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ABSTRACT

An apparatus for fatigue under hydrostatic pressure was
designed and built., It was tested successfully with oil as
the pressure medium and for pressures up to 10,000 psi.
Reverse bending tests were run with cold rolled copper
samples., A significant increase in the fatigue life of the
specimens was found when the pressure was increased up to
10,000 psi. This was attributed to a slowing down of the
propagation of cavities and microcracks due to the compres-

sive stresses set up by the hydrostatic pressure.
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INTRODUCTION

In recent years there has been lncreasing activity in
the exploration of the deep oceans and the ocean bottom,
However, we have a very limited knowledge about how engineer-
ing alloys will behave under such conditions. That 1s, we
know very little about how the pressure will cause changes
of the mechanical properties of metals and how the corrosive
properties of sea water will affect metals as a function of
water pressure, temperature, gas content, salinity, and time.
At present no mechanical studles have been conducted in a
deep ocean environment, and relatively few investigatlons
have been done on a laboratory scale,

The object of this study was to design, build, and test
an apparatus which could be used to make fatigue tests under
hydrostatlic pressure up to 10,000 psi. Only the pressure
effect was to be studled, so oll was used as the pressure
medium. The fatigue apparatus was built for reverse bending
and the test pleces which were used were made of cold rolled

copper.
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LITERATURE SURVEY

Very little has been done 1in the field of fatigue under
hydrostatic pressure, and only a couple of valuable publica=-
tions have been found.

Rowland, DeVries, and Gibbs (1967, p. 131) made rotat-
ing beam fatigue tests for pressures up to 100,000 psi. Test
speclmens were Fe? Al, and Ni-wires, and a significant
increase in life time was observed for increasing pressures,
The effect of pressure was found to be greater, the smaller
was the strain amplitude, Pressurization at 100,000 psi
prior to fatigue tests at atmospheric pressure lncreased the
fatigue 1life slightly. It was also found that samples run
at atmospheric pressure for the first few percent of thelr
lifetime and at 70,000 psi for the remaining 1life showed a
decreasing lifetime with respect to the expected lifetime
they would have 1f they had been at high pressure all the
time, It was therefore concluded that the nucleation of
cracks, which occur early in the fatigue life, exhlibits a
much stronger pressure dependence than the propagation of
cracks.

Burns and Parry (1964, p. 293) made reverse torsion
fatigue tests in oll under a pressure of 40,000 psi and with
specimens made of 2.5 percent nickel=chromlum-molybdenum

steel, Provided that the surface was protected from the
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fluid by a rubber coating, an average increase in the fatlgue
life of 30-40 percent was observed. Because without the
protective rubber coatling the fatigue life was lower, it was
concluded that oil under high pressure had a deliterious
effect on the surface of the specimen.

In a fileld closely related to fatigue, it 1is reported
that the ductile-brittle transition temperature for recrystale
lized powder metallurgy molybdenum has been lowered from
50°C to 2% by the application of a hydrostatlc pressure of
20,000 psi (Galli and Gibbs, 1964, p. 774). It was also
reported that the increase in the fracture stress was the
same as the increase in hydrostatic pressure.

Asal and Hayes (1957, p. 138) have shown that when
tested in an environment of high hydrostatic pressure a
brittle material as chromium may show ductility.

However, a few interesting irreversible effects also
occur in metals which have been subjected to high hydro-
static pressure.

Bullen, Henderson, Wain, and Paterson (1964, p. 803)
have shown that brittle chromium is ductile not only while
under high hydrostatlc pressure, but also at atmospheric
pressure after being subjected to a hydrostatic pressure of
150,000 psi for five minutes, Strains up to 60 percent were
needed before fracture occurred; this was at a strain rate

3

of 10”° per min. It was suggested that the effect is due to

the appearance of free dislocations at elastlc inhomogeneities
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during pressurization, The yield stress for pressurized
chromium was found to be approximately half of the brittle
fracture stress of recrystallized chromium., The pressurized
specimens became brittle after aging at 45000 or higher
temperatures,

Bullen, Henderson, Hutchison, and Wain (1964, p. 285)
showed that for Armco iron (3 percent C, S, N1; 8 percent
Mn) the yield point is substantially reduced in specimens
subjected to hydrostatic pressure in the range of 100,000
psil prior to the tests., This was explalned by the free dis-
locations which were created during pressurization at
elastic inhomogenelties as inclusions or as a second phase.
This was supported by the fact that high purity iron was not
affected by the high pressure.

Findley and Tracy (1966, p. 1479) made ultrasonic
measurements in polycrystalline and single-crystal copper
which were subjJected to pulsating hydrostatic pressure up
to 40,000 psi. The measurements were made after pressuriza-
tion, and it was found that after each cycle the attenuation
in polycrystalline copper was Ilncreased. This was attributed
to shear stresses set up by inhomogeneities in the metal and
by anisotropy of the elastic constants. Such irregularities
could generate dislocations and cause breakaway of disloca=-
tion loops which would increase the attenuation., (Attenua-
tion was considered as a linear function of the dislocation

density.) A decrease in the attenuation in single crystal
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samples was found. This was explained by the assumptlon
that vacancies migrated to the surface and dislocation pailrs
would have an increased tendency to annihilate each other
because of the high hydrostatic pressure.

For information about ordinary fatigue under atmospheric
condition, one may refer to a book on metal fatigue by
Sines and Waisman (1959), to Wood et al.'s publication on
systematic microstructural changes pecullar to fatlgue
deformation (1963), and to the proceedings of the First

International Conference on Fracture, Japan, 1966,
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THEORY

The mechanism for fatigue can be divided into two parts:
One for the low cycle region where we have large amplitudes
and plastic deformation in the test piece, and one for the
high cycle region where we have small amplitudes and no
plastic deformation.

