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ABSTRACT

A torsional fatigue testing machine of the resonant vibrator type
has been designed in order to investigate the fatigue and internal
friction properties of 35-0O aluminum. This machine uses an elastic
restraint on an a-c motor to create resonant conditions and usesk a photo-
cell electronic system for the measurement of internal friction by the
method of measuring the logarithmic decrement of free oscillations.

It has been established that for 35-0O aluminum at torsion stress
levels below 112 psi, the stress history does not affect damping and
that, for an annealed specimen, the material exhibits a maximum value
of internal friction at 375°F. "Temporary mobility" aspects of \t‘he slip
bands have be.en investigated and in addition, variation of internal
friction as a function of stress amplitude in repeated torsional loading,
temperature, and number of reversals has been obtained. At room
temperature (75°F) the internal friction increases with the nﬁmber of
stress reversals in the 0 to 105 range. This increment in general
increases with increasing amplitude of stress. At test temperatures of
225° and 525°F it was found that this increment does not show any
regﬁlar variation with stress, In addition, however, it was found that
at 375°F the internal friction decreases with stress reversals in the
0 to 105 range for all stresses, The variation of internal friction with
‘stress history after a large number of stress reversals of the order 10
cycles, is quite complex, giving rise to random patterns of increase and
decrease,

This work is exploratory in nature and suggestions for further

work are indicated.
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I. INTRODUCTION

Mem’c;ers which are apparently in good condition, when subjected
to repeated loading, have a tendency to break even though the applied
load is substantially smaller than the normal breaking load under static
conditions, Failures of this type are commonly denoted as "Fatigue
Failures", A large amount of research, both fundamental and applied,
has been conducted in order to ascertain the basic phenomena involved
in fatigue failures. The problem is complicated by the number of
controllable and uncontrollable variables which influence the.. start of
fatigue failures,

Basic research by Gough, and others (Ref, 1) showe.d conclusively
that fatigue failure is associated with the failure of “primitive elasticity"
by the process of slip, Here the word "primitive" denotes that exhibited
on the first loading. It has also been shown by them that the two events,
namely: fatigue failure, and failure of primitive elasticity by the process
of slip, are not simultaneous and that slip can occur at stress levels far
below those associated with fatigue failures. It has been known for a
long time that the phenomenon of slip gives rise to many other character-
istics such as (a) internal friction, (b) stress and strain relaxation,

(c) creep, etc.

Since both fatigue failures and internal friction find their origin in
those regions of a metallic substance which also exhibit properties other
than perfect elasticity, it has always been a témpting problem in research
to determine if they can be correlated, either directly or with the help of

some other physical variables which influence them. This has been
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necessarily complicated because of a lack of proper knowledge of the
physical var-iables involved in the problem or, if known, due to the
difficulty in controlling these variables. This has resulted in a recent
mushroom growth of papers in this field, often conflicting, if not
directly contradictory.

The following work attempts to determine if there is any possi-
bility of correlating, under controlled conditions, the amplitude of
repeated stress, the number of cycles of reversals, the testing tempera-
ture, and the damping characteristics of the test material. The present
work is primarily intended to investigate the trends which may need

further exhaustive study.



II, A BRIEF REVIEW OF PRIOR WORK AND A DISCUSSION OF THE

NATURE OF SLIP AND GRAIN BOUNDARY

Before the problem and its specific objectives to be investigated
are stated, it seems worthwhile to discuss briefly the phenomenon

of straining of a metallic member subjected to an external load.

a, Straining in a Single Crystal

A single crystal is built up of a number of unit cells arranged
together in such a manner that a regular pattern is repeated throughout
the crystal. If, for example, a pure shearing load is applied to such a
metallic crystal, the crystal lattice will first deform elasticaliy (in
accordance with the generalized Hooke's Liaw); straining but not dis-
rupting the interatomic bonds. If the straining action is increased in
intensity, by increasing the external load, a limiting elastic strain will
be exceeded and comparatively large movements will take place in the
crystal along certain crystallographic planes in certain well-defined
directions. Experiments by Taylor, Elam (Refs. 2 and 3) and others
show that this movement occurs by the movement of lamellae of the
cryétal over one another., This movement in general is concentrated
in a series of consecutive planes or thin sheets of the crystal. It has
also been shown that these relatively large movements in crystal occur
generally along those planes on which the atomic density is a relative
maximum and in the direction of maximum resolved shear stress on
these planes. These planes are defined as slip planes; the slip plane
and the direction of movement, the slip direction, constitute a slip

system. Various theories have been proposed to explain this property
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of slip exhibited by physical crystals. Of these, the most important
is the dislocation theory suggested and developed by Orowan (Ref. 4),
Polanyi (Ref. 5), Taylor (Ref. 6), and others., Briefly, this assumes
that t}}eSe crystals have certain imperfections, which can move and be
created by external forces, Cumulative effect of such moveme‘nts will
be revealed as slip. This theory is known as the dislocation theory of

slip and recent experiments tend to support this theory.

b. Straining of a Polycrystalline Aggregate

In a polycrystalline aggregate, however, the proble@ is compli-
cated by the grain boundaries. These grain boundaries are brought
into existence as a consequence of the simultaneous developmént of the
solid state from a molten mass from various randomly disposed nuclei.
Each one of these small individual crystals which constitutes the major
i)arf of the metallic aggregate is of the same physical structure as the
single crystal described above.

If a specimen made of this polycrystalline aggregate is subjected
to a similar straining pattern as that applied to one made of a single
crystal, the slip phenomena occur in the individual crystalline grains,
with the difference that not all of them experience slip simultaneously
and that this slip movement is influenced by the grain boundaries which
surround the crystals. Those favorably situated are subjected to slip
movement first.

The property of solids in which stress and strain are not uniquely

related, but is elastic in the sense that a body returns, asymptotically,

to its initial unstressed configuration after the removal of all external
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stress, is called Manelasticity" by Zener (Ref. 7). However, in the
crystalline aggregate, one has to face the problem of grain boundaries.
Unfortunately, because of the order of magnitude involved, no direct
investigation of the grain boundary material properties has been
possible to date. In general, its properties have been ascertained by
conducting experiments with single crystals and the polycrystalline
aggregate of the same material, It has been found in general

(Refs. 1, 8, 9, 10) that a grain boundary inhibits slip, that a crack does
not follow a grain boundary, that it behaves as a viscous material in
energy dissipation, that it is of a different phase from the rest of the
material as indicated by density differences between single crystals
and crystalline aggregate and that, in some metals at least, it&i_s

stronger than the crystal itself.

c. Suggested Models of Grain Boundary

Various theories have been proposed to explain the structure of
the material in the grain boundary., Of these, two have.received wide
attention, They are Rosenhain's amorphous theory (Refs. 11, 12), and
a second which imagines a transition region at the boundary, where the
atom positions represent a compromise between the crystalline
arrangements in the two adjoining grains. Rosenhain's theory imagines
- that the boundary consists of an undercooled liquid whose assumed
properties are entirely in accordance with the known properties of the
boundary. Metallurgists have been reluctant to accept the concept of
amorphous phase since no metallic material has been produced mechani-

cally in that phase, Zener (Ref. 7) points out that "no controversy need
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arise, once it is realized that it is not necessary for any portion of

the material to be in amorphous phase in order that the grain boundaries
may behave in a viscous manner. It is necessary only to assume that
the res.istance to slipping of one grain over an adjacent grain obeys laws
commonly associated with amorphous materials rather than la:ws
associated with crystalline materials', He further argues that, since
the surface atoms of one grain cannot fit into the lattice position of an
adjacent grain, the binding across an interface may be assumed to be
amorphous in nature. It is interesting to note that this explanation does
not pretend to give a model of the grain boundary but takes the attitude
that it is of no great consequence as to what is the exact picture of the
grain boundary so long as we can reasonably ascertain its phy‘sical

properties.

d. ‘Similarities Between the Grain Boundary Material and the Material

in a Slip Band

It has already been mentioned that the grain boundary material
exhibits certain properties which are not associated usually with
crystalline materials, We also have this condition produced to a
certain extent by the process of slip. As it is observed under a micro-
scope, the tell-tale traces of slip on the surface of a specimen are not
the consequence of a single slip movement alone, but a series of
movements in adjacent planes, These concentrated regions of slip
movement are commonly designated as slip bands, One question that
immediately comes up relates to the nature of the material in the slip

band., This seems to be of fundamental importance since it has been
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found that the initiation of a crack in fatigue failure in general takes
place in a region previously overworked by the slip process, though
the macroscopic propagation of this crack may well depend on the
nature bof the stress field in the region.

