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FINAL REPORT ON IMPOSEL HIGH FREQUENCY VIBRATIONS
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THERMAL_ _RESISTANT MATERIALS

R.N.Roney and D, Glardini
'BE SHEFFIELD CORPORATION

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 itselfl
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, 1lower power to
grind, greater grinding ratios, no impairment to surface finish, no
impairment to mechanical properties as to cracks, fatigue or ten-
silg 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. Simulated production grinding runs showed that
on Ti6A1-4vV, the volume removed improved over four fold and grind-
ing ratios improved five fold. On H-1l, the grinding ratios im-
proved two to three fold and on 15-7 MO, the grinding ratlios 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.
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SECTION 1
1.1 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 part3 to desired counfiguration, there is
a8 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, coasts 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 resalm
of economic possibility. It is toward a solution of these problems
that this project 1s 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 1in
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 1limited sizes. It is thought that
these ultrasonic vibratory units, in combination with that of con-
ventional machining methods, could result ‘., 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 experiumental work, from 60 to 120 cycles per second,
has been conducted by Russian Scientists. Some published



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 proJject is to determine if the application.
of induced vibrations of varying frequenciles, including ultrasonics,
either into the workpiece or the grinding wheel, will allieviate pro-
duction provlems 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 projJect 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 ' 1in
Phase 1I.



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 440C Stainless and
15-7TMO 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 Ailr Force Base are:

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

2. Titanium Alloy Ti6A1-4V, hardened %o RC35-40

3. Precipitation Hardening Stainless Steel 15-7 MO

k., High Temperature Alloy Rene 41 hardened to RC4O-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. 0Orilt sizes

3. Hardness

4., Wwheel R. P. M.

5. Table Speed (feet p2r minute)
6. Depth of Cut

7. Wheel wear



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 - ™" X 3" x 13"

Wheel Speed - 3450 R P M (excepting 1500 to
2500 S F M on Ti6A1-4v) (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-VLO
(v) Titanium Alloy Ti6A1-4v AA46-1B-VLO
(¢) Precipitation Hardening AA46-HB-VHO

Stainless 15-7 MO
(@) Udimet 40 or Rene 41 AA46-18-VvhO

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.



3. Centerless (rinding

Work Speed - 100 S F M
Angle Feed Wheel - 20
Angle Work Blade - 15°

Blade Above Center

1/16" for 3" to 3/4"
alameter 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 vertically 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, requiring 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

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



SECTION 2

2. Instrumentation

The following 1s 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 workplece was measured by a thermo-
couple iron and conatantan 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-1100
Tape Recorder and placed on the tape for later reference. Plascecd 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 1s 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-
verter. 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 workplece 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 positicn of
the acceierometer 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 was .cet and cali-
brated, it was not moved until all the tests were completed. 1In
order to establish a calibration curve for the accelerometer, a



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 tiznal 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 serles FR - 1100 Tape Recorder was used.

To get the information from the magnetlc 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 workplece. From this information
tables could be made and conclusions drawn.

The amplitude of vibration gresent in the spindle was
measured by the use of two B&K Type 4329 Accelerometers, one in
the vertical axls 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 2 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-
plece. 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. The 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 numver,
the depth of cut, and other information which was pertinent for
that particular pass.
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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, & 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 the B.F.O.

2.4 Thermocouple Interpretation, Welding and Calibration

To adequately resolve the changes in temperature of the
workpiece, during grinding, it 18 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
workplece.

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
minimunm.,

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 Jjunction
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 Jjunction, and
a current will flow which 1s dependent on the resistance, in-
volves & dissipation of energy in heating the conductor, but,
the current may be used to perform work.

The electrical energy 1s derived from an absorption of
heat at the hot junction and a rejection of heat at the cold
Junction, so that the device 18 a thermo-dynamic engine for the
conversion of heat to electrical power. This relationship is

11



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 104 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 devised 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 metels when subjected to an electrical arc, it 1s
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 1s 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 workplece 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", 1s 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 workplece to assure
a good connection. The wire to be welded to the workplece 1is
securely fastened, for good contact, to the prove 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 Jjunction of the scrived 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-
plece. 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, 4impurlities, resistivity, etec.
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 mntions
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
is the axis of longitudin~l vibration, is normal to the grinding
wheel spindle axis.

~

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

Note that the transducef 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.

14
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2.9 Spindle Revolutions \hile 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 U400 Erie Counter. In order to count
the number of pulses during the time the wheel was on the workpiece 1t
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,
1t 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.

2l
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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 workplece
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 (1
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-TMO stainless.
Grinding wheels used:

38A46-H8VBE
38A100-I6VBE
AA60-3S8-v40
AA60-R8-V4O
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 &s spindle current
reading, ultrasonic frequency, conventional grinding, depth of
cut, etc. Swarf was taken on 1st, 3rd, and 5th pass. A check-
out 1list, 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.

23



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 plece parts weculd 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 failurc of specimens. A soft-solder
of 60 PB-40SN was selected with soldering temperature maintained at
4OOOF or less. This provides sufficient bond strength, commensur-
ate with piece deformation due to heat distortion.

The selection of soft solder (60PB-40SN) 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

Grinding wheels on all test runs were diamond dressed with
a 033-Wheel Truing Tool Company diamond. The wheel, revolving at
grinding speed (6180-6320 SFM), 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
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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-
1ifier # 1. The vertical forces caused by grinding, were indl -
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.

25
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3.5 Swarf Collection and Analysis

Swarf 18 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 18 emptlied 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 dlameter of spheres a Sheffleld Micro-hardness tes-
ter with optical magnification of ﬁoox was used. The filar-mlcrom-
eter eyeplece 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 18

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 1is
generated, the material removed during grinding will be oxidized and
spheroids will be formed. A lesser heat g-nerated will increase the

number of chips which 1s 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 13" square plece 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 1s also obvious that the higher the
divisions, or stroke of vibration, the lesser the amount of chips or
spheroids adhering to the glass.
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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)

(¢) 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 1s a 3" diameter bar whose half-
wave length is cut for 20 kc., having a 43" diamcter flange at
1ts nodal point. A grinding wheel was bonded with Armstrong
Epoxy Bond at this nodal point. One end has a 3 - 28 tapped
hole 3/4" deep for attachment to the transducer, the other, a
60° 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 1ts 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 4-28
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 1s bonded to the disc using Armstrong Epoxy ce-
ment. Testing as before revealed tl1at 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 1in
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 velow 10 ke, it became necessary to design ,
build and test an electrodynamic type that would have sufficlent
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 coll around
center of "E". Polarizing current is introduced
to this coil from a modified ultrasonic generator.

B. Upper "E" lamination steel stack having coll around
center of "E", alternating current of controlled
frequency 18 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) 1In this position the specimen
18 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-N150-M1/4. The manufacturing

of this wheel consisted ol a bulld up of layers of grit and metal
by an electroplating process to a total of 1/4" thickness. This
rim enclosed the peripheral surface of a 73" 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 18 due to the differences of expansion coefficlents,
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 propor%!ona, a mixture ol 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. Wnen
ultrasonically excited the bond life was found to be very short.

D. Silver Bonded Grit, The grinding wheel was ultrasoni-
cally cleaned In distIITed 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 promlsing 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 used:

(a) 8 cps modulation 1200 cycle swing
(b) 32 cps modulation 1800 cycle swiné
(¢) 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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Table Speed 6.2 FPM

Longitudinal Mode

/*; / Method A (see pp 19 & 20)
20 KC Range
375 / pd
. . ?l\\ g ggn{;gn;n?nal
5 15 Division vision
.250?/ ® 15 Division
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Run Numbers: I-11-18
0
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DEPTH OF CUT IN INCHES Figure 21
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SURFACE GRINDING
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o
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SURFACE GRINDING

IEMPERATURE TIME TRACE AREA AS A

.875 FUNCTION OF THE DEPTH OF CUT
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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

Paak Temperature and Step No.
122.59C (10) - 72.89C (9) - 35.4°C (8) - 20.4°C (7) - 10.2°C (6)

A —
/k ~  Conventional

Peak Temﬁ erature and Step No.
ds.5°C (10) - 64.7°C (9) - 30.6°C (8) - 13.6°C (7) - 6.8°C (6)

N\

uple Position

il L 5 Divisions

Peak Temperature and Step No. o [ o
d5.29C (10) - 88.49C (9) - 54.4°C (8) - 23,8°C (7) - §,8°C (6)

/
/ // — A/ 10 Divisions

44 Material F
R 62, 59, 65

Wheel A
—

(XY N

46 Figure 28
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TEMPERATURE TIME TRACE

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

Peak Temperature and Step No,
132,8°C (10) - 111°C (9) - 56.5°C (8) - 28.6°C (7) - 18.4°C ()

f i
—_— Conventional

Peak Temperature and Step No.
112, 5°C (10) - 75°C (9) - 47.7°C (8) - 27.4°C (7) - 17°C (6)

4

End of Cut

Thermocouple Position

5 Divisions

Peak Temperature and Step No. o
95.2°C (10) - 78.2°C (9) - 80°C (8) - 27.4°C (7) ~ 10.2°C (6)

10 Divisions

Wheel A
Material F
—%>1 R 63, 60, 65

ISR

48 Figure 30
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TEMPERATURE TIME TRACE

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

Wheel #38A46-HBVBE - 6200 SFM - Material SAE 4340
Peak ‘remJerature and Step No,

339C (10) - 129.5°C (9) - 74.8°C (8) - 40.8°C (7) - 2/4,3°c (6)

Conventional

Peak Temperature and StepoNo. ) o
123°C (10) - 196°C (9) - 61,3°C (8) - 34°C (7) - 17°C (6)

Eng of Cut

Thermocouple Position

5 Divisions

Peak Temperature and Step No. ° o
95.2°C (10) - 81,7°C (9) - 78,2°C (8) - 37 c(n - 2},3 C (6)

10 Divisions

Wheel A
L , Material F
o 3 > Re64, 61, 65

50 Figure 32
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TEMPERATURE TIME TRACE

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

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

Peak Temperature and Step No.
142‘bC (10) - 136°C (9) - 98.8°C (8) - 54.4°C (7) - 30.r°C (6)

I~

K Conventlonal

]
o

1] End of Cut
0
(W
9
g
3
g
0

&
Peak Temper?ture and Step No. o |
37.40C (10) - 34°C (9) - 23.8°C (8) - 13.6°C (7)
\ / 4
y4 ~7
y .4
1 4
///(’/ 5 Divisions
Wheel A
L Material E
| '2' R 58 & 55

52 Figure 34
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TE TURE TIME T
Longitudinal Mode - Method "A" - 20 KC - .004 cut - .050 cross feed

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

Peak Temperature and Step No.

130°G (10) - 1309C (9) - 85.5°C (8) - 565G (7) - 30,690 (6)
\ / / N
|
p ~Sonventjonal

yf Cut

N

Thermocouple Position

Peak Temperature and Step No, o
20.4°C (10) - 19/% 9 - 11.5°c (8) -~ 3.4°C (7
y P e

o 1/
/}_’/ 5 Divisions

Wheel A
Material E
R57 & 54

|
(SN o

54 Figure 36
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TEMPERATURE TIME TRACE

Longitudinal Mode - Method "A" =~ 20 KC - ,002 cut = ,050 cross feed

QO

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

Peak Temperature and Step No.
49,19F (10) ~ 34,4°F (9) -14,8°F (8) - 9.7°F (7)

/\ L L i ! y
Z i
Z - s — < Conventional

ygf Cut

le Position

Thermocoup
- N\

Peak Temperature and Step No. o
° - ° - o -7.5°F (7
43.2°F (m)j(ss.o F (9) - 21.6°F (8) )

- y
/1//k é" $ Divisions
Wheel A
L Material E (-
= 'é“ R 56 & 53

56 Figure 38
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.0003 .0009 .0015
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Wheel Speed 6200 SFPM
Table Speed 35 FPM

Flexural Mode (see pp 19 & 20)
Method A 10 KC Range

0 Conventional
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_ Figure 39

E

\r,Conventional

10 Div,

1\
s

.0003 .0009 0015
DEPTH OF CUT IN INCHES
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Wheel Speed 6200 SFPM
Table Speed 35 FPM
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Method A 20 KC Range

0 Conventional
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SURFACE GRINDING
GRINDING RATIO AS A FUNCTION
QF THE DEPTH OF CUT WITH
VIBRATION AS A PARAMETER,
6
5 Conventional Matertal 15-7 MO
= 5 Wheel 38A100-16VBE
S \ Wheel Speed 6200 SFPM
o 4 Table Speed 35 FPM
& Longitudinal Mode (pp. 19 & 20)
a Method A 25 KC Range
é 3 0 Conventional
o @ 10 Division
6 20 Division
2| 10 Div.
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Wheel 38A100~-16VBE
Wheel Speed 6200 SFPM
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Method A 20 KC
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*GRINDING RATIO = Yol. Material Removed
Vol. Wheel Loss

Figure 46

60

[P

et o s 2 e

e AR it o <



PEAK TEMPERATURE RISE IN DEGREES FAHRENHEIT

PEAK TEMPERATURE RISE IN DEGREES FAHRENHEIT

\
\Y’Conve ntional
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@©

I —¢
¢

20 Div.

™
©o

L

.0003 .0009 .0015
DEPTH OF CUT IN INCHES

SURFACE GRINDING

PEAK TEMPERATURE RISE_AS A
FUNCTION OF THE DEPTH OF CUT
WITH VIBRATION AS A PARAMETER

Material 4340 ‘
Wheel 38A100~I6VBE
Wheel Speed 6200 SFPM

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

0 Conventional

@ 10 Division

© 20 Division

Run Numbers: I~ 98A-106

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

SURFACE GRINDING

FUNCTION OF T DEPTH OF
WITH VIBRATION AS A PARAMETER

Material 15-7 MO

Wheel 38A100-I6VBE

Wheel Speed 6200 SFPM
Table Speed 35 FPM ‘
Longitudinal Mode (pp.19 &20)
Method A 25 KC Range

0 Conventional

@ 10 Division
® 20 Division

Figure 48
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PEAK TEMPERATURE RISE IN DEGREES FAHRENHEIT

REVOLUTION COUNT DIFFERENCE
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.0003 .0009 0015 |

DEPTH CF CUT IN INCHES

SURFACE

EUNCTION OF THE DEPTH OF QUT
WIIH VIBRATION A§ A PARAMETER

GRINDING

4340
38A100~16VBE
Wheel Speed 6200 SFPM
Table Speed 35 FPM
Longitudinal Mode (pp. 19 & 20)
Method A 25 KC Range

0 Conventional

@ 10 Division
® 20 Division

Material
Whesl

Figure 49

SURFACE GRINDING

REVOLUTION COUNT DIFFERENCE AS
A FUNCTION OF THE DEPTH OQF CUT
WITH TION AS A PARA

15-7 MO
38A100-16VBE
Wheel 8peed 6200 SFPM
Table Speed 35 FPM
Longitudinal Mode (pp.19 & 20)
Method B 20 KC

0 Conventional

® 10 Division

® 20 Division

Material
‘Wheel

Figure 50
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SURFACE GRINDING

REVOLUTION COUNT DIFFERENCE AS
A FUNCTION OF THE DEPTH OP QUL
R
Material 15=-7MO
Wheel 38A100-16VBE
Wheel S8peed 6200 SFPM
Table Speed 35 FPM
Longitudinal Mode (pp.19 & 20)
Method A
0 Conventional

@ 10 Division
® 20 Division

Figure 51
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.0015
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SURFACE GRINDING

REVOLUTION COUNT DIFFERENCE AS
A FUNCTION OF THE DEPTH OF QUT
WITH VIBRATION A PARA R

Material 15-7 MO

Wheel 38A100~16VBE
Wheel S8peed 6200 SFPM

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

0 Conventional

® 10 Division

6 20 Division

Figure 52

63

Y ke

b b -



[
[

e
Q

/

8
/h\m Division

REVOLUTION COUNT DIFFERENCE
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DEPTH OF CUT IN INCHES

SURFACE

REVOLUTION COUNT DIFFERENCE AS
A _FUNCTION OF THE DEPTH QOF CUT
WITH VIBRATION A§ A PARAMETER

GRINDING

4340
38A100-16VBE
Wheel Speed 6200 SFPM

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

@ 10 Division

Material
Wheel

Figure 53
SURFACE GRINDING
REVO N _COUNT F
A FUNCTION OF THE DEPTH OF CUT
w RA T.
Material 4340
Wheel 38A100-16VBE