For a bending test the stress distribution across the
cross-section of the test plece varies as shown in figure 16
in Appendix I. For bending downwards, for example, there is
maximum compression in the lower fibers, zero stress in the
neutral axis, and maximum tension in the upper fibers.
Therefore, even for maximum bending amplitudes there is still
a region near the neutral axis which operates within the
elastic range. Consequently, both mechanisms are working in
the low cycle region.

Considering our copper specimen which has a yield point
of around 32,000 psi (ASTM Handbook, 1954, p. 300), we should
be in the low cycle region when the fatigue 1life of the
specimen 1is less than 150,000 cycles. This can be seen from
figure 11 (32,000 psi correspond to 150,000 cycles).

For copper the two fatigue mechanisms have been
described by Wood et al. (1963, p. 643). In the low=-cycle
region there are plastic deformations and each grain is

broken down into small reglons of different lattice

6
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orientation separated by irregular sub-=-boundaries of dis-
tortion and internal strain, After 1/200 of the specimen's
life small pores appear on the sub-boundarles and they
-multiply and coalesce into cavities. There again multiply
and link into micro-cracks. Finally when the latter are
numerous enough they link into irregular cracks which extend
beyond the grain boundaries, and macroscopic failure soon
follows. A significant feature 1s that the microcracks
develop early in the life of the test plece and they stay
within the grains for the greater part of the remaining life.
As the number of cycles increases, more pores comblne and
form cavities which again will form micro-cracks, but these
processes are confined within the graln boundaries,

In the high cycle reglion there are small strains in the
test plece and fatigue develops in a reasonably ordered
structure, We get a combination of forward and backward
slips and cross-slip to other slip planes. As a result we
get zones of structural disturbance within the gralns, and
at the surface of the specimen these will appear as very
small extrusions or intrusions, These zones are observed
after only 1/1000 of the lifetime, and as soon as they are
formed they become the sites of small pores. As the number
of cycles increases, the pores multiply; they coalesce into
cavities which finally disintegrate into the zones along
their whole length and we get fatigue zones., At last, as

the fatigue zones multiply, they cross-link to make the
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structure collapse; macrocracks are formed and fallure
starts., The fatigue zones also emerge to the surface and
peaks and cracks are formed along them,

In both these mechanisms small pores are formed as
early as the first 1/200 of the specimen's lifetime, and
after this period it 1s not structurally sound any longer
(Wood et al., 1964, p. 645). The pores may be formed by
moving dislocations which sweep up vacancies and move them
to suitable sinks such as grain and sub-grain boundaries
or irregularities within the grains (Kochendorfer, 1954,

p. 351). Or, these vacancies will diffuse to dislocations
on other lattice imperfections and relieve the stress field
around them,

High pressure should have an effect on the mechanisms
which have been described., With respect to the movement of
dislocations the Peach=-Koehler equations (Weertman and
Weertman, 1964, p. 61) show that the forces acting on a dis-
location are governed by shear stresses only except for the
climb of edge dislocations, which depends upon tenslle or
compressive stresses, Since the hydrostatic pressure has
no influence on the shear stresses, one should expect that
it has an effect on edge dislocations only. However, a
modified form of thls equation has been proposed by Weertman
(1965, p. 1217); it predicts that hydrostatic pressure
produces no net force on any dislocation.,

The vacancy concentration plays an important role in
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fatigue, as mentioned earlier, and in equilibrium it is

given by (Weertman and Weertman, 1964, p. 75):

=p V-
X, = exp (EExE;“'E!) (1)
where

k = Boltzmann's constant
Sy = change in entropy per vacancy created

Qy = energy of formation of one vacancy

T = temperature in °K
Vy = volume of a vacancy

p = pressure

The diffusion in metals 1s also pressure dependent, and
according to DeVries et al. (1963, p. 2254), the self diffu=-

silon coefficient can be written as

- RAV
kT
D = Doe (2)
where
Do = diffusion coefficient at zero pressure
AV = actlvation volume = AV, + AV

AV, 1s the volume of a vacancy, and its magnitude will depend
on the degree to which surrounding atoms relax into it. 1In
copper, AV, 1s approximately 55 percent of the volume of one
copper atom (Shewmon, 1963, p. 83). The second term con-
tributing to the activation volume, AVy, 1s the change in
atomic volume in the activated complexes, That 1s, this 1s

the change in atomic volume when an atom Jumps from one
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position to another and passes through the saddle point
between the two positions. Shewmon glves a AVm—value which
1s around 9 percent of the volume of one copper atom. Thus,
the activation volume 1s positive and is approximately 64
percent of the copper-~atom volume,

It can be seen that both the vacancy concentration and
the diffusion coefficient will decrease with increasing
pressure, a fact which implies that the formation of pores
is made more difficult, If this 1s significant, we should
then expect an increase in the lifetime with increasing
hydrostatic pressure., However, 1f this 1is the only factor
being affected by the hydrostatic pressure, it will be dif=-
ficult to detect the effect since thils crack-initiation
stage lasts for only a few percent of the total lifetime,
For -example, if the crack initiation takes place 1in the
first 2 percent of the lifetime and we get an increase of
100 percent of this stage, the total lifetime of the sample
will increase with 2 percent only. But, thls can hardly
be detected because of the data scattering.

The hydrostatlic pressure should also have the effect of
squeezing cavities and microcracks together so that they
willl have more difficulties in linking together and moving
through the grains. This effect should also have the
tendency of increasing the fatigue 1life,

If a test plece is run under atmospheric pressure 1n
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the first 5 percent of its expected lifetime, many pores
and cavities are formed by the end of this period. This
process depends upon the vacancy concentration and the dif=-
fusion of vacancies, If the hydrostatic pressure is
increased for the rest of the lifetime, we will be at the
stage where cavities link and microcracks are formed, and
there again fun together and form macrocracks.