Physical characteristics of the material as a wh"ole suggest that
the eiffect of slip is something more than the observed relative move-
ments in some planes of the crystal, There is strong evidence already
available that, at least temporarily the material in a '.previously formed
slip band is viscous in nature (Ref. 7, p. 133), It is also found that the
material gets strain hardened as a whole, that having been formed
once, a slip band in some metals, such as aluminum, resists further
slip along the same bands (Refs. 2, 13). One may note that this inhi-
bition of slip is also shown by the grain boundary material, Conse-
quently, there is some reason to suspect that the material in the grain

boundary and slip bands may be similar in nature,

e. Temporary Mobility Features of the Slip Bands

A series of tests conducted by Lord Kelvin deserve attention. He
showed that sustained vibrations on thin wires iﬁ torsion substantially
increase the damping capacity of specimens as compared to those that
were not subjected to the same stress history., He also showed from
his tests that a period of rest has a tendency to reduce this increment
of damping capacity of the specimens. It has already been mentioned
that there is some evidence available towards the possibility of the
material in the slip bands being temporarily viscous in nature and then

gradually resuming the elastic state. It seems plausible then, that the
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recovery (decrease) of damping noticed by Kelvin may be due to this
temporary mobile nature of the slip bands. If this were to be so, then
it is reaéonable to expect that the damping immediately after a period
of forced vibration should be a function of time, and as the concept of
the temporary mobile nature of slip suggests, should result iﬁ a
decrease in damping after a time as compared with a value found
immediately after stopping the forced vibrations., It is implicitly
assumed here that an increase in damping exhibited by a material sub~-
jected to forced vibratioﬁ is primarily due to the slip bands and that
this damping is due to the temporarily viscous nature of the slip bands.
It is apparent, in accordance with this concept, that as the slip bands
acquire an elastic state their capacity to dissipate energy in damping

should decrease and hence should result in a decrease in damping.

f. Influence of Temperature

The influence of temperature on fatigue and grain boundary
damping has received much attention. It has been knox:;vn that fatigue
life is substantially lowered by an increase in temperature, K¢€'s
experiments showed conclusively (Ref. 10, and others) the influence of
temperature on the grain boundaries., He conducted tests on specimens
of pure aluminum in polycrystalline aggregates over a wide range of
grain sizes and showed that there exists a critical temperature at which
the internal friction of the specimens is a maximum. By a simple
reasoning he argues that this is the behavior of a viscous grain boundary.
It is apparent that at this critical temperature, at which the internal

friction of the grain boundaries is a maximum, the energy dissipation
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capacity of the material is also a maximum, Since fatigue failure
requires absorption of energy, it is interesting to inquire if the critical
temperature for internal friction is related to the fatigue strength.
Another tantalizing question that arises is, "Is it possible to es_timate
the fatigue life, say at room temperature, by a process of extrapolation
if the life of the material is known at higher temperatures?®, This also
will be of some practical importance since it can conceivébly reduce the

time of fatigue testing,

gs Prior Work Done to Correlate Fatigue and Damping

In the work conducted recently by Lazan and his associates (Refs.
16, 17, 18, 19) definite attempts have been made to correlate fatigue,
damping and temperature. Their technique involved the measurement
of damping by the phase lag method in rotating bending cantilever
machines especially designed for this work. Their measurements of
damping observed under stress on carefully prepared specimens showed
the existence of what is called the "Cyclic Stress Sensitivity Limit;
C.S.S.L.". This is a stress level below which the damping capacity of
a specimen subjected to repeated loading is not al.tered within the limits
of experimental error. They also found that in the lower range of stress
above C.5.5,L. the variation of specific damping energy with stress

satisfies the equation

n

D=dJ5
where D is the specific damping capacity, S is the stress level and,J”
and n are constants depending upon the material. According to them,

cyclic stress below approximately 80 percent of the fatigue limit has

relatively small effect on damping and "dynamic modulus of elasticity",
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whereas stress applied between the C.S.S,L. and fatigue limit increased
damping by as much as 2500 percent and reduced the "dynamic modulus"
by as much as 11 percent. They also found that the damping of a
metallic‘ member is very much dependent upon the previous stress
history, temperature and operating stress level. They noticed-various
interesting and unexplainable patterns and "depending on the material
and temperature, the damping may increase, decrease or have a
complex pattern of increase and decrease'". They found no regular
behavior for all materials, and changes of substantial magnitude were
found to take place above and below the fatigue strength as defined by a
value of stress level needed to produce failure with 20 x 106 cycles.

It must be pointed out that in L.azan's work, the damping ‘is
measured at the stress level of the forced vibrations, which, in general
is above the C.S5.5.L. A major part of this damping arises from the
élas.tic deformation of the material and does not reveal the purely
anelastic properties of the specimen.

In the following work conducted at the Guggenheim Aeronautical
Laboratory of the California Institute of Technology, the damping is
determined by the logarithmic decrement method, Whefe the specimen
is not simultaneously subjected to the stress of forced vibrations at a
stress level higher than the C.S.S,L. This, it is felt, is necessary in
order that one may measure only that part of the damping that the test

specimen retains and exhibits under low stress level vibrations.
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III. SCOPE AND SPECIFIC OBJECTIVES OF THE PRESENT WORK

This work is an investigation of the behavior of commercially pure
35-0 aluminum under fatigue loading in torsion at various temperatures
and the determination of damping under the same conditions inan

effort to correlate these two parameters.

a. Problems Under Investigation

Briefly, the questions that are kept in mind in this work are:

(1) Investigation of the trends in the variation of internal friction
as measured by the logarithmic decrement S asa functién of
torsional shear stress ¢ , temperature T , number of reversals N,

(2) Influence of periods of rest on damping of the test specimens
under the same conditions.

(3) Does an estimate of the internal friction at various tempera-
tures and siress levels offer a means of predicting fatigue life?

(4) Determination of the critical temperature for the viscous
behavior of the‘grain boundary material and its possible relation to the
fatigue problem.,

‘ ~ (5) Checking the temporarily viscous nature of the slip bands by
determining the variation of § as a function of time after subjecting
the test specimens to periods of vibration at various temperatures .and
stress levels.

(6) Determination of the highest stress level below which the test
specimen can be excited in free vibrations in order that these vibrations
do not influence the stress history of the specimen as indicated by

variation of 5 . This part is dictated by necessity in order to avoid
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extraneous stress history on the test specimens and hence was one of

the first to be determined.

b. Sequence of Experiments

In order to investigate the above, the following sequence of
experiments is found desirable,

(1) Determination of the highest stress level below which the
damping of an annealed specimen is not affected by the stress history.

(2) Determination of the variation of internal friction § asa
function of temperature T , for an annealed specimen from room
temperature up to the maximum obtainable in the furnace.

(3) Determination of the internal friction & as a functi\on of
stress T , temperature T, and cycles N.

(4) Determination of the variation of & as a function of time in
the éeries of tests suggested in (3) in order to determine the temporary
mobility aspects of the slip bands.

