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ABSTRACT

It has been found that the brittle fracture sought by cutting wetal at
speeds beyond the velocity of a plastic wave front occurs as a natural phenom-
enon at much lower cutting speeds. It is shown that chip formation is influ-
enced strongly by resonant vibrations not only of the tool and body motions
of the workpiece but also by standing waves and reflected shock waves inside
the workpiece and the cutting tool. In most cases the resulting frequencies
of chip segmentation can be predicted from shear wave theory as was demonstra-
ted during the ultra-high-speed machining investigation by Lockheed in 1960.

Practical consequences of this phenomenon include power consumption and
chatter, with the notch sensitivity of metals involved as an important wachin-
ing property. Feasibly, common chatter can at least be ihhibited by superim-
posing higher-frequency vibrations in cutting those metals which have sub-
stantial notch or strain-rate sensitivity at cutting temperature. Power re-
quirements can be substantially reduced when shear strain is decreased, as
observed when ultrasonic vibrations are superimposed on metal cutting.
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I. INTRODUCTION

Vibrations in metal cutting, particularly the common problem of chatter
in machining operations have been the object of many research investigations.
It is well known that chatter involves resonant vibrations of workpieces, cut-
ting tools, work-holding devices, and other elements of the machine tool sys-
tem. These resonant vibrations are characterized by such distinct body motions
as bending of cutting tools and milling arbors and torsional vibrations of
spindles.

The subject of this paper, however, is the role of sonic vibrations in-
side workpieces and cutting tools used in the cutting process. This paper 1is
a byproduct of a study of high-speed milling wherein it became evident that
resonant phenomena similar to chatter were occurring but without the familar
surface patterns and loss of size control. Subsequent investigations have
indicated that these very-high-frequency, internal vibrations play an important
role in the metal cutting process. They occur not only at high cutting speeds
but over the entire range of commercial practice with regard to speed and size
of cut. It appears feasible to use this natural phenomenon as an aid to better
metal cutting. For example, it is evident that some of the beneficial effects
of superimposed ultrasonic vibrations can be attributed to the reaction of metals
to internal vibrations. Furthermore it would seem possible to prevent chatter
by a similar approach.






II. EARLY INDICATIONS

The initial evidence which led to the specific study wupon which thls paper
is based came out of the investigation of ultra-high-speed machining by Lock-
heed (1) and a high-speed milling study performed at The Uriversity of Michigan.
Measures were taken et the outset of tie Michigan study to rrovide a high de-
gree of rigidity in order to minimize vibration and to prevent common chatter,
Chatter did not oacur but there was evidence of high-frequenc; phenomena of a
resonant nature in segmentation of the chips and in oscillographic records of
cutting forces and vibrations. Figures 1 through 6 show information typical of
that obtained in the initial study.

Figure 1 shows results from a facemilling investigation. The work speci-
men and single-tooth milling cutter are shown in Fig. 1(a) along with the
accelerometer which produced the oscillographic records shown in Figs. 1, 2,
and 3, The work specimen was fed radial to thé rotation of the cutter spindle
and parallel to the bright surface directly opposite the cuttling tool.

The oscilloscope records in Figs. 1(b) and 1(c) show the vibrations at
cutting speeds of 3000 fpm and 4500 fpm respectively. It will be noted that
the intensity of the vibrations is increased at the higher cutting speed, prob-
ably as a result of the higher impact velocities, The simple sine waves are
10-kc references. These indicate that the lower frequency is of the order of
4000 cps, whereas the higher frequencies are at least an order of magnitude
greater.

