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1.

The so-called "elastic properties of materials” together
with an appropriate safety factor usually form the basis for
most design considerations. The elastic properties, though
well defined, are not always representative of the deforma~
tion taking place in a given structural component. It is a
well known fact that plastic action can take place in some
materials well below the elastic limits by the mechanism of
ereep. It is also cobserved that most nonferrcus materials do
not exhibit, strictly speaking, elastic properties. Estimates
of approximate values of the properties for design calcula-
tions must be made on the basis of such standardized techniques
as the yleld strength and the secant modulus. When the
structural component in service is subjected to conditions
and envirconments other than those typical of a laboratory
specimen the burden of survival rests on the choice of an
sppropriate safety factor. Economics and human saflety impose
serious limitations on the safety factor, sc often regarded
as the "catch-all".

Alrcraft weight and safety considerations brought to bear
the need of more sophisticated thinking toward the problem of
repeated loading. Numerous investigations relative to the
effects of ecyclic loading on light-weight high-strength
materials resulted. Literature published from the investiga-
tions presented useful design data and some information which
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contributed to a better understanding of the problem of ecyelie
stresses.

The recent advent of the nuclear reactor has provided the
need for renewal of interests in cyclic stresses where the
basic problems remain unsclved and further aggravated by new
materials and environments. A power reactor in normal opera-
tion undergoes continuous thermal cycling, imposing on its
varied components a wide spectrum of eyclic stress situations.
Uranium and its environment in a reactor is a prime example.
In an effort to obtain an overall solution of the stress
problems arising it is necessary to isclate and examine the
influence of each of the contributing factors. Recently,
great numbers of investigators have dealt with the effects of
high temperature cyclic¢ stress on uranium. Investigations
for the most part have dealt only with high stress levels
for short durations, disregarding the implications suggested
by fatigue considerations, involving moderate to low stresses
for extended periods.

This investigation dealt with the experimental findings
relative to the fatigue characteristics of uranium. Tests
were conducted on normal and alloyed uranium from 25 to
600° C in a controlled atmosphere. The results of such tests
are presented in the form of the familiar S-N diagram and
empirical relationships. Particular consideration was given
the microstructural effects of damage and the statistical
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aspects of scatter with application to the thecretical models
of fatigue.



In 1902 Ewing and Humphrey (1) outlined the process of
fatigue based on microscoplc observations. 8Since that time
the overall picture of the process has remained basically un-
changed. For a ductile material the process is considered as
taking place in three stages, perhaps somewhat analogous %o
the three stages of creep. The three stages are:

Stage 1. The material suffers bulk deformation upon
loading; slip and the resulting disorientation of crystals
takes place.

Stage 2. Slip lines become more numerous and broaden
into what are termed as slip bands oriented in the same
general direction as maximun shear. A limit is reached for
this process in a localized area and submicroscoplc cracking
ensues.

8tage 3. Cracks Jjoin, decreasing the effective load
carrying cross-section to a point where fallure takes place.

From the literature it appeared difficult to ascertain
quantitatively the extent of damage a particular atage played
in the overall role of deformation and fallure. This stemmed
from the fact that each investigator used as a cﬂuﬁm for
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the occurrence of a particular stage observations which were
convenient or consistent with the detection equipment
employed. The detection of a crack several microns in length
appears possible with an electron microscope whereas the
optical miecroscope is capable of observing cracks only if
they have a minimum length of several thousandths of an inech.
Failure may be designated by the detection of a crack of a
predetermined length, an amount of extension or deflection,
or by complete separation with fracture. The various methods
of crack detection have been discussed by Dener (2) who has
also summarized the effect of certain variables on the length
of the various stages of the fatigue process as follows:

a. Material. The number of slip systems, purity,
number of phases present, grain size, homogeneity of the
structure and heat treatment of a materisl would be expected
to affect the cperativeness of a particular stage.

b. Speci : The streas gradients
determined by size and shape are important in crack growth.
It is known that the characteristics of cracking for smooth
and notched specimens are quite different. Specimen surface
conditions are considered important using arguments based
on the same reasoning.