Wheel Speed 6200 SFPM

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

® 10 & 20 Division

Figure 54
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RELATIVE SPINDLE POWER (WATTS)
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OF _THE DEPTH OF CUT WITH .
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Material 15-7 MO
Wheel 32A60-L7VG
Wheel Speed 6200 SFPM
Table Speed 35 FPM
Flexural Mode (pp. 19 & 20)
Method A

20 KC Range

0 COnventionai
@ 10 Division
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RELATIVE SPINDLE POWER (WATTS)
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010 Division

SURFACE GRINDING

SPINDLE POWER AS A FUNCTION
OF THE DEPTH OF CUIL WITH
VIBRATION AS A PARAMETIER

Material 15-7MO
Wheel 38A100-I6VBE
Wheel Speed 6200 SFPM
Table Speed 35 FPM

Longitudinal Mode(pp.19 & 20)
Method A

20 KC Range

Infeed .050"

0O Conventional

® 10 Division

.0003 .0009 .0015
DEPTH OF CUT IN INCHES

,001 ,002
DEPTH OF CUT IN INCHES I Figure 57
SURFACE GRINDING
g SPINDLE PQWER AS A FUNCTION
<350 OF THE DEPTH OF CUT WITH
2 ¢ BRATION AS A _ PARAMETER _
gsoo- \
8 \ Material 15-7MO
25 Wheel 38A100-16VBE
e Wheel Speed 6200 SFPM
B, Conventional Table Speed 35 FPM
a / Longitudinal Mode(pp.19 & 20)
& \ Method A
15 20 KC Range
E O Conventional
& /;—10 Division @ 10 Division
gm </ I ® 20 Division
5 I/ 20 Division
0

Figure 58
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SURFACE GRINDING

EPINDLE _POWER AS A FUNCTION
QF THE DEPTH OF CUT WIIH

VIBRATION AS A PARAMEIER
Material 15-7M0O
Wheel '38A80-HBVBE
Wheel Speed 6200 SFPM
Table Speed 35 FPM

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

0 Conventional

® 10 Division

I Figure 59
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GRINDING

SPINDLE _POQWER AS A FUNCTION
OF THE DEPTH OF CUT WITH
VIBRATIO

AS A PARA E
Material 15-7 MO
Wheel 38A100-16VBE
Wheel 8peed 6200 SFPM
Table Speed 35 FPM

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

0 Conventional

® 10 Division

® 20 Division

Figure 60
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400 SURFACE GRINDING
350 SPINDLE POWER _AS A FUNCTION
!—é OF THE DEPTH OF T
VIBRATION _AS A PARAMETER
< 30 :
S
ﬁ 250 Conventional Material 15-7 MO
2 [ Wheel 38A100~-I6VBE
o F Wheel Speed 6200 SFPM
ny 200 —$ Table Speed 35 FPM
|"J \/ Longitudinal Mode(pp. 19 & 20)
2 # ? Method A 25 KC Range
s 150} 0 Conventional
@ 10 Division
glooi : @ 20 Division
g / 10 Division
SR
20 Division
Q 1 1
.0003 .0009 .0015 1
DEPTH OF CUT IN INCHES Figure 61
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DEPTH OF CUT IN INCHES

SURFACE GRINDING

EPINDLE POWER A3 A FUNCTION
OF THE DEPTH OF CUT WITH
VIBRATJON AS A PARAMETER
Material 4340
Wheel 38A100-I6VBE

Wheel Speed 6200 SFPM
Table Speed 35 FPM
Flexural Mode (pp. 19 & 20)
Method A 20 XC Range

0 Conventional

® 10 Division

® 20 Division

Figure 62
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RELATIVE SPINDLE POWER (WATTS) |

ventional

.0009

.00
OF CUT IN INCHE
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SURFACE GRINDING

8P AS
OF THE DEPTH OF CUT WITH

VIBRATION AS A PARAMEIER

Material 4340

Wheel 38A100~-16VBE
Wheel Speed 6200 SFPM

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

0 Conventional

@ 10 Division
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DEPTH OF CUT IN INCHES

Figure 63
SURFACE GRINDING

SPINDLE _POWER AS A FUNCTION
F__THE DEPT F

B AS A PAR
Material 4340
Wheel 38A100-16VBE

Wheel Speed 6200 SFPM

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

@ 10 Division

Figure 64
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SURFACE GRINDING
SPINDLE_POWER AS A FUNCTION
QF THE DEPTH OF CUT WITH

-VIBRAT A PARA T

Material 4340

Whee!l 38A100-16VBE

Wheel Speed 6200 SFPM

Table Speed 35 FPM

Longitudinal Mode (pp. 19 & 20)

Method A 25 KC Range

@ 10 Division
® 20 Division

1
Figure 65

DEPTH OF CUT IN INCHES
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' 200
% 150 —
E Conventional /
S ' 60 cps.
d —" 30 D’.Vo
|
.0003 .0009 0015

DEPTH OF CUT IN INCHES

SURFACE GRINDING

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

Material 4340

Wheel 38A46~-HBVBE
Wheel Speed 6200 SFPM

Table Speed 8 FPM

Longitudinal Mode (pp. 19 & 20)
Method A

0 Conventional
® 60 cps 30 Div.

I Figure 66
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Material 15-7MO

Wheel 38A100-I6VBE

Wheel Speed 6200 SFPM

Table Speed 35 FPM

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

0 Conventional
@ 10 Division
® 20 Division

I

. Figure67
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0
,0003 .0009 .0015 1
DEPTH OF CUT IN INCHES Figure 68

SURFACE GRINDING

FUNCTION_ OF THO w
VIBRATION AS A PARAMETER

Material 4340

Wheel 38A100-16VBE
Wheel Speed 6200 SFPM
Table Speed 35 FPM

Longitudinal Mode (pp. 19 # 20)
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MICRO~-HARDNESS CHECKS* ON TEST SPECIMENS

Material - 15-7 MO - Longitudinal Mode - Method A - 20 k¢
Wheel ~ 3BAl00I6VBE 6200 SFPM
Table Speed -~ 35 FPM '

Conventional 10 _Djv, iva
Depth of Cut] Before After Before After Before After
- .0003" 526 542 526 §79 548 570
.0006" 536 498 548 580 541 583
.0009" 541 560 541 576 526 571 )
Figure 69
{
MICRO-HARDNESS CHECKS* ON TEST SPECIMENS
Material - 15-7 MO - Longitudinai Mode - Method A - 25 k¢
Wheel - 38A100I6VBE 6200 SFPM
Table Speed - 35 FPM
Conventional 10_Div, 20 Div
. L
Depth of Cut } Before After Before After Before After
.0003" 526 542 531 514 548 542
.0009" 536 498 831 548 526 560
* Using Sheffie'd Micro-Hardness Tester - All Values Vickers - Average 3 Tests
Figure 70
{
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M - NESS CHECKS* ON_TEST 8P

Material 15-7 MO - Longitudinal Mode -~ Method A ~ 25 k¢

Wheel 38A100I6VBE 6200 SFPM
Table Speed 35 FPM
. z0nventional (1 | TR 20_Dly_
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 SPE EN

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

Lonventional 10 Div, v
Depth of Cut | Before After Before After Before After
,0003" 531 -——— 536 548 546 ———
.0009" 484 560 526 -—— 516 - 8§30
Figure 72

* Using Sheffield Micro-Hardness Tester - All Values Vickers ~ Average 3 ‘reng
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J“é 200
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s Conventional / ¢
E ” \7// -
—9 500 cps
3p Dtv'.I
.0003 .0009 .0015

SURFACE GRINDING

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

Matertial 4340

Wheel 38A46-1BVBE
Wheel Speed 6200 SFPM
Table Speed 8 FPM
Longitudinal Mode

Method A (pg. 19 & 20)
0 Conventiona

@ 500 cps 30 Div.

DEPTH OF CUT IN INCHES Figure 73
400 SURFACE GRINDING
350 SPINDLE POWER AS A TFUNCTION
= OF THE DEPTH OF CUT WITH
E VIBRATION AS A PARAMETER
s 300
Material 4340
250 Wheel 38A46~HBVBE
2 Wheel Speed 6200 SFPM
. Table Speed 8 FPM
fa) 200 Longitudinal Mode
Method A . 19 & 20
E 150 0 Conventior(lgg )
% 4 @ 1000 cps 30 Div.
E Conventional
E 100 =
/8 1000 cps
501——?7'4—— 30 Div.
d | 1
.0003 .0009 .0015
DEPTH OF CUT IN INCHES Figure 74
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.0003 .0009

.0015

DEPTH OF CUT IN INCHES

400 SURFACE GRINDING
SPINDLE POWER A8 A FUNCTION
Aaso OF THE DEPTH OF CUT WITH
E VIBRAT A8 A PARA
gsoo '
™ Conventional Matertal 15-7 MO
g 250 /% Wheel 32A60-L7V6
(o) Wheel Speed 6200 SFPM
5 200 /? - Table Speed 35 FPM
g > Radial Mode (pp. 19 & 20)
g Ultrasonic Spindle 20 KC Range
a 150 0 Conventional
v
i 20 KC 5 Div. @ 5 Division
éloo
50
0 I
.0003 .0009 L0015
DEPTH OF CUT IN INCHES Figure 75
#
)
g SURFACE GRINDING
3
g FUNCTION OF DEPTH WITH
AS A PARAMETER
0
7] 20 Div. Material 15=7 MO
8100} Wheel 38A100-~I6VBE
& #§ Wheel Speed 6200 SFPM
< Table Speed 35 FPM
g 80| /‘\| Longitudinal Mode (pp. 19 & 20)
E 10 Div. Method A 20 KC Range
60 0 Conventional
8 @ 10 Division
= . ® 20 Division
E 40 \
(7] ! Conventional
20
0 I

Figure 76
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GRINDING RATIO*

GRINDING RATIO*

NN

[/
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Conventionai

8

|
L/ 1
\

SURFACE GRINDING

GRINDING RATIO AS A FUNCTION

OF THE DEPTH OF CUT WITH
VIBRATION AS A PARAMETER

Material 4340

Wheel 38A46-HBVBE
Wheel Speed 6200 SFPM
Table Speed 8 FPM

Longitudinal Mode
Method A (pp. 19 & 20)

0 Conventional
@ 1000 cps. 30 Div.

*G DING RATIO = Vol Mgtgrtal Removed
RIN Vol. Wheel Loss

1000 cps
30 Div, \
.0003 .0009 ,0015

DEPTH OF CUT IN INCHES

Figure 77

;ﬂlz.s

—— 500 cp
30 Div. \

/1]

\

\ Conventional

SURFACE GRINDING

D RA A

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

Material 4340

Wheel 38A46-HBVBE
Wheel Speed 6200 SFPM
Table Speed 8 FPM

Longitudinal Mode
Method A  (pp. 19 & 20)

0 Conventional
@ 500 cps 30 Div.

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

.0003 .0009
DEPTH OF CUT

!
.0015

IN INCHES

I Figure 78
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GRINDING RATIO*

GRINDING RATIO*

(-1}

/10 Diyision

I /<T
4
Convewttonal
.0003 .0009 .0015

DEPTH OF CUT IN

INCHES

SURFACE GRINDING

RIN DIN T A FU

OF THE DEPTH OF CUT WITH
VIBRATION _AS A PARAMETER

Material 4340

Wheel 38A100~I6V3E
Wheel Speed 6200 SFPM
Table Speed 35 FPM
Flexural Mode (pp. 19 & 20)
Method A 20 KC Range

0 Conventional

® 10 Division

*GRINDING RATIO =.Jol. Material Removed
Vol. Wheel Loss

I Figure 79

NERY S

| 30 Div.

] L

60 cps. ¥

\/

A
A

f

\

Conventiona

.0003 .0009

.0015

DEPTH OF CUT IN INCHES

SURFACE GRINDING

RIND A T
OF THE DEPTH OF CUT WITH
BRATION AS A PARAMETER

Material 4340

Wheel 38A46-HBVBE
Wheel Speed 6200 SFPM
Table Speed 8 FPM
Longitudinal Mode

Method A (pp. 19 & 20)

0 Conventional
@ 60 cps 30 Div.

*GRINDING RATIO = Yol. Material Removed
Vol. Wheel Lost

I

Figure 80
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FUNCTION OF THE DEPTH OF CUT
WITH VIBRATION AS A PARAMETER

Material
Wheel
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Wheel Speed SFPM 6200

Table Speed

6.2 FPM
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20 KC Range
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® 10 Division
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4
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thure 81

SURFACE GRINDING

T

SEHEROID TO CHIP RATIO A3 A
FUNCTION OF THE DEPTH OF CUT
WITH_VIBRATION A

4340
38A46-HBVBE
6200 SFPM
6.2 FPM

Material

Wheel

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

0O Conventional
® 10 Division
® 15 Division

Run Numbers: I-7-10, 25«28, 40~52

Figure 82
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0018
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o

f——17

10 Division

1 .002 .003 ,004 .005
DEPTH OF CUT IN INCHES

.006

SURFACE - GRINDING
SPHERQID TO CHIP RATIO AS A
UN C
H_VIBRATION PARA

Material 4340 i
Wheel 38A100~-16VBE
Wheel Speed 6200 SFPM
Table Speed 6.2 FPM

Longitudinal Mode
Method A  (pp. 19 & 20)

20 KC Range

0 Conventional
® 5 Division
@ 10 Division

'Run Numbers: 1-66-88

Figure 83

m

SURFACE

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

GRINDING

Material 4340

Wheel 38A46-H8VBE
Wheel Speed. 6200 SFPM
Table Speed 6.2 SFM

Longitudinal Mode
Method A  (pp. 19 & 20)
20 KC Range
Cross Feed 050"
0 Conventional

0 5 Division

@ 10 Division

Run Numbers: 1-59-65

Figure 84

79




. . -

SPHEROID TO CHIP RATIO

SPHEROID TO CHIP RATIO

SURFACE GRINDING
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SEHEROID TO CHIP RATIO AS A
FUNCTION OF THE DEPTH OF CUT
H RATION A PA T
Material 440C
Wheel 38A46~-HBVBE
Whee!l Speed 6200 SFPM
Table Speed 6.2 FPM

Longitudinal Mode

—
N

=
2.2

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

0 Conventional

@ 10 Division

Conve 1onal +

0

1T T T

=

Run Numbers: I=-29~-39

.0006 .0012 .0018

DEPTH OF CUT IN INCHES

Figure 85
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SURFACE GRINDING

O _CHIP RAT

UNCTION OF THE
WITH VIBRATION AS A PARAMETER

24 Material 440C
Wheel 38A46-H8VBE
20 Wheel Speed 6200 SFPM
Table Speed 6.2 FPM
Cross Feed .050"
16 Longitudinal Mode
Method A (pp. 19 & 20)
1.2 20 KC Range ‘
0 Conventional
8 Conventional @ 5 Division
4 /‘ 5 Divigion |
* o Run Numbers: I~ 53-58
0,001 .002 ,003 .004 .005 .006

DEPTH OF CUT IN INCHES

Figure 86
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Material 4340 ;
10 Divisions of stroke

Table Speed ’
8. 7 tt per utn.

Material 15-7
10 Divisions

Table 8peed
3S ft. p‘:' ntn.

Table Speed
8.7 ft. per
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Depth of Cut
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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 strees
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 hypotheslzed 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 1s 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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5.2 Grinding Wheel Surface Investigation

Lower temperatures occur in vibration assisted grinding and com~

pared to conventional grinding this opens many fields of investigations.(pp.45-56)

One theory being, that during contact of the whesel 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-
fon 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 180° 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 vibraticn 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 ampli-
tude of vibration is zero at the midpoint of this uniform bar.

