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ABSTRACT

Constant amplitude axial load fatigue tests at a stress range
ratio of R = 0.02 were conducted on various sizes of unnotched
sheet specimens of Ti-6A1-LV titanium alloy and 2024-T3 aluminum
alloy, to evaluate size effects and to determine a minimum size
suitable for orbital fatigue test work in the Skylab spacecraft.
Tests were also conducted to investigate the effects of extremes
of humidity and to determine the S-N curve for Ti-6A1-L4V material

in a vacuum of 10 torr.

Strong size effects were found at stress levels below the propor-
tional limit, which were in accordance with the statistical theory
of strength. Two modes of failure under constant amplitude load
were identified in Ti-6A1-U4V materials; the mode that was in the
very high stress/low cycle range wag ductile in nature and not
characteristic of fatigue. The effect of vacuum conditions was
-to reduce the stress level at which the ductile mode occurred by
about 5% and to increase the fatigue life under the true fatigue
mode by about 60 times. For investigating the effects of space
environment, it is recommended that comparison be based on tests
of identically sized specimens under normal conditions and in
orbit.

Key Words:
Metals: fatigue: test results: gize effect: vacuum:
constant amplitude: titanium: aluminum: scatter:

statistics.
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SYMBOLS

Geometric stress concentration factor

K

Lt Characteristic length in geometrically similar specimens

N Test life in cycles of load to failure

R Cyclic stress range ratio = fmin/fmax

S Cyclic stress intensity 5

SS Sum of squares of deviations = 2 (X - X)

X Test life expressed as logarithm to base 10 of cycles to
fallure.

X Mean of loglo cycles to failure = ZX/n

XM Median value of loglo éycles to failure

exp The exponential function

fmax Maximum-peak stress in cyclic loading

fmin Minimum-peak stress in cyclic loading

k Parameter controlling skewness in Weibull distribution
expression

.n Number of replicate tests

p(z) Probability density, function of z

s Estimated standard deviation = vV (X - ¥)?/(n - 1)

4 Fatigue life variate expressed in standard deviations; also
variate in Weibull distribution function.

r The gamma function

o Tevel of significance in hypothesis test

o Standard deviation

u Population mean
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ORBITAL FATIGUE TESTER FOR USE IN SKYLAB EXPERIMENT TO32-
PHASE I, DESIGN AND TESTING OF SPECIMENS HAVING VARIOUS SIZES
(FINAL REPORT ON PHASE I)

By P. E. Sandorff and J. P. Sandifer
Lockheed-California Company

INTRODUCTION

The overall objective of the Orbital Fatigue Tester program is the design,
fabrication and testing of a prototype axial load fatigue testing machine
which may operate in the space enviromment while mounted on the exberior of
a Skylab spacecraft. A critical initial problem was the development of a
small but meaningful specimen configuration, in order that power, size and
weight of the test machine could be minimized. Phase I of the program was
concerned with the constant amplitude axial load fatigue testing of vari-
ously sized unnotched sheet metal specimens at a stress range ratio R = 0.02
in order to determine an optimum size for orbital test work.

Specific objectives of the Phase I investigation included the following:

1. Calibration of Testing Procedures: Determination of a baseline
S-N curve for O, 016 inch tglck Ti-6A1-4V titanium alloy sheet material in
the range of 10% to 5 x 10° cycle life, using full-size (0.750-inch wide)
specimens and controlling temperature and humidity to simulate test condi-
tions at NASA Tangley Research Center. Comparison of test results with
those produced at NASA Langley to determine any systematic differences.

2. Effects of Extremes of Humidity: Determination of any major effects
of testing at approximately 100 percent relative humidity (saturated air)
and at approximately O percent relative humidity (dry argon gas) on the
fatigue life of full-size Ti-6A1-LV specimens. Selection of most practical
environmental condition for size effects tests.

3. Size Effects Bvaluation: Determination of the effect of reduction
in specimen size on the S-N properties of 0.016-inch Ti-6A1-4V titanium
alloy sheet and 0.032-inch 2024-T3 aluminum alloy sheet material. Selection
of the size considered optimum for the Orbital Fatigue Tester.

4. Confirmation of Selected Specimen Configuration Under Vacuum
Environment: Establishment of the S-N curve for 0.Ql6-inch Ti-6A1-4V
titanium alloy sheet in a vacuum environment of 10~° torr or lower, using
the selected size specimen.
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SCOPE

The test program was directed primarily at the determination of S-N pro-
erties for the various sizes of test specimens and test conditions.
Tatigue loading in all cases was constant amplitude axial load at a stress
range ratio R = 0.02; that is, the applied stress varied cyclically from
slightly above zero to the specified maximum tensile stress, and test life
determinations at variocus stress levels established the S-N curve. Testing
speed ranged within a few percent of 1700 cpm. All test specimens were
subject to rigorous cleaning and handling provisions during preparation
and prior to testing, and environmental conditions were controlled during
tests. Except for the exploratory study of the effects of humidity
extremes on results obtained with Ti-6A1-L4V specimens, and the tests of
Ti-6A1-4V specimens under vacuum conditions, all tests were conducted
with relative humidity of the environment controlled to between 65 and 70
percent. Temperature was monitored and remained between 700 and 80CF.

The size effects investigations involved four sizes of 0.016-inch thick
Ti-6A1-4V titanium alloy sheet specimens and three sizes of 0.032-inch
thick 2024-T3 aluminum alloy sheet specimens. The "full-size" specimen

in each case measured 0.750-inch in width at the minimum section; smaller
sizes were geometrically similar and ranged down to 0.250-inch. In each
series, tests were conducted at L4 or 5 different stress levels, to a total
of 24 or more. Assessment of the effects of different specimen sizes and
test conditions was provided by statistical analysis.

In addition to the S-N data, variations in the nature of the failures were
studied, measurements were obtained of the location and size of the fatigue
cracks, and their geometrical distributions were investigated. A number
of supporting studies were conducted during the course of the program,
including, for example, determination of static tensile properties of the
titanium alloy sheet, metallurgical and electron microscope fractographic
studies, and crack growth investigations using time lapse photography.

SPECTIMENS

Specimen Details

In order to minimize variations due to fabrication and testing, fatigue
test specimens were designed to permit the same milling machine set-up to
be used in fabrication, and the same test machine and grip arrangement to
be used in the testing of a complete series of geometrically similar
unnotched flat sheet specimens. Details of the test specimens are pre-
sented in Figure 1. The test section of the largest (0.750-inch width at
the minimum section) is identical to that of NASA Langley Research Center
Drawing Number LB 903380.

N
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Titanium Alloy Material

The Ti-6A1-4V titanium alloy specimens were all cut from two 0.016 x 36 x 128-
inch mill annealed sheets, both from Titanium Metals Corporation of America
Heat Number K-2263. In the manufacture of this material, a number of sheets
in a steel-enclosed sandwich pack are cross-rolled until an individual thick-
ness of about 0.025-inch is reached. Annealing follows, and then about
0.002-inch is removed from each surface of each sheet by a smooth~grinding
operation made parallel to the long dimension of the sheet. A brief acid
etch is used to remove the outer 0.0005-inch of heavily worked metal. The
grind and etch operations are repeated, to obtain a final nominal thickness
of 0.016-inch. Properties of the material as certificated by the manu-
facturer are reported in Table 1.

A pattern was laid out on each sheet comprised of 9 zones subdivided into
specimen blanks, as shown in Figure 2. Blanks for static tensile test
coupons were included from various zones selected so as to reveal any
systematic variation in properties. All specimen blanks were oriented
with the long axis parallel to the 128-inch dimension of the sheet. The
blanks were identified at both ends with an electric pencil according to
the code of Figure 2 and the sheet was then sheared. The blanks were
cleaned in hot alkaline solution, rinsed and dried, inspected for scratches,
and packaged in clean dry paper. Special handling provisions as outlined
in the Appendix were applied from this point, to avoid possible surface
damage and contaminant action.

Standard static tensile test coupons having a 0.50-inch constant width
section 2.50 inches long were fabricated and tested according to ASTM
Standard Method E8-69. The results of these tests are summarized

in Table 2. Yield and ultimate strengths were sliightly lower than
indicated by the manufacturer's tests but not atypical; variation amounted
to a maximum of 3.5 percent and showed no consistent relationship to the
location of the coupon in the original sheets.

Two sections, one longitudinal and one transverse, were cut from each of
eight samples of material selected from various loecations in the two sheets,
and examined metallographically. The observed microstructure consisted of
equiaxed alpha phase (hcp) grains with retained beta phase grain boundaries
and triple points, which is typical for -annealed Ti-6A1-4V alloy. Repre-
sentative views are shown in Figure 3. All sections were examined for
uniformity of the microstructure with respect to alpha grain size, amount
and distribution of beta particles and the absence of inclusions or surface
contamination, i.e., alpha case. No defects or abnormal variations of any
type were found; the microstructure was typical very fine grain, uniform,
and virtually identical throughout the two sheets.

LOCKHEED 3
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Fabrication of Ti-6A1-L4V Specimens

Using a random selection process, the fatigue test blanks were assembled
into stacks of 30 to 36 each. The stacks were identified and machined
into fatigue test specimens according to Table 3. Machining was performed
by a climb milling process intended to remove a substantial and specific
amount of material with each chip and thus minimuze local work-hardening
and heating. Machining specifications are given in the Appendix.

In machining the first two stacks a 6-tooth cutter was used. Because of
minor eccentricities of the cutter as mounted in the milling machine, it
was found impossible to hold the desired chip size and still achieve the
specified surface smoothness; one tooth of the cutter invariably cut
slightly deeper than the others and established the final finish. Surface
roughness of the machined edges from these stacks was approximately 170 RHR.
For all other stacks, a single-tooth cutter was used with one-sixth the
feed rate, resulting in surface finish consistently better than 32 RHR.

After machining, the fatigue test specimens were again alkaline cleaned
and inspected. Edges were deburred using several light strokes of L0OO grit
silicon carbide paper. Dimensions at the minimum width section were deter-
mined using a standard micrometer for thickness and a vernier caliper for
width, with paper or mylar interposed to prevent any damage to the surfaces
of the specimen. (For a limited number of specimens the protective facing
was omitted to improve measurement accuracy; however, this resulted in

some rejection because of edge nicks.)