¢. Losding. The method of load application is important
due %o the variations in the state of stress on the surface
and in the body of the specimen. Specimens tested under




6

constant maximum stress or strain amplitude would obviously
not assume the same rate of erack propagation as one tested
under constant moment or load.

d. Fregquency of loading. Deformation marks on the
surfaces of fatigue specimens display a pronouncedly differ-
ent appearance for test frequencies above a certain critical
value, One might suspect that insufficient heat dissipation
at higher frequencies could produce a temperature rise in the
specimen.

e, Temperature. Temperature effects act to vary the
physical properties of material as well as accelerating
corrosive actlion of test environments,

2. ) 8 O t

Many theories of fatigue have been proposed in an attempt
to explain the basic processes observed, mentioned in the
preceding section. The majority of theorists have concen-
trated their efforts on the first and second stages of the
fatigue process. No one theory has come close to providing
even a partial answer to the voluminous experimental findings
on record.

The importance of plastic inhomogeneities in hysteresis,
elastic after-working, and fatigue was pointed out by Gough
and Hanson (3). X-ray photographs supported a conclusion
stating that alternating stresses could produce localigzed
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plastic deformation (strain hardening) without causing visible
macroscopic strain.

A quantitative theory of fallure was developed by Orowan
(4). The theory was based on work hardening of localized
structural inhomogeneities situated in an elastic surrounding,
as illustrated through the use of mechanical model. The
model consisted of a plastic member in series with an elastie
member coupled in parallel with two larger elastic members.
The plastic member represented a favorably oriented crystal
in a polyerystalline material, so that the applied stress,

0, was greater than the yleld stress, ¢y, for the particu-
lar erystal but not greater than the yield stress for the
surrounding material. Through the use of several simplifying
assumptions, the theory was extended to account for many
experimental findings. The resulting analytical expression
for the S5-N relationship was

Om ~ Oy

An = In ~—— (1)
d-m"' O"t

vhere
A = gonstant, effect of strain hardening
n = gycles to fallure, based on cracking
O = Maximum stress of the inhomogeneity due to applied
streas
Op = fracture stress (constant for a given material)
Oy = vield stress (constant for a given material).



8

The equation brought about the existence of two ranges of
stress for consideration; & safe range and an unsafe range.
'n' Oy was greater than O, fracture was not possible,
corresponding to the safe range. If Op was less than Oy,
fracture took place when sufficient work hardening had
ocourred to ralse the applied stress O to Op, corresponding
to the unsafe range. The effects of thermal softening were
considered in an analysis which resulted in a2 negative work

~ hardening phenomenon. Conclusions drawn showed that the

effects of thermal sof'tening tended to increase the safe
range if the other influencing quantities remained constant.
This meant that the effect of temperature was to shift the
8-N diagram up or down, depending on the influencing quanti-
ties involved.

A theory of fatigue buid on the dislocation theory was
proposed by Machlin (5). An equation was developed relating
the dependence of the number of c¢ycles to fallure to stress,
temperature, material parameters and {requency of loading.
The equation, in terms of the author's nomenclature, was

2vohM oF C.422cqVxF

where
N = gycles to fallure
w = frequency of cyeclic stress
h = Planck's constant
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= grack growth per c¢rack source necessary for fallure
= Boltzmann's constant
T = temperature, °K
&Fg = activation energy to produce a dislocation
x = ratio of distance between atoms in slip direction
to interplanar spacing of slip planes
¥V = volume
f = fraction, Norwick and Machlin (6)
Op = maximum tensile stress
¢ = proportionality constant, relating t3 to oA
T. = average resolved shear stress for polyerystalline
specimen
q = stress concentration factor.
A quantitative correlation between fatigue and creep was sug~
gested to exist.

Several alternatives have been offered in planning a
fatigue testing program, depending on the degree of scatter
observed initially in a particular testing situation. If the
first few test points show good continuity through a more or
less uniform distribution on the S-N diagram, the procedure
as given in the A.5.7.M. manual on fatigue testing is sug-
gested (7). If continuity is not evidenced, testing should
be planned to be most amuh;n with a forthecoming
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statistical analysis. Usually a number of specimens are
tested at a given stress level providing several groups
throughout the cyclic range desired.