-Ao =0 = .
ltnx ‘/t ‘/4 MAX

O 4— LONG .« |/1BRATION

%

= Bar Diameter

¢
TL -

Where:
% = 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
{s 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 = NdAap,

Where: Ap = Radial displacement
N = Poisson's ratio
d = Bar diameter

AL = Longitudinal Amplitude

l LAMPLITUDE OF RADIAL VigraTION=Ag
d ‘ “—— AMPLITVDE OF LonG.
, Visrarion = A

(\/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 drivirng frequency matches the radial
resonant frequency of the bar. Under thess conditions the radial
resonant frequency for rods or tubes can be computed as follows where:

4

d( O =z
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Whers: 4, = radial resonant frequency
dn. = average diameter (whether rod or tube)
Yo = Young's modulus of rod
/V = 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 warkpieces, 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
workpiece. A wheel might be attached as below:

AL, /."Ra/v GenveERATOR

\ 1 BondED

f
m—) HALF Wave B

[;'MNSDUCER1 — WHEEL

7 ~

DsrecrioN OF
V/B/MTION
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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 1s attributed to the wheel breakdown and the lower cutting
points per square inch, as opposed to the (38A100-I6-VBE) wheel B.
Grinding tests using (32860-L7-VG) wheel C substantiated less wheel
vear due to wheel hardness.

5.4.1 @rinding 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 15-7TMO 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. 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 differencet between the
vibration grinding and conventional grinding. Pigures 28-38 are
photographs of temperature time traceg, 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

Voo

As shown in figures 39-46; 77-80, little differences can ‘; !

be noted in the grinding ratios between vibration assisted and con-

ventional §r1nd1ng. 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
Revolutiona Count

There 18 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, Stresé, and Hardness (-

Visually, the ultrasonlic ground finish appeared finer than
that of the conventional surface. Checking the surface with a 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 1in
hardness., However, this state of affairs cannot as yet, be con-
sidered conclusive.

5.4.7 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 18 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 workpiece.

Continued effort is needed however, to fully substantiate
these benefits and correlation between surface temperatures measure-
ments and surface stress on parts is required. More work 1s 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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6 Instrumentation
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The following section 1s concerned with the instrumentation
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 OScillosco%e nge 551. The type 551 oscillo -
scope is a dual-beam, Iaboratory 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 1is
used as the test data is being put on the Ampex tape recorder and as
it 1s taken off.

6.1.2 Tektronix D. C. Preamplifier Type D. The type D pfeampli-
fier 1s a high-galn, aifferenEIaI, caI%graEed, D. C. preamplifier
which 18 used in conjunction with the Tektronix type 551 oscillo-
scope.

J

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 & Kgaer (B&K) Beat Freguencz Oscillator Type 1013.

The type o8¢ ator 18 a variable bea requency osc ator 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 Frequency Spectrometer ggpe 2110. The type
2110 audio frequency spectrometer was deslign o. ectrical,
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 acceler-
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 diacontinued.

6.1.5 B & K Level Recorder Type 2304, The type 2304 level re-
corder 18 a high speed Instrument lor 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 #610. The type 4610 inverter is used
as an accessary to the Higﬁ 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 1s
proportional to the magnitude of the acceleration to which the trans-
ducer 1is subjected.

6.1.8 Electra Transducer Model 3015A. The Electra Transducer
used in conjJunction w e kErle counter and the marker box was
used to count spindle revolutions.

It was found that interpretation of the sp;ﬁdle revolution s
did not add any conclusive information to the analyeis 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 ror 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 ultrasonlc 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 recorder/reproducer 1s 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

0 - 10,000 cps + #db with a signal to noise ratio at 1% harmonic
distortion of 40 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 volce 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.
Thed:otal 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 1s a bODU power mlcroscope with a callbrated,
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 rererred 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 sultable 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 workplece 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 conclusive

evidence to the analysis of ultrasonic grinding. The vibration

measurements were therefore discontinued.

6.2.3 Spindle Revolution. This measurement was dlscontinued be-
cause the time Involved 1In setting it up could be used for more
grinding runs and the bveneflt toward ultrasonic grinding analysis
waeg small.

6.2.4 Ultrasonic Vibration Amplitude. Since both the grinding
wheel and the workplece were ultrasonically vibrated it was nece-
ssary to measure and maintaln the amplitude of vibration. A 500 X
National Sclentific 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 1s 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 1~ shown in figure

104, page 108.

Two 407ml beakers were filled with S.A.E. 30 weight oil.
One beaker vwas 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 (32° F. cold Junction). The thermocouple
was then terminated in the hot bath (212° 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.

105




6.3.2 D. C, Presmplifier Calibration.  The electrical signal C
taken f coup a0 the workpiece was: \

small in amplitude to be properly recorded,. It was therefore

necessary to smplify it to a uceful range. = For this pwrpose 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 thermoscouple
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 preamp, changing the range switch from mini-
mum to maximum position and adjusting for zero D. C. shift in the
output. This signal is viewed on the Tektronix scope. The same
procedure is followed for the second preamp.

Al 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 wiIth the use ol a standard cell. The inverter is connected (T

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 18 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 usel to flash weld
the .003" diameter wire to the workpiece to form the thermocouple,
consisting of the workplece and the wire. The position of the
thermocouple on the workpece was determined by the use of approp-
riate measuring instruments. The thermocouple placement 1s
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.

e 8~ The 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 ke 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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113

FrPEEepeearerppE Rl L

e e



T. DATA COLLECTION

T.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: AA60-18-ViO
and AA60-R8-VU40. 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 used: .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,

53; 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,
27 photograph of workpiece, (8) wet or dry grinding,
9) workplece inspection for burns or checks and
cracks.

D; Surface finish tests were made on each run.

E 200 X photomicrographs were made on each run specimen.
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T.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
tc 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 6(PB -UOSN was selected with
soldering temperature maintained at or about 4OOPF. 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-11
die steel and 15-7MO Steel) could be soldered directlx 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 1s the procedure used in copper
plating both titanium and Rene 41 test specimens.

1l Dip specimen in alkaline cleaner - 2 minutes
2 Dip specimen in hydrochloric acid - 2 minutes
3 Place in mixture of 3 parts water
to 1 part acid, using a 3 volt reverse
current - 2 minutes
54; Nickel Flash - 2 minutes
5) Copper Plate -3hour 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.

Workplece Coupling - Wheel Vibrated

All runs made using the ultrasonic vibrated wheel from run
400 on xere 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 ugder the wheel. If the wheel was not clean, the process was
repeated.
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T.4 Swarf Collection and Analysis

G

Swarf 18 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 1s 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 400X 18 used. The filar micrometer eye
plece 15 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 1s 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 aswarf evaluation was accomplished by using
clear glass. A square plece of plate glass was inserted in the spark
stream during the fifth grinding pass of every run. If sufficlent heat
i1s generated, particles of swarf will fuse to the glass. The higher
the temperature, the greater the amount of 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
88333%3 using the three depth of plunge cuts (.0003", .0006", and

As willl 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 spherolids 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 splndle power and temperature traces were
also noticed. (See pages 226 to page 227.)
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7.6 Rad tion of Wh

If a cylinder of uniform cross-section i{s 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 motionwill be inthe
direction of propagation and the cylinder will undergo elastic extension and
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 aniform bar. :

| A=MAX A0 A = max
d ( O<-——— LoNG . VIBRAT 0N
%

>

Where: a = bar diameter
Zz 1/2 wave length

A = 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: Ap=MdA

Where: AQ = Radial displacement
/Y = Poisson's ratio
d « 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 ocour
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:

°( {/1. ,_".—:‘”‘:' ylo

: »

Where: J » radial resonant frequency
‘*nn average diameter (whether rod or tube)
¥ = Young's modulus of rod
/Y = Poisson's ratio

P= Density of rod
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7.7 Ultrasonic Vibrating Grinding Wheel (See Figure 13, page 2&2

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 bruahos, drive
pulley, and shaft adaptor)

(D) Bearing support assembly (Mouriting 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 selaected for use on the ultrasonic splndle.
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7.8 Grinding Wheel Hub

The grinding wheel hub used was a 3" diameter bar whose half
wave length 18 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 (see page 119). One end has a 4 - 28 tapped hole 3/4"
deep for attachment to the transducer, the other, a 60° tapered center
to recelve 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 1ts 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) 4000 SFM and (b) 6200 FM.

T.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. cCarborundum Wheel AG60ON150-M1/4. The manufacturing of
this wheel conslsted ol a bulld up of layers of grit and metal by an
electroplating process to a total of 4" thickness. This buildup pro-
duced a wheel of 74" 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, & mixture ol cupric oxide and phosphoric acid were mixed.
This was then applied to both the inside diameter of the grit wheel and
knurled outside dlameter of the wheel hub. Wheel and hub were then

Joined and left 24 hours to air dry. When ultrasonically excited the
bond 1ife was found to be very short.

C. Silver Bonded Grit. The grinding wheel was ultrasonically
cleaned in di8tITIed water. Then it was placed in a silvering solution,
(Rochelle Salt method). Sufficient time was allowed for silvering the
wheel surface to a 3suitable 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 1s important. The metal hub bonding
surface was knurled to increase bond area. Th: 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 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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T.12 Test Specimens Used

All test specimens used were processed by the Met-Cut Re-
search Arsocintes 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 Assoclates 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-11l; 15-7TMO 32A46G12VBE - 6000 SFPM
Ti6A1-4v 39C60J4VK - 3500 SFPM
Rene 41 32A46012VBE - 3500 SFPM
Physical Properties
Material H-11 Ti6A1-4v Rene 41  15-TMO
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 h2-43 h7-49
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1000 WATT MAGNETOSTRICTIVE TRANSDUCER

(Type employed on experimental tests)



1000 WATT HIGH FREQUENCY ULTRASONIC GENERATOR
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Figure 110
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SPECIAL  GRINDING RUNS
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GENERAL:
GRINDER

SPINDLE

WHEELS

WHEEL HUBS-

CHUCKING

WHEEL
DRESSING

COOLANT

SPECIAL T¥37T RUNS
RUNS 1-16

Modif'led Brown & Charpe #13 Ultrasonic Surface
Grinder

Ultrasonic spindle lncorporating antifriction
bearings to eliminate bearing failures and load-
ing changes due to heat expansion.

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

All runs, conventional and ultrasonic employed
the ultrasonic hub assembly entalling a wheel
epoxy resin bonded to the hub.

All parts were clamped to the table by means of a
grinding vise so orlented to grind the 2 X 4 work-
piece in the U4 inch directlon. Wworkplece was
leveled within .001 TIR to the table travel.

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

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

2. I grade grinding wheels employed diamond dress-
ing before grinding each cample. 2 passes at .002"
/pass with crossfeed of 40"/minute. Followed by 2
passes of .001"/pass with 20" /minute crossfeed.
Finished with two passes of .001"/pass with diamond
mounted with a negative rake and 10" /minute cross
feed.

3. All H-11 and ti-6A1-4v 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 ratlos.

Coolants §Su1fur1zed 0il - H-11) (Chlorinated oil -
Ti-6A1-4V) were supplied by a centrifugal pump through
a manifold at the wheel periphery, oil volume approxi-
mately 3 quarts/minute.

Provision was made for oll changes on each run to

facilitate swarf collection and inspection. Re-
cycling of swarf was restrained by filter collection.
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A.

C.

indle S3Speed

1. Spindle speed was continuously monitored using an Electro
Transducer model #3015A 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.

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
80 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.

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

guring grinding and the full spectrum was monitored throughout
he 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.

Ultrasonic vVibration Measurement

1. With grinding wheel stopped the amplitude of wultrasonic
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 oscllloscope type 551 and calibrated against
the NSIC type 4015 microscope. In this manner the wheel
vivration was monitored on all ultrasonic runs.
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Grinding Wheel Measuremeni

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. Workplece was then measured
with micrometers within 4.0001.

2. After dressing wheels per wheel dressing procedures, and
making leveling passes on workplece per item 1 above, wheel
and hub temperatures were measured with HB engraved stem ther-
mometer CSPLF 70° to 78° F.

3. Wheel OD was measu-ed at 5 positions 40° 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 +1°F. (Snap gage temperature checked with
permanently mounted Weston model 2261 dial thermometer). This

measurement is taken at 5 points on the wheel diameter 40°
apart and average dlameter 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 1n accordance with
above technique.

Work Finish

1. Finish on all workpieces was measured on a model T41 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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Sample # 8

13

Run ¥

Conventional

Ti-6A1-4V

Wheel AAG60R8V40

Coolant Vantrol 5456X-75%;5456A-25%

Depth of.Cut

0.001"

0.050"

Cross Feed

35 FPM

Table Speed

1983 SFPM
26.36
32 micro in. RMS
171 Watts

3.5X

Wheel Speed

Grinding Ratio

Finish

Power

Magnification

ot &}A 1
it
f‘,al,a
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Sultran 176 M

0.001"

Coolant

DBepth of Cut

0.050"

Cross Feed

4951 SFPM

3SFPM
426

Tabie Speed
Wheel Speed

Grinding Ratio

Finish
Power

38 micro in. RMS

68 Watts
3.5X

Magnification

139
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Sultran 176 M

0.001"

Coolant

Depth of Cut

0.050"

Cross Feed

35FPM

Table Speed
Wheel Speed

4899 SFPM

241

Grinding Ratio

Finish
Power

19 micro in. RMS

71.5 Watts

3.5X

Magnification

140
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4947 SFPM

69.5

0.050"
19 micrc in. RMS

35 FPM

Cross Feed
Table Speed
Wheel Speed
Grinding Ratio
Finish

105 Watts
3.5X

Magnifigation

Power
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Sample # 4
Ultrasonic 1/4 Div.

Wheel AA46I8V40

Coolant

4

Run #
H-11

Sultran 176 M

0.001"
0.050"

Depth of Cut

Cross Feed

35 FPM

Table Speed
Wheel Speed

309
20 micro in. RMS

Grinding Ratio

Finish

72.8 Watts

3.5X

Power

Magnification

143

Figure 125
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MATERIAL___H-11

RUN #:_1 SAMPLE #____1
Wheel AA46 18V40

Downfeed 0.001"

Crossfeed 0.050"

Spindle RPM_2778

SFPM 4876
Table Speed__ 35 FPM
Coolant Sultran 176M

Spindle vibration as measured from
Bearing Journal 0.0001" - 0.0003"

Volume of work removed 0,320 in3

DATE_ May 22, 1961

TYPE Conventional

(d1) Wheel diameter before 6.70473 £ .00005"
(d,) Wheel diameter after _6.70431 ¥ .00005"

Total number of passes 40

Part dimensions 2x4x1/2

Profilometer Used M;ga[gcrmogstsrj'g7 Z‘X it;hQA Amplifier
Part Hardness After_672 £ 16 Vickers

Wheel condition after_dirty,unglazed, sharp edges

Wheel dressing used diamond* - see under wheel
dressing

Average Relative Spindle Power 85 Watts

Vol. Metal Removed .

Grind tio =
rinding Ratio Vol. Wheel lost

B.& K. Spectrometer: Meter

Meter Range

144

9.8 MV Av. RMS - Fast Meter

10 MV

Meter Range Multiplier X1.0

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. (50X 1078 1n.)
Wheel  AA4618V40 (d}) Wheel diameter before6. 58403 ,00005"
Downfeed__0.001" (d2) Wheel diameter after 6.58329% .00005"
Crossfeed_ 0.050" Total number of passes 40

Spindle RPM 2826 Part dimensions__2 i 4 i Iii -

SFPM of Wheel 4870 Profilometer Used um A amplifier
Table Speed 35 FPM Part Hardness After 628 £ 15 Vickers
Coolant__Sultran 176 M Wheel Condition After Clean, shap , 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 4n,3
Average Relative Spindle Power68 * 5 Watts

- Vol, Metal Removed = 85
Grinding Ratio = Vol. Wheel lost
B. & K. Spectrometer: Meter 23 MV Av. RMS -~ Fast Meter

Meter Range 100 MV

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
TYPE Ultrasonic 2div. (100X 10" in.)

