUT WITH

o VIBRATION AS A PARAMETER.

41 Material 4340
d00 -" Wheel 38A46-H8VBE

5 Divisior Wheel Speed 6200 SFPM
0 80c A Table Speed 6.2 FPM

Conventional Longitudinal Mode (pp. 19 & 20)
Method A 20 KC Range6 0 Conventional

960 5 Division
10 Divistoo 9 10 Division

~40(-

[20 -

01 .uu*ub .ouu I

DEPTH OF CUT IN INCHES Figure 99

1600- - -- SURFACE GRINDING

SPINDLE POWER AS A FUNCTION
is4o OF THE DEPTH OF CUT WITH

t Conventional Div. VIBRATION Al A PARAMETER

la 20 -.. 4.
,9 1 Material 4340

00 - Wheel 38A100-I6VBE
S10 Div. Wheel Speed 6200 SFPM
O Table Speed 6.2 FPM

80t - - Longitudinal Mode (pp. 19 & 20)
N fMethod A 20 KC Range

60- - 0 Conventional
' 5 Division
0 10 Division

40( "-- 19 Division

,20f

19 Division
- - Curve Extrapolated
.0003 .0009 .0015

DEPTH OF CUT IN INCHES Figure 100
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232 RURFACP. GRINlINCG

PEAK TEMERATURE

203 /FUNCTION OF THE DEPTH OF CUT

174 
WITH VMRATION AS A PARAMMT

onventional Material 440 C

145 Wheel 38A46-H8VBE
Wheel Speed 6200 SFPM

116 Table Speed 6.2 FPM
Cross Feed .050"

87 Longitudinal Mode (PP. 19 & 20)
87 Method A 20 KC Range

0 Conventional55 Division 5 Division
58 - - -

29 -

0 Run Numbers: I - 53-58

.001 .002 .003 .004 .005 .006 .007

DEPTH OF CUT IN INCHES Figure 101

Conventional,%

232 SURFACE GRINDING

203 PEAK TEMPERATURE RME AS A

FUNCTION OF THE DEPTU OF CUT
5D o WITH VIBRATION AS A PARAMETERS174 1• 1"

4 Material 4340
145 Wheel 38A46-HSVBE

10 Division Wheel Speed 6200 SFPM
116 ATable Speed 6.2 FPM

Longitudinal Mode(pp. 19 & 20)
Method A 20 KC Range

87 Cross Feed ..050" 10th step
0 Conventional
0 5 Division

58 10 Division

-0 Run Numbers: 1- 59-65

.001 .002 .003 .004 .005 .006 .007

DEPTH OF CUT IN INCHES Figure 102
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SECTION 5

5. Conclusions

5.1 Possible Stress Differences to be expected

The particle motion for Longitudinal mode, method A, is nor-
mal to the grinding wheel grinding surface. Since dynamic stress
due to vibration is zero on the surface of specimen being ground,
conditions should be different for the same particle motion. But in
Flexural vibration, method B, where surface dynamic stress is present
It is hypothesized that the alternating stresses due to the flexural
modes, would relieve the initial surface residual stresses slightly,
and greatly reduce any tendency for formation of grinding induced
thermal or residual stresses. This effect should be greatest for
shear stresses in vibration as the source of activation energy for
stress relief, similar to. situations prevailing during normalizing.
This condition is believed to occur prior to twinning of the Frank
Reed loops.

It has been earlier reported, that longitudinal vibration,
method A, would cause increased wheel breakdown, (probably due to
impact fracturing of abrasive bonds). Comparisons between longi- -
tudinal method B and Flexural Method A, should be valuable due to
their inherent differences between relative motions of wheel and
work.
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0

5.2 Grinding Wheel Surface Investicatton

Lower temperatures occur in vibration assisted grinding and com-
pared to conventional grinding this opens many fields of investigations. (pp.lI5-5 6 )
One theory being, that during contact of the wheel over the vibration ex-
cited test specimen, normally embedded steel swarf is thrown loose from
the peripheral surface of the grinding wheel caused by propagated vibrat-
ion transmitted through wheel from the test specimen. When apparatus
for this test is set up, samples of fine filter paper will be taken at two
points 1800 from one another, around grinding wheel. Quantitative
swarf evaluation of vibration assisted grinding as compared to convent-
ional grinding can then be measured.

5.3 Radial Vibration of Wheel

If a cylinder of uniform cross-section is subjected to longitudi-
nal vibration at high frequencies, where the direction of travel of the
wave is parallel to the long axis of the cylinder, the particle motion will
be in the direction of propagation and the cylinder will undergo elastic
extension and contraction. The amplitude of vibration of a longitudinal (§7
wave is greatest at the extremities of a bar, provided it is considered
one-half wave in length and essentially free at both ends. The ampli-
tude of vibration is zero at the midpoint of this uniform bar.

4 -MAX. A4t 4=A4(

d 4-LONG. VISRAT/ON

Where: d - Bar Diameter

1/2 wave length

A -- Amplitude of vibration
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However, at the instant the amplitude is maximum at the ex-
tremities or loops we find that at the midpoint or node a contraction in
the diameter of the member occurs. The magnitude of this contraction
is governed approximately by the amplitude, diameter of bar, and
Poisson's ratio which is the ratio of the change in diameter to its
change in length. The radial displacement then can be computed
according to the following relation: AR z NdAL

Where: AR Radial displacement

N = Poisson's ratio

d Bar diameter

AL = Longitudinal Amplitude

AMPLITUDE Or RADIAL V&R-4TnIOtivAR

d4-- Am PLIrv(vE Or LoN4r.
VISAArTI ON -, L.

2

As a bar increases in diameter, maintaining all else constant,
there will be an increase in the radial amplitude observed. A maximum
will occur however ut the diameter dependent on the frequency of the
vibration wherein the longitudinal drivir~g frequency matches the radial
resonant frequency of the bar. Under these conditions the radial
resonant frequency for rods or tubes can be computed as follows where:
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Where: .L radial resonant frequency

S-= average diameter (whether rod or tube)

YO, =Young's modulus of rod

IV = Poisson's ratio

P = Density of rod

Since it is possible to achieve reasonable amplitudes at high
frequencies in the radial mode, it seems possible to attach a grinding
wheel to this radially dilating bar in such a manner as to permit the
radial dilation of the grinding wheel. Such a motion to the wheel would
impart a longitudinal vibration to the workpiece being ground at the point
of grinding and in the case of large workpieces, minimize the amount of
vibration power required to perform. In addition, differences in grind-
ing behavior might be apparent from the opposite approach of vibrating
workptece. A wheel might be attached as below:
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5.4 Discussion of Test Results

The graphs of the test data indicate that there is consider-
able difference betwen vibration assisted and conventional grinding
under the conditions of the test set-up. Note the lower peak tem-
perature (figures 47 to 49) and the greatly reduced spindle power
(figures 55 to 66), in addition to the lower spheroid to chip ratio
(figures 81 to 86) and the lower temperature time trace areas (figure
21 to 26). The differences are less for the (38A46-H8-VBE) wheel A,
but this is attributed to the wheel breakdown and the lower cutting
points per square inch, as opposed to the (38AO0O-16-VBE) wheel B.
Grinding tests using (32A60-L7-VG) wheel C substantiated less wheel
wear due to wheel hardness.

5.'4.1 Grinding Swarfs Interpretation

Under close scrutiny, the chips in the swarfs collected from
test specimens showed a large difference between vibration assisted
grinding and conventional grinding. Those of the conventional grind-
ing showed burning, oxidation, discoloration, etc., while those of
the vibration assisted grinding did not show any signs of oxidation,
burning, etc. The latter contained smaller chip lengths than those
of conventional grinding under all comparison tests, varying in depth
of cuts on all test specimens.

Grinding swarf analyzed from 15-7MO material showed a con-
Siderable difference in burned and oxidized residue caused by tem-
perature differences of conventional and vibration assisted grind-
ing. This difference is the complete absence of spheroids brought
about by the lower grinding temperatures in the vibration assisted
grindin,ý swarf.

In the swarf evaluation, figures 87-92, show representative
runs of conventional and ultrasonic runs of various amplitudes. As
will be noticed, the deeper the amount of cut, the more heat gener-
ated and the darker the glass due to adhesion of metal particles.
It is also obvious that the higher the divisions, or stroke of vi-
bration, the lesser the amount of chips or spheroids adhering to
the glass.

5.4.2 Temperature Time Trace Presentation

The runs performed with a 10 step crossfeed of .050" increm-
ents gave us a better temperature time trace display (figures 28-38)
Notice, in figures 93-96, the temperature differencee between the
vibration grinding and conventional grinding. Figures 28-38 are
photographs of temperature time traces, three times scale, taken
from level recorder tapes. These traces emanate from the surface
outline area of the test specimen.
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5.4.3 Grinding Ratio

As shown in figures 39-46; 77-80, little differences can
be noted in the grinding ratios between vibration assisted and con-
ventional grinding. However, harder sample grinding wheels of the
"R" and "S" type are to be tested to insure favorable and efficient
grinding ratios.

5.4.4 Swarf Adhesion to Glass

Quantitative swarf adhesion to glass, figures 87-92, is
definitely greater in those samples of conventional grinding brought
on by the higher comparative grinding surface temperatures.

5..4.5 Association of Temperature, Spindle Power, and Spindle
Revolutions Count

There is a definite association between surface temperature
and spindle power (figures 55-66;73-75;97-100). Both are a function
of the same variables. Frictional phenomena and the energy of de-
formation are believed to be these variables.

Another direct effect of spindle power during grinding is
the revolution count of the grinding wheel while on the test speci-
men surface. (figures 51-54)

5.4.6 Surface Finish, Stress, and Hardness (
Visually, the ultrasonic ground finish appeared finer than

that of the conventional surface. Checking the surface with R pro-
filometer showed neither inferior nor superior finish comparison
(figures 65-66). Because the overall length of the test specimen
was only 3" using a plunge cut, and not having more than one run
for comparison, these tests cannot be conclusive.

The "Before" and "After" grinding hardness checks made with
a micro-hardness tester (figures 69-72) reveal little change in
hardness. However, this state of affairs cannot as yet, be con-
sidired'conclusive.

5.1.7 Test Grinder Selected

A Brown and Sharpe #13 Universal Surface Grinder has been
selected for modification in Phase II. The spindle attachment
being outboard of the column permits the use of the ultrasonic
spindle developed and run for a short period in Phase I. Basically
the modification of the grinder in alterations is restricted to the
spindle. The modification of operation of the machine will be
altered in so far as the grinding techniques are concerned, such as
table speed, depth of cuts, spindle R.P.M., etc.
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5.4.8 Ultrasonic Spindle

Based upon the results obtained in Phase I, it appears very
promising to use the ultrasonic spindle to obtain identical or im-
proved results in comparison to the vibration of the workplece.

Continued effort is needed however, to fully substantiate
these benefits and oorrelation between surface temperatures measure-
ments and surface stress on parts is required. More work is nece-
ssary in the direction of improved wheel life. Past experience
indicates failure caused by bond fatigue at the wheel hub Junction.
The work on soft soldering of standard wheels by the employment of
the silver plating process will be conducted. This seems quite
promising.
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PHASE II

SECTION 6

INSTRUMENTATION
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6 Instrumentation

The following section is concerned with the instrumentation 4.
for the proper data handling of all grinding tests. It will cover
the test equipment used, its function and its application to these
tests.

This section will also discuss the phenomena measured which
includes the amplitude of spindle vibration, the amplitude of the
ultrasonic spindle grinding wheel vibration,-the amplitude of trans-
ducer vibration, spindle power and workpiece temperature.

6.1 Test Equipment

6.1.1 Tektronix Oscilloscope Type 551. The type 551 oscillo -
scope is a dual-beam, laboratory type instrument used for observing
wave forms involving fast rise-time pulses and transients. Separate
and identical amplifiers are provided for each beam. Dual-sweep
plug-in preamplifiers are used in the vertical deflection system,
which permits viewing of four simultaneous signals.

The type 551 oscilloscope is used in all grinding tests as
a constant visual monitor of all phenomena being measured. It is
used as the test data is being put on the Ampex tape recorder and as
it is taken off.

6.1.2 Tektronix D. C. Preamplifier Type D. The type D preampli-
fier is a high-gain, differential, calibrated, D. C. preamplifier
which is used in conjunction with the Tektronix type 551 oscillo-
scope.

Two type D preamplifiers are used in cascade to amplify the
thermocouple information taken from the workpiece. The over all
gain of the two preamplifiers in cascade is 57 db. The two ampli-
fiers take a signal in the range of a few millivolts and amplify it
to a usable range of 1 to 2 volts.

6.1.3 Bruel & Kiaer (B&K) Beat Frequency Oscillator Type 1013.
The type 1013 oscillator is a variable beat frequency oscillator used
for measurements in the frequency range of 200 to 200,000 cycles per
second.

The beat frequency oscillator was used in order to carefully
control the frequency of vibration being applied to the ultrasonic
spindle and workpiece by the ultrasonic generator.
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6.1.4 B & K Audio prequencZ Spectrometer Type 2110. The type
2110 audio frequency spectrometer was aesigned ror electrical,
electro-acoustical and vibration measurements and analysis in the
audio frequency range.

The audio frequency spectrometer was used to amplify and
analyze vibration signals from the accelerometers. The acoeler-
ometers measured the vibration of the spindle and the workpiece.

It was found that interpretation of the spindle and work-
piece vibration did not add any conclusive information to the anal-
ysis of ultrasonic grindirg The vibration measurements therefore
were discontinued.

6.1.5 B & K Level Recorder Type 2304. The type 2304 level re-
corder is a high speed instrument ror recording signal level vari-
ations within the frequency range of 20 to 200,000 cycles per
second.

The level recorder is used to permanently record the level
of the signals taken from the Ampex tape recorder.

6.1.6 B & K Inverter Type 4610. The type 4610 inverter is used
as an accessary to the high speed level recorder. It is used for
the recording of D. C. and slow A. C. signals. A 400 cycle out-
put signal proportional to the input D. C. signal is fed to the
level recorder.

The inverter is used for converting the D. C. thermocouple
signal to a 400 cycle A. C. signal for presentation to the level
recorder.

6.1.7 B & K Accelerometer Type 4329. An accelerometer is a
mechanical electrical transducer, the voltage output of which Is
proportional to the magnitude of the acceleration to which the trans-
ducer is subjected.

6.1.8 Electra Transducer Model 3015A. The Electra Transducer
used in conjunction wIth the Mrie counter and the marker box was
used to count spindle revolutions.

It was found that interpretation of the spindle revolution s
did not add any conclusive information to the analysis of ultrasonic
grinding. The spindle revolution measurements were therefore dis-
continued.
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6.1.9 Erie Counter Model 400. The model 400 counter is a digi-
tal device used for the counting of periodic and aperiodic electri-
cal events and the precise measurements of frequency, period and
time intervals.

In order to carefully control the vibrations of the work-
piece and the ultrasonic spindle, the Erie counter was used to
monitor the frequency of the beat frequency oscillator.

6.1.10 Ampex Tape Recorder Series F. R. - 1100. The model FR -
1100 Ampex tape recorcer/reproducer is a 4 track, 4 speed, F. M.
and direct record magnetic tape recorder. The frequency response
on direct record at a tape speed of 60 ips is 150-150,000 cps + 3
db. The frequency response on frequency modulated F. M. input-is
o - 10,000 cps + db with a signal to noise ratio at 1% harmonic
distortion of 4U db.

The excellent frequency response of this recorder on F.M.
input made it a very accurate method for recording thermocouple
information. The 3 direct record channels were used for acceler-
ometers, power and voice recording.

Much phenomena measured was recorded on the Ampex tape
recorder during the actual grinding runs. It could then be taken
off when ready for analysis.

.6.1.11 John Fluke VAW Meter Model 101. The model 101 VAW meter
is a high Impedance instrument used for the measurement of A. C.
volts, amperes and watts from 20 to 200,000 cycles per second.

The power consumption of the spindle was measured with the
VAW meter for each grinding pass. The VAW meter was connected to
one phase of the three phase power line feeding the spindle motor.
The total power was then assumed to be three times the VAW meter
reading.

•6.1.12 National Scientific Instrument Microscope Type 4015. The
type 4015 microscope Is a bOO power microscope with a calibrated,
graduated reticle. Each division on the reticle is equal to 50
millionths of an inch.

The microscope was used to measure the amplitude of vi-
bration of the ultrasonically excited grinding wheel and workpiece.
Throughout this report the divisions of amplitude referred to are
in reference to this microscope.

6.1.13 Miscellaneous. A standard cell and various meters were
used as necessary for calibration and setup.
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6.2 Phenomena Measured

6.2.1 Test Specimen Temperature. To adequately resolve the change
in temperature of the workpiece, during grinding, it was necessary
to use a temperature sensing device. The temperature sensing device
had to be accurate, with good resolution in the range of a few de-
grees and have a very fast response.

For these reasons, an iron and constantan thermocouple with
a .003" diameter wire was used. Iron and constantan were used be-
cause of suitable temperature range and large thermal e.m.f. The
.003" diameter wire was used because of the fast thermal response of
small diameter wire.

6.2.2 Vibration. The amplitude of vibration of the spindle and
of the worlcpaece was measured with B & K accelerometers. It was
found that the vibration was so small that interpretation of the
vibration of the spindle and workpiece did not add any conclusiveevidence to the analysis of ultrasonic grinding. The vibrationmeasurements were therefore discontinued.

6.2.3 Spindle Revolution. This measurement was discontinued be-
cause the time involved In setting it up could be used for more
grinding runs and the benefit toward ultrasonic grinding analysis
was small.

6.2.4 Ultrasonic Vibration Amplitude. Since both the grinding
wheel and the worcpiece were ultrasonically vibrated it was nece-
ssary to measure and maintain the amplitude of vibration. A 500 X
National Scientific Instrument Company microscope with a calibrated
reticle was used for this purpose.

6.2.5 Spindle Power. The power consumed by the grinder spindle
was measured By connecting one phase of the three phase motor to
the VAW meter. The spindle power is a function of two variables
which are believed to be the frictional phenomena and the energy
of deformation.

6.3 Calibration

6.3.1 Thermocouple Calibration. The thermoelectric power gene-
rated by each test specimen varies due to differences in material.
It was therefore necessary to determine the thermoelectric power
of each material. The calibration apparatus Io shown in figure
104, page 108.

Two 400ml beakers were filled with S.A.E. 30 weight oil.
One beaker was immersed in melting ice and the other was immersed
In boiling distilled water. A thermocouple was welded to each
type of test specimen. The test specimen was then carefully im-
mersed in the cold bath (320 F. cold Junction). The thermocouple
was then terminated in the hot bath (2120 F. hot Junction). The
signal was taken from there, amplified and measured on the Tektronix
scope. In this way the thermoelectric voltage fdr a known tempera-
ture difference for each material was found.
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6.3.2 D. C. rEaMplifier Calibration. The electrical sigal
taken from ;E Umrubocouple atcaonea to the worpi•ece was Too
small in amplitude to be properly recorded. It was therefore
necessary to amplify it to a uceful range. For this purpose two
Tektronix type D preamplifiers connected in cascade were used.

It was necessary to accurately calibrate these preamplifiers
in order to have a representative amplification of the thermocouple
trace. The most difficult part of the calibration Is the D. C.
balancing of the preamps. This is accomplished by putting zero
signal into the first prea4p, changing the range switch from mini-
mum to maximum position and adjusting for sero D. C. shift in the
output. This signal Is viewed on the Tektronix scope. The same
procedure is followed for the second preamp.

A 1 millivolt P. P. 20 kc sine wave is put into the first
preamp. The two preamps are then adjusted for a 1.5 volt peak to
peak output. This gives the two units in cascade an over all gain
of 57 db. The input signal must be a sine wave of known accuracy.
The B & K beat frequency oscillator is used for this purpose.

6.3.3 Level Recorder Calibration. The level recorder is cali-
brated w1th tne use or a sradard cell. The inverter is connected (
to the level recorder and the standard cell voltage is connected to
the input. The input potentiometer is then adjusted for 1 volt as
shown on the level recorder chart.

To set the zero level, zero signal Is put into the level re-
corder from the tape recorder. The thermocouple and preamps are
connected to the tape recorder. The tape recorder and level re-
corder are started and the vertical position control on the first
preamp is adjusted for the desired zero level as shown on the level
recorder chart.
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6.4 Measuring Method

6.4.1 Data Acquisition. The instrumentation for data acqui-
sition was set up as shown in figure 108, page 112. All data
was recorded on the series FR-1100 Ampex tape recorder for each
grinding pass. The data could then be taken off the magnetic
tape for analysis as many times as necessary.

The thermocouple had to be mounted so that it would with-
stand surface particle acceleration of 40,000 g's and greater.
Any air spaces or other insulating effect, that would be detri-
mental to the response of the thermocouple, had to be held to a
minimum. A technique previously devised was use1 to flash weld
the .003" diameter wire to the workpiece to form the thermocouple,
consisting of the workpiece and the wire. The position of the
thermocouple on the workpece was determined by the use of approp-
riate measuring instruments. The thermocouple placement is
shown in figure 105, page 109.

The thermocouple signal was amplified through the Tek-
tronix type D preamps and recorded on the Ampex tape recorder on
the F. M. input channel. The Tektronix scope was used to monitor
the thermocouple signal before and after amplification.

The accelerometer signal was amplified in the spectrometer
preamp and then recorded on a direct record channel on the Ampex
tape recorder.

_-- .- Thee spindle power was measured with the VAW meter and then
recorded on a chart for each grinding run.

The B & K signal generator with the Erie Counter, as a
frequency monitor, was used to carefully control the frequency of
the ultrasonic vibration.

6.4.2 Data Playback. The accelerometer signal was taken from
the recorder and played through the audio frequency spectrometer
(see figure 106, page 110). Two separate traces were made on the
level recorder. One was made without filtering and another with
everything except the 20 kc filtered out.

The thermocouple signal was played through the inverter
and recorded on the level recorder (see figure 107, page 111).

The data from the level recorder was processed and placed
in table form and has been included in this report.
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7. DATA COLLECTION

7.1 Grinding Tests

Initially, all grinding tests were fully instrumented to
record the temperature rise of the test specimen under conditions

of conventional and ultrasonic assisted grinding. A comparison
could then be evaluated. Two grinding wheels were selected from
the five grinding wheels used in Phase I. They were: AA60-L8-VIO
and AA6o-R8-V4O. Both wheel types were used for the grinding test
runs.

Manner of Making Tests

Runs 200 - 320

(A) Grinding the specimen with a 7/16" wide plunge cut,
three depths of cut were u3ed: .0003", .0006", and
.0009", and each depth of cut having five passes.

(B) A swarf was collected on the second pass and a swarf
to glass was taken on the fifth pass.

(C) Each run was logged on a separate run sheet having
headings of: (1) date, (2) type of run (conventional,
ultrasonic spindle, longitudinal mode A, 60 cycles
vibration, longitudinal mode A and ultrasonic spindle,
(3l depth of cut, (4) wheel diameter before grind,
5 wheel diameter after grind, (6) spindle power in

watts) for each pass, (7) remarks for visual inspect-
ion of wheel loading.

(D) Surface finish tests were made on each run.

Runs 400 - 496

(A) Grinding the specimen using .050" infeeds for .001",
.0015" and .002" depth of cut. 50% of runs were dry
ground using CIMCO coolant. Wheel speed 6200 SFPM -
Table Speed 35 FPM.

(B) Filter paper was used to collect the swarf for exami-
nation in the middle of each run.

(C) Each run was logged on a separate run sheet having
headings of: (1) date, (2) type of run (ultrasonic
spindle or conventional) , (3) depth of cut, (4) wheel
diameter before and after grind, (5) spindle power in
watts (titanium only), (6) photograph of wheel loading,
(7) photograph of workpiece, (8) wet or dry grinding,

9) workpiece inspection for burns or checks and
cracks.

N Surface finish tests were made on each run.
200 X photomicrographe were made on each run specimen.
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7.2 Workpiece Coupling - Work Vibrated

The only amplitude of vibration chosen for the test specimen
mounted to the toolholder (longitudinal mode A)(Figure 7, page 19)was
15 divisions (1 division equal to 50 micro-inches peak to peak). Due
to the high acceleration forces imparted to the test specimen under-
ultrasonic vibration, mechanical bond of the test specimen to the tool
holder was eliminated. A soft solder of 6CPB -4OSN was selected with
soldering temperature maintained at or about 4000F. Silver solder was
considered but was eliminated because of the possibility of altering
the test specimen through excessive heat and thereby distortion.

Of the four types of test specimens used, only two (H-lI
die steel and 15-7MO Steel) could be soldered directly to the tool-
holder. The remaining two (Titanium 6A1-4V and Rene 41) had to have
their respective surfaces copper plated prior to soldering. Many
methods of plating were attempted without success prior to finding a
successful method. The following is the procedure used in copper
plating both titanium and Rene 41 test specimens.

IlJ Dip specimen in alkaline cleaner - 2 minutes
Dip specimen in hydrochloric acid - 2 minutes
Place in mixture of 3 parts water
to I part acid, using a 3 volt reverse
current - 2 minutes

fl* Nickel Flash - 2 minutes
Copper Plate -4hour at low voltage

When vibrating the test specimen at 60 cycles, Eastman "910"
cement was used as the bonding agent. The acceleration forces (being
low) were well within the bonding strength of the cement. The ad-
vantages of this type of bond over the soft solder were its rapid
specimen removal and installation to the toolholder.

Workpiece Coupling - Wheel Vibrated

All runs made using the ultrasonic vibrated wheel from run
400 on were mounted to a vise in the normal manner (see figure 13,
page 29).

7.3 Method of Dressing Grinding Wheel

Grinding wheels on all test runs were diamond dressed with
a .003 Wheel Truing Tool Company diamond. The wheel, revolving at
grinding speed (6180-6320), was adjusted down to contact with the
vertically mounted diamond. The wheel was moved to one side and ad-
Justed down (.003"-.006"). The table to which thediamond was fixed
was moved slowly under the rotating wheel past the opposite edge.
The direction of table motion was reversed, passing the diamond
again under the wheel. If the wheel was not clean, the process was
repeated.
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7.4 Swarr Collection and Analysis

Swarf is collected in an envelope held in the spark system
of a designated pass. The swarf is evaluated for a ratio of spheroids
to chips, size of spheroids, general description of chips (color and
evenness of size), and the adherence of spheres to chips.

To evaluate the swarf, the envelope is emptied on a glass
plate and quartered until an aliquot remains. This small quantity
is evenly distributed and viewed through an American Optical Company
Stereoscope Miscroscope at 54X. The chips and balls of 10 locations
are counted and averaged. All envelopes of swarf of this same run
are evaluated in the same manner, and the total of all is averaged.
To measure the diameter of spheres, a Sheffield Micro-hardness tester
with optical magnification of 4OOX is used. The filar micrometer eye
piece is calibrated in microns and adjusted by a micrometer screw
moving a sliding hair line to or from a stationary, adjustable line.
The first 20 spheroid diameters of a representative sample of each
pass are measured and averaged. Each pass of a run is measured and
averaged in the preceding manner, as is the sum of all passes.

The results are charted, permitting evaluation of conventional
grinding to grinding with ultrasonic aid. If sufficient heat is gene-
rated, the material removed during grinding will be oxidized and the
spheroids will be formed. A lesser heat generated will increase the
number of chips which is indicative of a lower temperature during
grinding.

7.5 Swarf Adhesion to Glass

A second method of swarf evaluation was accomplished by using
clear glass. A square piece of plate glass was inserted in the spark
stream during the fifth grinding pass of every run. If sufficient heat
is generated, particles of swarf will fuse to the glass. The higher
the temperature, the greater the amount oi' particles will be visible.
Pages 238 to 240 picture representative runs of conventional, ultra-
sonic spindle (using 3 division amplitude of vibration), longitudinal
mode A, 60 cycles vibration, longitudinal mode A with ultrasonic
spindle using the three depth of plunge cuts (.0003", .0006", and
.0009").

As will be noticed, the deeper the amount of cut the more heat
generated and the darker the glass due to adhesion of metal particles.
It is also obvious that the high stroke of longitudinal mode A and the
combination of the ultrasonic spindle (3 divisionstroke) plus the high
stroke longitudinal mode A runs alone we had the least amount of chips
or spheroids adhering to the glass. This was the direct result of a
very low grinding ratio where the grinding energy which normally dis-
sipated into heating the chips and spheroids went into wheel break-
down. Comparatively lower spindle power and temperature traces were
also noticed. (See pages 226 to page 227.)
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7. 6 Radial Vibration of Wheel

If a cylinder of uniform cross-section is subjected to longitudinal
vibration at high frequencies, where the direction of travel of the wave is
parallel to the longitudinal axis of the cylinder, the particle motion will be in the
direction of propagation and the cylinder will undergo elastic extension avid
contraction. The amplitude of vibration of a longitudinal wave is greatest
at the extremities of a bar, provided it is considered one-half wave in
length and essentially free at both ends. The amplitude of vibration is
zero at the midpoint of this uniform bar.

Ajj=fAK AfA O / " MlY

L- LoNw. V/Am-4-or

Where: J bar diameter

1/2 wave length

4 Amplitude of vibration

However, at the instant the amplitude is maximum at the extremi-
ties or loops we find that at the midpoint or node a contraction in the
diameter of the member occurs. The magnitude of this contraction is
governed approximately by the amplitude, diameter of bar, and Poisson's
ratio which is the ratio of the change in diameter to its change in length.
The radial displacement then can be computed according to the following
relation: AR= f/dAl

Where: Aq = Radial displacement

/Y = Poisson's ratio

4 a Bar diameter

A•, Longitudinal Amplitude
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As a bar increases in diameter, maintaining all else constant, there
will be an increase in the radial amplitude observed. A maximum will occur
however at a diameter dependent on the frequency of vibration wherein the
longitudinal driving frequency matches the radial resonant frequency of the
bar. Under these conditions the radial resonant frequency for rods or tubes
can be computed as follows:

Oo . j.-

Where: radial resonant frequency

average diameter (whether rod or tube)

SYoung's modulus of rod

N• Poisson's ratio

Ps Density of rod

118



A.C. FROH GEINA7t MECHANICALLY SEATED

- 4ALr WAV/E BAI?

?TRANSDUJCER WHEEL
DIIRECTrON OF
VISPATION

7.7 Ultrasonic Vibratino Grinding Wheel (See Fiaure 13t Page 2L)

The Ultrasonic spindle assembly used consisted of:

(A) Grinding wheel assembly (hub-bonded to wheel)
(B) Transducer Assembly (1000 Watt transducer with water cooled

housing)
(C) Slip ring and pulley assembly (slip ring, carbon brushes, drive

pulley, and shaft adaptor)
(D) Bearing support assembly (Mour.,ing plate and bearing support)

This spindle assembly replaces the existing spindle on the test
grinder. The "V" belt drive is arranged to facilitate change of spindle speeds
from 2150 to 3875 R.P. M. The radial mode of (3 division stroke) vibration
was selected for use on the ultrasonic spindle.
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7.8 Grinding Wheel Hub

The grinding wheel hub used was a 3" diameter bar whose half
wave length is for 20 kc, having a 4 diameter flange at its nodal
point. A grinding wheel was bonded with Armstrong epoxy bond at this
nodal point (see page 119). One end has a J - 28 tapped hole 3/4"
deep for attachment to the transducer, the other, a 600 tapered center
to receive a nylon support. This center support is at the nodal point
to reduce the particle motion and to isolate vibration from the frame
of the machine. It will also alleviate bending stresses at the "Hub
to Transducer" junction. Radial cracking of the wheel occurred during
the curing of the adhesive bond. This was remedied by slowly increas-
ing and decreasing the temperature during bonding and curing. The
wheel assembly was excited at its radial resonance, and was vibrated
for 15 minutes at 3 Div. stroke (150 micro-inches). Occasionally the
wheel would crack and be destroyed by a violent flexural mode that
would appear while tuning the wheel for this radial mode. This was
corrected by maintenance of low power setting while tuning for the
radial mode.

7.9 Ultrasonic Spindle Operation

All grinding runs were performed using this spindle. One ampli-
tude (3 divisions) was used when executing runs requiring ultrasonic
spindle vibration.

Considerable trouble was encountered at first with-the main
bearing, but later rectified with the use of proper lubricants and
felt seals enclosing the bearings. The grinding wheel was run at
two speeds, (a) 4O00 SFM and (b) 6200 FM.

7.10 Low Frequency Vibration

The 60 cycle grinding runs were performed with a 220 V, 300
Watt, 60 cycle vibration mounted on a solid frame (see figure 12,
page 26) that, as an assembly, was easily attached to the top of the
grinder feed table. The amplitude and power of vibration could be
varied by an adjustment screw.
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7.11 Wheel Bonding

The four methods of wheel bonding are explained as follows:

A. Carborundum Wheel A60NI50-Mi/4. The manufacturing of
this wheel consisted of a build up of layers of grit and metal by an
electroplating process to a total of V" thickness. This buildup pro-
duced a wheel of 7j" outside diameter and an inside diameter of 4.323".
The inside diameter of this rim was soldered to a stainless steel hub.
The only way resonance could be obtained was to reduce the outside
diameter of the wheel, which meant cutting off the grinding material
thus rendering the wheel useless. Further tests along this line were
discontinued.

B. Cupric Oxide and Phosphoric Acid Bond. In the prescribed
proportions, a mixture or cupric oxide and phosphoric acid were mixed.
This was then applied to both the inside diameter of the grit wheel and
knurled outside diameter of the wheel hub. Wheel and hub were then
Joined and left 24 hours to air dry. When ultrasonically excited the
bond life was found to be very short.

C. Silver Bonded Grit. The grinding wheel was ultrasonically
cleaned in distilled water. Then it was placed in a silvering solution,
(Rochelle Salt method). Sufficient time was allowed for silvering the
wheel surface to a suitable thickness. Two mils of copper was electro-
plated to the inside diameter of the wheel. The inside diameter was
then tinned with soft solder and sweated on a wheel hub. The latter
bond seems promising by offering longer endurance and improved heat
dissipation possibilities.

D. Armstrong Epoxy A-4. Using the epoxy bond, extreme clean-
liness of the bonding surfaces is important. The metal hub bonding
surface was knurled to increase bond area. The epoxy was applied to
both mating surfaces, being careful not to create-bu-bbles. The setting
up and curing of the epoxy had taken place at the same time, in an oven,
at curing temperature. If the bond was allowed to set up before curing,
cracking of the wheel would occur. This is due to the different ex -
pansion coefficients between the metal hub and aluminum-oxide grit
wheel. This bond is the only one that has been used so far on the
ultrasonic spindle.
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7.12 Test Specimens Used

All test specimens used were processed by the Met-Cut Re-
search Associntes Inc., 3980 Rosslyn Drive, Cincinnati 9, Ohio. Two
different sizes were used. Runs 200-320 (runs involving part vi-
bration as well as wheel) were 7/16" wide by 3" long by 5/16" thick.
Runs 400-496 were 2" wide by 4" long by 1/2" thick.

The Met-Cut Research Associates ground the specimens with
the following conditions:

Downfeed - .001"/pass to the last .010" stock
2 passes at .0005"
2 passes at .0004"
6 passes at .0002"
Spark out

Table Speed - 20' / minute
Cross Feed - .050' / pass
Coolant - Stuart Thread Cut #99, diluted 1:1

with paraffin oil
Wheel - H-li; 15-7MO 32A460l2VBE - 6000 SFPm

Ti6Al-4V 39c60JoVK - 3500 SFPM
Rene 41 32A46GI2VBE - 3500 SFPM

Physical Properties

Material H-li Ti6AI-4V Rene 41 15-7M0

Supplier Vanadium Alloys Reactive Allegheny Armco
Metals Ludlum Steel

Heat Treatment # 29147 29186 W22490 57968
Ultimate Tensile 305 140 195 240

Strength

.2% Yield KPSI 255 130 160 215

% Elongations 8.5 8 31 6

Hardness
Rockwell C 55-56 37 42-43 47-49
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SPECIAL TEi-,: RUNS
RUNS j-16

GENERAL:
GRINDER - Modified Brown & Sharpe #13 Ultrasonic Surface

Grinder
SPINDLE - Ultrasonic spindle incorporating antifriction

bearings to eliminate bearing failures and load-
ing changes due to heat expansion.

WHEELS - Carborundum Company - Laboratory monitorcd to
assure uniformity as to grit, density, bond and
hardness.

WHEEL HUBS- All runs, conventional and ultrasonic employed
the ultrasonic hub assembly entailing a wheel
epoxy resin bonded to the hub.

CHUCKING - All parts were clampid to the table by means of a
grinding vise so oriented to grind the 2 X 4 work-
piece in the 4 inch direction. Workpiece was
leveled within .001 TIR to the table travel.

WHEEL A special dressing technique was employed for the
DRESSING - different types of wheels used.

1. R & 1, grade grinding wheels employed diamond
dressing before starting to grind each sample 2
passes at .008"/pass using 20"/minute cross feed,
followed by one finish pass of .002"/pass using
20"/minute cross feed.

2. I grade grinding wheels employed diamond dress-
ing before grinding each sample. 2 passes at .002"
/pass with crossfeed of 4o"/minute. Followed by 2
passes of .O01"/pass with 20"/minute crossfeed.
Finished with two passes of .O01"/pass with diamond
mounted with a negative rake and l0"/minute cross
feed.

3. All H-il and ti-6Al-4v runs were made with 40-
80 downfeed passes across work with just the initial
dressing at the start of the runs. The number of
passes depended upon the wheel wear occurring in
order to obtain 10% accuracy or better on the grind-
ing ratios.

COOLANT - Coolants (Sulfurized oil - H-11) (Chlorinated oil -
Ti-6AI-V) were supplied by a centrifugal pump through
a manifold at the wheel periphery, oil volume approxi-
mately 3 quarts/minute.

Provision was made for oil changes on each run to
facilitate swarf collection and inspection. Re-
cycling of swarf was restrained by filter collection.
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A. Spindle Speed

1. Spindle speed was continuously monitored using an Electro
Transducer model ff3015A in conjunction with an Erie Counter
model #400, set to read out once every 10 seconds. Signal to
the Electro Transducer was produced by a single point steel
block mounted on the end of the spindle.

B. Power Monitoring

1. A single phase of the 3 phase spindle motor was fed into
a John Fluke VAW Meter model 101 and monitored during the 20th
through 25th infeed passes of the total of 50 infeed passes of
the grinding wheel. VAW meter was "zeroed" with machine idling
so that power readings indicate the rate of work the grinding
wheel does.

2. As the VAW meter is highly damped, the input to the VAW
meter indicating meter was fed into a Tektronix Oscilloscope
type 551 (network was employed to remove all AC current) and
the oscilloscope calibrated. Peak power readings were averaged
over the 20th through 25th infeed passes.

C. Vibration Testing

1. Model 545 vibration pick up of an International Research
and Development Corporation model 311 vibration analyzer was
mounted at the top center of the main bearing housing, the
meter was continuously monitored during grinding.

2. A B&K Accelerometer type 4329 was mounted in the same rel-
ative position as the model 545 vibration pick up, on the main
bearing housing. Its signal was fed into a B&K Audio Frequency
Spectrometer type 2110. A complete spectro-analysis was made
during grinding and the full spectrum was monitored throughout
the runs.

3. B & K level Recorder type 2304 was employed to make a chart
record of the spectro-analysis during grinding on original set-
up.

D. Ultrasonic Vibration Measurement

1. With grinding wheel stopped the amplitude of ultrasonic
vibration was measured with a National Scientific Instrument
Company microscope type 4015, 600X power with a calibrated
graduated reticle.

2. A B & K Accelerometer type 4329 was mounted on the spindle
bracket within .005" of the end of the ultrasonic wheel hub.
The output of the accelerometer was fed into the second channel
of the Tektronix oscilloscope type 551 and calibrated against
the NSIC type 4015 microscope. In this manner the wheel
vibration was monitored on all ultrasonic rtns.
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E. Grinding Wheel Measurement

1. With Workpiece mounted in chuck and leveled, 10 grinding
passes were made when using R & L wheels and 2 passes were
made with I wheels, after the wheels were dressed per wheel
dressing procedures outlined. Workpiece was then measured
with micrometers within i.0001.

2. After dressing wheels per wheel dressing procedures, and
making leveling passes on workpiece per item 1 above, wheel
and hub temperatures were measured with HB engraved stem ther-
mometer CSPLF 700 to 780 F.

3. Wheel OD was measu'ed at 5 positions 400 apart with 5-6"
or 6-7" micrometers and readings were averaged. All microm-
eters were read to +.0001.

4.. Wheel OD was again measured with a Sheffield Model 7 Dial
Indicator snap gage, when wheel, hub, and snap gage were same
temperature within +10 F. (Snap gage temperature checked with
permanently mounted-Weston model 2261 dial thermometer). This
measurement is taken at 5 points on the wheel diameter 400
apart and average diameter recorded, measurement accurate to
within +.00005.

5. After completing set number of downfeed grinding passes,
wheel, hub, and workpiece was allowed to cool down to original
measuring temperature and again measured in accordance with
above technique.

F. Work Finish

1. Finish on all workpieces was measured on a model 741 Profil-
ometer manufactured by Micrometrical Manufacturing Company. A
type QA profilometer Amplifier was employed. Twenty RMS read-
ings were made, ten in the direction of grind and ten at right
angles to the direction of grind. Averages of these readings
are recorded in this report.
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MATERIAL H-II DATE May 22, 1961

RUN #: 1 SAMPLE # TYPE Conventional

Wheel AA4618V40 (d1) Wheel diameter before 6.70473 t .00005"

Downfeed 0.001" (d2 ) Wheel diameter after 6. 70431 t .00005"

Crossfeed 0.050" Total number of passes 40

Spindle RPM 2778 Part dimensions 2 x 4 x 1/2
Y7 across; 7thA.