Tests (3) and (4) above are made simultaneously as will be

observed later on,
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IV, CHOICE OF TEST MATERIAL

Having decided the scope and sequence of the experiments, it
appeared worthwhile proceeding with a pure metal, preferably aluminum.
One of the reasons is, some sort of information about the experiments
suggested in (2) above is already available from K&'s work, and second,
in order to avoid high textural stresses (Ref, 20) in the metal, test
specimens in substantially pure form are considered desirable. Since
it is desired to investigate the effect of slip on internal friction, it is
necessary to have a controlled stress history for all the spécimens.
This is achieved by subjecting all the specimens (chosen from the same
stock) to the same annealing conditions.

Commercially pure 35-0 aluminum in the form of 1/8 inch dia-
meter wires, 36 inches long were obtained locally, Each of these wires
is held vertically with a load of approximately 750 psi acting in tension
and a current of 175 amperes at 30 volts is passed initially for a period
of 10 minutes, This raises the temperature of the wire to about 750°F
and substantially straightens the wire, Three pieces, each of length
9 inches are cut from each of the 36-inch long wires subjected to the
ab\ov_e treatment. These are used as test specimens after subjecting
them to further annealing in the furnace mounted on the testing machine.
Due to the high ductility of the test material, great difficulty is ex-
perienced in keeping the test specimens straight while mounting them in
the machine. It is because of this that it has become necessary to
anneal the spec-imens after mounting them in the machine, In addition,
methods have been adopted to keep the specimens straight while mounting

and throughout the test,
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The aluminum wires, as obtained locally, have reasonably good
surface polish and no special effort is made to improve upon them,
However, each specimen is checked carefully for scratches, nicks and
similar surface imperfections. After finally mounting in the machine,
each one of the test specimens, which has 6 inches of free length, is
heated up to a temperature of 650°F and kept at that temperature for
8 hours and gradually brought down to the "room temperature® which
has been kept at 75° + 3°F. Its internal friction is determined at this
stage and if this value is less than a value chosen in a manner to be
described later, the specimen is rejected and a different specimen is

tried.
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V. TEST EQUIPMENT

a, Design Considerations

The design of equipment and instrumentation has posed some
special problems. It is felt that they have to satisfy the following
requirements,

(1) Damping be measurable in a short period of time.

(2) Damping measurements be easily repeatable.

(3) The test equipment be made as flexible as possible in order
to enable easy changes.

(4) Design should be such that variable frequencies of operation
are available, |

The photographic method of determining the damping is not con-
sidered feasible because of the time element, and the cumbersomeness
of determining 8 , and the additional human errors involved in the
method, "Width of the resonance curve™ method is not found possible
since in the setup conceived, there is an additional member in the form
of an elastic restraint for creating resonant conditions and energy is
dissipated both in the specimen as well as in the restraint, Finally,
since it is desired to measure the damping at low stress levels as
previously described, free oscillations in torsion, coupled with a photo-
cell and electronic¢ system was decided as the best means under the
existing conditionsf This method which is described in detail later, has
one disadvantage in that the complete damping curve usually obtainable
in the optical-photographic system, is not obtainable except with slightly

involved techniques. But considering the extreme ease with which
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damping can be measured by this method, it is felt worth sacrificing
the above advantage of the optical-photographic system. Since only one
machine is contemplated, it has become necessary to use a relatively
high frequency in order that results may be obtained in a reasonable
period of time, It was finally decided to use approximately 350 cps as
the operating frequency.

Mechanical setups consisting of cams and four bar linkages were
tried and rejected as unsuitable due to mechanical difficulties, Finally
an electrical system of the resonant type has been adopted. In the pre-
liminary tests it was found that if an elastic restraint is attached to one
end of a 2-pole a-c motor as shown in Fig. 1, and a current passed
through the coils on the poles, it is possible to excite torsional vibrations
in the rotor provided the angle 8 is not zero. By choosing a proper
length for the restraint, it is possible to create a resonant condition in
fhe .system and thus maintain oscillations of substantial amplitude with
little power input. The frequency of oscillation obtained actually is
double the frequency of power input. This principle is utilized with
some refinements. The final setup is shown schematically in Fig. 4,

The photograph in Fig. 3 shows all the equipment used in this work.

b. Design and Description of the Equipment

Referring to Figs. 4, 5, and 6 "1" is the resonant type vibrator
whose 2-pole stator is built up of silicon steel laminations with pole
faces of dimensions 1 inch by 1-1/2 inches, The vibrator whose
details are given in Fig, 1 B is mounted on a 3/8-inch cold-rolled steel

shaft., This also is built up of silicon steel laminations and solid dural
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pieces in the form of segments of cylinders are used to form the short-
circuited secondary: of the rotor, The stator housing accommodates
bearings through which the vibrator shaft passes and is held in position.
To the ﬁpper end of the shaft is connected an elastic restraint ( 3/8-inch
diameter drill rod). The upper end of the elastic restraint is held
rigid by means of the vise "20". "13" are the blower fans to keep the
vibrator cool. The saturation value of the poles of the vibrator is
approximately 200 volt-amperes.

To the lower end of the vibrator shaft is attached a mirror holder
13 which indicates the amplitude of the forced vibrations x%zith the help
of the light source "19" and the amplitude scale 18", The distance
between the amplitude scale and the mirror holder is adjusted such
that each inch of amplitude corresponds to 1000 psi of torsional shear
stress on the surface of the test specimen.

To the bottom of the mirror holder is fixed the extension rod "4'",
The other end of this extension rod holds the specimen with the help of
collets. To the other end of the specimen is attached another extension
rod "6", identical with 4", To the lower end of the extension rod 6"
is fixed the inertia bar "7" made of dural with cold-rolled end pieces.
Facing these end pieces are the electromagnets "8" connected so that
they induce a torsional couple when excited by a d-c current. The
electromagnets are carried on the yoke "22" held in any desired angular
position in the horizontal plane by the vise "10",

Just at the top of the inertia bar is the slit mirror n11"(1/32~inch
by 1/2 - inch) intended for decay measurements in free vibration. The

end of the extension rod "6" projecting beyond the inertia bar is held in
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position by the flexure pivot "9",

Item 14" is the furnace enclosing the test specimen and is con-
trolled by fhe iron-constantan thermocouple located very near the speci-
men. In order to control the temperature gradient inside the furnace
within t 5°F heating elements "15' are installed. These elements and
the main elements are controlled by powerstats and power transformers
mounted on the panel "21", "12" is the outlet for pressure regulated
compressed air to blow on the extension rod just below the mirror
holder while the furnace is working. This acts as a heat insulator be-
tween the hot and cold parts of the setup. It is found that du.e to the
natural gradient, no such arrangement is necessary at the bottom.. This
part remains at room temperature,

The whole system is mounted on the I-beam "16%, which is 5 inches
wide and 5 inches deep and has its front face planed in order to facilitate
proper alignment of the various parts. The vibrator, furnaces, vises,
etc. are held in position by 3/8-inch diameter Allen screws with conical
ends working against the machined and inclined backface. The I-beam is
held in a vertical position in the frame "17" supported on three studs
with spherical surfaces working in hemispherical holes of three steel
plates. Alignment of the whole setup is effected by means of a plumb
line hanging from the bottom of the mirror holder and pointing against a

~sharp-pointed rod pointing upwards from a hole inside the vertical
central rod of the yoke piece ''22",

The weight of the inertia bar and the extension rod "6" are the
direct axial loads on the test specimen and this amounts to an axial

tension of 112 psi,
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The ratio of the frequency of forced vibration to the natural
vibration of the test specimen is of the order 100 to 1 and consequently
ﬁo special restraint is found necessary to keep the inertia bar end of the
test specimen stationary in order to create a fixed end condition in
forced vibrations.