Therefore, if the hydrostatic pressure has 1ts main
effect on the propagation of cavities and microcracks, the
lifetime of the test plece should approximately be the same
as for samples where hydrostatic pressure was applied all
the time. On the other hand, if the hydrostatic pressure
has an effect only on the vacancy concentration, the diffu-
sion of vacancies and the formation of pores, and not on the
propagation of microcracks, the lifetime of the sample
should be the same as for samples where no hydrostatic
pressure was applied at all. However, if the pressure has
an effect on both stages, the lifetime would essentially be
the same as for samples under hydrostatic pressure all the
time., This can be explalined by the fact that since the
crack initiation stage takes up a so small percent of total
lifetime, an increase in this stage from 50 to 100 percent
can hardly be detected because of the data scattering.
Thus, these tests can tell us whether or not the pressure

has an effect on crack propagation, but it will be difficult
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to tell what effect it has on crack nucleation, unless we

get an 1increase of several hundred percent of this stage.

12
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APPARATUS AND EXPERIMENTAL PROCEDURE

Pressure Vessel

The pressure vessel is shown in figure 2. It 1is shown
in Appendix II that the vessel can support an internal pres-
sure of 15,200 psi before the metal in the inner part of the
cylinder wall reaches its 1limit of elastic behavior. And,
since the stresses decrease with increasing distance from
the cylinder axis, we will be further and further away from
the elastic limit as we are golng from the inner to the outer
wall. Even if we reach this 1limit for the metal fibers in
the inner wall, we are still very far from the tensile
strength which is at least 80,000 psi. It was therefore
considered safe to go to internal pressures up to 15,000 psi.
This was done in order to test the pressure vessel, and no
sign of plastic deformation was observed. It should also be
mentioned that the corners in the bottom of the pressure

vessel were rounded off in order to avoid any notch effect.

Closure

The pressure vessel was closed with a Bridgman-type
closure (Comings, 1956, p. 105), based on his principle of
the unsupported area (Bridgman, 1952, p. 32) - see figure 2.
It works in the following way: First, the floating head,

two gaskets of aluminum and teflon, and the brass cylinder

13
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with the bending apparatus are lowered into the pressure
vessel., Then the cap ring is screwed 1n and the thrust ring
is screwed onto the floating head. The six socket head
bolts on the thrust ring are fastened, and this makes
certain that the floating head is pressed upwards. Because
of this, the teflon gasket 1s squeezed together and also
pressed out radially against the wall by Poisson's effect to
make the initial seal., This is also helped by the fact that
the aluminum gasket 1s tapered off 5° towards the wall to
give the teflon gasket an extra tendency of squeezing out
radially.

Later on when the pressure is increased, the force
acting on the bottom of the flocating head (the unsupported
area) and tending to blow it out is transmitted to the cap
ring through the gasket. Since the gasket area is smaller
than the unsupported area, the pressure exerted by it must
'be larger than the hydrostatic pressure in the vessel. The
closure was designed so that the area of the bottom of the
floating head was approximately twice as large as the gasket
area, Therefore, for any fluid pressure, the hydrostatic
pressure in the gasket will be twice as large as the fluid
pressure, and no leak will occur as long as the gasket
remains soft.

Initially, different rubber gaskets were tried and the

seal worked perfectly. However, they squeezed out along the
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wall for pressures above 5,000 psi, and this made the open-
ing of the closure difficult. (A 2-ft wrench had to be used
in order to unscrew the cap ring.) These rubber gaskets
were also so easily destroyed by the "squeezing out" that
they could be used only a few times.

The best gasket material is teflon. It squeezed out
very little, it did not hinder the opening of the closure,
and the same gasket was used more than 50 times without any
observable deterioration.

Because of the large forces acting on the closure, it
was made of 4340 steel which was heat-treated to a hardness
of 43 RC (ASME Handbook, 1954, p. 231). This corresponds to
a yleld point of 190,000 psi and a tensile strength of
200,000 psi.

Electrical Connection

In order to get the electrical circuits into the pres-
sure vessel, a modified type of Amalgat's cdne connection
was used (Bridgman, 1952, p. 52) = see figure 3. Holes were
drilled longitudinally through the floating head; and in the
bottom of the latter, hollow 60° cones were drilled. These
were used as sites for brass cones with insulated electrical
leads soldered onto the bottom., Impact resin supported by
nylon cloth was used as insulation and seal between the
floating head and the brass cones. Thus, as the pressure

increased the brass cones were pressed into the hollow cones,
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This cone connection was useful as long as there was no
electrical contact between the floating head and the brass
cones, The upper pressure limit for which this type is use=-
ful was determined from the insulatlng material's resistance
to flow. It was noted that this connection type was useful
up to around 45,000 psi.

Several tests were made on a tensile machine, and it
was found that with a combination of impact resin and nylon
cloth as insulation an axial pressure of 110,000 psi (or
250% above what has been reported) was needed before the
insulation broke down and electrical contact was established

between the brass cone and the floating head.

Hlgh Pressure System

The fluld used in the high pressure system was Texaco
Alrcraft Hydraulic Oil AA. The 1/4-in.-0.D. and 1/16-in.-
I.D. tubing used to transmit the oll pressure from the pump
to the pressure vessel was made of 316 stainless steel.
This arrangement is shown in figure 4B. The connection to
pressure vessel, elbow and pump is shown schematically on
figure 4A., The tubing collar 1is screwed on the tubing, and
the gland nut presses theltubing into a 60° cone when it is
tightened. Since the end of the tubing 1s coned to an angle
of 59°, there willl be a metal=-to-metal line contact between
the tubing and, for example, the pressure vessel. This

connection worked perfectly and there was no sign of any leak.
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The tubing and the different parts used in this connec-
tion were bought from Harwood Engineering, Massachusetts.,

The Sprague pressure pump is air operated and gives an
output oil pressure which was fairly constant and would not
fluctuate more than 5% from the desired pressure level,

For long lasting tests the equilibrium temperature in
the vessel was 39°C. If the oil temperature was lower than
that when the test started, the o0il would be heated up by the
motor and thus make the pressure increase and be greater
than desired. It was therefore required in some cases to
open the bleed valve to release the pressure so that it
dropped down to correct value.