Aluminum Alloy Material and Specimen Fabrication

Fabrication of aluminum alloy specimens followed methods in most respects

the same as those for the titanium alloy specimens. In this case all
specimens were cut from a single 0.032 x 48 x 1lil-inch sheet of bare 2024-T3
material according to the pattern shown in Figure 2. Specimen axes were
"with grain”, i.e., parallel to the 1lli-inch dimension of the sheet, which

is the direction of rolling and of a subsequent stretcher-levelling operation
which introduces approximately one percent permanent tensile deformation.

No static tensile test coupons were made of this material. Manufacturer's
certificated properties are reported in Table 1.

The special handling and cleaning procedures outlined in the Appendix were
followed as for the titanium alloy except that cleaning was accomplished
by a wash and a rinse in methyl ethyl ketone. Specimen blanks were
grouped by a random process in stacks of 18 each. Machining was performed
on the same equipment and using the same templates and tools as had been
used for the titanium specimens; however, no cutting fluid was used when
machining the aluminum alloy. Machining was accomplished as reported in
Table 3.

LOCKHEED L
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Photoelastic Studies of Specimen Loading

In order to confirm the detail design of the test specimens, photoelastic
models of the 0.750 and the 0.250-inch wide specimens were fabricated
full-size from 0.130-inch thick Photolastic, Inc., PS-1 plastic sheet.
These specimens were mounted and loaded in the new low capacity fatigue
machine (described in the next section) in exactly the same manner as for
the fatigue specimens, except that reduced grip-clamping pressure was used,
and static loads were applied using the mean load system in manual override
mode. Figure 4 presents photographs of the fringe patterns developed in
models under the maximum applied loads of 67.0 and 22.3 1b., respectively.

The highly uniform stress distribution in the test section, free of in-
plane shear and essentially identical for both specimens, is evident in the
photographs and attests to the accuracy of loading conditions in the fatigue
machine.

The geometric stress concentration factor, evaluated approximately from the
photoelastic specimens as the ratio of fringe values observed at the edge
and at the centerline of the minimum width section, was 1.05 for the
0.250-inch specimen and varied in different trials from 1.06 to 1.09 for
the 0.750~inch specimen. These values may be compared with a Neuber notch
factor of 1.038, calculated by the method of Ref. 1. The difference be-
tween the two specimens is ascribed to different end conditions for the
constant-radius test section. In the 0.250-inch specimen, a shear redis-
tribution is permitted by the long length of material between the test
section and the friction grips; in the 0.750-inch specimen, this redis-
tribution is prevented by the proximity of the rigid grip plates. The
difference in the end conditions, as indicated by the fringe patterns, is
evident in Figure 4. Because fatigue failures originated at points
scattered over the entire central region of the test section, the dif-
ference in stress concentration factor is believed not to influence the
size effects comparison.

TEST APPARATUS

Fatigue Machines

Approximately one-half of the fatigue tests of 0.750-inch Ti-6A1-4V speci-
mens were conducted on the "standard 10,000-1b S-N machine” shown in
Figure 5. This is a resonant beam type of axial load machine of Lockheed
design and construction. Mean load is applied by a screw Jjack through a
coil spring, and excitation is obtained by an eccentric mass driven at a
constant speed slightly below resonance, so that fine control of amplitude
can be obtained by speed adjustment. Loads are measured and monitored

LOCKHEED 5
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during the test by means of a calibrated load cell utilizing a compensated
electrical resistance strain gage bridge which is placed in series with the
specimen, and electronic circuitry which provides rectified and filtered
signals proportional to bridge output. A schematic drawing showing the
mechanical arrangement of this machine is given in Figure 6. This equip-
ment was used for. the first 34 tests of 0.750-inch Ti-6A1-4V specimens under
65-70 percent relative humidity conditions, and for all but one of those
tested at extremes of humidity.

The '"new low capacity fatigue machine," which was used for all the remaining
tests, 1s an electro-mechanical oscillator which is driven at resonance and
is servo-controlled to obtain continuous adjustment of both mean and varying
load components. The mechanical system is comprised of two flexible beams
flexure-mounted in a tuning fork arrangement; the test specimen constitutes
a relatively rigid link between the beam-ends. Mean load is applied to the
beams by cantilever springs actuated by a motor-driven ball-screw jack. The
beams are excited in the fundamental mode by means of two symmetrically
arranged electromagnetic shakers of commercial manufacture. Use of flexure
pivots and short-length friction joints minimizes dissipative losses: a "Q"
(ratio of power realized to input power) of about 1200 is obtained for

the mechanical system. A schematic of this machine is presented in Figure 6;
photographs are shown in Figures 7 and 8.

The control and drive system for the machine is packaged in the console
shown in Figure 7. A load cell placed in series with the specimen furnishes
an electrical signal which is proportional to the instantaneous load in the
specimen. The signal is differentiated, amplified, and used to drive the
electromagnetic shakers; the amount of amplification is controlled by a
servo-locop system which compares the rectified and filtered signal from

the load cell with the command value for the varying load. A second servo-
circult compares the strongly filtered and smoothed load cell signal to

the command value for the mean load and actuates a relay to operate the
mean load motor. Automatic shut-down is provided by a comparator circuit
which opens a master relay if the varying load component falls outside a
preselected range. Test time is measured by a clock timer operated by

the automatic shut-down circuit; speed of cyclic loading was measured for
each different specimen size using an electronic pulse counter. Testing
speeds are summarized in Table L.

Several load cells of different ranges are available and were used inter-
changeably during the tests; these were of Lockheed design and construction,
and were calibrated statically using a Baldwin Southwark testing machine,
the calibration of which is traceable to the National Bureau of Standards.
Fach load cell is equipped with two complete strain gage bridges, per-
mitting one to be used in an independent load monitoring system such as

an oscilloscope display.

Friction grips of a new short-length design were used in both machines;
these featured removeable alignment pins, to position the specimen on the

LOCKHEED
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loading axis, and soft copper grip plates to provide a defined region of load
transfer with minimum fretting tendencies. Clamping bolts were first brought
up wmiformly, to minimize installation stresses, then torgued to a value at
least 50 percent above that at which any indications of slip occurred, as
determined in preliminary investigations.

The 6.5-inch length of the specimen between grips was lightly supported at
two equally spaced intermediate points by soft polymer foam pads, bearing
with a few ounces pressure through five mil thick teflon sheeting. The cen-
tral 2 inches of the specimen remained untouched. The pads were cemented to
the environmental control enclosure to be described below, and can be seen

in Figure 9. Their purpose was to prevent a "violin-string" mode of resonance
observed to occur in the 0.250-inch specimens at about 1900 cps when the
varying load was increased to R somewhat less than 0.10, and in the full-size
specimens at R = O.

Estimates of the accuracy of loading obtained with this equipment are presented
in Table 5. Except in the case of entries under Uniformity of Stress, these
estimates are based on calibration data or on observations of performance made
during the course of the program. ZEstimates of stress due to non-axiality of
loading are based on an assumed eccentricity of the load axis of 0.00l-inch

and a division of the resultant in-plane bending moment between the specimen
and the test machine in inverse proportion to their rigidites. Estimates of
in-plane bending stress due to installation are based on a typical axial load
of 0.15 percent of maximum, observed to be introduced on tightening the grips
and assumed to be applied at a 0.50-inch moment arm.

Environmental Control Apparatus

For purposes of humidity control, air from the factory compressed air system
was bubbled through a bath of distilled water and fed into a plenum chamber
of about 2 cu £t volume. The distilled water bath and plenum chamber can be
seen in Figure 5. A commercial hygrometer which used a cord of synthetic fiber
as the sensing element was fitted with a light weight leaf-shutter to inter-
rupt a low pressure pneumatic circuit when humidity dropped below the desired
level. Standard fluidic control elements (turbulence generator and pneumatic
switch) were arranged to utilize this signal and admit saturated air to the
plenum chamber. The hygrometer was calibrated against wet bulb-dry bulb
readings in actively moving air. The consistently low humidity of ambient
conditions at the laboratory made this one-sided servo system adequate for
controlling relative humidity to within the range between 65 and 7O percent.

Temperature of the air in the plenum chamber was not controlled but was moni-
tored by thermometer readings every hour or two, except for long running tests
which usually ran unattended overnight. In no case during the program was a
temperature recorded outside of the range of 70 - 80° F.
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The atmosphere of the plenum chamber was circulated to the lightweight
specimen encleosure, shown in Figure 9, by means of-a small positive dis-
placement air pump. The system arrangement, including the plenum chamber,
was such as to establish positive pressure at all possible leakage points.
Check tests were conducted which confirmed that relative humidity and
temperature in the specimen enclosure were essentially identical to those
in the chamber.

For tests under 95-100 percent relative humidity, the same apparatus was
used, except that a continuous flow of saturated air was fed to the plenum
chamber. Limited heat was supplied to the water bath to make up for
evaporative cooling. 1In the argon atmosphere tests, commercial dry bottled
argon was fed directly to the specimen enclosure at a low positive pressure
and allowed to escape by leakage. ’

Crack Propagation Photography

Photographic records of crack propagation were obtained by means of a 16mm
Siemens pulse camera using a 50mm f/5.6 lens, arranged so that the critical
test section of the specimen filled the field of view., For these tests the
upper half of the specimen humidity control enclosure shown in Figure 9 was
replaced with one in which was mounted on optical window of low-reflectance
coated glass. Illumination was provided by stroboscopic flash equipment
triggered simultaneously with the camera shutter. The output of the monitor
bridge on the fatigue machine load cell was processed by a pulse shaper

and g counting network to obtain a trigger signal for the camera at every
32nd loading cycle. Proper phase relationship so that the picture was
taken when the instantaneous specimen load was at its peak was obtained

by means of a slip-sinc electronic phasing control and a dual trace
oscilloscope. To ensure obtaining records when the crack first appeared,
photography was started prior to the lower limit of the established scatter
band.