Because of great difficulty experienced in keeping the test speci-
men vertical (in order to induce only torsional stress) some sort of
support at the bottom of the inertia bar was found necessary. Various
methods have been tried, such as critical viscous damping; thin piano
wire kept in tension at the end of the inertia baxr a .032 inch.dia'meter
drill rod working in a miniature precision bearing; a conical pivot; and
finally, a flexure pivot, Of all the methods tried, from the poitit of
view of least amount of friction, piano wire and flexure pivot are found
to be the best. Thus, for example, for a particular amplitude decay,
the c.onical pivot, dashpot in viscous damping, miniature precision
bearing, piano wire, flexure pivot with unsoldered ends, and flexure
pivot with soldered end gave respectively 30, 150, 320, 600, 650, and
700 cycles. Piano wire has certain advantages over the flexure pivot in
design but due to the difficulty experienced in keeping the axial tension
low and constant it has finally been decided to use the flexure pivot.

In this connection the work of W. H, Wittrick was helpful. He
_showed (Ref. 21) that if the flexures cross at 87,3 percent of the free
length instead of at the center, then the instantaneous center of rotation
remains fixed to a high order of accuracy and the restoring torque vs,
the angle of rotation is linear up to almost 45°. In this work, the angle

of rotation is hardly 1/40. To facilitate minor adjustments, the flexure
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.pivot is mounted such that small amounts of both horizontal and vertical
movements are availabl.e. Details of the design finally incorporated are
indicated iﬁ Figs. 2A and 2 B,

Since the elastic restraint is also subjected to torsional vibrations
it is necessary to design it in such a manner that it does not fail in
operation. Also, its dimensions have to be such that it will have the
correct amount of stiffness to obtain the desired resonant conditions,
This can be done conveniently as follows:

Let D be the diameter of the elastic restraint
K be the torsional stiffness
L, be the length of the restraint
8 be the maximum angular movement in torsional
vibration

MT is the applied torque

Ip is the polar moment of inertia of the cross section
¢ is the shear stress
r 1is the radius = 2]2

G is the rigidity modulus

Following the torsion theory for uniform circular cylinders we have the

relation M.

K= " _ 6Ip o+ & . K (2)
e L L Io

Substituting this in Eq. (1) and simplifying, we get
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& _ /6KD®E /6 1< ©
(= 6022 _ /872 °
17 p4 T D3 (3)

The endurance limit for the drill rod material used as an elastic
restraint is 40, 000 psi in torsion. In a preliminary test intended to
check the behavior of the machi.ne, an elastic restraint 7 incheé long
and 3/16 inch diameter was used and this gave a resonant frequency of
59, 3 cps.

The stiffness for this case from Eq. (2) is

4
K = 10 x 10° x 55 X (1_36) x % = 179 inch-lbs with G = 10'x 10° psi

As a first approximation we can use ©_ = /—_g\ for the natural

frequency of the system,
K 179

Then, we have the equivalent mass m = "'J;':- = mz slugs,

m is known from this preliminary test,

Suppose now we want a natural frequency of 2 x 175 cps. Then
the required K = u.?; = '(glgz.?g)z x (1"4'5)2 = 1550 lb-inches. For the
final design of the restraint, therefore, we are given the endurance
limit of the material ¢ , and the maximum angular displacement 0 .

It is desired to get the length L. and the diameter D to satisiy the
above conditions.

0 maximum on the basis of 8000 psi maximum shear stress in
. the test specimen amounts to roughly 0,25 radians.

3 16 K8 16 x 1550 x 0. 25

From Eq. (3) D° = = = 0, 0493
rom Eq. (3) - T x 40,000 ?

whence we get D = 0,366 in ~ ' 3/8 in.
It was consequently decided to choose 3/8 in, diameter drill rod

as the elastic restraint, The length of the restraint is obtained from
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the equation

6 4

6T, _ 10x10° 3) _ .
L=—g% = G537 * (3) =12.5in.

These calculated values of length L and diameter D checked within
1 cps the theoretical value of 175 cps for resonance condition.

Due to core saturation and the friction in the system it was found
that at this frequency of 350 cps the maximum amplitude obtainable is
not more than 6500 psi of maximum shear stress on the test specimen.
Due to the extreme service conditions it has been found necessary to
change the bearings in every 100 million cycles of operation.

A close-up view of the specimen mounted on the machine is
shown in Fig. 5. In order to develop a uniform pressure arouﬂd_ the
test specimen at the ends where it is mounted into the extension rods,
collets made of cold rolled steel are used. These are held inside the
eﬁlarged end of the extension rod by means of a pair of screws. This
method is found to be quitg effective,

The power supply to drive the vibrator is obtained .by means of an
audio oscillator and a 250 watt amplifier. The system is shown schema-
tically in Fig. 8., The parallel connection from the audio oscillator to
the events per unit time (Eput) channel of the Berkeley counter is
intended to check the accuracy of the oscillator output frequency.

Because of the extreme softness of the aluminum specimens used
in this work, great difficulty has been experienced in keeping the speci-
men straight while mounting, Methods have been devised in order to
overcome this difficulty,

Energizing and de-energizing of the electromagnets, in order to
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start the specimen impulsively in free oscillation, is accomplished by

means of a control panel with relay equipment located near the counter.

c. Method of Decay Measurements

The measurement of amplitude decay, which is a measure of
damping, is accomplished as shown schematically in Fig, 9. When the
inertia bar is stationary and the specimen is in an unstrained condition,
the incident light from the light suurce L is reflected by the slit mirror
to the position Z on the scale S. OZ'is the bisector of the angle LOZ
and the angle LOZ' represents the zero angle, If now the electromagnets
are energized, the inertia bar and hence the specimen is deflected from
its zero position, the reflected light occupies the position M. \LOM‘ is
the actual deflection angle and the strain in the specimen is represented
by the angle Z'OM'. Now, when the electromagnets are de-energized,
fhe specimen is started impulsively from the position M ar';d executes
free torsional vibrations, The damping of the system glradually damps
down the oscillation. At P is a slit 1/64 in, x 1 in, and behind it is a
photocell, Every time the light beam crosses the slit in its free vi-
bration the photocell receives and sends a signal to an amplifier and
this is used to actuate an electronic counter. Since the vibrations are
damped down continuously, after a while the reflected light does not
. quite reach the slit. Since the counter counts all signals up to this
stage and since we know the zero position and maximum amplitude posi-
tion and photocell position, we can calculate the damping from the

formula
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$ =

(£°3¢ Moz -«LojePIOZI )

2
N
= 2 (Log, MZ - Le3. PZ)

The number 2 above n is introduced since the counter counts
half cycles. The derivation of the above formula and its implications
are discussed in the estimation of errors,

In order to facilitate visual observations for adjustmenfs and
settings, the reflected ray of light in the form of a line 2 in, x 1/16 in.
traverses the scale in such a manner that the upper half covers the slit
in its travel and the lower half travels across the scale, The photocell
and the light source are mounted on a table, movable in a vertical
direction for adjustments to take care of the expansion of the test speci-
men with temperature (and hence a lowering of the slit mirror on the
extension-rod), In addition, the photocell is mounted on a traversing
screw in order to help plotting of damping curves and the like,

The electrical system involved in the damping measurements is
shown schematically in Fig, 7 and in the photograph in Fig. 10, The
oscillograph is used in the circuit in order to monitor the signal from
the ampliﬁer and take care of noise level and threshold plate voltage of
the photocell and discriminator adjustments. Duplicate connections from
the output of the oscillograph to the period measurement channel of the
Berkeley counter are used for measurements of period of the test

specimen in free vibration,
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Vi, MEASURING TECHNIQUES AND ESTIMATION OF ERRORS

The validity of correlating the damping phenomena with the fatigue
properties largely stems from the fact that both of them have their
origin essentially in the same regions. Since damping is an indirect
measure of certain things happening in the material, the changing damping
values characterize, at any particular moment, the physic;al structure
at that instant and under those conditions only, Consequently >it is
imperative that the conditions under which the damping of a member is
being measured be also the conditions under which the other physical
properties (such as fatigue) are also being measured. |

There are many ways in which energy can be dissipated in a
system under observation, These can be broadly divided into two cate-
gortes:

- (1) External influences

(2) Internal dissipation such as internal friction due to atomic
movements in the grain boundary, slip bands, etc. This second class
of dissipative mechanisms are in general difficult to isolate into its
various parts except possibly under some special circumstances.