For safety reasons the pressure vessel was mounted
behind an iron shield. However, no fallure occurred during

the experiments.

Bending Apparatus

The bending apparatus is shown schematically in figure
5. It 1s mounted in a brass cylinder, and the rotating
movement of the motor is transmitted through a pair of gears
to a fly wheel, The arm doing the bending i1s attached to an
eccentric axis on the fly wheel. Thus the bending amplitude
depends on the eccentricity of this axis. The eccentric has
a calibrated scale, and in the experiments the bending

amplitudes varied from 1.25 to 5.50 mm,
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Figure 1.

We wlll consider the eccentric with bending amplitude
do = 6 mm as shown in figure 1. As shown in Appendix I, a
force Po = 37 N is needed to complete this bending. From

the figure we see that the torque is given by

M = Podo sin® cos® Fodo (3)

5 sin26

We have a maximum torque of Mo = 1/2 Podo = 0.111 Nm for
6 = MSO. Exaggerating and assuming that this is the constant
torque during the whole rotation, we find that the power W
needed in order to make the rotation is given by

W=Mow (%)
This 1is in ﬁhe S.I. system, and w is the motor speed in
radians per second. It was desired to have a high number of
rotations per minute, so that the tests could go falrly fast.
Using a motor with 3000 rpm or w = 27 x 50, we find that the

maximum power needed is 35w or around 0.05 Hp.

The motor chosen was a Dayton shaded pole type, 0.067 Hp
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and 3000 rpm. The shaded pole motor has the advantage that
there are no brushes between rotor and starter (these will
wear out and contaminate the pressure medium), and the rotor
has a smooth, cylindrical surface which makes minimum fric-
tion with the fluld when it rotates. In oll at atmospheric
pressure the motor had a speed of 3420 rpm when there was no
load on it, With maximum load and at 10,000 psi hydrostatic
pressure the speed was 3000 rpm., However, the motor would
not start if the eccentric was regulated for maximum load
and the test plece was in zero position (8 = 0). The fly-
wheel had therefore to be rotated so that the test plece was
in maximum deflection position (6 = 900). Now, no torque
was applied to the motor, and the force in the test piece
trying to get it back to zero position helped the motor to

start.

Blectrical System and Counting Mechanlsm

The electrical system 1s shown schematically in figure
6. The DC current from the batterles to the electronic
counting mechanism and the AC current to the counter and the
motor go through the relays 1 and 2. These two are activated
by a current golng through the test piece so that when it
breaks everything will stop. This particular circuit goes
to the pressure vessel itself (which 1s grounded), then
through the bending arm to the test piece., This one is

insulated from the pressure vessel at the base (figure 5)
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and the current 1s taken out from thils part through'one of
the cone connections and to the coil of each relay.
Originally, the plan was to use two 12V DC-relays, but it
turned out that when the motor was running, DC current could
not pass through the ball bearings in the bending arm, which
were the only contact points between ground and the arm.
Fortunately, it was discovered that 120V AC could pass
through, and relays for this current type were therefore
used.

This method of stopping the motor and the counter
worked very satisfactorily for small bending amplitudes.

For the largest bendings, however, the two broken pieces
smashed into each other for each rotation of the eccentric
and thus reestablished electrical contact. In this way the
motor and the counter would go on, though very irregularly.
But for these large amplitudes each test took a few minutes
only, so the relays could be switched off manually since
one could easily hear when the test plece broke,

In order to count the number of bendings, which was the
same as the number of rotations of the motor, a pilece of
permanent magnet was cast in an impact resin cylinder on the
motor axis and a pick=-up coil of 500 windings and soft iron
core was placed next to 1t (figure 5). For each rotation or
for each time the magnet passed by the coil a 0.4V signal

was induced in it. This signal was transformed up to UV by
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a transformer (figure 7). Since the motor speed was around
50 rotations per second, the period of the pick-up signal
would be 20 ms. However, the fastest mechanical counters
avallable within a reasonable price range need a minimum on-
and-off time of approximately 20 ms each. It was therefore
necessary to put in a‘decade counter or a 1/10-divider in
the circuit for the pick-up signal. This arrangement 1is
shown in figure 7. A differential comparator changes the
transformer signal into 4V square waves, and for ten of these
pulses coming to the decade counter one new pulse will go
out. This one 1s amplified up to 12V by a transistor and
activates relay 3. For each time this happens, the 120V AC
circuit to the I,T.T.-counter is closed and one count is
registered,

The resistors in the circuits are there 1in order to get
the correct magnitude of current and voltages to the inte-
grated circuits. The purpose of the two capacitors are to
short circuit to ground, noise and other disturbances in the
signal. The decade counter is especially sensitive; it works
up to frequencies of 2 Mc and can therefore pick up signals
which are too short to be detected by the oscilloscope that
was used to check the circuilt.

In the beginning of the experiments this counting
arrangement worked perfectly. However, after some time the
bearings in the gears and the bending arm started wearing

out. The electrical contact between the pressure vessel and
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the test plece was not so good any longer, and we got a lot
of sparks in the bearings and the gears. This had two
effects. First, each spark induced a voltage in the pick-up
coll with the result that the counter started working
irregularly. Secondly, these sparks deteriorated the oil,
it became completely black and smelled bad, and it apparently
lost its lubricating ﬁower with the result that the ball
bearings on the bending arm broke down. It also turned out
that small carbon=-like particles were formed by the sparks.
Under a couple of long runs it happened that these particles
settled down on the connector socket for the electrical
leads, This resulted in short circuit in the motor's AC
supply which then caused the blowing of a fuse. In order
to avoid this the olil was changed after each series of runs,
and the connector socket was cleaned regularly.