Scatter in test data appears to be an inherent feature
of fatigue, the degree depending on the nature of the material
tested and the conditions of testing. In most situations the
latter imposes the greater restrictions, especially where
elevated temperature environments are present.

Statistical considerations can seriously affect the
validity of conclusions drawn from fatigue results, as is
the case with most experimental findings. The majority of
literature available on fatigue deals with its statistical
nature. It is fairly well agreed that the statistics of
fatigue are most accurately governed by a logarithmic normal
frequency distribution relationship.

Using a theoretical argument and the statistical approach
of Cramer (8), Pruedenthal (9) has shown the frequency
distribution to be log normal,

1
p(N) = ;,7;5 exp [~ 1/2 (log N)®] . (3)

B, Deformation of Uranium

Uranium exists in three phases. The alpha phase, which
displays an unusual orthorhombic crystal structure, transforms
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to the beta phase at 663° C. The beta phase is reportedly
tetragonal and transforms to the body centered cubic gamma at
770* €. Uranium melts at 1130° C and boils at 3700 to 4200°
€. The alpha phase is particularly unique since two of four
atoms in a unit cell form covalent bonds with atoms in
neighboring cells.

The deformation of uranium takes place more predominantly
by the process of twinning up to approximately 350° C, after
which slip predominates. The slip systems of uranium as sum-
marized by Holden (10) are listed in order of decreasing
importance and certainty.

plane direction
010 100

001 100
110 110

001 100

The 010 plane is noted as the plane of easiest glide since the
strong covalent bonds would not be broken by slip on this
plane. The low value of yield stress for uranium (450 psi)
may be accounted to this. 8lip on the other slip systems
listed do require severance of the covalent bonds, which
could account for the 110 plane being favored at the elevated
temperatures where the bonds are more easily broken.



A rather complete discussion of the mechanical properties
of uranium was given by Holden (10) in "The Physical Metallurgy
of Uranium". Mechanical properties are sensitive to purity,
grain size and orientation, and state of cold work (fabrica-
tion). For reason of brevity, only the properties of beta
heat treated alpha uranium, when stated, will be of interest.

Uranium behaves semiplastically, displaying & poorly de-
fined proportional limit, if at all, in that the stress-strain
curve of the first loading shows curvature at extremely low
stresses ( ~500 psi) (11). For this reason difficulty is
encountered in obtaining consistent values of Young's modulus.
An average for values obtained from both tension and com-
pression is 17.0 x 10*? dynes/em® (10). Elastic constants
obtained by ultrasonic techniques and reported by Laquer (12)
are

Shear Modulus 8.34 x 10** dynes/em®
Young's Modulus  20.5 x 10** dynes/en®
Bulk Modulus 12.6 x 10** dynes/em®

Poisson's Ratio 0.23 .

The effect of increasing temperature is to decresse rapidly
the shear modulus and Young's modulus with a discontinuity
near 300° C.

The damping capacity plotted versus temperature as
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observed by Maringer (13) increases gradually to approximately
200° ¢, falls off slightly to 350° C, then inecreases rapidly
up to the transformation temperature. Grain boundary relaxa-
tion was suggested for the rapid increase above 350° C.

Hardness versus temperature also displays the distinect
break in continuity at approximately 350° C. Vicker's hard-
ness number (10 kg load) reported from data by Chubb (14)
decreases from 230 to 70 going from O to 350° ¢, and from 70
to 10 from 350 to 663° C.

Some typical values for the tensile properties are given
as follows (10):

. , Elongation
Alpha rolled (2 per cent psi per cent
offset), psi
Beta-quenched 30-35 x 10° 70-95 x 10° 10-15
Beta annealed 2535 x 10° 55-65 x 10° 6-10

Properties of the particular uranium used in this in-
vestigation are given in the section on materials.

The effect of temperature on the tensile properties is
to lower the yield strength from 35 x 10® to & x 10® psi, and
the ultimate strength from 90 x 10® to 1 x 10° psi in the
temperature range of 0 to 600° ¢, Uranium displays a brittle-
ductile transition slightly above room temperature, depending
on purity, fabrication and the like. The large variation in
the reported data of the various properties 1s attributed to



14

this phenomenon. Work on impact strength is alsc confirming
of this fact.