SFPM 4876 Profilometer Used licrometdc t•1: L)A Amrlifl

Table Speed 35 FPM Part Hardness After 672 ± 16 Vickers

Coolant Sultran 176M Whcel condition after dirty,unglazed, sharp edges

Spindle vibration as measured from Wheel dressing used diamond* - see under wheel
Bearing Journal 0.0001" - 0.0003" dressing

Volume of work removed 0.320 in 3

Average Relative Spindle Power 85 Watts

Grinding Ratio -- Vol. Metal Removed 144

Vol. Wheel lost

B.& K. Spectrometer: Meter 9.8 MV Av. RMS - Fast Meter
Meter Range 10 MV
Meter Range Multiplier X 1.0
Filter Linear
Accelerometer B.& K. #41369 - 11.8MV/G

Comments on run Sparking heavy; sounds good

Figure 129
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MATERIAL H-11 DATE May 25, 1961

RUN 2 SAMPLE 2 TYPE Ultrasonic 1 div. (50 X 1076 in.)

Wheel AA4618V40 (d 1 ) Wheel diameter before 6.58403±t.00005"'

Downfeed 0.001" (d 2 ) Wheel diameter after 6.58329-t.00005"

Crossfeed 0.050" Total number of passes 40
Spindle RPM 2826 Part dimensions 2 X 4 X 1/2

S.... .... . 3 acro
SFPM of Wheel 4870 Profilometer Used a Wcrorrlrc lP amplifier

Table Speed 35 FP M Part Hardness After 628 ± 15 Vickers

Coolant Sultran 176M Wheel Condition After Clean, sharp, no glaze

Spindle vibration as measured from Wheel Dressing Used diamond* - see under

Bearing Journal 0.0002" - 0.0004" wheel dressing

Volume of work removed_ 0.325 in. 3

Average Relative Spindle Power68 ± 5 Watts

Grinding Ratio = Vol, Metal Removed - 85

Vol. Wheel lost

B. & K. Spectrometer: Meter 23 MV Av. RMS - Fast Meter

Meter Range 100 M V

Meter Range Multiplier X1.0

Filter Linear

Accelerometer B. & K. #41369 ; 11.8MV/G

Comments on Run Sparking medium; sounds good

Figure 130
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MATERIAL H-11 DATE May 26, 1961

RUN 3 SAMPLE 3 TYPE Ultrasonic 2 div. (100 X 1076 in.)

Wheel AA4618V40 (d1) Wheel diameter before 6 . 56 6 57 t. 00005.1

Downfeed 0.n001" (d2) Wheel diameter after _ 6 . 56 57 6 fO0005"

Crossfeed 0.050", Total number of passes 40

Spindle RPM 2826 Part dimensions 2 X 4 X 1/2

SFPM of Wheel__ __ _ Profilometer Us Cro plifier

Table Speed 35 FP M Part Hardness After 649 ± 11 Vickers

Coolant Sultran 176 M Wheel Condition After Clean, clear, sharp

Spindle vibration as measured from Wheel Dressing Used diamond* see under
Bearing Journal 0.0002" - 0.0004" wheel dressing

Volume of work removed 0.320 in. 3

Average Relative Spindle Power 53.5 Watts - 5

Grinding Ratio - Vol, Metal Removed = 77.5

Vol. Wheel lost

B. & K. Spectrometer: Meter 32 MV Av. RMS - Fast Meter

Meter Range 100 MV

Meter Range Multiplier xi p

Filter Linear

Accelerometer B. & K.# 41369 - 11.8 MV/G

Comments on Run Very slight sparking; grinding noise barely detectable

vigure 131
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MATERIAL H-11 DATE May , 1961

RUN 4 SAMPLE 4 TYPE Ultrasonic 1/4 div,(12.5 X 10- 6in.)

Wheel AA46 18V40 (d1) Wheel diameter before 6.55001 t.00005"
Downfeed 0,001" (d2) Wheel diameter after 6.54978 t.00005"
Crossfeed 0.050" Total number of passes 40
Spindle RPM 2802 Part dimensions 2 X 4 X 1/2

2 across7 tSFPM of wheel Profilometer used Micrometric 7qv A amplifier
Table Speed 35 FPM Part Hardness after 649 j' 10 Vickers
Coolant Sultran 176 M Wheel condition after dirty, sharp and clear
Spindle vibration as measured from Wheel dressing used diamond* - see dressing
Bearing Journal 0.0002" - .0004" method

Volume of work removed 0. 318 in 3

Average Relative Spindle Power 72.8 Watts1 5

Grinding Ratio = Vol. Metal Removed _ 309

Vol. Wheel lost

B. & K. Spectrometer Meter Unrecorded MV Av. RMS - Fast Meter
Meter Range 10 MV
Meter Range Multiplier X 1.0
Filter Linear
Accelerometer B. & K. #41369 - 11.8 MV/G

Comments on run light sparking. .ound__ood

Figure 132



MATERIAL H-11 DATE May 5, 1961

RUN 5 SAMPLE 5 TYPE Conventional

Wheel _AA60R8V40 (d1) Wheel diameter before 6 . 7 18 0 4 ±.00005"

Downfeed 0.001" . (d2) Wheel diameter after 6,71623 ± .0.0005"

Crossfeed 0.050" Total number of passes80 (one pass at .002" in

Spindle RPM 2813 Part dimensions 2 X 4 X 1/2 error

SFPM of Wheel 4947 Prof ilometer Used acrorn/I, OA am1 plifier

Table Speed 35 FPM Part Hardness After 672 ± 12Vickers

Coolant Sultran 176 M Wheel Condition Afterdirty, glazed but no load-iing

Spindle vibration as measured from Wheel Dressing Useddiamond* - see underng

Bearing Journal 0.0001" - .0003" wheel dressing

Volume of work removed 0. 660 in. 3

Average Relative Spindle Power 15 )Watts --+ 5

Grinding Ratio = Vol, Metal Removed - 69.,5

Vol. Wheel lost

B. & K. Spectrometer: Meter 8.5 MV Av. RMS - Fast Meter

Meter Range 10 MV

Meter Range Multiplier X1.0

Filter Linear

Accelerometer B. & K.#41369 - 11.8MV/b

Comments on Run Sparking heavy, sounds good

71igure 133
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MATERIAL H-i1 DATE May 11, 1961

RUN 6 SAMPLE 6 TYPE Ultrasonic dlv. (50 X 10 6 in.)

Wheel AA60R8V40 (d1) Wheel diameter before6,.65981 -. 00005"

Downfeed 0.001"- (d2) Wheel diameter after 6.65910 ± .00005"

Crossfeed 0.0501" Total number of passes 80

Spindle RPM 2813 Part dimensions 2 X 4 X 1/2S... . u across; u t
SFPM of Wheel 4905 Profilometer Used igcromti • mlfer

Table Speed 35 F P M Part Hardness After 651 ± 11 Vickers

Coolant Sultran 176 M Wheel Condition After Sharp!, clean, y.s.glaze

Spindle vibration as measured from Wheel Dressing Useddiamond* - see unrrer
Bearing Journal .0002" - 0.0004" wheel dressing

Volume of work removed 0.642 in. 3

Average Relative Spindle Power 81.9 Watts ± 5

Grinding Ratio = Vol, Metal ReMoved -- 173

Vol. Wheel lost

B. & K. Spectrometer: Meter 34 MV Av. RMS - Fast Meter

Meter Range 100 MV

Meter Range Multiplier X 1.0
Filter Linear

Accelerometer B. & K. #41369 - 11.8 MV/G

Comments on Run Little or no sparking, sounds good

Figure 154
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MATERIAL H-11 DATE May 12, 1961

RUN 7 SAMPLE 7 TYPEUltrasonic 2 div. (100 X 10- 6 tn.)

Wheel AA60R8V40 (d1 ) Wheel diameter before6.6520 4 "-t. 00005"
Downfeed 0.001" (d2) Wheel diameter after 6.65153"±.••O005"

Crossfeed 0,050" Total number of passes 80
Spindle RPM 2813 Part dimensions 2 X 4 X 1/2

across
SFPM of Wheel 4899 Profilometer Used itcrometric4,4 amplifier
.lable Speed 35 F P M Part Hardness After 660 ± 12 Vickers
Coolant Sultran 176M Wheel Condition AfterSharp, no glaze, clean

Spindle vibration as measured from Wheel Dressing Used diamond* - see under
Bearing JournalO.0002" - 0.0006" wheel dressing

Volume of work removed 0. 642 in. 3

Average Relative Spindle Power 71 . 5 Watts t 5

Grinding Ratio = Vol, Metal Removed _ 241
Vol. Wheel lost

B. & K. Spectrometer: Meter 24 MV Av. RMS - Fast Meter

Meter Range 100 MV

Meter Range Multiplier X 1.0

Filter Linear

Accelerometer B. & K, # 41369 - 11.8 MV/G

Comments on Run No sparking - sound of grinding difficult to hear

Figure 15
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MATERIAL H-11 DATE May 8, 1961

RUN 8 SAMPLE 8 TYPE Ultrasonic 3 div, (150 X 10-6 in.)

Wheel AA60R8V40 (d1 ) Wheel diameter before6.70659 ±.00005"

Downfeed 0.001" (d2) Wheel diameter after 6.70629 ±.00005"

Crossfeed 0,050" Total number of passes 84

Spindle RPM 2820 Part dimensions 2 X 4 X 1/2'•H . 3 th acress• w1
SFPM of Wheel 4951 Profilometer Used Otcrometc 74T& amplifier
Table Speed 35 FP M Part Hardness After 672 ± 12 Vickers
Coolant Sultran 176M Wheel Condition AftercLean, sharp, no loading

Spindle vibration as measured from Wheel Dressing Used diamond * - see under
Bearing lournalO.0001" - 0.0003" wheel dressing

Volume of work removed 0. 674 in. 3

Average Relative Spindle Power 68 Watts ± 5

Grinding Ratio = Vol. Metal Removed 426

Vol. Wheel lost

B. ,Q K. Spectrometer: Meter 40-78 MVAv. RMS - Fast Meter

Meter Range 100 MV

Meter Range Multiplier X 1.0

Filter Linear

Accelerometer B. & K.# 41369 - 11.8 MV/G

Comments on Run No sparking - no grinding noise - quiet A, C. M.

Figure 136
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MATERIAL Ti-6AI-4V DATE May 18, 1961

RUN 9 SAMPLE TYPE Conventional

Wheel AA60L8V40 (d1 ) Wheel diameter before 5.81406 ±. 00005"

Downfeed 0,001"1 (d2 ) Wheel diameter afters-a11i2-+fl0005"

Crossfeed 0,050" Total number of passes 40

Spindle RPM 1314 Part dimensions 2 X 4 X 1/2SaOros , •Jt
SFPM of Wheel 2000 Profilometer Used icrometrit 71A amplifier

Table Speed 35 F P M Part Hardness After 369 ± 7 Vickers

Coolant Vantrol 5456X-75%; 5456A-25% Wheel Condition Afterdtrty, edges sha!, glazedS~slightly Load
Spindle vibration as measured from Wheel Dressing Used diamond* - See un-er
Bearing Journal 0.0002" wheel dressing

Volume of work removed 0.315 in. 3

Average Relative Spindle Power 126 Watts - 5

Grinding Ratio - Vol, Metal Removed - 23.7 ± 2%

Vol. Wheel lost

B. & K. Spectrometer: Meter 5.5 MV Av. RMS - Fast Meter

Meter Range 10 MV

Meter Range Multiplier X 1.0

Filter Linear

Accelerometer B. & K. # 41369 - 11,8 MV/G

Comments on Run Some sparking, sounds good - noisy toward end

Vigure 137
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M4TERIAL Ti-6AI-4V DATE May 19, 1961

RUN 10 SAMPLE 2 TYPE Ultrasonic 1 div. (50 X 10-6 in.)

Wheel AA60L8V40 (d1) Wheel diameter before 5.78020 -. 00005"

Downfeed 0,001, (d2) Wheel diameter after 5.77916 ±.00005"

Crossfeed 0,050. Total number of passes 40

Spindle RPM 1314 Part dimensions 2 X 4 X 1/2
SFPM of Wheel 1988 Profilometer Used 9aplifier

Table Speed 35 F P M Part Hardness After 369 ±7 Vickers
-. d no glaze€oolantVantrol 5456X-75%;5456A-25% Wheel Condition Afterairtv. snalRe-ages,.

Spindle vibration as measured from Wheel Dressing Used diamond* - see under
Bearing Journal 0.0002" wheel dressing

Volume of work removed 0.320 in. 3 3

Average Relative Spindle Power 72 Watts L 3

Grinding Ratio = Vol, Metal Removed 67.8 ± 5%

Vol. Wheel lost

B. & K. Spectrometer: Meter 36 MV Av. RMS - Fast Meter

Meter Range 100 MV

Meter Range Multiplier . X 0.3

Filter Linear

Accelerometer B. & K.* 41369 - 11.8 MV/G

Comments on Run No sparks, quiet

vigure 138
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MATERIAL Ti-6AI-4V DATE May 18, 1961

RUN _. -_ SAMPLE 3 TYPEUltrasonic 2 div.'100 X 10-6 in,)
Wheel . AA6OL8V40o . . (d1) Wheel diameter before.5.79944 ±.00005"
Downfeed_ 0.001"1 (d2) Wheel diameter after 5.79822 ± .00005"
Crosefeed 0.050" Total number of passes 4Q
Spindle RPM_ 1314 Part dimensions 2 X 4 X 1/2Sacros sUSFPM of Wheel 1995 Profilometer Used crometrlc 4 * amplifier
Table Speed 35 F P M Part Hardness After 394 ±-8 VickersS.... . ... ' .. .. .O Loac ing
CoolantVantrol 5456X-75%;5456A-25% Wheel Condition Afterolean, sraOr, no.laze,
Spindle vibration as measured from Wheel Dressing Used diamond* - see under
Bearing journal 0.0002" . wheel dressing

Volume of work removed 0.3224 in. 3

Average Relative Spindle Power 49.5 Watts 3

Grinding Ratio = Vol. Metal Remover1  _ 58.0

Vol. Wheel lost
B. & K. Spectrometer: Meter. 60-80 MV Av. RMS - Fast Meter

Meter Range 100. MV

Meter Range Multiplier X 0. 3
Filter Linear

Accelerometer B. & K.# 41369 - 11.8 MV/G

Comments on Run Extremely quiet grinding, no sparks visible throughout run

pigure 139
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MATERIAL Ti-6Al-4V DATE May_ 19, 1961

RUN 12 SAMPLE 4 TYPE Ultrasonic 3 div.(150 X 10-6 in.)

Wheel AA60L8V40 (dl) Wheel diameter Igefore5.76546 --. 00005"

Downfeed 0.,001" (d2) Wheel diameter after 5.76578 - .00005"

Crossfeed 0.050" Total number of passes . 4.0

Spindle RPM 1314 Part dimensions 2 X 4 X 1/2
across w

SFPM of Wheel Profilometer UsedMi rometrcMtk amplifier

Table Speed 35 F P M Part Hardness After 382 ± 10 Vickes_
np dullirg, no Wad

CoolantVantrol 5456X-75%;5456A-25% Wheel Condition After c ean, crear, snarp

Spindle vibration as measured from Wheel Dressing Used diamond* - see under
Bearing Journal 0.0002" wheel dressing

Volume of work removed 0. 3248 in. 3

Average Relative Spindle Power 44.0 Watts ± 5

Grinding Ratio = Vol. Metal Removed , 105.4

Vol. Wheel lost

B. & K. Spectrometer: Meter 70 MV Av. RMS - Fast Meter

Meter Range 100 MV

Meter Range Multiplier - X 1. 0

Filter Linear

Accelerometer B. & K. # 41369 - 11.8 MV/G

Comments on Run Extremely quiet, absolutely no sparks

Figure 14O
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MATERIAL Ti-6AI-4V DATE May 16, 1961

RUN 13 SAMPLE 8 TYPE Conventional

Wheel. AA60R8V40 (d1 ) Wheel diameter before 5.76725 - ,00005"
Downfeed 01001" (d2 ) Wheel diameter after 5.76457±t .00005"

Crossfeed 0.050" Total number of passes 40

Spindle RPM 1314 Part dimensions 2 X 4X1/2
SFPM of Wheel 1983 Profilometer Used g3crofcT/1 l: .ampltfter

Table Speed 35 F P M Part Hardness After 370 ± 7 Vickers' '~0atrtv eaae Broen
CoolantVantrol 5456X-75%:5456A-25% Wheel Condition After loe~'es eer, g-laz2d

Spindle vibration as measured from Wheel Dressing Used diamond* - see under
Bearing Journal 0.0002" wheel dressing

Volume of work removed 0.320 in,3

Average Relative Spindle Power 171 Watts - 5

Grinding Ratio r Vol. Metal Removed - 26.36

Vol. Wheel lost

B. & K. Spectrometer: Meter 5 MV MV Av. RMS - Fast Meter

Meter Range 100 MV -

Meter Range Multiplier - X 1.0

Filter Linear

Accelerometer B. & K.# 41369 - 11.8 MV/G

Comments on Run Extremely noisy - lots of sparks

Wigure 141
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MATERIAL Ti-6AI-4V DATE May 17, 1961

RUN 14 SAMPLE 6 TYPE Ultrasonic 1 div. (50 X 10-6in.)

Wheel AA60R8V40 (dl) Wheel diameter before 5.78202" -± .00005"

Downfeed 0,001"1 (d2) Wheel diameter after 5.78031"•±,,00005'"

Crossfeed 0.050" Total number of passes 40

Spindle RPM 1314 Part dimensions 2 X 4 X 1/2
' U across, 1 wl ...

SFPM of Wheel 1989 Profilometer Used MicrometricY4 I; .mVplifier

Table Speed 35 F P M Part Hardness After 384 ± 8 Vickerssar t.ha to to aa
CoolantVantrol 5456X-75%:5456A-25% Wheel Condition AfteredgeastUal, giazed

Spindle vibration as measured from Wheel Dressing Used diamond* - see under
Bearing journal 0.0002" wheel dressing

Volume of work removed 0.324 in. 3

Average Relative Spindle Power 112.5 Watts - 5

Grinding Ratio = Vol. Metal Remove'l - 41.7

Vol. Wheel lost

B. & K. Spectrometer: Meter MV Av. RMS - Fast Meter

Meter Range__

Meter Range Multiplier_ _ _ _ _ _

Filter

Accelerometer B. & K.

Comments on Run Pass 1 - 25 Light sparking - noisy
Pass 25-4 0 more sparking - more noisy

Pigure 14f2
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MATERIAL Ti-6AI-4V DATE May 16, 1961

RUN 15 - SAMPLE____ TYPEUltrasonic 2 div. (100 X 1076 in.)

Wheel . AA60R8V40 (d1 ) Wheel diameter before5.80051 ±.00005"

Downfeed 0.001", (d2) Wheel diameter after 5.7994,1 ± .00005"

Crossfeed 0.050", Total number of passes 40

Spindle RPM 1314 Part dimensions 2 X 4 X 1/2

SFPM of Wheel 1995 Profilometer Used icraO •[•6 1,ly"amplifier

Table Speed 35 F P M Part Hardness After J73 ± 7 Vickers

CoolantVantrol 5456X-7 5%;5456A-2 5 Wheel Condition AfterClean, sharp, no loading

Spindle vibration as measured from Wheel Dressing Used diamond* - see under
Bearing Journal 0.0002" wheel dressing

Volume of work removed - 0. 320 in. 3

Average Relative Spindle Power 81 Watts ± 5

Grinding Ratio = Vol. Metal Removed 63.9

Vol. Wheel lost

B. & K. Spectrometer: Meter 35 MV Av. RMS - Fast Meter

Meter Range 1 V

Meter Range Multiplier X 1.0

Filter Linear

Accelerometer B. & K. # 41369 - 11.8 MV/G

Comments on Run Sparking absent except on climb

,igur'e 14'3
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MATERIAL Ti-6Al-4V DATE May 15, 1961

RUN 16 SAMPLE 5 . TYPE Ultrasonic 3 div, (150 X 10-6 in.)

Wheel AA60R8V40 (d1) Wheel diameter before 5,80903 ,+ .00005"

Downfeed 0,001 (d2) Wheel diameter after 5,80801 --. 00005"

Crossfeed 0.050 Total number of passes 40

Spindle RPM 1314 Part dimensions 2 X 4 X 1/2
SFPM of Wheel 1998 Profilometer Used irnrR&IRAY:amplifier

Table Speed 35 F P M Part Hardness After 367 ± 7 Vickers
CoolantVantrol 5456X-75%i5456A-25% Wheel Condition Afterclean, sharp, no loading

Spindle vibration as measured from Wheel Dressing Used diamond* - see under
Bearing Journal 0.0002" - 0.0003" wheel dressing

Volume of work removed 0.3248

Average Relative Spindle Power 61.5 Watts + 5

Grinding Ratio = Vol. Metal Removed - 69.8

Vol. Wheel lost

B. & K. Spectrometer: Meter 50.0 - 80.0 MV Av. RMS - Fast Meter

Meter Range 1 V

Meter Range Multiplier X 0.3

Filter Linear

Accelerometer B. & K. # 41369 - 11.8 MV/G

Comments on Run Little or no sparks in swarf stream observed. Noise in grinding
very slight.

vigure 1I4
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i#gi

Figure 145 LEVEL RECORDER AND Figure 146 MICROHARDNESS TESTER
FREQUENCY SPECTROMETER

Figure 147 TEKTRONIX OSCILLOSCOPE WITH RF WATT METER

163



ERIE COUNTER FOR FREQUENCY AND RPM COUNT
Figure 148

WHEEL DIAMETER SNAP GAGE
Figure 149
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Figure 150 ULTRASONIC HUB AND WHEEL ASSEMBLY

Figure 151 MICROSCOPE AND LIGHT ASSEMBLY
FOR ULTRASONIC STROKE ANALYSIS
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PHASE II

SECTION 8
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8.0 Mechanical Property Tests

8.1 Testing Program

A fatigue, tensile testing and crack inspection program was conducted
in order to determine what effect if any that ultrasonic assisted grinding had
in comparison to conventional grinding.

It wa. ,,ided, that if benefits from ultrasonic assisted grinding are
to be most a1.,, :rent that the grinding of specimens for fatigue, tensile and
crack insptzL.on with ultrasonics should be with wheels much harder in grade
than those grades most commonly used in conventional grinding.

Further, the selection of wheel speeds, table speed, infeed per pass,
downfeed and coolant were obtained from a variety of recommendations from
papers and from discussions with Metcut Research Associates and others.

8.2 Grinding Conditions for Mechanical Property Tests

The test specimens for fatigue, tensile and crack inspection were
ground under the following carefully adjusted conditions:

ULTRASONIC CONVENTIONAL
T16AI-4V H-11 Tt6AI-4V H - 11

Wheel AA60-R8V40 AA60RB-V40 AA60L8-V40 AA4618-V40

Wheel Speed SFPM 2000 5000 2000 5000

Cross Feed in/pass 0.050 0.050 0.050 0.050

Table Speed FPM 35 35 35 35

Down Feed in/pass 0.001" 0.001" 0.001" 0.001"

3div 3 div
Ultrasonic Vibration 150 x 10- 6 il 150 x 10-6in ----.

Amplitude of Wheel P - P P - P
Vantrol Sultran Vantrol Sultran

Grinding Coolant 5456 M 176 M 5456 M 176 M
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8.3 Grinding Procedure for Fatigue Specimens

8.3.1. The fatigue specimens as received from the Metcut Research
Associates were designed for a Cantilever beam deflection. Approxi-
mately .010" of stock was left on each side for finish grind using
test conditions in section 8.2.

These specimens were designed with means of fastening them
to a rectangular fixture on the modified Brown & Sharpe #13 grinder.
This fixture permitted grinding the one Bide of 3 specimens at one
time. Then after turning specimens over the other side was ground.

8.3.2 Specimen Number and Grouping

The specimens were divided into 2 groups of forty (40) each
of H-l1 and Ti6AI-4V. Twenty specimens of H-il were ground con -
ventionally and twenty ground with ultrasonics. The same applied to
the Ti6AI-MV. Specimens were ground in numerical order, 3 at a time
for each specie group of 20.

8.3.3 Wheel Dressing

Wheel was dressed at the beginning (see section 7, page 128)
of each fresh unground group and was not redressed before grinding
other side. At the finish of one side, an accurate measurement with
depth micrometer was taken to determine the number of 0.001" down -
feed increments necessary to achieve part thickness within + 0.001".
This was done in order to avoid the uncertainty of thicknesi due to
initial pass on the work which may remove more or less than 0.001",
depending on manner of sparking and wheel diameter change due to
previous mentioned dressing procedure.

8.3.4 Coolant Supply

During grinding, coolant supply, position and amount was
constantly monitored to assure uniformity during all fatigue as well
as tensile and crack test specimens.

8.3.5 Daily Grinder Set-up Verifications

At the beginning of each days run, the grinder set-up was
verified to assure uniform conditions. Particular attention was
given to uniform downfeed, wheel speed and ultrasonic wheel vibration
which was constantly monitored by meter when running.
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8.4 Grinding Procedures for Tensile and Crack Inspection Specimens

8.4.1 Grinding procedure for tensile and crack inspection specimens
were the same as for fatigue except for the following:

1. Tensile specimens were divided into 3 groups of 6 each for
Ti6AI-4V, H-li and Rene 41 and numbered. Half (3) of each
group were ground conventionally and half (3) were ground with
ultrasonic wheel vibration.

Only two (2) tensile specimens were ground at one time. The
groups therefore had 2 specimens for one run, one specimen for
the second run.
2. All crack inspection specimens were ground on one side

only and one at a time.

8.5 Machine Status for Specimen Grinding

8.5.1 The following changes in conditions existed on the ultrasonic
modified Brown & Sharpe #13 grinder for all fatigue, tensile
and crack inspection specimen grinding.

1. Infeed mechanism was modified to be completely automatic
in operation. This repeatability of infeed was better than
0.001".

2. The table stops and table reversal mechanism were neutra-
lized and micro switches and other circuitry incorporated to
use the table motor for reciprocating table at a uniform rate.
This alleviated some vibration on the table due to the 35 FPM
table speed necessary.

3. A flow switch on coolant was incorporated to serve as a
safety device in event coolant supply to wheel was starved.

4. An accelerometer (B&K 4329) was incorporated to monitor
ultrasonic vibration amplitude of grinding wheel hub.

5. A counter was incorporated to keep track of the number of
downfeed passes.

170



FATIGUE STUDIES RELATING TO ULTRASONICALLY
GROUND SURFACES

METCUT RESEARCH ASSOCIATES INC.

171



FATIGUE STUDIES RELATING TO

ULTRASONICALLY GROUND SURFACES

Report No. 430-3550-Z

for

The Sheffield Corporation
Dayton 1, Ohio

Purchase Order No. 34246-M

METCUT RESEARCH ASSOCIATES INC.

November 2, 1961

Peter R. Arzt, Project Engineer

Approved:

Michael Field, Research Director

172



INTRODUCTION

A fatigue test program "was performed by Metcut Research Associates Inc.

to evaluate the effect produced by the ultrasonic grinding process developed

by The Sheffield Corporation,on the fatigue characteristics of two high strength

thermal resistant alloys. The two alloys selected for these tests were:

HII Steel. Quenched and Tempered to 56 Rc

6AI-4V-Titanium, Solution Treated and Aged to 40 Rc

An S-N curve was produced for each of these two materials for both

conventional and ultrasonically ground surfaces. The mean endurance

limit and standard deviation of each group of specimens was determined

by statistical methnds and conventional versus ultrasonic grinding was

compared.

All fatigue tests were performed at room temperature, in cantilever bending

with a mean stress = 0.
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CONCLUSIONS

The fatigue test data was analyzed statistically to determine the mean

endurance limit (SE) and standard deviation (0-) of the data. The standard

deviation is a measure of the scatter, or normal variability of the data

around the mean. The results of the analysis of this data are as follows:

HI 1 Steel, Q&T-56 Rc 6AI-4V-Ti, STA-40 Rc

SE (psi) 0- (psi) SE (psi) r (psi)

Conventional Grind 89,750 +2,710 39.000 #

Ultrasonic Grind 89,370 +4,980 43.740 + 605

*Not determined due to extreme variation in test results

The following conclusions can be drawn from these test results:

1. The endurance limits are essentially equal for conventionally or

ultrasonically ground HI I steel. Somewhat more scatter was produced

by the ultrasonic compared to the conventional grind, as evidenced by

the larger standard deviation for the ultrasonic grind.

2. The endurance limit for ultrasonically ground 6AI-4V-Ti is approx-

imately 12% (5,000 psi) higher than that for the conventional grind.

The ultrasonically ground specimens exhibited a very high degree of

uniformity in fatigue properties, while extreme variation was produced

by the conventional grind.

3. The extreme variation in the fatigue data for the conventionally ground

titanium seems to indicate that some change in grinding conditions

may have occurred during test grinding of the specimen lot.
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DISCUSSION

Test Program

S-N curves in cantilever bending at room temperature were developed

for both ultrasonically and conventionally ground specimens of HI I steel.

quenched and tempered to 56 Rc and 6AI-4V-Titanium, solution treated

and aged to 40 Rc. A total of 15 to 20 tests were performed for each

combination of material and grinding method. The majority of these tests

were performed at a stress level near the endurance limit of the specimen

group, according to a predetermined testing schedule. The mean endurance

limit (SE) and the standard deviation (r) of each group of specimens was

determined by a statistical analysis of the test data. The endurance limit

for these tests was based on a fatigue life of 107 cycles.

Test Specimens

a. Materials and Heat Treatment

The HI I steel was procured from Vanadium Alloys Steel Company.

This material was their alloy Hotform No. 2 and was supplied as

annealed plate 4-3/4' wide x 3/8" thick x 100" long. The heat number

of this material was 32057. Specimen blanks were cut from this plate

with the longitudinal dimension parallel to the direction of rolling.

The following heat treatment was performed on the specimen blanks

between rough milling and rough grinding operations:

Harden: 1850 0F/1 hour in neutral salt, air cool

Temper: 950 F/1 hour, air cool

Final Hardness: 56-56.5 Rc
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a. Materials and Heat Treatment (continued)

The 6A1-4V-Titanium was supplied by Reactive Metals Inc. The material

was hot rolled and annealed plate . 280" thick x 36" x Z1" from heat

number 29225. Specimen blanks were cut from the plate with the

longitudinal dimension parallel to the direction of rolling.

The following heat treatment was performed on the specimen blanks

between rough milling and grinding operations:

Solution Treat: 17000F/I hours water quench

Age: 1000 0 F/8 hours, air cool

Final Hardness: 39-40 Rc

b. Manufacture

All specimens were manufactured in accordance with the specimen

drawing. No. 601130-2. shown in Figure 1. A precise manufacturing

procedure was used for preparing the test specimens, in order to

insure that the specirm n groups would be as uniform as possible. A

condensed schedule of these manufacturing operations is as follows:

1. Rough mill contour and faces of specimens, leaving .030" stock
on all sides for grinding.

2. Drill all holes in drill ji 8 .

3. Heat treat.

4. Rough grind fates to . 170"-. 175" thickness.

S. Countersink holes.

6. Grind I/Z" radius to siss.

7. Send to Sheffield Corporation for test grinding of faces to . 150"
thickness.

S. Grind off hold down lugs.

9. Polish edges in 1/2" radius and break corners .010" to .015".

10. Shot peen stationary grip section and edges of l/Z" radius.
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b. Manufacture (continued)

The lugs and countersunk holes provided in the test specimens were

for the purpose of holding the specimen to a flat fixture during grinding

operations.

The stationary grip section of the specimen was shot peened prior to

testing to prevent failure in this area due to the fretting corrosion

which always occurs on these contact surfaces. The edges of the 1/2"

radius in the test section of the specimen were also shot peened to

insure that the fatigue failure would originate on the ground surface

and not on an edge of the specimen (I). This extra precaution was

necessary, since the effects produced by the ground surface could not

be determined unless the fatigue failures originated in this surface.

The test surfaces of the specimens were protected with heavy masking

tape during the shot peening operation.

c. Test Grinding

The final grinding of the faces of the fatigue specimens was performoed

by The Sheffield Corp. Twenty specimens of each material were ground

"conventionally" and twenty were ground "ultrasonically". Approximately

.010" of stock was removed from each surface of the specimens to bring

them to a final thickness of . 150". The specimens were ground in groups

of three consecutively numbered specimens.

(1) Reference 1
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c. Test Grinding (continued)

Grinding conditions used were as follows:

Conventional Ultrasonic

HII 6AI-4V-Ti Hil 6AI-4V-Ti

Wheel Grade AA4618V40 AA60LSV40 AA60R8V40 AA60R8V40

Wheel Speed-sfpm 5000 2000 5000 2000

Down Feed-in/pass .001 .001 .001 .001

Cross Feed-in/pass .050 .050 .050 .050

Table Speed-fpm 35 35 35 35

Grinding Fluid (1) Sultran (2) Vantrol Sultran Vantrol
176M 5456M 176M 5456M

Vibration Amplitude - - 3div. (150"x 10-6) 3 div. 050"xl0",

Test Setup and Procedure

The fatigue tests were performed on three Baldwin-Lima-Hamtlton SFI-U

fatigue testing machines, operating at 1800 cycles per minute. A schematic

sketch of a cantilever fatigue test setup is shown in Figure Z. A photograph

of the actual test setup, showing a specimen in place, is shown in Figure 3.

The b-N (Stress versus Number of test cycles) curves were developed by

running the initial test of each specimen group at a stress level higher than

the anticipated endurance limit, then decreasing the stress for each

successive test until run-out (no failure after 1O7 cycles) was obtained.

After the first run-out was obtained, the remainder of the tests for that

group were run using the "stairstep" loading sequence. To use this stairstep

method, a stress increment (the amount by which the stress level of

(1) Highly Sulphurised Oil

(2) Highly Chlorinated Oil

178



Test Setup and Procedure (continued)

successive tests is to be changed) is first selected. Then if a test runs

out, successive tests are run at intervals of one stress increment higher

until a specimen failure occurs. After a failure occurs, the stress level

is lowered one stress increment at a time until run-out again occurs. This

test schedule is continued until a sufficient number of failures and run-outs

is obtained to provide an accurate data analysis.

The stress increment selected for the titanium specimens was 1, 500 psi,

or about 3. 5% of the expected endurance limit of 45, 000 psi. This selection

was based on the minimum increment of load adjustment available on the

SFI-U machine.

The increment selected for the HI I specimens was 2, 500 psi, or about Z. 5%

of the expected endurance limit of 100. 000 psi.

Test Results

The S-N curves for each combination of material and grinding method are

shown in Figures 4 through 7. Stairstep plots and calculations involved

in the statistical analysis of the data are given in Figures 8 through 10.

Complete tabulated test data are shown in Tables I and 2.

The S-N curve for conventionally ground HI I steel, quenched and tempered

to 56 Rc, is shown in Figure 4. The average endurance limit for this group

of specimens, as determined statistically, was 89.750 psi, and the standard

deviation about this mean was + 2,710 psi. The highest stress at which a
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Test Results (continued)

107 cycle run-out occurred for this group of specimens was 90,000 psi.

and the lowest stress at which failure occurred was 87, 500 psi.

The S-N curve for ultrasonically ground HI I steel is shown in Figure 5.

The mean endurance limit for this group of specimens was 89, 370 psi, or

very nearly equal to that for the conventionally ground specimens. The

standard deviation of + 4,980 psi, however, indicates a greater amount of

variability was produced by the ultrasonically ground specimens. The

highest stress at which a 107 cycle run-out occurred was 92, 500 psi, and

the lowest stress at which failure occurred was 87,500 psi.

Complete test data showing specimen numbers and number of test cycles

for the HIl sr'ecimcns is given in Table 1.

The S-N curve for conventionally ground 6A1-4V Titanium is shown in

Figure 6. This group of specimens exhibited such a great amount of

variability that a statistical analysis could not be performed without

running additional tests. Since additional specimens were not available.

the endurance limit of this group of specimens was estimated from the S-N

curve as approximately 39.000 psi. Also, the width of the scatter band

is probably in excess of + 1, 500 psi. The numbers shown adjacent to each

test data point in Figure 6 are test specimen numbers. From a close

examination of this data it can be seen that most of the test points above

the curve are for specimens 21 through 30, -while most of the test data

points on or below the curve are for specimens 31 through 39. In view
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Test Results (continued)

of the fact that these specimens were ground in groups of three in consecutive

numerical order, the data seems to indicate that some detrimental change

may have occurred in the grinding process about midway through the group

of specimens. The highest stress at which a run-out occurred in these

specimens was 40, 500 psi, and the lowest stress at which a failure occurred

was 37.500 psi.

The S-N curve for ultrasonically ground 6AI-4V Titanium, solution treated

and aged to 40 Rc, is shown in Figure 7. The mean endurance limit for this

group of specimens, as determined statistically, was 43,740 psi, or about

5,000 psi higher than the endurance limit of the conventionally ground

specimens. The standard deviation for the ultrasonically ground specimens

was only + 605 psi, which indicates a very low degree of variability in

fatigue properties. The highest stress at which a run-out occurred in this

group of specimens was 43,500 psi. The lowest stress at which a failure

occurred was also 43, 500 psi.

Complete test data, showing specimen numbers and number of test cycles

for the titanium specimens, is given in Table Z.

Statistical Analysis of Test Data

The statistical testing )rogram and data analysis methods used for this

fatigue testing study were researched by Mr. Robert Fopma of the

Engineering Mathematics Department, University of Cincinnati. The source

of the statistical methods equations used can be found in References 2,

3 and 4 at the end of this report.

i 81



Statistical Analysis of Test Data (continued)

Figures 8, 9 and 10 show the stairstep testing plots and the calculations

for determining the mean endurance limit (SE) and standard deviation (0)

for HI I and titanium ultrasonically ground, and for HI I conventionally

ground. As stated previously, too much variability was produced by the

conventionally ground titanium specimens to perform a statistical analysis

on this group.

The Dixon-Mood* equations used for analyzing the data and the meaning of

the sumbols are as follows:

Determination of mean endurance limit (SE):

SE = Y' + d (A+1

Determination of standard deviation (0):

a=1. 62d( NB ~-A + .029)

Explanation of symbols:

SE = Mean endurance limit of specimen group - psi

0- = Standard deviation - + psi

YO = Lowest stress level at which run-out occurs - psi

d = Stress increment (2.500 psi for HI1) (1, 500 psi for titanium)

k k
A =S in, B =• iZn

i=0 1=0

N = Total number of run-outs obtained

i = Number of stress increments above Y'

ni Number of run-outs at an incremental stress level

These equations and calculations are shown on the individual analysis charts.

*Reference 4
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Cantilever Bending Fatigue Test Setup Showing Specimen in Place
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TABLE 1

FATIGUE TEST DATA

HI I SPECIMENS

Type of Test: Cantilever Bending Machine: SFI-U

Test Temperature: Room Mean Stress: 0 psi

Ultrasonically Ground Conventionally Ground
Specimen Test Stress No. of Cycles Specimen Test Stress No. of Cycles

No. psi to Failure No. psi to Failure

HXI 150,000 62.000 H34 125,000 55,000
HI 145,000 71.000 HZ0 115,000 1,607,000
H2 135,000 142.000 H36 1 124,000

H3 120.000 40.000 H21 105,000 263.000
H4 115,000 180,000 -122 100,000 2,854,000

H6 110,000 320.000 H-23 95,000 1,985,000
H7 105,000 1,335.000 H2S 92,500 3,037,000
HS 100.000 6. 357.000 -Z7 2 .,369.000
1H8 97.500 1,019,000 H31 671,000
H9 95,000 9.155,000 H37 143,000

HI 3 # 2,042,000 H24 90,000 10.291,000*
HIO 92,500 10,215,000* H28 10,081,0000
H14 # 7,758,000 H31 1 10,400.000*

HIl 90,000 8,193,000 HZ9 7,484,000
H19 e40.000 H26 7,5S00 10.000.000*
HIZ 87.500 10,248,000* H32 3.179.000

H17 10,237.000* H33 85,000 10.012.000*

HIS 3,785,000
H16 851000 10,269,000*

* Specimen did not fail - test discontinued
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TABLE 2

FATIGUE TEST DATA

TITANIUM-6AI-4V SPECIMENS

Type of Test: Cantilever Bending Machine: SF1-U

Test Temperature: Room Mean Stress: 0 psi

Ultrasonically Ground Conventionally Ground
Specimen Test Stress No. of Cycles Specimen Test Stress No. of Cycles

No. psi to Failure No. psi to Failure

TI 60,000 104.000 TZ1 60,000 129,000
T2 50,000 629,000 TZZ 50,000 2,087,000
T14 45.000 7,360.000 T33 # 474,000
TB 7.043.000 T23 45,000 932,000
TIl 6.600.000 T24 1 309.000
T6 5.217,000 T28 42.000 5.027,000
T3 3, 26Z 000 T-5 1 3,277,000
T10 2.961.000 T27 40,500 10,336,000*
T5 43.500 10.257.000* T29 6,925.000
T7 10,295,000* T31 1,9Z4,000
T13 10.035,0000 T26 39.000 10,187,000*
T17 10,220.000* T30 10,089,000*
T9 7,920,000 T37 10,020,000*
TIS 7,471,000 T39 10.000,000*
T4 42,000 10,666.000* T3Z 4,366,000
T16 t 10,020,000* T34 1,153,000

T35 408,000
T36 37,500 10,040,000*
T38 t 9.833,000

* Specimen did not fail - test discontinued
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Reference 2 is basically a resume of the paper presented in Reference 4,

which mentioned two important restrictions:

1. Trials must be made sequentially

2. The measures of reliability may be very misleading if the sample
sise is less than 40 or 50.

However, Reference 3 found that the Dixon-Mood technique is reasonably
accurate even in samples as small as 5 to 10. It was found that reliable
estimate for the mean can be obtained provided the experimenter can start
the process within two testing intervals of the mean.
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8.6.1 Representative Photographs of Fatigue Specimens
Showing Fracture and Fracture pace
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TI6AI-4V Ultrasonic Ground Specimen Ti6AI-4V Conventional Ground Specimen
Stress 45,000 psi Stress 43,000 psi
Cycles 3,262,000 Cycles 5,027,000

vigure 164 Figure 165

II

TI6AI-4V Ultrasonic Ground Specimen Ti6Al-4V Conventional Ground Specimen
Stress 45,000 psi Stress 37,500 psi
Cycles 6,600,000 Cycles 9,833,000

pigure 166 198 Figure 167



H-1i Ultrasonic Ground Specimen H-11 Conventional Ground Specimen
Stress 87,500 psi Stress 93,500 psi

Cycles 3,785,000 Cycles 671,000

Figure 168 Figure 169

2A

H-11 Ultrasonic Ground Specimen H-11 Conventional Ground Specimen
Stress 95,000 psi Stress 87,500 psi
Cycles 2,042,000 Cycles 3,179,000

Figure 170 199 Figure 171
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METCUT RESEARCH ASSOCIATES INC.
3980 Really" Drive, aCiUna 9, O6

BMamtle 1-5100

LABORATORY REPORT

DATE, NF vember Z. 1961 NUMBER 1 430-3574-1

CLIENT

The Sheffield Corporation Mr. Richard N. Remoy
ADDRESS 721 Springfield Avenue AUTHORIZATION

Dayton 1. Ohio 351ZI-M

PROJET* Tensile Testing and Zyglo Plus Deep -Etch Inspection of Three
Alloys Ground by Conventional and Ultrasonic Methods

CONCLUSIONS

Deep etch and Zyglo specimens were prepared by Sheffield as follows:

Material Type Grinding Number, Wheel

Reno 41 Conventional a AA4618-V40
Rene 41 Ultrasonic H AA60R8-V40

Hi I Conventional 1 AA4618-V40
HI1 Ultrasonic I AA60RI-V40

Ti-WAW4V Conventional I AAM0IJV40
Ti-AI-4V Ultrasonic 7 AA6ORI-V40

Zyglo inspection did not reveal any cracks in do pound surftcse.