It was also desired to measure the oil temperature
during the tests since the motor developed around 20 w of
heat. A thermocouple could not be used since it had to be
connected to the brass cones; moreover, the contact points
would therefore be at the same temperature, and we would not
get any voltage out. An ordinary thermometer was therefore
used to measure the oll temperature immediately after the
test was over and the pressure vessel was opened.

In order to get as low as possible oll temperature, a

powerful fan was used to cool the pressure vessel from the
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outside. The motor body and the brass cylinder were also
perforated with large holes so that the oll could circulate
more freely into the vessel wall to help the heat transfer,
In all tests, the oll temperature was found to be between

32° and 38°c.
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FIGURE 8.

GENERAL
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FIGURE 9.
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EXPERIMENTAL RESULTS

A series of fatigue tests was made in oil for three
different pressure levels: 14 psi (atmospheric pressure),
5,000 psi, and 10,000 psi. Each series had seven different
stress levels. The experimental data from these series are
presented graphically in figure 10,

A test series was also run in air at atmospheric pres-
| sure, and the fatigue curve obtained was found not to be
different from the one obtained with the test piece in oil
at the same pressure (figuré 11).

Fifteen tests were run in Qil at a stress amplitude of
60,500 psi. Five of these were at an oil pressure of 14 psi.
Five others were at 14 psi for the first 1500 cycles (the
first 5% of expected lifetime if run in air), and thereafter
at 10,000 psi for the rest of the lifetime. Finally, five
more tests were run at 10,000 for the whole lifetime., These
results are presented graphically in figure 12, and numeric-

ally in tables 1, 2, and 3.

32
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Table 1. Fatigue data for tests in oil under three different
pressures. N = fatigue 1life.

ANy AN, =
No Ng
Stress N.=N N.=N
Amplitude No,lupsi Nl,SOOO psi N2,10000psi 1 0 2 0
(psi) N_ N,
94,000 9,600 12,500 16,600 0.30 0.72
77,000 16,450 18,550 21,330 0.12 0.29
60,500 32,800 35,250 38,880 0.08 0.18
51,000 55,900 68,310 76,200 0.22 0.36
42,000 100,100 184,330 173,700 0.84 0.73
33,000 281,500 458,000 504,700 0.83 0.79
22,000 2,550,000 2,690,000 4,843,700 0.05 0.89

Mean values 0.34 0.57
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Table 2, Comparison of fatigue data in oll and air under
atmospheric pressure.

Stress AN

Amplitude N,, oil N3, air T

(psi) o
94,000 9,600 9,200 0.04
77,000 16,450 13,350 0.18
60,500 32,800 33,000 -0.01
51,000 55,900 51,000 0.08
42,000 100,100 101,000 -0.01
33,000 281,500 302,000 -0.07
22,000 2,550,000 2,200,000 0.13

Mean value = 0.015 = 1.5
percent

Standard S = 5
deviation i=1

(kég) i 2\
T\'N 1 - NO)
z = 0,10
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Table 3.

Mean values,

Ny

Standard
deviation
Sy

38

Fatigue-data for tests in oil at a 60,500 psi
stress amplitude.
N1 = fatigue life in oil, 14 psi

N2 = fatigue 1life in oil, 10,000 psi

N3 = fatigue life for specimens being subjected
to 14 psi pressure in the first 1500 cycles
and 10,000 psi for the rest of the lifetime.

Ny N, N3
30,270 38, 440 54, 480
30,360 53,100 43,200
25,630 41,780 49,180
29,910 60,100 52,400
32, 800 38, 800 52,060
29,800 46, 441 50,261

5,014 9,682 8,754
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DISCUSSION OF EXPERIMENTAL RESULTS

The fatigue data obtained show that there is a signifi-
cant increase in the lifetime of a specimen when the hydro-
static pressure is lncreased from 14 psi to 5,000 and 10,000
psi. From table 1 we see that with respect to the lifetime
of a test pilece in oil under atmospheric pressure, the
fatigue l1life has increased with an average of 34 percent at
5,000 psi and 57 percent at 10,000 psi oil pressure. This
result agrees with those obtalned by Rowland, DeVrles and
Gibbs (1967, p. 131), who made rotating beam fatigue tests
for pressures up to 100,000 psi, and with Burns and Parry's
results (1964, p. 293). They made torsion fatigue tests
under an oil pressure of 40,000 psi and found an increase of
30=-40 percent in the lifetime.

In table 2 it is shown that the average lifetime was
relatively 1.5 percent higher in oil than in air, both at
14 psi pressure. However, in Appendix III it is shown that
from a few simple assumptions and at a 95 percent significance
level, one can conclude that there 1is no difference in the
fatigue lives of the specimens under these two test condi-
tions., That 1s, one can conclude that the oil 1tself or the
combination of o0il and adsorbed air in it have no positive

or negative effect on the lifetime of the samples.

39
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Considering the test series which were run at 60,500
psi stress level, we see that the tests run at atmospheric
pressure for the first 1500 cycles and then at 10,000 psi for
the remaining lifetime had an average lifetime which was not
significantly different from the value obtained for samples
run under 10,000 psi for the whole lifetime. And its mean
was more than two standard deviations from the mean of the
samples run under atmospheric pressure only. After what was
said in the theory we can then conclude that at this pressure
level the hydrostatic pressure has its main effect on the
propagation of cavities and microcracks., However, it might
also have an effect on the vacancy concentration, the dif-
fusion of vacancies and the formation of pores, but this can
not be detected because of the scattering of the data.
Rowland, DeVries, and Gibbs (1967, p. 131), who made similar
experiments with Fe, Al, and Ni-wires at pressures around
100,000 psi, concluded from their data that the nucleation
of cracks exhibits a much stronger pressure dependence than
the propagation of cracks. However, the large difference in
pressure may explain why the present investigation could not

detect this effect.
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SUMMARY AND CONCLUSIONS

An apparatus for fatigue under high hydrostatic pressure

was designed and bullt., It was tested successfully with oll

as the pressure medium and for pressures up to 10,000 psi.