The creep behavior of uraniwn has been studied extensively
resulting in a large amount of inconsistent data. It is be-
lieved that the inconsistencies are due in part from effects
of thermal-cyecling growth which occur in elevated temperature
tests from slight variations (3 2° C) in temperature control.
From creep results performed at Battelle (15) it is observed
that an abrupt change in stress to produce a given creep rate
exists in 300-400° C temperature range, the same apparent
anomoly as was observed for other properties.

The only reported consideration given to the fatigue
strength of uranium was by Coffin (16) who studied the effects
of large strain cycles causing fallure at several thousand
cycles.

It will be noted throughout the literature that abrupt
changes in mechanical properties near 300° were also observed
for many other physical properties. Thermal conductivity,
temperature~induced changes in volume, and growth rate for
thermal cycling are such examples.
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III. OBJECTIVES OF THE INVESTIGATION
A. Analytical Objective

The objective of the analytical investigation was to
describe the deformation of polyerystalline uranium under
fatigue loading (completely reversed rotating bending) in the
form of an empirical equation relating the variables stress,
eycles, and temperature. By this means it was proposed to
form a basis of comparison of uranium in its natural state
with that of an alloy, by attaching physical significance to
the mathematical terms of the equation obtained. It was hoped
that correlation might be found between the classical
theoretical models and empirical results, in order to provide
additional Justification for proposed mechanisms of fatigue.

B, Experimental Objectives

Experimental results of 8-N phenomena were sought to
provide design criteria in primary applications of uranium as
& nuclear fuel. Specific information was desired concerning
the behavior of uranium under completely reversed oyclic
loading throughout the useful design range of temperature
(0-600° ¢). Particular emphasis was directed toward observing
the effects of fatigue damage on the microstructure, in
order to gain insight into the fundamental processes which
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govern the deformation of uranium, and to quantitatively esti-
mate the relative life remaining after a given percentage of
the life expectancy had been reached.
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IV. MATERIALS

The materials used in this investigation were natural
uranium (commonly referred to as normal uranium) and a low
percentage chromium alloy of uranium. As received, the
material was in the form of 1.4 inch diameter slugs. The
chemical specifications of the natural uranium as given by
the fabricator were, based on impurity content, less than
one per cent C, C1, Cr, 81, B, Mg, Mn, N4 and N. The com-
position of the chromium-uranium alloy was not available.

The tensile properties of normal uranium as reported by
Lewis (17) were

Modulus of elasticity: 21,800,000 psi?
Yield strength: (0.1 per cent offset) 33,500 psi
Ultimate strength: 91,200 psi
Reduction in area: 9 per cent
Elongation in one inch: 8 per cent

Mechanical properties for the chromium-uranium alloy were
not available.

The variation of modulus of elasticity with temperature
for the same material as reported by Hunter (18) is given in
Fig. 1.

laverage value for six consecutive cycles in tension.



18

3
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Fig. 1. Variation of modulus of elasticity with

temperature
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V. EXPERIMENTAL PROCEDURES AND APPARATUS

A. Specimen Preparation

1. Machining

The fatigue specimens were fabricated by sawing the
uranium slugs longitudinally into four quarters. Each quarter
was machined into & rod 4 inches long and 0.467 (+ 0.0005 -
0.0000) inches in diameter. The midsection of the rod was
turmed to 0.252 (4 0.001) inches in diameter, which corresponds
to the minimum diameter of a fillet with a 2.5 inch radius.
Machining techniques were employed which utilized special jigs
and fixtures necessary to produce satisfactory finishes on
fatigue sample test sections. Replaceable carbide tool tips
aided in machining and were used in final turning operations,
keeping undesirable tool marks to a minimum.