After Zygyo inspection, the specimens were deep etched "s followes

Rene 41 RT Superozal in HC1
H111 Hot 50% HCl - 0o% H2O
TI-6A1-4V RT Vilella's Etchant

Deep etching did not reveal any cracks in the groud surfaces.

APPROVED BY

Sheet_.•0
of- 4
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METCUT RESEARCH ASSOCIATES INC.
3980 Roal. Da,,. C ,muh 9, Oki*

BRm.).u 1.6100

LABORATORY REPORT

DATE November 2. 1961 NUMBER1 430-3$74-1

CLIENT

The Sheffield Corporatloa Mr. Ricbs" N. Reny
ADDRESS 721 Springfield Avenue AUTHORIZATION

Dayton 1, Ohio 35111-M
PROJECT Tensile Testing of Six (6) Titanium 6AI-4V Shoot Specimens

Manufactured to Metcut Drawl"g No. 600106-1
Nora. Gage Section: . 100" x 500"K a.00" Temperaturet Room
Strain Rate: .005 in. /in. /=in. thru .2% Y.8.
Head Rate: . 05 in. /min. thence to failure

CONCLUSIONS

MRAI Spec. Type of U.T. S .2A .. Elong.
NO.. No. Surface Grind a -Owl) Wheel

T-9402 I Conventional 1" 1 I AA6OLo-V4@
T-W44 I Conventional 170 1"9 6 AM@JA-V40
T-9403 3 Conventional 169 is? I AA60,8-V40

T-9405 4 Ultrasonic 16 S1? 10 AA"MR-Y40
T-9406 5 Ultrasonic 172 160 6 AA6OR$-V*
T-9407 6 -Ultrasonic 170 157 7 AA60Rg-T40

Notes: (1) Specimens 1 and 2 were ground together
(2) Specimens 4 and 5 were ground together

Specimen blanks were heat treated by Metcut as follows:

170015 ler/I hour/water quench
1000± I"F/8 hours/air cool

APPROVED BY

Of 4.
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METCUT RESEARCH ASSOCIATES INC.
3980 RoaaImn Dreve Cihneveti 9, Oio

BRambi. 1-5100

LABORATORY REPORT

DATE November 2. 1961 NUMBER 430-3574"1

CLIENT 7

The Sheffield Cor oration Mr. Richard N. Ronmy

ADDRESS 7M1 Springfield Avenue AUTHORIZATION

Dayton 1. Ohio 3511-.M

PROJECT Tensile Testing of Six (6) Rene 41 Sheet Specimens Manufactured to
Metcut Drawing No. 600106-1

Nom. Gage Section: .100"x. 500"x Z.00" Temperature: Room
Strain Rate: .005 in. /in. rnin. thru. 2% Y.S.
Head Rate: .05 in. /min. thence to failure

CONCLUSIONS

MRAI Spec. Type of U. T.S. .2% Y.B. Elong.
No. No. Surface Grind Ptsi) (W) % Wheel

T-9408 1 Conventional 188 132 16 AA4618-V40
T-9409 a Conventional 191 133 18 AA4618-V40
T-9410 3 Conventional 193 136 17 AA4618-Y40

T-9411 4 Ultrasonic 190 132 is AA60RSoV40
T-9412 5 Ultrasonic 191 134 17 AA60RS-V40
T-9413 6 Ultrasonic 192 133 is AA60RS-V40

Notes: (1) Specimens I and 2 were ground together
(Z) Specimens 4 and 5 were ground togother

Specimen blanks were heat treated by Metcut as follows:

1950+ Z5F/1/2 hour/air cool
1400 250 F/16 hours/air cool

I APPROVED BY

Sheet 3
of 4
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METCUT RESEARCH ASSOCIATES INC.
3980 Ro.I,. Div. Ch5'I.N. 9, 01.5

MRRm4 . 1.5100

LABORATORY REPORT

DATE mqVmber 2. 1961 NUMBER I 430.$9S54.1

CLIENT

The Sheffield Corporation Mr. Richard N. Roeni
ADDRESS 731 gprinagfeld Avenue AUTHORIZATION

Dayton 1, Ohio 39121-M
PROJECT Teonile Testing of six (6) H-1 Sehoot Spoeimena Mambketerod to

Metemu Drawing No. 600106-1
Norm. Gase section: . 00"Z.500"2 2.00" To~maetaret Rosen
frain Rates . 005 in. /in, /ain. thru. 2% 1 S.
Had Rates . 05 in. /min. theme to failure

CONCLUSIONS

MbA! Spec. Type of U. T.S. .S T.8. Eleag.
No No. Suaface Grind Wei) &" j Wheel

T-9416 3 Conventional 314 a"4 6 AA46I-T4
.T941? 4 Conventional )14 2 I AA46I-YO
T-9418 5 Conventional 313 a20 6 AA4618-V4#

T-.14 Ultrasonic 310 iA U.
T-9419 Ultrasonic 312 s06 ? AA I0RS.Y4
T-9419 6 Ultrasonic 306 203 1 AAGMS-T46

Notest (1) Specimens 3 and 4 were ground toSethor
(3) ftecimens I and 2 were ground together

Spoesime blanks were heat treated by MetAW Treating, Ie, so follWwes

loo+&$±0r/ I hour in seutrl ealtair cool
9S.0±Z6r/I hout/air cool
950±35F/ I hoa/air cool

APPROVED BY

17 -
Zlv" asNOVA$# 8"01V r -rtase8"y7

inh="----J=m.Ia ?aaim---!-lll _--_--____-- ----

20.5o



PHASE II

SECTION 9

RESIDUAL STRESS TESTS
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METCUT RESEARCH ASSOCIATES INCt
METALLURGY . MECHANICAL BNOINOBRINO . MACHINABILITY

RESEARCH . DEVELOPMENT . TE1r1NO

3980 R"&ýx Dam.
BRan6I. 1-5100 November 11, 1960 Cihwo,.9. 0kO

Mr. Dan Giardini
The Sheffield Corporation
721 Springfield Avenue
Dayton 1, Ohio

Dear Mr. Giardini:

Enclosed are three copies of the graphs showing the nature of the residual
stress distribution in the surface of the ground PH 15-7 MO stainless steel
specimens.

The area under the curve in each case indicates the magnitude of the residual
stress induced as a result of grinding. The magnitude of the residual stress
is approximately the same for both specimens, MO-6 and MO-7. The
residual stress is tensile in nature in both specimens.

The residual stress at the surface oi specimen MO-6 was low, approximately
10, 000 psi, and increased to a peak stress of 116, 000 psi at a depth of. 002"
below the surface. The stress diminished rapidly and no appreciable stress
was noted at a depth of . 004" below the ground surface.

On specimen MO-7 the peak stress, 120, 000 psi, was noted immediately at
the ground surface. The residual stress diminished rapidly and no appreciable
residual stress could be noted at a depth of . 004" below the ground surface.

We are completing the work on the titanium specimens and should have the
results to you Monday, November 14, 1960.

Should there be any questions please do not hesitate to call me. I am
enclosing both of the specimens supplied to us for analysis.

Very truly yours,

METCUT RESEARCH ASSOCIATES INC.

L. J. Nowikowski, Director,
Manufacturing Research

LJN:jk
Enc. 208



Residual Strese in Ground Surtface
PHi5-7 M0 Stainles Steel

Wheel AA60-R8-V40 Table Speed 35 FPM
Wheel Speed 6200 SFM Depth of Cut .0009"
Dry Grinding Plunge Grind 7/16" Wide

II
100 _

I
Iso__ _

Conventional
o a Specimen MO-6

: 60 ..

40 -to 3 Div. Ultrasonic Spindle
Specimen MO-7

zo __ _

1 0

.0 0 2 004...06. .... .010

Depth Below Surface -inches

209 Figum 172



METCUT RESEARCH ASSOCIAT18S INCA
MBTALLuROY . WCIHANICAL gNOINBBSR[NO . MACHINABILITY

RUUARCH . DBVBLOPMHNT . TB9I1NO

WN Met Al LASWAToIS AT

BRdobl, 1-.100 November 14, 1960 CI,,ctnaduJ.;,'O&1

Mr. Dan Giardini
The Sheffield Corporation
721 Springfield Avenue
Dayton 1, Ohio

Metcut Project 430-3206

Dear Mr, Giardini:

Enclosed are three copies of the graphs showing the nature of the residual
stress distribution in the surface of the ground 6AI-4V titanium specimens.

The area beneath the curves for both specimens, Ti-6 and Ti-I, indicates
the magnitude of the total stress is approximately the same. The residual
stress is tensile in nature in both specimens.

Specimen Ti-6 showed a peak stress of 174, 000 psi immediately at the
ground surface. The stress decreased rapidly, 40, 000 psi at a depth of
.0005" below the surface, and no appreciable stress was noted at a depth
of . 002" below the ground surface.

On specimen Ti-7, a peak stress of 91, 000 psi was evident immediately at
the ground surface. The residual stress diminished rapidly, 40,000 psi
at a depth of 0006" below the surface, and no appreciable residual stress
was noted at a depth of . 002" below the ground surface.

Should there be any questions concerning the results of the stress analyses
on the PH 15-7 MO and 6AI-4V specimens, please do not hesitate to call me.
I would like to apologize for the slight delay in getting the results to yout

The samples supplied to us for analysis are enclosed.

Very truly yours,

METCUT RESEARCH ASSOCIATES INC.

L. .Nowikowski Vice-President
Manufacturing Research

J
enc. 210



Residual Stress in Grouand Surface
Titanium 6AI-4V

4 Wheel AA60-R8-V40 Table Speed 35 FPM
Wheel Speed 6200 SFPM Depth.of Cut .0009"
flry Grinding Plunge Grind 7/160 Wide

160 ---- -*. .

80 Conventional - ... ....
80 Specimen Ti-6

3 Div. Ultrasonic Spindle
40 -Specimen Ti-7

40-

.001 ooz .003 .004 .005

Depth Below Surface - inches

211 Figure 173



The etchants used for the PH 15-7 MO stainless and the 6AI-4V titanium speci-
mens were as follows:

PH 15-7 MO Stainle2s Steel Etchant

50% H2 0 + 40% HCI 4 10% HNO 3 (by volume)heated to 1500 F.

Specimen etched by immersion using an agitator in the bath to obtain uni-
form etching. No undesirable effect was produced by the etchant used on the
15-7 MO test specimens.

6AI-4V Titanium Etchant

68% H 20 + 30% HNO 3 + 2% HF (by volume) at room temperature.

Specimen etched by immersion using an agitator in the bath to obtain uni-
form etching. Each sample was given a heat treatment of 200 F/2 hours after
each etching to remove any effect produced by etching. Heat treatment did not
reduce hardness level or cause stress relief. Previous experience with stress
analysis of titanium has shown this treatment is necessary to obtain valid, con-
sistent data.

The stress analysis was performed as outlined in the procedure shown in Table II.
Deflection measurements, to note the change in curvature of the specimen as the
test surface was etched away, were made on the fixture sketched in Figure 3. A
sample of a typical deflection versus stock removed curve used to obtain the slope
data for calculation purposes is shown in Figure 5. The equation used for calcu-
lation of the residual stress at any depth is given in Table V. The integral noted
in the equation is obtained by performing a mechanical integration on the deflection
versus stock removed curve to the desired depth. The modulus of elasticity used
on the test samples was as follows.

Ti 6AI-4V E a 16 x 106 psi

PH 15-7MO E = 16 x 106 psi

212



7o l - -. , I -----. " -

p17- 71-4- ¶77-

-- ~~t- -~ =1a6aDa*S .

.000.0 c m Oil to "D o

STOCK REMO VI - ,mIJ

Figure 174

213



TABLE V

BASED ON EQUATION FROM F. STABLEIN 0

[~~~ ~~ (Hh) ~ (-h)Sn3 L f

0J

Where:

S n Residual stress, pounds/square inchn

H = Initial thickness of the test specimen, inches

h = Stock removed to any depth, inches

f = Deflection of specimen at any depth, inches

f = Initial deflection of the test bar. inches0

L = One-half gage length, inches

Modulus of elasticity, pounds/square inch

dfdi• = Slope ut any point on deflection versus stock removed curve

214
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TABLE V (continued)

breakdown of equation for calculation:

I a h = Stock removed, inchesn

U a fn .Change in deflection of specimen at any depth, inches

= dh = Slope at any point on deflection versus itock removed curve

IV a (H)- ()

V (III) x (IV)

VI - 4 (IV) (II)

VII = Z (f)()

h

Vm 2 f fdh

0

E

Residual Stress n =K 5 K V)-(VI)(VI)-(VI

Note: Term VIII can be omitted from the calculation without significantly

affecting the stress calculation.

215



DEFLECTION MEASUREMENT o

/-.0001" Indicator

I Deflection
Locating Pins Specimen Stop

Gage
Length

1. Position indicator to 0 using flat gage block of same length as
specimen before making deflection measurements.

2. In making deflection measurements, locate the specimen in theI same position on the fixture each time.

3. Measure deflection from the back side of the specimen, NOT
the test surface, to insure having a smooth surface for indicator
contact.

4. Obtain deflection by gently pushing the specimen against the
locating pins making sure that no additional bending is produced
when making the measurement.

NOTE:

Concave surface on above specimen is the test surface and
deflection measurement is being made from the opposite s@ 'a
as outlined above.

216"'175 e i7 5216 IN u e 3



TABLE II

EXPERIMENTAL PROCEDURE FOR STRESS ANALYSIS

General:

1. Measure deflection by placing indicator button against side

opposite to test surface (surface being etched).

2. Position test specimen with number side to left on deflection

fixture for each deflection measurement.

3. Lay out 10 equally spaced points for thickness measurement

on side opposite to test surface. Use soft lead pencil. Measure

thickness using indicating 0001" micrometer in numbered

sequence as shown:

1 3 4 s
Numbered ......---- -4-..

Side
6 7 8 9 1O_.25'

v=4 lZ"

Experimental Technique:

1. Use flat gage block to obtain 0 position on , 0001" indicator on

fixture.

2. Measure deflection of test specimen. Indicate whether test

surface is concave or convex, Deflection is negative (-) if test

surface is concave, positive (÷) if test surface is convex.

Record deflection.

3. Measure thickness of test specimen to obtain initial average

thickness of the specimen. Record thickness.

4. Coat back of test specimen with stop-off lacquer to poevent

etching of this surface.
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TABLE U (continued)

EXPERIMENTAL PROCEDURE FOR STRESS ANALYSIS

Experimental Technique: (continued)

Etch test surface removing stock uniformly.

6. After etching dip in bicarbonate of soda solution to neutralize

and, then water rinse, dry specimen. Peel off protective

coating from back of specimen.

7. Measure thickness in 10 locations. If stock removal is not

uniform, preferentially etch high spots by localised swabbing

to get uniform stock removal. Record average thickness and

stock removed.

8. Measure deflection and record. Be sure that sign (4 or -) for

deflection is correct.

9. Coat back of specimen again and repeat etching procedure,

thickness and deflection measurements outlined in Items 5, 6,

7 and 8.

NOTE: Stock removal by etching to be performed in steps

as follows:

a. .0001" steps (approx.) to . 0005" stock removed.

b. .0002" steps (approx.) to . 0015" stock removed.

c. .0005" steps (approx.) to . 003" stock removed.

d. .001" steps (approx.) to . 008" stock removed.

e. .002" to . 003" steps (approx.) to finish.

10. Experimental procedure is stopped when no significant change is

noted in deflection after two successive steps in stock removal.

A minimum of. 008" to . 010" metal must be removed from the

surface of the specimen even though no significant change in

deflection is noted at lesser depths.
218



TABLE II (continued)

EXPERIMENTAL PROCEDURE FOR STRESS ANALYSIS

Experimental Technique: (continued)

11,. Plot curve of deflection versus stock removed. Draw smooth

curve through experimental points. Positive deflection plotted

in first quadrant, negative deflection in fourth quadrant.

1z. Physically measure slope of curve for each specific depth. Use

algebraic procedure for sign of slope.

13. Record stock removed, deflection and slope information on data

sheet for calculation.

14. Calculate residual stress for each depth.

15. Plot stress distribution curve.
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PHASE II

SECTION 10

TEST DPTA
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23 - - Conventional SURFACE GRINDING

2o PEK TEMPERATURE RISE AS A
3 Div. FUNCTION QF THE DEPTH OF CUT

174 Ultrasont WITH VIBRATION AS A PARAMETER

1145 - - , __ Material Rene 41
0 Wheel AA60L8-V40

Wheel Speed SFPM 6200
01D - , Table Speed 35 FPM

l5Dlv. LongA
87.3Div. Ult. V

58 1 60cps
<Long. A

29 15 Division
w 20 K Long. A Run Numbers:II- 306 - 320

04 .0003 .0006 .0009

Depth of Cut in inches Figure 176

232- SURFACE GRINDING

PEAK TEMPERATURE RISE AS,,
FUNCTION OF THE DEPTH OF CUT
WITH VIBRATION AS A PARAMETER

.17 - 3 Division
Ultrasonic

Material Rene 41
414 Wheel AA60R8-V40

V.) Wheel Speed SFPM 6200U11 4Table Speed 35 FPM
-o

Cbnventio

29 .0031 cp 1SDivLong A& Run Numbers:H- 291 - 305
Long. A 3 liv. Ultrasoitc

.00103 .0006 .0009

Depth of Cut in inches Figure 177
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0271

i 232 15Div. 20 KC Long. A SURFACE GRINDING

•' ~ 20 PEAK TEMPERATURE RISE AS A
- --FUNTION OF THE DEPTH OF CUT

1 - -- WiTH VIBRATION AS A PARAMETERS17.

..003 60cps.Long A Materiel 15-7 MO
S14 Wheel AA60L8-V40

convention Wheel Speed SFPM 6200 SFM
~11 - -Table Speed 35 FPM

87.--- spindle

15 Div. Long. A &
3Div. ult. spindle

~ 2. - -Run Numbers:II-201 - 215

0 .0003 .0006 .0009
Depth of Cut in inches Fgue 178

232 - - -. 003"60cp s.long A- SURFACE GRINDING

2 PEA. TEMPERATURE RISE AS A
;2 0-- 4 -. FUNCTION OF THE DEPTH OF CUT

WITH VIBRATION AS A PARAMETER

;Q 174- 
- -

3Div. ult. sp. Material 15-7 MO

14 Wheel AA60R8-V40I" Wheel Speed SIPM 6200

f .-
Table Speed 35 FPM

8 conventi n I/

15 Div. 20kc
Long. A

29 15 Div. long. A. & Run Numbers: 11-216 - 230

3 Div. ult. spindle

0 .0003 .0006 .0009

Depth of Cut in inch-- s Figure 179
Z23



8 SURFACE GRINDING

7 GRINDING RATIO AS A FUNCTION
OF THE DEPTH OF CUT WITH

3 Div. ult.spindle to infinity VIBRATION AS A PARAMETER
6 -

Material Ti6AI-4V
Wheel AA60L8-V40

SWheel Speed 6200 SFPM
44 Table Speed 35 FPM

S3 convention

22 15DIv.Long. A _ *GRINDING RATIO = Vol - Material Remov

l5DIv.Lo A S\ 
Vol. Wheel Loss

1 -3Div.ult3• • . - Run Numbers:II-261 - 275

.003"60cps.Long. A
0 .0003 .0006 .0009

Depth of Cut in Inches Figure 180

8 SURFACE GRINDING

3 Div. ult. sp. to infinity
15 Div. long. A gRINDING RATIO AS A FUNCTION

7 "-and 3 Div. ult. sp. toinfinitr OF THE DEPTH OF CUT WITH
VIBRATION AS A PARAMETER

6--

IMaterial Ti6A1-4V
Wheel AA60R8-V40

conventional Wheel Speed 6200 SFPM
4 Table Speed 35 FPM

15 Div. Long. A *GRINDING RATIO: Vol - Material Removed
I2 - , ,- I Vol. Wheel Loss

.003"60cps. Long. A4 /

1 -q •Run Numbers:11- 276 - 290

0 .0003 .0006 .0109

Depth of Cut in Inches 2i'24 i81
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8 SURFACE GRINDING

7 - GRINDING RATIO AS A FUNCTION
"OF THE DEPTH OF CUT WITH

conventional to infinity VIBRATION AS A PARAMETER

6 3 Div. 20 kc ult sp.to infinity

Material H - 11
5 Wheel AA60LS-V40

0 Wheel Speed 6200 SFPM
4-Table Speed 35 FPM

S3 - - 15Div.Long. A,
120 ka j-.

2 15 Div. Long. A & _ - Vol. Material Removed
3 Div. ult. spindlier*b•4 *GRINDING RATIO - Vol. Wheel Loss

1-

I.003"60cps.ong. A Run Numbers: 11-231 - 245
t .~003"60 s.og

0 .0003 .0006 .0009
Depth of Cut in Inches slaure 182

8 SURFACE GRINDING

7 GRINDING RATIO AS A FUNCTION73Div.ult. sp > • OFTHE DI•TTH OF CUT WITH

VIBRATION AS A PARAMETER

Material H - 11

5-Wheel AA6OR8-V40
lSDiv.Long. A Wheel Speed 6200 SIPM
3 Div. ul. *spi qde Table Speed 35 FPM

S3-

.003"60cps. Long. A *GRINDING RATIO = Vol. Material Removed
S2 Vol. Wheel Lose

1 conventional

{~P I 5Di.on Run Numbers: U-246 -260S• 15 Div. Long.A
0 :0003 .0006 .0009

Depth of Cut in Inches 7lpwo 183
225



3 Div. ult. spindle
~23" SURFACE GRINDING

2PEAK TEMPERATUtRE RISE AS A

A & 3 Divult. p.H FUNCTION OF THE DEPTH OF CUT
WITHVt.AT.ONAS• , A PARAMETER*174I

14 Material Ti6AI-4V
1%..003"60cps -- -w.lA6L-44!Long. A /Wheel AA60LO-V40

Wheel Speed SFPM 6200

- -w Table Speed 35 FPM

5 15 Div. 2Okc
Long. A

29 Run Numbers: 11-261 - 275

0 .0003 .0006 .0009
Depth of Cut in inches Fixure i184

conventional
232- SURFACE GRINDING

20 PEAK TEMPERATURE RISE M -AS
2o - - / - -FUNCTION OF Tim DEPTH OF CUT

S3 Div. ult. sp. WITH VIBRATION AS A PARAMETER

15ivL OAMaterial Ti6AI-4V
S145•-/ v.o g3A• Wheel M,60RO-V40

4ivult.s * Wheel Speed 6200 SFPM

116 Table Speed 35 PPM

87 .003,6cps.Long. A

8- 10VI'Viv20kc-

29-t o Run Numbers: In-276-290

0 .... .0003 '.0006 .0009

Depth of Cut in inches FixurgI 185
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I23 - - - SURFACE GRINDING

203 PEAK TEMPERATURE RISE MS A
FUNCTION OF THE DEPTH OF CUT
WITH VIBRATION AS A PARAMETER

174-

Material H-11
145 ---- •-- - • Wheel AA60LS-V40

I .3Wheel Speed SFPM 6200
116- Convention Table Speed 35 FPM

58 -5Div.20KC Long.

29lDv'g- -

&315Di-v. -nt 3* Run Numbers: II- 231 - 245
&3Dtv..ult. 03 V. It. sp

0 .0003 .0006 .0009

Depth of Cut in Inches Pirae 186

-- SURFACE GRINDING

0 PEAK TEMPERATURE RISE AS A
- - -i -FUNCTION OF THE DEPTH OF OUT

WITH VIBRATION AS A PARAMZTER
174 3 Div. ult. spindle

1145. " 0 Material H-Il
--4 5 Wheel AA60OB-V40

I Wheel Speed SFPM 6200
//1 - ,JTable Speed 35 FPM

conventional
~ 87

3,'3"60cps

5SDiv. 20kc 15 Div.Long A

Long. A &j &Dtv.ult s
9 -Run Numbers: II- 246 -260

0 .0003 .0006 .0009

Depth of Cut in Inches 227 VgI, i y18
mmm~227



1.6 SURFACE GRINDING

1.4 .003"60cps.long. A= 0 SPHEROID TO CHIP RATIO AS A
15 Div.long. A =T FUNCTION OF THE DEPTH OF CUT
Conventional = 0 WITH VIBRATION AS A PARAMETER

O2 1.2 3 Div. ult. spindle = 0-
15 Div. long. A &
3 Div. ult. spindle = 0 Material Rene 41

S1.0 - Wheel AA60L8-V40
Wheel Speed SFPM 6200

O.8 Table Speed 35 FPM
O.8 ----------- -

*.6-.

.21 Run Numbers:IIQ91 - 305

0 .0003 .0006 .0009

Depth of Cut in inches Figure 188

I. - I I SURFACE GRINDING

.003"60cps.long. A= 0
1.4 15 Div. long. A = 0 SPHEROID TO CHMP RATIO A

Conventional = 0 FUNCTION OF THE DEPTH OF CUT

3 Div. ult. spindle = 0 WITH VIBRATION AS A PARAMETER
O 1.2 15 Div. long. A &

3 Div. ult. spindle = 0 Material Rene 41

!i1. Wheel AA60RS-V40
o) Wheel Speed SFPM 6200

O.8Table Speed 35 FPM

p.6

.4

.2 Run Numbers:11-306 - 320

0 .0003 .0006 .0009

Depth of Cut in inches pigure 189
228



L - SURFACE GRINDING

.003"60cps.long.A = 0 SPHEROID TO CHIP RATIO AS A
1.4 S~ivLong A =0 FUNCTION OF THE DEPTH OF CUT
3Div.ult. spindle - 0 WITH VIBRATION AS A PARAMETER

0. Conventional - 0
1.15Div.long. A &

3 Div.ult.spindle - 0 Material 15-7 MO
1.0 Wheel AA60L8-V40

Wheel Speed SFPM 6200
Table Speed 35 FPM

6.4

-2 Run Numbers:II-201 - 215

0 .0003 .0006 .0009

Depth of Cut in inches Figure 190

1.M SURFACE GRINDING

SPHEROID TO CHIP RATIO AS A
1.4 15 Div. long. A = 0 FUNCTION OF THE DEPTH OF CUT

3 Div.ult. sp.= 0 WITH VIBRATION AS A PARAMETE

Material 15-7 MO

1.0 Wheel AA60R8-V40
Wheel Speed SFPM 6200
Table Speed 35 FPM

" l5Div.Long. A &

.4 13D. ult. spindle

Conventional
.2 .003"60cps - - Run Numbers:II -216 - 230

long. A
.0 .006 .09

Depth of Cut in inches 2Figure 191
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1.6 SURFACE GRINDING

SPHEROID TO CHIP RATIO AS A4 - - - - - -FUNCTION OF THE DEPTH OF CUT
WITH VIBRATION AS A PARAMETEP

1.2 - - - - - -

SMaterial H-11
H Wheel AA60L8-V40

* 1Wheel Speed SFPM 6200
Table Speed 35 FPM

.8 -0 oo
Conventional

.6--
15 Div.Long. A

.003"60cp .
Long. A

3 Div. ult. sp.SvlARun Numbers:II-231 - 245

0 .03 .00 06 .0009

Depth of Cut in inches PI=Nn8

1.6 • . SURFACE GRINDING

: SPHEROID TO CHIP RATIO AS A1.4 - - -FUNCTION OF THE DEPTH OF CUT
.003160cps. WITH VIBRATION AS A PARAMETER

1?Long. A

.0 1.2 -.--. . . Material H-l1

9[.Wheel AA6OR8-V40
1.0 --- - - Wheel Speed SFPM 6200

3 nTable Speed 35 FPM

l•.4'5Dtv. long .A•' \

O • 0- Run Numbers:11-246 - 260

Depth of cut In inches iitlur* 193
0230



1.6 SURFACE GRINDING

1 5Div.Long A = 0 SPHEROID TO CHIP RATIS A
S15Div.Long A & FUNCTION OF THE DEPTH OF CUT

0 3 Div.ult. sp. 0 WITH VIBRATION AS A PARAMETER
~1.2-

Material Ti6AI-4V
1.0 1 Wheel AA60LB-V40

0 Wheel Speed SFPM 6200
Table Speed 35 PPM

004 .6----------------

Conventional .003" 60cps.
Lon . A

.2 - Run Numbers: II-261 -275

3Div.
ult.sp~ SO -

0 .00-03 .0006 .0009

Depth of Cut in inches Figure 194

i~e -- - -SURFACE GRINDING
.. 3Div.ult. sp. = 0 ,SPIHEROID TO CHIP RATIO AS A

1A 15 Div.long. A FUNCTION OF THE DEPTH OF CUT0 &3Dtv.ult. Sp. * 0 WITH VIBRATION AS A PARAMETE
S1.2 - .

Material Ti6AI-4V
1.0 -- Wheel AA60RB-V40

r. ' Wheel Speed SFPM 6200

.t.- - - - Table Speed 35 FPM

.4-15 Div. -.003"16 cps.Long.A
long. A

- -Run Numbers:U11-276 - 290

convent-

0 .0003 .0006 .0009

Depth of Cut in inches i gure 19
231



- SURFACE GRINDING

15 Div. Long. A to infinity GRINDING RATIO AS A FUNCTION
7 - 3 Div. ult. sp. to infinit OFTHE DEPTH OF CUT WITH

VIBRATION AS A PARAMETER

Material Rene 41
5-Wheel AA60L8-V40

.O Wheel Speed 6200 SFPM
14 Table Speed 35 FPM

2 .003"60cps __

Long. A conventional *GRINDING RATIO= Vol , Material Removed
1 ong A t Vol. Wheel Loss

l.003"60cns.Long A Run Numbers:II-291 - 305
0 .0003 .0006 .0009

Depth of Cut in Inches Figure 196

8 . SURFACE GRINDING

3 Div. ult. sp. to tnfintty GRINDING RATIO AS A EUNgj1ON
7 OFTHE DEPTH OF CUT WITH

VIBRATION AS A PARAMETER

Material Rene 41
5 Wheel AA60R8-V40

Wheel Speed 6200 SFPM
Table Speed 35 FPM

3 15 Dtv. Long. A

15Div.Long A & *GRINDING RATIO = Vol, Material Removed
3 Div. ult. spN Vol. Wheel Loss2

convento .

I .j_ 3'3"60cps. Long. A Run Numbers: II-306 - 320

0 .0003 .0006 .0009

Depth of Cut in Inches Figure 197
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I I I i

8 Conventional to infinity
3 Div. ult. sp. to infinity SURFACE GRINDING

{ 15 Dtv.Long.A & 3 Div.
7 ult. sp. to infinity GRINDING RATIO AS A FUNCTION

OFTHE DEPTH OF CUT WITH
VIBRATION AS A PARAMETER

Material 15 - 7 MO
15Dv. Ult.Long. Wheel AA60LS-V40

A t Wheel Speed 6200 SFPM
4 -FTable Speed 35 FPM

2• "GRINDING RATIO = Vol. Material Removed

.003" 60cps,Long. A Vol. Wheel Loss

¶1T Ž Run Numbers: 1f-201 - 215

0 .0003 .0006 .0009

Depth of Cut in Inches fituwe 198

-- SURFACE GRINDING

3 Div. Ultrasonic Sp.to GRINDING RATIO AS A FUNCTION

---- tyI QOFTHE DEPTH OF CUT WIT1
I I VIBRATION AS A PARAMETER

Material 15-7 MO
- - 15Div.Long. A Wheel AA60R8-V40

3Di. U t.rp. Wheel Speed 6200 SFPM
-4- Table Speed 35 FPM

S /V*GRINDING RATIO: Vl. ,1aterial Removed
.003", 60 cps. Vol. Wheel Loss

2 Lo g.o

Conventto,

15 Div. Long.SA Run Numbers: 11-216 - 230

.0003 .0006 .0009

Depth of Cut in Inchas 1i- ' ,* "233



400 SURFACE GRINDING

350 SPINDLE POWER AS A FUNCTION
OF THE DEPTH OF CUT WITH

VIBRATION AS A PARAMETER
30C

conventional Material H-11

250 Wheel AA60L8-V40

WheelSpeed 6200 SFPM
0200 Table Speed 35 FPM

15Div. Long. A•15o0 NO:• l/ _,•

1l00 -V k.

50- .00Run Numbers: 11-231 - 245
3Div. ult. , .0 "cps
spindle Long. A

0 .0003 .0006 .0009

Depth of Cut in Inches ltur, 200

400 SURFACE GRINDING

-350- SPINDLE POWER AS- A FUNCTION
OF THE DEPTH OF CUT WITH
VIBRATION AS A PARAMETER

Material H-11
15 Div. Long. A Wheel AA60R8-V40

50 Wheel Speed 6200 SFPM
Al I Table Speed 35 FPM
ý200 --

conventional0615o0 .

.003"60cps.Loong

A 35div.Lon

50A & 3div.ul Run Numbers:II- 246 - 260spindle '/
Sb "•'3div.ult, spindle

0 .0003 .0006 .0009

Depth of Cut in Inches Figuxie 201
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400 conventional SURFACE GRINDING

3 50 SPIND r POWE AS A FUGIO
OF THE DEPTH OF CUT WITM

I SDiv. ult.Long VIBRATION AS A PARAMEITE

Material 15-7 MO
Wheel AA60Le-V40

"-- Wheel Speed 6200 SFPM
Table Speed 35 FPM

,IS ult. sp. -

10------ - -.

I5Div.long. A
&3Dry. ult. I,,/ u Run Numbers:II- 201 - 215

.003"60cps.Lorg. A

0 .0 03 .0006 .0009
- Depth of Cut in Inches Figure 202(

40 - SURFACE GRINDING
.003"60cpsLong. A"

I3 5 SPINDLE POWER AS A nMCTION
I OF THE DEPTH OF CUo WITH

conventional VIBRATION AS A PARAMETEP
S30 -.

15Div.long. A Material 15 - 7 MO
3250 Wheel AA60R8-V40

0 Wheel Speed 6200 SPPM

-0 oTable Speed 35 7PM

S15( ---- -,-

@ 10 - - 1SDlv.long.A
3Div. ult. sp.

5C v.ult. spindle Run Numbers:II- 216 - 230

0 .0003 .0006 .0009

Depth of Cut in Inches ........ ____, ___' Z 3 5 . .... .. . ' . . . . . . - •... .



/49

400 f SURFACE GRINDING

conventional SPINDLE POWER M A FUNCION
OF THE DEPTH Of CUT WITH

S30 VIBRATION AS PARAMETZ
300-

Material Rene 41
250 Wheel AA60L8-V40

3Div.ult. spindle-- Wheel Speed 6200 SFPM

a-200- Table Speed 35 FPM

10 long. Al 00,1 -

o DDiv.vlong.A
50 rRun Numbers:R - 291 - 305

- .003"60lps. Long. 305

0 .0003 .0006 .0009
Depth of Cut in Inches MPiam 82L

400 SURFACE GRINDING

30 SPINDLE POWER AS A FUNCTION
-3- - - - OF THE DEPTH OF CUT WITH

VIBRATION AS A PARAMETER

,300

O5 3Div.ult. spindle Material Rene 41

0 Wheel AA60RS-V40
N Wheel Speed 6200 SFPM

-
Table Speed 35 FPM

conventional

W) 150

S 15 Div.
o10 Long._A

l5Div.Long .A
- - - &&3Dit. ult.p

Run Numbers: II- 306 - 320
.003"60 s.Long. ALI ,c~ , ,,I

0 .0003 .0006 .0009

Depth of Cut in Inches Figure 20ý
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40C.4 
SURFACE GRINDING,

coventtonal- SPINDLE POWER AS A FUNCTION

35- OF THE DEPTH OF CUT WITH
VIBRATION AS A PARAMETER

300

Material Ti6AI-4V
250- - Wheel AA60OL-V40

Wheel Speed 6200 SFPM
20• 7 _. Table Speed 35 FPM

2,0015 65Div.Ltong. -A

10--

so Run Numbers: 11-261 - 275

.003"60c-pqs.Long, A

-0 .0003 .0006 .0009
Depth of Cut in Inches Fixmue 206

40C SSURFACE GRINDING

SPINDLE POWER AS A FUNCTION
Of THE DEPTH OF CUT WITH

conventional VIBRATION AS A PARAMETER30 - - - -

Material T16AI-4V
p25 - - ,Wheel AA60RB-V40

VfWheel Speed 6200 SFPM

,o0- - Table Speed 35 FPM

5 l- 5Div.long. A & Run Number.: 11-276 - 290
3 Div.ult. spindle

0 .000 3 .0006 .0009

Depth of Cut in Inches a 2Mo
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Material H-il Wheel AA6O-LS-V40

Cony. 3Div.Ult.Sp. l5Dtv.LongA .003"6Ocps. l5Dtv.LonigA
Long. A &3Dtv. Ult. Si

.0003"
-7~~

.0006"

W

Material H-li1 Wheel AM60-RSBV40

Cony. 3Div.Ult.SP. 1SDtv.Long A .003060aps l5Dtv.Long
Long. A &3Div. Ult.

.0003",

.0006"1

.0009w'

238 Figure



Material T16Al-4V Wheel MA60L8-V40

Cony. 3Div. Ult.SP. 15Div.Long.A .003"16Ocps. l5Div.Long.A
Lomg.A &3Dv.Ult.Sp.

.0003"

.0006"1

.0009",

Material T16AI-4V Wheel AA6O-R8-V40

Cony. 3Div.Ult.Sp. l5Dtv.Long.A .003"160cps. l5Div.Long.A
Long.A & 3Div. Ult. Sp.

.0003"

.0006"

239 PIVgte 209



Matertal 15-7 MO WheelMA6O4SO-V40
Cornv. 3Dtv.Ult.Sp. l5Dtv.Long.A .OO31M6Ocps. l5Dtv.Long.A

Long. A &3Dtv. Ult.SOp.

.0003"1

.000614,

-5 -3 22 22 --20 - L

.0009" M'

Matrta 15giwO Whe210-R-4



PHOTOMIUROGRAPHS*

Note Surface Working

Material 15-7 MO
Wheel Ah60-L0-V40
Table Speed 35 FPM
Wheel Speed 6200 SFPM
Conventional. 0009"Cut
Surface Micro-Hardness
Before Grind - Vickers 575
After Grind - Vickers 393

I
Material 15-7MO
Wheel AAM60-LS-V40
Table Speed 35 FPM
Wheel Speed 6200 SFPM
Longitudinal .0009"Cut
15 Division Amplitude
Surface Micro-Hardness
Before Grind - Vickers 558
After Grind - Vickers 370

Material 15-7M0,
Wheel AA6O-L8-V40
Table Speed 35 FPM
Wheel Speed 6200 SFPM
Ult. Spindle 3 Div. Amp.
.0009" Cut
Surface Micro-Hardness
Before Grind - Vickers 532
After Grind - Vickers 509

*All photomicrographs were taken at the ground surface of a longi-
tudinal cross section through the center of the samples. They are

enlarged 500 times.
241 Figure 211



P HOTOMICROGRAPHS

Material Ti6AI-4V
Table Speed 35 FPM
Wheel AA60-L8-V40
Wheel Speed 6200 SFPM
Conventional. 0009" Cut
Surface Micro-Hardness
Before Grind - Vlckers 502
After Grind - Vickers 558

Material T16AI-4V
Table Speed 35 FPM
Wheel AA60-L8-V40
Wheel Speed 6200 SFPM
Longitudinal .0009" Cut
15 Division Amplitude
Surface Micro-Hardness
Before Grind - Vickers 627
After Grind - Vickers 604

Material Ti6AI-4V
Table Speed 35 FPM
Wheel AA60-L8-V40
Wheel Speed 6200 SFPM
Ult. Spindle 3 Div. Amp.
.0009" Cut
Surface Micro-Hardness
Before Grind - Vickers 558
After Grind - Vickers 619

*All photomicrographs were taken at the ground surface of a longi-
tudinal cross section through the center of the samples. They are
enlarged 500 times.