In this work there are five places where extraneous damping of
the first kind can occur, They are,

(1) The bearings at the ends of the vibrator

(2) The grip between the collets and the specimen at the ends of
test specimen,

(3) The supporting mechanism at the bottom of the inertia bar
whether it be flexure pivot or any other means,

(4) Magnetic hysteresis due to possible stray magnetic fields.,
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(5) Aerodynamic damping due to the movement of the inertia
bar in the air.

Evefy effort has been made to reduce the effect of the above items
as much as possible,

The bearings at the ends of the vibrator did not contribute to the
damping in free vibration to any extent, This is illustrated by the fact
that no change was noticed in the value of & for an annealed specimen,
beyond small random variations, when the top extension rod was held
rigid just below the bearings, Further in these damping tests, the
angular movement at the bearings is of the order of 1/400 til of one
degree. In addition, since energy dissipation is proportional to the
angular displacement, and since the displacement is small, this effect
is neglected. |

Determination of the friction at the collet grips is more difficult.
No estimates or measurements seem to be possible., Before a parti-
cular test is started, the screws facing the collets in the extension rods
are tighteﬁed as much as possible and checked again at fhe end of the
test, Further, whenever suspected, the collets are changed in order
to avoid friction losses in that vicinity, It is still possible that a
certain amount exists here,

Maximum friction was observed at the bottom of the inertia bar
where the bottom extension rod has to be supported in order to simulate
pure torsional vibrations, For reasons already mentioned, flexure
pivots were adopted. It should be noticed that when the ends of the
flexures were properly fixed, the energy dissipation in them wéuld be

of the same nature as that of the test specimen itself with this difference:
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that the amount of material and the order of stress involved were very
small,

For starting the free vibrations of the test specimen impulsively,
a pair 6f electromagnets and cold-rolled steel pole pieces on the inertia
bar are used, For a long time, these were not suspected of giving rise
to any appreciable dissipation of energy since it was assumed that the
pole pieces and the cores of the electromagnets did not retain any
residual magnetism, This assumption was found to be unjustified
while determining the damping curves. Since this can conceivably
affect the results, the electromagnets and the pole pieces were de-
magnitized from time to time, It was found that this boosted up the
decay cycles from 700 to 800 at room temperature. In the latfer stages
of testing, it remained substantially constant at this level, It may be
noted in this connection that at higher temperatures the internal
daﬁping is of a higher magnitude than this damping due to the residual
magnetism and consequently influences the results to a lesser extent,

In regard to the aerodynamic damping, since the frequency of
vibration in the damping tests is rather small (of the order of 3.5 cps)
it'is felt that its effect is negligible (Ref. 14),

A variation from the mean of as much as 13 percent is detected
in the damping of the annealed specimens at room temperature.* This
variation in damping is attributed to all of the above causes and it is
suspected in addition that a major part of this is inherent in the material

even after the annealing process.

* If a test specimen showed a variation by an amount larger than this
from 750 cycles required normally for decay, the specimen was
rejected and another one was tried.
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While the above is the cumulative error in initial damping from
specimen to specimen, errors of a different nature exist in measure-
ments of damping of one specimen after various numbers of reversals,
For exafnple, it is found that when a specimen is annealed and its
damping is measured, it is clearly statistical in nature with a V'ariation
of about * 35 cycles in 700 cycles at room temperature in a typical case,
The variations at higher temperatures are, in general, of a smaller
order, When interpreting the results, this inherent random variation is
kept in mind and only those variations of behavior which appreciably de-
part from these inherent variations are taken into account..

Still another type of error exists in the measureméﬁts and it has
its source at the photocell, If x; and x, are a pair of adjacent émpli-

: ' X1
tudes in free vibration with positive damping, then the ratio & = loge—x—
2
is a measure of the damping of the system., This ratio is commonly
called "the logarithmic decrement",., If we assume that the equivalent

viscous damping is constant, then we have

*1 *2 *n-1
8-=1oge.§2_=1oge§_3_=..o lc)geX .

and hence

m$

(logex1 - log, xn)
and

6

1]

% (loge x, - log, xn)
where % is the amplitude at any instant and x is the amplitude after
n number of cyc:les.

In the measuring technique used here, errors can be made in

locating x; and x It is consequently worthwhile estimating their
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effect.

One can put the above equation in the form

X

n=K loge ;{—
Now suppose in setting x, the starting amplitude of free vibration, an
error Ax is made. The number of cycles would now be different and

let it be n + An.

Then An = k(log xT Ax log = )=K Ax
e e x x
n n
AX
therefore percent of variation = 100 An _ 190 B« A% _ e P
n n X AL Pr

In a similar manner one can obtain the error in the number of cycles,
when an error of Axn is made in X, . This would be the case if the

slit in front of the photocell is not located accurately, This amounts to

Ax 1

n Tog % percent, The maximum possible errors in setting
X

100

are Ax = Z% in., and Ax = 1—0%- in, and x = 1 in. x = 0.4 ip.
Therefore error in setting x is 2.7 percent I
and, error in setting x is 2.y percent . I

Since it is conceivable that errors of the first kind can be comm-
ited in the initial zero setting, it is apparent that this has to be added
t\‘nice'. In order to cut down the errors of the second kind, the photo-
celi location (and hence xn) is kept constant throughout this series of
tests and we have consequently a total error of 2 x 2,7 = 5.4 percent.

Thus to recall,

(1) When comparing results from one specimen with the other,
there is a variation of initial damping up to s percent.

(2) In the measurement of damping of a specimen there is an
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inherent statistical variation in the damping of about 5 percent in
range about the mean value. While looking for significant trends, this
has been téken into account and only variations which depart from this
have been considered.

(3) There is a maximum error of 5.54 percent in the measure-
ment of damping from reading -to reading of a specimen between a
number of reversals of forced vibration.

As a consequence of the heavy feedback employed in the amplifier
circuits, the amplitude of forced vibration does not fluctuate to any
great extent. This was found to be, in general, less than 4. percent
except when the specimen was about to break.

The temperature in the furnace which has been calibrated does
not vary beyond t 5°F maximum in the temperature range of 75° to
650°F.

The inherent scatter exhibited by all problems of fatigue makes
a statistical analysis imperative. In this connection, the work of
Epremian, Mehl, and others (Refs. 22 and 23) showing that scatter
exists not only in fatigue life, but also in the determination of the en-
durance limit, is of fundamental importance. Whenevér there seems to
be any possibility to determine fatigue life or endurance limit by short
cuts, one has always to bear in mind this inherent scatter in fatigue
~ problems, and remember that the results are more likely to be re-

presented in graphs by bands rather than lines.

* It may be mentioned here, that while calibrating the furnace, thermo-
couples were installed directly on the test specimen. The main
thermocouple near the specimen and the powerstats controlling the
auxiliary heating elements were calibrated against these thermocouples
directly. The temperature variations given above refer to these
thermocouples on the test specimen.
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VII. RESULTS OF TESTS AND DISCUSSION

In the following, for purposes of identification of the test specimens,
the notation ¢ -T -N is adopted. This signifies that the amplitude of
repeated.loading is ¢ psiin torsion on the outermost fibers of the test
specimen; the test temperature is T, and N is the number of thé test
specimen with the above two test variables. Thus, for example, 2000 -

75 -1 indicates that the annealed specimen is subjected to a stress of
2000 psi in torsion at a temperature of 75°F and that this is the first
specimen with these two test variables.