Reverse bending fatigue tests were run with cold rolled

copper samples. From the data obtained the following con-

clusions could be made:

1.

2.

3.

There was a significant increase in the lifetime of the
specimens when the hydrostatic pressure was increased to
5000 and 10,000 psi. The increase in lifetime with
respect to the lifetime of a test piece in o0il under
atmospheric pressure was around 34 and 57 percent,
respectively.

The increase in lifetime was mainly due to a slowing
down of the propagation of cavities and microcracks by
the hydrostatic pressure.

Under atmospheric pressure there was no difference in
lifetime for test pleces ran 1n oll compared to those

ran in ailr.

41
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SUGGESTIONS FOR IMPROVING THE

APPARATUS AND FOR FURTHER WORK

One basic change 1s recommended on the apparatus.
Instead of using an electrical circuit through the bending
arm and the test plece in order to find out when the test
plece breaks, it would be better to use a microswitch close
to the bending arm so that when the test.piece breaks the
arm will bump into the switch and thereby turn off the
current to the relay for the counter and the motor circuits.
This must be a one-way microswitch so that the relay current
will not be turned on again if the arm bumps into 1t several
times.,

It could also be useful to have a thermostat and a
heating element inside the pressure vessel so that the
equilibrium temperature for long runs, 39°C, could be held
for shorter runs also.

For further work it may be suggested that materials
other than copper should be tested. Especially steels and
other alloys having inclusions, foreign particles and a
second phase may strongly show a pressure dependence on
their mechanical behavior. Tests should be made to deter-
mine whether any of these materlals exhibit any irreversible

effects after being subjected to a hydrostatlic pressure of

42
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around 10,000 psi for different periods of time. The
ultimate goal should be to make fatigue tests under high
hydrostatic pressure, with a corrosive liquid like sea

water as a pressure medium,

43
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Appendix I: Calculation of Stresses in the Test Specimen

In a repeated bending test the test plece is supported
in one end and bent up and down in the other end. This
bending amplitude can easily be measured using a dial gage,
and we will then need to know the relationship between the

deflection of the test piece and the stresses set up in it.

NEUTRAL
SURFACE

ANOOUONNNAYN

Figure 13 , Figure 14
Let us consider a test plece of length % as shown in figure
13. It is supported on one end and a force P is applied to
the other end. Its cross-section 1s rectangular with thick-
ness h and width b, Figure 14 shows a small section dx
before and after bending. Before bending, the two planes
AB and CD are parallel. After bending, the angle between
the two planes 1s d6. The plane in the middle of the test
piece which 1is not subjected to any strain is called the

neutral surface. Its radius of curvature is p and is given by

hy
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pd® = dx (5)
or

ae 1

ax " p (6)

From figure 14 it can be seen that any segment at a distance
y from the neutral surface elongates by the amount yde.

Therefore, the straln in the x-direction is:

g = -2 --1L (7)

For the stress in the x-direction we get
1
(’x“"EY'p' (8)

where E 1s the elastic modulus of the test piece.,

1y

T L LTI 2T TI T T I T T ITT e, Q—-——dA:bdy

Figure 15.

A cross-sectlion of the test pilece perpendicular to the
x-axis 1s shown in figure 15. The stress on the small
cross-section area dA exerts a moment about the neutral

axis which 1is given by
dM = ¢,dAy (9)

Integrating over the whole cross-section, this moment must
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be equal to the external applied moment in order to have

equilibrium:

E , 2
M=/oydh=-=[y“dA = -
Loy AR

‘D,E

(10)

where I 1is the moment of inertia about the neutral axis.
For a rectangular cross-section this 1s equal to bh3/12.
Substituting for p in equation 8, we get the following

expression for the stress in the x-direction:

M P(=-x)y
Oy =1 Y = - on3 (11)
12

The bending moment M 1is defined to be negative when we have
bending downwards. Thus, we get the following stress-—

distribution on a cross-section perpendicular to the x-axils:

-h/é
+ TENSION ~ | COMPRESSION
_— . L > NEUTRAL AXIS _ _ .-
ly * &y Ox
— | COMPRESSION 4+ \TENSION
‘+hé
BENDING DOWN BENDING UP

Figure 16.

The maximum stress is produced in the fibers furthest away
from the neutral axls. In a reverse bending, the stress

wlll vary sinusoidally, compression in one half pefiod and
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tension in the other half.

From equation 11 it can be seen that if the test pilece

has a width which vary as
L=Xx
b(x) = by(777) (12)

there willl be a constant stress in this section equal to

s = . 12 PLy

(13)
X 3
bgh

The test plece was designed in this way as shown in figure
17 (scale 2:1).

fa P e 2 --.B-.J-—T—~j
O

Filgure 17,

The force 1s applied at the apex A of the triangle formed

by extending the sldes of the tapered test section. That 1s,
the axis of the bending arm goes through this point. Thus,
we have constant stress in the test pilece between x = R and
x =R+ y. There will be less stress in the other parts of
the test plece so we will expect it to brake in this

tapered section.
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Having the given design, it i1s then left to find the
relationship between the bending amplitude and the applied
force P, the‘latter is needed in order to calculate the
stress from equation 13. Combining equations 6 and 10 we

have

a6 - _ M_
ax BT (14)

The angle 6 1s approximately given by (figufe 13)

) a§ (15)

Thus, substituting into equation 14, we get the following
differential equation giving the relationship between the
deflection y and the distance x from the point of support

for the test plece,

dy oM Pex) (16)
dx? BL g b(x)h3
12

Therefore, for small deflections the angle 6 between the

x-axis and the tangent to the test piece section at x = &
i1s given by
2 -
o = S R0 an
0 E b(x)h
12
The deflection § at x = £ 1s given by
L x!
P(f-x)dxdx!
5= f Himxdads (18)
0 0 E b(x)h

12
The calculations of the angle 6 and the deflection § must be
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carried out separately for each section of the test plece

having different width b(x) (figure 18).