24t2 Figure 212



GRINDING RATIOS

Wheel AA60-R8-V40 Depth of Cut .0006" plunge cut
Wheel Speed 4000 SFPM Table Speed 35 PP M

Tyle of Grind* H-1l Ti6AI-4V Re-ne 41 15-7 MO

Conventional 9.34 .53 .51 .81

3 Div. Ult. Spindle 70.86 4.60 .72 1.34

15 Div, Long. A 9.37 .88 .46 A54

15 Div. Long. A and
3 Div. Ult. Spindle 5.58 .57 .43 .50

Figure 213

* All Runs for these grinding ratios were made with 50 to 75 passes

GRINDING RATIOS

Wheel AA60-L8-V40 Depth of Cut .0006" plunge cut
Wheel Speed 4000 SFPM Table Speed 35 FPM

TyPe of Grind* H,11 Ti6AI-4V . RLne 41 15-7 MO

Conventional .34 .31 1.04 J2

3 Div. Ult. Spindle 4.89 .59 1.53 95

15 Dtv. Lona. A .. 81 .39 -33 .335
15 Div. Long. A and
3 Div, Ult, Spindle, j.,2,. .36 .28 .32

FigUre 214
* All Runs for these grinding ratios were made with 50 to 75 passes
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MICRO-HARD-NESS CHECKS* ON TEST SPECIMENS

Material Tt-6Al-4V Wheel Speed 6200, SFPM
Depth of Cut .0009" plunge cut Table Speed 35 F P M

Type of Grind Wheel AA, -LB8-V40 , Wheel AA6,0-RL-V40 .
_, Before After Before After

Conventional 502 558 494 192
15 Div. Lona, A . 27 604 502 ,549
.003" .60 oip. Lone. A 5 ... L .5702. .501547301
3 Div. UltrasonicBSindle .5j.5.. 611 §19 . 528
15 Div. Long. A &
3 Div, Ultrasonic Sptndle -460 , 482 ,,5.16 51j

Figure 215

Material H-l1 Wheel Speed 6200 SFPM
Depth of Cut .0009" plunge cut Table Speed 35 F P M

Type of Grind Wheel AA60-L8-V40 Wheel AA6O-R8-V40
Before After Before After

Conventional 795 842 776 771
i5 Div. Lona. A 820 826 781 121
.003" 60 goo. Lona. A .836 839 831 1074
3 Div, Ultragsnic SiPndle 7jj5 . 863, 885 927
15 Div. Long. A &
3 Div. Ultrasonic Soindle 868 B80 B10 868

Figure 216

* Using Sheffield Micro Hardness Tester - All Values Vickers - Average 3 Tests
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MICRO - HARDNESS CHECKS* ON TEST SPECIMENS

Material 15-7 MO Wheel Speed 6200 SFPM
Depth of Cut .0009" plunge cut Table Speed 35 F P M

TyD. of Grind Wheql. ,A& u-L8-40 , e l 0--V4L
BOW iAfoef ter - 2U Meoe i Ater,-

Coqn~tjonal 57,1 3fl:* 52 5z; 35
15 Div. __ a_,_A 532, 509 494 516

.003" 60 cogs Long, Aq 509 546 All .663.
a Div. Ultrasonig Sptndie S5M ri 370 " 116 490.-

15-Div. Long. A &
3 Div. Ultrasonic Spindle j516 483 14 540

Figure 217

Material Rene 41 Wheel Speed 6200 SFPM
Depth of Cut .0009" plunge cut Table Speed 35 F P M

Two Qf Grind Wheel AA60-LS-_40 Wheel AU 0-RO-V40
,_Before___ Before er Before AfterConventtonai 666 4J5!C* 6a7 608

IS| Div. Lone. A §33 .... , 61113 558

.003" 60 cDs. Lona. A 627 55. 613 57a
•3 Div,, UltrasgontcoSftndle -644 613, 60360

15 Div. Long. A &
3 Div. Ultrasonic 593 5i3 644 , _....___3

Figure 218

*Using Sheffield Micro Hardness Tester - All Values Vickers - Average 3 Tests

**Conventional Giinding conditions apparently have made a decrease
in the hardness of the specimen.
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C
SURFACE FINISHES

Material Tt6Al-4V Wheel Speed 6200 SFPM
Depth of Cut .0009" plunge cut Table Speed 35 FPM

R MS VALUE IN MICRO INCHES

Type of Grind Wheel AA60L8-V40 Whel AA60R8-V40

Conventional 32 130
15 Div. Lona. A 28 _s , ......
3 Div. Ult. Spindle 32 90
.003" 60 czs Lona. A 60 52
15 Div. Long. A and
3 Div, Ult, Spindle 80 110

Figure 219

Material H-11 Wheel Speed 6200 SFPM
Depth of Cut .0009" plunge cut Table Speed 35 F P M

R M S VALUE IN MICRO INCHES

Type of Grind Wheel AA6OL8-V40 Wheel AA60R8-V40

Conventional 30 60
15 Div. Lona. A 42 65
3 Div. Ult. SDindle 55 52
.003" 60 cps Logg. A 115 115
15 Div. Long. A and
3 Diva Ult. Spindle 105 67

Figure 220
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( SURFACE FINISHES

Material 15-7MO Wheel Speed 6200 SFPM
Depth of Cut .0009" plunge cut Table Speed 35 FPM

RMS VALUE IN MICRO INCHES

Type of Grind Wheel AA60-L8-V40 Wheel AA60-R8-V40

Conventional 45 52
.15 Div. Long. A 40 36
3 Div. Ult, Spindle 37 65
,003" 60 cps Long. A 40 40
15 Div. Long. A and
3 Div, Ult, Spindle 50 125

Figure 221

Material Rene 41 Wheel Speed 6200 SFPM
Depth of Cut .0009" plunge cut Table Speed 35 FPM

RMS VALUE IN MICRO INCHES

Type of Grind Wheel AA60-L8-V40 Wheel AA60-R8-V40

Conventional 26 47

15 Div, Long. A 40 40
3 Div, Ult. Spindle 50 50
.003" 60 cps Long, A 62 57
15 Div. Long. A and
3 Div, Ult, Spindle 115 200

Figure 222
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8- SURFACE GRINDING

7 GRINDING RATIO As A FUNCTION C
OF THE DEPTH OF C.•UT WITH
VIBRATION AS A PARAMETER

6 --

0 Material 15-7 MO

-5 Wheel AA60LS-V40

conventional,- Wheel Speed 6200 SFPM
4 Table Speed 35 FPM

A ,With Coolant

3 ,
Note:' 3Dtv. ult. spindle

2 (ratio goes to infinity on--- *GRINDING RATIO = Vol. Material Removed

the .0010" & .0015" tests) Vol. Wheel Loss

0 - .0010 .0015 .0020 Run Numbers: II- 419 - 424

Depth of Cut in Inches Figure 223

SURFACE GRINDING

3 Div. ultrasonic GRINDING RATIO AS A FUNCTION
7 -0 - / spindle OF THE DEPTH OF CUT WITH

VIBRATION AS A PARAMETER

OMaterial 15-7MQ
-5 - Wheel AA6OR8-V40Wheel Speed 6200 SFPM

Table Speed 35 FPM
4 With Coolant

3 -- -

2*GRINDING RATIO = Voll, Material Removed

Vol. Wheel Loss

conventional

1 (
t II Run Numbers:II- 413 - 418

0 .0010 .0015 .0020
Depth of Cut in Inches Figure 224
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15.4 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

8 - SURFACE GRINDING

7- GRINDING RATIO AS A FUNCTION
7OFTHE DEPTH OF OUT WITH
VIBRATION AS A PARAMETER

6

Material Rene 41
S5 - W heel AA60L8-V40

Wheel Speed 6200 SFPM
Table Speed 35 FPM

4 3Div. ultrasonic- -H3spindle -

2 - - *GRINDING RATIO " Vol. Material Removed
*GRIDINGVol. Wheel Loss

1 conventional

- - Run Numbers:II-491 - 496
0 .0010 .0015 .0020

Depth of Cut in Inches Figure 225

8 .... SURFACE GRINDING

I • GRINDING RATIO AS A FUNCTION
7 OFTHE DEPTH OF CUT WITH

3Div.ult. spindle VIBRATION AS A PARAMETER

6 - -

6 Material Rene 41
o 5 - Wheel AA60RB-V40

Wheel Speed 6200 SFPM
Table Speed 35 FPM

04

S- - - -*GRINDING RATIO = Vol. Material Removed
2 t- Vol. Wheel Loss

conventional
1 --I

Run Numbers:II- 485 - 490

.0010 .0015 .0020

Depth of Cut in Inches 249 Fiture 226
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ip17-4

8 - SURFACE GRINDING

7 GRINDING RATIO AS A FUNCTION
7 -- -OFTHA DEPTH OF CUT W9ITH

VIBRATION AS A PARAMETER

6 -- -

S6onven ionaM aterial H - 11
S-conventional -Wheel AA60LB-V40

""IWheel Speed 6200 SFPM

- 4/-Table Speed 35 FPM

Without Coolant

S3"

*GRINDING RATIO = Vol. Material Removed

2 •-Vol. Wheel Loss

1 3 Div. ultrasonic spindle-

S.1 .0 15 .Run Numbers :II-431 - 436
.0010 .0015 .0020

Depth of Cut in Inches Figure 227

023.1 41 9.4

8 SURFACE GRINDING

3 Div. ultrasonic spindle GRINPING RATIO AS A FUNCTION
QF THE DEPTH OF CUT WITH
VIBRATION AS A PARAMETER

Material H-11
, Wheel AA60R8-V40

Wheel Speed 6200 SFPM
Table Speed 35 FPM
Without Coolant

2 con- . - - - - *GRINDING RATIO x Vol. Material Removed
Vol. Wheel Loss

Ii I
Run Numbers: 11-425 - 430

0 010 .0015 .0020

Depth of Cut in Inches FPgure 228
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I 
SURFACE GRINDING

7 GRINDING RATIO AS A FUNCTIOn
ot--/ OF THE DEPTH OF CUT WITH

conventional- VIBRATION AS A PARAMETER
6-

Material H - 11
0. 5 3 Div. ultra- Wheel AA60L8-V40

sonic spindle Wheel Speed 6200 SFPM
4 Table Speed 35 FPM

With Coolant

*GRINDING RATIO = Vol. Material Removed
2 -- Vol. Wheel Loss

Run Numbers: 11-443 - 448
0 .0010 .0015 .0020

Depth of Cut in Inches Figure 2R29

29. 1.6 415.7

3Div.ultrasonic SURFACE GRINDING
spindle 

GGRINDING RATIO AS A FUNCTION
7 -OF THE DEPTH OF CUT WITH

VIBRATION AS A PARAMETER
6 conventional

Material H - 11
o 5 Wheel AA60R8-V40

Wheel Speed 6200 SFPM
Table Speed 35 FPM
With Coolant

2 - *GRINDING RATIO : Vol. Material Removed
Vol. Wheel Loss

Run Numbers: II- 437 - 442
0 .0010 .0015 .0020

Depth of Cut in Inches Fixure 230
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8-SURFACE GRINDING

7 GRINDING RATIO AS A FUNCTION
OF THE DEPTH OF CUT WITH

conventional, VIBRATION AS A PARAMETER

6-_

49 Material 15 - 7 MO
50- Wheel AA60L8-V40

Wheel Speed 6200 SFPM
4aTable Speed 35 FPM

Without Coolant

Q 3- __

2- *GRINDING RATIO = Vol, Material Removed
Vol. Wheel Loss

3 Div. ult. sp.

-0 0 0 . 0 Run Numbers: 11-407 - 412

Depth of Cut in Inches Figure 231

SURFACE GRINDING

GRINDING RATIO AS A FUNCTION
7_ OF THE DEPTH OF CUT WITH

VIBRATION AS A PARAMETER

6

3 Div. ultrasonic sp. Material 15 - 7 MO
"" Wheel AA60R8-V40

Wheel Speed 6200 SFPM
Table Speed 35 FPM

S4 - - - Without Coolant

2 -- - *GRINDING RATIO = Vol. Material Removed

Vol. Wheel Loss

1 -conventIonal

I I I Run Numbers:II-401 - 406
0 .0010 .0015 .0020

Depth of Cut in Inches , Figure 232
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SURFACE GRINDING

GRINDING RATIO AS A FUNCTION
7 - OF THE DEPTH OF CUT WITH

VIBRATION AS A PARAMETER

Material Tt6AI-4V
5 Wheel AA60L8-V40

Wheel Speed 6200 SFPM
Table Speed 35 FPM

0 4 Without Coolant

3 Div. ult. spindle

2 -- *GRINDING RATIO w Volt Material Removed

Vol. Wheel Loss

1--

con ventional Run Numbers:II- 455 - 460

0 .0010 .0015 .0020
Depth of Cut in Inches Figure 233

8 SURFACE GRINDING

GRINDING RATIO AS A FUNCTION
OF THE DEPTH OF CUT WITH
VIBRATION AS A PARAMETER

Material Tt6AI-4V
5 Wheel AA60R8-V40

Wheel Speed 6200 SFPM
3 Div. ult. spindle Table Speed 35 FPM

-4 - Without Coolant

2--...-• *GRINDING RATIO : Vol. Material Removed
2 nve n"Vol. Wheel Loss

conventional
1I

L-- Run Numbers: II- 449 -454
0 .0010 .0015 .0020

Depth of Cut in Inches 3Figure 23/4
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400 SURFACE GRINDING

350 SPINDLE POWER AS A FUNCTION
OF THE DEPTH OF CUT WITH
VIBRATION AS A PARAMETERS300

0250- Material Ti6AI-4V
Wheel AA60L8-V40

0 Wheel Speed 6200 SFPM
0200 Table Speed 35 FPM

•150- ------------

conventional
100

3 Div. Run Numbers: II- 467 - 4723'Div. •iit. spindle

0 .0010 .0015 .0020

Depth of Cut in Inches Figure 235

400 SURFACE GRINDING

SPINDLE POWER AS A FUNCTIONS5- -- - - OF THE DEPTH OF CUT WITH

VIBRATION AS A PARPMET P
.~300 - - - - -__

Material Ti6AI-4V
0250 Wheel AA60R8-V40

Wheel Speed 6200 SFPM

S200 - Table Speed 35 FPM

conventional

100 -.- f -

50

- 0Run Numbers: 11-461 - 466

0 .0010 .0015 .0020
Depth of Cut ta• Inches Figurwe 236
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400 SURFACE GRINDING

SP35SINDLE POWER AS A FUNCTION
• - -- OF THE DEPTH OF CUT WITH

4 VIBRATION AS A PARAMETER

9300

Material Tt6AI-4V
250•-Wheel AA60L8-V40

Wheel Speed 6200 SFPM
200-Table Speed 35 FPM

150 - -3Div. Ult. spindle
S100-" -•-

50 - - - - - -

Conventional Run Numbers: II- 455 - 460

0 .0010 .0015 .0020

Depth of Cut in Inches Figure 237

4000 SURFACE GRINDING

so- SPINDLE POWER AS A FUNCTION
OF THE DEPTH OF CUT WITH

30 VIBRATION AS A PARAMETER
S300--------------

0 Material Tt6AI-4V
2 50 -: Wheel AA60R8-V40

Wheel Speed 6200 SFPM

9200 
Table Speed 35 FPM

1150- - -

conventional

S100 - -

60 -

SRun Numbers:II -449 - 454
0.Oulou .0015 -:60,20

Depth of Cut in Inches 5Figure 238
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8 SURFACE GRINDING

GRINDING RATIO A8 A FUNCTION
OF THE DEPTH OF CUT WITH
VIBRATION Al A PARAMETER

O Material Ti6AI-4V
5 Wheel AA60L8-V40

Wheel Speed 6200 SFPM
Table Speed 35 FPM

4 conventional With Coolant

3--
2 3Div. ult. sp" *GRIN ING RATIO = Vol. Material Removed

Vol. Wheel Loss1 - -

Run Numbers: 11- 467 - 472
0 .0010 .0015 .0020

Depth of Cut in Inches Figure 239

8 SURFACE GRINDING

GRINDING RATIO AS A FUNCTION
7 -OF THE DEPTH OF CUT WITH

VIBRATION AS A PARAMETER

SMaterial TI6AI-4V
35 Wheel AA60R8-V40

Wheel Speed 6200 SFPM
STable Speed 35 FPM

- -- With Coolant

3 Div ult. spidale

2 *GRINDING RATIO= Vol. Material Removed
Vol. Wheel Loss

conventi 7nal
0I I I Run Numbers:I- 461 - 4660.0010 .0015 .00

Depth of Cut in Inches 26 pigur'e 2,0 j
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--- SURFACE GRINDING

7i GRINDING RATIO AS A FUNCTION
OF THE DEPTH OF CUT WITH
VIBRATION .-AS A PARAMETER

6----

Material Rene 41
5--Wheel AA60L8-V40

Wheel Speed 6200 SFPM
4 Table Speed 35 FPM

S4--Without Coolant

2- 3 Div. ultrasonic *GRINDING RATIO = Vol. Material Removed
Vol. Wheel Lossspilnde

covntional0 - Run Numbers: U- 479 - 4840.0010 .0015 .0020

Depth of Cut in Inches Fig.ure 241

8 SURFACE GRINDING

GRINDING RATIO AS A FUNCTION
7 OF THE DEPTH OF CUT WITH

VIBRATION AS A PARAMETER

6

Material Rene 41
5Wheel AA60R8-V40

Wheel Speed 6200 SPPM
3 Div. ultrasonic Table Speed 35 FPM

4 spin- e - Without Coolant

3

2 *GRINDING RATIO = Vol. Material Removed
Vol. Wheel Loss

conventional

Rtn Numbers:II- 473 - 478

0.0010 .0015 .0020

Depth of Cut in Inches Figure 242
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PHOTOGRAPHS OP THE WHEELS TAKEN IMMEDIATELY AFTER EACH RUN

RUNS *00 to 496
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PHOTOGRAPHS OF THE TEST SPECIMENS TAKEN IMMEDIATELY

AFTER EACH RUN

RUNS Wo0 to 496

269



0

Ia

0

0

I

I-

to--

!

0

0o -
-4

o!_____________________________________
U)

4.o_

o 0 0

Magnification 3. 25X

Figure 251
270



II
) 

-
0

0I--

I0

E-

0

-0

Ii
IJ I

o o

o 0 0

Magnification 3.25X
Figure 252

271



La
-- M

0

IA

0-

0

!I-

to

0

0

C)C
4)

I ~sLI~l

M 3.25X
0

0

- -

Magniftcation 3. 25X

Ftgurp 253
272



I-
0
-I_

LI

E-4

o

CA

40

0

o o
0 -,

0 .•-

Magnification 3.25X

Figure 254
273



0

0

I ;I

0

C-)4

0

~274



C-I
W77

0

0
0

~L

.4r

Manfcto .5

otlr 5
U27



0

dj

0

01

CD

New

go

0

o go

Maniiato 3.4

Fiur 25
3 276



F0l

0

0

E-4

RIM
N 4ffW1I g,

0

00

W 0t

0

0

o. 0 0D0 00

Magnification 3. 25X
Figure 258

277



PHOTOMICROGRAPHS OP THE TEST SPECIMENS
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MISCELIANEOUS

RUNS 497 to 502
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Wheel - - AA60-L8-V40 Wheel - AA60-L8-V40
downfeed - .001 downfeed - .004
infeed - .100"/pass infeed - .050"
table speed - 3'/minute table speed - 35'/minute
Ti6AI-4V Tt6AI-4V
Cimco Coolant Cimoo coolant
5 Div. Spindle 5 Div. Spindle
Run 497 Run 498

Grinding Ratio 1.83

Wheel - AA60-L8-V40 Wheel - AA60-L8-V40
downfeed - .004 downfeed - .006"
infeed - .050" infeed - .0 50"
table speed - 35'/minute table speed - 35'/minute
Ti6AI-4V Ti6Al-4V
Cimco Coolant Dry
Conventional 5 Div. Spindle
Run 499 Run 500

Grinding Ratio .61 Figure 268 Grinding Ratio 1. 20
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Wheel - AA60-L8-V40 Wheel - AA60-L8-V40
downfeed - .006" downfeed - .008"
infeed - .050" infeed - .050",
table speed - 35'/minute table speed - 35'/minute
Ti6Al-4V Ti6AI-4V
Cimco Coolant Dry
5 Div. Spindle 7 Div. Ultrasonic Spindle - Approx.
Run 501 Run 502

Grinding Ratio .50 Grinding Ratio .41

Figure 269
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SURFACE FINISHES

RUNS 0oo to 496
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()
SURFACE FINISHES

MATERIAL 15-7 MO Wheel Speed 6200 SFPM Table Speed 35 FPM

RMS VALUES IN MICRO INCHES

TYPE OF GRIND WHEEL AA60-LS-V40 WHEEL AA60-R8-V40

,050" Infeed .0010" Downfeed

Wet Conventional 25 20

3 Div. Ult, Spindle 30 32

Dry Conventional Not Run Not Run

3 Div. Ult. Spindle 45 Not Run

S.. .________.050" Infeed .0015" Downf ed

Wet Conventional 25 25

3 Div. Ult, Spindle 25 30

Dry Conventional 75 Not Run

3 Div. Ult. Spindle Not Run Not Run

.050" Infeed .0020" Downfeed

Wet Conventional 25 28

3 Div. Ult. SpindLe 32 Not Run

Dry Conventional Not Bun Not Run

3 Div. Ult. Spindle Not Run 45

Figure 270
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SURFACE FINISHES

MATERIAL Rene 41 Wheel Speed 6200 S F P M Table Speed 35 FPM

RMS VALUES IN MICRO INCHES

TYPE OF GRIND WHEEL AA60-L8-V40 WHEEL AA60-RS-V40

.050" Infeed .0010" Downfeed

Conventiona' 17 Not Run
Wet

3 Div. Ult. Spindle 23 Not Run

Dry Conventional 20 Not Run

3 Div. Ult. Spindle 30 Not Run

.050" Infeed .0015" Downfeed

Conventional 15 Not RunWet

3 Div. Ult. Spindle 16 20

Dry Conventional 32 Not Run

3 Div. Ult. Spindle 28 Not Run

.050" Infeed .0020" Downfeed

Conventional 18 Not RunWet

3 Div. UMt. Spindle 20 25

Dry Conventional Not Run Not Run

3 Div. Ult. Spindle Not Run Not Run

Figure 271

295



SURFACE FINISHES

MATERIAL H-11 Wheel Speed 6200 SFPM Table Speed 35 FP M

RMS VALUES IN MICRO INCHES

TYPE OF GRIND WHEEL AA6,0-I8-V40 WHEEL AA60-R8-V40

.050" Infeed .0010" Downfeed

Wet Conventional 40 Not Run

3 Div. Ult. Spindle 38 Not Run

Dry Conventional 25 Not Run

3 Div. Ult. Spindle 45 Not Run

.050" Infeed .0015" Downfeed

Conventional 33 Not Run
Wet

3 Div. Ult. Spindle 40 Not Run

Dry Conventional 30 Not Run

3 Div. Ult. Spindle 45 Not Run

.050" Infeed .0020" Downfeed

Wet Conventional 27 Not Run

3 Div. Ult. Spindle 40 Not Rijn

Dry Conventional Not Run Not Run

3 Div. Ult. Spindle Not Run Not Run

Figure 272
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SURFACE FINISHES

MATERIAL Ti6AI-4V Wheel Speed 6200 SFPM Table Speed 35 FPM

RMS VALUES IN MICRO INCHES

- TEOFGRIDW WHEEL jM60-LS-V40 WHJEEL AA6D.-R8-V40

.050" Infeed .0010" Downfeed

Wet Conventional - 23 23

3 Div. Ult. Spindle 3Q 28

Dry Conventional Not Run 40

3 Div. tilt. Spindle 38 Not Run

.050" Infeed .0015" Downfeed

Wet Conventional 30 30

3 Div. tlt. Svindle 34 38

Dry Conventional Not Run Not Run

3 Div. Ult. SDindl 33 48

.050" Infeed .0020" Downfeed

Wet Conventional 29 45

3 Div. tlt. Spindle 32 34

Dry Conventional Not Run Not Run

3 Div. Ult. Spindle r 38 42

Figure 273
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PHASE II

SECTION 11

Discussion of Phase II Results and Proposed
Ultrasonic Vibrated Grinding Wheel System
Modification and Specifications for PhaseIII.
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11.1 Effectiveness of Vibration of the Grinding Wheel as opposed
to Vibration or the WorkpleceG

Summary: Vibration of the grinding wheel was determined to
be more effective in nearly every respect than vibration of the part.
Far loes amplitude of vibration of the wheel (.00015") is required to
outperform the vibration of the workpiece (.00075"). Limitations of
the wheel however are size and amplitude of vibration.

11.1.1. Previous Work

Exploratory work conducted in Phase I (October 2, 1959 to
June 2, 1960) indicated that numerous advantages could be had by
Ultrasonic vibration of a workpiece while grinding. A prototype
Ultrasonic spindle had been completed during this period but in-
sufficient runs were made in order to make comparisons.

Further, tests conducted at 60 cps on the workpiece were also
insufficient to resolve differences even though there was some indi-
cation of improvement in the grinding.

11.1.2. Comparison Tests of Vibration Systems

In order to make the most favorable comparison between
vibration assisted grinding and conventional grinding, it was de-
cided in Phase II to determine which vibration system was the most
effective.

Tests were conducted comparing conventional grinding with
Ultrasonic workpiece vibration at 60 cpa and 20,000 cps; and with
Ultrasonic wheel vibration at 20,000 cps. The tests indicated that
the wheel vibration was superior to all other forms tested.

In addition to improved performance of the Ultrasonic wheel,
other advantages are in evidence. They are:

A. The workpiece mal be as varied in geometrZ as is custo-
marily round in industry. vibration or the worlpiece
at errective amplitudes is extremely dependent on its
mass, density, shape and ability to adhere to bonding
agents sufficiently strong to withstand the high stress
involved during vibration.

B. Adaptability. The Use of the Ultrasonic Wheel permits
the application or Ultrasonic vibratIon asaistea gmrina-
ing on Internal, External and Centeriesgrinaing as
well. The problems associated with the vibration or
worlpieces supported on centers (External) or Center-
leos are numerous but the chief problem is basic and
requires application of vibration to a workplece essenti-
ally detached from any medium which could transmit the
high energy level required.
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C. The Wheel, while vibratedi is effectivelo cleaned of
aM broken grizt, metal, eto., that would ave nrmally
remained if not vibrated. This provides a cleaner and
freer cutting wheel.

11.1.3 Limitations of Wheel Vibration

A. Limited in the diameter and the thickness in which it
may be vibrated for a given frequency. However, at
20 ks , a wheel 8" in diameter may still be effective
down to 4" in diameter before replacement.

B. The amplitude of vibration tolerated by a standard
vitrified wheel at high frequencies is much less than
that which can be withstood by normal workpieces. How-
ever, the amplitude required by the wheel Is much less
to produce the same performance (not withstanding other
wheel advantages per se) as the vibration of the part.
(.00015" amplitude of the wheel is superior to .00075"
amplitude of the workpiece).

C. Wheel Coupling. Simple mechanical attachment of wheels
to the vibrating hub is not effective. The high vibrat-
ion stresses and the resulting hammering due to ineffect-
ive attachment soon destroy the wheel. The soft paper
pressure pads are a serious impediment to efficient vi-
bration transfer. However, epoxy resin bonding of the
wheel to the vibrating hub is quite effective in coupl-
ing the wheel to the hub. The resin, as well as the
wheel, cannot tolerate the high stresses as in the case
of the workpiece when vibrated. Nevertheless, the
amplitude of vibration required of the wheel to do an
effective Job is within that amplitude range for which
the endurance of the bond and the wheel Is long lived.

D. Effective vibration isolation from the bearings in the
spindle can be much more easily attained at high fre-
quencies (20kc) than low (60 cps). If proper vibration
isolation is not attained, undue bearing loads and bear-
ing wear will follow.
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11.2 Relationship of Frequency andAmplitude Variations in Grind-

11.2.1. Amplitude Constant - Varying Frequency

For a given wheel, workpiece, depth of out, table speed, and
amplitude of vibration, the effect of changing the frequenoy of vi-
bration is rather complex. At low frequencies (60-1000 cpu) only
spindle power reductions are found. High spheroids to chip ratios,
high peak temperatures and low grinding ratios occur. At high fre-
quencies (10-25ko), spindle power, peak temperature rise in grind-
ing, and spheroid to chip ratios are low while grinding ratios are
high-all in comparison to conventional grinding.

11.2.2. Frequency Constant - Varying Amplitude

For a given wheel, workpiece, depth of cut, table speed and
frequency of vibration the effect of changing amplitude of vibration
is as follows: at low frequencies (60-1000 cps), spindle power re-
ductions increase as amplitude increases. However, spheroid to chip
ratios and peak temperatures increase while grinding ratios decrease.
In some cases (particularly soft grade wheels) the grinding ratio
decrease is severe. At high frequencies (10-25kc) an increase in
amplitude causes spindle power, peak temperature rise, and spheroid
to chip ratio reductions while grinding ratios increase. These
benefits do not increase without bounds, but are limited due to depth
of cut, loading on the vibration system, wheel bond strength and grit
fracture. In other words, there are optimum levels of amplitude,
above or below which decreasing effects will occur.

11.3 Comparisons Between Vibration Assisted and Conventional

Grinding

11.3.1 Surface Finish

With light cuts (.0003") Vibration of the wheel or the work-
piece at high frequencies (20KC) while grinding gives surface finishes
that are neither superior nor inferior to conventional grinding. How-
ever, the general visual appearance is superior for the ultrasonic
vibrated ground condition. On heavier cuts (.0009") surface finish
is generally superior on the vibration assisted grinds. Futher,
the surface ginish superiority is enhanced by decided chatter re-
duction. This can be borne out by comparing the photographs of the
ultrasonic versus the conventional ground specimens.

11.3.2 Dimensional Changes

Under the teat conditions conducted so far, no apparent di-
mensional differences have been noted between vibration assisted
ground speci-Ms and conventional ground specimens.
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11.3.3 Surface Damage

To date, no checking or cracking of the vibration assisted
or the conventional ground specimens have been observed. However,
under the majority of the dry test runs conducted, a burned appear-
ance occurs on the test specimens that have been conventionally
ground. This burning is almost totally absent on the vibration
assisted specimens. The H-il seems most susceptible in burn indi-
cation. No burns were in evidence on specimens ground for mechani-
cal property testing.

11.3.4 Residual Stresses

To date, no fundamental differences in the residual stress
have been on the ground test specimens, either conventional or
vibration assisted. However, the test conditions could be made
more severe In order to determine if any change in differences
occur. (pages 208-211).

Upon inspection of the curves on pages 208-211 it will be
found that the areas under each curve are essentially equal and
this of course relates the magnitude of stress.

11.3.5 Grinding Ratios

The grinding ratios attained by ultrasonic vibration assist
of the grinding wheel are nearly always superior to any other method
tried, regardless of wheel used. However, in the case of ultrasonic
workpiece vibration while grinding, the grinding ratios are nearly
the same as conventional but worse when ultrasonic wheel and part
vibration are combined. This is indicative that the alternating
forces due to vibration were sufficient to fracture the grits and
more probably the grit post bonds. If grinding wheels could be
made to withstand these forces, more certainly improved grinding
ratios would prevail In addition to permitting greater stock re-
moval rates.

In the case of Titanium and H-11 die steel (pages 196-209 &
243) the grinding ratios attained with theultrasonic vibrated wheel
are truly significant in comparison to their conventional counter-
parts. A harder wheel suits vibration assisted grinding in this
respect.

11.3.6 Fatigue Studies by Metcut Research - Section 8.6

After careful study of fabrication and grinding conditions,
together with the results of the fatigue testing program previously
discussed we can only conclude that the ultrasonic assisted grinding
does not impair fatigue properties of the materials tested, even
though under such severe grinding conditions as a much harder wheel.

Further, since the grinding of both ultrasonic and convent-
ional specimens were very carefully made, we can offer no explanation
at present as to the large scatter in data found on the conventionally
ground titanium specimens.
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We can only assume therefore that titanium, as conventional
ground, might require more extensive fatigue testing in this area C
to elucidate the cause(s), if any. Further, fatigue testing of
ultrasonic vs. conventional in which like grades of wheels as well
as larger diameter wheels on other style surface grinders might be
in order. It is commonly assumed that a hard wheel would normally
roduce lower endurance limits than soft wheels. Since hard wheels
R) produce equal or superior results with ultrasonics as opposed

to conventional with soft wheels (I,L), it seems reasonable to
assume that ultrasonics employing soft wheels might further improve
fatigue properties.

One might still assume that "safe" grinding practice on
certain critical components or materials might have an added safety
factor by employing ultrasonics to the standard procedures. This
might then prevent certain types of occasional defective specimens
due to minor variation in standard procedures.

11.3.7 Tensile and Crack Inspecion Tests Results

As in the fatigue studies, results of ultrasonics, vs. con-
ventional grinding are that ultrasonics using a hard (R) wheel does
not impair the tensile or create cracks in ground specimens.

11.4 Grinder Vibration System Design Specifications for Operational
Erriciency as applied to Reciprocating Surface Grinaers

11.4.1 Wheels

Maximum diameter - 8-16" - limited by style of surface
grinder

Minimum diameter - 5"
hardness - I to R (R is preferred for best g

ratios)
grit - 46 - 60 aluminum oxide
width of face - up to It"

SFPM - 2000 - 6200 depending on material
ground

stroke of ultrasonic - for an 8" gheel approximately 3 div.
vibration (150 X 10"in.)but not exceeding 5

div. (250 X 10-0in.)
frequency range - 18 - 25 kc
wheel to hub bonding - Armstrong's epoxy cement A-4
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11.4.2 Hubs

Material - K or M monel annealed and stress re-
lieved after machining

diameter - 4-3/8" - 20 kc
,,Iengtb - -.33" - 20 kc
For optimum performance, all hubs should be carefully
tuned to design frequency and be free of cracks, flaws
and be of smooth finish free from tool marks.
The flange upon which the wheel is mounted should have
a knurled surface to provide additional bonding area
for the epoxy cement.(see page 165)

11.4.3 Ultrasonic Transducer

power rating - 300 - 1000 watts depending on wheel size
frequency range-18 - 25 kc depending on hub design. How-

ever different transducers are required
for frequency changes of equipment that
is greater than 2 kc. This is done to
avoid shifting nodal planes about which
the plain or anti-friction bearings must
mount to avoid abnormal bearing loading
and wear.

output diameter-dependent on wheel diameter however an
(diameter to 8" wheel to 16" wheel should be 1-5/8"
which wheel or greater if possible. This allows
hub is attach- necessary spindle stiffness. A pilot in
ed) the hub to receive the output diameter

helps concentricity.
Stud size - J-28 UNF to 3/4-16 UNF depending on out-

put diameter
cooling - water sealed-air heat exchange on cool-

ing fins. An open type air cooled sys-
tem could be devised at lower trans-
ducer powers. Water cooling should be
employed above 20 watts per cubic inch
of transducer core material.

amplitude - 0 - 0.001" peak to peak
type - nickel or vanadium permendur-magneto-

strictive preferred, barium titanate
types also show promise.

slip rings - copper - carbon brushes. Slip rings
should be used whenever window types
of transducers are employed. Ordinary
solenoid wound transducers do not require
slip rings but necessitate greater d.c.
currents to polarize.

input impedance - Preferred magnetostrictive-8-16 ohms
Electrostrictive-several hundred or more

11.4.4 Spindle

bearings - Anti-friction bearings double tapered
loaded in front-rear In radial thrust
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and floating to minimize changing bear-
loads due to heating of spindle section
housing transducer. Bearings must be
mounted in such a manner as to be placed
as nearly as possible to the nodal plane
of the transducer. This will prevent un-
due vibration in the bearings. Present
information on bearing and race wear on
a spindle with over 200 hours ultrasonic
grinding service indicates no visible
wear. However, it is deemed a wise pre-
caution to use bearings capable of handl-
ing much greater loads than normal and
avoiding operation of the ultrasonic
transducer in the spindle while not ro-
tating. More efficient vibration mounts
exist other than nodal plane mounting
but all are deficient in not affording
sufficient spindle and hub rigidity as
well. Therefore-bearings and vibration
damping are compromised somewhat in
favor of stiffness and slight losses in
mounting efficiency.

lubrication - oil mist
R.P.M. - 1500 - 3875 depending on material being

ground (titanium - 2000 SFPP with an
aluminum oxide wheel) and wheel diameter.

drive - belt - "V' type 3/4 - lhp - 8" wheel

11.4.5 Generator

power output- 0 - 1000 watts
frequency - 18 - 25 kc frequency dependent on trans-

ducer's range of operation (2kc nominally)
tuning - manual and A.F.C.
input - 60 cycles - 220 V, 3 phase, 2.4 KVA
output impedance - B - 16 ohms

11.5 Desin Variations of the Vibration System among the Various
Grinders as planned ror Phase iiM worK: Surrace, External,
Internal and centerless.

Section 11.4, page 304, previously covered design specifi-
cations for the operational efficiency of a surface grinder. The
spindle assembly, wheel head and ultrasonic frequency generator are
of such specifications as to permit the adaptation to other types
of grinders. In fulfilling Phase III, we therefore will apply the
ultrasonic vibrating spindle to the Universal Brown & Sharpe #13
converted to the different kinds of grinders. Page 311 shows a
drawing of such a proposed assembly, whereas pages 307-310 depict
the vibration assembly appropriately on the respective grinders.
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UNIVERSAL BROWN & SHARPE 4#13 GRINDERSCONVERTED TO ULTRASONIC EXTERNAL GRINDER*
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uN1VESI'L BRtOWN &SHARPE # 13 G~4E

CONVERTED 1O ULTRASONIC INTERLG!ER
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UNIVERSAL BROWN & SHARPE # 13 GRINDER

CONVERTED TO ULTRASONIC SURFACE GRINDERt*
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UNIVERSAL BROWN & SHAMPE # 13 GRINDER
CONVERTED TO ULTRASONIC CERNTgRMEBS GRINDER*

SPINLE DIVEDOWN FEED CONTROLSPINDLE DRIVE
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PHASE III

12 Work Summary

The Work performed in Phase III is best summarized
as follows:

A specially designed ultrasonic assisted grinding
spindle was made, tested and installed in each of three
grinding modifications, namely, internal, external and
surface.

Numerous grinding runs were made with each grinding
modification on 15-7 MO, Ti6Al-4V, Rene 4I and H-li die
steel to establish grinding criteria for certain simulated
production runs of ten specimens each.

Simulated production runs were made and through these
runs, operational feasibility, adaptability, and portrayals
of new grinder types of adaptations of existing grinders
were made. Further, substantiation of phase II findings
was made through these tests.

Finally, procurement specifications were drafted in-
volving centerless type grinders as well as the above
three types.
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SPHASE III
SECTION 13

13.1 Manufacturing of Ultrasonic

Spindle

13.2 Test Specimens

13.3 Instrumentation

13.4 Test Criteria
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13.1 Design, Manufacture and Testing of Ultrasonic Spindle (

Figure (279) shows the ultrasonic spindle as designed in
Phase 111. This portrayal illustrates the arrangement of major
components.

Studies were made of previous attempts and analyzed for in-
corporation into the final design. The entire spindle, from wheel
and hub assembly to the driven pulley assembly was considered,step
by step, for improvement.

Wheel and Hub Assembly

The wheel and hub designs used previously were considered
carefully and it was decided to maintain the basic design of Phase
II (see figure 280).

However, certain weaknesses such as concentricity and stiff-
ness have been greatly improved upon in the new designs. It was de-
aided to finish grind the hubs as well as provide a larger diameter
pilot and stud system. This results in improved operation.

Further, provision in the hub design has been made in order
to facilitate the use of 5.5" to 10" diameter wheels from I" to I"

in width. Epoxy resin bonding to knurled hub flanges were main-
tained.

Ultrasonic Transducer

Based on the experience in Phase II, early in Phase III
evaluation and preliminary design analysis, disclosed certain paths
for improvement in the ultrasonic transducer. Since ultrasonic
transducers normally are not tailored for rotating operations
especially at high spindle speeds, strict attention to concentricity
is not normally given. In addition, the connecting body (see figure
279) usually employed has a lack of lateral rigidity due to a small
diameter to length ratio.
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In consideration of above, the ultrasonic transducer was
redesigned to maintain greater connecting body rigidity by en-
larging the connecting body output end. To further insure all
diameters being concentric, design provisions call for finish
grinding the connecting body diameters on centers. Plso, square-
ness of the output face of the connecting body is provided by
finish grinding to insure proper squaring and piloting to the
wheel hub assembly which attaches to this face by means of a re-
designed threaded stud.

The ultrasonic transducer's electro-mechanical conditions
as analyzed from previous work were found quite satisfactory.
These were therefore maintained. The transducers resonant frequency
of operation is from 19,000 to 21,500 cycles per second and its nor-
mal power input is 1000 Watts though its operating power was main-
tained lower to prevent over powering the somewhat vitrified grind-
ing wheels.

Ultrasonic Transducer Coolant Supply

The coolant supply of the ultrasonic spindle in Phase II
was obtained by jacketing the transducer in water and allowing for
heat exchange with the jacket to the surrounding air. This worked
rather well but the power input to the ultrasonic transducer was
less than the present arrangements because the largest wheels used
in Phase II were only 7" diameter by P" face. This would be inade-
quate for wheels of 1" face and up to 10" diameter.

Further, the original design portrayal of the Phase II
spindle (figure 278) as contemplated at the completion of Phase II
was, after further study in Phase III, inadequate for the above
reasons. The final coolant system is arranged as in Figure 279.
There the cooling of the transducer is achieved by a continuous
flow of water (about 1 quart/minute). Influx and efflux is accom-
modated by rotary water seals which are effective at high speeds
and surface feet per minute.

Slip Rings and Brush Assembly

Slip rings and brushes, the means for delivering the high
frequency alternating current from the generator to the transducer
were previously used.

Though this system worked well, it was decided to insure
more uniform and reliable contact between the brushes and the slip
rings in addition to making them accessible for service if required.