The number of cycles in free vibration required for a chosen ampli-
tude decay is hereafter called ''the decay cycles", These are the number
of cycles required for the amplitude of 1 inch to die down to 0.4 inches on
a linear scale at a distance of 130 inches. Since these amplitudes are kept
constant, it is apparent 1/n,where n is the decay cycles, is a measure

of damping. *

a, Determination of the Stress Level Below which the Test Specimen is

not Influenced in Damping by Stress History

Ké's work on grain boundary shows that damping for small oscilla-
tioﬁs is viscous and is not influenced by stress history. Elsewhere
information is available to indicate that at high stresses, damping is in-
fluenced by the amplitude of: stzl'ess. Consequently it is apparent that a
‘stress level should exist below which stress history does not affect the

damping of the specimens and the damping is due only to the grain

boundaries,

* Substituting the values of MZ and PZ in the equation on page 24, one
obtains g _ 1.8326 . While plotting, 103_ x 103 _ 559 4 ¢

n n 1.8326

a measure of damping.

is used as
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Considering the expression for damping,S = %l- (logex1 - logexn),
if one were to plot the damping curves for free vibration on a semilog
paper, whérever the damping is constant, the slope of the curves would
be constant. Therefore, in order to determine the maximum stress
level below which the damping is constant, damping curves with
various starting amplitudes are determined and plotted in Fig. 11. It
is clear from these curves that below a stress level of 112 psi the
slopes of all the curves are substantially constant and hence correspond
to constant damping coefficient which is synonymous with viscous
damping, The slightly different and higher slopes of the cufves in the
beginning are attributed to the effect of the electromagnets. In the sub-
sequent tests, error due t6 this is not considered serious since it
remains constant., Thus it has been established that below a stress
level of 112 psi in torsion, the damping of 35-O aluminum as indicated
by the logarithmic decrement is constant and is not influenced by the

stress history,

b. Determination of 8 vs. T Relation

This test has to be performed in order that one rhay determine
the critical temperature Tcr at which the value of & is a maximum,
This curve is presented in Fig, 12. As indicated by K&, this curve
~ has a maximum at a temperature of 375°F, It may be noticed that this
temperature of 375°F is different from the value 536°F reported by
K@e in his work. No definite explanation is offered for this variation
except to mention that the materials tested are not quite the same,

The aluminum specimens with which K& worked were supplied by Alcoa,

specially prepared for him, whereas in this work, the material is



- 33 -

obtained locally., It is possible that the difference in critical tempera-
ture is due to this.

In the subsequent tests, the variation of & as a function of
stress ievel T , temperature T, and the number of reversals N
is determined. Thus, after annealing the specimen, its damping is
determined. Now a particular stress level T , and temperature T
are chosen and the damping values of the specimen are determined
after various numbers of reversals N. This process is carried up to
30 x 106 cycles unless the specimen breaks within that period., While
the damping is being determined, the test specimen is not subjected to
forced vibrations and this period of time did not exceed 15 minutes in
any instance, |

Earlier work indicated that the torsional endurance limit of
aluminum on the basis of 500 x 106 cycles is approximately 5000 psi.
It ié felt desirable to traverse through this range, Since 375°F is a
critical temperature for the test material, it is felt desirable to
traverse through this range also. Consequently the foliowing stress

levels and temperatures are chosen for investigation.

-

i 2000 3500 5000 6000 psi

T 75° 225° 375° 525°F

c. Recovery Phenomena

While reviewing prior work, it has been suggested that the
temporary mobility aspect of the slip bands may exhibit itself by an
increase in the number of decay cycles (hence a reduction of damping

capacity) if the readings are taken at intervals immediately after thé
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forced vibrations are stopped. In these tests this, indeed, is found

to be the case. However, it is also found that this recovery is de-
pendent on the stress level of forced vibrations and the temperature as
well, If has also been found that under certain conditions, there
occurs what one may call "negative recovery", wherein the decay
cycles instead of increasing, decrease with time,

In order to analyze and present these phenomena, the following
procedure is adopted.

The difference between the maximum and minimum readings for
decay cycles for an annealed specimen is determined in all cases, This
difference is also determined for the readings obtained in the measure-
ment of damping after the specimen has been subjected to forc‘ed
vibration, If this difference is larger than the corresponding difference
for the same specimen at the same temperature but in an annealed
‘con‘dition, then this difference is considered significant, In addition
it is considered significant only if there is noticed either a monotonic
increase or decrease in a set of readings. Thus for exémple, con-
sidering the case 2000 - 75 - 1, the annealed specimen gave the
following readings for the decay cycles: 669, 651, 649, 649, 652, 651,
with an average of 654 and a difference between the maximum and mini-
mum reading equal to 669 - 649 = 20. Now for the same specimen, the
decay cycles obtained after 46, 500 cycles of forced vibrations are in
order 451, 457, 478, 485, 492, and 520, with an average of 481 and a
difference between the maximum and minimum of 69. The ratio of the

first reading to the last largest reading in the series (in this case

520
451

= 1.15) is denoted as the “recovery factor'. Since the difference
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69 is larger than the corresponding difference 20 for the same specimen
under annealed conditions, and since there is a monotonic increase, it
is considered that tlﬁs is a case of significant recovery. In cases where
a monotonic decrease is noticed, it is apparent that would be the case
of a recovery factor being less than 1 and for obvious reasons this case
is designated "negative recovery', In order to represent graphically,
cases where no significant recovery is noticed are assigned a recovery
factor of 1.

To facilitate ready examination, the complete information for all
the test specimens is presented in the tables 1 through 16, Column 1
in these tables denotes the number of cycles after which the decay
cycles are recorded., In columns 2 through 7 are noted the de;:_ay cycles
0y, n, --- 1.16‘ Column 8 gives the average of n's, Thus, n_Le & 0y
+ n, + n, tn, + ng + g /6. Column 9 gives l/nave and this is actiually
é rnéasure of the damping since all other terms in the expression for
the logarithmic decrement, & , are constants, Column 10 gives the
difference between the maximum and minimum readings in each row
from n; to ng, both included, Column 11 gives the significant recovery
factor in each case. One may obtain an idea of the time taken for these
readings by knowing that the frequency of natural vibration is approxi-
mately 3.5 cps.

The recovery phenomena can be best analyzed from two points of
.view, In the first case, the stress is kept constant and the variation of
recovery with temperature is discussed. In the second case, the

temperature is kept constant and the variation of recovery with stress

is discussed., Before either of theseis done, the behavior of each
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specimen is briefly discussed from the recovery point of view.

In the test specimen 2000 - 75 - 1, in 16 sets of readings, one
can obsei‘ve positive recovery in 9 cases, negative in 2 and no signi-
ficant change in the remaining 5. No trend is noticeable in the
variation of recovery factor with number of cycles of forced vﬁbration.
The average ‘recovery factor for all the positive cases is 1.09,% No
explanation is offered for the occurrence of the two cases of negative
recovery within the first few minutes of operation,

For the test specimen 2000 - 225 - 1, in 15 sets of readings
13 indicated negative recovery, one positive, and one no t;t'end. This
is a complete change of trend as compared to the previous case. No
trend is noticeable in the variation of recovery factor with the cycles
of forced vibrations. The average recovery factor, which is negative
in this case, is 0,95, The single positive recovery factor occurred
in the first five minutes of running,

For the test specimen 2000 - 375 - 1, the recovery factor is
predominantly negative. Thus in a set of 16 readings, 11 gave a
negative recovery factor, one positive and four no trend. However,
the single positive recovery factor and the four no-trénd cases occurred
in the first 30 minutes and from then on the recovery factor is con-
sistently negative, The average negative recovery factor is 0, 94,
slightly smaller than the one for 2000 - 225 - 1,

For the test specimen 2000 - 525 - 1, no significant trend can be

* It may be observed in some cases that the scatter about the average
recovery factor is rather appreciable., In the absence of sufficient
data at this stage, it is considered desirable to work with these
average recovery factors only.
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noticed. Therefore the assigned value of the recovery factor is 1.

Looking at the four cases, one notices a change from a positive
recovery Ifactor to negative recovery factor with the increase of
temperature and at higher temperatures there is an absence of recovery.