2. Polishing

The procedure used in polishing the test section of a
fatigue specimen was similar to that employed in preparing
metallurgical samples for microscopic observation. Rough
polishing was accomplished using silicon carbide paper,
starting with 320 grit and finishing with 600. Final polish~
ing was done with 600 grit levigated alumina followed by
0.3 micron synthetic saphire (Linde A).
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Commercial polishing equipment was not adaptable to the
geometry of the fatigue specimen surface to be polished, thus
it was necessary to construct suitable polishing apparatus.
The apparatus consisted of a S-inch diameter wheel 1 inch
wide covered with a soft rubber pad (tire). The wheel served
to hold l-inch wide strips of the silicon carbide paper or
velvet microcloth in a manner consistent with the geometry of
the fatigue specimen f{illet. With the fatigue specimen
mounted between centers in a lathe and rotating, the rotating
polishing wheel was held sgainst the specimen fillet to pro-
duce the desired action, The direction of polishing as
indicated by microscopic abrasion was adjusted by varying
the relative angular velocities of the specimen and the
polishing wheel., A cross-hatched pattern of abrasion de~
sirable in polishing was accomplished by reversing the
direction of rotation of the specimen. The polishing wheel
was driven by an electric drill mounted on the tool post of
the lathe. Power to the drill was supplied by a powerstat,
providing speed variation of the polishing wheel. A working
setup of the apparatus is shown in Fig. 2. Results using
the method outlined were comparable to those obtained using
conventional metallurgical equipment and techniques.

3. Encapsulating

Elevated temperature fatigue testing poses difficulties
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when the material is subject to oxidation. Uranium is such a
material, suffering extensive oxidation even at room tempera-
ture. It follows then that protection from the atmosphere
must be provided without interruption during fatigue testing
for periods lasting as long as % months in endurance limit
determinations. A procedure for protection was developed in
the course of this investigation which invelved encasement of
the specimen in a {"lexible capsule capable of withstanding
cyclic stresses and exposure to the atmosphere at tempera-
tures in excess of 600° C (19).

The flexible capsule consisted of a section of bellows
and closed lengths of tubing welded to each end. Fig. 3
shows a section assembly of the capsule components before and
after {abrication and a view with the specimen included. The
capsule was assembled and fabricated around the specimen
using shielded arc welding techniques. Inert argon which
serves to support the arc was ultimately sealed in the capsule
with the specimen.

Type 310 stainless steel thin walled tubing (0.500 in
ocutside diameter by 0.018 in wall) was cut into 1 3/16 in
sections., One end of the tube was flared to 3/4 inech
diameter in a spinning operation to mateh a corresponding
flare on each end of the bellows. A slight taper was formed
in the {lared end of the tube. The caps which close off the
end of the tube were punched and formed from 0,020 in



Fig. 3. BSectioned flexible capsule components before
and after welding - the exterior of a flexible
W and & sectioned assembly with specimen
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stainless steel sheet in a hand operated die. They were pre-
welded to the flared tube before final essembly of the
capsule. The flexible portion of the capsule was a stainless
steel thin-walled seamless bellows, having a 1/2 inch in-
side and a 3/% inch outside diameter. A section 1/4 inch
long, with 16 active convolutions was used. The end con~
volutions were formed to mateh the flare on the tube.
Components of the flexible capsule were assembled by placing
the bellows over the mid-section of the specimen and then
pressing the flared tube onto the specimen's shoulders. The
press it of the flared tube on the specimen shoulders was
necessary to insure good mechanical coupling with the fatigue
machine collets. In this state the capsule assembly was
sealed in a welding chamber specially designed for this
purpose .

The welding chamber was a O-inch diameter tube mounted
parallel te its longitudinal axis with a combination sight
glass and access port on one side. Power connections were
made through plexiglass disks which provided insulation and
constituted the ends of the chamber. The work was held and
rotated by a drive mechanism providing constant angular rota-
tion at speeds from 1/3 to 3 rpm, as shown in Pig, 4. The
electrode remained stationary during welding cperations. Its
position was adjustable from outside the chamber. A "Y"
fitting provided facilities for evacuation, purging and
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venting the system. A mechanical forepump was used to
evacuate the chamber, providing pressures consistent with the
impurity content of the purging gas (several microns of
mercury). The power supply used consisted of a Miller
electric welder rated at 1.5 to 15 amperes de, connected in
parallel with a Miller high frequency are starter. In this
remote application the high frequency arc facilitated start-
ing the de arc without touching the electrode to the delicate
work. A block diagram of the apparatus is given in Fig. 5.