Figure 2 shows that increasing overhang also increases the amplitude of
vibrations. At the same time, the frequency of the vibrations appears to de-
crease, as would be expesgted from elementary theory on flexural and shear vi-
brations, The cutting time per chip was only 160 usec for the lower trace in
all three cases, whereas that in the upper trace lasted 214 psec, The spindle
speed was 1000 rpm so that the time per revolution was 0,066 secs

One can see that the vibrations lasted much longer than the cut but were
completely damped out before the beginning of the next cut. The lower frequency
which responded to the change in overhang appeared to be a flexural mode in the
related direction although the frequency was lower than that predicted from the
overhang as the length of a cantilever beam. However the method of clamping was
such that the effective beam length must have been somewhat greater. An effec-
tive beam length of 1.4 in. would have accounted for the 7500-cps frequency,
the lowest observed for the 15/16-in. overhang, as shown in Fig. 2(b). If the
flexural vibration were to cause segmentation of the chip, then there would be
no more than two such segments, since the period of the vibration is 130 usec
compared with the cutting time of 160 to 214 psec. The chips showed wany more
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than two segments, however, as is discussed in Section III. Thus doubt remained
as to whether the vibrations were generated by segmentation,

Figure 3 shows similar information for a test series in which the length of
the workpiece was varied while all the other conditions were held constant. In
this series, the accelerometer was mounted on the rear of the workpiece directly
opposite the cut; consequently the indications are referred to as horizontal vi-
brations. The frequencies were distinctly lower with the longer work specimens,
suggesting that the vibrations were indeed resonant and dependent upon workpiece
geometry and dimensions, and indicating that the vibrations were internal to the
workpiece,

Another series of tests was carried out with the configuration illustrated
in Fig. 4. The workpiece was rotated at a radius of 3 in. and interrupted cuts
were made while the cutting tool was fed radially across the face of the work-
piece.. The load cell and accelerometer produced signals of the type shown in
Fig. 5. This figure shows the forces and vibrations for cuts of different
length make at constant cutting speed so that the duration of cut varied from
214 up to 588 usec.

The lower trace represents the cutting force and the motion of the cutting
tool. It will be noted that the tool not only deflected under load but also vi-
brated during the cut., The flexural mode of vibration occurred at a frequency
of about 6500 cps, which proved to be the resonant frequency of the tool as
mounted., As in the case of the overhanging workpiece, the effective beam length
was somewhat greater than the actual overhang.

The higher frequencies which are evident in both the force and accelero-
meter records appear to be the result of shock waves reflecting from the -bottom
of the tooi. If such waves had traveled at the velocity of shear, the resultant
frequency would have been of the order of 50 to 55 kc, depending upon the effects
of the increased mass of the carbide tips. The accelerometer traces show a
frequency of the order of 50 to 60 kcs.

Examination of chips produced information of the type shown in Fig. 6.
The chips shown in this figure were made with the setup shown in Fig. 4. The
coarse segments along one edge of the chip correspond to a frequency of about
55,000 cps, but the major portion of chips show a segmentation frequency well
in excess of 200,000 cps. Subsequent experience indicates that this frequency
had to be a function of the thickness of the workpiece although it is not yet
known whether the vibration waves are shear, dilatational, or surface waves.

Thus at the time of this first investigation there appeared to be some
correlation between vibrations and the segmentation of chips. Furthermore the
evidence was strong that the vibrations were resonant and were the cause rather
than the result of segmentation. However, the geometry of both the workpieces
and the tools was complex, which left some doubt as to whether the theoretical
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analyses were sufficiently rigorous to constitute proof of resonance. Moreover
many of the segmentation frequencies were very high and difficult to resolve
accurately. Therefore a specific study was planned to overcome these difficul-
ties and to resolve the remaining questions.



ITI. A SPECIFIC STUDY OF VIBRATIONS

This study consisted of three distinct parts. The first was a theoretical
study wherein attempts were made to predict vibration frequencies by calcula-
tion. The second was made up of impact studies on actual work specimens to de-
termine the resonant modes which could be excited by a single transient distur-
bance. The third consisted of laboratory machining tests in which vibrations of
the workpiece were measured during cutting and chips were collected and analysed
as to structure and frequency of segmentation.

A. THE CUTTING TESTS

Milling cuts were made with a single-tooth, rotating cutter and a work-
piece that was stationary except for the feeding motion. A schematic diagram
of the test arrangement is shown in Fig. 7. All of the work specimens were
cylindrical rods of different lengths. A test section symmetrical to the cen-
terline of the rod was machined on one end to provide for an orthogonal cut of
constant width and length.