The slip ring design was enhanced by proper care in truing
their diameters during final grinding of all major spindle diameters.
In addition, the brushes were increased from 2 to 4 to maintain
greater possibility of continuous flow of high frequency alternating
current.
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Spindle Bearings

The early ultrasonic spindle used in a portion or Phase I
and II used bronze bearings. Though they were effective for the
purpose at hand, their short life and undue maintenance led to an
early Phase Ii modification to antifriction bearings.

Therefore, considering past work, it was decided to maintain
the use of antifriction bearings in order to assure long life and
tool performance under the test runs of Phase III. Arrangements are
as in figure 279.

Drive

The spindle is driven by a 1 h.p. matched twin "V" belt
drive with various drive pulleys to achieve the full range of sur-
face speeds dictated by the grinding conditions selected.

Fabrication, Assembly and Testing of Ultrasonic Spindle

Upon completion of all the manufactured spindle parts, the
assembly was made. As shown in figure 279, the spindle package con-
sists of three sub assemblies:

(a) Ultrasonic shaft(transducer assembly, transducer can
and quill shaft)

(b) Shaft enclosure (housing with bearings and outboard
support with its brushes and water seals)

(c) hub wheel assembly (grinding wheel bonded to 20 kc
monel hub)

This spindle package was then installed or the Brown & Sharpe

#13 grinder. Final installation of spindle consisted of:

(a) electrical attachment of ultrasonic generator

(b) "V" belt attachment of 1 h.p. drive motor

(c) plumbing hook-up of coolant water supply.

Testing of spindle consisted of running the spindle (ultra-
sonic vibration "ON" and water coolant flow adjusted) to maintain an
operating temperature range of 130op to 140F on spindle bearings.

3
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13.2 Test Specimens

The following grinding test specimens for surface, external
and internal grinding tests, were prepared by Metout Research Assoc-!
iates.

a. For Surface Grinding Tests:

(1) Samples of hot work H-li die steel blanks cut to:
2" X 41" X J" (leaving stock to finish grind after
hardening) hardened to 56 Rockwell C.
Heat Treatment: 18500F +250 F/lhour/air cool

First timper 9500F + 250 F/,lhour
Second temper 95001 T 250 F/lhour

•- air cool

(2) Samples of 15-7MO Stainless Steel blanks out to:
2" X 4" X J" (leaving stock to finish grind after
hardening) heat treated to RH950 condition -
approximately 48 Rockwell C
Heat Treatment: 17500F +lOOminutes/air cool

9500F 7 11 hours/air cool

(3) Samples of Rene 41 Steel Blanks, cut to 2" X 4" X
V" (leaving stock to finish grind after hardening)
hardened to 40-42 Rocwell C.0
Heat Treatment: 1950oF + 25 F/ hour/air cool.

14000 F T 250F/16 hours/air cool

(4) Samples of 6A1-4V Titanium Blanks cut to 2" X 4f" X
V" (leaving stock to finish grind after hardening)
hardened to 35-40 Rockwell C.
Heat Treatment: 17000F + 250 F/lI hour/water quench

10000F _ 25oF/l hour/ air cool

b. For External Grinding Tests:

(1) Samples of H-i1 Die Steel Rods, cut to 2*" dia. X
5" long (leaving stock to finish grind after harden-
ing) hardened to 56 Rockwell C.
Heat Treatment: 18500? + 250 F/lhour/air cool
first temper 9500? F 250 F/lhour/air cool
second temper 9500F 250 F/lhour/air cool

(2) Samples of 15-7Mo Stainless Steel Rods, cut to "III
diameter X 5" long (leaving stock to finish gt'rd
after hardening) heat treated to RH950 condition
48 Rockwell C.
Heat Treatment: 17500 F + 100 F/lOminutes/air cool

-120o F - /• hours/air cool
9500 F /1 hours/air cool
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(3) Samples of Rene 41 Steel Rods, cut to 2j" dia. X
5" long (leaving stock to finish grind after harden-
ing)hardened to 40-42 Rockwell C.
Heat Treatment: 19500 F + 250 F / jhour/air cool

14o0° F T 250 F / 16 hours/air cool

(4) Samples of 6AI-4V Titanium Rods, cut to 21" dia. X
5" long (leaving stock to finish grind after harden-
ing) hardened to 35-40 Rockwell C.
Heat Treatment: 17000 F + 250 F/i hour/water quench

10000 F T 250 F/I hour/air cool

a. For Internal Grinding Tests:

(1) Samples of H-Il Die Steel blanks cut to 9" o.d. X
7" i.d. X V" thick rings(leaving stock to finish
grind after hardening) hardened to 56 Rockwell C.
Heat Treatment: 18500 F + 250 F/i hour/air cool

First Temper 9500 F T 250 F/i hour/air cool
Second Temper 9500 F T 250 F/1 hour/air cool

(2) Samples of 15-7 Mo Stainless Steel blanks cut to 9" X
7" i.d. X il thick rings (leaving stock to finish
grind after hardening) heat treated to RH950 con-
dition 48 Rockwell C.
Heat Treatment: 17500 F + iO0 F/11 minutes air cool

First Temper -1200 F - 8 hours/air cool
Second Temper 9500 F lihours/air cool

(3) Samples of Rene 41 Steel blanks cut to 9"o.d. X 7"
i.d. X I" thick rings (leaving stock to finish grind
after hardening) hardened to 1 0-42 Rockwell C.
Heat Treatment: 19500 F + 250 F/Jhour/air cool

1 000 F _ 250 F/16 howu/air cool

(4) Samples of 6A1-4V Titanium blanks cut to 9: o.d. X
7" i.d. X V" thick rings (leaving stock to finish
grind after hardening) harden to 35 - 40 RockwellC
Heat Treatment: 17000 P + 250 P/1 hour/water quench

10000 F T 250 F/1 hour/air cool
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Surface Grinding Specimen

External Grinding Specimen

Internal Grinding Specimen

pigure 281
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13.3 Instrumentation

Grinding Wheel Measurement

I. With workpiece mounted in workhead and i.d. ground con-
centric, six grinding passes were made with all wheels, after
the wheels were dressed per wheel dressing procedures outlined.
Workpiece was then measured with micrometers to within +.0001".

2. After dressing wheels per wheel dressing procedures, and
making concentric passes on workpiece per item 1 above, wheel
and hub temperatures were measured with HB engraved stem ther-
mometer CSi1'IF 700 to 780 P.

3. Wheel o.d. was measured at 5 positions 400 apart with 5-6"
or 6-7" micrometers and readings were averaged. All micrometers
were read to + .0001".

4. Wheel o.d. was again measured with a Sheffield model 7 dial
indicator snap gage, when wheel, hub, and snap gage were same
temperature within + 10 P . (Snap gage temperature checked with
permanently mounted-"eston model 2261 dial thermometer). This
measurement is taken at 5 points on the wheel diameter 400
apart and an average diameter is recorded, measurement accurate
within + .00005".

5. After completing set number of infeed grinding passes,
wheel, hub and workpiece were allowed to cool down to original
measuring temperature and again measured in accordance with
above technique.

Ultrasonic Vibration Measurement

1. With grinding wheel stopped the amplitude of ultrasonic
vibration was measured with a National Scientific Instrument
Company microscope type 4015, 60OX power with a calibrated
graduated reticle.

2. A B & K accelerometer type 4329 was mounted on the spindle
bracket within + .005" of the end of the ultrasonic wheel hub.
The output of tre accelerometer was fed into the second chan-
nel of the Tektronix oscilloscope type 551 and calibrated
against the NSIC type 4015 microscope. In this manner the
wheel vibration was monitored on all ultrasonic runs.

Wheel Dressing

A typical dressing technique w~s employed for the different
types of wheels used:

1. R & K grade grinding wheels employed diamond dressing be-
fore starting to grind each sample. 2 passes at .008"/piss
using 20"/minute cross feed, followed by one finish pass of
.002 /pass using 20"/minute crossfeed.
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2. All other grinding wheels employed diamond dressing be-
fore grinding each sample. Two passes at .002"/pass r'ith
cross feed of 40"/minute. Followed by 2 passes of .001"/
minute with 20"/minute cro~sfeed. Finished with two passes
of .O01"/pass with diamond mounted with a negative rake and
10"/minute crossfeed.

Watt Hour Measurement

During the last 30% of the grinding test runs the V.A.W
meter used to monitor spindle power failed and was replaced
by a Westinghouse type TA, Industrial Analyzer.

325



PHASE III

SECTION 13:4

TEST CRITERIA
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13.4 Test Criteria

Test Criteria were established in order that test conditions
could be determined for the simulated production runs. The final se- 4
lection of the conditions for grinding the simulated production runs,
was made with operational efficiency and performance as prime con-
siderations.

The simulated production runs were to be five ultrasonic and
five conventional grinding runs on each of the three grinder types.
(internal, external and surface) However, in the case of the internal
grinding, we found it wise to make an additional five ultrasonic runs.

The grinding conditions forthe numerous grinding tests, lead-
ing up to the selection of those conditions for grinding the simulated
production runs were generally similar to or about the same as the
conditions recommended.

The Recommended conditions were selected from Scientific
papers, Metcut Research Associates, Cincinnati; Carborundum Corporation,
Ordnance Corps pamphlet #ORDP4O-1, and our own staff.

The actual criteria for selection of these conditions were:

1. wheels
2. speeds
•: feeds

coolants

5. peak to peak amplitude of vibration
6. frequency of vibration

finishsurface checks or cracks

9. excessive part deflection or bowing
10. burns
11. grinding ratios
12. spindle power consumption increase during grind
1jo test specimen type

test specimen geometry

The criteria for ultrasonic grinding conditions are rather
limited. The frequency in the ultrasonic vibrated spindle can vary from
19 to 21.5 kc. Each wheel can be tuned at only a definite zone within
this range.

Similarly, the level of stress attainable without fracture is
limited in an ultrasonic vibrating wheel. The range of amplitude was
from 50 X 10-6,' peak to peak to 150 X 10-6"' peak to peak. This is
deemed to be well below what is thought to be the limiting amplitude
for vitrifie§ wheels of this diameter range. (5j"dia. to 10" dia. up
to 350 X 10"' peak to peak). Purther improvements by ultrasonics
could be made if a greater amplitude of vibration, of the wheel, could
be tolerated.
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Frequencies below 18 ko would be audible and therefore be
obnoxious from the standpoint of discomfort to personnel. (As sound
intensities in the air would be very high). Frequencies above 25ko
are extremely difficult to attain, but never the less, have a further
disadvantage due to the much higher stresses for the amplitude of
vibration, thus wheel life would be impaired. We believe the fre-
quency range from 18 to 25 kc to be optimum.
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PHASE III

SECTION 14

TEST DATA

The following are the grinding tests made in order to de-
termine the test conditions under which to make the Simulated
Production Runs (Section 14.4).

14.1 Internal Grinding

14.2 External Grinding

1I.3 Surface Grinding

14.4 Production Runs
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200 INTERNAL GRINDING

GRINDING RATIOS AS A FUNCTION
OF AMPLITUDE OF VIBRATION

1 ---

Material 15-7 MO
Wheel AA60-I8V40

125 -Wheel Speed 4625 SFP M
0 Traverse Feed 1 in./minute

-- -Workpiece SFPM 150 to 160
09 Depth of Cut 0.0005 inch

SCoolant Sultran 176M

Z -

'-,

- -- *GRINDING RATIO - Vol, Material Removed

Vol. Wheel Loss

0 1 Div. 2 Div. 3 Div. Run Numbers: 30 - 33 - III

AMPLITUDE P-P (1Div.- 50 X 10-6 in.) Figure 282

40 INTERNAL GRINDING

FINISH AS A FUNCTION OF AMPLITUDE

3 - Material 15-7 MO

Wheel AA60-18V40
- - -Wheel Speed 4625 SFPM

Traverse Feed 1 in./mlnute
Workpiece SFPM 150 to 160

20 - Depth of Cut 0.0005 inch
Coolant Sultran 176M

id'i

Run Numbers: 30 - 33 - III0 D liv. 2 Div. 3 Dry.

AMPLITUDE P - P (1 Div.- 50 X 10-6 in. ) Figure 283
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200 INTERNAL GRINDING

175 GRINDING RATIOS AS A FUNCTION

OF AMPLITUDE OF VIBRATION

150

O Material 15 - 7 MO

112 -
Wheel AA60-I8V40

1 tWheel Speed 4600 SFPM
"" Traverse Feed 13.5 in./min.
0100 ---- - Workpiece SFPM 150 to 160

: /Depth of Cut 0.0005 inch
S4 Coolant Sultran 176M

Vol. Material Rrnoved
*GRINDING RATIO Vol. Wheel Loss25: Vol. Wheel Lose

0 I. Run Numbers: 36, 35, 34, 33- III
I DOv 2 Div. 3 Div.

AMPLITUDE P-P (I Div. 50 X 10" 61n.) Figure 2841

40 INTERNAL GRINDING

FINISH AS A FUNCTION OF AMPLITUDE

30€

Material 15 - 7 MO
Wheel AA60-18V40

- Wheel Speed 4600 SFPM
0: Traverse Feed 13.5 in./min.

"20 Workpiece SFPM 150 to 160
Depth of Cut 0.0005 inch

SCoolant Sultran 176M

-

10

Run Numbers: 36, 35, 34, 33 -III0 1 Div. 2 Div. 3 Div.

AMPLITUDE P-P (1 Div.2 50 X10- 6 in.) Ftiure 285
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200 INTERNAL GRINDING

175 GRINDING RATIOS AS A FUNCTION
OF AMPLITUDE OF VIBRATION

ISO150

O Material 15 - 7 MO
--4 -25-Wheel AA46-J8V40

0 Wheel Speed 4625 SFPM04 \ Traverse Feed 13.5 in./min.
0100 Workptece 8 FPM 150 to 160

Depth of Cut 0.0005 inch
Coolant Sultran 176M

S50

* GRINDING RATIO Vol. Material Removed

25 Vol. Wheel Loss

Run Numbers: 41 - 44 - III[ 1 ry. 2 Div. 3 Div.

AMPLITUDE P-P (IrDiv. 50 X 10- 6in.) Figure 286

40- INTERNAL GRINDING

30 FINISH AS A FUNCTIQN OF AMPLITUDE

Material 15-7 MO
Wheel AA46-J8V40

-Wheel Speed 4625 SFPM
Traverse Feed 13.5 in./min.

"20 - -Workpiece SFPM 150 to 160Depth of Cut 0.0005 inch
Coolant Sultran 176M

z

10-

Run Numbers: 41 - 44 - III

0 1 Div. 2 Div. 3 Div.

AMPLITUDE P-P (I Diy. = 50 Xl0 6 in.) Figure 287
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200 - - - INTEPRAL GRINDING

175 - - - - - / .JT10s As A FUNCTION
OF AMP. LVU1DE OF VIBRATION

15 -

O Material 15 - 7 MO-412 - -..- -. Wheel AA46-KSV40
mc Wheel Spaed 4600 SFPMTraverse Peed 13.5 in./min.

-100- Workpie:e SFPM 150 to 160

SDepth of Zut 0.0005 inch
-Coolant Bultran 176M

(,5-
0 so,

*GRINDING I TIO Vol. Material Remoned

25- •TVol. Wheel Lose

0 tv ', •v. Run Nu-obers: 58 - 61 - III

AMPLITUDE P-P (1Dv. 50 X 10- 6 in.) Figure 288

INT RNAL GRINDING

FINISIH AS. A FUNCTION OF AMPLITUDE

30 - -

Materta. 15 - 7 MO
Wheel AA46-KSV4O
Wheel f! eed 4600 SFPM
Travers , Feed 13.5 in./min.

20-Workpit ;e SFPM 150 to 160
Depth cf Cut 0.0005 inch
Coolarrn' ultran 176M

w

10--------------

Run t imbers: 58 -61 -III
0 1 Dry. 2 Div. 3 Div.
AMPLITUDE P-P(IDiv. 50 X10 6 in.) Figure 289
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200 INTERNAL GRINDING

175 GRINDING RATIOS AS A FUNCTION
OF AMPLITUDE OF VIBRATION

150

Material H-11
Wheel AA60R8-V40

.125 - Wheel SpeeJ 4625 8FP M

Traverse Feed 1 in./minute1,=4

4100- Workptece SFPM 135 to 145
9 Depth of Cut 0.0005 inch

0 75 Coolant Sultran 176M

Z 5

2*GRINDING RATIO - Vol. Material Removed
Vol. Wheel Loss

0 1 Div. 2 Div. 3 Div. Run Numbers: 1 -4 - III

AMPLITUDE P-P (1 Div. = 50 X 10- 61n.) Figure 290

40 INTERNAL GRINDING

FINISH AS A FUNCTION OF AMPLITUDE

3 -

Material H-I1
Wheel AA60R8-V40
Wheel Speed 4625 SFP M
Traverse Feed I in./minute

20 Workpiece SFPM 135 to 145
. Depth of Cut 0.0005 inch

SCoolant Sultran 176M

101 _W

Run Numbers: 1-4 - I1
1 Dlv. 2 Div. 3 Div.

AMPLITUDE P -P (1 Div. So X 10- 6 in.) Figure 291
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200 INTERNAL GRINDING

1719 - GRINDING RATIOS AS A FUNCTION
OF AMPLITUDE OF VIBRATION

15 - - -

* Material H - 1 1
0 12, Wheel AA46-K8V40
*4 Wheel Speed 4625 SFPM

0 -Traverse Feed 1 in./minute
04 10 Workpiece SFPM 135 to 145

0 Depth of Cut 0.0005 inch
7 Coolant Sultran 176M

s-I

*GRINDING RATIO - Vol. Material Removed
2- Vol. Wheel Loss

U1 -2 bitv. 3 Dtv. Run Numbers: 10 - 13 - III

AMPLITUDE P-P (i Div. - 50 X 10-6in.) Figure 292
=

40 INTERNAL GRINDING

FINISH AS A FUNCTION OF AMPLITUDE

30 - - - - -

Material H - 11
SWheel AA46-K8V40

Wheel Speed 4625 8FPM
.Traverse Feed 1 in./mtnute

20 Workpiece SFPM 135 to 145
Depth of Cut 0.0005 inch
Coolant Sultran 176M

I-

z

10

Run Numbers: 10 - 13 -III

0 1 Div. 2 Dlv. 3 l iv.
AMPLITUDE P-P (I Div. - 50 X 10-ý'in.) -Figure 2931
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200 -- INTERNAL GRINDING

175 - 1 1- GRINDING RATIO- AS A FUNCTION
150: - OF AMPLITUDE OF VIBRATION

-0 Material H-li

04 Wheel AA60-I8V40

Wheel Speed 4625 SFPM
S\ Traverse Feed 1 in./minute

10 -Workpiece SFPM 150 to 160

Depth of Gut 0.0005"
- - - -Coolant Sultran 176M

5-az
Sso

25 *GRINDING RATIO = Vol, Material Removed
Vol. Wheel Loss

0 TDiv. 2 Div. 3 Div. Run Numbers: 26 - 28- III

AMPLITUDE P-P (1 Div.- 50 X 10- 6in.) Figure 29i4

40 INTERNAL GRINDING

FINISH AS A FUNCTION OF AMPLITUDE

30
Material H-Il
Wheel AA60-ISV40
Wheel Speed 4625 SFPM
Traverse Feed I in./minute

- -20 Workplace SFPM 150 to 160
Depth of Cut 0.0005"
Coolant Bultran 176M

"-4

Id

Run Numbers: 26 - 28 - III
0 IUE P-P 2 Div. 3 D5i.
AMPLITUDE P-P (1IDiv. a 50 X 10"-6tn.) 38Fig;ure 295



347. 5 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

00INTERNAL GRINDING

17 -- GRINDING RATIOS As A FUNCTION

OF AMPLITUDE OF VIBRATION

O Material H-i12- Wheel AA60-IV40
14 Wheel Speed 4600 SFPM

Traverse Feed 13.5 in./min.
--100- Workplace 8 FPM 150 to 160

z Depth of Cut 0.0005 inch
-Coolant Sultran 176MS75

z
- ---

0 so

Vol. Material ReMovd
*GRINDING RATIO u Vol. Wheel Loss25 Vol. Wheel Loss

Run Numbers: 37 - 40 - IIII1 D v, 2 Ditv. 3 DiLv.

AMPLITUDE P-P (IDiv.* 50 X 10-6in.) Figure 296

40 INTERNAL GRINDING

FINISH AS A FUNCTION OF AMPLITUDE

30-
Material H - 11
Wheel AA60-I8V40

-Wheel Speed 4600 SFPM

Traverse Feed 13.5 tn./min.

20 Workptece SFPM 150 to 160
Depth of Cut 0.0005 inch

SCoolant Sultran 176M

if,4

10

0 i Run Numbers: 37 -40 -III0 1 Dtv. 2 Div. 3 Div.

AMPLITUDE p-P (I Drv. 50 Xl0" 6 tn.) Figure 297
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0 597 0 285

200 INTERNAL GRINDING

175 GRINDING RATIOS AS A FUNCTION

.OF AMPLITUDE OF VIBRATION

150

0 Material H-11
I'125 -Wheel GA60-18V40

SWheel Speed 4600 SFPM
STraverse Feed 13.5 in./min.
0100 Workpiece SFPM 150 to 160
z Depth of Cut 0.0005 inch
SCoolant Sultran 176M0 75

0-4
09
0 50

*GRINDING RATIO •Vol. Material Removed

25- Vol. Wheel Loss

Run Numbers: 54 - 57 - III0 1 Dv. 2 Div. 3 lV.

AMPLITUDE P-P (1Div. 50 X 10- 6 1n.) Figure 298

40 - INTERNAL GRINDING

FINISH AS A FUNCTION OF AMPLITUDE

30
Material H - I I
Wheel GA60-J8V40
Wheel Speed 4600 SFPM
Traverse Feed 13.5 in./min.

20 Workplece SFPM 150 to 160
Depth of Cut 0.0005 inch
Coolant Sultran 176M

10

Run Numbers: 54 - 57 - Ila
0 1 Div. 2 Div. 3 Div.

AMPLITUDE P-P (1 Div. m 50 X10"6 in.) Figure 299
340



200 INTERNAL GRINDING

17 - GRINDING RATIOS AS A FUNCTION
OF AMPLITUDE OF VIBRATION

150
Material Rene 41

1 Wheel AA46-K8V40
O 12 Wheel Speed 4250 SFPM

Traverse Feed 1 in./minute
10 -Workpiece SFPM 40 to 45Depth of Cut 0.0006 inch

Coolant Sultran 176M

Z

"--"- *GRINDING RATIO Vol. Material RemovedN Vol. Wheel Loss

25

0 1Di 2Div. 3Dy. Run Numbers: 22 - 25 -III

AMPLITUDE P-P (1 Div.- 50 X 10 61n.) Figure 300

40 INTERNAL GRINDING

30 FINISH AS A FUNCTION OF AMPLITUDE

30-
Material Rene 41
Wheel AA46-KOV40

-Wheel Speed 4250 SFPM
Traverse Feed 1 in./minute

"02 Workptece SFPM 40 to 45
"Depth of Cut 0.0006 inch
Coolant Sultran 176M

z'-4

104

Run Numbers: 22 - 25 - III0 1 try. 2 rDiv. 3 T&.

AMPLITUDE P-P (1 Div.= 50 X 10" 61n.) Figure 301
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200 INTERNAL GRINDING

175 - GRINDING RATIOS AS A FUNCTION
OF AMPLITUDE OF VIBRATION

15---------------
Material Rene 41
Wheel AA60-R8V40

125- Wheel Speed 4250 SFPM
O Traverse Speed 1 in./minute

100--Workpiece SFPM 40 to 45
SDepth of Cut 0.0006 Inch

Coolant Sultran 176M
7 75-

'-4

z*GRINDING RATIO: Vol. Material Removed
04 Vol. Wheel Loss0 25

** Unable to obtain a value excessive
0 1 Div. 2 Div. 3 Div.wheel wear and breaking.

AMPLITUDE P-P (1Div.u 50 X 10- 6in.) Run Numbers: 18 - 22 -IIIFLgure 302

40 INTERNAL GRINDING

FINISH AS A FUNCTION OF AMPLITUDE

Material 
Rene 41

Wheel AA60-R8V40
-Wheel Speed 4250 SFPM

Traverse Feed 1 in./minute

"20 Workpiece SFPM 40 to 45
Depth of Cut 0.0006
Coolant Sultran 176M

10 - ,- ** Burnt and Chattered

0 iDlv. 2 Div. 3 Div. Run Numbers: 18 - 22 -In
AMPLITUDE P-P (1Div. . 50 X 10-61n.) ,Fiure 303
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200 INTERNAL GRINDING

t 175 GRINDING RATIOS AS A FUNCTION
OF AMPLITUDE OF VIBRATION

150 - - -

ISO

O Material Rene 41" 125 Wheel AA46-18V40
Wheel Speed 3960 SFPM
Traverse Feed 4 In./min.

0100 Workplece S FPM 50 to 55

z Depth of Cut 0.0006 inoh
" Coolant Sultran 176MS75
z
'-4

0 so

*GRINDING RATIO . Vol. Material Removed

25 Vol. Wheel Lose

0 1Div. 2 Div. 3 Div. Run Numbers: 52, 51, 50, 49 - III
AMPLITUDE P-P (1 Div. 50 X 10- 6 in.) Figure 3041

40 INTERNAL GRINDING

FINISH AS A FUNCTION OF AMPLITUDE

30

"Material Rene 41
Wheel AA46-1BV40
Wheel Speed 3960 BFPM
Traverse Feed 4 in./min.

20 Workplece SFPM 50 to 55
Depth of Cut 0.0006 inch
Coolant Sultran 176M

10

Run Numberd: 52, 51, 50, 49 - III
0 1 Div. 2 Div. 3 Div.

AMPLITUDE P-P (I Div.- 50 X1O"6 in.) Figure 305
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200 INTERNAL GRINDING

175 GRINDING RATIOS AS A FUNCTION
OF AMPLITUDE OF VIBRATION

150
O Material 15-7MO

-4-125 Wheel AA46-K8V40
0 Wheel Speed 4625 SFPMSTraverse Feed 1 in./minute
0100 Workpiece SFPM 135 to 145

z Depth of Cut 0.0005 inch
Coolant Sultran 176M

S50o-
*GRINDING RATIO . Vol. Material Removed

25 Vol. Wheel Loss

I Div. 2 Div . 3 Dv. Run Numbers: 14 - 17 - III
AMPLITUDE P-P (IDiv.= 50 X 10-61n.) Figure 306

40 INTERNAL GRINDING

FINISH AS A FUNCTION OF AMPLITUDE

30
Material 15-7 MO
Wheel AA46-KBV40

SWheel Speed 4625 S FPM

Traverse Feed 1 in./minute
"20 Workpiece sFPM 135 to 145

Depth of Cut 0.0005 inch
Coolant Sultran 176M

co
'-4

Run Numbers: 14 - 17 - M
0 1 Div. 2 Div. 3 Div.

AMPLITUDE P-P (1Div.-" So X10- 6 in.) p3iure 307
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00 INTERNAL GRINDING

17 GRINDING RATIOS AS A FUNCTION
OF AMPLITUDE OF VIBRATION

0 Material 15-7 MO
0 12 Wheel AA60-R8V40

Wheel Speed 4540 SFPM
04 Traverse Feed 1 in./minute

"10 - Workpiece SFPM 135 to 145
Depth of Cut 0.000 5 inch

7 -Coolant Sultran 176M

50- *GRINDING RATIO = Vol. Material Removed
I RVol. Wheel Loss

21

0 1 Div. 2 Div. 3,ei* Run Numbers: 6 - 9 -III

AMPLITUDE P-P (1 Div.=50 X 10- 6in.) Figure 308

40 - -- INTERNAL GRINDING

- " FINISH AS A FUNCTION OF AMPLITUDE

3C
Material 15-7 MO
Wheel AA60-R8V40

- - Wheel Speed 4540 SFPM
Traverse Feed 1 tn./minute

"2 Workpiece SFPM 135 to 145
20 Depth of Cut 0.0005 inch

SCoolant Sultran 176M

1-4

o-D . Run Numbers: 6 -9 -III0 1 8ily. 2 Div. iV.

AMPLITUDE P-P (1 Div. 50 X 10- 6in.) Figure 309
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200 INTERNAL GRINDING

175 GRINDING RATIOS AS A FUNCTION
OF AMPLITUDE OF VIBRATION

150 - - - - - - - -
,ISO

0 Material Ti6AI-4V

H-'125 Wheel A60J6-V1O
4 Wheel Speed 2870 SFPM
9 Traverse Feed 2 in/minute
0100 Workpiece 5 FPM 38 to 40
SDepth of Cut 0.001 in.
SCoolant Vantrol 5456M0 75
z
D-4

( 50-------------

* GRINDING RATIO Vol. Material Removed

25 Vol. Wheel Lose

Run Numbers: 112, 109 - III0 1 iv. 2 1Div. 3 Div.

AMPLITUDE P-P(1Div.= 50 X 10-61n.) Figure 310

80 INTERNAL GRINDING

70- -- FINISH AS A FUNCTION OF AMPLITUDE

60
Material Ti6AI-4V
Wheel A60J6-V1O

20 sWheel Speed 2870 SFPM
Traverse Feed 2 tn./minute

"40 - - - -Workplace SFPM 38 to 40Depth of Cut 0.001 in.
Coolant Vantrol 5456M

to
o- 30

20

Run Numbers: 112, 109 - M

0 1 Div. 2 Div. 3 Div.

AMPLITUDE P-P (I Div. = 50 X10- 6 in.) Figure 311
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200 INTERNAL GRINDING

175 - RI•D•NG RATIOS AS A FUNCTION
OF AMPLITUDE OF VIBRATION

150 -

O Material Ti6AI-4V

H-'125- Wheel C60K4-VE
< Wheel Speed 2870 SFPM

Traverse Feed 8 tn./minute
-0-0 - Workplece SFPM 38 to 40

SDepth of Cut 0.0005 in.
" 7Coolant Vantrol 5456M€•75

'50 -

*GRINDING RATIO a Vol. Material Removed

25 RAIO Vol. Wheel Loss

0 Run Numbers: 74 - 75 - II1
0 1Div. 2 Div. 3 Div.

AMPLITUDE P-P (I Div. 50 X 10-61n.) Figure 312

80 INTERNAL GRINDING

70,• FINISH AS A FUNCTION OF AMPLITUDE

60 SMaterial 
Ti6AI-4V

Wheel C6OK4-VE
50 Wheel Speed 2870 SFPM

STraverse Feed 8 tn./minute
""40 Workplace SFPM 38 to 40

Depth of Cut 0.0005 in.
SCoolant Vantrol 5456M

•30

20-

( Run Numbers: 74, 75 - Il

0 1 Dy. 2Div. 3 Dlv.

AMPLITUDE P-P (1 Div. 50 X10" 6 in.) Fture' 313
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200
INTERNAL GRINDING 4)

175 - - GRINDING RATIQS AS A FUNCTION
OF AMPLITUDE OF VIBRATION

150
0 Material Tt6A1-4V
H-'125 - Wheel C60K4-VE

Wheel Speed 2870 SFPM
Traverse Feed 8 in./minute

0100- -------- Workplace SFPM 38 to 40
SDepth of Cut 0.001 in.
1-4
0 Coolant Vantrol 5456M

6-4

0 50----

*GRINDING RATIO =Vol. Material Removed
25 Vol. Wheel Loss

0 Div. Div. iv. Run Numbers: 76, 77 -III

AMPLITUDE P-P (1 Div.- 50 X 10-61n.) Figure 3141

101 INTERNAL GRINDING

FINISH AS A FUNCTION OF AMPLITUDE

75

Material Tt6AI-4V
Wheel C60K4-VE

SWheel Speed 2870 SFPM
STraverse Feed 8 in./minute

"s 5Workplace SFPM 38 to 40
Depth of Cut 0.001 in.
Coolant Vantrol 5456M

U/)

25

Run Numbers: 76, 77 -III
0 1 Div. 2 Div. 3 Div.

AMPLITUDE P-P (I Div. = 50 X10- 6 in.) Fiszure 315
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200- INTERNAL GRINDING

C
175 GRINDING RATIOS AS A FUNCTION

OF AMPLITUDE Of VIBRATION
150- --
ISO

0 Material Tt6AI-4V
_,__25Wheel AA46K8-V40

SWheel Speed 2870 SFPM
STraverse Feed 4 in./minute

-100 Workplece S F PM 38 to 40
SDepth of Cut 0.0005 in.

--4 Coolant Vantrol 5456M

0 50

*GRINDING RATIO . Vol. Material Removed

25 -- Vol. Wheel Loss

0 Dyiv. 2 Dtv. 3TDiv. Run Numbers: 78-81 -III
AMPLITUDE P-P (1 Dtv. 50 X 10-61n.) Figure 316

INTERNAL GRINDING

FINISH AS A FUNCTION OF AMPLITUDE

30
Material Ti6AI-4V

- - - - Wheel AA46K8-V40
'4 Wheel Speed 2870 SFPM

Traverse Feed 4 in./minute

20 Workpiece SFPM 38 to 40
Depth of Cut 0.0005 in.
Coolant Vantrol 5456M

z

10

Run Numbers: 78-81 - III
0 1 Div. 2 Div. 3 Div.

AMPLITUDE P-p (I Div. 2 50 X10- 6 in.) Figure 317
349



_ __ 0o 3 2 7

200 V INTERNAL GRINDING

175- GRINDING RATIOS AS A FUNCTION
OF AMPLITUDE OF VIBRATION

150--

0 Material Ti6Al-4V
Wheel C60K4-VEH-125

< Wheel Speed 2870 SFPM
STraverse Feed 4 in./mtnute
0100 Workpiece S FPM 38 to 40
SDepth of Cut 0.0005 In.

-- -Coolant Vantrol 5456M

1--4
Sso

*GRINDING RATIO. Vol. Material Removed25- - *GRINDING-----Vol. Wheel Loss

Run Numbers: 67, 68, 69 -III
0 1 Div. 2 Div. 3DV.

AMPLITUDE P-P (1 Div.- 50 X 10-6n.) Figure 318

80 INTERNAL GRINDING

70 FINISH AS A FUNCTIQN OF AMPLITUDE

60
Material Tt6AI-4V

5- Wheel C60K4-VE
Wheel Speed 2870 SFPM
Traverse Feed 4 in./mtnute

"40 Workpiece SFPM 38 to 40
Depth of Cut 0.0005 in.
Coolant Vantrol 5456M""30

20

10

Run Numbers: 67, 68, 69 - III
0 1 Div. 2 Div. 3 Div.

AMPLITUDE P-P (1 Div. 50 X10" 6 in.) Figure 312
350



INTERNAL GRINDING

175- GRINDING RATIOS AS A FUNCTION
OF AMPLITUDE OF VIBRATION

O Material Tt6AI-4V
Wheel C60K4-VE
Wheel Speed 2870 SPPM
Traverse Feed 4 in./minute

- - - - - - Workpiece S FPM 38 to 40

z Depth of Cut 0.0015 in.
Coolant Vantrol 5456M

*GRINDING RATIO Vol. Material Removed
Vol. Wheel Loss

25-.

o . 2iv. 3iv. Run Numbers: 70, 71 - III

AMPLITUDE P-P (1 Div., 50 X 10- 61n.) Figure 320

8 INTERNAL GRINDING

70-.-
60 FINISH AS A FUNCTION OF AMPLITUDE
60--

Material Ti6AI-4V
Wheel C60K4-VE

0 - - Wheel Speed 2870 SFPM
"Traverse Feed 4 in./minute

4 Workplace SFPM 38 to 40
Depth of Cut 0.0015 tn.
Coolant Vantrol 5456M

30-

10- - -

-I Run Numbers: 70, 71 -I11
0 1 Div. 2 Div. 3 Div.

AMPLITUDE P-P (I Div. = 50 X10- 6 in.) Figure 321



200 INTERNAL GRINDING

175 GRINDING RATIOS AS A FUNCTION
OF AMPLITUDE OF VIBRATION

150
O Material Ti6AI-4V

1-4125 Wheel C60K4-VE
4 Wheel Speed 2870 SFPM
"" Traverse Feed 4 in./minute
0100 Workpiece 8 FPM 38 to 40
z Depth of Cut 0.002 in.
SCoolant Vantrol 54561vic 75
I--4

50 -

*GRINDING RATIO Vol. Material Removed

25- Vol. Wheel Loss

0 Di. Div. Run Numbers: 72, 73 - III

AMPLITUDE P-P (IDiv.* 50 X 10- 6in.) Figure 322

INTERNAL GRINDING

FINISH AS A FUNCTION OF AMPLITUDE

30
Material Tt6AI-4V
Wheel C60K4-VE

-Wheel Speed 2870 SFPM
Traverse Feed 4 in./minute

"20 Workplace SFPM 38 to 40
Depth of Cut 0.002 in.
Coolant Vantrol 5456M

ii.4

10

Finish Burned and Chattered

Run Numbers: 72, 73 -III

0 1 Diy. 2 Div. 3 Div.

AMPLITUDE P-P (1 Div. 2 50 X1O-6 in.) Figure 323
5,52



200 INTERNAL GRINDING

175 - - - GRINDING RATIOS AS A FjUNCTION
OF AMPLITUDE Of VIBRATION

150

0 Material Ti6AI-4V
"H125- i -Wheel C60K4-VE

SWheel Speed 2870 SFPM
04Traverse Feed 4 in./minute

0100 --------- Workpiece 8SF PM 38 to 40
z Depth of Cut 0.001 in.

50 75-------------------Coolant Vantrol 5456M

7 'o*RN IN AI Vol. Material Remoyved
2/*GNDING RATIO Vol. Wheel Lose

S 0 D.D 3 .D) Run Numbers: 90A, 62, 63 - 66 - III
0 Divl. 2 Div. 3Div. 4Dtv.

AMPLITUDE P-P (1 Div.- 50 X 10 61n.) Figure 3214

80- INTERNAL GRINDING

70FINISH AS A FUNCTION OF AMPLITUDE

SMaterial Ti6AI-4V7 Wheel C60K4-VE
50 --  Wheel Speed 2870 SFPM

Traverse Feed 4 in./minute

40 Workpiece SFPM 38 to 40
Depth of Cut 0.00 1 in.
C Colant Vantrol 5456M

20 - - - - - -

10 - - - - - -

Run Numbers: 90A, 62 - 66 - 111
|0 1 i.2Dv 3Dv Dv

AMPLITUDE P-P (I Diy. 2 50 X10- 6 in.) Figure 325
353



200 INTERNAL GRINDING

175 - GRINDING RATIOS AS A FUNCTION
OF AMPLITUDE OF VIBRATION

150

O Material TI6AI-4V
_-_15Wheel C60P5-VE

Wheel Speed 2870 SFPM
Traverse Feed 4 in./minute

0 100 Workpiece S FPM 38 to 40
z Depth of Cut J.0015 in.

-Coolant Vantrol 5456M
075

*GRINDING RATIO = Vol. Material Removed

25 Vol. Wheel Loss

0 1 Dtv. 2 Div. riv. Run Number: 100A -III

AMPLITUDE P-P (1Div.= 50 X 10-61n.) Figure 326

80 INTERNAL GRINDING

70
FINISH AS A FUNCTION OF AMPLITUDE

60
Material Tt6AI-4V
Wheel C60P5-VE

50--Wheel Speed 2870 SFPM

Traverse Feed 4 in./minute

"40 Workpiece SFPM 38 to 40
Depth of Cut 0.0015 in.

SCoolant Vantrol 5456M
S30-
z

20

10

Run Number: 100A -III

0 1 Dtv. 2 Div. 3 Div.

AMPLITUDE P-P (lDiv. 50 X1O-6 In.) Figure 327
354



INTERNAL GRINDING

175 -RINDING RATIOS AS A FUNCTION
OF AMPLITUDE OF VIBRATION

0 Material Ti6AI-4V
Wheel C60P5-VE

94 Wheel Speed 2870 SFPM
Traverse Feed 4 in./minute

10 - -Workplace 8 FPM 38 to 40

Depth of Cut 0.001 in.
Coolant Vantrol 5456M

• •*GRINDING RATIO •Val,.goilA=MVo.Material Ramoved

25- Vol. Wheel Loss

0 Run Numbers: 95, 131, 96, 115-I11)Iv. 2 )iv. i51v.

AMPLITUDE P-P (1Div.- 50 X 10- 61n.) Figure 328

80 INTERNAL GRINDING

- FINISH AS A FUNCTION OF AMPLITUDE

60 - - - - - -

Material Ti6AI-4V
Wheel C60P5-VE

5  Wheel Speed 2870 SFPM

Traverse Feed 4 in./minute
"40--- - - -- Workplece SFPM 38 to 40

Depth of Cut 0.001 in.
Coolant Vantrol 5456M

20 - - - - - -

10 - - - - - __

Run Numbers: 131. 96, 115 - III
0 1 Dly. 2 Div. 3 Div.