- Jo

—

T
]

©
®
~1=(w)
®
@

Figure 18,

There are five sections with different b(x), and from the

figure it can be seen that the final deflection is glven by

5=61+62+6 +64+6

3 L + ez(z-V) + 63(R+T) + euT (19)

1

For the different sections the width 1is given by:

Section 1

b(x) = b, + 2(R - R sin ¢)
O  p(x) = by + 2(R = V2Rx - x?) (20)

Section 2

b, (X=X (21)

b(x)
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Section 3

b(x) = bo(3Y) (22)

Section U4

b(x) = bo(3) + 2(R - R cos ¢)

or - \
b(x) = by (555 + 2(R - VR-(x-(Rev#U))?) (23)

Unfortunately, using the differential equation 16 one can
solve for 6 and 6 only for the sections 2 and 3. The b(x)
values for section 1 and 4 mean that the equation cannot be
solved analytically. However, using Simpson's integration
formula one can find el and 94. Since thils formula can be
used to make simple integrations only, and not double,
approximations had to be done in order to calculate 61 and

64. This was done in the following way:

Section 1 Section 2
R
Q
K
TP SF Kk
AR i P 7Y: A A
4 __ *:«S‘L——e,ﬁ?
T g aRE-A) X Snz.
| X 12

Figure 19 Figure 20

50



T 1280

Instead of letting the sectlon width b(x) vary as a circle

segment with radius R, it is approximated with the two

straight lines QP and PS. The constant A determining the

line PQ is chosen so that the area PQK is equal to the area

under the circle segment. That is,

2

% (AR)Z = R® - ®wRS/U4

This equation yields A = 0,65, Thus, dividing section 1

(24)

into two new sectlons as shown on figure 19 we get for the

deflection 613

For section 1 the width 1s given by:

b(x) = by + 2(AR=x) for 0<x<AR
2+R=- -
b(x) = by (52 for AR<x<R

For section 4 the deflection is given by
and the width for this section 1is

b(x) = by (Y for  0<x'<R(1-A)

b(x) = bo(&ﬁz) + 2(x'=R+RA) for R(1-A)<x'<R

All these b(x) values give analytical expressions for §

8 when equation 16 is integrated.

(25)

(26)

(27)

(28)

(29)

(30)

and

Thus, the final expression for the deflection is given

by

S = & 8 +52+63+6u1+642+611(1—A)R+elz

117932

+ 62(IL-V)+63(R+T)+64T+6“1AR

(31)
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The mathematical expression for each of these terms is

found to be:
§ - 8B 13513 +(2+R(1-A) - t—)--‘3)(RA (2RA+ 39 + ggg)i
11 = Eh3 5 2 - 2 )ln(l bo (32)
s o l2pg [(B(l—A))zJ 339
12~ . 3 2 33
Eb b
s o 12B% ['yi] (31)
2 Epn3t 2
12P% w2 y3
§, = (2-V) - = (35)
3 Eboh3(1-V) [ 2 7% ]
8. = 12P232(1'A)2[:5 + BA gj] (36)
1 B pde-vy 306 2
6P [_ (RA)® bol4-V) Po(t-V)
(37)
‘In(1+ —255-—-))]
b, ()
o'\ ¢
- b 2RA
0,,(1-)R = 2EBU=M [hyy (14p(1-0)- 32 1n(2s = (38)
Eh o)
12P% B (L+4R-x)dx
0.4 = S (39)
1 Eboh3 0 1+ %‘(R— V2Rx=x2)
(o]
0, (1) = 12PL(L=-V)V (%0)

3
Eboh
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2
63(R+T) - 12P2§R+T) [ZW - g_ - VW]
Eboh (2=-V)

12PT B (R+T-x)dx

6,T =
0

0

a = 12PLR(1-2)RA [:g + RA T]

41 Eb h3(2-V) 2 2

53

(41)

(42)

(43)

All these calculations were carried out numerically on the

computer, and the relationship between the deflection and the

applied force was found. Knowing the latter, the stress in

the x-direction could be computed from equation 11.

In this

way the linear relationship between the deflection and max-

imum stress in the test piece was found as shown in figure

22,



T 1280

54
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1.625" -
i 0.125“|
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FIGURE 2. TEST PIECE
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Appendix II: Design of the Pressure Vessel

For the construction of the pressure vessel, it was
convenient to use an 8-in.,-diameter bar of 302 stainless
steel, which was available on campus. In annealed form this
steel has the following properties (ASME Handbook, 1954,

p. 56):
Yield strength, 0.2% offset: 35-40,000 psi

Tensile strength 80-90,000 psi

Having this in mind the following calculations were done in
order to find the stresses set up in a thick-walled cylinder
(Comings, 1956, p. 160):

O, » X
z

Figure 23.
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We willl consider a section of a thick-walled cylinder as
shown in the figure, The cylinder length perpendicular to
the paper plane along the z-axis is equal to one unit. The
following notations will be used:

radius

]
u

ry = inner radius of the cylinder
r2 = outer radius of the cylinder
pP; = pressure inside the cylinder

P, = pressure outside the cylinder

147}
[

radial stress

2
L}

£ tangential stress

(/]
i

longitudinal stress
€, = longitudinal strain
modulus of elasticity

= N
u

(]
L}

modulus of rigidity

v = Poisson's ratilo

0 = angle between r and the x-axis
The half ring ABCD which lies between r and r + dr is in
equllibrium, and the sum of all forces acting in y-direction
must therefore bé zero, These forces are:
On the inner surface'

T
Fl = é S,rdésiné = 2rSr (44)

On the outer surface

F, = =2(r+dr)(S,+dS;) (45)
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On the sections AB and CD