RUN 3 SAMPLE
Wheel AA4618V40
Downfeed 0.go1"
Crossfeed 0.050"
Spindle RPM 2826
SFPM of Wheel

Table Speed 35 FP M
Coolant Sultran 176 M

Spindle vibration as measured from

Bearing Journal_0,0002" - 0,0004"

Volume of work removed__0.320 in,

(d;) Wheel diameter before6.56657 ¥ .00005"
+

(d2) Wheel diameter after_6.56576— ,00005"
Total number of passes 40

Part dimensions 2X4X1/2

Profilometer Used mmmpltfter

Part Hardness After_ 649 * 11 Vickers
Wheel Condition After_Clean, clear, sharp

Wheel Dressing Used_diamond* see under
whee!l dressing

Average Relative Spindle Power__ 53.5 Watts -t 5

Grinding Ratio = Jol. Metal Remove

Vol. Wheel lost

B. & K. Spectrometer:

Meter

32

= 77.5

MV Av, RMS - Fast Meter

Meter Range

100 MV

Meter Range Multiplter % 1.0Q

Filter

Linear

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

Comments on Run Very slight sparking; grinding noise barely detectable
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MATERIAL H-11 DATE___May _, 1961

RUN__4 SAMPLE___4____ TYPE_ Ultrasonic 1/4 div.(12,5 X 1084n.)
Wheel AA46 18V40 (d)) Wheel diameter before 6, 55001 *.,00005"
Downfeed 0,001" (dg) Wheel diameter after_6,54978 ., 00005"
Crossfeed 0.050" Total number of passes 40

Spindle RPM_2802 Part dimensions 2X4X1/2

SFPM of wheel Profilometer used ﬁﬂcarggr(l)estsric77\ﬂt';bA amplifier
Table Speed 35 FPM Part Hardness after_649 7 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 in3 ‘

Average Relative Spindle Power 72.8 Watts £ 5

Grinding Ratio = Yol. Metal Removed - 309
Vol. Wheel lost
B. & K. Spectrometer Meter Unrecorded MV Av, RMS ~ Fast Meter
Meter Range 10 MV

Meter Range Multiplier X1.0
Filter Linear
Accelerometer B, & K. #41369 - 11,8 MV/G

Comments on run__ light sparking, snunds good

Figure 132
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MATERIAL H-11 DATE May 5, 1961

RUN 5 SAMPLE S TYPE Conventional

Wheel___AA60R8V40 (d;) Wheel diameter before6.71804 2.00005"
Downféed 0.001" (dz) Wheel diameter after_6,71623 ¥ ,00005"
Crossfeed 0.050" Total number of passes80(one pass at .002" in

. »
Spindle RPM 2813 Part dimensions 2 X4 X 1/2 error

SFPM of Wheel 4947 Profilometer Used Wwpuﬁer

Table Speed 35 FPM Part Hardness After 672 ¥ 12Vickers

Coolant Sultran 176 M Wheel Condition Afterdirty, glazed but no ltoad-
ng

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

Bearing Journal 0.0001" - ,0003" wheel dressing

Volume of work removed 0,660 in,3

Average Relative Spindle Power___105 Watts by 5

- Vol, Metal Removed - 69.5
Grinding Ratlo = 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/G

Comments on Run___Sparking heavy, sounds good

Tigure 133
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MATERIAL H-11 DATE ___May 11, 1961

RUN___ 6 SAMPLE 6 TYPE_Ultrasonic 1 div, (50 X 10°° in.)
Wheel AA60R8V40 (d;) Wheel diameter before§, 65981 -'-’-'.00005"
Downfeed 0.001" (d2) Wheel diameter after 6.65910 * .00005"
Crossfeed 0.050" Total number of passes 80

Spindle RPM 2813 Part dimensions

SFPM of Wheel 4905 Profilometer Used Midtometric:OA amplifier
Table Speed 35FP M Part Hardness After_ 651 2 11 Vickers
Coolant Sultran 176 M ‘ Wheel Condition After_Sharp,clean,y.s.glaze
Spindle vibration as measured from Wheel Dressing Useddiamond* - see un-er
Bearing Journa] .0002" -0,0004" wheel dressing

Volume of work removed 0.642 in, 3
Average Relative Spindle Power 81.9 Watts £ 5

d = Vol, Metal Removed = 173
Grinding Ratlo 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 17}
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MATERIAL H-11 DATE___ May 12, 1961
RUN 7 SAMPLE 7 TYPE Ultrasonic 2 div.{100 X 1076 1n.)
Wheel ARGOR8V40 (d)) Wheel diameter before6.65204" £.00005"
Downfeed 0,001" (d2) Wheel diameter after 6.65153"F.00005"
Crossfeed 0,050Q" Total number of passes___ 80
Spindle RPM 2813 Part dimensions__ 2 X 4 X 1/2
SFPM of Wheel 4899 Profilometer Used Etc?r‘grgg?r'lc M’B_FA: amplifier
lable Speed 35SFPM Part Hardness After 660 ¥ 12 Vickers
Coolant Sultran 176 M Wheel Condition AfterSharp, no glaze, clean
Spindle vibration as measured from Wheel Dressing Used_diamond* - see under

Bearing Journal0.0002" - 0,0006"

Volume of work removed__ 0.642 in,3

Average Relative Spindle Power_71.5 Watts +5

Grinding Ratio = Vol, Metal Remove =

~  Vol. Wheel lost

wheel dressing

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

Meter Range 100 MV

Meter Range Multiplier

Filter Linear

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

Comments on Run_No sparking - sound of grinding difficult to hear
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MATERIAL H-11 ~ DATE May 8, 1961
RUN 8 SAMPLE 8 TYPE_ Ultrasonic 3 div, (150 X 1076 1n.)
Wheel AAG0ORBV40 (d}) Wheel diameter before6.70659 -t.00005"
Downfeed 0.,001" (d2) Wheel diameter after_6.70629 *.00005"
Crossfeed 0,050" Total number of passes 84
Spindle RPM 2820 Part dimensions_2X 4 X 1/2
SFPM of Wheel 4951 Profilometer Used Micaastiic 141100 amplifier
Table Speed 35 FPM Part Hardness After_ 672 + 12 Vickers
Coolant Sultran 176 M Wheel Condition Afterclean, sharp, no loading
Spindle vibration as measured from Wheel Dressing Used diamond * - see under
Bearing Journal0.0001" - 0,0003" _ wheel dressing
Volume of work removed 0,674 in,3
Average Relative Spindle Power_68 Watts + 5

- Vol, Metal Removed  _ 426

Grinding Ratlo = Vol. Wheel lost -
B. < K, Spectrometer: Meter 40-78 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 - no grinding noise - quiet A, C. M,

Figure 136 (
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MATERIAL__ Ti-6Al-4V DATE  May 18, 1961

RUN 9 SAMPLE 1 TYPE Conventional

Wheel___AA60L8V40 (d;) Wheel diameter before5.81406 %, 00005
Downfeed 0,001" (d2) Wheel diameter after__5,8] ]]2-4—'.00005"
Crossfeed 0.050" Total number of passes 40

Spindle RPM 1314 Part dimensions__2 X 4 X 1,42

SFPM of Wheel 2000 Profilometer Used Micrometfic ;QA amplifier
Table Speed 35FP M Part Hardness After_ 369 + 7 vickers

Coolant Vantrol 5456X-75%; 5456A-25% Wheel Condition Afterdirty, edges sharp,glazed
slightly load

Spindle vibration as measured from Wheel Dressing Used_diamond* - See ynder
Bearing Journal__0.0002" _ wheel dressing

Volume of work removed  0.315 in,3
Average Relative Spindle Power 126 Watts hy 5

o, +
Vol, Metal Removed 23,7 - 2%
- ALY )AL T IALTHLA AL ] .
Grinding Ratio = Vol. Wheel lost
B. & K. Spectrometer: Meter 5.5 MV Av. RMS - Fast Meter
Meter Range 10 MV

Meter Range Multiplier X1.0
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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MATERIAL Ti-6A1-4V DATE May 19, 1961
RUN 10 SAMPLE 2 TYPE Ultrasonic 1 div. (50 X 1076 in.)
Wheel AA60LBV40 (d;) Wheel diameter before5.78020 -t.OOOOS“
Downfeed 0.001" (d2) Wheel diameter after__5.77916 + .00005"
Crossfeed 0.050" Total number of passes, 40
Spindle RPM 1314 Part dimensions___ 2 X4 X 1/2
SFPM of Wheel 1988 Profilometer Used Mi8FR2%#1¢ 74T 80 amplitter
Table Speed 35FP M Part Hardness After 369 7 Vickers
CoolantVantrol 5456X-75%;5456A-25%  Wheel Condition Afterfirt 9o ShalfeHZe
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 72 Watts

Grinding Ratio = Vol, Metal Remove = 67.8 F 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, & X, # 41369 - 11.8 MV/G

2 3

Comments on Run No sparks, quiet

»{gure 138
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MATERIAL Ti-6A1-4V

DATE__ May 18, 1961

TYPEUltrasonic 2 div. (100 X 10~6 in.)

RUN 11 SAMPLE 3
Wheel AA601,8V40

Downfeed 0,001"
Crossfeed 0.050"

Spindle RPM 1314

SFPM of Wheel 1995

Table Speed 35FP M

CoolantVantrol 5456X-75%;5456A~25%

Spindle vibration as measured from
Bearing Journal 0.0002"

Volume of work removed__ 0,3224 in,3

(d;) Wheel diameter before _5__2_9__9_«1_‘_1_;____ 00005"
(d2) Wheel diameter after_5.79822 ¥ .00005"
Total number of passes | 40
Part dimensions_ 2 X 4 X 1/2
Profilometer Usedﬂic?ggogtﬁc 54 i,EZ a-g_:pllﬁer
Part Hardness After_ 394 ¥ 8 vickers .

ding i

Wheel Condition Afterclean, srﬁ’glggoa, no glaze,

Wheel Dressing Used diamond* - see under
wheel dressing

Average Relative Spindle Power_49,5 Watts t 3

Grinding Ratlo = Yol Meta] Removed

Vol. Wheel lost

58.0

B. & K. Spectrometer: Meter__60-80 MV Av, RM8 - 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 1076 1n.)
Wheel AAGOLBV4Q (dy) Wheel diameter Before5.76546 £.00005"
Downfeed 0.001" (d2) Wheel diameter after_5.76578 £ .00005"
Crossfeed 0.050" Total number of passes 40

Spindle RPM 1314 Part dimensions 2X4X1/2

%2 :
SFPM of Wheel Profilometer Usedﬁmmmer
Table Speed 35FP M Part Hardness After 382 % 10 Vickers 4
CoolantVantrol 5456X-75%;5456A-25% Wheel Condition After Ef’eaaﬁl,lIcflge’ar“,°s|[;°§rp

Spindle vibration as measured from Wheel Dressing Used_djamond* - see under
Bearing Journal 0,0002" , wheel dressing

Volume of work removed  0.3248 in,3
Average Relative Spindle Power 44.0 Watts s

- Vol, Metal Removed  __ 105.4
Grinding Ratlo = Vol. Wheel lost -
B. & K. Spectrometer: Meter 70 MV Av, RMS -~ Fast Meter
Meter Range 100 MV

Meter Range Multiplier X 1.0
Fllter Linear

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

Comments on Run Extremely quiet, absolutely no sparks

Figure 140
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MATERIAL____Ti-6Al-4V DATE May 16, 1961

RUN 13 SAMPLE 8 TYPE Conventional

Wheel AA60R8V40 (d;) Wheel diameter before5,76725 * .00005"
Downfeed, 0.001" (d2) Wheel diameter after_5.76457 % ,00005"
Crossfeed 0.050" Total number of passes 40

Spindle RPM 1314 Part dimensions__ 2 X 4X1/2

SFPM of Wheel 1983 Profilometer Used Micromotilc VA1 OR amplifier
Table Speed 35 FP M Part Hardness After__ 370 % 7 Vickers
Coolant Yantrol 5456X=7 5%;5456A-25% Wheel Condition After oated avete. alened
Spindle vibration as measured from Wheel Dressing Used_diamond* - see under
Bearing Journal 0.0002" wheel dressing

Volume of work removed 0,320 in, 8

Average Relative Spindle Power_ 171 Watts * 5

= Vol, Metal Removed =
Grinding Ratio Vol. Wheel lost
B. & K. Spectrometer: Meter 5 MV MV Av., RMS - Fast Meter

Meter Range 100 MV
Meter Range Multlpuer X1.0

Filter Linear

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

Comments on Run Extremely noisy - lots of sparks

26.36

Figure 141
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MATERIAL Ti-6A1-4V DATE May 17, 1961

RUN 14 SAMPLE 6 TYPE Ultrasonic 1 div, (50 X 10"61n.)
Wheel AAGORBV4Q (d)) Wheel diameter before5.78202" % ,00005"
Downfeed 0,001" (d2) Wheel diameter after_5,78031" * .00005"
Crogsfeed 0.050" Total number of passes 40
Spindle RPM 1314 Part dimensions_2 X 4 X 1/2
"SFPM of Wheel 1989 Profilometer Used l'\’ll c%gfr?est? lc1;4‘iv;8l}: amplifier
Table Speed 35FP M Part Hardness After 384 £ 8 Vickers
Coolantyantrol 5456X=75%;5456A-25% Wheel Condition Afteredges Jull - glaesd
Spindle vibration as measured from Wheel Dressing Used__ diamond* - see under
Bearing Journal 0.0002" ) wheel dressing

3

Volume of work removed_0.324 in.

Average Relative Spindle Power__112.5 Watts t 5

- Vol, Metal Removed - 41,7
Grinding Ratlo = Vol. Wheel lost
B. & K. Spectrometer: Meter MV Av. RMS - Fast Meter

Meter Range
Meter Range \Multlpller
Filter

Accelerometer B, & K,

Comments on Run Pass 1 - 25 Light sparking - noisy
Pass 25-40 more sparking - more noisy

Figure 142
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MATERIAL Ti-6Al-4V DATE May 16, 1961
RUN 15 SAMPLE 7 rypg Ultrasontc 2 div. (100 X 107° in.)
Wheel AAGOR8V40 (d;) Wheel diameter before5,.80051 i'.OOOO‘S"
Downféed 0.001" (d2) Wheel diameter after_5,79941 £ ,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 MitibHafie 7118 o mpiisier
Table Speed 35 FP M Part Hardness After__373 ¥ 7 Vickers

CoolantVantrol 5456X~75%;5456A-25%

Spindle vibration as measured from
Bearing Journal 0.0002"

3

Volume of work removed _ 0.320 in.

Wheel Condition Afterclean, sharp, no loading

Wheel Dressing Used_diamond* - see under
wheel dressing

Average Relative Spindle Power

81 Watts

+ 5

Vol, Metal Removed
Vol. Wheel lost

Meter 35

—d
-—

Grinding Ratio

B. & K. Spectrometer:

63.9

MV Av. RMS - Fast Meter

Meter Range

1 V

Meter Range Multiplier
Linear

Filter

X1.0

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

Comments on Run Sparking absent except on climb

»igure 143
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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 MAGORBV40 __ (d;) Wheel diameter before5,80903 X, 00005"
Downfeed 0,001 (d2) Wheel diameter after__5,8080] + p0005"
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?l?i(‘?r%rﬁg?nczﬁ‘[':‘é&mpuner
Table Speed 35 FP M Part Hardness After__367 £ 7 Vickers
CoolantVantrol 5456X~75%;5456A~-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

= JYol, Metal Removed 69.8
Grinding Ratlo =y | Wheel lost

B. & K. Spectrometer: Meter 50.0 - 80.0 MV Av, RMS8 ~ Fast Meter
Meter Range 1V
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.

wigure 144
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Figure 145 LEVEL RECORDER AND Figure 146 MICROHARDNESS TESTER
FREQUENCY SPECTROMETER

Figure 147 TEKTRONIX OSCILLOSCOPE WITH RF WATT METER
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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



PHASE II
SECTION 8
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8.0

Mechanical Property Tests

8.1 ting Pr

ram

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

in comparison to conventional grinding.