AMPLITUDE P-P (1 DLv. = 50 X10- 6 in.) Figure 329
355



200 INTERNAL GRINDING

175 GRINDING RATIOS AS A FUNCTION
OF AMPLITUDE OF VIBRATION

150

O Material Ti6AI-4V

-4125 Wheel C60PS-VE
SWheel Speed 2870 SFPM

Traverse Feed 3 tn./minute

0 100 -- Workptece S FPM 38 to 40

z Depth of Cut 0.001 In.
4 Coolant Vantrol 5456M

0 50

So*GRINDING RATIO w Vol, Material Removed

25 Vol. Wheel Loss

0 D2iv 3Dv. Run Numbers: 92, 93, 127A, 116,-111

AMPLITUDE P-P(1Div.- 50 X 10- 6in.) 101, 121__ l~ure 30

80 INTERNAL GRINDING

70--FINISH AS A FUNCTION OF AMPLITUDE

60
Material Tt6Al-4V
Wheel C60PS-VE

so Wheel Speed 2870 SFPM
Traverse Feed 3 tn./minute

40 Workptece SFPM 38 to 40
4 Depth of Cut 0.001 In.

Coolant Vantrol 5456M
ca" 30
z
I,-e

20

10 -

Run Numbers: 92, 93, 127A, 116, 101
0 1 Div. 2 Div. 3 Div. III

AMPLITUDE P-P (I Dvy. 50 X10- 6 in.) Figure 331
356



200 INTERNAL GRINDING

1,15 GRINDING RATIOS AS A FUNCTION
OF AMPLITUDE OF VIBRATION

150--

0 Material Ti6Al-4V

IH125- Wheel C60P5-VE
SWheel Speed 2870 SFPM

Traverse Feed 3 in./minute
0100 Workplace SFPM 38 to 40

z Depth of Cut 0.0015 in.
- Coolant Vantrol 5456M0 75

z
S54

*GRINDING RATIO •Vol. Material Removed

25- Vol. Wheel Lose

Run Numbers: 104A, 104B, 102, 123,1 Ditv. 2itv. 3 Div. 122, 125, 127B, 129, 133

AMPLITUDE P-P (1 Div.* 50 X 10-6n.) III Figure 32

80 INTERNAL GRINDING

70 - - - - - - FINISH AS A FUNCTION OF AMPLITUDE

60

Material Ti6AI-4V
Wheel C60P5-VE

50 -Wheel Speed 2870 SFPM
Traverse Feed 3 in./minute

"40 Workpiece SFPM 38 to 40
Depth of Cut 0.0015 in.
Coolant Vantrol 5456M

"30

20

10

Run Numbers: 104A, 104B, 102, 122,
0 1Div. 2 Div. 3Div. 123, 125, 127B - I

AMPLITUDE p-P (1 Div. 50 X10- 6 in.) Figure III
357



200-INTERNAL GRINDING

175 GRINDING RATIOS AS A FUNCTION
OF AMPLITUDE OF VIBRATION

O Material Ti6AI-4V
Wheel A60J6-V1O
Wheel Speed 2870 SFPM
Traverse Feed 3 in./minute

100 -Workpiece 8 FPM 38 to 40

Depth of Cut 0.001 in.
Coolant Vantrol 5456M

*GRINDING RATIO Vol. Material Removed

25 - Vol. Wheel Loss

0) 1 Dibiv. 3 itvMv. Run Number: 113, 110 - III

AMPLITUDE P-P (1lDiv. 50 X 10- 6in.) Figure 334

80 -- INTERNAL GRINDING

-0 - -FINISH AS A FUNCTION OF AMPLITUDE

60
Material Ti6AI-4V
Wheel A60J6-V1O

50 Wheel Speed 2870 SFPM

Traverse Feed 3 in./minute

40--Workpiece SFPM 38 to 40
Depth of Cut 0.001 in.
Coolant Vantrol 5456M30

2O

10

Run Numbers: 113, 110 - III

0 1 Div. 2 Div. 3 Div.

AMPLITUDE p-p (I Div. 50 X10" 6 in.) Figure 335
358



200 INTERNAL GRINDING

175 GRINDING RATIOS AS A FUNCTION
OF AMPLITUDE OF VIBRATION

O Material Ti6AI-4V

F,125- Wheel C60K4-VE
0 Wheel Speed 2870 SFPM

Traverse Feed 2 tn./minute
0100 Workpiece FPM 38 to 40

Depth of Cut 0.001 in.
Coolant Vantrol 5456M

7 50---------------0.4

*GRINDING RATIO • Vol. Material Removed
25- Vol. Wheel Loss

dI Div. 2liv. 3 uiv. Run Number: 90 - III

AMPLITUDE P-P (1 Dtv.= 50 X 10- 6in.) Figure 336

80 INTERNAL GRINDING

70
FINISH AS A FUNCTION OF AMPLITUDE

60-

Material Ti6AI-4V
Wheel C60K4-VE

5 Wheel Speed 2 10 SFPM
Traverse Feed 2 in./minute
"Workptece SFPM 38 to 404 Depth of Cut 0.001 inch
Coolant Vantrol 5456M

130

20

10

Run Number: 90 -III

0 1 Div. 2 Div. 3 Div.

AMPLITUDE P-P (I Div. 50 X10- 6 in.) Figure 337
359



200 - INTERNAL GRINDING 4
175 - -GRINDING RATIOS AS A FUNCTION

OF AMPLITUDE OF VIBRATION

.*150-,-

o Material T16AI-4V

-4125 -/-Wheel 
C 60P 5-VE

/ Wheel Speed 2870 SFPM
x Traverse Feed 2 in./minute
0100 -"Workpiece S FPM 38 to 40

/ Depth of Cut 0.001 in.
"S7" Coolant Vantrol 5456M

• 50--------------------------
*GRINDING RATIO a Vol. Material Removed

25 Vol. Wheel Lose

Run Numbers: 99, 94, 120, 132,
0 1Div. 2 Div. 3Dyiv. 98, 119 - III
AMPLITUDE P-P (IDiv.* 50 X 10- 6in.) Figure 338

80 INTERNAL GRINDING

70 FINISH AS A FUNCTIQN OF AMPLITUDE

60
Material Tt6AI-4V
Wheel C60P5-VE

50 -Wheel Speed 2870 SFPM

Traverse Feed 2 in./minute
"Workplace SFPM 38 to 40Depth of Cut 0.001 in.

SCoolant Vantrol 5456MS30

z(

W

20

10

I Run Numbers: 99, 94, 120, 132,
0 1ADiv. 2Dlv. 3Div. 98, 119 -III

AMPLITUDE P-P (,Div. m 50 X10 6 in.) wigure 339
360



200 INTERNAL GRINDING

17- - RINDING RATIOS AR A FUNCTION
OF AMPLITUDE OF VIIRATION

150

0 Material TW6AI-4V
-4 2S Wheel C60K4-VE

0 Wheel Speed 2870 SFPM
-t Traverse Feed 3 in./minute

I0i0 Workplace OFPM 38 to 40
z Depth of Cut 0.001 in.
$4 Coolant Vantrol 5456M0 75

'-4

0 50

*GRINDING RATIO Vol. Material Removed

2 -
Vol.. Wheel Loss

Run Number: 91 - III15 Iv.- 2 Div. 3 Dry.

AMPLITUDE P-P (1 i)v.u 50 X 10-61n.) Figure 340

80 INTERNAL GRINDING

7- FINISH AS A FUNCTION OF AMPLITUDE

Material TI6AI-4V
Wheel C60K4-VE
Wheel Speed 2870 SFPM
Traverse Feed 3 in./minute

440 Workplece SFPM 38 to 40
Depth of Cut 0.00 1 in.
Coolant Vantrol 5456M

30-

Run Number: 91 - IIl

0 i Dv. 2 Div. 3 Div.

AMPLITUDE P-P (1 Diy. 50 X10- 6 in.) Figure 341
361



200 -- INTERNAL GRINDING

175 GRINDING RATIOS AS A FUNCTION

,OF AMPLITUDE OF VIBRATION

150

O Material Ti6Al-4V
1-4125 Wheel AA46K8-V40
OC Wheel Speed 2870 SFPM0 Traverse Feed 4 in/minute

100 Workpiece SFPM 38 to 40
SDepth of Cut 0.001 in.

-Coolant Vantrol 5456MS75
'-,4

a 50
*GRINDING RATIO •Vol. Material Removed

25 Vol. Wheel Loss

I Div. 2 iv. 3 Div. Run Numbers: 82 - 85 -III

AMPLITUDE P-P (I Div. 50 X 10-6tn.) Figure 342

40 INTERNAL GRINDING

FINISH AS A FUNCTION OF AMPLITUDE

Material Ti6Al-4V
Wheel AA46K8-V40
Wheel Speed 2870 SFPM
Traverse Feed 4 in./minute

20 Workpiece SFPM 38 to 40
Depth of Cut 0.001 tn.
Coolant Vantrol 5456M

10

Run Numbers: 82 -85 - III0 1 Div. 2 Div. 3 Div.

AMPLITUDE P-P (1 Div. ! 50 Xl0- 6 in.) Fieure '1f3
362



200--INTERNAL GRINDING

175 GRINDING RATIOS AS A FUNCTION
OF AMPLITUDE OF VIBRATION

150--------------

0 Material T16AI-4V
" 125 Wheel AA46K8-V40
A Wheel Speed 2870 SFPM
STraverse Feed 1 in./mtinute

-10 Workpiece 8FPM 38 to 40

SDepth of Cut 0.001 in.

Coolant Vantrol 5456MS7

0.4

' 50
*GRINDING RATIO =Vol. Material Removed

25 Vol. Wheel Loss

-- '---- i-4 Run Numbers: 86, 87 - IlI01 DV. 2 Div. 3 Div.

AMPLITUDE P-P (1 Div. 50 X 10" 6in.) Figure 344

80 INTERNAL GRINDING

70 FINISH AS A FUNCTION OF AMPLITUDE

60

Material Tt6AI-4V
Wheel AA46K8-V40

-0 - -Wheel Speed 2870 SFPM

Traverse Feed 1 in./minute

*'-40 Workptece SFPM 38 to 40
Depth of Cut 0.001 in.
Coolant Vantrol 5456M

S30

20-- - -

10

Run Numbers: 86, 87 - III

0 1 Div. 2 Div. 3 Div.

AMPLITUDE P-P (1 Div. 50 X10- 6 in.) Figure 345
363



200 INTERNAL GRINDING

175 GRINDING RATIOS AS A FUNCTION
OF AMPLITUDE OF VIBRATION

1S-
0 Material Ti6AI-4V
.,4 125 Wheel C60K4-VE

4• Wheel Speed 2870 SFPM
09 Traverse Feed 1 in./minute

0100 • rWorkpiece SFPM 38 to 40
z 4 Depth of Cut 0.001 in.
SCoolant Vantrol 5456M0 75
z
I,-4

0 50

*GRINDING RATIO * Vol, Material Removed
25 Vol. Wheel Loss

Run Numbers: 87, 88 - III01 Div. 2 D5tv. 3 Dv.

AMPLITUDE P-P (1 Div. - 50 X 10-6tn.) Figure 346

80 INTERNAL GRINDING

70 FINISH AS A FUNCTION OF AMPLITUDE

60
Material Ti6AI-4V
Wheel C60K4-VE
Wheel Speed 2870 SFPM

Traverse Feed 1 tn./minute

40 Workplece SFPM 38 to 40
Depth of Cut 0.001 in.
Coolant Vantrol 5456M30:

20

10

Run Numbers: 87, 88 - III

0 1 Div. 2 Div. 3 Div.

AMPLITUDE P-P (I Dry.: 50 X1O- 6 in.) 16 Fure 1V4.7
364



200 -INTERNAL GRINDING

175 GRINDING RATIOS AS A FUNCTX O
OF AMPLITUDE OF VIRRATION

150
0 Material Tt6AI-4V
I- 12~ - - - -- Wheel A60J6-VIO
4 Wheel Speed 2870 SFPM

"Traverse Feed 1 tn./mtnute
1100 Workplace 8FPM 38 to 40

Depth of Cut 0.001 in.
-Coolant Vantrol 5456MS75

50 --

*GRINDING RATIO •Vol, aterial Removed

25- Vol. Wheel Loss

Run Numbers: 111, 108- -Il1 Div. 2 Ditv. 3 Di v.

AMPLITUDE P-P (1Dv., 50 X 10-61n.) Figure 348

80 INTERNAL GRINDING

70 - - - - - ,FINISH AS A FUNCTION OF AMPLITUDE

60-
Material Ti6AI-4V
Wheel A60j6-VIO

S50 Wheel Speed 2870 SFPM
A Traverse Feed 1 tn./minute

S40- - - - -Workplece SFPM 38 to 40Depth of Cut 0.001 In.
--- Coolant Vantrol 5456M

I&.

20 _:-

10-

Run Numbers: 111, 108 -111

0 1 Dtv. 2 Div. 3 Div.

AMPLITUDE P-P (I Dvy.2 50 X10"6 in.) -Fijge 349
365



200-- INTERNAL GRINDING

175 -- GRINDING RATIOS AS A FUNCTION
1 OF AMPLITUDE OF VIBRATION

15 0-- -

O Material T16A1-4V
125 Wheel C60PS-VE

4 Wheel Speed 2870 SFPM
04 Traverse Feed 1 in./mtnute
0100 -- Workpiece SFPM 38 to 40
z Depth of Cut 0.001 in.
• 75 '- -- Coolant Vantrol 5456M

750

*GRINDING RATIO Vol, Material Removed

25 -Vol. 
Wheel Loss

Run Numbers: 103A, 103B, 114, 117,

0 Div. brv. 130, 97, 118 -III

AMPLITUDE P-P (IrDiv. 50 X 10- 6in.) Figure 350

80 INTERNAL GRINDING

70 - FINISH AS A FUNCTION OF AMPLITUDE

60
Material Tt6AI-4V
Wheel C60P5-VE

S50 Wheel Speed 2870 SFPM
A Traverse Feed 1 tn./minute

"4 0 Workpiece SFPM 38 to 40
Depth of Cut 0. O001 in.

z •Coolant Vantrol 5456M

20 -

10 -

0 I . Run Numbers: 114, 117, 97, 118-In0 1 Div. 2 Div. 3 Div.

AMPLITUDE P-P (1Div. 50 X10-6 In.) Pi.. e 351
366



200

INTERNAL GRINDING

175 GRINDING RATIOS AS A FUNCTION
OF AMPLITUDE OF VIBRATION

150-

O Material Rene 41

14125 Wheel AA60-J8V40
A Wheel Speed 3925 SFPM
STraverse Feed 4 in./min.
0100- -Workpiece 6 F PM 50 to 60

Depth of Cut 0.0006 inch
Coolant Sultran 176M

'75-z

a o

*GRINDING RATIO • Vol. Material Removed

- -Vol. 
Wheel Loss

0 . 2 Div. 3 Div. Run Numbers: 45 - 48 - III

AMP•IJTUDE P-' (1 Div.* 50 X 10- 6 1n.) Figure 352

40 INTERNAL GRINDING

30- FINISH AS A FUNCTION OF AMPLITUDE

Material Rene 41
Wheel AA60-j8V40
Wheel Speed 3925 SFPM
Traverse Feed 4 in./min.

20 Workptece SFPM 50 to 60
Depth of Cut 0.0006 inch

-Coolant Sultran 176M

10 - - - - -

Run Numbers: 45 - 48 - III
0 1 Div. 2 Div. 3 Div.

AMPLITUDE P-P (1Div.= 50 X10- 6 in.) Figure 353
367



40C - -INTERNAL GRINDING

35( SPINDLE POWER AS A

FUNCTION OF AMPLITUDE

30(- Material Rene 41
Wheel AA60-R8V40

25f Wheel Speed 4250 SFPM

Traverse Feed 1 in./minute
Workpiece (SFPM 40 to 45

S20 Depth of Cut 0.0006 inch
Coolant Sultran 176M

•15C
r4

9100-

0 1D v. V. 3 Div. Run Numbers: 18 - 22 -III

AMPLITUDE P -P (1 Div. : 50 X 10-61n.) Figure 351

400 - INTERNAL GRINDING

SPINDLE POWER AS A
S350- FUNCTION OF AMPLITUDE

•30Q Material Rene 41

Wheel AA46-K8V40
Wheel Speed 4250 SFPM

250 Traverse Feed 1 in./minute
Workpiece SFPM 40 to 45
Depth of Cut 0.0006 inch

200-Coolant Sultran 176M

100-

50

Run Numbers: 22 - 25 - III

0 1 Div. 2 Div. 3 Div.

AMPLITUDE P -P (1 Div.= 50 X 10- 6 in.) Figure 355
368



400 INTERNAL GRINDING

4 .35 - SPINDLZ POWER AS A
FUNCTION . OF AMPLITUDE

-30C - - Material 15-7MO
Wheel AA46-JOV40
Wheel Speed 4625 SFPM

2 •"Traverse Feed 13.5 in./mtnute
Workpiece SFPM 150 to 160

S20 Depth of Cut 0.0005 inch
Coolant Sultran 176M

150

50

0 IV. Z Div, Run Numbers: 41 - 44 - III

AMPLITUDE P-P (1 Div.= 50 X 10" 6in.) ql6ne 356

400-------------------INTERNAL GRINDING

350 - - -- SPINDLE POWER AS A
FUNCTION OF AMPLITUDE

30--Material Rene 41
Wheel AA60-Y8V40

Wheel Speed 3925 SFPM
Traverse Feed 4 tn./minute

o Workptece SFPM 50 to 60
0 Depth of Cut 0.0006 inch

20 Coolant Sultran 176M

10.

~100------------

SI I I I I Run Numbers: 45 - 48 - IU
0 1 Dry. 2 Div. 3 Div.

AMPLITUDE P-P (I Div. = 50 X 10-61n.) Fiure 357
369



400- INTERNAL GRINDING

SPINDLE POWER AS A
FUNCTION OF AMPLITUDE

, _30 Material 15-7 MO
Wheel AA46-K8V40
Wheel Speed 4600 SFPM

25 -Traverse Feed 13.5 in. /minute
Workpiece SFPM 150 to 160

20Depth 
of Cut 0.0005 inch

Coolant Sultran 176M

~15(
0*4

U IDDy. 2 Div. 3 Div. Run Numbers: 58 - 61 - III

AMPLITUDE P-P (I Div. = 50 X 10-6 in.) Figure 358

370



401 1 1 INTERNAL GRINDING

(" 3 5- --50- - SPINDLE POWER ABS A
FUNCTION OF AMPLITUDE

- -3- - - Material Rene 41
c Wheel AA46-I8V40

Wheel Speed 3960 SFPM
o25 -• - Traverse Feed 4 in./minute

Workpiece SFPM 50 to 55
N Depth of Cut 0.0006 inch

- -Coolant Sultran 176M

ISOp..

I100 - - - - -

0 l£iv. 2iv. 3*Div. Run Numbers: 52, 51, 50, 49 - III

AMPLITUDE P -P (IDtDv. 50 X 10" 6in.) Fiurie 359

400 INTERNAL GRINDING

c3 SPINDLE POWER AS A
35 FUNCTION OF AMPLITUDE

z30C Material H - I I
Wheel GA6O-j8V4O

0 Wheel Speed 4600 SFPM
2 Traverse Feed 13.5 in./minuteWorkptece SFPM 150 to 160

zDepth of Cut 0.0005 inch134 - Coolant Sultran 176M

L 15(

10(

5€

- 1Dv. zt v. v. Run Numbers: 54 -57 - II

AMPLITUDE P-P (1Div. 50 X 10- 6in.) Pigure 360

371



40C INTERNAL GRINDING

SPINDLE POWER AS A
FUNCTION OF AMPLITUDE

o3o'
Material 15-7 MO
Wheel AA60-I8V40

%250 Wheel Speed 4625 SFPM
0 Traverse Feed I in./mtnute
j2 Workpiece SFPM 150 to 160

-200 Depth of Cut 0.0005 inch

9 Coolant Sultran 176M
4150

to

E100

0 - 1Di. 2Dv. 3liv. Run Numbers: 30 - 33 - III

AMPLITUDE P - P (1 Div.= 50 X 10- 6in.) Figure 361

400 INTERNAL GRINDING

-350 SPINDLE POWER AS A
FUNCTION OF AMPLITUDE

t300 Material H - 11

SWheel AA60-I8V40

%250 Wheel Speed 4625 SFPM

0 Traverse Feed 1 in./minute
SWorkpiece SFPM 150 to 160
S200 Depth of Cut 0.0005 inch

Coolant Sultran 176M

a 150

5.010- --

Run Numbers: 26 - 28 - III
0 1 Div. 2 Div. 3 Div.

AMPLITUDE P-P (1 Div. = 50 X 10" 6in.) Figure 362
372



400 INTERNAL GRINDING

SPINDLE POWER AS A
3 - - FUNCTION OF AMPLITUDE

300 Material H-
Wheel AA60-RBV40
Wheel Speed 4625 SFPM

250 Traverse Feed 1 tn./minute
Workpiece BFPM 135 to 145
Depth of Cut 0.0005 inch

200 Coolant Sultran 176M

5 0

1500-

so----------

0 1 Div. 2 Div. tbiv. Run Numbers: 1 - 4 - ImI

AMPLITUDE P-P (1 Div. 50 X 10- 6in.) Figure 363

400 INTERNAL GRINDING

350 SPINDLE POWER AS A
FUNCTION OF AMPLITUDE

300 - - - - -Material 15-7 MO30 Wheel AA60-R8V40
Wheel Speed 4540 SFPM

250 Traverse Feed 1 tn./minute

Workpiece SFPM 135 to 145
0Depth of Cut 0.0005 inch
200 Coolant Sultran 176M

15 -- -

•100

510- - - - - -

- Run Numbers: 6 -9 -1110 1 Dr . 2 Div. 3 Div.

AMPLITUDE P -P (IDiv. 1 50 X 10" 6in.) Figure 3641
373



400,-- INTERNAL GRINDING

3500 SPINDLE POWER AS A
-FUNCTION OF AMPLITUDE

300 Material H - 1
Wheel AA46-K8V40
Wheel Speed 4625 SFPM

250 Traverse Feed 1 in./minute
Workpiece SFPM 135 to 145

200 Depth of Cut 0.0005 inch
SCoolant Sultran 176M

10 4

(i100 -__ -

0 - tiv. 2D Div. 3Dv. Run Numbers: 10 - 13 - III

AMPLITUDE P-P (1Div.= 50 X 10-61n.) Figure 365

400 INTERNAL GRINDING

SPINDLE POWER AS A
- - - - FUNCTION OF AMPLITUDE

4300 Material 15-7 MO

Wheel AA46-K8V40
Wheel Speed 4625 SFPM

C425 - Traverse Feed 1 in./minute
Workpiece SFPM 135 to 145

0 Depth of Cut 0.0005 inch
S0 Coolant Sultran 176M

4150

100

Run Numbers: 14 -17 -II
0 1 Div. 2 Div. 3 Div.

AMPLITUDE P -P (1 Div. = 50 X 10-6 in.) Figure 366
374



400 INTERNAL GRINDING

SPINDLE POWER AS A
35-n FUNCTION OF AMPLITUDE

300 - Material 15-7 MO
Wheel AA60-I8V40
Wheel Speed 4600 SFPM

250--Traverse Feed 13.5 in./minute
Workpiece SFPM 150 to 160

0
a 20 -

Depth of Cut 0.0005 inch
Coolant Sultran 176M

S15o

100

0 13 .v. D DiV. 3 Dv. Run Numbers: 36, 35, 34, 33 - III

AMPLITUDE P-P (1 Div. = 50 X 10 -61n.) Figure 367

400 INTERNAL GRINDING

-35n SPINDLE POWER AS A
FUNCTION OF AMPLITUDE

_300 Material H - 11

Wheel AA60-I8V40

2n Wheel Speed 4600 SFPM
25 Traverse Feed 13.5 in./minute

0 Workpiece SFPM 150 to 160
200-Depth of Cut 0.0005 inch

2 - Coolant Sultran 176M

p.1 5-0

~-100 - - -

- Run Numbers: 37 -40 - III
1 1 Div. 2 Div. 3 Div.

AMPLITUDE P-P (1 Diy. = 50 X 10" 6 1n.) Figure 368

375



400 INTERNAL GRINDING

350 - -- SPINDLE POWER AS A FUNCTION
OF AMPLITUDE OF VIlRATION

Material Ti6Al-4V

Wheel C60PS-VE
10925--Wheel Speed 2870 SFPM

Traverse Feed 2 in./min.
SWorkplece SFPM 38 to 40

a-200 Depth of Cut 0.001 in.
Coolant Vantrol 5456M

ISO

100-

0. . Run Numbers: 94, 120, 132, 98, 11901Div. 2Div. 3Dry.' '
AMPLITUDE P-P (1 Div.= 50 X 10" 61n.) III

_376i~ure 369

376



400 INTERNAL GRINDING

350 -PINDLE POWER AS A FUNCTION
OF AMPLITUDE OF VISRATIOIN

0300 Material Tt6AI-4V

SWheel AA46K8-V40

04 250 .4 ... Wheel Speed 2870 SFPM
w Traverse Feed 4 in./mtn.

WorkpLece SFPM 38 to 40
200 - -- Depth of Cut 0.0005 in.

"Coolant Vantrol 5456M

ISO•

100

Run Numbers: 78, 79, 80, 81 - III0 IDtv. 2Dtv. 3Dtv.

AMPLITUDE P-P (1 Div.= 50 X 10"6in.) Figure 370

400-- INTERNAL GRINDING

- SPINDLZ POWZR AS A FUNCTION-350. .OF AMPLITUDZ oF VIBRATION

3-- Material T16AI-4V

Wheel AA46K8-V40
SWheel Speed 2870 SFPM

Traverse Feed 4 in./min.
Workpteos SFPM 38 to 40

.20(- Depth of Cut 0.001 in.
Coolant Vantrol 5456M

S10 -

0IDy. DIv. lDI3V. Run Numbers: 82, 83, 84, 85 - III

AMPLrUDE, P-P (,Div.: 50 X 10-6in.) Figure 371
377



400 INTERNAL GRINDING

350 -SPINDLEPOWSR AS A FUNCTION
OF AMPLITUDE QF VIBRATION

30Q Material TI6AI-4V
Wheel C60K4-VE

250 -- Wheel Speed 2870 SFPM
Traverse Feed 8 tn./min.
Workpiece SFPM 38 to 40

200 Depth of Cut 0.0005 in.

SCoolant Vantrol 5456M

L.C

100

5so

Run Numbers: 74, 75 - III0 Div. 2Div. 3Div.

AMPLITUDE P-P (1 Div.= 50 X 10" 61n.) Figure 372

400- INTERNAL GRINDING

S350 ,SPINDLE POWER kS A FUNCTION
: 0•- _Or AMPLITUDE OF VIBRATION

300 Material Ti6AI-4V
Wheel C60K4-VE

25 Wheel Speed 2870 SFPM
Traverse Feed 8 in./min.

0' Workpiece SFPM 38 to 40
20 Depth of Cut 0.001 in.

Coolant Vantrol 5456M

~150---------------

100-

0 ID4. 2Dr. 3Dv. Run Numbers: 76, 77 -III

AMPLITUDE P-.P (,Div.:- 50 X 10- 61n.) Pizure 31A _
378



400 INTERNAL GRINDING

350 SPINDL- POWE1 AS A FUNOTIQN

30F AMPLITUDA OF VIjRATION

30 -Materiel Tt6AI-4V

Wheal C60K4-VE

2 5 Wheel Speed 2870 SFPM
Traverse Food 4 in./mln.
Workpleace 5Wt.4 38 to 40

A200 Depth of Cut 0.001 in.
0 Coolant Vantrol 5456M

100-

il 50------------

0 1DIv. 2Div.3 . 4iDv. Run Numbers: 90, 62, 63, 6A, 65, 66- II

AMPLTDZ P--P (1 Div.: 50 X 10"6in.) F11 tre 374

400 INTERNAL GRINDING

3- SPI NDLE POWER AS A FUNCTION
OF AMPLITUDE OF VIBRATION

1300 Material Tt6AI-4V
Wheel C60K4-VE

2 Wheel Speed 2870 SFPM
25- -Traverse 

Feed 4 in./min.

SWorkpieoe 8FPM 38 to 40

20 Depth of Cut 0.0005 In.

-- 

Coolant Vantrol 5456M

S10 -

0 iDv. 2Dv. lDv. Run Numbers: 67, 68, 69 - Irn

AMPLITUDE P-P (iDly.= S0 X 10"oin.) Figure 375
379



400 INTERNAL GRINDING

350- SPINDL POWNER AS A fUNCTION
!OF AMPLITUDE Or VIBRATION

300 Material Ti6AI-4V
Wheel A6016-V1O

o250 Wheel Speed 2870 SFPM
Traverse Feed 3 in./min.
Workpieace SPM 38 to 40

S200 Depth of Cut 0.001 In.
SCoolant Vantrol 5456M

S100

iD1y. 2Dlv. 3DIv. Run Numbers: 113, 110 - III

AWMLITUDE P-P (1 Dlv.= 50 X 10-sin.) Figure 376

400 INTERNAL GRINDING

35 11 SPINDLE POWER AS A FUNCTION
-OF AMPLITUDE OF VIBRATION

30- Material TM6AI-4V
Wheel C60P5-VE

25 Wheel Speed 2870 SFPM
Traverse Food 3 in./min.

06 Workplece SFPM 38 to 40
20 - Depth of Cut 0.0015 in.

150 -
/ Coolant Vantrol 5456M

so
- -- - - - - Run Numbers: 102, 104A, 104B, 116, 122,

123, 125, 126, 127, 129,
133 - III

AMPLITUDE P-P (lltv.: 50 X 10"6 ln.) Figure 377
380



400 INTERNAL GRINDING

35 -PINDLK POWRI As A ZUN2TION
300 AMPLITUDE OF VIBIATIOM

M30a-erl Mtr Ti6AI-4V

Wheel C60K4-VE
250 Wheel speed 2870 8FPM

Traverse Fee ,l 2 in./min.
Workpieae sPPM 38 to 40

200. Depth of Out 0.001 in.
Coolant Vantrol 5456M

10011

0 IDlv. 2Div. 3DIv. Run Number: 90 - IMI

AMPLj=Z P-P (1 Div.: S. X 10"|in.) Figuk-e 378

400 INTERNAL GRINDING

3 -0 SPINDLE POWR As A FUNCOTION
ZO AMPLITUDE OF VIBIRATION

1300 material Tt6AI-4V
Wheel C60K4-VE

25 Wheel speed 2870 BFPM
TraverseFood 3 in./min.
Wetkpieos SIFM 38 to 40

20 Depth of Cut 0.001 in.
C Ooolant Vantrol 5456M

101

0 IV-V. v. 3V Run Number: 91 - II

AMPLITUDE P-P (IDiv.= so X 10"6in.) FViure 379

381



400 INTERNAL GRINDING

350 -PIN2DLE POWER AS A FUNCTION
OF AMPLITUDE OF VIBRATION

30 -- Material Ti6AI-4V

"Wheel AA46K8-V40
w250 Wheel Speed 2870 SFPM

Traverse Feed 1 In./mtn.
0 Workpteoe 1FPM 38 to 40
a-200 - Depth of Cut 0.001 in.

SCoolant Vantrol 5456M

150I--

100

so Run Numbers: 86, 87 - III0 W~tv, 2Dtv. 3Dtv.

AMPLITUDE P-P (I Div.= so X 1O-61n.) Figure 380

400 INTERNAL GRINDING

350 -SPINDLE POWER AS A FUNCTION
OF AMPLITUDE OF VIBRATION

300 Material T16AI-4V
Wheel C60K4-VE

SWheel Speed 2870 SFPM
0 Traverse Feed 1 in./min.

0I Workptece SFPM 38 to 40
200- Depth of Cut 0.001 in.

Coolant Vantrol 5456M

ISO-
10Q .. : --------- _

Run Numbers: 89, 88 -III

aIDv. DDIv. D v.

AMPLITUDE P-P (IDtv.= 50 X 10- 61n.) Figure 381
382



400 INTERNAL GRINDING

35( -s- - - - SEINIDL& POWER AS A FUNCTION
OQF AMPLITUDE OF VIBRATION

3 Material Tt6AI-4V
Wheel C60PS-VE

1250 Wheel Speed 2870 SFPM

Traverse Food 4 in./min.
Workplece UFWM 38 to 40

ow200 Depth of Cut 0.001 in.Dept Coola Ct Vantrol 5456M

ISO

0DIDiy. 2Div. 3DIV. Run Numbers: 95, 131, 96, 115, 127

AMPLiTDE P-P (1 Div. o50 X 10 61n.) Figre 382

400 INTERNAL GRINDING

3so--PINDLE POWER A§ A FUNCTION
OF AMPLITUDE OF VIURATION

300 Material TI6AI-4V
Wheel C60P5-VE

25 Wheel Speed 2870 SFPM
Traverse Feed 3 in./min.
Workplace SIPM 38 to 40

20 Depth of Out 0.001 in.
0 Coolant Vantrol 5456M

C0. DIV. 2DvD. 3D-v. Run Numbers: 92, 99, 121 - M

AMPLITUDE P-P (iDlv.: 50 X 10" 6tn.) 3Figure 383
383



400 INTERNAL GRINDING

350- SPINDLE POWER AS A FUNCTION
I OF AMPLITUDE OF VIBRATION

300- Material Ti6AL-4V

"Wheel A60J6-V1O
4250 Wheel Speed 2870 SFPM

Traverse Feed 1 in./min.
Workpieoe SFPM 38 to 40
Depth of Cut 0.001 in.
Coolant Vantrol 5456M

S100

Run Numbers: ill, 108 - III
0 IDtv. 2Dtv. 3Dtv.

AMPLITUDE P-P (1 Div.= 50 X 10" 61n.) Fig•we 384t

400 INTERNAL GRINDING

%350 SPINDLE POWER AS A FUNCTION
-0O AMPLITUDE OF VIBRATION

300 Material Tt6AI-4V
Wheel A60J6-V10
Wheel Speed 2870 SFPM
Traverse Feed 2 tn./min.
WArkpteoe SFPM 38 to 40

20 Depth of Cut 0.001 in.
Coolant Vantrol 5456M

100-

o I-Dhv Dv. 3D y. RunNumbers: 112, 109- III

AMPLITUDE P-P (IDiv.: 50 X 10"6tn.) Figure 385
384



400 INTERNAL GRINDING

-50 SPINDLE POWER. AS A FUNOTION
OF AMPLITUDE OF VIDRATION

- -- Material Ti6AI-4V

• .- Wheel C60P 5-VE

S250& Wheel Speed 2870 SFPM
Traverse Feed I in./min.

0 Workpieoe SFPM 38 to 40
Depth of Cut 0.001 in.
Coolant Vantrol 5456MIS

Sso!

Run Numbers: 93, 103A, 103B, 114, 117,
0 IDtv. 2Div. 3Div. 130, 97, 118 '- M!

AMPLTDEP-? (I Div.= 50 X 10-6 1n.) figu~re 386

400 INTERNAL GRINDING

SPINDLE POWER Al A FUNCTION
--------------------- OZ AMPLITUZDE OF VJIBRATION

300 -Material Ti6AI4V
Wheel C60P 5-VE
Wheel Speed 2870 SFPM

2..50

I2~Traverse feod 4 in. /min.
Warkpiece AlPM 38 to 40

20 - -Depth ofCut 0.0015 in.ICoolavt Vantrol 5456M

S:Run Numbers: 100, 103,A - i

0 Iltv. 2Dr. 3Dv. 10 7 1

AMPLITUDE P-P (1Div.: 50 x 10" 6 1n.) Figure 387
385



400-1 INTERNAL GRINDING

350- SPINDLE POWER AS A FUNCTION
1300 OF AMPLITD2 OZ VIBRATION

3001 -Material Tt6Al-4V

Wheel C60K4-VE

a 250 - Wheel Speed 2870 SFPM
Traverse Feed 4 in./min.

SWorkpieoe SFPM 38 to 40
200 Depth of Cut 0.0015 in.

Coolant Vantrol 5456M

150

100

'so----

0 IDtv. 2Dlv. 3DIv. Run Numbers: 70, 71 III

AMPLITUDE P-P (1 Div.= 50 X 10- 6 in.) Figure 388

400 INTERNAL GRINDING

loftSPINDLE POWER AS A FUNCTION350 OrF AMPLITUDE OF VIBRATION

300 Material Ti6AI-4V
Wheel C60K4-VE
Wheel Speed 2870 SFPM
Traverse Feed 4 tn./min.

a. Warkpieoe SFPM 38 to 40
201 Depth of Cut 0.002 in.

Coolant Ventrol 5456M

ISO

100-

- -- - Run Numbers: 72, 73 - III0 IDly Z|V 3 v.

AMPLITUDE P-P (,Div.= So X 10- 61n.) Figure 389
386
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- - EXTERNAL GRINDING

35 - R i•NQN RA hi A AS)ITmO

OF AMPLITUDE OF VIBRATION

30 -' -

0 Material Tt6AI-4V
25 Wheel A60K6-VlO

Wheel Speed SFPM 2060 - 2160
2--Traverse Feed 8 in./mtn.

020 " - - - Workp~lece 8 FPM 54 to 59
z Depth of Cut 0.002 in.

- -Coolant Vantrol 5456M

010---- -

*GRINDING RAVTl. _6Mamte1iat SMOv
-f -*GRINDING RATIO • Vol. Wheel Lose

Run Numbers: 142, 143, 144, 145- I11

Iv. I. 3 Dv.
AMPLITUDE P-P (IDtv. 50 X 10" 6In.) Figur'e 408

40 EXTERNAL GRINDING

35 - - - GRDINDnqG RATIS M A FrNCTION35 OF AMPLITUDZ OF VIBRATION

- Material Ti6AI-4V
042 Wheel A60K6-VlO
" -4 Wheel Speed SFPM 2060 - 2160

04 Traverse Feed 8 tn./mtn.
5 -- -2 Workpieoe BYFM 54 to5 9

x Depth of Cut 0.001 in.
C 6ooimt Vantrol 5456M

Z.4

010 - -

* GRINDING RATIO •Vol. U-iterdal A-kved,N G T u Vol. Wheel Lose

-_ --. Run Numbers: 146, 147, 148, 149- MII 1v, I nIV, i

I AMLrUDE P-P (I Div." 50 X 10" 6 in.) El "Ur. 02-9
406



40------------- --------- EXTERNAL GRINDING

OF AMPLITUDE OZ VIBRATION

30--------------

0 Material Ran. 41SWheel. A60K6-VI0
25 - - Wheel Speed BFPM 3275 - 3330

Traverse Feed 12 in./min.

S20 .. Workpteoes 1PM 48 to 50
Depth of Cut 0.0005 in.
Cookant Sultran 176M

6.4

010

*GRINDING RATIO. Vol, Wlol Matp08
Vol. Wheel Lose

---- DIV.- v. Run Numbers: 176, 177 - III
AMPLITUDE P-P (1Div.• 50 X 10- 6 1n.)

40 ---- - - EXTERNAL GRINDING

35 - - GRINDING PAT= M A FUNCTON
OF AMPLITUDE OF VIBRATION

30 -,-. - -

O Material Ron* 410 Wheel A60K6-VI0
6425 - - -94 Wheel Speed 8FPM 3275 - 3330
a Traverse Food 12 In./min.
020 - - - Workpteoe 8 FPLM 48 to 50

Depth of Cut 0.001 In.
CoolAnt 8ultran 176Mza5 -. .. .-- -

cis

010 - -

*GRINDING RATIO * Vol- 1 alemial buoyed
- Vol. Wheel Loss

(.
-. .. Run Numbers: 178, 179- IlI

V. ,V -i V

-- AMPLITUDE P-P (I Div.* 50 X 10"6tn.) Figure 411
407



40 EXTERNAL GRINDING

35 GRINDING RATIOS AS A FUNCTION
OF AMPLITUDE QF VIBRATION

30 - --

, Materiel Tt6AI-4V
4 25Wheel A60K6-V1O

a Wheel Speed SFPM 2060 - 2160
Traverse Feed 16 tn./mtn.

20---Workpiecoe 8 F PM 54 to 59
SDepth of Cut 0.002 in.

--- Coolant Vantrol 5456MS15
6-4 l

a 10
Vol. Material Removed

5 ',J1*IDING RATIO * Vol. Wheel Loss

Run Numbers: 134, 135, 136, 137 - III
0 Dv. 2 Dv. 3D Dv.

AMPLITUDE P-P (I Dv.- 50 X 10"6tn.) Figure 412

"40 EXTERNAL GRINDING

35 - - - GRINDING RATIOS AS A FUNCTION

OF AMPLITUDE OF VIBRATION

30--- -

O Material Ti6AI-4V

1425 - -. Wheel A60K6-V10
4 Wheel Speed SFPM 2060 - 2160

0 Traverse Feed 16 in./min.

S20 - -- - Workplece F PM 54 to 59

z Depth of Cut 0.001 in.
- Coolant Vantrol 5456M

a010 -- 9
*GRINDING RATIO •Vol. Material Reo9ved

V,%I. Wheel Loss

- . .. v . 2 tiv- V. Run Numbers: 138, 139, 140, 141- 1Il.

AMPLITUDE P-P(IDtv.- 50 X 10- 61n.) Figure 413
408



4011 EXTERNAL GRINDING,

S ------. ---- ------ A -C=N

OF AMPLITUDE Of VIBRATION

30'----------- ---------
0 Material Tt6AI-4V
t.4

1 25 ------ - - Wheel A60P6-VI0
z Wheel Speed 2060 - 2160

2 Traverse Feed 8 tn./mtn.
20--------------------------- -Workpileoe 8FPM 54 to 59

Depth of Cut 0.001 In.
Cookmnt Vantrol 5456MQI 5 . . - -.- - .

010 )------_. -------4---------
U 10

Vol. Material Romved
---------------------- *GRINDING RATIO * Vl*WelLcS5 Vol. Wheel Loss

- Tv. 2 iv. v. Run Numbers: 162, 163 - I

AMPLITUDE P-P (IDlv.= 50 X 10- 61n.) Figure 414

40 EXTERNAL GRINDING

35 - - GRINDING ATIOS AS A FUMNTION
OF AMPLITUDE OF VIBRATION

O Material Tt6AI-4V

-425 - - Wheel A60P6-VI0
4 Wheel Speed 8FPM 2060 - 2160

0 Traverse Feed 16 in./min.
020- - -- --.- Workpiece 8 F PM 54 to 59

Depth of Cut 0.002 in.
0 Coolant Ventrol 5456M

cis - -

010 - - - -

......- *GRINDING RATIO V Vol, Materia1 Rmoved
5 Vol. Wheel Loss

- I.. V. 2 dv. v Run Numbers: 164, 165 - III

AMPLITUDE P-P (1Div.', 50 X 10" 6 in.) Figure 415
409



40 - - - - - - EXTERNAL GRINDING

35 - - - -GRINDING RATIOS -A A FUNCTION
OF AMPLITUDE OF VIBRATION

30 - - - - - - - -

O 
Material Ti6AI-4V

1-4 Wheel A60K6-V1O1.. 25!'
4 Wheel Speed SFPM 2060 - 2160
STraverse Feed 4 in./min.
r320-- - - - - - Workpiece 8 FPM 54 to 59
SDepth of Cut 0.002 In.