The work specimen was clamped rigidly between two steel blocks having cy-
lindrical surfaces and a thin sheet of Teflon was placed between the blocks and
the workpiece to minimize coupling with the rest of the system. Some specimens
were equipped with strain gages on the periphery and an accelerometer on the
end opposite the test section: others were equipped with an accelerometer only.
Still others were equipped with neither strain gages nor an accelerometer as
they were intended only for the accumulation of chips.

Tests were made at speeds ranging from 1575 t¢ 6300 fpm and at feed rates
or cut thicknesses of 0.002, C.CO4, 0.006, C¢.003 and 0.010 in. The workpieces
were 1 in. in diameter and were 2, 2-1/2, 5, 10, 11, 11-1/2, 12 and 12-5/8 in.
long. 1In addition, some tests were made with specimens 1/2 in. in diameter and
5> in. .long. Physical properties and sound velocities of the work materials are
listed in Tables I and II respectively.

Typical oscilloscope records are reproduced in Figs. 8,9, and 10. Figure
3 was obteined with an aluminum specimen. The traces in Fig. 8(a) are the re-
sult of a light tap with a hammer. They show a strong flexural mode which showed
up during the cutting also. The frequency which was about 3600 cps, could have
produced no more than three segments in a chip at the cutting conditions used
in this case. The chips showed many more, however.

The traces in Fig. 8(b) show a much higher frequency superimposed on the

bending mode. The lower trace is the difference between the strain-gage signal
which was connected for bending and the accelerometer thus bucking out the bend-

11
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TABLE I

PROPERTIES OF MATERIALS

. Modulus of Elasticity, psi Density-p, | Poisson's
Work Material o Ve - E  Shear - G Bulk - K | 1b/in.3 | Ratio-o

Aluminum 10.2 x 1P 3.8 x 1 11.0 x 1P .101 340
Brass 13.7 x 106 5.3 X lO6 11.4 x lO6 .305 .295
Copper 17.2 x 106 6.4 x 106 18.0 x 106 .32k 345
Steel (Carbon) 23.8 x lO6 11.5 x 106 23.4 x lO6 .283 .287
Steel (3tainless) | 29.7 x 1° 11.h x 1P 25.6 x 1P .320 .307
Titanium (A110) 16.0 x 1P 6.0 x 1 16.0 x 1 .161 .332
Titanium {B120) w.2 x 1P 5.45 x 1P 12.1 x 1P 175 .30k
Titanium (C120) 15.8 x 106 6.0 x 106 1.7 x 106 .160 .318

TABLE II

WAVE VELOCITIES
(x10° ips)
Type of Wave
K .

Work Material Bulk Longitudinal Shear
Aluminum 2.49 2.00 1.21
Brass 1.58 1.32 .818
Copper 1.80 1.44 875
Steel (Carbon) 2.33 2.02 1.25
Steel (Stainless) 2.58 1.89 1.17
Titanium (A110) 2.0 1.96 1.20
Titanium (B120) 2.41 1.77 1.10
Titanium (C120) 2.3k 1.96 1.20

13
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ing signal from the accelerometer. The result shows a strong mode just above
30 kc, which was the dominant frequency in the chips. The traces in Fig. 8(c)
were independent of each other. It will be noted that the initial signals from
the strain gages and the accelerometer occurred about 50 usec apart. This in-
dicates that the initial shock wave was dilatational instead of shear since the
accelerometer was 10-1/2 in. from the strain gages.

The accelerometer traces in Fig. 9 illustrate two significant features of
the problem. The first is the work material. In this case the wmaterial is
leaded brass, whigh is well known as a free-cutting wmaterial because of the ease
with which the chips can be broken up. Both traces show . the dominance of a
single frequency during the cut, which lasted 317 usec. This characteristic
proved tdjbe somewhat unique to such metals as brass, wagnesium, and titanium,
and might properly be called notch sensitivity or brittleness. Brittleness is
accompanied by abruptness and sudden fracture; this in turn produces a sudden
change in cutting force which can excite or sustain a forced vibration.