Vacuum Test Apparatus

For the tests of the 0.572-inch Ti-6A1-L4V specimens at vacuum the new low
capacity fatigue machine was placed inside a small (2h-in. dia. x 30-in. long)
vacuum chamber. For operation under vacuum the mean load motor and drive
train were covered with a hermetically tight enclosure. To minimize air
entrapment and outgassing possibilities, only one electromagnetic shaker

was used; this produced no change in the operating characteristics, and

was adequate for the load involved. A supporting fixture within the

chamber and a removeable table outside were arranged so that the machine
could be readily withdrawn from the chamber in order to remove and install
specimens. Photographs showing this installation are presented in Figure 8.
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Vacuum in the lO_7 torr range was obtained by a combination of mechanical
and diffusion pumps and a "cold wall" lining in the vacuum chamber through
which was circulated liquid nitrogen. Chamber pressure was measured with
an ionization gage. Radiative cooling of the specimen was prevented by a
"warm wall" shroud of 0.050-inch thick aluminum alloy on which electrical
resistance heating elements were mounted, and a stainless steel radiation
shield, both of which were mounted on the fatigue machine structure. These
shrouds can be seen in end view in the lower photograph of Figure 8.
Several additional heating elements were mounted on the fatigue machine
structure to maintain reasonable operating temperatures, to a total of
about 100 watts. Power to the heaters was regulated automatically by a
thermostat control, using as a sensor a thermocouple which was held in
mechanical contact with one end of the specimen, outside the test section,
with a spring clip.

GENERAL PROCEDURE

Prior to the start of the testing program it was recognized that fatigue
life could be based either on first observable fatigue cracking or on total
specimen failure. Investigations were therefore planned to determine the
proportion of the fatigue life which was spent in macro-crack propagation.
Even in the largest size specimens, however, it was found that the number
of load cycles required for the crack to grow from less than 0.010-inch
length to completely across the specimen width was less than 2 percent of
the total life. Consequently complete specimen failure was used throughout
as the criterion for determining fatigue life.

The first task of the program was concerned with the establishment of a
"pbaseline" S-N curve for full-size Ti-6A1-4V specimens, and with validation
of laboratory practices and equipment as being essentially equivalent to
those at NASA Langley Research Center. Sixty-four tests were conducted at
five different stress levels, which provide statistical bases for judging
the consistency and validity of various procedures and equipment. For
these tests, specimen environmental conditions were held at T70-80°F and
65-T70 percent relative humidity. A comparison was made with the results
of similar tests made at NASA Langley Research Center, and a small number
of specimens were exchanged between the two laboratories and additional
tests conducted in an attempt to separate effects of preparation and
testing procedures. ’

In the second task, 15 tests were conducted at 95-100 percent relative
humidity, and 12 under an atmosphere of dry argon gas, to evaluate the
effects of humidity extremes. In other respects the tests were identical
to those of Task 1, the test points being distributed among Y4 different
stress levels. Test results were examined to ascertain if humidity extremes
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produced any marked changes in properties, particularly in the reduction of
test scatter. No effects were found of such significance as to warrant
using any different environmental conditions for the balance of the program
than those used in the baseline tests. The third task, the study of size
effects, was therefore conducted under controlled relative humidity of 65-70
percent.

The size effects investigation was originally planned as a sequential test
program in Ti-6A1-LV material, covering a matrix of fifteen reduced-size
specimen designs ranging from 0.655-inch down to 0.097~inch width. By
starting with 0.250-inch specimens, then selecting larger or smaller sizes
consecutively, several series of tests were to be conducted to determine
the smaliest size specimen which would produce data equivalent, to within
a 10 accuracy and 95 percent confidence level, to that obtained with the
full-size specimens. However, after only a few tests of the 0.250-inch
specimens, it was evident that a strong size effect existed, and subsequent
results indicated that the size effect could be evaluated as a continuous
function. Accordingly, a full complement of 24 or more tests were con-
ducted on each of three sets of reduced size titanium alloy specimens.
These tests were distributed in larger number to the intermediate stress
levels in order to maximize the usefulness of the data: at the highest
stress level the size effect was small, while at low stress levels the
test life frequently extended beyond the region of specified interest and
the tests were discontinued without failure.

Following completion of the size effects tests of titanium alloy, a similar
experimental study was made of 2024-T3 aluminum alloy. In this case three
different sizes of specimens (0.750, 0.438, and 0.250-inch width) were
selected a priori. Test procedures and equipment, as well as almost all
aspects of fabrication, were identical to those used in the previous tests
of titanium alloy, including the control of specimen environment. During
the course of the aluminum alloy tests, .a limited number of titanium alloy
specimens were tested at random times in order to provide a comparison with
previous test results, and to confirm that test conditions had remained
esgentially unchanged.

On the basis of the results obtained in the size effects studies, the

0.572~inch width was selected as the size of the titanium alloy specimens
to be used in the S-N tests under wvacuum.

EXPERIMENTAL RESULTS

Fatigue Test Data

Fatigue test data obtained in the course of this program are summarized in
Tables 6 through 17. Included are "baseline" S-N data obtained with the
two different test machines on 0.750-inch wide specimens of Ti-6A1-L4V
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material; tests to determine the effect of extremes of humidity; tests of
three reduced sizes of Ti-6Al-U4V specimens; tests of full size and two
reduced sizes of 2024-T3 specimens; and tests of 0.572-inch wide Ti-6A1-LV
specimens under vacuum conditions. Also included are experimental data
furnished by NASA Iangley Research Center reporting the results of a set

of similar tests made on 0.750-inch wide Ti-6A1-4V specimens from another
mill heat of material, and test data obtained on specimens exchanged between
the two laboratories. In addition to the S-N data, Tables 6 through 15
include measurements of the location of the origin and the size of the
fatigue crack, as well as notation of any unusual features.

Nature of Fatigue Failures

Photographs illustrating the general features of the failures obtained in
typical specimens are shown in Figures 10, 11, and 12. Except for the in-
stances of an unusual ductile mode of failure described in the next section,
failure characteristics were in general similar for the two materials and
typical of fatigue failure in high strength, ductile alloys. The region

of "slow" fatigue crack growth was readily identifiable by the character-
istic flat, bright zone oriented normal to “he axis of loading; outside of
the beach mark area failure took place in shear fracture, leaving a surface
of rough texture. In Ti-6A1-U4V specimens, shear fracture planes were
oriented approximately 30 degrees to a plane normal to the loading axis;

in 2024-T3 specimens, this angle was about 35 degrees. Fatigue failure
origins occurred both at the mill-finished sheet surfaces and at the
machined edges of the specimens, but in every case, as nearly as could be
determined, at an external surface. In Ti-6A1-LV material the origin of
the fatigue crack was usually marked by a dark spot, which, however, did
not appear dark under high magnification, indicating that the difference

in appearance was due to surface texture.

In a number of the specimens of both alloys which were tested at the higher
stress levels, multiple fatigue cracks were noted, usually after failure;
often several were Jjoined by shear fracture in the final specimen failure.
Notations of the number of multiple-fatigue origins found in the 0.750-inch
width specimens are included in Tables 6, 7, and 13 (notation was not made
for the smaller size specimens, although multiple origins did occur). In
the majority of cases, however, only one fatigue crack could be found: an
indication that the time required for a crack of visible size to propagate
to failure was small compared to the variation in fatigue life of the
material from point to point.

Crack propagation time was investigated by lapse time photography in tests
of six of the 0.750-inch wide Ti~-6A1-LV specimens. One of the specimens
failed outside the field of view. Figure 13 is representative of the data
obtained on the other five. Crack location and size as a function of cycles
before failure, measured from the film record, are summarized in Table 18.
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No photographic records were obtained in tests of 2024-T3 specimens, but

a number of visual observations bearing on crack propagation rate are
summarized in Table 19. These tabulated data confirm the general obser-
vation, that the time required for a crack to progress from smallest
visible size to complete failure was very brief, comprising typically from
0.1 to 2 percent of the total life of the specimen.

Microphotographs of a representative fatigue failure in Ti-6A1-4V material
are shown in Figures 14 and 15. The test of this specimen was stopped
before the crack progressed to the rapid fracture stage; in Figure 14 it
is seen at 100 times magnification, first in the as-tested condition, and
second with 0.0002-inch of the surface of the sheet polished away. No
etchant was used; the markings on the polished surface are depressions or
pits which remain from sheet manufacture. Figure 15 shows the region of
the origin at 500 times magnification, in views from above and looking at
the fractured surface. The crack did not originate at a pit, and no in-
clusion or irregularity is evident. This observation 1s typical; many of
the Ti-6A1-4V specimens contained half a dozen or more blemishes (folds
or pits) in the central area which were visible under low power magnifi-
cation, yet no failure was ever observed to originate at a blemish.

Electron microscope fractographs of two Ti-bAl-U4V specimens representing
the extremes in fatigue life at the 115 ksi stress level are presented in
Figures 16 and 17. 1In each case, all views are from the immediate region
of the fatigue origin, as close as permitted by the replication technique.
Both cases furnish examples of regular fatigue striations, disrupted by
steps and beta particles, interspersed with flat indistinctive areas
identified as quasi-cleavage in nature. Both are typical of Ti-6A1-4V; no
unusual features are noted, and no significant differences were found in
these regions to explain the factor of over 100 times difference in
fatigue life.

Ductile Mode of Failure Occurring Under High Stress and Under Vacuum

In the tests of 0.572-inch wide Ti-6A1-4V specimens under vacuum, at stress
levels of fygx = 125 ksi and above, a ductile type of failure was observed
which had none of the usual characteristics of fatigue except that it
occurred under cyclic loading. This mode of failure was later duplicated
under normal atmospheric pressure conditions with the same type specimen
but at a stress level of 137.5 ksi and at a much shorter cycle life.¥
Gross features of this failure mode are apparent in several of the speci-
mens shown in Figure 11. Tt is characterized by: (1) an overall specimen
elongation of about 0.10-inch, 3 to 10 times that noted ordinarily; (2)
substantial necking of the width dimension, to perhaps 90% of the original
width, occurring in the central half-inch of the specimen; (3) no identi-
fiable fatigue origin or fatigue crack region; (4) a shear fracture,
apparently following a ILuders' line, passing almost exactly through the
geometrical center of the specimen; (5) a fracture surface rough and

* Under a steady tensile stress of 137.5 ksi, in air at room temperature,
similar specimens exhibit creep and fail in stress rupture in several hours.
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jagged over most of the central region, changing to a rather smooth, bright
surface about 0.04-inch from each edge. In many cases a second Luders'
line was visible, crossing the fracture at the center of the specimen.