F3 = Fh = Stdr (46)

When these forces are added together and the sum is set equal
to zero, the following equation 1is obtained after some cal-

culations:

-5 + %; (s,r) =0 (47)

Assuming constant longltudinal components of stress and

strain throughout the wall, Hook's law can be written as

SZ - Eez
s =S, + St = Cl (48)
where C1 is a constant. Thls can be rewritten as
Substituting this expression in equation 47, we get
r dr ( rr) - Cl (5
With the introduction of the new variable
Co
Sp = =5 (51)
r

where 02 is a constant, the general solution of equation 50
is found to be
C c
2 1
Sp =35t 3 (52)
r
The two constants are determined from the following boundary

conditions:
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S, = =p for r=r
r 1 1 (53)

Sr = --p2 for r=r,

We then get:
P2 2
P1=P Kk =(p=p,) (F°)

r
Kz“l

where x = r2/rl. Since p2>>p1, this equation can be written

as

rs 2
-P1(3z=) -1
S = 2 (55)
K =1

Substituting for S, and Cl in equation 49, we get the follow-
ing expression for the tangential stress
ro,. 2
pl((;g) +1)

S. = (56)
¢ K2—1

The variation of these two stresses with the radius is shown

on figure 24:

K241
P,K2i|

Y
5

Figure 24,
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We see that we get maximum stresses in the inner wall.

These are given by
Sr(r=rl) = -pl

K2+l

Sgr=ry) = py = (57)
K -1

Since the pressure vessel is cylinder-like and closed at

both ends, we get the following longitudinal stress:
P

(58)

The vessel was designed so that k = 2 (figure 2). With this

value the expression for the stresses becomes

Sp = -P3
St = 1.66 py (59)
SZ = 0.33 pl

All these célculations are done under the assumpﬁion of
perfectly elastic deformation of all parts of the cylinder.
We have three principal stresses in the cylinder, and we
need to know how high an internal pressure we might have
without reaching the point where we start getting plastic
deformation. The information we have about 302 stainless
steel i1s that its yield point 1s at least 35,000 psi. That
is, this is the yield point in a simple tensile test with
stress in one direction only. There are several theories
predicting the 1limit of elastlic action when three principal

stresses are present, and only the data from a simple tension
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test are avallable. Of these theories, the one accepted
as the most reliable (Comings, 1956, p. 178) is von Mises'
maximum energy of distortion theory (Nadai, 1931, p. T72).
This one can be developed in the followlng way:

When we operate within the elastic range, the stored

energy per unit volume is given by

W= %(Sle + S + S (60)

1 Syep + S3e3)

Using Hook's law and substituting for €1s €2, and 83, we get

1 2 2 2
W= 2E[Sl +5, +s3 - 2v(sls 233+s3s1)] (61)

This 1s the total energy of elastic deformation. The hydro-

static pressure in the metal 1is given by
Sy = 2 (S, + S, + S.) (62)
H 3 1 2 3

Therefore, the elastic energy due to a change in volume is

W' = %’SH(51+€2"'€3) = -6]-..(81+32+S3)(€ +e +€3) (63)

On application of Hook's law, this equation gives us

' l—2v 2 2
W= [s 5,745, +2(848 +8283+S3Sl)] (64)

Thus, the stored elastic energy used in changing the shape

per unit volume, or the energy of distortion is

=-'=g:— 2 2 2..
U W=W GG[Sl +82 +S3 (s S +s S3+S lﬂ

2
= L[ (53-8, (s,-5 ) %4 (s -5 )] (65)
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where G is the modulus of rigidity and is given by

E
G = 2(1+v) (66)
In simple tension only Sl is non-zero, and when we have
reached the 1limit of elastic behavior Sl = Sy. As equation

65 is valid under any stress combination, we then have for

the energy of distortlion under simple tension

S 2

U =
v 6G (67)

Von Mises assumed that the energy of distortion had a con-
stant value given by equation 67. Therefore, when equating
the equations 65 and 67, we get the condition for yielding
when three principal stresses are present:

2

(sl-sz)2+(sz-s3)2+(s3—sl)2 = 25, (68)

Using the three principal stresses given by equation 59 in
this equation, we get the following expression for the
internal pressure:

py = 0.433 8y (69)

Since the yield stress is 35,000 psi, we get p; = 15,200 psi.
That is, for this internal pressure we will reach the limit
of elastic behavior for the metal in the inner part of the

cylinder wall.
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Appendlix III: Statistical Treatment of Fatigue Data in Air

and 011 Under Atmospherlic Pressure

From table 2 1t can be seen that the average lifetime

was relatively 0.015 higher in oil than in alr, both at

14 psi pressure. The standard deviation for these observa-
tions was 0.10. In order to see if this difference in life-
time is significant, the following assumptions will be made:
-~The relative difference in lifetime is a normal, independent

random variable.
-The true difference is zero.
~The standard deviation of the mean lifetime 1s 0.10/ 7

= 0,038.

Using these assumptions, we will make a 95 percent confidence

interval for the observed mean.

AN
Pr[:(ﬁ;) < a]=o0.95 (70)
where A 1s a constant we will determine. We can change this

expression to

AN
(gF—)-0
No A=0 | = g.95 (71)

Prl57038 < 5.038

From our assumptions, the term on the left side of the
inequality sign is normally distributed with a mean equal
to zero and a variance equal to one. From tables for the

normal distribution (Johnson, Leone, p. 460) we find that

63
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A__ =
5038 1.64 (72)

That is, A = 0.062. Since our observed mean value is well
within this 1limit, we can conclude from our assumptions and
at a 95 percent significance level that there is no differ-
ence in the fatigue lives of specimens run in air or in oil
when both are under atmospheric pressure. Therefore, the
oil itself or the combination of oil and adsorbed air in it
have no positive or negative effect on the lifetime of the

samples.
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