Theoretically, all harmonics of the vibration result from a single disturb-
ance of a system. In practice, however, all harmonics which produce particle
velocities sufficient to cause brittle fracture could produce chip segmentation.
Thus it is natural for a standing wave to develop at one frequency since the no-
dal points of all lower harmonics coincide in point of time. The 36-kc frequency
shown in Fig. 9 corresponds to a shear wave involving three full wavelengths
longitudinal to the brass rod. The 6—7/8-in. wavelength would cause the bar to
resonate at the same frequencies as a bar of aluminum 10 in. long.

The second significant feature revealed in Fig. 9 is the finite but short
time required for the single frequency to become dominant and to establish a
standing wave, It will be noted that only five or six cycles or about 0001
sec were required to achieve this condition. This is in contrast to the time
required for aluminum and steel, which was long enough to allow frequencies of
chip segmentation to be observed. The short time requirement for brass indi-
cates that both transient shock and reflected waves can be present to a signi-
ficant degree in materials which are wore ductile or exhibit stronger damping
properties.

Figure 10 illustrates anotheruimportant factor related to cutting speed.
It will be noted that the higher speed of 3150 fpm shown in Fig. 10(b) is accom-
panied by a distinctly higher frequency than that shown in Fig. 10(a) as accom-
panying a. speed of 1575 fpm. This is typical of all the metals studied in this
investigation. It would appear that the higher impact velocities associated
with the higher speeds can force higher frequencies because of the larger stress
gradients which make it possible for low amplitude vibrations to be effective.

A similar trend was noted in relation to the thickness of cuts. Thinner

cuts generally show a higher frequency of segmentation for the same cutting
speed. For example a cut 0.010 in. thick might give a segmentation frequency

18



of 24t kc at a speed of 3000 fpm and a cut 0.008 in. thick might give a segumen-
tation frequency of 36 kc at the same speed. On the other hand both thicknesses
might give a frequency of 24 kc at a speed of 2500 fpm. This is further evi-
dence of the resonant origin of chip segmentation,

Typical chip-segmentation characteristics are illustrated in Fig. 1l. The
three chips represent three distinct conditions likely to be encountered. The
1018 Steel chip in Fig. 11(a) shows no measurable segmentation and might be
called absojutely continuous., This condition does not hold at lower speeds,
however, chips of the same material looked more like the one for aluminum as
shown in Fig, 11(b). Similarly 1042 Steel shcwed strong segmentation at 3150
fpm but not as strong as at some of the lower speeds, It could be that the
temperature in the shear zone was sufficiently high at the cutting speed of 3150
fpm to reduce brittleness or notch sensitivity to a level where sudden shear
could no longer occur. Segmentation can be expected to reappear at yet higher
speeds, however, as was observed in some of the exploratory tests.

The aluminum chip is representative of a condition which occurs frequently
but not predominately in the cutting of relatively ductile wetals like aluminum
and steel., The chip is characterized by relatively coarse segments but in one
region, near the middle, it is segmented less severely but at a frequency about
three times as great. This condition is called a "mixed frequency" and can be
attributed to reflections and transients since it never occurred at the begin-
ning of a cut., These transient, high-frequency zones represent an incipient
stage in the transition to a still higher frequency. A moderate increase in
speed or decrease in thickness of cut causes the chip to display only the higher
frequency.

The chip in Fig. 11(c) is typical of the most uniform segmentation; it is
not from an orthogonal cut but was formed in a conventional facing out with a
sharp-nosed tool. The coarcer segments occurred at a frequency of 169,000
cps, which was found to te the resonant fundamental of the thickness of the work
specimen, It is interesting to note that the thinner edge of the same chip
shows still higher frequencies that are integral multiples of the lowest fre-
quencies, These appear to be harmonics of the thickness of the specimen, al=-

though such high frequencies could also be resonant modes of the carbide tool
insert.

B. SUMMARY OF CUTITING DATA

It was both difficult and expensive to try to substantiate all cutting data
with oscillographic records. Therefore tests of this type were carried out only
to confirm a positive correlation between chip segmentation and internal vibra-
tion frequencies., The major mass of data consists of counts of chip segments
converted to frequency in cycles per second.