It wa.
to be most a;"..

~sided, that if benefits from ultrasonic assisted grinding are
arent that the grinding of specimens for fatigue, tensile and

crack inspcci.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
Ti6Al-4V H-11 Ti16Al1-4V - H-11
Wheel AA60-R8V40 AAG60R8-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"
3 div 3 div
Ultrasonic Vibration | 150 x 10~%in | 150 x 10~61n S e
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
Assoclates 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 side 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-11 and Ti16A1-4V. Twenty specimens of H-11l were ground con -
ventionally and twenty ground with ultrasonics. The same applied to
the Ti6A1-4V. 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 thickness 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 Dally Grinder Set-up Verifications

At the beginning of each days run, the grinder set-up was
verifiied to assure uniform conditions. Particular attention was
glven to uniform downfeed, wheel speed and ultrasonic wheel vibration
which was constantly monitored by meter when running.
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8.4
8.4.1

8.5
8.5.1

Grinding Procedures for Tensile and Crack Inspection Specimens

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
Ti16A1-4v, H-11 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,

Machine Status for Specimen Grinding

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 opﬁration. This repeatabllity of Infeed was better than
0.001". ‘

2. The table stops and table reversal mechanism were neutra-
lized and micro switches and other circultry lncorporated 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.
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FATIGQUE STUDIES RELATING TO ULTRASONICALLY
GROUND SURFACES

METCUT RESEARCH ASSOCIATES INC.
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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:

Hl11 Steel, Quenched and Tempered to 56 R¢

6Al-4V-Titanium, Solution Treated and Aged to 40 R
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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The

CONCLUSIONS

fatigue test data was analyzed statistically to determine the mean

endurance limit (Sg) and standard deviation (o) 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:

The

H11 Steel, Q&T-56 R¢ 6Al1-4V-Ti, STA-40 R¢

Sk (psi) o~ (psi) SE (psi) 0~ (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

following concluaions can be drawn from these test results:

The endurance limits are essentially equal for conventionally or
ultrasonically ground H11 steecl, Somewhat more scatter was produced
by the ultrasonic compared to the conventional grind, as evidenced by

the larger standard deviation for the ultrasonic grind,

The endurance limit for ultrasonically ground 6A1-4V-Ti is approx-
imately 12% (5,000 psi) higher than that for the conventional grind.
The ultrasonically ground specin;ena exhibited a very high degree of
uniformity in fatigue properties, while extreme variation was produced

by the conventional grind,

The extreme variation in the fatigue data for the conventionally ground
titanium scems to indicate that some change in grinding conditions

may have occurred during test grinding of the specimen lot,

17H
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DISCUSSION

Test ProEm

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

for both ultrasonically and conventionally ground specimens of Hl1 steel,
quenched and tempered to 56 R, and 6A1-4V-Titanium, solution treated

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

. combination of material an& 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 (Sg) and the standard deviation (¢° ) 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 H11 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 l.OO" 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°F/1 hour in neutral salt, air cool
Temper: 950°F/1 hour, air cool
Final Hardness: 56-56.5 R
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Materials and Heat Treatment (continued)

The 6Al-4V-Titanium was supplied by Reactive Metals Inc. The material
was hot rolled and annealed plate . 280' thick x 36" x 21' 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: 1700°F/1 hour; water quench
Age: 1000°F/8 hours, air cool
Final Hardness: 39-40 R,

Manufacture

All specimedo 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 specime n groups would be as uniform as possible. A

condensed schedule of these manufacturing operations is as follows:

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

2. Drill all holes in drill jig.

3. Heat treat.

4., Rough grind fages to .170'"-, 175" thickness.
8. Countersink holes.

6. Grind 1/2" radius to sise,

7

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

8. 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 1/2'" 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 fixt.ure 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 “). This extra precaution was
necessary, since the effects produced by the ground surface could not
be determined unl ess the fatigue failures originated in this surface.
The test surfaces of the specimens were protected with heavy masking

tape during the shot peening operation.

Test Grinding

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

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

177



¢. Test Grinding (continued)

Grinding conditions used were as follows:

Conventional Ultrasonic

Hll 6A1-4V-Ti H1l 6Al1-4V-Ti
Wheel Grade AA46I8V40 AAG0LBV40 AAGOR8V40 AAGORBV40
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) 3div.50"x10"8

Test Setup and Procedure

The fatigue tests were performed on three Baldwin-Lima-Hamilton SF1-U
fatigue testing machines, operating at 1800 cycles per minute. A schematic
sketch of a cantilever fatigue test setup is shown in Figure 2. A photograph

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

The 5-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 sach
successive test until run-out (no failure after 107 cycles) was obtained,
After the first run-out was obtained, the remaindey of the tests for that
group were run using the ''stairstep'' loading sequence. T(; 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

SF1-U machine.

The increment selected for the H11 specimens was 2, 500 psi, or about 2.5%

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 1 and 2.

The S-N curve for conventionally ground H11 steel, quenched and tempered
to 56 R., 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 Resulta (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 Hll 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 H1l srecimens is given in Table 1.

The S-N curve for conventionally ground 6Al1-4V 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 testa. 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 ea:ch
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 6Al1-4V Titanium, solution treated
and aged to 40 R, is shown in Figure 7. The mean endurance limit for thie
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 2.

Statistical Analysis of Test Data

The statistical testing >rogram and data analysis methods used for this
fatigue testing study were rescarched by Mr. Robert Fopma of the
Engineering Mathecmatice Department, University of Cincinnati, The source
of the statistical mcthods equations used can be found in References 2,

3 and 4 at the end of this report,
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Statistical Analysis of Test Dnta (continued)

Figures 8, 9 and 10 show the stairstep testing plots and the calculations
for determining the mean endurance limit (Sg) and standard deviation (0°)
for H11 and titanium ultrasonically ground, and for H11 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 (Sg):
A 1 )
- 1 — -—
Sp=Y'+d (N + 5

Determination of standard deviation (¢ ):
NB-A2
=162 a(NBAT L o29)
N
Explanation of symbols:

Sgp = Mean endurance limit of specimen group - psi

0~ = Standard deviation - + psi

Y! = Lowest stress level at which run-out occurs - psi

d = Stress increment (2,500 psi for H11) (1,500 psi for titanium)
k k -

A=5  in, B=5 i%n
i=0 i=0

N = Total number of run-outs obtained
{ = Number of streas increments above Y'

nj = 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

Flgure 154 Figure 3
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TABLE 1

FATIGUE TEST DATA
Hl1l SPECIMENS

Type of Test: Cantilever Bending Machine: SF1-U
Test Temperature: Room Mean Stress: O psi
Ultrasonically Ground Conventionally Ground
Specimen Test Stress No. of Cycles Specimen Test Stress No. of Cycles
No. pei to Failure No., _psi to Failure
HX1 150, 000 62,000 H34 125,000 55, 000
H1 145,000 71,000 H20 115,000 1,607,000
H2 135,000 142,000 H36 { 124,000
H3 120,000 40,000 H21 105,000 263,000
H4 115,000 180,000 H22 100, 000 2,854,000
H6 110,000 320,000 H23 95,000 1,985,000
H7 105,000 1,335,000 H25 92, 500 3,037,000
H5 100,000 6,357,000 H27 1 2, 369,000
H8 97, 500 1,019,000 H3l 611,000
H9 95, 000 9,155,000 H37 143,000
H13 t 2,042,000 H24 90,000 10,291, 000*
H10 92, 500 10,215,000# H28 10,081,000
Hl4 t 7,758,000 H3l 10, 400, 000*
H1l 90, 000 8,193,000 H29 7,484,000
H19 1 240,000 H26 87,500 10, 000, 000%*
HIi2 87,500 10,248, 000* H32 ] 3,179,000
H17 10,237,000% H33 85,000 10,012,000
H15 3,785,000
H16 85,000 10,269,000#

# Specimen did not fail - test.discontinued

Pigure 162
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TABLE 2

FATIGUE TEST DATA

TITANIUM-6A1-4V SPECIMENS

Type of Test: Cantilever Bending

Test Temperature: Room

Ultrasonically Ground

Machine:

SFl1-U

Mean Stress: 0 pei

Conventionally Ground

Specimen Test Stress No. of Cycles Specimen Test Stress No. of Cycles
No. psi to Failure No, psi to Failure
T1 60,000 104,000 T21 60,000 129,000
T2 50,000 629,000 T22 50,000 2,087,000
T4 45,000 7,360,000 T33 474,000
T8 7,043,000 T23 45,000 932,000
T11 6,600,000 T24 309,000
Té6 5,217,000 T28 42,000 5,027,000
T3 3,262,000 T25 } 3,277,000
Tli0 J 2,961,000 T27 40, 500 10, 336,000%*
TS 43,500 10,257,000 T29 6,925,000
T7 10,295, 000* T3l 1,924,000
T13 10,035, 000# T26 39,000 10, 187,000%*
T17 10,220, 000* T30 10,089, 000%
T9 7,920,000 T37 10,020, 000#
T15 7,471,000 T39 10,000, 000*
T4 42,000 10, 666, 000% T32 4, 366,000
T16 t 10,020, 000* T34 1,153,000

T35 408,000
T36 37,500 10,040, 000+
T38 | 9,833,000

% Specimen did not fail - test discontinued

Figure 163

194



REFERENCES

1 E. C. Reed, J. A. Viens - ""The Influence of Surface Residual
Stresses on Fatigue Limit of Titanium'
Transactions of The ASME, Journal of Engineering for
Industry, February 1960, p 76

2 Dixon & Massey - '"Introduction to Statistical Analysis”
Second Edition (1957), Chapter 19 (pg 318-327)

3 Brownlee, Hodges, Rosenblatt - "The Up and Down Method With
Small Samples'
Journal of the American Statistical Association
Vol. 48 (1953) - pg 262

4 Dixon & Mood - ""A Method for Obtaining and Analysing
Sensitivity Data"
Journal of the American Statistical Association
Vol. 43 (1948) - pg 109

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 Face
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Ti6Al-4V Ultrasonic Ground Specimen Ti6A1-4V Conventional Ground Specimen

Stress 45,000 pst Stress 43,000 psti
Cycles 3,262,000 Cycles 5,027,000
Figure 164 Figure 165

Ti6AL-4V Ultrasonic Ground Specimen Ti6Al-4V Conventional Ground Specimen

Stress 45,000 psi Stress 37,500 pst
Figure 166 Figure 167
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H-11 Ultrasonic Ground Specimen H-11 Conventional Ground Specimen
Stress 87,500 psi Sétfess 93,500 psi
Cycles 3,785,000 ycles 671,000

Figure 168 Figure 169

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 Pigure 171
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METCUT RESEARCH ASSOCIATES INC.

3980 Rosslyn Drive Cincinnati 9, Ohio
BRamble 1.5100

LABORATORY REPORT

DATE{ November 2, 1961 NUMBER | 430-3874-1

CLIENT %

The Sheffield Corporation Mr. Richard N. Roney

ADDRESS AUTHORIZATION

35121-M

721 Springfield Avenue
Dayton 1, Ohio

PROJECT 7 enside Testing and Zyglo Plus Deep Etch Inspection of Three
Alloys Ground by Conventional and Ultrasonic Methode

CONCLUSIONS

Deep otch and Zyglo specimens were prepared by Sheffield as follows:

Rene 41 RT Superoxal in HC)
H11 Hot 50% HC1 - 50% Hz0
Ti-6Al-4V RT Vilella's Etchant

Deep otching did not reveal any cracks in the ground surfaces.

Material Tm Grindinl Number Wheel
Rene 41 Conventional B AAAGIS-V40
Rene 41 Ultrasonic H AAGORS-V40
H1l Conventional 1 AAEIS-V40
H11} Ultrasonic ] AAGORS-V40
Ti-6Al.4V Conventional 1 AASOLS-V40
Ti-6A1-4V Ultrasonic ? AAGORS-V40

Zyglo inspection did not reveal any cracks in the ground surfaces.
After Lyglo inspection, the specimens were desp etched as followe:

APPROVED
Sheet__3___

of ___ 4

BY
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METCUT RESEARCH ASSOCIATES INC.

(2) Specimens 4 and 3 were ground together

1700+ 15:!'11 hour/water quench
1000+ 15" ¥/8 hours/air cool

Specimen blanks were heat treated by Metcut as follows:

3980 Rosslyn Drive Cincinnati 9, Ohie
BRamble 1.5100
LABORATORY REPORT
DATE| November 2, 1961 NUMBER | 43%0-3874-1
CLIENT %
The Sheffield Corporation Me, Richard N, Roney
ADDRESS 994 Springfield Avenus AUTHORIZATION
Dayton 1, Ohlo 35121-M
PROJECT Tensile Testing of Six (6) Titanium 6A1-4V Sheet Specimens
Maaufactured to Metcut Drawing No., 600106-1
Nom, Gage Section: ,100"x,300"x 2.00" Temperature: Room
Strain Rate: ,008 in./in./min. thru .2% Y.8,
Head Rate: .03 in./min. thence to failure
CONCLUSIONS
MRAL Sp.e. Tm of U.T.8. 2% Y.8, mm.

No. No,  Surface Grind _(ksi) (kel) % Wheel
T-9402 1 Conventional 168 188 s AA60LS-V4O
T-9404 3 Conventional 170 159 ¢ AA60OLE-V4EO
T-9403 ) Conventional 169 187 [ ] AA60LE-V40
T-9405 4  Ultrasonic 168 187 10 AAGORS-V40
T-9406 8 Ultrasonic 1712 160 ¢ AAGORS-V40
T-9407 6 Ultrasonic 170 187 7 AAGORS-V40
Notes: (1) Specimens 1 and 2 were ground together

Sheet_& |

APPROVED

BY
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METCUT RESEARCH ASSOCIATES INC.
3980 Rosslyn Drive Cincinnati 9, Ohio
BRamble 1-5100

LABORATORY REPORT

DATE| November 2, 1961 NUMBER | - 430-3574-1
CLIENT G

The Sheffield Corporation Mr, Richard N. Roney ‘
ADDRESS 721 Springfield Avenue AUTHORIZATION

Dayton 1, Ohio 35121-M

PROJECT Tenslile Tasting of Six (6) Rene 41 Sheet Specimens Manufactured to
Metcut Drawing No, 600106-1
Nom, Gage Section: ,100"x,500"x 2,00" Temperature: Room
Strain Rate: .005 in,/in,/min. thru .2% Y.S,
Head Rate: .05 in,/min, thence to failure

CONCLUSIONS

MRAl  Spec. Typs of U.T.8. .2%Y.8. Elong.

No. No. Surface Grind  (kei) (ksi) % Wheel
T-9408 1 Conventional 168 132 16 AA4618-V40
T-9409 2 Conventional 191 133 18 AA4618-V40
T-9410 3 Conventional 193 136 17 AA4618-V40
T=-9411 4 Ultrasonic 190 132 18 AAG60RS-V40
T-9412 5 Ultrasonic 191 134 17 AAGORS-V40
T-9413 6 Ultrasonic 192 133 18 AAGORS-V40

Notes: (1) Specimens 1 and 2 were ground together
(2) Specimens 4 and 5 were ground togother
Specimen blanks were heat treated by Metcut as follows:

1950 + 257F/1/2 hour/air cool
1400 + 25 F/16 hours/air cool

APPROVED BY
Sheetﬁ.;._‘_,_‘

of _® __
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METCUT RESEARCH ASSOCIATES INC.

3980 Rosslyn Drive Cincinnati 9, Ohie
BRamble 1.6100
LABORATORY REPORT

DATE| November 2, 1961 NUMBER | 430-3874-1
CLIENT % ‘

The Bheffield Corporation Mz, Richard N. Reney
ADDRESS 731 spmm.h’ Avenue AUTHORIZATION

Dayton 1, Ohlo 38121-M
PROJECT Tensile Testing of 8ix (6) }H-11 Sheet Specimens Manufactured to

Metcut Drawing No, 600106-1

- Nom,. Gage Section: ,100"x,300"x 2,00"
Strain Rate: , 008 in,/in./min, thre 2% Y.8.
Head Rate: .03 in./min, thence to failure

Temperature; Roem

CONCLUSIONS

MRAL
No.