B. Testing
1. Patigue

The fatigue testing machines used were constructed at
the Ames Laboratory and were of the simply supported rotating
bean type, equipped with furnaces and controllers for elevated
temperature testing. BEight machines were available for the
investigation.

Before a particular test series was started the fatigue
machine to be used was balanced and calibrated for the proper
temperature setting.

The method of balancing involved inserting a rigid shaft
(1/2 inch dismeter drill stock) into the fatigue machine
collets and recording the elevation of the rotating beam by
means of a low power telescope and a reference target. The



30

&

220V LINE
| l >

¢ HIGH D.C. ARC
REQUENCY WELDER

STARTER

HIELDED ARC APPARATUS

2]

«_ELECTRODE WORK _ |

WELD CHAMBER

* L e 13 N T

T.C. GAUGE L

—* VACUUM PUMP

ARGON

Flg. 5. Diagram of the welding equipment



31

rigid specimen was then replaced by two halves of the uranium
specimen and the beam was adjusted to the observed target
reference by an appropriate addition of pan weights (4 0.02
ib.). Both references were taken with the beam rotating,
having attained an equilibrium flow of support bearing
lubricant.

The test temperature was established using a thermo-
couple placed approximately 1/16 inch from the minimum test
section diameter of the specimen. The furnace controller was
set at a corresponding temperature by adjustment of a
potentiometer and powerstat. Temperature calibration was made
with the specimen in motion, allowing approximately 48 hours
for temperature egquilibrium to be reached. The observed
variation in temperature at conditions of equilibrium was
+2° ¢,

The procedure for starting a test was as follows. The
specimen was mounted in the machine and brought up to tempera-
ture. The specimen was then set to rotating with an initial
20 per cent greater drive motor control setting than would be
necessary to maintain a normal test speed. This was done to
pass as rapidly as possible through the resonant frequencies
(3500 to 4500 rpm) of the fatigue machines; after which the
speed was carefully reduced to 5000 rpm. ILoad weights were
applied after temperature equilibrium had been reached with
the specimen in motion. A count down procedure was used in
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synchronizing the application of weights and the zeroing of
the revolution counter.

The machines were automatically shut off upon fracture
or a given pre-set amount of beam deflection,

2. Tensile

Axlal cyclic tensile tests were performed on a 60,000
1b Baldwin-Southwark hydraulic universal testing machine with
a2 Tate-Emery Load Indicator. A Baldwin-Southwark microformer
extensometer with a l-in gage length and a multiplication
ratio of 1000 to 1 was used in conjunction with a stress-
strain recorder. The tensile tests were conducted at room

temperature,

C. Microanalysis

1. Etching

Ionic bombardment was used to produce an etched surface
on the test section of the fatigue specimen to enable study
of fatigue damage of microstructure. Ionic bombardment had
particular advantages over the more common chemicel and
electrolytic etches, and produced well delineated grain
boundaries. Chemical and electrolytical etchants which were
tried caused severe preferential attack on impurities,
produced excessive staining and gave rise to a questionable
corrosive chemical environmental history.
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The techniques and basic equipment employed were
described by Carlson (20). Briefly, the process involved the
removal of surface material by the bombardment with argon
ions which were accelerated through a voltage potentlal in a
glow discharge tube. Direct application of avallable equip-
ment could not be made because of the geometry of the fatigue
specimen. Apparatus was designed and constructed to permit
placement of the fatigue specimen in the path of the lonized
beam. By means of a rotating seal the fatigue specimen was
rotated in the beam, having its longitudinal axis normal to
the path of the accelerated ions. The specimen served as the
cathode with the appropriate electrical connections being made
through the rotating seal. A voltage potential of € kv was
required to produce the desired results, drawing a current
of 5-10 milliamperes. A photograph of the apparatus is shown
in Fig. 6. The procedure followed was to evacuate the
discharge tube to 2 minimum forepump pressure, purge with
argon, then adjust a controlled argon leak to maintain
approximately 15 microns of mercury pressure. Voltage was
then gradually applied in a manner to maintain the 15 microns
of mercury pressure. This process lasted for an incubation
period of about 15-30 minutes. Initiation of etching was
indicated by an abrupt drop in current and sudden darkening
of the glass discharge tube. Etching was completed in
approximately 15 minutes f{rom the time of initiation, after



Fig. 6, Ionic bombardment etching chamber
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which a cooling period of at least an hour was allowed before
removing the specimen.