Most of the specimens were warped after failure. Except for localization
of the failure zone to the center of the specimen, these characteristics
are identical to those observed in the static tensile tests of Ti-6A1-4V
material.

Electron microscope fractographs of one of the specimens which failed in
the ductile mode under vacuum conditions are shown in the upper two plates
of Figure 18. Several replicas were made and scanned but the search re-
vealed no surface pattern except the large tear dimples, which are con-
sidered characteristic of highly ductile tensile fracture. These features
may be compared with those occurring in a specimen also tested under
vacuum but at a slightly lower stress, shown in the two lower plates of
Figure 18. The fracture surfaces here are seen to be typical of fatigue,
although the striations, interspersed with featureless areas, are
unusually light and short.

Plastic Deformation in Ti-6A1-4V Specimens

The overall plastic deformations which occurred during the course of several
of the tests of Ti-6A1-4V specimens at high stress levels were determined
by noting, as a function of test time, the corrective pulses of the mean
load servo-system of the fatigue machine. This system was adjusted to
provide automatic compensation for error variations in the mean load ex-
ceeding O.4 percent, by applying displacement increments each amounting to
approximately 0.0006-inch motion of the specimen grips. The observations
are reduced to a plot of overall inelastic elongation versus number of
cycles of applied fatigue loading in Figure 19. Shown as representative
are the deformations of specimens failing in the ductile mode, both under
normal atmospheric pressure and at vacuum, and a specimen which failed in
the "true fatigue" mode. Deformations prior to failure as extensive as
those shown in Figure 19 were observed to occur only at the highest stress
levels and in Ti-6A1-L4V material.. In other tests, no large or monotonic
corrective action of the mean load was noted until after the appearance of
a fatigue crack of wvisual size in the specimen.

Overall elongation determinations made on the 0.572-inch wide Ti-6A1-L4V
specimens after failure are included for reference in Tables 9 and 15.
These data were obtained by placing the fractured surfaces in contact
without overlapping and measuring the distance between alignment pin holes.

Failure Location

The location of the fatigue crack with respect to specimen orientation in
the test machine was studied as a check on test irregularities. No con-
sistent pattern was found, either top to bottom, side to side, or favoring
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one side of the original sheet stock. All data on crack origins are there-
fore presented with respect to the coordinates of a quadrant of the specimen.
These data are plotted in Figures 20 through 26, together with histograms
indicating the distribution of failures widthwise and longitudinally.

Additional studies were made of maximum fatigue crack width as a function
_of location and fatigue life; however, no distinct pattern was found. A
typical representation, as obtained for the 0.750-inch wide Ti-6A1-4V speci-
mens at 110 ksi reported in Tables 6, 7, and 8, is presented in Figure 27.

Other studies were made of the deviation in test life from the mean as a
function of the distance of the fracture origin from the specimen minimum
section. Again, no strong interrelationship was apparent. Figure 28,
which presents data obtained for 0.750-inch wide Ti-6A1-4V specimens from
Tables 6 and 8, shows typical results.

S-N Diagrams

The fatigue life data reported in Tables 6 through 16 are plotted against
conventional S-N coordinates in Figures 29 through 38. In Figure 29, which
presents the results of tests of full-size (.750-inch width) Ti-6A1-LV
specimens under 65-70 percent relative humidity, smooth curves representing
10, 50, and 90 percent probability of failure are drawn through the median
and fractile points established at each stress level from faired plots of the
test data on probability paper. These "baseline” P-S-N curves are included
in Figures 30 through 34, to facilitate comparison with other size specimens
and other test conditions. Similar baseline curves are derived from the
test results obtained with 0.750-inch wide 202L-T3 specimens, Figure 35,

and are included in Figures 36 and 37.

On both of these sets of S-N curves, a stress level identified "P.L." marks
the approximate stress at which the specimen proportional limit was exceeded,
as determined by the behavior of the mean load servo-system during initial
test load application in correcting for inelastic specimen extension. For
both Ti-6A1-4V and 202L4-T3 specimens, stresses in excess of the P.L. value
caused plastic deformation only during the first few cycles of load
application.

The test results obtained on 0.572-inch wide Ti-6A1-4V specimens under
vacuum, Table 15, are plotted in Figure 38 along with the data from
Table 9, obtained on similar specimens under normal atmospherie pressure.
The vacuum data include results from four tests during which, as noted in
Table 15, brief excursions of the chamber pressure to values as high as
11.0 x 1071 occurred; no correlation with fatigue 1life is apparent, and
all points are therefore included in Figure 38. To aid in making com-
parisons, S«N curves are falred by eye to fit the median values of the
test data at each stress level, The ductile mode of failure is repre-
sented for either test condition by a straight line which, if extended,
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would pass through the material tensile ultimate stress at 1/4 cycle. Tests
under vacuum at stress levels below fpa, = 125 ksi are too few to establish
the S-N relationship for the true fatigue mode; it appears, however, that
the slope of the curve may change with the mode of fallure as it does in

the cage of tests under normal atmospheric pressure, and this suggestion

is indicated in the diagram.

ANATYSTIS OF TEST RESULTS

Statistical Properties

Statistical analysis is helpful in evaluating test data when, as in the
present program, test scatter tends to obscure the results. Such analyses
do not furnish absolute indications, but provide statements regarding the
probabilities involved. Usually these are in a form such as, "The differ-
ence between the two groups is significant at an @ level of 0.05," which
means that if the two groups were assumed to be different, the chance of
error would be only 5 percent (Ref. 2, p. 91, for example).

Fundamental to such analyses is the assumption that all variables bearing
on the experiment contribute in a random way to the experimental error,
i.e., to the scatter. 1In the present case these variables include basic
material variations, the many controlled test conditions within the limits
of control, and possibly some unknowns. In accordance with generally
accepted practice the logarithm to base 10 of cycles to failure is used

as the variate (Ref. 3, 4). The effect of a particular set of test condi-
tions is characterized by the mean of all possible test results ( U ),
and the scatter by the standard deviation ( ¢ ). The limited number of
tests conducted in each case comprises a sample, which provides estimates
of the mean and standard deviation (X and s). The accuracy of these
estimates depends on the number of tests in the sample and the extent of
the scatter.

For hypothesis testing, replicate data on log of test 1life is assumed to be
normally distributed. Actually, if material variability is the cause of
scatter, each specimen is a "weakest 1link" determination, and according to
Gumbel (Ref. 5)> the resultant distribution of test results is given by an
extreme (smallest) value distribution function. As will be seen in a
following section, distributions obtained in this program may be approxi-
mately fitted by such functions. However, Stagg (Ref. 6), after a thorough
review of the literature on fatigue test scatter in aluminum alloys, found
inadequate justification for using other than the normal distributlon. For
practical purposes this practice is followed here, but it 1s recognized that
non-normality of the distribution reduces the confidence level of the statis-~
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tical tests, particularly for cases involving unequal sample numbers and for
inferences regarding the variance (Ref. 7).

Treatment of Run-Out (No Failure) Points

At the lowest stress level in each group, ocne or more tests frequently
exceeded the practical range of interest and testing was discontinued
without failure. In these cases a special analysis, shown in Ref. 8 as
the method of maximum likelihood for Type I censoring, which in effect
employs the other test data at that stress level to help predict the test
life of the run-out points, is applied to obtain an improved estimate of
the mean. The strength of this determination, of course, is less than if
based on actual failure points, and the process itself may suffer degra-
dation because it involves the assumption of normality of distribution.
Data at the lowest stress levels, therefore, has not been used in making
direct comparisons of different treatments.

Effect of Incidental Variations in Test Conditions

The program was not designed to study the effect of different machining
methods, different test machines, or extended periods between tests; but these
variations were nevertheless introduced by practical considerations. A
number of directly comparable test data are available for evaluating their
effect; these data are summarized in Table 20.

In Table 21 statistical tests are applied to determine whether any change
in the mean value or the extent of scatter resulted from the differences
in test conditions. ©No strong indications of any changes are found; i.e.,
significant at & = 0.05, Most of the comparisons indicate that differ-
ences, if they do exist, are not large compared to the basic experimental
error.

Similar conclusions are reached by making S-N plots for each condition,
which provide comparisons of a broader array of data although qualitative
in nature. As a consequence, these variations in testing method are
ignored in further evaluations, and all test points obtained under other-
wise similar conditions are grouped together as replicates.

Effects of Extremes of Humidity

The experiments directed at determining the effects of wide humidity wvaria-
tions on the S-N properties of Ti-6A1-4V are summarized in Table 20 and

evaluated in Table 22. For this purpose all test data at the stress levels
130, 110, and 105 ksi are pooled together; the means and variances derived
under the 65-70 percent relative humidity condition being used as reference
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values to normalize those obtained under humidity extremes. While this
method conceals possible effects of stress level, and the normalized means
and variances so derived provide only an approximation for measuring the
effect of the test variations, the comparisons are statistically stronger
for revealing overall, unidirectional effects.

The significance tests in Table 22, Part B indicate insufficient evidence
for assuming that use of either saturated air or dry argon atmosphere re-
sulted in a general change in the amount of test scatter, as compared with
the 65-70 percent relative humidity test environment. The analysis of
variance in Part C provides strong indication that no sizeable shift in the
S-N relationship was produced by either of the humidity extremes.

Because of the limited number of tests conducted in this study, environ-
mental effects below a certain size but possibly important for other
purposes could remain undetected. For example, a check for f- error

by the method of Ref. 2, Page 107 indicates a 50-50 chance that the
scatter was actually increased or decreased by 70 or 80 percent by the
extreme humidity conditions, even though the analysis furnishes no strong
indication that a change occurred.

Comparisons With Tests at NASA Langley Research Center

The statistical parameters for the tests conducted at NASA Langley Research
Center, and for the data obtained with the test specimens exchanged between
NASA and Lockheed-California Company, are summarized in Table 23. Statis-
tical tests which compare the S-N data obtained at the two laboratories

are summarized in Table 24. "

Comparisons of the S-N data indicate that, at stress levels of 115 and

110 ksi, the Lockheed baseline data showed less scatter than the NASA
investigation, and at all stress levels, the Lockheed data showed lower

mean life determinations. These differences are believed to have been caused
chiefly by differences in the basic material properties of the two heats

of Ti-6A1-L4V material used in the two investigations.