-. - Cookant Vantrol 5456M0 15 -" -

6.4

w10-- -- -- --

S*GRINDING RATIO Vol. Material Rmoved
- - - - - - D RAVol. Wheel Lose

I 2 Run Numbers: 158, 159- II

AMPLITUDE P-P (I Div. 50 X 10- 6 in.) Figure 4i16

SEXTERNAL 
GRINDING

GRINDING RATIOS aS A FUNCTION35 OF AMPLITUDE OF VIBRATION

30 OMaterial TI6AI -4V

Wheel A60K6-Vl0
4 Wheel Speed 2060 - 2160Traverse Feed 4 tn./mtn.

Workpiece 8FPM 54 to 59
Depth of Cut 0.0005 in.
Coolant Vantrol 5456M

MIS
1.4

*GRINDING RATIO Vol. Matgrial Removwd
Vol. Wheel Loss

Run Numbers: 160, 161 - IITbTiv. Tiv.

AMPLITUDE P-P (IDtv.* 50 X 10" 6tn.) pigure 117

410



40 -- EXTERNAL GRINDING

35f- -8- R =DI RATIO9S M A ,UMMalM
0 4 OF AMPLITUDE OF VIBRATION

30 _

0 Material Tt6AI-4V
0" Wheel A60K6-V1O425
4 Wheel Speed 2060 - 2160

Traverse Feed 8 tn./min.
020 - Workptece 8 FPM 54 - 59
z Depth of Cut 0.0005 in.

Cookant Vantrol 5456M
'-4

010

I R Vol, Material Removed
- - - -. - ,.- *GRINDING RATIO Vol. Wheel Loss

Run Numbers: 150, 153, 151, 152-I11

"" v. iv. relv.
AMPLITUDE P-P (IDiv.m 50 X 10-61n.) Figure 418

40 EXTERNAL GRINDING

35 GRINDING RIATIO AM A FUNCTION
,OF AMPLITUDE OF VIBRATION

0 Material Tt6AI-4V
Wheel A60K6-V-0
Wheel Speed - SFPM 2060 - 2160

2 Traverse Feed 16 tn./min.
2--Workplece 8 FPM 54 to 59

Z Depth of Cut 0.0005 in.
P415 CoolAnt Vantrol 5456M

'.4

010 - - - -

*GRINDING RATIO Yol. geterial Removed
Vol. Wheel Lose

2 L6iv. 3 D Run Numbers: 154, 155, 156, 157- II1

AMPLITUDE P-P (1 Div.- 50 X 10-61n.)
411



- -EXTERNAL GRINDING

3- GRINDING RATIOS A1 A FUNC7ION
OF AMPLITUDE QO VIBRATION

30 - - - - - -

O Material Rene 41
Wheel A60K6-V1O

4 2 Wheel Speed SFPM 3275 - 3330
Traverse Feed 8 tn./min.
Workpiece 8 FPM 48 to 50
Depth of Cut 0.0005 in.
Coolant Sultran 176M

*GRINDING RATIO. Vol. Material Removed
Vol. Wheel Loss

Run Numbers: 180, 181 -III

1v. 2 tv. Wiv.

AMPLITUDE P-P (1 Div.* 50 X 10- 6 in.) Figure 420

40 -EXTERNAL GRINDING

35 GRINDING RATIOS AS A FUNCTION
OF AMPLITUDE OF VIBRATION

30

0 Material Rene 41
1425 Wheel A60K6-V10
4 Wheel Speed, SFPM 3275 - 3330

Traverse Feed 8 tn./min.
020 Workpiece OFPM 48 to 50

Depth of Cut 0.001 In.
CoolAnt Sultran 176M

GRIDIN .. TO -Vol. Material Rmoved
5'*GRINDING RATIO VolG Wheel Lose

Run Numbers: 182, 183 -II1IDVZDiv. 3Dv.

AMPLITUDE P-P (I Dtv. - 50 X 106tn.) Ficwe~l
412



40 EXTERNAL GRINDING

35- GRINDING RATIOS AS A FUNCTION
OF AMPLITUDE OF VIBRATION

O Material Rene 41
F 25 Wheel ASOK6-V10

Wheel Speed SFPM 3275 - 3330
Traverse Feed 4 in./min.

02 Workpgiece 8FPM 48 to 50
z Depth of Cut 0.0005 in.

Cookant Sultran 176M
isi

0~10

*GRINDING RATIO Vol. Material Removed

Vol. Wheel Loss

Run Numbers: 184, 185 - III
tTDiv. iv. 35iv.

AMPLITUDE P-P (IDiv., SO X 10"6tn.) Figure 422

40 -EXTERNAL GRINDING

35 GRINDING RATIOS AS A FUNCTION
OF AMPLITUDE OF VIBRATION

0 Material Rene 41
Wheel A60K6-V1O

4 Wheel Speed SFPM 3275 - 3330Traverse Feed 4 in./min.

020 Workpiece S FPM 48 to 50
Depth of Cut 0. 001 in.
Coolant Sultran 176M

' - ---4" - -' • -

010 --

*GRINDING RATIO Y2Vol Material emowed
D TVol. Wheel Lose

e 3jRun Numbers: 186, 187 - IM
tv. ~ v

AMPLITUDE P-P (1 Div. 50 X 10- 6 1n.) Figure 423

413



.0412

200--- - - EXTERNAL GRINDING

175 - GRINDING RATIOS AS A FUNCTION
OF AMPLITUDE OF VIBRATION

O Material H-I1
0-12 Wheel- A60K6-V1O
a1 Wheel Speed SFPM 5362 to 5400

STraverse Feed 10 tn./min.
fI00---- -- Workpiece $ FPM 45 to 50

Depth of Cut 0.001 in.
Cookant Sultran 176M

0 50o

Vol. Material Removed25------------*GRINDING RATIO Vol. Wheel Loss

Run Numbers: 188, 189 - III
tv. iv. v.

AMPLITUDE P-P (IDtv.- 50 X 10-61n.) Figure 424

200-- -- - EXTERNAL GRINDING

175 GRINDING RATIOS AS A FUNCTION
,OF AMPLITUDE OF VIBRATION

0 Material H-11
142 Wheel A60K6-V1O

4 Wheel Speed SFPM 5362 to 5400STraverse Feed 10 tn./min.
-100-- --- Workplece 8 FM 45 to 50

SDepth of Cut 0.002 in.
SCool~nt Sultran 176M

a 75- .0

(50 - - --o

10 *GRINDING RATIO * Vol. Material owed
" - -- Vol. Wheel Loss

Run Numbers: 190, 191 -111
7v. 2 Div.

AMPLmTUDE P-P (1'Dty. - 50 X 1o- 6i1 n,* Figure025
414



409

200 - - EXTERNAL GRINDING

175 - - GRINDING RATIO8 IA A FUNCTION
OF AMPLITUDE OF VIBRATION

IS -150 :

O Material H-li
1412• Wheel, A6OK6-V1O
d4 Wheel Speed SFPM 5362 to 5400

Traversp Feed 6 tn./min,
0 100 - - Workplece 8 FPM 45 to 50
z Depth of Cut 0.001 tn.
6- - - - c.;okiat Bultran 176M
.,4
0 750

S*GRINDING RATIO a Vol. Material Rmoved

25 RNNRT Vol. Wheel Loss

-ill v. - 2 tv. v. Run Numbers: 192, 193 - III
AMPLITUDE P-P (1Dtv.* 50 X 10" 6 tn.) liture 426

2.- - - EXTERNAL GRINDING

175 -,- - GRINDING RATIOS AS A FUNCTION
OF AMPLITUDE OF VIBRATION

0 Material H-11
S12- Wheel AA60IS-V40
SWheel Speed SFPM 5263 to 5346

Traverse Feed 10 in./mtn.
0  - - - Workplace 8 FIM 45 to 50

z : Depth of Cut 0.001 in.
- Coolant Bultran 176M

000e

*GRINDING RATIO Vol Material Remve2---Vol. Wheel Lose

Run Numbers: 195, 196 - aII
17P. 2 iv. t v.

AMPLITUDE P-P (IDtv.a 50 X 10" 6 1n.) Figure 4

415



200- - - - EXTERNAL GRINDING

175 -- G0D0 1 A OS U A FUNCTM
OF AMPLITUDE OF VIBRATION

150

O Material H- 11
-.- -- - Wheel AA6018-V40

a Wheel Speed SFPM 5263 to 5346
STraverse Feed 10 tn./min.

-100 - Workplece 8FPM 45 to 50
z Depth of Cut 0.002 in.
6- - Coolant Sultran 176M
Q75

*GRINDING RATIO a Vol. Material emoved

25 - - -- R---GRA- Vol. Wheel Loss

---- -- --- Run Numbers: 197, 198 - III
q V. 215v, Dv

AMPLITUDE P-P (IDtv.- 50 X 10-6in.) Figure 428

200 EXTERNAL GRINDING

17-5 GRINDING RATIOS Aj A FUNCTION
OF AMPLITUDE OF VIBRATION

150 - - - - - - - -

ISO

0 Material H- 11
Wheel AA6018-V40

4 Wheel Speed SFPM 5263 to 5346
Traverse Feed 6 in./min.

3100 Workpleoe 8 FPim 45 to 50
z Depth of Cut 0.002 in.

Cooltnt Sultran 176M

*GRINDING RATIO Vol. Material Removed

25 Voel. Wheel Lose

- Run Numbers: 199, 200 - MI( 1 Dv. 2 Div. 3Dv. -

AMPLiTUDE P-P (1 Div. 50 X 10" 6 1n.) Figure 42,9

416



200 - - EXTERNAL GRINDING

175 - - GRINDING RAOS A§ A FUNCT=
OF AMPLITUDE OF VIBRATION

150 - - - - - -

O Materiel H-1IZ Wheel AA6018-V40
- - Wheel Speed SFPM 5263 to 5346

Traverse Food 4 tn./min.
0100- - Workpiece 8 FPM 45 to 50
z Depth of Cut 0.002 in.

Cookant Bultran 176M
z

"o *GRINDING RATIO a Vol, Material Removed

25 -Vol. 
Wheel Loas

Run Numbers:III-201, 202

Div. 2iv. tlv.
AMPLITUDE P-P (IDlv.- So X 10" 61n.) Figure 430

--low r394
" 266

201 EXTERNAL GRINDING
"1. 1 cu. in.

I I GRINDING RATIOS AS A FUNCTION
4.9cu' in. OF AMPLITUDE OF VIBRATION

SMaterial H-l1
0 Wheel A60L6-VIO
P 1 Wheel Speed SFPM 5332 to 5362

Traverse Food 10 in./min.
010- -Workplace 8 F1PM 45 to 50

Depth of Cut 0.002 in.
Coolint Sultran 176M

0 GRINDING RATIO Vol. met"tal brmoved

25 -Vol. 
Wheel Loss

Run NumbersIII,03, 204, 209, 210

-V 2 d. iv. 3 v.

AMPLITUDE P-P (1 Div. - 50 X 10-61n.) Figure 431
417



200 EXTERNAL GRINDING

1 GRINDING RATIOS AS A FUNCTION
OF AMPLITUDE OF VIBRATION

0 Material H-11
Wheel A60L6-V1O

F4125a Wheel Speed 5332 to 5362
Traverse Feed 6 in./min.

- -Workpiece 8 FPM 45 to 50
Depth of Cut 0.002 In.
Coolant Sultran 176M

0 so

*GRINDING RATIO a ,Vol Material Remoyed
251 NVol. Wheel Loss

Run Numbers: III - 205, 206
-- ~i) iv. 3i5v.

AMPLITUDE P-P (1Div., 50 X 10- 61n.) Figure 4132

200• -EXTERNAL GRINDING

175 - ---- - --- GRINDING RATIOS AS A FUNCTION
S OF AMPLITUDE OF VIBRATION

150 ------- - -

0 Material H-11
1123 Wheel A60L6-VIO

a /Wheel Speed SFPM 533Z.to 5362PC Traverse Feed 4 tn./min.
0100 -.- . Workplace OFP ! 45 to 50
z Depth of Cut 0.002 in.SCooldnt Sultran 176M03 75 ..
z

0 50-..
*GRINDING RATIO Vol, Material IBmoved

2 Vol. Wheel Loss

Run Numbers: 207, 208 - In
V- iv. Dv.

AMPLITUDE P-P (1 Div. a 50 X 10" 61n.) Flaw' 41133
418



80 EXTERNAL GRINDING

70 -FIN3 
AS A MnWO= OF AIP4L1TU

60 Material Ti6AI-4V
Wheel A60K6-V1O
Wheel Speed 8FPM 2060 - 2160

•S c --- Traverse Feed 4 in./min.
Workpiece SFPM 54 to 59

40- Depth of Cut 0.002 in.
SCoolant Vantrol 5456M

~30-

20-

10

Run Numbers: 158, 159 - III
0 - Iv. 2Div. 3Ilv.

AMPLITUDE P-P (1 Div.: 50X10- 6 1n.) Figure 14314

80 EXTERNAL GRINDING

7 FINISH M ADM FUNCTION OFAMPLTUDE

Material T16AI-4V

6s Wheel A60K6-V1O
Whoel Speed SFPM 2060 - 2160
Traverse Food 4 in./min.

S5 Workplace 8lFPM 54 to 59
5 Depth at Cut 0.0005 in.

" -
Coolant Vantrol 5456M

g.4(

Run Number: 161 - III

0 IDly. 2DLY. 3Div.

AMPLiTUDE P-P (1 Div.= 50 X 10"i1n.) Figure 1135
419



so EXTERNAL GRINDING

7 -- FINISH al , FA TION OF AMPLITUDE

60 Material T16A1-4V
Wheel A60K6-V10
Wheel Speed SFPM 2060 - 2160
Traverse Feed 8 in./min.

SWokpiece SFPM 54 to 59

4 -
Depth of Cut 0.0005 in.

Coolant Vantrol 5456M

4Z 30-------------

'I~e2---

10 - - - - - - - -

Run Numbers: 150, 153, 151, 152 - III

0 Tiv. iDv. Liv.

AMPLITUDE P-P (1 Div.: 50Xl0"6in.) Figur'e 436

80 EXTERNAL GRINDING

70----�-- -�- ---- FNO AS A EMOTION A "uD

Material Tt6AI-4V

60- Wheel A60K6-V1O
Wheel Speed SFPM 2060 - 2160

Traverse Feod 16 in./min.
50 Workpiece SFPM 54 to 59

Depth of Cut 0.0005 in.

40---Coolant Vantrol 5456M

2•
Ig

Run Numbers: 154, 155, 156, 157-Ill

0 IDiv. 2DIv. 3Div.

AMP D P-P (1 Div.: 50 X 10"6in.) Plauz'e 437
420



80 - EXTERNAL GRINDING

70/ r•IS AS A FUNTILON OF AUMMT

60- Material Ti6AI-4V
Wheel A60K6-VlO

SWheel Speed SFPM 2060 - 2160
so Traverse Food 16 ln./min.

Workpiece OFPM 54 to 59
04 Depth of Cut 0.002 in.

Coolant Vantrol 5456M

"• 30

20-

10-

Run Numbers: 134, 135, 136, 137 -III

0 - I~l. 2Div. 3Div.

AMPLITUDE P-P (1 Div.: 50X 10 61n.) Pimare Vl

-- EXTERNAL GRINDING

7�- -- -PEINSK AS A FUNCTION OF AMPLZUDe

Material Ti6AI-4V

60- Wheel A60K6-V10
Wheel Speed SFPM 2060 - 2160
Traverse Feed 16 in./min.
Warkpieoe 11PM 54 to 59
Depth o Cut 0.oo iln.

- Coolant Vantrol 5456M

he

Run Numbers: 138, 139, 140, 141-I1

0 IDly. 2Dlv. 3DIv.

AMP~ITDZ P-P (1 Div.: so x 1oi-ai.) Flgiw. 439
421



80 EXTERNAL GRINDING

70 FINISH AS A FUNCTION OF AMPLITUDE

60 - Material Tt6AI-4V
Wheel A60K6-V1O

0-% 5 Wheel Speed SFPM 2060 - 2160
-0-Traverse Feed 8 in./min.

Workptece SFPM 54 to 59

40 Depth of Cut 0.002 in.
Coolant Vantrol 5456M

zo 30

20

10

Run Numbers: 142, 143, 144 - III
0 lDtv. 2Div. 3Div.

AMPLITUDE P-P (1 Drv. 50X10" 61n.) Figure •40

-o EXTERNAL GRINDING

7 -FINISH AS A FUNCTION OF AMPLITUDE

Material Ti6AI-4V

60 -Wheel 
A60K6-V1O

Wheel Speed SFPM 2060 - 2160
STraverse Feed 8 in./min.

X S - Workpteoe SFPM 54 to 59
PC Depth of Cut 0. 001 in.ft. Coolant Vantrol 5456M

20

sI

Run Numbers: 146, 147, 148, 149 - III

0 IDtv. 2Dtv. 3Div.

AMPITUDE P-P (I Div.: 50 X 10" 6 in.) Figuare •4I1
422



80 EXTERNAL GRINDING

70 FINISH AS A FUNgTION OF AMPLITUDE

60 Material 15-7 MO
Wheel A60K6-VlO

5Wheel Speed SFPM 4558 - 4680
so Traverse Food 16 in./min.

Workptece BFPM 74 to 81

40 Depth of Out 0.0005 In.
Coolant Sultran 176M

-z 30-

20

10-

Run Number: 173 - III

0 IDIv. TDiv. iv.

AMPLITUDE P-P (1 Div.: 50X 10-61n.) Figure 442

80- EXTERNAL GRINDING

70 FINIH ABA FUNCTIONOF A PLTUD

Material 1 5 -7 MO

60- Wheel A60K6-V1O
Wheel Speed SFPM 4558 - 4680
Traverse Feed 8 tn./min.

5 - Workpieoe SlPM 74 to 81
Deptho Cut 0. 001 in.
Coolant Sultran 176Mmq 40- - -

21 - - -

Run Numbers: 174, 175 - III

0 IDLy. 2Div. 3Dlv.

AMPLITUDE P-P (1 Div.= 50 X 10"6in.) Figure )4113
423



80 EXTERNAL GRINDING

70 FINISH AS A FMUNTION OF AMPUiTUDE

60 Material 15-7 MO
Wheel A60K6-V1O

so Wheel Speed 8FPM 4558 - 4580
Traverse Feed 16 in./min.

w Workpleoe SFPM 74 to 81
0 Depth of Cut 0.002 tn.

4--Coolant Sultran 176M
V3o
4-4

20

10

Run Numbers: 168, 169, 169A - III

0 IDiv. Dv. 3Dtv.

AMPLITUDE P-P (1 Div. 5OX10-61n.) Figure 444

80 EXTERNAL GRINDING

70- FINIBH AS A FUNCTION OF AMPLTUDE

Materiel 15-7 MO

60 Wheel A60K6-V1O
Wheel Speed SFPM 4558 - 4680
Traverse Food 16 in./mtn.

50 Workple SFPM 74 to 81
SDepth of Cut 0.001 tn.

Coolant Sultran 176M
40

40 -

Run Numbers: 170, 171 - III

0 iDlv. 2Dlv. 3DIv.

AMPLITUDE P-P (1 Div.= 50 X i0O6 in.) Figure 44'15
424



0- -EXTERNAL GRINDING

7-INZISH AS A FUNCTION OF AMPLITUDE

6 Material Rene 41
Wheel A60K6-V1O
Wheel Speed SFPM 3275 - 3330

50- Traverse Feed 4 in./min.

Workptece SOPM 48 to 50
Depth of Cut 0.0005 in.
Coolant Sultran 176M

Run Numbers: 184, 185-n I

0 -Di 7 hv. iv.

AMPLITUDE P-P (1 Div.! 0 X 10"6in.) ligure 4_46

-o - EXTERNAL GRINDING

7- FINISH AM A FUNCTON OF AIPIIrIUDZ

Material Rene 41

60- Wheel A60K6-V1O
Wheel Speed SFPM 3275- 3330
Traverse Feed 4 in./mtn.

X 5 - Workptece SFPM 48 to 60
04 Depth of Cut 0.001 in.
SCoolant Sultran 176M

(Run Numbers: 186, 187 - 111'

0 M~Y. 2Div. 3DIv.

AMPLiTUDE P -P (1 Div. = 50 X 14in -~) FiSlaur 47.
4Z5



so EXTERNAL GRINDING

70- FINISH AS A FUNCTION OF AMPLITUDE

60 Material Rene 41
Wheel A60K6-Vl0

CWheel Speed SFPM 3275 - 3330
50 Traverse Feed 8 in./min.

Workptece SFPM 48 to 50

40 Depth of Cut 0.0005 in.
Coolant Sultran 176M

30-

20

10

Run Numbers: 180, 181 - III
0 - 1Diiv. 2Div. 3Div.

AMPLITUDE P-P (1 Div.: 50 X 10" 6 tn.) u'i&.. 44A

80 EXTERNAL GRINDING

70- FINISH AS A FUNCTION OF AMPLVUDE

Material Rene 41

60- Wheel A60K6-VIO
Wheel Speed SFPM 3275 - 3330
Traverse Feed 8 in./min.
Workpiece SPPM 48 to 50
Depth of Cut 0.001 tn.
Coolant Sultran 176M

4.

20

Run Numbers: 182, 183 - III

0 iDLy. 2Dlv. 3Div.

AMPLTUDM P-P (1 Div.= 50 X 10-S1n.) Figure 449

426



80- - EXTERNAL GRINDING

7 FINSH M A FUNCTION OF AMPLrTUDZ

6 Material Rene 41
Wheel A60K6-VlO
Wheel Bpeed SFPM 3275 - 3330
Traverse Feed 12 in./min.
Workpteoe 1FPM 48 to 50
"Depth of Out 0.0005 tn.
Coolant Sultran 176M

I,,4

Z 30-- - - -

10-

Run Numbers: 176, 177 - III

201 v.

AMPLITUDE P-P (1 Div.= SOX10-1n.) Figure 4~50

SO - -EXTERNAL GRINDING

7--------------------FIIH Al A MUCIION OF AMPLITUDI

Material Rene 41
60 - heelA60K6-V1O

Wheel Speed SFPM 3275 - 3330
0%Traverse Feed 12 in. /min.
XWorkpleoe 11PM 48 to 50
5Depth ofCut 0.001 in.
pq4 -Cooled* Sultran 176M

I.

10-

Run Numbers: 178, 179 - I

0 iv. 2Div. 3DLv.

AMPLITUDE P-P (I Div.= 50 X 10" 6 1n.) Aigure 451
427



80 EXTERNAL GRINDING

70- FFIISH AS A FUNCTION OF AMPLITUDE

60 Material Ti6AI-4V
Wheel A60P6-V1O

-Wheel Speed SFPM 2060 - 2160
so Traverse Feed 8 in./min.

Workpiece SFPM 54 to 59

4 -
Depth of Cut 0.001 in.

Coolant Vantrol 5456M

i 30 -

20-

10
Run Number: 162, 163 - III

0 IDiv. 2Div. 3&v.

AMPLITUDE P-P (1 Div. 50 X 10- 6 in.) Figure 452

80 EXTERNAL GRINDING

70- -- FINISH AS A FUNCTIQN OF AMPLITUDE

Material Ti6A1-4V

60 Wheel A60P6-V1O
"Wheel Speed SFPM 2060 - 2160
Traverse Feed 16 in./min.

so--- Workplace SFPM 54 to 59
0 Depth of Cut 0.002 in.

Coolant Vantrol 5456M
S40--------------

(extreme burn and chatter with
conventional and 3 division.)

20

Run Number: 164, 165 - III

0 IDly. 2Div. 3Div.

AMPLITUDE P-P (1 Div.= 50 X 10-61n.) Fixure 453
428



80 1 EXTERNAL GRINDING

70- FINISH AS A•FUNTION OF AMPLITUDZ

60- Material H-11
Wheel AA60IO-V40

0 - Wheel Speed SFPM 5263 to 5346
w sTraverse Feed 4 tn./min.

Workpiece SPM 45 to 50

40 Depth of Out 0.002 in.
Coolant Sultran 176M

Z 30-

10
Run Numbers: 201, 202 - II

0 1Div. TD'v. 3iv.

AMPLITUDE P-P (1 Div.= 50X 10" 6in.) Figuwe 454

EXTERNAL GRINDING

70- - - - - - FINISH S A FUNCTION OF AMPLITUDE

Material H-I1

60- Wheel A60L6-V1O
Wheel Speed SFPM 5332 to 5362
Traverse Feed 10 in./min.

5 Workpieoe SFPM 45 to 50
S46- ,., Depth o Cut 0.002 in.

w Coolant Sultran 176M
S40

20

1 - - -Run Numbers: 203, 204 - I1
(

0 IDly. iDtv. 2Div. 3Div.

AMPLITUDE P-P 0l Div.= 50 X 10" 61na. Figure 455
429



-- EXTERNAL GRINDING

7- - FINISH Al A FUNCTION OF AMPLITUDE

60- Materdal H-11
Wheel A60L6-VlO

CWheel Speed SFPM 5332 to 5362
So :Traverse Food 6 in./min.

Workploae SFPM 45 to 50
40 Depth of Out 0.002 in.

-- Coolant Sultran 176M

S30,-------------

20 - - - - - - - -

10--------------

Run Numbers: 205,

0 ii 3E iv.

AMPLiTUMD P-P (I Div.: 50X10- 6 1n.) lFgure *56

-s--o EXTERNAL GRINDING

70- FINSH AS A FUNCTION OF AUMPLMUDE

Material H-i1
6G - - Wheel A60L6-V1O

Wheel Speed 8FM 5332 to 5362
Traverse Feed 4 in./min.

5 - Workptole 8flM 45 to 6O
Depth d Out 0.002 in.
Cooladt Bultran 176M

p, 4-

Ru Nubes 20,20 1

Ui

0 Mv M JTv. 2Dtv. 3Dtv.

AMPlq/l -(I Div.- o: xO 1 0"6R.1 "Figure 45•7

'43



80 EXTERNAL GRINDING

FIMISH j A FUN= TION OF AMPI.UDZ

60 Material H-il
Wheel A60K6-V1O
Wheel Speed BFPM 5362 to 5400

so - Traverse Feed 10 in./min.
Workpteoe OPpM 45 to 50

4 Depth of Cut 0.001 in*
to Coolant Sultran 176M

S30,

20

Run Numbers: 188, 169 -111

0 - D2Dvv. 3Dtv.

AMPLITUDE P-P (1 Dtv.= 50X10-6in.) Figure 458

80- EXTERNAL GRINDING

7 FJNBH AU A FUNCTION OF AMPLiTUDE

Material H-i1
60- Wheel A60K6-VI0

Wheel Speed SFPM 5362 to 5400
Traverse Food 10 tn./mtn.

S-- Workpieae G1PM 45 to 50
SDepth of Cut 0.002 in.

4 Coolant Sultran 176I
U
it

I,

20- Run Numbers: 190, 191 -111

0 IDMY. IDtv. 2Div. 3Div.

AMPUTUDI P-P (1 Div.: 50 X 10-gn.) Figure 459

431



s80 EXTERNAL GRINDING

F70 IN M A STION OFA WLTJDE

60s Material H-1I
Wheel A60K6-VlO
"Wheel Speed SFPM 5362 to 5400

50 - Traverse Feed 6 tn./min.
a Workpleoe SPPM 45 to 50

40 - - Depth of Out 0.001 tn.
Coolant Sultran 176M

I,4

S30---

20

10

Run Numbers: 192, 193 - III.

0 IDiy. 2Div. 3Dtv.

AMPLiTUDZ P-P (1 Div.= S0X10"6ln.) Figure 460

80 EXTERNAL GRINDING

70 F-11181 AS A FUNCTION OFAMPLITUDE

Material H-11
6s Wheel AA6018-V40

Wheel Speed SFPM 5263 to 5346
Traverse Feed 10 in./min.

S Workpieoe SPPM 45 to 50
Deptho Cut 0.001 in.

4 Coolant Sultran 176M

20
I.E

Run Numbers: 195,196 - III

0 IDtv. iUtv. 2Div. 3Dtv.
A11P2TUD1 P-P (1 Dtv.C 50 X 10-4 1n.) Fi.ture 4661

432



80 EXTERNAL GRINDING

70 FINDH AU A FUNCTION OF AMPLITUDE

60- Materiel H-Il
Wheel AA6018-V40

SWheel Speed 8FPM 5263 to 5346
x5 Traverse Feed 10 in./min.

Workpleoe 8OPM 45 to 50
40 Depth of Cut 0.002 in.

Coolant Sultran 176M

S30

20---

10------------

Run Numbers: 197, i98 - III

0 1D 2Div. 3Div.

AMPLITUDE P-P (1 Div.= 50X10-61n.) Figure 4i62

80 EXTERNAL GRINDING

70 FINISH AS A FUNCTION OF AMPLiTUDi

Material H-11
60 Wheel AA6018-V40

Wheel Speed SFPM 5263 to 5346
Traverse Feed 6 tn./min.

SX 3 Workpeooe SFPM 45 to 50
Depth of Out 0.002 in.
Cooledt Sultran 176M

pq40
n

Run Numbers: 199, 200 - III

0 IDtl. IDtv. 2Div. 3Div.

AMPLITUDE P-P (1 Div. 50 X lO6tn.) igure 463
433



400 EXTERNAL GRINDING

35 - - SPIDLE POWER AS A FUNCTION
OF AMPLITUDE OF V1BRATION

Material Rene 41
Wheel A60K6-VlO

S250 -
Wheel Speed SFPM 3275 - 3330

Traverse Feed 12 in./min.
Workpieoe SFPM 48 to 50

S200 - - Depth of Cut 0.0005 in.

4 ISO Coolant Sultran 176M

100

Run Numbers: 176, 177 - III

0 iDtv. 2Dtv. 3Div.

AMPLITUDE P-P (1 Div.= 50 X 10- 6in.) Figure 41641

400 EXTERNAL GRINDING

SPINDLE POWER AS A FUNCTION
- "- OF AMPLITUDE OF VIBRATION

300 Material Rene 41
Wheel A60K6-VlO

250 
Wheel Speed SFPM 3275 - 3330
Traverse Feed 12 in./min.

:4 Wcrkpieoe SFPM 48 to 50

200 Depth of Cut 0.001 tn.

SCoolant Sultran 176M

10--

Run Numbers: 178, 179 - III

0 ZD v. 3D v.

AMPUrTUDE P-P (IDtv.: 50 X Io, 6in.) Figure 656
434



800 EXTERNAL GRINDING

700-__ - SPINDLE POWKER AS a FUN C0TI91
OF AMPLITUDE OF VIBRATION

160- - Material Tt6AI-4V

Wheel A60K6-VlO

- - -0)_ Wheel Speed SFPM 2060 - 2160
Traverse Feed 8 in./min.

O Workpieoe 1FPM 54 to 59
.4•400 -- Depth of Cut 0.002 in.

Coolant Vantrol 5456M

300 - - - - - -

0I~y Dv Dv

80 EXTEkNAL GRINDING

,700 SINDLE POWEQR AS A FUNCTION
0 Of AMPLITUDE OF VIBRATION

- - - - Material Ti6AI-4V
Wheel A60K6-V1O

so Wheel Speed SFPM 2060 - 2160
I Traverse Feed 8 in./min.

S.Workplece SPPM 54 to 59

40 Depth of Cut 0.002 in.

~30-------------------------Coolant Vantrol 5456M
30r

20C

110--------------

0 ýv. 21) Run'Numbers: 146, 147, 148, 144-111

AMPLITUDE P-P (iDlv.= 50 X 10" 6tn.) 4'5 uP , e l67 1
435



80( EXTERNAL GRINDING

70d -PINDLE POWER Al A FUNCTION
OF AMPLITUDE OF VIBRATION

60 - - - - -Material Ti6AI-4V

Wheel A60K6-Vl0

S500 1 - Wheel Speed SFPM 2060 - 2160
Traverse Feed 8 in./min.
Workpiece SFPM 54 to 59

a. 4001- Depth of Cut 0.0005 in.

Coolant Vantrol 5456M

200 """- - - -

Run Numbers: 150, 153, 152 - III

0 IDiv. 2Div. 3DLv.

AMPLiUE P-P (1 Div.= 50 X 10-61n.) Figure 468

800 EXTERNAL GRINDING

..700 SPINDL•E POWER AS A FUNCTION
0 ,OF AMPLITUDE OF VIBRATION

1600- Material Ti6AI-4V
Wheel A60K6-VlO

0 Wheel Speed SFPM 2060 - 2160

- Traverse Feed 16 in./min.
04 Workptiee SFPM 54 to 59

400 Depth of Cut 0.0005 in.
1Coolant Vantrol 5456M

200 -

Run.Numbers:III-154, 155, 156, 157

1nID v. ZDIv. 3Tv.

AMPLiTUDE P-P (lDiv.: S0 X 10- 61n.) Figure 469
436



400- EXTERNAL GRINDING

350 - SPINDLE POWER AS A FUNCTION
300 OF AMPLITUDE OF VIBRATION

30 -Material Rene 41
Wheel A60K6-VIO

c25 Wheel Speed SFPM 3275 - 3330
Traverse Feed 8 in./min.
Workpieoe SFPM 48 to 50
Depth of Cut 0.0005 in.a20Coolant Sultran 176M

I

100

* 50,

Run Numbers: 180, 181-in

0 1Dry. 2Drv. 3Dtv.
AMPLITUDE P.-P (1 Div.= 50 X 10" 6in.) Figure 1T70

400 EXTERNAL GRINDING

350 - -PINDLE POWER As A FUNCTION

OF AMPLITUDE OF VIBRATION

-300 Material Rene 41
Wheel A60K6-V1O
Wheel Speed SFPM 3275 - 3330

.... Traverse Feed 8 in./min.
.4 Warkpiece 11PM 48 to 50

.20 -Depth of Cut 0.001 in.

SCoolant Sultran 176M

IN0(

Run Numbers: 182, 183- I1

AMPLITUDE P-P (IDtv.: 50 X 10- 6in.) Figvre 471
437



400 ---- EXTERNAL GRINDING

350- - -SPINDLI POWER AS A FUNCTION
OF AMPLITUDE OF VIBRATION

30 Material Rene 41
Wheel A60K6-V1O

250 Wheel Speed SFPM 3275 - 3330
Traverse Feed 4 in./min.

- Workpiece SFPM 48 to 50
a-,-200 - ,-. Depth of Cut 0.0005 in.

Coolant Sultran 176M

,,100 -,- - --- -

500 ,

Run Numbers: 184, 185 -. III

0 IDly. 2Dtv. 3Div.

AMPLITUDE P-P I_ Div.: 50 X 10"6in.) Ficure 1472

400 - - - EXTERNAL GRINDING

0-%35 SPINDLE POWER AS A FUNCTION
P | OF AMPLITUDE OF VIBRATION

0Material 
Rene 41

Wheel A60K6-V1O
Wheel Speed SFPM 3275 - 3330

251 Traverse Feed 4 in./mtn.
Workpiece SFPM 48 to 50

20 Depth of Cut 0.001 in.
Coolant Sultran 176M

l is ..... ,

Run Numbers: 186, 187 - III

AMPLITUD P-p (Ilv.-" 50 X 10" 6 tn.) 1;'igtre 473



i80( EXTERNAL GRINDING

70 -- SPINDLE POWER Af A FUNCTION
QF AMPLITUDE OF VIBRATION

"M60a Mterial Tt6AI-4V

Wheel A60K6-VIO
O 500 Wheel Speed SFPM 2060 -2160

Traverse Feed 16 in./mtn.
Workpieoe 11PM 54 to 59

1400 Depth of Cut 0.002 in.

Coolant Vantrol 5456M

200-

,100-

Run Numbers: 134, 135, 136, 137 -III

0 iDry. 2Dtv. 3Dtv.
AMPLITUDE P-P (I Div.= 50 X 10-61n.) ii±lcre 4T4

too EXTERNAL GRINDING

700 SPINDLE POWER. AS A FUNCTION
SQ.OF AMPLITUDE OF VIIBATION

g600 Material Tt6AI-4V
Wheel A60K6-V1O

5Wheel Speed SFPM 2060 - 2160p500, - - - Traverse Feod 16 mn./mlin.

Workpteoe SFPM 54 to 59

400, Depth of Cut 0.001 in.
Coolant Vantrol 5456M

300

S20 - - - - - -

il10 - - - - __

SRun Numbers: 138, 139, 140, 141-Il1
I Ty. 2Div. 3D v.

AMPLITUDE P--P (.Div.= 50 X 10" 61n.) 49Fivre 175
439



400 EXTERNAL GRINDING

35-- SPINDLE POWzl As A PUN TION
OF AMPLITUDE OF VIBRATION

300 Material 15-7 MO
"Wheel A60K6-V1O

m 250 Wheel Speed SFPM 4558 - 4680
Traverse Feed 16 in./min.
Workpiece SFPM 74 to 81

06200- Depth of Cut 0.002 tn.
Coolant Sultran 176M

1100

oe r-

Run Numbers: 166, 167, 168,

0 'Dry. 2Div. 3Dtv. 169, 169A - III

AMPTUDZE P-P (I Div.: 50 x 10"6in.) Iigvr-e 476

400 EXTERNAL GRINDING

3sc SPINDLE POWER AS A FUNCTION
OF AMPLITUDE OF VIBRATION

-300 Material 15-7 MO
Wheel A60K6-V1O

250 Wheel Speed SFPM 4558 - 4680
5 Traverse Feed 16 in./min.

Workpteoe SPPM 74 to 81

20 Depth of Cut 0.001 in.
Coolant Sultran 176M

'I I0•

Run Numbers: 170, 171- III

AMPLITUDE P-P (IDv,.: 50 X 10"6in.) p f i77'v.
440



80 n EXTERNAL GRINDING

;70- SPINDLE POWEL AS A ,,111O IOX
OF AMPLITUDe OF VIBRATION

600 Material T t 6AI-4V

"Wheel A60-K6-VIO

S500- Wheel Speed SFPM 2060 - 2160
Traverse Feed 4 1n./mtn.

OWorkpieoe SBIM 54 to 59
40(- Depth of Cut 0.002 tn.

Coolant Vantrol 5456M

M30C -

Run Numbers: 158, 159-*III

0 IDiv. 2Dtv. 3Dtv.
AMPLITUDE P-P (1 Div.: 50 X 10"6in.) Figure 1T78

:800 -EXTERNAL GRINDING

70 SPINDLE POWER AS A FUNCTION
I Or AMPLITUDE OF VIBRATION4

.60- - Material Tt6AI-4V
Wheel A60K6-V1O
Wheel Speed 2060 - 2160
Traverse Feed 4 in./min.

),Wckptece 8FPM 54 to 59

400 -Depth of Cut 0.0005 tn.
Coolant Vantrol 5456M

!300

200

!10 -- - -

Run Number: 160 - I1

UV. -V 3V V.

AMPLiTUDE P-P (iDy..: 50 X 10-i6n.) lFiguz*e 179
441



400- EXTERNAL GRINDING

350 SPINDL .POWER AS A ZUNCTION
OF AMPLITUDE OF VIBRATION

300 Material H-I1
Wheel AA6018-V40

250 Wheel Speed SFPM 5263 to 5346
Traverse Feed 4 in./mitn.

0 Workpiece SFPM 45 to 50
S200 Depth of Cut 0.002 in.

ISO Coolant Sultran 176M

100

s 5Run Numbers: 201, 202 - III

0 iDly. 2Div. 3Div.
AMPLITUDE P-P (1 Div.: 50 X 10" 61n.) I'itvre J)O

400 EXTERNAL GRINDING

0050 SPINDLE POWER AS A FUNCTION
0 QOF AMPLITUDE OF VIBRATION

-300 Material H-11
Wheel A60L6-VlO

250 Wheel Speed SFPM 5332 to 5362
Traverse Feed 10 tn./min.
Workpiece SFPM 45 to 50

200- Depth of Cut 0.002 in.
Coolant Sultran 176M

100

so Run Numbers: 203, 204 - III

0 IDlv. Da. v.

AMPLiTUDZ P-P (IDly.- 50 X 10" 61n.) ii gure 481,



400--EXTERNAL GRINDING

33 -PINDLE POWER AS A FUNC1IO2
OF AMPLITUDE OF VB RATION

Material H-i1

Wheel A60K6-VlO
Wheel 8peod SFPM 5362 - 5400
Traverse Feed 10 tn./mtn.
Workpiece 11PM 45 to 50
Depth of Cut 0.001 tn.
Coolant Sultran 176M

1100

so_ _ Run Numbers: 188, 189 - III

0 iDtv. 2Dtv. 3Dtv.

AMPLITUDE P-P (1 Div.= 50 X 10"|in.) Figux'e 482

400
- -0- - - EXTERNAL GRINDING

•350 - SPINDLE POWER A§ A FUNCTION
E OF AMPLITUDE OF VIBRATION

130 0- - - - Material H-11
Wheel A60K6-VlO
Wheel Speed BFPM 5362 - 5400I• Traverse Feed 10 in./mtn.
Warkplaem 1PPM 45 to 50

2 - - -Depth of Cut 0.002 in.
coolant Bultran 176M

El10  
-• --

S - - -Run Numbers: 190, 191 -III

A. aU P VO Figrv
SAMPLITUDE P-P IUly.= so x 10-lin.) p Fime 483



400 EXTERNAL GRINDING

350- SINDLU POWER AS A FUNCTION
OF AMPLITUDE OF VIBRATION

300 Material H-I1
Wheel A60K6-V1O

2 50 Wheel Speed SFPM 5362 to 5400
Traverse Feed 6 in./min.
Workpieoe SPM 45 to 50

200 Depth of Cut 0.001 in.
Coolant Sultran 176M

100

so Run Numbers: 192, 193 - III

0 iDtv. 2Div. 3Div.
AMPLTUDE P-P (1 Div.= 50 X 10"61n.) Figiwe 41841

400 EXTERNAL GRINDING

3s PINDLE POWER. Al A FUNCTION
Or AMPLITUDE OF VIBRATION

300 Material H-11
Wheel AA60-18-V40
Wheel Speed 8FPM 5263 to 5346

-- - Traverse Food 10 in./min.
Workpiae SPIPM 45 to 50

20 - - Depth of Cut 0.001 in.
ICoolant Sultran 176M

5100- - --

- -Run Numbers: 195, 196 - 1I

Sy. .Dv.