2. Microscopy

Microscopic observations were made using a metallurgical
microscope with photographlc attachments and carbon are
illumination., In the study of fatigue damage on miero-
structure it was desired to record the location of a particu-
lar observation relative to a given reference on the fatigue
specimen. The conventional microscope stage was found
entirely unsuitable due to the geometry of the area to be
viewed. A stage was constructed which provided referenced
access to any area on the test section of a specimen., It
was designed so that the plane of the area being viewed
always remained normal to the line of sight of the objective
and at a fixed distance from it. The stage is shown in
Fig. 7.
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VI. DISCUSSION OF VARIABLES INTRODUCED

The resisting moment developed by the flexible capsule
relative to the specimen was evaluated, since it was con-
sidered significant in determining the actual stress to which
the specimen was subjected. A direct analytical method of
correlating the relative moments was not apparent due to the
variation of eross-section for both the capsule and the
specimen as a function of distance aleng the longitudinal
axis. A graphical method was applied which showed that the
moment developed by the capsule was about 0.1 per cent of the
total resisting moment. The effect was neglected in calcu-
lating the stress in the specimen.

Itmgmmdmwuawmtmmmmmm
wummmammmmmmmwumm
pressure, resulting in an axlial stress which would be
transferred through the specimen. The tensile stress was
calculated to be 380 psi in an extreme case, for a tempera~
ture change from 25 to 600° C. The elimination of the effect
by several methods was considered, resulting in serious
limitations on the welding techniques. No corrective action
was taken, since the effect was uw&asmt only at high
temperatures, where the llexural stresses were low.

Press {itting the capsule ends onto the shoulders of a
specimen introduced a short time compressive stress. The
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magnitude of the stress was calculated in an experiment using
SR-4 strain measuring equipment. The stress due to the press
fit of the capsule on the specimen shoulders was adjusted on
the basils of machining tolerances 80 that it did not exceed
1500 psi. This magnitude of stress did not seem to warrant
special consideration relative to the history of the material.
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Vii. RESULTS
A. Presentation of 5-N Data

The test conditions and environments were maintained
constant, as closely as possible, for all of the S-N deter-
minations of the investigation. Since eight elevated tempera-
ture fatigue testing machines were available for the
investigation, tests at a given temperature were conducted
on one particular machine. Each machine was checked for
proper temperature calibration periodically using the same
standard thermocouple.

Stress calculations were made using the flexure formula-
Eq. 4, which is subject to the limitations as discussed by
Murphy (21).

Bp » o= (%)

where
8p = flexural stress (psi, ksi = 1000 psi)
N = moment
= L P (in-1b)
L = moment arm (in)+*
P = load (1b)
¢ =d /2

do = minimum test section dlameter (in)

*The moment arm for all simply supported test machines
was fixed at eight inches. -
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I = moment of inertia of the cross-sectional area

v da'
- --3!;—- (in*) from which
Sp = ?""5"2 E .
T do
Failure is designated in this investigation by a given
amount of specimen deflection determined by the automatic
fatigue machine shut-off. In general it was observed that
for low stresses failure by complete separation (fracture)
occurred before critical deflection., At high stresses,
particularly at elevated temperatures, critical deflection
predominated as the mode of failure.

1. Normel uranium

The data of S-N results are listed in Tables © and 7.
As was noted previously by other authors the properties of
uranium vary considerably depending on prior history,
fabrication, impurities, and the like. Here too, obvious
discrepancies in the data occur which may be attributed to
structural differences in the uranium slugs. For this reason
a material designation number is included to identify a
particular specimen relative to the slug from which it was
machined, All of the normal uranium specimens were machined
from h-inch slugs, ylelding four specimens each. S-N
diagrams plotted from the data at the various temperatures
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