Statistical tests which compare the S-N data obtained by NASA at the 110 ksi
stress level with data from the group of three specimens prepared by NASA
and tested at Lockheed, indicate that Lockheed tést methods result in less
scatter; no difference in mean life is discernible at the 95 percent confi-
dence level. Statistical tests which compare the baseline S-N data obtained
by Lockheed with data from the group of five specimens prepared by Lockheed
and tested by NASA, indicate Lockheed test methods produce less scatter

and a lower mean life. These inferences indicate that test procedure may
have contributed to the differences observed in the overall S-N determi-
nations. However, as previously noted, the confidence level of these tests
is reduced by non-normality of the distribution and unequal sample numbers.
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Size Effects

Statistical properties of the test results bearing on size effects are
summarized in Table 25. Increases in the mean of log life and in the
standard deviation of the test groups, normalized with respect to the
standard deviations determined for the full size specimens, are tabulated
for each stress level. These data are plotted in Figure 39 against the
geometric reductions in specimen size as the abscissae.

Also shown in Figure 39 are curves which indicate theoretically predicted
size effects due to material variability according to a solution presented
by McClintock in Ref., 9. This treatment assumes that there are multitu-
dinous flaws or weak spots of varying strength distributed randomly
throughout the specimen, and that the probability of failure consequently
varies with life according to a Gumbel asymptotic extreme (smallest) value
distribution of the third kind (also known as the Weibull distribution,
Refs. 3, 4, 5). An additional assumption of McClintock's development is
that the stress on any cross sectlon of the specimen is uniform and given
by load divided by area; the solution for size effects appears valid for
two dimensional stress distributions such as noted in the test specimens
of this program as long as geometric similarity is preserved. The pre-
dicted size effects for geometrically similar specimens are:
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where the subscripts 1 and 2 relate to differently sized specimens, LZ/Ll

is the scale factor, I' is the gamma function and k is an exponent in
the distribution function which is indicative of the skewness in the dis-
tribution of material variability.

Histograms of Fatigue Life Data

Figure 39 indicates that size effects are related to material variability as
characterized by the parameter k in the Weibull distribution function. The
substantially different size effects occurring at different stress levels

consequently must reflect changes in the statistical distribution of the
fatigue life data.
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To investigate these distributions, the data on fatigue life obtained at the
different stress levels and for the two materials are plotted in histogram
form in Figure 40. The variate used to combine data from differently sized
specimens at the same stress level is the deviation from the median measured
in standard deviations:

%33 (K5 = %) /8

i

where . and ss; are the median and the estimated standard deviation which
apply toY the group of log test life data obtained at a specific specimen
size J. This procedure is not rigorous and is Jjustified only as a step

in improving the data display.

Also plotted in Figure 4O are the theoretical distributions which would be
produced by material variability effects according to the third asymptotic
distribution of smallest values or Weibull distribution (Refs. 3, 10):

2725 | k-1 N
frequency (?) = »plz)(z,-z)) = k (E;?E;) exp [- (Za'zo) ]

where z, is a lower cut-off corresponding to a postulated limiting flaw
size, 2z is a parameter indicative of the spread of the distribution
identified as the life at which (1-1/e) (i.e., 63.2 percent) of the popu-
lation have failed, and p(z) is the probability of failure occurring at

the value of z. These curves were constructed with median values equal

to those of the histograms, using the values of k indicated by the size
effects comparisons of Figure 39, and the values of (za=zo) were established
to provide total areas under the curves equal to those under the histograms.

DISCUSSION

Size Effects

Size effects in fatigue testing are recognized as arising from numerous
sources: variability of material strength (i.e., macro-) characteristics
from point to point, heterogeneity of crystalline (micro-) structure, lack
of similitude of stress concentration effects, lack of similitude of the
surface layer affecting both microscopic stress concentrations and material
strength characteristics, and interaction of grain structure with plastic
deformation effects such as slip lines (Refs. 4, 8, 11, 12). To these may
be added a variety of interactions with environment, thermal effects, speci-
men manufacture and control of test load and test conditions.

1
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Figure 39 indicates that in the present program material variability is a
source of gize effects at low and intermediate stress levels. For
Ti-6A1-L4V specimens at fypgy = 105, 110, and 115 ksi, and for 202L-T3 at

L5 ksi, both the amount of test scatter and the mean of the test data show
large increases when specimen size is reduced.

In analyses to predict these effects, the material is usually modeled as a
strong matrix containing many flaws or weak points, ranging in strength

down to a lower limit. In large-sized specimens, the probability of in-
cluding at least one flaw of minimum strength is high, consequently

scatter is small and the mean value approaches a lower bound. The smaller
the specimen, however, the less satisfactorily does it represent the total
range of material properties; therefore, small specimens lead to an increase
in test scatter and an increase in the mean of the test data. These effects
are noted frequently in the literature; for example, Ref. 6 (limited evi-
dence of increased scatter in smaller specimens); Ref. 11 (scatter and
location of S-N curve for steel specimens reduced with increase in size); and
Ref. 13 (decrease in cycles for crack initiation with increase in size).

The size effects noted in Figure 39 for Ti-6A1-4V at a stress level of

105 ksl are not as strong as those occurring at 110 and 115 ksi, and a
larger value of the distribution parameter k is noted. These resultls
indicate eilther that different crack nucleation sites are involved, or

that the same sites respond differently, possibly because of the proximity
of the endurance limit. At the other extreme of the 5-N diagram; that is,
at stresses which exceed the proportional limit, the test data indicate no
conslstent pattern of size effects. Included are the results of tests of
Ti-641-4V at fpax = 130 ksi, and 202L4-T3 at 50 and 55 ksi.  There is negli-
gible size effect on test scatter; the mean life is actually reduced for
intermediate sizes but not for the smallest size specimens. This change
may be associated with plastic deformation effects which occur at the
higher stresses, possibly increasing the number of crack nucleation sites
as suggested in Ref. 6, or introducing damage into existing sites so

that all are essentially equal at the start. A further possibility is that
other size effects occurred, such as might be caused by differences in the
degree of restraint to slip line formation, to produce the total result
seen in Figure 39. '

Fatigue Test Scatter: Extent and Distribution

In Ref. 6, a comprehensive statistical study was made of test scatter in
constant amplitude fatigue test data reported for aluminum alloys in the
literature. General agreement exists between the observations of that
source and the results obtained in the present study. The amount of
scatter obtained in the fatigue life data for the 0.750-inch wide specimens
appears to be not a great deal larger than the variation.in material static
tensile properties. (A rough comparison may be made on the basis of the
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standard deviation of the tensile strength data from Table 2, and the
vertical distance between the 10 and 90 percentile curves of Figure 29,
which would be 1.28 ¢ for a normal distribution.)

While the increased scatter obgserved for the smaller size specimens is
attributed to material variability, the limited studies made here revealed
no physical explanation for such variability. Particularly for Ti-6A1-4V
material, some metallographic studiles were made, and all fractures were
studied at low magnification, yet it was not possible to identify defects
in metallurgy or structure as the cause. The limited data on propagation
of cracks of visible size (Tables 18 and 19) indicate considerable irre-
gularity; if the same variability applies for the micro-crack stage it may
account for a substantial part of the scatter. However, this program fur-
nishes no data on the relative portions of the fatigue 1life spent in crack
nucleation (dimensions less than about 1072 inch) and micro-crack propa-
gation.

The fatigue life data, displayed in histograms in Figure 4O, are insuffi-
cient in number to define statistical distributions. However, some of the
characteristic properties of the histograms are seen to be represented
gquite well by the theoretical curves which are based on the Weibull dis-
tribution function, using values of k indicated by Figure 39. For dis-
tributions which are fitted by mathematical curves corresponding to small
values of k , the implication of the Weibull distribution is that flaws
vary in strength above a certain minimum value (Ref. 3, 4). TIn the ori-
ginal sheet material, the fatigue life would in this case vary randomly
from point to point but never be less than a lower limiting value corres-
ponding to z,. This condition appears to apply, approximately, to
Ti-6A1-4V at the 115, 110, and 105 ksi levels, and to 202L4-T3 at L5 ksi.

For those cases which are fitted by large values of k; viz., fatigue tests
of both materials at the highest stress levels, the parameter z, becomes a
negative quantity. The resulting distribution might then be interpreted as
approximating the first asymptotic distribution of smallest values, as shown
in Ref. 10. This distribution would be applicable when material variations
in the original sheet stock followed a normal or an exponential distribution.
Other interpretations, however, may be suggested; for example, the effects
of material wvariation are too small to measure, or are obscured by larger,
unknown factors.

Crack Origin Location

The considerable data on location of the fatigue origin and fatigue crack
size and life displayed in Figures 20 through 28 furnish few indications of
strong interrelationships such as might be expected from Ref. 4 and 9. A
general trend is seen of increasing numbers of failures in the region of
the specimen minimum section, but from Figure 28, this trend does not
correlate with fatigue life. Figure 27 indicates no relationship between
edge distance, size of fatigue~cracked region, and fatigue life.
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The predominance of edge failures for tests of 2024-T3 specimens is apparent
in Figures 24 through 26; it contrasts with the relatively few edge failures
obtained in Ti-6A1-U4V specimens, shown in Figures 20 through 23. As noted
previously, the stresses in the specimen are maximum at the edges, and
edge failures should be expected. However, a marked amount of work-
hardening occurs in Ti-6A1-4V material under the machining process (Ref. 1L).
~ It appears this may have improved the edges of the Ti-6A1-U4V specimens so
that they were no longer critically stressed. The next critical region, as
may be seen from the photoelastic studies of Figure 4, is a broad area
extending far to either side of the minimum section. This type of stress
distribution would not produce well-defined trends in failure location.

Vacuum Effects on Fatigue Properties of Ti-6A1-LV

The effect of vacuum on the S-N properties of Ti-6A1-LV, as seen from
Figure 38, is to reduce the stress level for the occurrence of the ductile
mode of failure under cyclic loading, and at the same time to increase the
fatigue life for failure in "true fatigue'; i.e., by crack formation and
propagation. The considerable increase in fatigue 1life is similar to that
observed for other metals and alloys (see Ref. 15, for example) and in
accordance with limited published data on Ti-6A1-4V material tested under
different loading conditions (Ref. 16).