AMPTUDZ P-P (UDiV. so X 10' Fn.) .e 85

444 11



400 EXTERNAL GRINDING

35--- - SPINDLE POWEl AS A FUNCTION
•oF AMPLITUDE Or VI3RATION

300 Material H-11
Wheel AA6018-V40

4250- ,Wheel Speed SFPM 5263 to 5346
Traverse Feed 10 in./min.
Workpieoe 8FFM 45 to 50

a200 Depth of Cut 0.002 in.J •Coolant Sultran 176M

o 'Run Numbers: 197, 198 - IIl

0 iDly. 2Dtv. 3Div.
AMPLITUDE P-P (1 Div.= 50 X 10" 6 Ln.) Fpiure 486

400 - -EXTERNAL GRINDING

005 - SPINDLE POWER. AS A FUNCTION
OF AMPLITUDE Of VIBRATION

3 Material H-Il
Wheel AA6018-V40

25 •Wheel Speed SFPM 5263 to 5346
"Traverse Feed 6 in./min.
Warkpleae 8PPM 45 to 50

Depth of Cut 0.002 in.
Coolant Sultran 176M

Run Numbers: 199, 200 - III

0 V. T V. 3TMV.

AMPLITUDE P-P (IlDv. 50 X 10- 61n.) Figure 487

4415



400 EXTERNAL GRINDING

35 • PINDLU POWIR AS A FUNCTION
OF AMPLITUDE OF VIBRATION

3 Material H-i1
Wheel A60L6-V1O

S250- Wheel Speed SFPM 5332 to 5362
Traverse Feed 6 in./min.

WO Workpiece FPSM 45 to 50
.200 Depth of Cut 0.002 in.

Coolant Sultran 176M

1100

-o - - -Run Numbers: 205, 206- III

0 1Div. 2Div. 3Div.

AMPLITUDE P-P (1 Div.= 50 X 10- 61n.) Figure 488

400 i EXTERNAL GRINDING

SPINDLE POWER AS A FUNCTION
Or AMPLITUDE OF VIBRATION

30 - Material H-11
Wheel A60L6-VlO
Wheel Speed SFPM 5332 to 5362

STraverie Food 4 in./min.

4 Workpiece SFPM 45 to 50
Depth of Cut 0.002 in.

1 Coolant Sultran 176M

100

Run Numbers: 207, 208 - III

0T Vo V.

AMPnTUDE P-P (IDlv. 50o i 10i"tn.) Figure 189
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14.3 Surface Grinding Test Data
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312 '909

200 -- - - SURFACE GRINDING

175 - - GRINDING RATIOS AS A FIUNCTION
S OF AMPLITUDE OF VIBRATION

150 - - - - - - - -

0 Material 15-7 MO
1-125 Wheel AA60-I8-V40
4 Wheel Speed 5775 SFPM"" Traverse Feed 35 FPM
0100 --- - - Infeed 0.050 inch
z Depth of Cut 0.001 inch

SCoolant Sultran 176M

0 50- ------

I *GRINDING RATIO Vol, Material Removed

2S - Vol. Wheel Loss

S Div. 2 iv. 3riv. Run Numbers; 218, 219 - III

AMPLITUDE P-P(lDiv.u SO X 10- 6 1n.) Figure 500

200 SURFACE GRINDING

17 GRINDING RATIOS AS A FUNCTION

OF AMPLITUDE OF VIBRATION

0 Material 15-7 MO
64125 Wheel AA60-F8-V40
4 Wheel Speed 5775 SFPM

" 4 -Traverse Feed 35 FPM -
"0 "0- -- Infeed 0.050 inch

Depth of Cut 0.001 inch
Coolant Sultran 176M

*GRINDING RATIO Vol. Material Removed

25- Vol. Wheel Loss

I iv. 2vV. Run Numbers: 220, 221 -I

AMPLITUDE P-P (I Div.a 50 X 10" 6 in.) Figure 501
458



0 --- -- SURFACE GRINDING

175 =2=-------nDN RATIOS AS A FUNCTIMO
OF AMPLITUDE OF VIBRATION

150 - ------- --

0 Material Ti6A1-4V
-4 Wheel A60-L8-V40
4 Wheel Speed 1885-1858 BFPMSTraverse Feed 35 FPM
0 -100 - ----- Infeed 0.050 inch
SDepth of Cut 0.001 inch

"Cookant Vantrol 5456M
75

I,,4

0 50•

*GRINDING RATIO Vol. Merial Removed

25 - Vol. Wheel Loss

-- -['----- "- ----
*-"' v. 1v- v. Run Numbers: 214, 215 - III

AMPLITUDE P-P (1Dtv.= 50 X 10" 61n.) Figure 502

200 SURFACE GRINDING

175 GRINDING RATIOS M A FUNCTION
OF AMPLITUDE OF VIBRATION

S150---------- -

O Material Rene 41
1.•125-Wheel AA60-I8-V4004 Wheel Speed 2305-2290 SFPM

Traverse Feed 35 FPM
10 Infeed 0.050 inch

Depth of Cut 0. 001 inch
Coolant Sultrmn 176MS75-

U SO 50---------- -

*GRINDING RATIO =Vol. Material Removed

23-- Vol. Wheel Loss

I - Dv. 2DTtv. 3T D v. Run Numbers: 216, 217 - III

AMPLITUDE P-P (IDiv. 0 SoX 10" 6 tn.) Figure 503
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200 SURFACE GRINDING

175 ,- - - -GRNDING RATIOS AS A FUNCTION
OF AMPLITUDE OF VIBRATION

ISO150 . .-. ... -

0 Material H-11

- -1-5 Wheel A60-R8-VlO
c Wheel Speed 4900 SFPM

04 Traverse Feed 35 FPM
0100 - Infeed 0.050 inch

SDepth of Cut 0.00 1 inch
0 7 Coolant Sultran 176M0 7S
z

0 0 *G R IN D IN G RAT IO a V o , M te il-2~~I Vol. Material Removed

25; Vol. Wheel Loss

v. 2 Div. 3iv. Run Number: 211 - III

AMPLITUDE P-P (IDtv.= 50 X 10" 61n.) Figur'e 50o

200 SURFACE GRINDING

1 --75GRINDING RATIOS AS A FUNCTION
OF AMPLITUDE OF VIBRATION

O Material H-1i
I-125 Wheel AA60-18-V40

Wheel Speed 4870-4860 SFPM
Traverse Feed 35 PPM
Infeed 0.050 inch

z Depth of Cut 0. 001 inch
7 Coolant Sultran 176M

SoN T Vol. Material Bmovled
*GRINDING RATIO Vol. Wheel Loss

• Div. v Div. Run Numbers: 212, 213 - II
AMPLITUDE P-P (I Div.a SO X 10- 6 in.) Fisgre 505
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-- SURFACE GRINDING

7FIN3AS M A F TIN OF AMPLiTMfl
QF VIBRATION

60- .- Material 15-7 MO
Wheel AA60-I8-V40

0-- -- Wheel Speed 5775 SFPM
o 0Traverse Food 35, PM

t Infeed 0.050 inch

"40- Depth of Out 0.001 inch
Coolant Sultran 176M

3

20-

10

0 ID V. ±v. Run Numbers: 218, 219 - III

AMPL=UDE P-P (1 Div.: 50X10" 6 in.) Figure 506

60 - SURFACE GRINDING

FINISH AS A FUNCTION OFMARLITUDE
-!- OF VIBRATION

Material 15-7 MO

60- Wheel AA60-F8-V40
Wheel Speed 5775 SFPM
Traverse Food 35 1PM

5 Infeed 0.050 inch
Depth of Cut 0.001 inch

-Coolaet Sultran 176M

SRun Numbers: 220, 221 - III

0 IDiv. iDtv. 2DIv. 3Div.

AMPLITUDE P-P (1 Div.: 50 X 10"6in.) Figure 50T
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80i SURFACE GRINDING

70 FINISH AS A FUNCTION OF AMPLTD

QF VIORTIQO

60 Material Tt6AI-4V
Wheel A60-L8-V40

S--Wheel Speed 1885-1858 SFPM
STraverse Feed 35 FPM

Infeed 0.050 inch
40 Depth of Cut 0.001 inch

SCoolant Vantrol 5456M
'-4

Z 30-•

20

10

Run Numbers: 214, 215 - III
0 . IDty. 2Div. 3Div.

AMPLITUDE P-P (1 Div.= 50X 10" 6in.) Figure 508

8s SURFACE GRINDING

7 FINISH AS A FUNCTION OF AMPLITUDE

Material Rene 41

60 Wheel AA60-18-V40
Wheel Speed 2305-2290 SFPM
Traverse Food 35 PPM

5 - Infeed 0.050 inch
Depth of Cut 0. 001 inch
Coolant Sultran 176M

m 40

S30-

2•
lC

Run Numbers: 216, 217 - ITl
0 IDLY. IDly. 2Dlv. 3Div.

AMPLITUDE P-P (1 Div.: 50 X 10- 61n.) Figure 509
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-- SURFACE GRINDING

FINoH WS A MGM go Z oF AnMPl

60- . -Material H-11
Wheel A60-R$-VlO
Wheel Speed 4900 BFPM
T Traverse Feed 35 FPM
SIfeed 0.050 inch

40 - Depth of Cut 0.001 inch
Coolant Sultran 176M

S30------------

20-

10 - -

0 ." v. ' 3 lv. Run Numbers: 211 - III

AMPLiVUDZ P-P (1 Div.= 50Xl0O-in.) Flawus 510

80 SURFACE GRINDING

7-FIN1SH AS FUNCUON OFAAM iT&UDE
OF VIBRATION

Material H-I1
6 - -Wheel AA60-te-V40

Wheel Speed 4870-4860 SFPM
Traverse Feed 35 FPM

X Infeed 0.0 50 inch
Depth of Cut 0.001 inch

-Coolaet Sultran 176M

U

int

ho

IQI

a i- iRun Numbers: 212, 213 -III" .0 1Dtv, IDtvo 21)Iv, 3Dty,

AMPLITUDE P-P (1 Div.: 50 X 10-61n.) Fleugow 511
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14.4 Simulated Production Runs Selected
and Made from Grinding Tests Per -

formed (Sections 14.1 - 14.3)
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15. Determinations from Tests and Simulated

Production Runs

15.1 Operational Feasibility

15.2 Adaptability to Specific Grinding
Operations Performed

15.3 Design Variations for Effectiveness on
Different Grinders

15.4 Design Portrayals of Adaptations or

Modifications of Existing Grinder Types

15.5 Substantiations of Phase II Findings

15.6 Procurement Specifications

471



PHASE III

15.1 operational Feasibility

After careful study and evaluation of production tests and
previous information, the determination of operational feasibility
of inducing vibrations to the grinding wheel has been established.
Set forth below is a detailed account:

A. Wheel and Bond Life

1. Endurance of grinding wheel: - through previous
ultrasonic grinding tests and operationg, a maxi-
mum amplitude of vibration of 150 X 10-Oin. peak
to peak amplitude has been established. This
otro:e is sufficiently under an amplitude of
vibration that would caume the wheel to fracture.
(approximately 350 X 10-in. peak to peak)

2. Enduronce of Bond: - a maximum amplitude of 150
X 10-0 in. peak to peak vibration also has been
determined as being a safe level for the A-4 type
epoxy bond. Therefore (outside of any external
stresses) the bond life should be indefinite.

3. Wear life of Grinding Wheel: - the ultrasonic
grinding tests definitely proved, in most cases
their superiority of the grinding ratios over
that of conventional grinding, which in turn im-
proves the wear life of the grinding wheels.

B. Transducer and Hub Life

1. Trauducer. Previous experience under more severe
operating conditions; the transducer is or the
same design and material as the transducers used
on Sheffield's 1000 Watt Cavitron machine Tool.
The later machines, through many varied machine
applications, have had their respective trans-
ducers subjected to four times the stress levels
that will ever be experienced by the ultrasonic
grinding transducer.

2. Project Experiences approximately 1000 hours of
ultrasonic excitation has been applied to the
ultrasonic transducer without any indication of
fatigue or failure.

3. Transducer Designed More Robust than Power Re-
guired to Put Forth: Since the Transducer nad
Deen a stock item, it was well suited for the
design requirements of the 1000 Watt ultrasonic
spindle. The only disadvantage was Its large
overall rectangular dimension.
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4. Extra Care in Winding and Insulating Transducer:
the transducer was wound very carefully with tight
turns of special Kel-F coated wire whose ends were
secured to prevent chafing and shorting of the
wires. A .010" mylar insulation sheet was placed
between the coils to prevent chafing, for added
coil life.

5. Exact Mounting of Transducer to Connecting Lody:
the rectangular cross section of the transducer
stack was symetrically located around the center
line of the connecting body and induction silver
soldered to the rear face of the connecting body.
Then, the whole unit was normalized (*) to relieve
stress and insure longer connecting body life.
*6000 F for 1 hour. furnace cool with reducing at-
mosphere.

6. Robust Connecting Body: - the existing connecting
body was designed to cover all grinding, and ultra-
sonic stresses encountered during internal, sur-
face and external grinding, plus having additional
rigidity to minimize wheel chatter to piece part.

7. Robust Connecting Stud: - the stud is so designed
as to assure a rigid connection between hub and
connecting body. The stud thread is undercut and
stress relived at the parting surface Junction to
guarantee 100% stLd thread contact when properly
tightened.

8. Effective Mountina of Transducer to Minimize
Transmission of Vibration to other Components:
a mounting flange was designed at the nodal plane
of the connecting body and dowel pinned to a
matching surface of the transducer enclosure. The
above parting surfaces were coupled by evenly
torqued cap screws. Vibration transmission through
these interfaces was minimized by virtue of the
poor ultrasonic coupling this shear Junction offers.

Hubs

1. Resonant body with proper flange (dimensions) and
cross sectional the hub flange was designed to
accommodate the varied wheel thicknesses used. The
flange periphery was knurled to increase the bond-
ing surface area. The cross section was of suitable
area to drive (ultrasonically resonant) the largest
wheel of 9" diameter.

2. Endurance: - the hub, (made of K Monel) upon com-
pletion of fabrication was stress relieved and all
of the surface areas surrounding the nodal plane
were vapor honed to stress relieve the surface,
assuring longer hub life.
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3. Attachment Provision: - a counterbored recess (a
round threaded hole) was machined on one end of
the hub to receive the male end of the connecting
body. This was to alleviate shear stresses to
the connecting stud and to maintain concentric
alignment of hub and connecting body.

4. Minimum Wear Characteristics: - stress relieved
hub provides longer hub resonant life. Molybdenum
coating to female thread and counter bore reduces
wear on removal and installation performances.

C. Bearings

1. Availability: - Bearings selected are standard
tapered roller bearings which are easily pur-
chased.

2. Load Characteristics: - Bearings are arranged, in
the spindle, with a slight preload, to maintain
good coupling nf the bearing rollers between their
respective races. This damping effect, reduces
any possible roller chatter which would occur
when the ultrasonic spindle was energized. With-
out this preload, the bearings would wear.

3. Wear Life: - over 1000 running hours have been
logged against the existing prototype spindle
bearings, without any signs of wear.

4. Physical size: - the minimum diameter of the
bearings were dictated by the outside dimension
of the connecting body flange. Therefore bearing
selection became selective.

5. Surface Feet Per Minute Range: - the maximum RPM
experienced by the spindle (during internal grind-
ing) was 3500 RPM. The latter fell 10% short of
the maximum operating safe limits of the bearings.
With proper lubrication, bearint life should be
indefinite.

6. Temperatures - One of the advantages that the ultra-
sonic spindle has over conventional spindles is,
bearing temperature control. Normal bearing
tperatlng temperatures (WOO°F to 1600 F) can be con-
tolleo by the coolant water flow through the trans-

ducer housing.

D. Brushes

1. Availability: - the brushes are standard slip ring
type brushes and are readily available.

2. Load characteristics: - the crods sectional area of 4
the brushes are 4 times the area required to carry
the maximum current supplied by the polarizing our-
rent



3. Wear Life: - as previously stated, there is
sufficient cross section area to the brushes
to insure longer wear life.

i4. S.F.M. - the brushes contact the slip ring on
a small diameter to reduce wear caused by higher
S.F.M.

E. Generator

1. Availability: - generators are commercially
available to suit power and frequency require-
ments.

2. Power Regulators and Control: - the power can
be manually operated by turning power control
..kr•ob on generator panel.

3. Frequency Stability: - the operating frequency
of 19 to 20 kc in the 1000 Watt generator is
stable to within 1 100 cycles of any setting.

4. Breakdown and Maintenance: - this particular
model generator (1000 Watt, 20 kc) has been in
service, supply power to Sheffield Cavitron
machine tools for several years with a good
service record.

F. Corrosion

1. Corrosion Resistance of Components: - all parts
in the spindle coming into contact with the water
coolant are fabricated of corrosion resistant
materials such as 303 stainless, K Monel, and
heat treated 420 stainless.

2. Sound Insulation of Components from Cavitation
Erosion: - all internal surfaces housing the
nickel transducer stack have been coated with a
thin layer of silicone cured rubber as well as
the surface of the free end of the nickel stack.

3. Proper Coolant Supply Passages: - all conduit
supplying coolant water have sufficient capacity
to allow moderate flow at low pressures (operating
flow varies 1 quart to 1 gallon/minute).

G. Coolants

1. Proper Coolant: - Water free of harmful mineral de-
posits should be used.

2. Plow Control: - Spindle should be equipped with re-
ducing pressure regulator and flow control valve.
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3. Rotary Seals: - two neoprene lip seals are used
on the small diameter spindle shaft. This shaft
offers low S.F.M. to the seal lips insuring a
longer seal life. These seals can withstand 20
times the maximum water pressure they will ever
experience under norma] coolant requirements.

4. Static Seals: - there are two types of static
seals used:

a. neoprene gasket seal
b. "0" rings (Buna Rubber)

Both are sufficient for the static sealing re-
quirements of the spindle.

15.2 Adaptability to Specific Grinding Operations Performed: -
arrer development and testing in Phase Mli or the selected
vibration mechanism (internal, external and surface grind-
ing), the adaptability to each grinding operation has been
determined with each grinder type becoming an ultrasonic
grinder by attaching an ultrasonic spindle.

Surface Grinding

External Grinding

Internal Grinding

a. Spindle dimensions - *limited by ultrasonic re-
quirements and machine capacity.

b. wheel sizes and types - *limited by ultrasonic
requirements and machine capacity.

c. spindle horsepower - *limited by ultrasonic re-
quirements and machine capacity.

d. speed range of spindle - *limited by S.P.M of
bearings and the state of balance of ultrasonic
transducer in spindle.

e. part size range - *limited by ultrasonic require-
ments and machine capacity.

*see procurement specifications, Section
4, part 7.
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15.3 Design Variations for Effectiveness on
Ditferent Grinders
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15.3 Design Variations for Effectiveness on Different Grinders

Pigures (517, 518 & 519) show the physical arrangements for
internal, external and surface grinding that were used to
perform the various grinding tests in Phase III. Please
note that safety features and coolant supply details are
omitted for clarity.

In each grinder, an ultrasonic spindle is used having
features permitting its use on the three grinders with
only position changes being made.

An ultrasonic grinder, consisting of an ultrasonic vibrated
spindle and wheel assembly will modify existing grinder
types primarily to the extent Qf replacing the existing
spindle and wheel assembly by the ultrasonic spindle and
wheel assembly.
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UNIVERSAL BROWN & SHARPE 4 13 GRIDER
DOWN FEED CONVERTED TO LMMSONIC IERNAL GRINDER

t. CONTROL

DOUBLE "V" BELT

DRIVE

SPEINDEN '00

MOTOR

ULTRASONeC SPIedLE ASStmBLY
CYLINDRICAL

GINDING,

RTR DRIVEETRVE•

SCOONTROL

Traverse Speed - . 58" to 45O/mtnute
Work Speed - 13.5 - 124 RP M

(12 to 230 8 FP M based on
a 7" i.d. ring specimen)

3479 517



UNIVERSAL BROWN &SHAVPE # 13 GRINDER
CONVERTED TO ULTRASONIC SURFACE GRINDER

DOUBLE DOWN FEED CONTROL

sovis BELT

~-ULTRASONIC SPINDLE ASSEMBLY

SPINDLE 0

DRIVE- tO05/PS



DOWN FEED) UNIVERSAL BROWN & SHAIR'E # 13 GRINER
CONTROL CONVERTED TO ULTRASONIC EXERNAL GRINDER

DOUBLE

SPINDLE DRIVE "VlBL

S-ULTRASONIC SPINDLE ASSEMBLY

GRINDING SPECIMEN

ROTARY DRIVE N M

Traverse Speed - Variable from .58" to
approximately 45 "/minute

Work Speed - 13. 5 to 124R PM -(8.08 to( 80 SIPM on'a 2. 5" diameter
test specimen
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15.4 Design Portrayals of Adaptations or Moditi-
cations of Existing Grinder Types

483



'EXTERNAL GRINDER

4 tt S Pindle

Generator

C) 0



jj EXTERNAL GRINDER

Capacity 10" diameter X 28" long.

Grinding Wheel i14" diameter X 3" width(epoxy mounted

on ultrasonic hub)

Spindle Speed 1500 RPM

Spindle Motor 5 h.p. 1750 RPM

Spindle Transducer 1000 Watt - 20 kc

Ultrasonic Generator 1000 Watt - 20 ko

Spindle output diameter 1-5/8"

Spindle output stud size T/B - 20 NEP - left hand thread
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SURFACE QRINDER

Ultrasonic Spindle

Gen ator

L0
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SURFACE GRINDER

Capacity 6" x 18"

Grinding Wheel 9" X 1/2" (epoxy mounted on ultrasonic
hub)

Spindle Speed 2400 RPM

Spindle Motor 1 h.p. 3450 RPM

Spindle Transducer 1000 Watt - 20 ko

Ultrasonic Generator lO00Watt - 20 kc

Spindle Output I" diameter

spindle output
stud size 1/2 - 28 UNEF - right hand thread
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SURFACE GRINDER __________

Ultrasonic Spindle

Generator

080

Figux' 522



SURFACE GRINDER

Capacity 12" X 30" X 12"

Grinding Wheel 141" X 2" (epoxy mounted on

ultrasonic hub)

Spindle Speed 1500 RPM

Spindle Motor 5 h.p. 1725 RPM4

,Spindle Transducer 1000 Watt 20 ko

Ultrasonio Generator 1000 Watt 20 kc

Spindle output diameter 1-5/8"

Spindle output stud size 7/B - 20 UNEP

8
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EXTERNAL FOR14 GRINDER

-. Ultrasonic Spindle



U EXTERNAL FORM GRINDER

Capacity 6" X 12" long center to center

Grinding Wheel 14" X 3" (epoxy mounted on ultra-
sonic hub)

Spindle Speed 1500 RPM

Spindle Motor 5 h.p. 1750 RPM

Spindle Transducer 1000 Watt 20 ko

Ultrasonic Generator 1000 Watt 20 kc

Spindle output diameter 1-5/7"

Spindle oUtput stud size 7/8 - 20 UNEP (left hand thread)
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EXTERNAL GRINDER

Capacity 12-3/8" X 28"

Grinding Wheel 9" X 1/2" (epoxy mounted on
ultrasonic hub )

Spindle Speed 2400 RPM

Spindle Motor 11 h.p. 3450 RPM

Spindle Transducer 1000 Watt - 20 kc

Ultrasonic Generator 1000 Watt - 20 kc

Spindle output diameter i"

Spindle output stud size 1/2 - 28 UNEF - left hand thread
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INTERNAL GRINDER

Ultrasonic Spindle Generator

494Pla~ure 525



INTERNAL GRINDER

Capacity 30" diameter X 12" long
Grinding Wheel 6" X 1" (epoxy mounted on

ultrasonic hub

Spindle Speed 3500 RPM

Spindle Motor 5 h.p. 3450 RPM

Spindle Transducer 1000 Watt 20 kc

Ultrasonic Generator 1000 Watt 20 kc

Spindle output diameter 1-5/8"

Spindle output stud size 7/8 - 20 UNEF
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15.5 Substantiations of Phase II Findings
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15.5 Substantiation of Phase II Findings from Phase III Grinding
Tests and Simulated Production Runs (advantages of ultrasonic

vs. conventional)

Phase II Findings

In Phase II, certain advantages were established in ultrasonic
grinding using an ultrasonic spindle which vibrated the grind-
ing wheel. This Phase II spindle left certain undesirable
features such as, poor bearings, ba4.ance and stiffness. Never-
theless, the comparison tests between ultrasonic and convention-
al grinding with this spindle indicated the following advant-
ages:

1. Increased grinding ratios

2. Significant decrease in grinding temperatures by
direct measurement as well an evidenced by the

3. Decrease in spindle power to grind

4. Elimination of surface burn with grinding ratios
of 3 or 4 times the rate which might otherwise
burn under conventional conditions.

5. Decreased wheel loading

6. No impairment in surface finish

7. Greater stock removal rate for the same grinding
ratio.

Phase III Test Criteria Correlation with Phase II*

In Phase III, a new spindle of improved design eliminated the
disadvantages of the spindle mentioned above. Numerous prelimi-
nary grinding tests, selected from and varying slightly from
recommended practice, were made on internal, external and sur-
face grinders with this spindle. This was done to select the
t'st conditions under whi,ýi the three simulated production
runs would be made. (pages 327 - 329)

The results of the grinding tests made to establish the criteria
for production run conditions, are in excellent agreement with
the findings of Phase II described above. (ref. pages 327- 329)
This applies to internal and external grinding as well.

Simulated Production Runs

The grinding conditions for the simulated production runs were
selected with maximum production rate as a guide governed by
the limitations imposed throughout the grinding cycle by:

*see page 327 for test criteria
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1. excessive burn 5. excessive part bowing
"2. low griprline ratios 6. excessive power to grind
3. bad finish 7, excessive chatter
4. checks or cracks 8. froquent redressing

Pages 468-470 depict the results of the simulated production runs
in table form. Conventional runs made were the greatest stock removal
rate conditions found cormensurate with the above limitations as a
guide. "

The ultrasonic runs were made at stock removal rates equal to or
greater than the conventional runs. The following is a cost comparison
of these runs.

COST CO'PAMISON3 - SIMULATED PRODUCTION RUNS

Ti6A1-4V, H-11, 15-7M0 Conventional Ultrasonic

Assumed Grinder Depreciation/hour $ .50 $ 1.00
Assumed Labor/hour 3.00 3.00

Total Assumed cost/hour 3 - .-400

COST TO RE
?MTAL REMOVED/ COST/ MOVE I in.

METAL RUNS TYPJ 017 IUN IHOUR PART OF METAL

Ti6A1-4V P-l-5 Internal Grind 1.191 $1.11 $ 3.36
UltrasonJc

Ti6AI-4V P-ll-15 Internal Grind 0.544 $2.43 $ 7.35
Ultrasonic

Ti6AI-4V P-6-10 Internal Grind 0.281 $4.37 $12.45
Conventional

H - 11 P-21-25 External Grind 4.250 $1.00 $ 0.94
Ultrasonic

H - 11 P-16-20 External Grind 4.273 $0.88 $ 0.82
Conventional

15-7 MO P-31-35 Surface Grind 0.137 $18.68 $29.20
Ultrasonic

15-7 MO P-26-30 arface Grind 0.132 $16.92 $26.51
Conventional

Although significant cost reductions are apparent in Titanium
only, the less frequent wheel dressing, its consequent reduction in
dressing time results in potential cost reductions in all cases.

Further, surface finish measurements made on the convebtional
and ultrasonic specimens after grinding and after polishing an area
on the specimens with 400 grit paper indicate that ultrasonic ground
specimens could be finished by honing or lapping in less time. This
could result therefore in over all part cost reductions using ultra-
sonics grinding when better finishes are indicated.
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15.6 Procurement Specifications

The following procurement specifications prepared for in-
dustrial machines to cover surface grinders internal grinders
and external grinders (including centerless).

In accordance with contractual requirements these specifi-
cations have been sent by the Sheffield Corporation to Mr.
Ludlow King, Executive Vice President of National Machine
Tool Builders Association for coordination and comment.

Unfortunately this Association as a mpter of policy does
not review such specifications for the purpose of making
comments or recommendations.

The specifications have been placed in the permanent file
of the National Machine Tool Builders Associations Library.
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PROCUREMENT SPECIPICATIONS

Procurement specifications on industrial ultrasonic grinding
machines: surface grinders, internal grinders, and external grinders
(including centerless) - will be basically in the form of supple-
ments to existing specifications as to type and capacity of base
machines.

BASE MACHINES

Reference is mnde tn ASA Standards B5.32-1953 and B5.33-1953
covering designation and working ranges of surface grinding machines
of the horizontal reciprocating table type and plain cylindrical
grinding machines respectively.

Existing specifications as to capacities and types of base
machines in general include the following criteria:

I. Horizontal surface grinders
a. work table dimensional capacity
b. work table load supporting capacity
c. table traverse
d. saddle movement
e. feed types and speeds
f. vertical capacity under wheel
g. spindle drive pfwer and speeds
h. floor space
i. machine weight
J. electrics
k. accessories (dressing, etc.)

II. Cylindrical Grinders

A. Center Type - External
a. nominal owing
b. length between centers
c. wheel size
d. work speed
e. feed types and speeds
f. traverse speed
g.. work drive
h. wheel drive
i. work weight
J. table swivel
k. floor space
1. machine weight
m. electrics
n. accessories (dressing, etc.)

B. Chucking - Internal
a. chucking type
b. internal diameter range,
c. maximum outnide diameter
d. depth range
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A. feeds and speeds
f. quill style and drive
S. workhead speed and power
h. work weight
1. floor space

•. machine weight
kc. eleotrics
1. accessories (dressing, etc.)

C. Centerlesm (Internal and External)
a. type of feed (through or infeed)
b. work support
o, work outside diameter range
d. maximum hole depth
e. hole diameter range
f. taper precision
g. feeds and speeds.
h. wheel diameter and width
i. regulating wheel diameter and width
a. regulating wheel speeds
k. grinding wheel power
1. work weight
m. dressing
n. floor space
o. electrics
p. accessories

SUPPLEMENTAL SPECIPICATIONS FOR ULTRASONIC APPLICATIONS

Machine to be equipped to reliably obtain, under production
grinding conditions, radial expansions and contractions of the
grinding wheel periphery at ultrasonic frequencies - superimposed
on and simultaneous with normal wheel rotation. The grinding wheel
Is to be ultrasonically coupled at a nodal point along and radial
to the longitudinal axis of a resonant system driven at ultrasonic
frequencies while under grinding rotation.

The periphery of the grinding wheel under grinding conditions
is to radially expand and contract under positive amplitude control
through a range of amplitudes.

The full ultrasonic wheel, wheel mounting, and driving
assembly Is to include the following major components incorporated
as an operating assembly in the specified machine:

a. wheel
b. wheel hub
c, ultrasonic transducer
d. spindle
e. ultrasonic generator

Preferred specifications for these major components are set
forth below for supplemental application to the type and capacity

4' lspeofliations of the base machine.
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a. wheel

Maximum diameter - 20" subject to limitation by
grinder capacity

Minimum diameter - 5"
Wheel face width - Wheel face width (K) should be

at least J of that part of the
wheel radius dimension (Rg)that
projects from the grinding wheel
hub flange. Maximum face width
no greater than 3".

1KHý

b. wheel hubs AA A

material - "K" or "M" monea.., annealed and
stress relieved after machining,
(in accordance with International
Nickel Company Technical Bulletin
Specifications).
For optimum performance, all hubs
should be tuned to design frequency
(20kc +100 cycles) and be free of
cracks" flaws, and be of smooth
finish ('0uin.RMS or better) and be
free from tool marks. Ultrasonic
inspection of raw material before
machining is desirable.
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Hub Gsgm - Hubs shall conform to the following speoi-
fications:

I - 1/2" "-1 2 . " 2-1/2" . 3"

L 5 3.5 ." .. 3.5 .5.
' ! * . * I * . I * * *

F• s olo 'L~ o.1i3o .ILIo ...o . oLI.3o i0.i Z .... ,,Q, 130 010 013" .3" 0,130 0.13
SrF 5/16. _/i 6. 13/16. 1 -V , -i. 1-/.

4.332 4.332 4.332 #4.332 4.332 4.332
_(Toleran. 0 -. 004 _

H ~** ** I*,, ! ***Z ,,R/ 3Z§B' 3/8R 3/8 R -I3/8R I8

4.278 4.233 4.190 I 4.146 4.102 4.05
_T 4(To) gance 4.,0Q0 -. 004 )
4.387 4.430 4.474 J 4.518 4.562 4.605

L (Tole-ang2 4 .000 -. 004 _ !MV _4 ", 1 2 " 3/ 4 "0 , -1 4 . / -

Zpoxj bonding of wheel to hub is made in final assembly.

* See section o Output Diameter
B* See Section a Stud Size
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Equations for determining hub diameters (J & L) and flange widths (C)
for wheel face widths not listed in table.

J w 4.332 - .08749 C
L a 4.332 + .08749 C
K a C - 1/8

where: J Small diameter (tolerance +.000" - .004")
L Large diameter (tolerance 4*.000" - .004")
K Wheel width
C Flange width

506



Wheel hole dimensions

wheel face 1/21" let 2"0 2-1/2"1 3"1

Dimension A 4.277" 4.234" 4.1901" 4.146" 4.102" 4.059"1
4. .000"
- .004"1

Dimenion .B 4.387" 4.430" 4.474" 4.518" 4.562" 4.605"S. 000"
- .004" _

Wheel type - Standard - Vitrified bond

C. Ultrasonic transducer

Power Ratino - Controllable to a maximum of 1000 Watts.

Frequency Rance - Controllable from 18 to 21 kc.

Output Diameter - For wheels up to 8" in diameter and not
(diameter to which exceeding 2 shaft horse power on spindle
wheel hub is attached) 1" output diameter. For wheels from 8"

to 20" in diameter and not exceeding 5
shaft horse power on spindle 1-58" out-
put diameter.

Stud Size 1/2 - 28 UNEF (left or righthand thread
depending on spindle rotation) for up to
8" wheels not exceeding 2 shaft horse
power.

7/8 - 20 UNEF (left or righthand thread
depending on spindle rotation) for wheels
from 8" to 20" in diameter.

(. Coolin- Continuous water cooling 1 quart/minute
capability.
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a. Ultrasonic transducer (continued)

Amplitude - Controllable to 0.O01"P-P at 20 kc
(Peal to Peak)

Type Magnetostrictive - Nickel window
type

Input Impedance- 8 - 16 ohms

d. Spindle

bearings Anti-friction bearings, front bear-
Ing double row tapered rollers;rear
bearings in radial thrust and float-
axially. Front bearings must be in
the nodal location of the connecting
body of the transducer.

lubric~c. ion - oil mist

R.P.M. not to exceed 3800

drive - belt - single or multi"V" type

slip rings - copper slip rings - carbon brushes

e. Generator

power output - controllable to 1000 Watts

frequency range- controllable from 18 - 20 kc

tuning - manual. Frequency drift of oscil-
lator not exceeding + 100 cpe after
initial 30 minute wa-mup.

input preferred 60 cycles - 220 V, 3
phase, 2.4 KVA

output impedance - 8 - 16 ohms
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SUGGESTIONS FOR ALTERATION OF A"'A STANTArDS-B5.32-3-1953

An ultrasonic grinder, consisting of an ultrasonic vibrated spindle
and wheel assembly will modify existing grinder types primarily to the
extent of replacing the existing spindle and wheel assembly by a new
spindle and wheel assembly. This applies to:

1. Horizontal Reciprocating Surface Grinders(ASA-B5.32-1953)
2. Plain Cylindrical Grinding Machines(ASA-B5.33-1953)
3. Centerless Grinders
4. Internal Grinders

However, the ultrasonic grinder, utilizing a vibrating spindle and
wheel, assembly, requires certain conditions for basic performance
that are not entirely compatible with certain sections mf ASA-B5.32-
1953 and ASA-B5.33-1955.

For instance, to vibrate a grinding wheel in radial resonance at
ultrasonic frequencies, a grinding wheel hub of such a flange diameter
is required, that when a grinding wheel is firmly attached to it, (as
by epoxy resin bonded to level of vibration. Therefore, the design
of the hub, such as its diameter, length, flange diameter and width
are closely governed by the desired frequency and the physical
properties of the material of which the hub is made, and must not
be chosen arbitrarily.

1. Therefore, for horizontal reciprocating surface grinders, page
5 of ASA-B5.32-1953 under "Wheel sleeve diameters" sbould be
deleted for ultrasonic grinders of the horizontal reciprocating
type. This would allow existing specifications 5.32-1953 to
apply in the case of ultrasonic grinders of the type herein
described by using a footnote in said specification applicable
to ultrasonic grinders.

2. Similarly for ASA-5.33-1953 page 7 under "wheel hole sizes"
certain standard hole sizes are indicated. In as much as a
wheel for ultrasonic grinding must attach to the ultrasonic
hub, the flange diameter of which is closely determined by
its acoustical properties, it is also suggested that this be
deleted for ultrasonic grinders and replaced in the existing
specificntion 5.33-1953 by a footnote indicating said circum-
stances as relates to ultrasonic grinders.

3. & 4. It is further suggested, that when ASA specifications may
be planned in the future for internal and centerless type
grinders that consideration be given to the wheel-hub exemptions
previously noted for surface and plain cylindrical types.
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16. Conclusions and Reoommendations
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16. Conclusions and Recommendations

Conclusions

In Phase I, strong indications of the benefits in ultrasonic
grinding were shown. The most versatile method of intro-
ducing ultrasonic vibrations was by vibration of the grinding
wheel through the use of an ultrasonic spindle.

Phase II effort provided confirmation of the previously indi-
cated advantages of ultrasonic grinding as applied to sur-
face grinding. Performance of the ultrasonic spindle was
hampered by poor bearings, lack of spindle rigidity and proper
balance.

In Phase III, an improved spindle was designed, built and
tested on three grinder types - external, internal and sur-
face. Previously established benefits stch as lower power
and temperatures to grind, greater grinding ratios, de-
creased burn indications, no impairment of surface finish,
and decreased wheel loading and chatter were maintained.
Simulated production runs were made on each grinder type
disclosing consistency of previously established advantages
of ultrasonic grinding as well as operational feasibility
and adaptability.

Procurement specifications were than drafted for a center-
less type grinder as well as the previously mentioned sur-
face, external and internal types.

Recommendations

It is recommended that consideration be given to additional
programs in the following areas in order to speed up in -
dustrial applications:

1. to find means of ultrasonically vibrating hard
wheels at greater amplitudes, perhaps to .001"
peak to peak.

2. determine performance of ultrasonic grinding using
other wheel types such as bonded Boron Carbide,
Carbide, diamond and resonoid bonded wheels.

3. Improve wheel to hub mounting techniques

4f. more fully explore the fatigue properties of
various materials ultrasmioally ground vs. con-
ventionallly ground.
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Rocketdyne Division of North 76 Sunstrand Aviation Div. 86
American Aviation Attn: Evans Erickson
Attn: E. C. Haynie, D/520 2421 Eleventh Street
6633 Canoga Avenue Rockford, IllinoisCanoga Park, California Taft Pierce Manufacturing 87
Pratt & Whitney, Incorporated 77 Attn: N. E. BrownCh.Eng.
Attn: Philip A. Clorite Woonsocket, Rhode Island
Plant N
North Haven, Connecticut Universal Cyclops Steel 88

Attn: N. R. Harpster,R.&D.
Rohn Aircraft Corporation 78 Drawer 153
Attn: B. P. Raynes, Senior V. P. Bridgeville, Pennsylvania
P. 0. Box 878
Chula Vista, California University of California 89

Dept. of Ind. Engineering
Republic Aviation Corporation 79 Metals Process Division
Attn: A.Kastelowitz,Dir.Mfg.Res. Attn: E. 0. Thomsen
Farmingdale, L.I., New York Berkley, California

Thompson Grinder Company 80 U.S.Army Missile Command 90
1534 W. Main Street Attn: Technical Library
Springfield, Ohio Redstone Arsenal, Alabama
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The Library, United Airoraft 91 National Machine Tool 97
Attn: Lubin Thoren Kress Builders Association
•400 Main Street Attn: E. Koschella
East Hartford 8, Connecticut 2139 Wisconsin AvenueN.W.

Washington T, D. C.
University of Illinois 92
Attn: Prof. K. J. Trigger
Dept. of Mech. Engineering Cornell Aeronautical Lab 98
Urbana, Illinois Attn: P.Rosenthal,Appl.Physios

4U55 Genesee Street
University of Michigan 93 Buffalo 21, New York
Attni L.V. Colwell, Professor
2046 East Engineering Blvd.
Ann Arbor, Michigan Diamond Ord. Fuze Labs 99

Attn: J. E. Rosenburg,
Vanadium Alloys Steel Company 94 Connecticut & Van Ness
Attn: Dr.O.A. Roberts*President Washington 25, D. C.
Latrobe, Pennsylvania

Watervliet Arsenal 95 University of Virginia 100
Attn; 0. Hohenstein Attn: Mr. J. C. Wyllie
Watervliet, New York Alderman Library

Charlottesville, VirginiaWhitman & Barnes o6
Attn: W. S. Penn, Factory.Mgr. Mr. Glen H. Stipmon, Cb.Eng 101 1
40600 Plymouth Road Greenfield Tap & Die Division
Plymouth, Michigan Sanderson Street

Greenfield, Pass.

*Member of Panel on Machining of the Materials Advisory
Board Committee on the development or Manufacturing Pro-
cesses for Aircraft Materials.
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