Spec.

No., Surface Crind ng

T-9416
T-9417
T-9418

T-9414
T-9418
T-9419

Notes:

SN dw

T"‘ of u.T.8.

Conventional 14
Conventional 4
Couvqntiml 313

Ultrasonie 518
Ultrasonic 32
Ultrasonie 306

2% 1.8 "
~iEsl) _.L. Yheol

224
233
220

(1) Specimens 3 and 4 were ground together
(2) Bpecimens 1 and 2 were ground together

AAUR-V4
AAUN-V4
AAIS-V40

AAGRD-V4)
AAGORS-V40
AAGORS-V40

S0 oS

Specimen blanks were heat treated by Metal Treating, Inc, as !oucnc

1080428 .l'l 1 hour in neutral salt/air sool
950+ 2s !‘Il hour/air cool
’NNII ®r/1 hour/air cool

oL__‘_.-

APPROVED

LN frir—

Elveed B, Norfis, D-mmu-
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PHASE I

SECTION 9

RESIDUAL STRESS TESTS
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METCUT RESEARCH ASSOCIATES INC.

METALLURQY . MECHANICAL ENGCINBBRING . MACHINABILITY
RESEARCH . DHVELOPMENT ., TESTING

1A OPPICE AND LADORATORIES AT
3980 Rosslyn Drive

BRambls 1-5100 November 11, 1960 Cincinnati 9, Ohio

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
specimenas.

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 o1 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 streass

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. Iam
enclosing both of the specimens supplied to us for analysis.

Very truly yours,

METCUT RESEARCH ASSOCIATES INC,

N W/

L. J. Nowikowski, Director,
Manufacturing Research

LJN:jk

Enc. 208
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Residual Strese in Ground _§urtace
PH15-7 MO Stainless Steel

" Wheel AA60-R8-V40 Table Speed 35 FPM
‘Wheel Speed 6200 SFM Depth of Cut ,0009"
Dry Grinding Plunge Grind 7/16" Wide

Conventional
Specimen MO-6

g
&
:
12

(4]
Q
[

]
"
Q.
t
]
]
;:
g
L]
]

3 Div. Ultrasonic Spindle
Specimen MO-7

. 004 . 006 . 008

Depth Below Surface « inches _
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METCUT RESEARCH ASSOCIATES INC.

METALLURGY . MECHANICAL ENOCINEERING . MACHINABILITY
RESEARCH . DEVELOPMENT . TESTING

NAIN OFFICE AND LABORATORIES AT
3980 Roselyt Drive

BRamble 1-8100 November 14, 1960 Cincinnati 9, Ohio

Mr, Dan Giardini

The Sheffield Corporation
721 Springfield Avenue
Dayton i, Ohio

Metcut Project 430-3206
Deat Mr., Giardini:

Enclosed are threes copies of the graphs showing the nature of the residual
stress distribution in the surface of the ground 6A1-4V titanium specimens.

The area beneath the curves for both specimens, Ti-6 and Ti-7, indicates
the magnitude of the total stress is approximately the same, The residual
stredgs 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
oh the PH 15«7 MO and 6A1-4V specimens, please do not hesitate to call me,
1 would like to apologize for the slight delay in getting the results to you.
The samples supplied to us for analysis are enclosed,

Very truly yours,

METCUT RESEARCH ASSOCIATES INC,

A M
O%\:: Vice-President

Manufacturing Research

enc. 210



&

Residual Stress - psi x 103

Tension

160

120§

[ 3
o

40

Residual Stresws inl Ground Surface

Titanium 6Al-4V

~ Wheel AA60-R8~V40

Wheel Speed 6200 SFPM
Dry Grinding

Conventionul
Specimen 'i“?-ﬁ

., 3 Div, Ultrasonic Spindle |

Specimen

. 001

Ti-7

Table Speed 35 FPM
Depth of Cut ,0009"
Plunge Grind 7/18" Wide

e o e o i o et s o o —- -

+ 002

.003

Dapth Below Surface - inches
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The etchants used for the PH 15-7 MO stainless and the 6Al-4V titanium speci-
mens were as follows:

PH 15-7 MO Stainless Steel Etchant
50% Hy O + 40% HCL +10% HNO 3 (by volume)heated to 150° 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.

GAl-4V Titanium Etchant
68% H,0 + 30% HNOj3 +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 surfuce 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 deflaection
versus stock removed curve to the desired depth. The modulus of elasticity used
on the test samples was as follows,

Ti 6Al-4V E = 16 x 10% pst

PH 15-7MO E = 16 x 10° psi
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Where:

TABLE V

BASED ON EQUATION FROM F, STABLEIN

E 2 df
L | e (§) - ) )

..z(hnfo) - zf fdh

o

Residual stress, pounds/square inch

lnitia'l thickness of the test specimen, inches
Stock removed to any depth, inches
Deflection of specimen at any depth, inches
Initial deflection of the test bar, inches
One-half gage length, inches

Modulus of elasticity, poundllcquaﬁ inch

Slope at any point on deflection versus stock removed curve

214



TABLE V {continued)

Breakdown of equation for calculation:

1 = hn =  Stock removed, inches
0 = f = Change in deflaction of specimen at any depth, inches
( df -
z a5 =  Slope at any point on deflection versus stock removed curve .
n .

m

IV = (H) - (D)

v = ) xavn?
VI = 4(V) (1)

VL= z() )

h
vl = zj‘ fdh
) o

£
3L

‘K

Residual Stress = Sn = K I}V) - (VD) - (V1) - (VIL])

‘Note: Term VIII can be omitted from the calculation withodt significantly

affecting the stress calculation.
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P I

DEFLECTION MEASUREMENT

/' .0001" Indicator
/ -

Deflection
I—Mnuurcment _~ Specimen Stop
7

Locating Pins N

l Gage o _l . : |

Length

1, - Position indicator to 0 using flat gage block of same length as
apecimen before making deflection measurements.

2. In making deflection measurements, locate the specimen in the
"' samée position on the fixture each time,

3. Measure deflection from the back side of the specimen, NOT
the test surface, to imure having & smooth surface for indicator
contact,

4.  Obtain deflection by gently pushing the specimen ;"unlt 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: 'e
as outlined above,

ure 3
216 ( etout)



TABLE N

. EXPERIMENTAL PROCEDURE FOR STRESS ANALYSIS

General:
1.

Numbered
Side

Measure deflection by placing indicator button against side

opposite to test surface (surface being etched).

Position test specimen with number side to left or deflection

fixturc for each deflection measurement,

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

‘scquence a8 shown:

1 2 3 4 5 L 25"
| — + —t + !
+ o = + + + l "
6 7 8 9 10 .25
. Y
30! lt o
4 2

Experimental Technique:

1.

Use flat gage block to obtain 0 position on , 0001" indicator on

fixture,

Measure deflection of test specimen. Indicate whether test
surface is concave or convex. Deflection ia negative (-) if test
surface is eoncave, positive (+) if test aurfaéq is convex,

Record deflection.

Measure thickness of test specimen to obtain initial average

thickness of the specimen. Record thickness,

Coat back of test specimen with stop~off lacquer to poevent
etching of this surface,
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TABLE II (continued) -

EXPERIMENTAL PROCEDURE FOR STRESS ANALYSIS .

Experimental Technique: {continued)

5'

6.

8.

9.

10,

Etch test surface removing stock uniformly,

After etching dip in bicarbonate of soda solution to neutralize
and, then water rinse, dry specimen, Peel off protective

coating from back of specimen,

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.

Measure deflection and record. Be sure that sign (+ or -) for

deflection is correct. ' !\

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.

Experimental procedure is stopped when no significant change is
noted in deflection after two successive steps in ltqck 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 I (continued)

EXPERIMENTAL PROCEDURE FOR STRESS ANALYSIS

- Experimental Technique: (continued)

e Plot curve of deflection versus stock removed. Draw smooth
curve through experimental points. Positive deflection plotted
in firet quadrant, negative deflection in fourth quadrant.

12, 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 1II

SECTION 10

TEST DATA

221



»n
o«

A

Conventional

ad
o

]
3 Div.

gy

-
IS

N

—

2t
==

#7

/

\\\

©
~3

(9

15Div.Long A 9/
.3D1.V . Ulto —1—, £

L

£
V

1 03

60 cps

[ 354
‘IAo

Long. A

15 Diviston
20KC Long. A

L

PEAK TEMPERATURE RISE IN DEGREES FAHRENHEIT
-
Py

(=]

.0003 .0006 .0009

Depth of Cut in inches

SURFACE GRINDING
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Material 15-7 MO
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Wheel Speed SFPM 6200 S8FM
Table Speed 35 FPM

Run Numbers: II- 201 - 215

Pigure 178

SURFACE GRINDING

H VIBRATIO AP
Material - 15-7 MO
Wheel AAGOR8-V40
Wheel 8peed SFPM 6200
Table Bpeed 35 FrPM

Run Numbers: II-216 - 230
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GRINDING RATIO*

GRINDING RATIO*
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Figure 180

SURFACE GRINDING

OF THE DEPTH OF CUT WITH
VIBRATION AS A PARAMETER

Material Ti6Al~4V
Wheel AAG0OR8~-V40
Wheel Speed 6200 SFPM
Table Speed 35 FPM

* - Vol . Material Removed
D - M
GRINDING RATIO Vol. Wheel Loss

Run Numbers:II- 276 -~ 290

Pigure 181
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O Wheel Speed SFPM 6200
o 3 Table Speed 35 FPM
=
8
S 6
X
o]
G 4
Conventional 003"60cps.
Long. A
2 —— Run Numbers: Il =261 -~ 275
—
empamutantl - N
0 .0006 .0009
Depth of Cut in inches Figure 194
1.6 SURFACE GRINDING
: 3Djv.ult, sp. = 0
SPHERO TO _CHIP RATIO
1.4% lgg“"“:“g- A FUNCTION OF THE DEPT
(pach
B 12
-]
Material Ti6Al -4V
B L0 Wheel AAGORS-V40
0 Wheel Speed SFPM 6200
o Table Speed 35 FPM
& .8}
2]
g .GI*
o
&
415 Dtv. — .003"60cps.Long.A
long.\A + j
At Run Numbers: 11 276 - 290
convent- Y ——rt—" I
__danal =
0 .0003 .0006 ,0009
Depth of Cut in inches Figure 195 |
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GRINDING RATIO*

GRINDING RATIO*

wn

F-N

w

N

K

o

w

N

15 Div. Long. A to infinity
3 Div. ult, sp. to infinity ]

| .003"60cps

Long. A
3div.ult
o

—
conventional

ammm——
.003"6Q

.0003

.0006 .0009

Depth of Cut in Inches

|

3 Div, ult. sp. to infinity

15 Diy. Long. A
L d

15Div.Long A &
3 Div. ult. sp.
1 l P \

. .003"60cps.Long. A

.0003

.0006 .0009

Depth of Cut in Inches

SURFACE GRINDING
RINDIN A F
OF THE DEPTH OF CUT WITH
VIBRATION AS A PARAMETER
Material Rene 41
Wheel AA60L8-V40
Wheel Speed 6200 SFPM
Table Speed 35 FPM

*GRINDING RATIO = Vol. Material Removed

Vol. Wheel Loss

Run Numbers:II-291 - 305

Figure 196
] |

SURFACE GRINDING

TIO A8 _A

OF THE DEPTH OF CUT WITH
VIBRATION AS A PARAMETER

Material Rene 41
Wheel AAG0R8-~V40
Wheel Speed 6200 SFPM
Table Speed 35 FPM

'*GRINDING RATIO = Yol Matert oved

Vol. Wheel loss

Run Numbers: I1 -306 = 320

Figure 197
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I ! I I I
g Conventional to infinity
3 Div. ult. sp. to infinity SURFACE GRINDING
15 Div.Long.A & 3 Div,
7 |— ult. sp. to infinity —] GRINDING RATIO AS A FUNCTION
OF THE DEPTH OF CUT WITH
VIBRATION AS A PARAMETER
6 .
5 i Material 15 -7 MO
' 15Div.Ult.Long. Wheel AA60L8-V40
A 9 Wheel Speed 6200 SFPM
4 Table Speed s FPM
3
0 2 l, Ma
GRINDING RATIO =
.003" 60cps,Llong. A Vol. Wheel Loss
1 \—
O ———y
T Run Numbers:II1-201 - 215 -
0 .0003 .0006 ,0009
Depth of Cut in Inches Pigure 198
8 SURFACE GRINDING
3 Div, Ultrasonic Sp.to
i GRINDING RATIO A§ A FUNCTION
7 aflnity F TH OF
BRA A PARA
6 .
Material 15-7 MO
. 5 15Div.Long. A _ Wheel AA60R8-V40
o & 3D1I’-U +Sp. Wheel Speed 6200 SFPM
] y; Table Speed 35 FPM
§ 4
- / \\
a 3 A \
g / ' N\ vGRINDING RATIO =
2 .003", 60 cps., Vol. Wheel Loss
(U 4 Long. —
Conventiopgl——"" 8
1
15 Div. Long. A Run Numbers: I1-216 - 230
0 .0003 .0006 .0009 o
Depth of Cut in Inchas Figure 199
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400 SURFACE GRINDING
Pl E POWE
350 T THE DEPT T
©a VIBRATION AS A PARAMETER
Bso -
g
2 conventional Material H-11
250 Wheel AAG0L8-V40
E WheelSpeed 6200 SFPM
8200 Table Speed 35 FPM
fﬂ 15Div. Long
2150 :
B
[7>]
E100 ‘,/
= /
g 50 Run Numbers: 11-231 - 245
3Div, ult,
spindle / Long. A
0 0003 .0006 ,0009
Depth of Cut in Inches_ — ______M%
400 SURFACE GRINDING
< VIBRATION AS A PARAMETER
2300
Material H-11
g 15 Div. Long. A Wheel AAGOR8-V40
0250 -1 Wheel Speed 6200 SFPM
e ' I T Table Speed 35 FPM
1200 . vl
2 conventional ;
84150 | | -
E .003"'60cps.Longﬁ/ 9
EIOO
50 o , I~ 246 -
spindle /;\ ' Run Numbers:II- 246 - 260
' 3 div.ult. spindle
2 ] | 1L
0 ,0003 ,0006 .0009
Depth of Cut in Inches Figuz‘e 201
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I ' I
400 conventional 74" SURPACE GRINDING
é |
s / SPINDLE POWER AS A FUNCTION
‘ QOF THE DEPTH OF CUT WIIH
VIBRATION AS A PARAMEZIER
300 15D1v.ult.Long[\/ /f -
], Material 15-7 MO
/ Wheel AASOL8-V40
250 , 3 Wheel Speed 6200 SFPM
/ Table Speed 35 FPM
20 /
3 Div. /
150! ult. sp. _ y /

\g,
RSN

15Dlv.long. A~
&3D1v ult,

(4]
O

RELATIVE SPINDLE POWER (WATTS)

- Run Numbers:II- 201 - 215
003"60c;l>s.Lor]q. A
0 .0006 .0009

De th of Cut in Inches Figure 202

/
.003"60cps,.Long. A—7/
|

SPINDLE POWER AS A _FUNCTION
- OF THE DEPTH_OF GUT WITH
convent 1onal f VIBRATION A3 A PARAMETER

400 SURFACE GRINDING

w
(<4

N

:
230 | )
15Div.long. A / / / / Material 15 -7 MO
E 25 A ~ Wheel AA60ORB-V40
2 / K Wheel Speed 6200 SFPM
4 20 / . Table Speed 35 FPM
7
s 15 \ / // /
o // t
E 10 15Div.long .A &
g 3Div.ult, sp.
5 3Div.ult, spindle - Run Numbers:II- 216 - 230
, i | 1
0 .0003 .0006 .0009 ) '
Depth of Cut in Inches . —Rigure 203 )
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430

RELATIVE SPINDLE POWER (WATTS)

RELATIVE SPINDLE POWER (WATTS)

4007

w <«
o o
2

2

|
o

A?