Marked increase in ductility is also generally found to result under vacuum
of about 10~? torr or less (Ref. 16, 17). While substantial differences in
plastic behavior were noted between tests in vacuum and air in the present
program, there was no marked difference in the overall elongation after
failure for specimens failing in the same mode (from comparison of elonga-
tion data in Tables 9 and 15). Also, the number of cycles which produced
the first measurable plastic deformation in fatigue tests at high stress
levels under vacuum was greater than for comparable tests under air. Figure
19 presents a typical comparison at a stress level of fmax = 130 ksi.

In this case, however, the modes differed, and plastic deformation in the
vacuum test, once started, progressed much more rapidly and soon exceeded
by many times that which occurred in air at the same stress level.

These effects, and the incidence of the ductile mode of failure, are pro-
bably peculiar to the constant load-amplitude test. Under constant strain-
amplitude, which is often used for tests in vacuum, as well as for low-
cycle fatigue tests, initial plastic deformation relieves the peak stress
and subsequent cycling is elastic in nature. Under constant load-amplitude,
however, the reduction in section area which results from plastic deforma-
tion causes an increase in the true stress. Thus the minute amount of slip
occurring under each load application becomes larger with each cycle of
loading until finally plastic instability results.

In the static tensile test, the stress for plastic instability is a direct
function of the slope of the true stress-true strain curve, i.e., of the
strain-hardening rate (Ref. 18). The effect of vacuum, therefore, in
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depressing the stress level at which the ductile mode occurs, may be to reduce
the strain-hardening capability of the material. Such an effect has been
noted in tests of magnesium monocrystals in Ref. 17. Reduction in the plastic
instability stress may also have resulted from a reduction in the proportional
limit, although, from Figure 19, this does not seem to have occurred.

Various mechanisms have been suggested to explain the improved fatigue per-
formance of metallic materials in vacuum, such as cold welding of surfaces
at the tip of a fatigue crack, or a decrease in deleterious interaction
between the material and the environment (e.g., atmospheric corrosion)
(Ref. 15). A mechanism proposed in Ref. 16 and 17 which also appears to
fit the effects observed here, is that in a contaminating environment a
surface film, formed on any new surface created by deformation processes,
acts to pin dislocations and cause dislocation pile-up, thus promoting
work~hardening and providing sources for crack nucleation. In vacuum,

the absence of the surface film is said to facilitate dislocation egress
and provide conditions more conducive to slip than to crack formation; in
crack propagation, it may lead to blunting of the crack tip.

The electron microscope fractographs presented in Figure 18 may be compared
with the results obtained by Pelloux (Ref. 19), who found no striation for-
mation during the process of fatigue crack propagation in vacuum. As can

be seen in the surfaces of Specimen 2D16, striations were formed in Ti-6A1-LV
under fatigue at 107° torr. The growth rate seen here is about 0.3 microns
per cycle. However, the striations are shorter and much less distinct than
those formed under normal atmosphere, Figures 16 and 17, and thus do not con-
tradict Pelloux's contention that striation formation is the result of
environmental action at the crack tip.

Specimen Size for Tests on Orbit

The weight, size, and power requirements of fatigue test equipment to be
used on orbit 1n Skylab experiments will vary in direct relation to the size
of the test specimen. On this basis the smallest size specimen compatible
with the problems of handling, fabrication tolerances, and precision of
measurement would be the most advantageous.

However, the increase in test scatter which is found to occur in smaller
slze specimens makes necessary a corresponding increase in the number of
tests which must be conducted (in proportion to the square of the standard
deviation) in order to obtain the same precision and confidence level in
determination of S-N data, as is obtained with full-size specimens. For
example, in the case of a reduction in the size of Ti-6A1-4V specimens
from 0.750-inch to 0.L438-inch width, the increase in estimated standard
deviation at intermediate stress levels noted in Table 25 would impose
either a ten times increase in number of tests required, or a degradation
in precision of the data. The trade-off factors in utilization of Skylab
are not studied here; however, the penalties associated with reduction in
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specimen size to less than 0.572-inch width appear to be severe even for
ordinary laboratory practice.

In addltlon, the poss1b111ty that the mean of the log of test life may change
when specimen size is changed introduces questions of 1nterpretatlon and
validity of test data. While the results of this program provide a measure

of the effects occurring in the materials tested, there is the possibility
that material variability, surface effects, and other size effects may be
different for tests conducted in vacuum. To evaluate the effect of space
environment, it therefore appears necessary that comparisons be based on
tests utilizing specimens of identical size and shape in the ground-based
laboratory and in orbit.

CONCLUSIONS

Size Effects

A substantial size effect occurs in unnotched 0.016-inch thick Ti-6A1-4V
and 0.032-inch thick 202L4-T3 sheet specimens tested under constant ampli-
tude fatigue. The effect involves both an increase in the mean value of
the logarithm -of cycles to failure, and an increase in the amount of test
-scatter, for smaller size specimens, when tested at stresses which do not
exceed the proportionsl limit of the material.

Specimen Size for Orbital Tests

Chiefly because of the increased scatter which occurs in test results

obtained with smaller size specimens, and which either increases the number
of tests required or reduces the precision of the results, use of specimens
smaller than 0.572-inch in width appears inadvisable. Even with this reduc~-
tion to 3/L4 of the "full-size" specimen, some size effects are evident, and
under vacuum others may be introduced which were not evaluated here. Compari-
sons between orbital test data and ground test data should, therefore, be
based on identically sized specimens.

Theoretical Explanation for Size Effects

The size effects observed at fatigue stress levels below the material pro-
portional limit fit the predictions of a statistical theory of strength,
which assumes material variability resulting in a probability of failure

vs. log of test life according to an asymptotic extreme value (Weibull)
distribution. The actual test data distribute in histograms which also

agree in their general features with the mathematical distribution functions.
The magnitude of the size effects, and the shape of the distributions, change
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with fatigue stress level. At stress levels exceeding the proportional
limit, size effects due to material variability were either small and
irregular, or other sources were equally large and compensating.

Effects of Variations in Relative Humidity

No major change in either the test scatter or the mean of the test life
could be attributed to variation in the relative humidity of the test
environment, as obtained by using dry argon gas, factory air humidified to
65-70 percent relative humidity, or factory air saturated (95-100 percent
relative humidity). These tests were limited in number, however, and
differences below a certalin magnitude could go undetected.

Effects of Vacuum on the S-N Properties of Ti-6A1-LV Material

The observed effects of vacuum of*lo"6 torr on the fatigue performance of
Ti-6A1-L4V specimens in the constant amplitude-load fatigue tests conducted
here included an increase in fatigue life as well as a reduction in the
stress level at which a plastic instability type of failure occurred. Two
distinctly different modes of cyclic load failure, "true fatigue" and "ductile"
both of which occurred in air, occurred also in vacuum but were displaced in
S-N coordinates. The true fatigue mode (i.e., crack formation and propa-
gation), which established the entire S-N curve above about th cycles in
air, was displaced out to beyond 10° cycles in vacuum tests. The ductile
mode (shear fracture with large elongation and no crack propagation) was
_found only in the very high stress-low cycles range in air, but in vacuum
it occurred at Etresses of between 125 and 130 ksi and provided S-N data
ranging from 10™ to 106 cycles.

Comparison of S-N Data With That Produced at NASA Langley Research Center

Appreciable differences were found, both in the amount of test scatter and
in the mean of the test life, between S-N tests conducted at NASA Langley
Research Center and those conducted at Lockheed-California Company. The
differences are not surprising in view of the fact that the sheet materials
being tested came. from two different wmill heats. Some indications were
found that unidentified differences in test procedure may also have contri-
buted to the differences in results.,
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APPENDIX

HANDLING, CLEANING AND MACHINING OF TITANTUM ALIOY
SHEET MATERTAL FOR FATIGUE TEST COUPONS

Handling

Special care is to be taken at all times in handling of coupon materials to
prevent scratches, abrasion, marring of the specimen surfacesg, or exposure
to possgible contaminants such as halogens, acids, and normal secretions of
the human skin. Sheet materials are to be geparated by clean dry paper, not
adhesive backed, during all handling operations and during storage. Sub-
sequent to initial cleaning, clean white cotton gloves are to be used when
handling specimen materials. Specimens or materials which by any chance
have become marred or scratched in the test section, or are suspect of con-
tamination, are to be discarded.

Cleaning

Titanium sheet material shall be cleaned only with solvents and an alkaline
cleaner specified herein. In no cage shall chlorinated or chloride- containing
solvent or cleaner be used under any condition. Abragive cleaning methods

shall not be used at any time. Acid pickling is not to be employed at any
time.*

Solvent cleaning shall be used to remove contaminants such as oil, grease,
ink, dust, and fingerprints from sheet surfaces if necessary Jjust prior to
alkaline cleaning. Hand solvent wiping shall be accomplished with clean
cloths or soft paper.

After shearing of blanks and after machining of specimens, hot alkaline
cleaning shall be employed. The cleaning agent shall be a water-soluble,
non-electrolytic type such as Wyandotte ALTREX 1077 silicated cleaner.

Following initial cleaning, special handling provisions as previously described
are to be usgsed to protect the material from damage and contamination and to
maintain it in a clean condition.

¥ Tt is recognized that a controlled acid pickling treatment is customarily

uged in the manufacture of titanium sheet material, prior to receipt at the
laboratory.
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Machining

Normal shop practices for the machining of titanium alloys shall be employed,
with the following specific notes: '

1. Cleaning and "white-glove" handling procedures noted above are to be
followed.

2. No inks, cutting fluids, or other materials which are either chlo-
rinated or acidic in nature are to be used at any time.

3. Cutting fluids are to be clean and fresh, and are to consist of a
diluted sulfonated petroleum oil made water miscible with an emulsifying
agent.

. Scratches and scribe marks in the central region of reduced width
identified as "ecritical" are not permitted.

5. All longitudinal sheared edges are to be machined off a minimum of
0.060 inch.

6. Machined surfaces in the critical test section are to have a surface
finish of RHR32 or better.

T. Shop will not deburr reduced sections or holeg. Specimens are to
be deburred in these areas by Iaboratory personnel using 400 grit or finer
silicon carbide paper.