The trends in the specimens with stress level 3500 psi are some-
what different. For the test specimen 3500-75~-1, in a set of 15
readings, 14 gave positive recovery factor and one no trend. The
average positive recovery factor is 1. 14 as compared to the corres-
ponding value of 1,09 in 2000 -75-1 case. The recovery factor did not
show any orderly variation with the forced vibrations. |

For the test specimen 3500 - 225 -1, one notices no recovery in
any of the readings, The assigned recovery factor is 1.

For the.test specimen 3500 - 375 - 1 one notices two cases of
positive recovery in:a total of 13 sets of readings, and no negative
recovery cases, Thus, this is predominantly a case of no recovery.
The assigned recovery factor is 1.

For the test specimen 3500 - 525 - 1 again no recovery is
noticeable, The assigned recovery factor is 1.

Looking at these four cases, it appears that the two cases of
positive recovery noticed are freak. If this is accepted, it would mean
that except for the room temperature case, recovery is absent at
3500 psi at the higher temperatures at which the specimens are tested.

For the test specimen 5000 - 75~ 1, out of 14 sets of readings,
there is positive recovery in 11 cases, negative recovery in one case,
and two of no trend., The average positive recovery factor is 1.15 -

higher than the corresponding cases of 3500-75-1 and 2000-75-1.
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For the test specimen 5000 - 225~ 1, out of 14 sets of readings
12 gave positive recovery, and two no trend. There are no cases of
negative. recovery and the afferage recovery factor is 1,08,

For the test specimens 5000 - 375~ 1 and 5000 - 525~-1 no
recovery is noticeable, The assigned recovery factor for each case
is 1,

Looking at these four cases, one would notice that it is difficult
to draw any conclusions regarding trends in the recovery factor
except that there is a decrease in the recovery with increase of
temperature,

Test specimen 6000~ 75-1 is a case of predominantly positive
recovery, with an average recovery factor of 1. 16. No explanation
is offered for the single-negative recovery factor occurring in this
case,

For the test specimen 6000 -225-1, of eight sets of readings
five gave positive recovery factor, one negative, and two no trend.
One notices something of a trend in the variation of récovery factor
with cycles of forced vibration, There is a general increase up to the
last but one reading, The average recovery factor is 1.17.

For the test specimen 6000 -375-1, a total of eight sets of
readings gave only one case of positive recovery and the assigned
recovery factor for this case is 1.

There is no noticeable recovery for the test specimen 6000 - 525 -
1. The assigned recovery factor is 1.

The trends in the recovery factor as a function of temperature

for various parametric values of stress based on the above analyses
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are represented graphically in Fig. 13. Similarly by cross plotting,
one can obtain the variation of the recovery factor with stress for
various parametric values of temperature, This is shown by the
curves.i'n Fig. 14,

These curves indicate some interesting trends. For example,
one notices that room temperature recovery factor increases with the
increase of stress, at first rather rapidly and then more'gradually
with stress. At 225° the slope of recovery factor vs, stress is much
steeper., No explanation is offered now for the negative recovery
factor which occurs at 2000 psi at 225°F. At 375°F the specimens
start with a negative recovery factor and with increase of stress reach
and merge with the curve for recovery factor 1. At 525°F thé curve
is identical with the line for recovery factor 1,

If recovery phenomena find their origin in the slip bands, then it
seems probable that the larger the amount of material involved in
active slip, the greater is the recovery factor. But, slip will be exten-
sive when the stress level is high. Consequently, it séems probable
that the higher the stress level, the larger the recovery factor must be,
The curve of recovery factor vs, stress for 750 seems to be in con-
forinity with this hypothesis.

The influence of temperature on the recovery factor seems to
be somewhat more complicated, It seems highly probable that high
temperature should inhibit recovery and if this is true, then it should
result in progressively decreasing recovery factors with increase of
temperatures. This hypothesis seems to be borne out by the trends of
the curves in Fig. 14. No explanation is offered for the negative

recovery factor at this stage.
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No mention has been made so far of the variation of the
"instantan_eous recovery factors" as a function of time in any one set
of readings. In general it is found that the pdecay cycles in a set of
readings increase first rather rapidly and then more gradually and
usually end up varying in a statistical manner after a period of- time,
Considering a typical case such as the readings obtained at
6. 696 x 106 cycles for 2000 - 75 -1 we have them in order 568, 578,
592, 602, 611, 618, 618, 626, 'and 624, If these readings are divided
by the first reading 568, one obtains what are defined as "instantaneous
recovery factors', Since the period is also measured in these cases,
these instantaneous recovery factors can be plotted as a function of
time, In order to make the time also non-dimensional, the tirhe taken
for each reading is divided by that for the first reading and the first
reading is plotted at the point (1, 1) in the curve, The resulting curve
whiéh is typical is shown in Fig, 15 and depicts the trends indicated
above.

To conclude, one notices a certain amount of evidence in con-

firmation of the temporary mobility theory of slip bands in the experi-

mental facts and analysis presented above,

d, Discussion of Trends in Damping-Fatigue Relations

Due to the paucity of test results available at this stage of testing,
attempt has been made to draw only very general conclusions, Further
tests are necessary in order to confirm these conclusions,

The data in this section is presented in the form of two sets of

graphs, In all these, the variation of damping is represented as a
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function of the number of stress reversals, In the graphs presented
in Figs, 16 to 19, the curves in each figure have the same constant
temperatﬁre, but each curve has its own parametric value of stress in
forced vibrations. Thus, for example, in Fig, 16, all the curves are
for test specimens with the same temperature of 75°F but with
different parametric values of stress, In the graphs presented in
Figs, 20 to 23, the curves have the same stress but with different
parametric values of temperature, This set of curves are the same
as those in Figs. 16 to 19 but differently grouped. In all the cases,
the numbers of stress reversals are plotted on a log scale., while the
value of & is plotted on a linear scale, Since the first damping
value is determined after more than 10,000 cycles, the scale starts
with 104. However, the value of damping for the annealed speéimen
just before the test is started is plotted on the y-axis and is joined by
a dotted line to the first point obtained after the test has started.
Consequently, the only significant item in this region is the nature of
the slope but not the magnitude, which is distorted, While calculating
the damping, the average value l/nave is used in the expression for
8.

General trends indicated in Figs, 16 to 19:

In Fig, 16, one notices an increase of slope of the curves
be'tween N=0and N = 105 with an increase of stress, In general, the
damping seems to increase rather rapidly in the beginning and then
gradually decrease, sometimes to the starting value itself and at other
times (higher stress levels) to a value somewhat higher than the

starting value, The undulations of the curves do not indicate any trend
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and seem to be quite unpredictable, This behavior is noticeable in all
the other test specimens also, It is also clear from the curves pre-

7 sented in this figure that up to 3500 psi, the variation of damping with
stress 'history is not appreciable.

In Fig, 17, drawn for a temperature of 225°F, the final values
of damping are in general higher than the starting values. The positive
slope of the damping curves in the N = 0 to 105 range is observable
here also“, but no trends towards increase of damping with stress is
noticeable in this range. Test specimen 6000 -225-1 shows a trend
towards a substantial increase in damping just before it bfeaks at
4,618 x 106 cycles,

In the graphs presented in Fig. 18, the most significant thing
one notices is the negative slope of all the curves., Thus it seéms that
the critical temperature of 375°F inthe & vs, T relation for an
‘annealed specimen does also in some way affect the variation of
damping with stress history. Here and there one notices an increase
in damping but there is a definite general trend towards a decrease of
damping with stress history except when the specimen is about to
break.,

In the graphs presented in Fig, 19, one again notices a general
change towards a positive slkope in the N = 0 to 105 range. The slightly
negative value of the slope noticeable for the test specimen 3500 - 525 -1
is not considered significant. One can also notice that those specimens
which did not break at this temperature have a smaller damping in the
end than at the beginning.

Thus, looking at the sets of curves presented in these four

figures, the most significant thing one notices is that, whereas at all
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the other temperatures at which the specimens are tested, the §-nN
curves have a positive slope in the N = 0 to 105 range, those at the
temperatui'e of 375°F have a negative slope in the same range, It is
also noticed that whereas the overall damping values may show either
an increase or decrease, a detailed hour by hour variation of damping
shows quite unpredictable variations of increase and decrease in a
complex pattern after a large number of cycles of the order 106.