-

ot
o S
[=] (=)
o —————————

400p—

<«
o
(=)
=

[
S

[ d
wn

%L#

[ond

conventional—-‘/

s

/

/

3Div.ult, spindle

o
(=)
-~

-~

/
L / ,/

15Div, ;I
lénq.vA / .

NN

l / 15Div.long.A

VA
.093"50cfps. Long. 4

| &ult, sp. 3Divy

(=

BURFACE GRINDING

OF THE DEPTH OF CUT WITH
VIBRATION AS A PARAMETER

Material Rene 41
Wheel AAGOL8-V40
Wheel Speed 6200 SFPM
Table Speed 35 FPM

Run Numbers:II-291 - 305

.0003 .0006 .0009

Depth of Cut in Inches

3Div.ult. spindle

conventional

i

|
15 Div.

15Div,Long.A

&3Div. ult. '_s_p. ‘

.003"60cps.Long. A
| cr | i

SURFACE GRINDING

SPINDLE POWER AS_A FUNCTION
OF THE DEPTH OF CUT WITH
VIBRATION AS A PARAMETER
Material Rene 41
Wheel AAGORB-V40

Wheel Speed 6200 SFPM
Table Speed 35 FPM

Run Numbers:II- 306 - 320

.0003 .0006 .0009

Depth of Cut in Inches

Flgure 305
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co.nventtonal——a7/
3501 /
300t J|'
250r— / o ?
R
2000——1——9— J
15a'lSDiv.I.om,:. A /9‘
10
5
.003"60cps.Long, A
0 .0003 .0006 .0009
Depth of Cut in Inches
40
35
< conventional
30
g 25 . 4 3
g 3Div.ult, sp7]
8 150
15Div.Lo
E v.Long 003"60cps.
5@—— 15D1v.long. A &
3 Div,ult, spindle
11 |
0 .0003 .0006 .0009

Depth of Cut in Inches

SURFACE GRINDING.
SPINDLE POWER A8 A FUNCTION
OF THE DEPTH OF CUT _WITH
v AT 8 A PA

Material Ti6Al-4V

Wheel AA60L8~-V40

Wheel Speed 6200 SFPM

Table Speed 35 FPM

Run Numbers: II~261 - 275

SURFACE GRINDING

THE w
VIBRATIO A P

Material Ti6Al-4V

‘Wheel AAGOR8-V40

Wheel Speed 6200 SFPM

Table Speed 35 FPM

Run Numbers: 1I-276 -« 290

p@m
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Material H-11 Wheel AA60-L8-V40

3Div.Ult.Sp. 15Div.Long A .003"60cps. 15Div.Long A
Long. A & 3Div.Ult. 8

N

Conv.

.0003"
.0006"
.0009"
Material H-11 Wheel AA60-R8-V40
Conv. 3Div.Ult.Sp. 15Div.Long A .003“60cps 15Div.Long
' Long. A &3Div. Ult,
.0003"
.0006"
.0009" |

238 Pigure



Material Ti6AL-4V Wheel AA60-L8-V40
Conv. 3Div.Ult.Sp. 15Div.Long.A .003"60cps. 15Div.Long.A
‘ Long.A &3Div, Ult.8p.

.0003"

.0006"

.0009"

Material T16A1-4V  Wheel AA60~R8-V40
Conv. 3Div.Ult.Sp. 15Div.Long.A .003"60cps. 15Div.Long.A
Long.A &3Div.Ult.Sp.

.0009"

239 Figure 209
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Material 15-7MO Wheel AA60~L8~V40
Conv. 3Div.Ult.Sp. 15Div.long.A .003“60cps. 15Div.Long.A
Long. A &3Div.Ult.8p.

.0003"

.0006"

s radin . aeridtagy § soreee - S

ml

Material 15-7MO Wheel AA60-R8-V40 P
Conv. 3Div.Ult.Sp. 15Div.Long.A .003"60cps. 15Div.Long.A L
Long. A &3Div.Ult.Sp.

.0009" W
¢
& .

280 Figure 210



e

Material 15-7MO

Wheel AAG0~-L8-V40

Table Speed 35 FPM
Whee!l Speed 6200 SFPM
Conventional .0009"Cut
Surface Micro-Hardness
Before Grind - Vickers 575
After Grind - Vickers 393

Material 15-7MO

Wheel AA60-L8-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 15-7MO

Wheel AA60-~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

PHOTOMICROGRAPHS *

-
Hae .

. " m " . . i 4
TR gt G MY WX gy i 4 T

Note Surface Working

* 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.

28]

Figure 211




Material Ti6Al-4V

Table Speed 35 FPM
Wheel AA60-L8-V40

Wheel) Speed 6200 SFPM
Conventional.0009" Cut
Surface Micro-Hardness
Before Grind - Vickers 502
After Grind - Vickers 558

Material Ti6Al-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 T{6Al-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
MAter Grind - Vickers 619

PHOTOMICROGRAPHS

* 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.
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Wheel AA60-R8-V40

Wheel Speed 4000 SFPM

GRINDING RATIOS

Depth of Cut .0006" plunge cut
Table Speed 35S FPM '

15-7 MO

Type_of Grind* H-11 Ti6AL-4V _Rene_ 41
Conventional 9.34 K] .58 1+ 81
3 Div, Ult. Spindle 70,86 4,60 212 1.34
15 Div, Long. A 9.37 .88 ,46 254
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

Wheel AA60-L8-V40

Wheel Speed 4000 SFPM

G NG__RA

Depth of Cut

.0006" plunge cut

Table Speed 35 FPM

Type of Grind* H-11 _Ti6A1-4V Rene 41 15-7 MO |
|__Conventional 34 w31 1.04 162
3 t, Spind 4,89 .59 1.53 ,958-
15 Div, Long. A 1.81 239 33 235
15 Div. Long. A and o
3 _Div, Ult, Spindle 1.29 .36 258 $32
Figure 21h

* All Runs for these grinding ratios were made with 50 to 75 passes
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Material Ti-6Al-4V
Depth of Cut ,0009" plunge

cut

1

Wheel Speed
Table Speed

6200 S8FPM
35 FP M

Ivpe of Grind Wheel AA60-18-Y40 Wheel AA60-R8-V40
Before = After Before After
| _Convention 502 558 494 492
|15 Div, long, A 627 604 502 549
{...003" 60 cps, Long, A 1 502 501 473 501
|3 Div, Ultrasonic.Spindle} 558 61l 519 9528
15 Div, Long. A & ‘
3 Div, Ul onic el 460 482 516 518
Figure 215
Material H-1l Wheel Speed 6200 SFPM
Depth of Cut .0009" plunge cut Table Speed 35FP M
Type of Grind Wheel AA60-L8-V40 Wheel AA60-R8-V40
Before After Before After
|__Conventional 795 842 776 771
|15 Div, Long. A 820 826 _781 1261
[,003" 60 cps. Long. A 836 839 B3l | j074
3 Ul die 78% 863 885 927
15 Div. Long. A & - : : :
__3 Div, Ultrasonic Spindle 868 _880_ 810 068
Pigure 216

* Using Sheffield Micro Hardness Tester - All Values Vickers ~ Average 3 Tests
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ICRO - HARD E

Material 15-7 MO

Depth of Cut .0009" plunge cut

Wheel Speed 6200 SFPM
Table Speed 35§ FPM

Material Rene 41

Depth of Cut .0009" plunge cut

“Type_of E.Iﬂ!g Wheel AA60-18-V4Q _Wheel AA =V4
t 575 521, 535
A 532 509 494 $16
003" 60 cps, Long. A 509 7546 _ 518 663 |
558 370 316 490
15-Div. Llong. A &
3 Div, Ultrasonic Spindle] 516 483 Sl4 540
Figure 217

Wheel Speed 6200 SFPM
Table Speed 3 FP M

‘ Type of Grind Wheel AA60-L8-V40 Wheel %QQ-RO-WIO
_Before ‘}\_fz‘er ____Before _After ‘
—Conventional 666 46: 637 608
15 Div, long, A ‘ 633 615 13 558
,003" 60 cps, Long. A 627 285 613 573
_3 Div, Ultrasonic-Spindle 644 613 603 600
15 Div. Long. A & ‘ '
: 593 593 _544_ 613
Figure 218

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

##Conventional G.inding conditions apparently have made a decrease

in the hardness of the specimen.
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Material TiSAl-4V

Depth of Cut .0009" plunge cut
RMS VALUE IN MICRO INCHES

Wheel Speed 6200 SFPM
Table Speed 35 FPM

Matertal H-11

Depth of Cut .0009" plunge cut

Type of Grind ‘Wheel AA60L8-V40 Whe 60R8-V4
Conventional 32 130
15 Div, Long. A 28 55
3 Div. Ult, Spindle 32 90
! 003" 60 cps Long. A 60 igL
15 Div. Long. A and
|L__3 Div, Ult, Spindle 80 110
Figure 219

Wheel 8peed 6200 SFPM
Table Speed 35 FP M

RMS VALUE IN MICRO INCHES

246

Type of Grind Wheel AA60L8-V40 Wheel AA60R8-V40
Conventional 30 60
|15 Div, Long. A 42 65
3 Div n _SS 52
| .003" 60 ¢ps Long, A 115 115
15 Div, Long. A and
3 Div, Ult, Spind 105 67 B
FPigure 220

G
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Material 15-7MO

ACE F

Depth of Cut ,0009" plunge cut

Wheel Speed 6200 8FPM
Table 8peed 35 FPM

RMS VALUE IN MICRO INCHES

Type of Grind

Wheel AA60-L8-V40

Wheel AA60-R8-V40

Material Rene 41

Depth of Cut .0009" plunge cut

Conventional 45 52
{_.15Div. Long. A 40 36
3 Djv, Ult, Spindle 37 65
,003" 60 cps Long, A 40 40
"15 Div. Long. A and
3 Div, Ult, Spindle 50 125
Figure 221

Wheel Speed 6200 SFPM
Table Speed 35 FPM

RMS VALUE IN MICRO INCHES

Type of Grind

Wheel AA60-L8-V40

Wheel AA60~-R8-V40

247

|L__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 t indle 115 200
Flgure 222




8 / \ SURFACE GRINDING
-4 GRINDING _RATIO 78 A FUNCTION
7 OF THE DEPTH OF CUT WITH
/ B (o] A _PA
6 )
[ ]
2 | / \k Material 15-7 MO
5 5 y - ' Wheel AA60L8~V40
\— Wheel Speed 6200 SFPM
g 4 conventiona \ Table Speed 35 FPM
Qa \ With Coolant
ote:
3Div. ult. spindle -
2 (ratio goes to infinity o *GRINDING RATIO = vs:’i V::'aeerel Los Boved
the .0010" & .0015" tests) *
1
0 5010 5015 5020 Run Numbers:II- 419 - 424
Depth of Cut in Inches Figure 223
e
8 SURFACE GRINDING
3 Div. ultrasonic - GRINDING RATIO AS A FUNCTION
7 T spindle OF THE DEPTH OF C wl
| VIBRATION AS A PARAMETER,
6 _ N
6 \:L Material 15-7MO
B g A\ Wheel AAGOR8-V40
= Wheel Speed 6200 SFPM
o Table Speed 35 FPM
g 4 With Coolant
Q N /‘?
K )
| /\
2 N / *GRINDING RATIO = Yol. Material Removed
/ \ Vol. Wheel Loss
conventional—->\¢, ?
1
Run Numbers:II- 413 - 418
0 .0010 .0015 .0020
Depth of Cut in Inches ' Figure 224
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(<]

o

GRINDING RATIO*
w

N

0

(<, ]

-

GRINDING RATIO*
w

N

Xls.ll

\

SURFACE GRINDING

\

Material Rene 41

spindle

~ 3Dtv. ultrasoplc \‘

Wheel AA60L8-V40
Wheel Speed 6200 SFPM
Table Speed 35 FPM

B

7"

[ conventional

D RAT - Q. ateria oV
R *GRINDING RATIO Vol. Wheel Loss

g,?

Run Numbers:II -491 - 496

Depth of Cut in Inches

.0010 .0015 .0020
Depth of Cut in Inches Figure 225
N
~ SURFACE GRINDING
™\| cmmDING mATIO AS A FUNcTION
OF THE DEPTH QF CUT WITH
3Div, ult, spindle/ BRAT AS A PARA
Material Rene 41
Wheel AAGORB=-V40
Wheel Speed 6200 SFPM
Table Speed 35 FPM
|~ ! ¢
= Yol, Material Removed
'/ *GRINDING RATIO Vol. Wheel Loss
conventional
| Run Numbers:II- 485 - 490
,0010 .0015 .0020

Pigure 226 |
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Depth of Cut in Inches

N
8 / N SURFACE GRINDING
| \ GRINDING RATIO AS A FUNCIION
7 OPTHE DEPTH OF CUT _WITH
VIBRATION AS A PARAMETER
6 .
* !
°] Material H-11
5 S conventional Wheel AAG0L8-V40
/ ! Wheel Speed 6200 SFPM
4 Table Speed 35 FPM
g Without Coolant
5,
° *GRINDING RATIO = L
2 S O = Vol. Wheel Loss
1 3 Div. ultrasonic spindle—
0 5010 0015 0020 Run Numbers :II~431 - 436
Depth of Cut in Inches Figure 227
231§ 012 $9.4
8 \ / SURFACE GRINDING
3 Div. ultrasonic spimﬁz\ / GRINDING RATIO AS A FUNCTION
7 OF THE DEPTH OF CUT _WITH
BRATION AS A PA
* 6
9
E Material H-11
5 Wheel AAG60R8-V40
0] Wheel Speed 6200 SFPM
& . Table Speed 35 FPM
g v Without Coolant
3, !
conventional Vol. Material Re d
2 *GRINDING RATIO = X2 atorlal memoved
‘ Vol. Wheel Loss
1
, Run Numbers: 11-425 - 430
0 L0010 ,0015 L0020

Figure 228
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10 o /g—-lﬁg
8 SURFACE GRINDING
7 GRINDING _RATIO AS A FUNCTION
OF THE DEPTH OF CUT WITH
6 N
. / ‘ >b Material H=-11
& s 3 Div. ultra=/ Wreel AR60L8-V40
& o oote spine Wheel Speed 6200 SFPM
& 4 Table Speed 35 FPM
O With Coolant
a
g 3
O *GRINDING RATIO = Vol. Material Removed
2 Vol. Wheel Loss
1
Run Numbers: 11-443 - 448
.0010 .0015 .0020
Depth of Cut in Inches gg gure ggg
[ 3. 77?——- $15.7
g | 3D1v. ultrasonic / SURFACE GRINDING
spindle /
/ E GRINDING RATIO AS A FUNCTION
7 OF THE DEPTH OF CUT WITH
/ Y VIBRATION AS A PARAMETER
6 #;\conventlonal ]
" Material H-11
Q 5§ Whesel AAG60R8-V40
& Wheel Speed 6200 SFPM
§ Table Speed 35 FPM
| 4 With Coolant
z
g 3
o 2 *GRINDING RATIO = Yol aterial Removed
Vol, Wheel Loss
1
Run Numbers: II~ 437 ~ 442
0 .0010 .0015 .0020
Depth of Cut in Inches Figure 230 |

251



Depth of Cut in Inches

8 SURFACE GRINDING
[
’ / RATIO A T
OF THE DEPTH OF CUT WITH
: conventionals VIBRATION AS A PARAMETER
6 \ ’
s | / Matertal 15 - 7 MO
= 5 Wheel AAGOL8-V40
= N
] \ / Wheel Speed 6200 SFPM
4 o Table Speed 35 FPM
(ED i/ Without Coolant
Q
: - /
: 7
2 *GRINDING RATIO = ol, Material Re e
Vol. Wheel Loss
3 Div, ult. sp.
1
0 ~0010 L0015 0020 Run Numbers: II-407 - 412
Depth of Cut in Inches Figure 231
8 SURFACE GRINDING
GRINDING RATIO AS A FUNCTION
7 HE D
VIBRATION AS A PARAMETER
6
’ 3 Div. ultrasonic sp. Material 15 - 7 MO
8 5 Wheel AAGOR8=-V40
\ Wheel Speed 6200 SFPM
2 P Table Speed 35 FPM
g 4 < Without Coolant
1 AN
T} "\ , P
2 . —q *GRINDING RATIO = torial
\T7" Vol. Wheel Loes
1
conventional
. Run Numbers:11401 = 406
0 ,0010 .0015 .0020