19
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The data on segmentation frequency for the specimens 2Al/2, 5, and 10 in,
long are summarized in Table III. Data for aluminum, 1018 steel, 10LO steel, high
carbon drill rod and titanium are lumped together since the shear velocities for
all these materials are very close to each other. (Detailed summaries of the
measured frequencies are given in the five Tables in Appendix B.) Table III
contains both measured and predicted frequencies. It will be noted that the
averages of measured values lie very close to predictions based on shear modes.

In most cases the total scatter represented by the full range of all values
counted into the averages is insufficient to bridge the gap to the next higher
frequency.

The scatter can be attributed to several factors. Most important is the
difficulty involved in wmaking accurate counts of high frequencies with low-
resolution microscopes. Second is the fact that the actual counts in chips
showing mixed frequencies were added into the averages. In short cups the
initial shock wave traveling at a speed higher than shear could add one extra
segment as it reflected from the rear end of the rod. Similarly, flexural modes
could add a few extra segments in chips from the cuts 1 in. long. Finally, there
may possibly be sufficient damping in the more ductile materials to cause some
lowering of the resonant frequencies.

Probably the most convincing evidence of the resonant nature of chip seg-
mentation is the fact that the same frequency can persist over wide ranges of
cutting speed and thickness of cut. For example, the average frequency of
37,140 cps occurred in 29 different tests involving combinations of three dif-
ferent speeds and four different thicknesses of cut. The speeds ranged from
h725 to 1575 fpm and the cut thicknesses from 0.002 to 0,010 in. Counts from
more than a hundred chips are included in the average for a total scatter of
only 18%.

Frequencies were calculated for all types of vibratory modes except for
torsion. The equations used and tables of the frequencies are included in
Appendix A, Comparison of the measured with the calculated frequencies shows
the dominance of shear in the lower-frequency range. It may also dowminate in
the higher range but the close proximity of the frequencies of shear and longi-
tudinal modes as the wavelength approaches the bar diameter makes it difficult
to distinguish between them,

Further analysis of the frequencies in relation to the total length of the
bar showed a strong preference for the frequencies to jump by gradients corres-
ponding to the addition of one-half wavelength in the mode of vibration. The
one exception was the occurrence of the 12,2-kc frequency specimens 2-1/2 in,
long. This jump in frequency would seem to indicate that the entire length of
the specimen consisted of only one quarter-wave. It could be argued that such
an unstable state could be sustained as forced vibration. On the other hand it
could be argued that only every second cycle of a half-wave mode is effective
because the forward motion of the tool has not been able to build up sufficient
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stress for the alternate cycle to trigger off a segment. These among other
questions require further study with more advanced instrumentation.,
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IV. COROLLARY EVIDENCE

Two other sources of information were analysed because of their close re-
lationship to the problem. One source is derived from an impact study which
yielded some informaticn on the frequency of transient vibrations which could
nucleate the forced frequencies c¢bserved during cutting.. The other source
is the AMC Technical Report "Ultra High Speed Machining””, which reported
similar results in 1960.

A. IMPACT STUDY

Tests were carried out wherein a l/l@-in° steel ball was dropped from a
height of 9 in., making contact in various ways with an aluminum rod 1 in.
in diameter and 11-7/8 in. long. The rod had semiconductor strain gages and
an accelerometer mounted on it. The resultant inelastic impact produced tran-
sient vibrations which were displayed and photographed on an oscilloscope. The
photographs were analysed by three persons and the results are summarized in
Table IV along with possible frequencies derived from calculations. An analysis
of the impact conditions is given in Appendix C,

The results show a strong correlation between the observed frequencies and
those calculated for shear waves. There is no doubt that flexural modes were
excited by lateral impact but it was evident that they dispersed into shear
waves within a cycle or two., There is some doubt whether the highest frequency
was a shear mode since the accelerometer gave strong signals at 100 kc when placed
transverse to the direction of impact for both radial and longitudinal impact
directions. On the whole, the impact irnvestigation on one of the actual ma-
chining specimens indicated a strong probability that the forced vibrations
in machining would be shear modes. This probability is supported also by the
fact that flexural waves will disperse into shear and that the area of the
shear plane in the cut is too small in relation to the diameter of the rod to
initiate a plane longitudinal wave.