The curves presented in Figs. 20 to 23 are a rearrangement of
the previous curves in a manner described before, Unlike the previous
set, the scale along the y-axis is kept constant for all thesé curves,
The following general trends seem to be significant in this series:

At room temperature, the variation of damping is substaﬁtially
of a smaller order for the stress levels 2000 and 3500 psi, At higher
temperature this is not the case, The breaking points of the curves
with stress level 6000 psi and different temperatures seem to fall
approximately on a straight line, The corresponding line for the stress
level 5000 psi has a smaller slope as compared with that for 6000 psi,
This appears to be quite reasonable since in general a lower stress
level means an increased fatigue life. |

- By the method of cross plotting of the curves presented in Figs,
20 to 23 one can obtain the variation of damping as a function of tempera-
~ture after various numbers of cycles for each stress level, These
curves are represented in the figures 24 to 27. The curve with the
parameter 0" cycles is that obtained by plotting the damping for the
annealed specimens. As it has been shown already, these "0" para-

meter curves have a peak at 375°F. The other curves plotted at
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5x 105, 105, 5 x 105; 106, 5 x 106, 107, and 3 x 107 do not indicate

such a pea_\k but suggest the possibility of the peak shifting towards the
right with the advent of fatigue stressing, In addition, these curves
also bring out the point that except at 2000 psi, the orders of magni-
tude involved in damping changes are higher at 37 5°F than at of.her

temperatures.
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VIII. SUMMARY OF RESULTS OBTAINED

In this preliminary investigation of trends in the fatigue-damping
relations, the following significant trends have been observed,

(1) Below a stress level of 112 psi in torsion, the internal
friction in a 35-0O test specimen in an annealed state is not influenced
by stress history. At higher stresses than this value, the damping
curves of free vibration have a variable and higher slope, iﬁdicating
thereby variable internal friction. Since all the other conditions that
can possibly influence this result remain constant during the test, this
change of damping at stress levels higher than 112 psi caﬁ be attributed
to the increase in stress levels only.

(2) There exists a critical temperature of 375°F at which the
internal friction of an annealed 35-O aluminum test specimen as
measured by the logarithmic-decrement method is a maximum, with
lower values on either side in the tested range of temperatures up to
580°F.

(3) As further evidence towards the temporary mobility theory
of slip bands, a strong tendency towards recovery in damping is noticed
i1;1 the test specimens, This recovery is defined as the variation in
damping of a test specimen with time, immediately after stopping a
sequence of forced vibration at a stress level higher than 112 psi. | In
general, this recovery is found to increase with increase of stress level
of forced vibrations, Its variation with temperature is somewhat more
complicated, Thus, at 2000 psi, the recovery is positive at 75° and
negative at 225° and 375°F with no recovery at 525°F, At higher stress

levels, even at temperatures of 225° and 375°F the recovery is positive
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and goes to no recovery at 525°F.,

(4) At room temperature, the variation of damping with stress
'"for an annealed specimen shows a strong tendency towards an increase
in damping with stress in the first few thousand cycles of forced
vibrations.

(5) At and below 3500 psi and 75°F, the damping which slightly
increases in the beginning, goes down to almost the starting value after
a complex pattern of in—crease and decrease within small limits. This
complex pattern of increase and decrease of damping within small
limits was observable at higher temperatures also in all the specimens
which did not break within 30 x 106 cycles up to which the specimens
were tested.

(6) At 5000 psi and 6000 psi the damping variations are far more
pronounced than at the lower stress levels.

(7) There is a tendency for the extrapolated points of failure on
the & - N curves for the same stress level but at various tempera-
tures to fall approximately on a straight line. In addition the slope of
this straight line which could be drawn for the stress levels of 5000 psi
and 6000 psi decreases with decrease of stress, thus predicting a
higher fatigue life at lower stress levels and temperatures,

(8) The slope of the & vs. N curve in the N = 0 to 105 range is
positive in all cases except at the temperature 375°F, At this tempera-
ture, however, the slope is negative indicating a reduction in damping
with the stress history as compared to the annealed value,

(9) At this stage of testing, the critical temperature of 375°F
does not show any significant bearing on the fatigue life of the specimens

as it has been originally suggested.
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(10) The cS vs., T relation during the progress of stress
history at various stress levels suggests the possibility of the critical
temperature increasing with stress history. In addition, it is found
that except at 2000 psi, the orders of magnitude involved in changes of

damping are higher at 375°F than at other temperature,



- 48 -
IX. A CRITICISM OF TECHNIQUES AND RECOMMENDATIONS

It is not out of place here to discuss briefly the validity of some
of the methods adopted in analyzing the results obtained in the above
series of tests, While it is freely recognized that experimental
scatter is inherent in all fatigue testing, the question always arises
"What amount of the observed scatter is due to the experimental
techniques and how much can be attributed to the material itself,"

'This is a moot question to answer in experimental research and is
more so in problems of fatigue. It is believed that in this work
definite efforts have been made to reduce the errors involved in
measurements and the variations observed are mostly inherent and
not due to extraneous factors.

However, one notices in the recovery phenomena a substantial
amount of scatter in some cases, In the absence of any trend in the
variation of the recovery factors with the number of reversals of
stress, it does not seem probable that such large scatter should exist
even in a few cases. It is therefore felt that much further work is
necessary in this direction in order to investigate this problem of
scatter,

It will also be noticed that while plotting the fatigue-damping
relations, the average of the six "decay cycle! readings is taken to
represent the damping at any instant, This is clearly arbitrary. This
becomes all the more significant in the presence of the phenomena of
"recovery", A justifying reason that can be offered is, that in most
of the cases a tendency towards the "decay cycles™ to vary in a random

manner after approximately six to eight readings has been observed,
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The pos'ysibility of measuring damping immediately after stopping the
forced vibration and taking it as a measure of damping is very tempting
but it is found extremely difficult to control the short period of elapsed
time between stopping the forced vibrations and measuring the damping.
On the other hand, the idea of measuring the damping after a period of
rest after forced vibration is not appealing either, since in this case
one largely neglects the effect of recovery. It consequently seems that
some further work is necessary in order to determine what value of
damping of the specimen is most desirably measured in order that it
may represent the true state of affairs in the fatigue-damping relations.
In the absence of prior work in this field at this stage, it is considered
desirable to take the average of the six "“decay cycle® readings while
determining the damping at any instant. In order to indicate the amount
of scatter and recovery involved, the curves in Fig, 16 are reproduced
in Fig. 28 with the scatter band points also included. The points plotted
correspond to maximum, arithmetical mean and minimum of the
internal friction at any instant.

Similar comments also seem to be pertinent in connection with the
possibilities of predicting fatigue life at various temperatures. A
sufficient number of tests should be conducted in order that one may
determine the scatter bands involved in this problem. It would be too
much to expect that they would yield straight line relations. It is
suggested that stress levels of 4000, 5500, and 6500 psi are worth
investigating to determine the validity of this suggestion.

Cross plotting of & vs. T for each stress level at various

stages of stress history seem to suggest the possibility of the critical
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temperéture shifting towards the right (increasing). It is consequently
suggested that higher testing temperatures, preferably at least 67 5°F,
may be profitably investigated.

The effect of large periods of rest on damping in fatigue stressing
has not been investigated in this work, There are some indications
that a larger recovery than is noticed in the above work may be
possible, It is therefore suggested that the influence of periods of
rest of the order of 2 to 12 hours on both fatigue and damping at room
and higher temperatures be investigated.

Because of the high frequencies used, it has not been possible
to observe the variation of damping in the first 50,000 cycles of
fatigue stressing. It is considered desirable to investigate the fatigue-

damping relations in this range of stress history.
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Fig. 3
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