Figure 232 |
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8 SURFACE GRINDING
GRINDING RATIO AS A FUNCTION
7 OF THE DEPTH OF CUT WITH
VIBRATION AS A PARAMETER
6
’é Material Ti6A1~-4V
= 9 Wheel AA60L8-V40
g Wheel Speed 6200 SFPM
Table Speed 35 FPM
g 4 Without Coolant
& 3 Div. ult. spindle
g 3
0] ®
2 *GRINDING RATIO *= Vol. Materjal Removed
\\ Vol. Wheel Loss
1 ? L.
conventlo_nal Run Numbers:II- 455 - 460
0 .0010 .0015 .0020
Depth of Cut in Inches Figure 233
8 SURFACE GRINDING
RIND RATIO A F TIO
7 OF THE DEPTH OF CUT WITH
BRA N AS A PARAMET
6
« Material Ti6Al=-4V
Q s Wheel ARGORB-V40
> Wheel Speed 6200 SFPM
2 3 Div. ult. spindle Table Speed 35 FPM
0] 4 Without Coolant
f
g ~
T} ”\
2 ¢ . | *GRINDING RATIO = Yol. Material Removed
B ® T~ Vol. Wheel Loss
) conventional T
R Numbers: I ~ 449 ~ 454
0 ~0010 0015 70020 un  Numbers: II
Depth of Cut in Inches Figure 23L
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400

SURFACE GRINDING

Depth of Cut 11 Inches

.. 350 OF THE DEPTH OF CUT WITH
E RA A PARA
gaoo ‘
g Wheel ARGOL8-V40
8 Wheel Speed 6200 SFPM
» 200 Table Speed 35 FPM
3
2 150
4 ¢
conventional _—~
i
E 100 —
3 5 -
Run Numbers: II- 467 - 472
? 3 Div. Plt. slendle
1
0 ,0010 0015 .0020
Depth of Cut in Inches Figure 235
" S S —
400 SURFACE GRINDING
-~ 350 SPINDLE PQWER AS A FUNCTION
E OF THE DEPTH OF CUT WITH
= VIBRATION AS A PARAMETER
2300
o
; Material T16A1-4V
5 250 Wheel AAG0RB~V40
Al Wheel Speed 6200 SFPM
‘ézoo Table Speed 35 FPM
o 150 .
E conventional
E 100 >.L¢’—-—*
|
S0
, Run Numbers: [1-461 -~ 466
0 .0010 .0015 .0020

Figure 236

254

N



RELATIVE SPINDLE POWER (WATTS)

3Div, Ult. spindle

N

SURFACE GRINDING

SPINDLE POWER AS A FUNCTION
QF THE DEPTH OF CUT _WIIH
VIBRATION A8 A PARAMETER
Material Ti6Al-4V
Wheel AA60L8-V40

Wheel Speed 6200 SFPM
Table Speed 35 FPM

Run Numbers:II~ 455 - 460

Fige 237

Depth of Cut in Inches

/ /
zf‘” |
Conventional
1 1
0 ~0010 5015 700
Depth of Cut in Inches
400}
350
300#
250}
200}
150
conventional
100}
1
] -
0 L0010 ,0015

.0020

SURFACE GRINDING

DLE P AS A FUNCT
OF THE DEPTH OF CUT WITH
VIBRAT AS A A ET
Material Ti6Al-4V
‘Wheel AAG60R8-V40

Wheel Speed 6200 SFPM
Table Speed 35 FPM

Run Numbers:II-449 ~ 454

ure 2

255
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wn

GRINDING RATIO*
o
1

SURFACE GRINDING
GRINDING RATIO A8 A FUNCTION
QF THE DEPTH OF CUT WIIH
VIBRATJON A8 A PARAMETER

Material Ti6A1-4V

Wheel AA60L8-V40

Wheel Speed 6200 SFPM

Table Speed 35 FPM

With Coolant

Depth of Cut in Inches

conventional
3
T 3D 1 1, M i
iv. ult. sp. * = Vol. Material Removed
2 AN \ GRIND ING RATIO = 5 heel Loss
\ + -
1} N\ -l
\{/
Run Numbers: II- 467 = 472
0 .0010 .0015 . ,0020
Depth of Cut in Inches Flgure 239
8 SURFACE GRINDING
GRINDING RATIO AS A FUNCTION
7 OF THE DEPTH OF CUT WITH
VIBRATION AS A PARAMETER
6
‘é Material T16Al-4V
B+ 5 Wheel AAGOR8~V40
= Wheel Speed 6200 SFPM
O Table Speed 35 FPM
g 4 . With Coolant
3 Div, ult. spindle
* _&___
j $
*GRINDING RATIO= Vol. Material Bel_quﬂ
2 + Vol. Wheel Loss
% 7
1l x - T
conventibnal
TO_"I__G&TS_'I_UO" Run Numbers:II- 461 - 466
0 .W . .002)

Figure 240




GRINDING RATIO*

GRINDING RATIO*

3 Div. ultrasonic _‘

spindie ¢
| _i—
f?’i‘z'f’?
, Sonventional Run Numbers: II- 479 - 484
T0010 70015 20020

Depth of Cut in Inches

SURFACE GRINDING

GRINDING RATIO AS A PUNCTION
QF THE DEPTH OF CUT WIIH
VIBRATION AS A PARAMETER

Material Rene 41
Wheel AA60L8-V40
Wheel Speed 6200 SIrPM
Table Speed 35 FPM
Without Coolant

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

Figure 241 |

3 Div. ultrasonic
spindley

N

Dz s N

b/ T ® Vol. Wheel Loss
conventional
Run Numbers:II- 473 ~ 478
.0010 .0015 .0020

Depth of Cut in Inches

SURFACE GRINDING

GRINDING RATIO A3 A FUNCTION
OF THE DEPTH OF CUT WITH
VIBRATION AS A PARAMETER

Material Rene 41
Wheel AAG6OR8~V40
Wheel Speed 6200 SFPM
Table Speed 35 FPM
Without Coolant

*GRINDING RATIO = Vol . Material Removed

Figure 242
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PHOTOGRAPHS OF THE WHEELS TAKEN IMMEDIATELY AFTER EACH RUN

RUNS 400 to 496
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MATERIAL Ti6Al-4V

WHEEL AA60-1L8-V40

Conventional~---WET-=---Ultrasonic

o~

Conventional==--DRY-~~=Ultrasonic

g Y : = S
23 2 3 g
&3 g g <
Magnification 3.5X o

Figure 243
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MATERIAL Rene 41

WHEEL AA60-R8-V40

Conventional=-=~WET----Ultrasonic

Convent‘tonalf--DRY--—Ultrasqntc

.0020"

g8 S “
a O po =
de S S

Magnification 3.25X
Figure 249
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MATERIAL Ti6Al-4V

WHEEL AA60-R8-V40

Conventional----WET----Ultrasonic

Convent 1onal-—-DRY-——Ultrasontc

Depth
of Cut

.0010"
0015"
.0020"

Magnlftcat.lon 3.25X
Figure 250
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PHOTOGRAPHS OF THE TEST SPECIMENS TAKEN IMMEDIATELY
AFTER EACH RUN

RUNS 400 to 496
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Figure 251
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Conventional---~WET-~-~--Ultrasonic

Conventional ~-=-=DRY--~=Ultrasonic

Depth
of Cut

.0010"

.0015"

Magnification 3,25X
Figure 255
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Magnification 3
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MATERIAL 15-7MO

WHEEL AA60-R8-V40

Conventional ~—--WET----Ultrasonic

Conventional-=--~DRY--~~Ultrasonic

Depth
of Cut

.0010"

.0015"

Magnification 3. 25X

Figure 258
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PHOTOMICROGRAPHS OF THE TEST SPECIMENS
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MATERIAL 15-7MO

WHEEL AA60-L8-V40

Conventional-=--WET=-~--Ultrasonic

Conventional==~==DRY~=~~Ultrasonic

Depth

Magnification 3.25X
Figure 259
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Figure 260
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MATERIAL H-11

WHEEL AA60-L8-V40

v

EIIN W ey,

Conventional----WET~---=Ultrasonic

Conventional===-=DRY=-~=Ultrasonic

Depth

.001C"

Magnification 3.2
gPigure 2633 SX
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«0200°

. 25X
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Magnification 3
Figure 263
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MATERIAL Rene 41

WHEEL AA60-R8-V40

Conventional ~=~~WET--~-Ultrason

Conventional=~«-DRY--=-=Ultrasonic

Magnification 3,25X
Figure 265
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MISCELLANEOUS

RUNS 497 to 502
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Wheel - - AA60-L8-V40
downfeed - ,001
infeed -  .100"/pass
table speed - 3'/minute
T16Al -4V

Cimco Coolant

5 Div, Spindle

Run 497

Wheel - AA60-L8-V40
downfeed - 004
infeed - ,050"

table speed - 35'/minute
Ti16Al-4V

Cimco coolant
S Div. Spindle
Run 498

Wheel - AA60-L8-V40
downfeed -~ .004

infeed - 050"

table speed - 35'/minute
Ti6Al -4V

Cimco Coolant
Conventional

Run 499

Grinding Ratio .61

Figure 268

Grinding Ratio 1.83

Wheel - AA60-L8-V40
downfeed - .006"
infeed - .050"
table speed - 35'/minute
T16Al -4V

Dry

5 Div, Spindle

Run 500

Grinding Ratio 1.20



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 ' T16A1-4V

Cimco Coolant Dry

5 Div. Spindle 7 Div. Ultrasonic Spindle - Approx.
Run 501 Run 502

Grinding Ratio .50 Grinding Ratio .41

Figure 269
292
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SURFACE  FINISHES

RUNS 1400 to 496
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MATERIAL 15-7 MO

TYPE OF GRIND

SURFACE FINISHES

Whee! Speed 6200 SFPM

RMS VALUES IN MICRO INCHES

WHEEL_AA60-L8-V40

Table Speed 35 FPM

WHEEL AA60-R8-V40

,050" Infeed .0010" Downfeed

294

Wet _Conventional _ 25 20
| __3Div, Ult, Spindle 30 32
Dry Conventional Not Run Not Run
3 Div, Ult. Spindle 45 Not Run
2050" Infeed ,0015" Downfeed
Wet Conventional 25 25
3 Div, Ult, Spindle 25 30
Dry Conventional 75 Not Run_
3 Div, Ult, Spindle i Not Run Not Run
.050" Infeed .0020" Downfeed
Wet Conventional 25 28
3 Div, Ult, Spindie 32 Not Run
Dry Conventional Not Run Not Run
3 Div, Ult, Spindle Not Run 45
Figure 270
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SURFACE FINISHES
MATERIAL Rene 41 Wheel Speed 6200 SFP M Table Speed 35 FPM

RMS VALUES IN MICRO INCHES

TYPE QP GRIND WHEEL AA60-L8-V40 WHEE 60-R8-V4
,050" Infeed ,0010" Downfeed
Conventional Not ‘
Wet n na 17 ot Run
3 Div. Ult. Spindle _ 23 Not Run
Dry Conventional 20 Not Run
3 Div. Ult, Spindle 30 Not Run
.050" Infeed .0015" Downfeed
Wet Conventional 15 Not Run
3 Div. Ult. Spindle 16 20
Conventional 32 Not Run
Dry
3 Div, Ult, Spindle 28 ‘Not Run
.050" Infeed ,0020" Downfeed
Conventional .
Wet 18 Not _Run
Dry Conventional ' Not Run . Not Run
3 Div. Ult, Spindle Not Run Not Run
Figure 271
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SURFACE _FINISHES
MATERIAL H-11 Wheel Speed 6200 SFPM Table Speed 35 FPM

RMS VALUES IN MICRO INCHES

TYPE _OF GRIND WHEEL AA60-18-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

Wet 3 33 Not Run
3 Div, Ult. Spindle 40 Not Run
Conventional

Dry 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 Run

Dry Conventional Not Run Not Run
3 Div. Ult. Spindle Not Run Not Run

Figure 272
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MATERIAL Ti6Al-4V

RMS VALUES IN MICRO INCHES

Whesl

SURFACE FINISHES
Speed 6200 SFPM

Table Speed 35 FPM

297

WHEEL MG0-L8-V4Q ___ WHEEL AAGO-RS-V40
.050" Infeed .0010" Downfeed
Wet j-Sonventional _23 23
3 Div, Ult. 8pindie 30 28
Dry Conventional Not Run 40
3 Div. Ult. Spindle 38 Not Run
.050" Infeed .0015" Downfeed (
'Wet __Conventional 30 30
3 Div, Ult, Spindle 34 38
Dry MML ~ Not Run Not Run
_3 Div, Ult, Seindle 33 48
050" Infeed .0020" Downfeed
Wet Conventional 29 45
3 Div, Ult, 8pindle - 32 34
Dry Conventional ﬂ Not Run Not Run
3 Div. Ult. Spindle : 38 42
Figure 273



PHASE II
SECTION 11

Discussion of Phase II Results and Proposed
Ultrasonic Vibrated Grinding Wheel System
Modification and Specifications for Phaselll.
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11.1 Effectiveness of Vibration of the Grinding Wheel as opposed
To Vibration ol the Workpiece

Summary: Vibration of the grinding wheel was determined to
be more effective in nearly every respect than vibration of the part.
Far less 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 cps and 20,000 eps; 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 wor;giece ma¥ be as varied in ggometrﬁ as 1s custo-
mar ound In Industry. ration o & workplece
at efgecfive amplitudes is extremely dependent on 1its
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 a IIca%Ion of UTErasonIE'VIBbaEIoﬁ'hsilifig"'Ina-
Ing on Internal, External and centerless grindl és -
weiI. The proﬁlbhs assoclated with the viﬁraf?on of

workpieces supported on centers (External) or Center-
less 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 vibrated, is effectively cleaned of
21T broken grits, metal, 450.;'Eﬁi5 wouti“ﬁive normally
remained if not vibrated. This provides a cleaner and
freer ocutting wheel. :

11.,1.3 Limitations of Wheel Vibration

A.

B.

D.

Limited in the diameter and the thickness in which it
may be vibrated for a given frequency. However, at
20 ko, a wheel 8" in diameter may still be effective
down to 4" in diameter before replacement.

The amplitude of vibration tolerated by a standarad
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).

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 workplece 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.

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 18 not attained, undue bearing loads and bear-
ing wear will follow.

301



11,2 Relationship of PFrequency andAmplitude Variations in Grind-
Ing Tests

11.2.1. Amplitude Constant - Varying Frequency

For a given wheel, workpiece, depth of cut, table speed, and
amplitude of vibration, the effect of changing the frequency of vi-
bration is rather complex. At low frequencies (60-1 cps) only
spindle power reductions are found. High spheroids to chip ratios,
high peak temperatures and low grinding ratios occur. At high fre-
quencies (10-25kc), 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
UFI%HIEE*

11.3.1 Surface Finish

With 1ight cuts (.0003") Vibration of the wheel or the work-

plece 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. Purther,

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 test conditions conducted so far, no apparent di-
mensional differences have been noted between vibration assisted
ground specim®ns 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 i
ground. This burning is almost totally absent on the vibration !
assisted specimens. The H-11 seems most susceptible in burn indi-
cation. No burns were in evidence on specimens ground for mechani-
cal property testing. i

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 vidbration were sufficient to fracture the grits ana
more probably the grit post bonds. If grinding wheels could be

made to withstand these forces, more certainly improved grinding
ratigs wguld prevall 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 thils area
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