‘ 1
B. AMC TECHNICAL REPORT NO. 60-7-635

The final report "Ultra High Speed Machining," issued in June 1960 by the
United States Air Materiel Command, contains experimental data which parallel the
results of this paper. Table 19, p. 131, of the AMC Report lists the frequen-
cies of striations which occurred on the machined surfaces of the projectile-
type workpieces used as test specimens. The striations were straight lines per-
pendicular to the cutting direction and their spacing was regular enough to be
reported as having occurred at a particular average frequency.
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These frequencies have been averaged and are summarized in Table V along
with predicted frequencies based in longitudinal shear waves. All of the pro-
Jectiles included in this summary had l/2-in. diameter holes drilled on the cen-
terline from the front to within l/2-in. of the base. Therefore frequency cal-
culations were made for active lengths of 6 in. and 5-1/2 in. since there is some
doubt whether the base of the projectile would participate in a standing wave
except as a boundary condition. The correlation seems rather good despite the
fact that data for 3 in. projectiles was included with those for the 6 in. pro-
jectiles. The frequencies for the 3 in. projectiles were somewhat higher than
the averages of the categories in which they were included. This might be ex-

. pected because the length of the quarter-wave based on an active length of 2-
l/2-in. would be somewhat shorter than that for for 6 in. projectiles.

The Lockheed investigators attributed the striations to traveling shear
waves and tried to explain frequency differences on the basis of the Doppler
effect, in which case the frequency would approach infinity near the end of the
cut and would be superimposed on the constant low frequency of the wave which
reflects back and forth between the ends of the projectile. Traveling waves
undoubtedly occurred to a significant degree at the very high impact speeds in
the Lockheed tests but this could not explain the high frequencies encountered
in the current investigation. Therefore it must be concluded that standing
waves play a dominant role in chip segmentation and the associated formation
of striations on the workpiece.

Other information produced by the Lockheed investigation which parallels
the results of this paper involves the measurement of chip velocities (See
Reference 1, Table 15, p. 104). In all but one case these chip velocities were
higher than the cutting speed. It is now known that this seeming paradox re-
sults from abnormal segmentation wherein the stress gradient of the vibration
is so large that considerable relative movement takes place between adjacent
segments, It is accompanied by a positive rotation of the shear plane after
the sudden shear fracture has taken place (See Reference 1, Table 24, p. 186).
This lengthens the chip in much the same way that a deck of cards can be spread
to a considerable length with the cards still overlapping each other. Conse-
quently, the higher the frequency of segmentation, the greater this lengthening
can become before the chip is broken up into discrete segments.
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V. SUMMARY

The phenomena discussed here do not constitute a new theory of chatter but
they do indicate that the role of vibrations in metal cutting is greater than it
was previously thought to be. These phenomena involve internal vibrations or
resonant noise, whereas chatter vibrations involve body motions. Both depend
upon the same fundamental laws but chatter can be called a problem in mechanical
vibrations whereas the other is more acoustical in nature.

It is believed that this discovery not only provides further explanation of
the metal cutting process but also suggests benefits which might be derived from
further research.

Dr. Von Karman suggested some years ago that if metal were cut at a speed
in excess of the velocity of plastic wave propagation, the result would be brit-
tle fracture accompanied by a reduction in energy requirements. This theory
provided the basis for the Lockheed project on ultra-high-speed machining, and
the achievements of that project are already significant in current metal cut-
ting practice., Sound waves provide the real cutting speed and the velocity which
we now call cubtting speed is in reality just another feeding motion.

The reduction of energy requirements predicted by Dr. Von Karman has al-
ready been observed and is the object of a continuing study. It appears rea-
sonably certain that at least part of the reduced energy requirements observed
when ultrasonic vibrations are superimposed on machining operations can be
attributed to this phenomenon.