8. Specimens are to be machined (milled) in one inch maximum stack-up
using 0.25-inch thick 160-180 ksi heat treated back-up plates which have been
ground flat to a maximum surface roughness of RHR 32.

9. Specimens are to be milled in a vertical milling machine, Gorton
230 Automatic Tracemaster, with specimen shape established by master template.

10. End mill used is to be BRUBAKER-GEMINTI A6 series end cutter of 3/h
inch diameter.

11. Work to be machined must be held rigidly. Setup must be sufficiently
rigid so that there 1s no measurable deflection of end cutter during the
machining operation.

12. Cutter must be kept éharp and smooth.
13. Climb cut, not conventional, is to be used.

14. Tooth load (initial bite) is to be a minimum of 0.005-inch per tooth
per revolution.
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15. Surface speed is to be approximately 4O feet per minute.

16. Depth of last cut is to be 0.005 - 0.008-inch to produce a surface
finish of RHR 32 or better.

17. Absolutely no dwell is allowed when making cuts in critical
reduced section.

18. No touch-up or smooth-up of machined surface is permitted. No
grinding is allowed anywhere on fatigue specimen. '
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TABLE 1. CERTIFICATED PROPERTIES OF TEST MATERTIALS

Ti-6A1-4V Titanium Alloy

Description
.016 x 36 x 128 sheet annealed to MIL-T-9O46F Type 3 Comp C
Heat No. K-2263, Titanium Metals Corp of America

Chemical Analysis

.022 C 6.0 Al
.12 Fe hov

.010 N .006-.007 H

Mechanical Properties

Yield Str Tens Str Elong Bend Test

Typical 136,800 148,000 10.0 L.,0
Low 134,700 14k ,200 9.0 h,0
High 145,000 154,500 11.0 k0

2024-T3 Aluminum Alloy

Description
.032 x 48 x 14l bare aluminum alloy sheet, QQ-A-250/k

manufactured by Aluminum Company of America,

Chemical Composition

1.20 - 1.80 Mg 3.80 - 4,90 Cu
0.50 Max 8i 0.30 - 0.90 Mn
0.10 Max Cr 0.25 Max Zn
0.50 Max Pe 0.15 Max Others

Mechanical Properties
64000 min. tensile strength
42000 min. tensile yield

15 percent min. elongation
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TABLE 2. STATIC TENSILE PROPERTIES OF Ti-6A1-4V SHEET MATERIAL
(A1l Coupons parallel to 128 inch sheet dimension)
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Specimen Tensile Tensile
Identification Yield Stress Ultimate Stress o
(ksi) (ksi) (% in 2 in)

1AT3 - 136.7 143.3 10
1ATY 134.0 1h1.7 10
1073 131.3 136.3 11
10Tk 133.3 141.3 11
1DT2e 134k 139.4 11
1DT3 134.0 138.9 11
1ETL 138.1 145.0 12
1ET3 135.0 i41.9 11
1FT1 136.3 141.9 12
1FTh 136.3 k2.5 11
1FT5 134 .4 140.0 10
1671 1540.7 146.4 11
1gTe 131.3 138.3 9.
1171 136.7 wmo.7 13
11T 136.0 143.3 12
20T3 131.3 138.1 13
2CTh 136.7 ho,.7 11
2DT2 133.1 138.1 11
2DTh 138.1 143.8 10
2FT1 140.0 145.0 13
2ET3 138.8 14k 12
2FTL - 136.0 12
2R 132.3 138.8 12
2FT5 131.2 136.5 10
20T 134.0 139.3 10
2612 136.0 42,0 11
2ITL 138.0 145.3 12
2IT2 137.3 14k4.0 9
Mean 135.38 141.32

Std dev'n 2.64 2.95




TABLE 3,

FATIGUR SPRCIMEN FABRICATION
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given in Figure 1.

Dimengions of Minimum Section¥
Stack Veek Nominal Actual Actual

Material No Machined Width Width Range Thickness Range

Ti-6AL-4V 1 7/24/70 .750 JTHS - 751 .0140 - ,0160
2 7/24/70 .750 JTH5 - ,753 .0150 - ,0165
3 7/24/70 «250 2hs5 - 2Lt L0148 - ,0163
L 7/31/70 .750 736 - LTk LOLLl - L0165
5 10/30/70 438 402 - Lot .01h0o - 0164
6 11/6/70 438 L3k - 438 .0LlLk5 - ,0166
7 11/20/70 .572 570 - 575 L0148 - 0167
8 2/5/71 572 .562 -.567 L0146 - L0165

202L-T3 1 1/22/71 .750 .753 = 756 .0329 - ,0336
2 1/27/71 .750 750 - .753 | .0327 - .0335
3 1/27/71 .750 .750 - .753 | .0330 - ,0336
L 2/5/T1 1438 A2 - his .0333 - .0336
5 2/5/71 38 A3k - 436 | ,0330 - L0337
6 1/27/7L .250 240 - L2kl .0331 - .0337
7 1/27/71 .250 .255 - .258 .0328 - ,0334
8 2/5/71 .38 436 - 437 | L0330 - ,033kL
9 2/5/71 438 438 - b | ,0333 - .0336
*




TABLE L.

TESTING SPEEDS

Specimen Size Test Testing Speed
Material (Min Width-in) Conditions (Cycles/min)
0.016 Ti-6A1-LvV 0.750 Std 10-kip S-N machine 1570 - 1730%*
New TLow cap.fat.machine 1T710%
0.572 New low cap.fat.machine,
Normal atmosphere 1690%
Vacuum 1690 - 1703%*
0.438 New low cap.fat.machine,
Normal atmosphere 167T7*
0.250 " " 16L5%
0.032 2024-T3 0.750 " n 1735%
0.438 " " 1711%
0.250 " " 1677*
¥ Speed constant for any one test to within 0.2%
*¥%¥ Speed constant for any one test to within l.O%
Differences in vacuum tests ascribed to variation in
beam temperature.
TABLE 5. ESTIMATED PROBABLE (0.67 0 ) ERRORS IN SPECIMEN IOAD
Standard
Machine | New ILow Capacity Fatigue Machine
Specimen Width (in.) 0.750 0.750 0.572 0.438 0.250
Load Cell Identification oTh 201 201 201 Lol
Specimen Ares
Width 0.10% 0.10%  0.13% 0.17% 0.30%
Thickness 0.5 0.5 0.5 0.5 0.5
Measurement of ILoad ‘
Ioad cell precision 0.3 10 e13 17 el3
Drift of zero reference 0.9 .30 10 .51 45
Control of Ioad
Mean load OuT 3 3 «3 3
Varying load 0.7 .03 .03 .03 .03
Uniformity of Stress
Installation Stress 0.20Q .20 .26 .35 .60
Non-axiality of loading 0.2k 2k .20 L1k 207
RMS Sum, % of peak stress 1.5% 0.7% 0.8% 0.9% 1.0%
3k
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TABLE 16.

ON 0.750-IN WIDE Ti-6A1-4V SPECIMENS

FATIGUE TEST DATA FURNISHED BY NASA ILANGLEY RESFARCH CENTER

(Tests conducted at NASA Iangley Research Center on specimens,
test machine, and test conditions similar to those for Table 6.
Material from Titanium Metals Corp. of America Heat No. K-4590)

Tegt Stress Test Test Stress Test Test Stress Test
Life iy Life TLife
max 3 \ max 3 max 3
(ksi) (10”cycles) (ksi) (10°cycles) (ksi) (10”cycles)
130 28 115 4o 105 820
3L 51 1604
35 225 2397
37 290 3739
39 450 272%
559 3
120 L 611 ﬂ
50 100 1594
57 110 139 1943
70 191 2897
123 1003 7522
1397 500¢ NF
1400 5000 NF
1L27 6000 NF
1600
90 6000 NF
2626 12000 NF

NF = Did not fail
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TABLE 17.

FATIGUE TEST DATA ON 0.750-IN WIDE Ti-6A1-4V

SPECIMENS EXCHANGED BEIWEEN LABORATORTIES

A. Prepared by NASA Tangley Research Center and
tested by Lockheed-California Company

(A1l tests conducted at 65-70% RH TO-8OOF and stress range ratio
2 2

R = 0.02, at stress level f = 110 ksi)
max

Specimen Test Test Tegt Life
Tdent. Machine Date 10~ Cycles
W35-B-19 | Std 10 kip S-N Machine 9/8 155k
-22 " 9/8 1870
-23 | New Low Cap. Machine 9/21 1397
-2k " 9/22 Iost Ioad
Control
-26 " 9/22 Iost Load
i Control

B. Prepared by Lockheed-California
tested by NASA Tangley

(A1l tests conducted at 60-T75%
R. = 0.00, at stress

Company and
Regearch Center

RH, T0-80°F, and stress range ratio

level f = 110 ksi)
max -

Specimen Test Life
Ident. 103 Cycles
1G7 56
21h 83
1D10 120
2H8 433
1111 Ti2
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TABLE 19.