Another useful exploitation of this property would be the prevention of
chatter by superimposing a vibration of an amplitude sufficient to cause
brittle segmentation and of a frequency high and dynamically remote from the
chatter frequencies of the system.
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APPENDIX A

TYPES OF SOUND WAVES AND RESONANT VIBRATIONS



Confusion and misinterpretation are likely to result from a discussion of
vibrations and sound unless the words used to describe various phenomena are
clearly understood. For this reason, the tables and equations presented in this
appendix are accompanied by a definition and explanation of the nomenclature
used.,

1. INTERNAL VS. MECHANICAL VIBRATIONS

In the preceding report internal vibrations are distinguished from external
or mechanical vibrations. It is difficult to provide a rigorous definition
which separate the two since the differential equations or equations of state
are similar in both areas.,

Mechanical vibrations are simple compared with internal vibrations and
involve relationships which can be represented by discrete masses, springs, and
friction elements. Vibratory amplitudes are relatively large, frequencies are
relatively low, and the concept of resonance i$ always involved. By contrast,
internal vibration invokes the concept of waves and wave fronts which always
travel through the medium with the velocity of sound. This is the principle
reason for referring to such phenomena as "internal". The wave concept overlaps
the area of mechanical vibrations in the vibrations of strings and the lateral
vibrations of beams.

2. TYPES OF WAVES

There are several bases for classifying the different types of waves in
solids. One important classification is that of traveling waves and standing
waves., A traveling wave is like the wave set up in a rope or ship when one end
is snapped suddenly, standing waves are like the vibrations of a violin string
and are produced by the movement of two traveling waves in opposite directions
at the same velocity. Thus the existence of standing waves is the condition of
resonance in internal vibrations. It is important to remember that internal
standing waves are two traveling waves, since this is what links the frequencies
of standing waves and reflected waves which are identical.

3, CALCULATED FREQUENCIES
Tables VI, VII and VIII contain the frequencies calculated for interpreta-
tion of the results of this study. All of the frequencies are resonant frequen-

cies and therefore involve standing waves.

Table VI contains the frequencies of bending or flexural modes. This is
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classified as an external or mechanical vibration and the frequency equation,
derived from simple bending theory is:

w = —

nke E
n £ o]

where
E = Young's Modulus (psi)
o = density (Mass per unit volume)
W, = natural frequency in radians per second
k = radius of gyration in inches (R/2 for a circular section)
L = length of inches
n = coefficient depending on end and support conditions

Values of the coefficient (n) can be found in handbooks.

The concept of wave velocity is significant in bending for the treatment
of transients which when combined with reflections could grow into standing
waves. An equation for the velocity of such waves is:

2 i .
(Cf) = kﬂﬁz ‘ (2)
where
Cf = velocity of flexural waves
k = radius of gyration
@ = frequency in radius per second
Cy = velocity of plane waves in solids =

[E_
P

Equation (2) shows that the wave velocity increases with the sharpness or
frequency of the transient. Consequently the frequencies of standing waves
from Eq. (1) beaome meaningless as the wave velocity approaches the velocity of
sound in shear. This is also an indication of why a transient flexural vibra-
tion will change over to or disperse into a shear wave,

Table VII contains the frequencies calculated for reflected waves which
might occur as a result of the particular geometry and dimensions of the machin-
ing specimens and their method of support, as illustrated in Fig. 7. They are
also the frequencies of the standing waves associated with the reflections, and
were calculated from the relationships expressed in Egs. (3), (4), and (5):

33



TABLE VI

FREQUENCIES OF FLEXURAL MODES*

(kes)
Mode Length of Free-Free Beam, in.

12 11 10 5 2-1/2
Fundamental 1.2k 1.48 1.78 7.12 28.48
lst Harmonic** 3.0 k.05 k.90 19.60 78.40
2nd Harmonic 6.65 7.92 9.60 38.40 153.60
3rd Harmonic 11.00 13.10 15.90 63.50 XK
Lth Harmonic 16.35 19.50 23.60 9k.80 *R¥
5th Harmonic 23.00 27.40 33.20 133.50 *Hx

*Frequencies calculated for aluminum free-free rods 1 in. in
diameter. Frequencies for steel would be slightly higher and
those for titanium about 12% lower.

**¥The first harmonic of a cantilever corresponds to the frequency
of the fundamental of a free-free beam; the second harmonic
corresponds to the first harmonic of the free-free beam; and so
forth. The fundamental frequency of a cantilever is 17% of the
fundamental frequency of a free-freebeam.

***¥Higher harmonics are meaningless because the theoretical veloc-
ity of shear waves at a frequency of 46 kes.
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where
f = frequency in cycles per second
C = velocity of sound in inches per second
4 = distance in inches the wave front must travel before reflections
produce the phase changes of one cycle
Cp = 2 (&)
P
where:
Cg = velocity of plane longitudinél waves in inches per second

E,p = same as in Eq. (1)

C. = 0. —— (5)

where:

velocity of shear waves in inches per second
Poisson's ratio

Table VIII lists the frequencies of standing shear waves for bars of vari-
ous lengths. They were calculated from Eq. (5) for several modes made up of
integral increments of quarter wave lengths. It is necessary to consider odd
as well as even integers because of the possibility that there is either a
node or an antinode at the point of tool contact.
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APPENDIX B

TABLES OF FREQUENCY DATA
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TABLE X

FREQUENCIES OF CHIP SEGMENTS FOR ALL METALS*

(kes)
Feed, Speed, F No. of Total
requency
ipt fpm Tests Scatter, %
.010 1575 ' 12.7 12 31
.008 1575 13.1 6 12
.008 1575 17.8 3 9
.00k 1575 24.5 2 13
.008 3150 2%.6 1 0
.010 3150 374 5 10
.008 5150 37.5 5 5
.008 1575 36.5 2 10
. 004 1575 35.9 L 1k
.008 3150 37.3 3 N
.002 1575 38.0 L 13
.006 3150 37.8 3 5
.006 2300 37.8 3 L
.008 3150 50.0 L 0
.008 6300 50.4 1 0
.008 1575 47.3 1 0
.002 1575 L8, 3 14
.008 6300 63.0 2 0
.010 6300 63.0 1 0
.006 6300 95.1 L 1k
.002 3150 102.0 5 15
.002 3150 128.0 3 5
.002 1575 115.0 1 0
.002 6300 193.6 9 10

*Separated by cutting conditions.
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APPENDIX C

ANALYSIS OF IMPACT CONDITIONS



The following analysis applies to a freely falling sphere and the effects

of its impact upon the end of a vertical metal bar. In this case, a l/h-in.
steel ball is dropped 9 in. onto the end of a cylindrical steel bar. The equa-
tions for the deflecEion of the sphere upon impact and the waximum pressure are
those of Timoshenko. ’

(1)

(5)

The velocity, v, of the sphere upon impact is:

Y2gh

voo= 5
where g = 386 in./sec
h = 9 in,

84.2 in./sec
.. Impact velocity = 0.0000842 in./usec

The deflection, & , of the sphere upon impact is:

a = 1.25(Ej/5 L
E Rl;s
where R = radius of sphere, 1/8 in. ¢
E = wmodulus of elasticity of steel 30 x 10
P = dimpact load in pounds
Qo= 1,23 P 1
30 x 100 (1/8)1/3
. 6 1.5
s Impact load in pounds, P = 7.78 x 10°C&

The total work done on the sphere as a result of deflection (O under an
impact load of P 1b is:

. a)
Work done = o Pdx
Substituting for P,
o 6 .
Work done = j; 7,78 x 100 LSaa
2.5

6 2.
Integrating work = 3,11 x 10 & in-1b

Therefore the work done without loss is equivalent to the potential energy
of the sphere prior to its fall.

Potential energy of the sphere = g

L6



(7)

(8)

(10)

where W weight in pounds
h = height in inches

"

3
W = Eﬂ 1 x .28
3 8
= 0,00225 1b

. Potential energy = 0,02 in-1b
Work done = potential energy
6
3.11 x 10 a2'5 = 0.02
-4
0 = 5,53x10 in

Using this value in the equation (3) for impact load, P = 95 1b

Maximum pressure from impact, qo = ,388

Ly = 682,000 psi

Therefore the impact is inelastic.

If the impact were elastic, the contact time for the deflection, &, for
the sphere as it impacts at 84.2 in,/sec would be:

Tmpact time = -—
v

' Impact time = 25 usec

Similar quantitative information can be obtained for other metals by sub-

stitution of the corresponding values for modulus of elasticity and
Poisson's ratio into the general equations of Ref. 2.

bt
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