OBSERVATIONS ON CRACK PROPAGATION TIME IN TESTS OF
0.750-IN WIDE 202L4-T3 SPECIMENS

LOCKHEED

CALIFORNIA COMBANY

Notation Made
Stress Test No. of Cycles
Level Specimen Life Prior to
fmax(kSi) Tdent. (+100 Cycles)| Failure Observation
55 B39 22400 700 No cracks visible at 4 x mag.
A9 31100 lOOO 11 1 11 114 11
HlT 31100 TOO Hi 11 1 11 17
50 F3k 48600 1700 No cracks visible at 4 x mag.
C37 56600 500 Crack 0.05 long at edge.
23 73800 900 Crack 0.06 long in center.
D13 88200 230 Crack 0.0l long at edge.
45 DT 85600 900 No cracks visible at 4 x mag.
B25 93500 700 n n I n 1"
B32 169LI-OO 500 1 1" 1 1 n
48
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TABLE 21.  STATISTICAL TESTS FOR SIGNIFICANCE OF INCIDENTAL
' VARTIATIONS IN TEST CONDITIONS

A. F-test for Equality of Standard Deviations (Ref. 2, p 107)

2,2 ’

Comparison 1| | F %=.025 SL/S2 Flf“g -.975 Result
Method of Machining

115 ksi 11 0.069 0.327 4.63 Not significant

110 ksi 5 0.107 3.06 7.39 Not significant
Fatigue Test Machine

115 ksi 15 0.156 1.71 3.58 Not significant

105 ksi 7 0.221 .753 k.90 Not significant
Long Period Variation

0.750 at 115 ksi Y 0.224 1.69 8.8L Not significant

0.572 at 100 ksi 3 0.065 12.2 15.4 Not significant

Unknown (Ref. 2, p 121)

B. t-test for Equality of Means, ai = 0
Xl - X2 « - o5
= =. 1l¢
(nl+n2 FTRTT 1/2 5 Resule
i _2(r,1
nl+n2—2 n n2
Method of Machining
115 ksi 1h 0.050 2.1k Not significant
110 ksi 9 ~1.95 2.29 Not significant
Fatigue Test Machine
115 ksi | 20 -1.,08 2.09 Not significant
105 ksi 15 1.52 2.13 Not significant
Long Period Variation
0.750 at
115 ksi 14 -1.56 2.1k Not significant
0.572 at
100 ksi 6 0.66 2.45 Not significant

(Data from Table £0)
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TABLE 22, STATISTICAL TESTS FOR EFFECTS OF HUMIDITY

A. Properties ot Replicate Tests Normalized wrt Values at 65-70% RH
Condition Stress n Mean SS af SeLSS/(qg)
05-100% RH 130 3 0.979 2.74 2 1.100

110 6 1.101 17.94 5 3.85
LO5 3 0.921 0.776 2 - 0,388
Pooled 12 1.000 20.972 9 2.330
65-70% RH 130 6 1.000 5.000 5 1.000
110 1h 1.000 13.000 13 1.000
105 17 1.000 16.000 16 1.000
Pooled 37 1.000 34,051 34 1.002
Dry Argon 130 3 0.995 0.885 2 0.428
110 3 1,019 0.882 2 0.4h2
105 3 1,020 2.690 2 1.340
Pooled 9 1.011 L4775 6 0.746

B. F-test for Equality of Staondard Dev'ns, Pooled (Ref. 2, p 107)

>
95%-100% RH versus 65-70% RH: s Iﬁ;g = 2,33
F = 2,52
FL.& 2975, 9, 36 7 27
F%‘.:.ozy 9, 34 = 0.28
H: o, = o, accepted (no effect on scatter)
O o~
Dry Argon versus 65-70% RH: sT/sz = 0.746
F a = 2,90
1- 2 =975, 6, 3 = =7
F a = 0.20
5 =-025, 6, 3k
H: o, = 02 accepted at high confidence level (no effect on scatter)

C. Analysis of Variance for BEouality of Means, Pooled (Re

¥ 95, 2,55 7 317

1

T — — ———
ar | ss MS
Between treatments 2 0.115 058
Within treatments 55 59.383 1.079
Total st L 59,498
2, 2 -
si/s, = 0.058/1.079 = 0.053

H: ¢ = My :,u3 accepted at very high confidence level

(Change in humidity caused no change in mean)

(Data from Table 20)
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TABLE 23.

SUMMARY OF STATTSTICAL PROPERTIES OF REPLICATE TESTS BFARING

ON DIFFERENCES BETWEEN NASA AND LOCKHEED S-N DETERMINATTONS

(A1l tests on 0.750-in wide Ti-6A1-4V specimens. Data from
Tables 15 and 16.)

No. of

Estimated

Tested by NASA

Stress Mean of sum of Sgs
Treatment Level Tests Iog Cycles| of Dev'ns_ > Std.Dev'n
fmax(k31) n b'q =2Xi/n 58 = Z(X,-X)"| s = vss/(n-1)

Specimens pre- 130 5 4,536 0,0125 0.056
pared and tested 120 5 4 ,8067 0.1221 0.175
by NASA Tangley 115 T 543359 0.1460 0.493
Research Center 110 8 5.9368 1.5031 0.463

105 6 6.4081 0.4974 0.315

100 7 (6.669)% (0.35)
Specimens pre-
pared by NASA ‘
and tested by 110 3 6.2028 0.0088 0.066
Lockheed
Specimens pre-
pared by )
ILockheed and 110 5 5.2471 0.9028 0..75

¥ Includes run-out points treated by method of maximum likelihood.

LOCKHEED
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TABLE 2L,

STATISTICAL TESTS FOR DIFFERENCES IN TEST RESULTS
AS OBTAINED AT NASA LANGLEY RESEARCH CENTER AND AT
LOCKHEED~CALIFORNIA COMPANY

A. F - test for Equality of 8td Dev'ns (Ref. 2, p 107)
— 2,2 |
af) 1 9 Fg =.025 | 87/8; |Fp_ %=-975 Result
NASA S-N Data versus Lockheed S-N|Data

130 ksi L 5 L1 67 739 No significant diff.

115 6 21 .19 12.38 3.10 Highly significant
increase (at ¢<.0C1l)

110 7 13 .22 5.46 3.72 Very significant
increase (at e<.0l)

105 5 16 .16 .37 3.52 No significant diff.

110

110

2

L

NASA Bpecimens Tested at Lockheed

7

Lockheed Specimens Tested at NASA

13

.03 0.020
versus Te
<11 5,87

6.54

Pl

ats

ts
4,02

versus Tests at NASA

Significant decrease

at Lockheed

Significant increase

B. t-test for Equality of Means (Ref. 2, p 121) _
Y- X, l Result
2 3 t o 025
£ o (n rn,-2)[[ss 1 85, _f ‘ 3;_ 5"
+n -2 '
SRR "

NASA S-N versus Lockheed S-N Data

130 9 2.76 2,262 | significant increase

Li5 27 10.8 2.052 | Highly significant
increase (at e¢<.00L1)

110 20 13.3 2.086 | Highly significant
increase (at et<.001)

105 2L 3.67 2.080 | Significant Increase

NASA Specimens Tested at Lockheed versus Tests at NASA

110 9 0.96 2,262 | No significant diff

Lockheed Specimens Tested at NASA versus Tests at Lockheed

110 17 2.47 2.110 | Significant increase

(Data from Table 23 )
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FIGURE 1. Fatigue Test Specimen Details.
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Iongitudinal Section of 2IM, 200X Transverse Section of 1GM, 200X

METALLURG I CAL RESEARCH.

Transverse Section of 1GM at 450X

FIGURE 3. Typical Sectional Micrographs of Ti-6A1-4LV Sheet Material.
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116 012R

f {16 OLIR

FIGURE L. Photoelastic Models of 0.750-in and 0.250-in Wide Specimen
Geometries Under Static Load in New low Cap Fatigue Machine.
Models were fabricated full-size, of 0.130-in thick plastic,
and are shown under 67.C and 22,3 1b load, respectively.
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FIGURE 5. Standard 10,000-1b S-N Machine.
Humidity control system shown below.
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Figure 6. Fatigue Test Machines,
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FIGURE T.

115 012R

New ILockheed Iow Capacity Fatigue Machine.
Console in upper view houses electronic servo
controls. Iower view shows a 0.250-in. wide

Ti-6A1-4V specimen installed without humidity
control enclosure.
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FIGURE 8. Installation of Low Capacity Fatigue Machine in Vacuum Chamber,
Upper photograph shows arrangement of machine components, power
and control leads, and three of the five heater elements, before
mounting the warm wall and the radiation shield. The entire
agsembly prior to cloging the chamber is schown below.
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114 T65R

115 009R.

FIGURE 9. Specimen Humidity Control Enclosure.
Tnstallation on a 0.750-in. specimen shown above.
Details of teflon sheet and foam pressure pads shown below.
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1Cc15
0.750-1inch
130 ksi
24,900 Cycles

2HT

0.750-inch

100 ksi
5,290,000 Cycles

D11
0.572-inch
115 kedi
70,100 Cycles

1H3
0.483-inch

110 kei
282,700 Cycles

1G9

0.250~inch

105 kei
2,920,000 Cycles

FIGURE 10. Typical Ti-6A1-4V Specimens After Fatigue Test.
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FIGURE 11.

LOCKHEED

CALIFORNIA COMPANY

—

2018

Norm. Atm. Press.
65-70% RH

137.5 ksi

3500 Cycles

2017 _¢
<10 +torr
127.5 ksi

49,600 Cycles

2Dl6_
< 10 “torr
125 kei

2,021,600 Cycles

1F5

Norm. Atm. Press.
65-70% RH

130 ksi

18,900 Cycles

2GT2

Room Conditions
Static Tension

142,0 ksi ult.

Typical 0.572-in. Ti-6A1-4V Specimens After Test.
Failure modes under fatigue at high vacuum compared
with those under fatigue and under static load at
normal atmospheric conditions.
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B6

0.750-inch

55 kgi
29,350 Cycles

23
0.750-1inch

50 ksi

73,800 Cycles

F35

0.750-inch

LO kei

709,900 Cycles

27
0.438-inch

45 kei
419,800 Cycles

B1T

0.250-inch

45 ksi

1,059,700 Cycles

FIGURE 12. Typical 202k-T3 Specimens after Fatigue Test.
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Cycles
Before
Failure

* 16

kol

1264

1Lk

1104

48

8Ll

16

784

6L

FIGURE 13. Crack Propagation in Ti-6A1-4V Specimen 2BS.

fmax = 110 kei, total cycles 132,000. 5x size.,

LOCKHEED 67

CALIFORNIA COMBANY



100X

S

238
e o
fﬁwW

.wW R
e

2

-
S

=i
A w
—~ O
FE)
o
i3
.la
3]
53
a8
> g
~
iy
37
-
=g
o

[ B
=]
A e
O 1
ELTAY
M~
OO
L]
nm_O
i
®
gk
l
—
w o
o
£ o
0O
o O\
LEEEES
=
& 5
D6
o]
i S|
Ay <g

FIGURE 1k

Lower view shows same area after removal

upper view.

2

stopped

of surface material by light polishing. No in-

-in.

0002
clusions or irregularities were apparent at crack origin.
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500X

FIGURE 15. Photomicrographs at 500x of Crack in Ti-6A1-4V Specimen 1D2k.
Upper view same ag Figure 1k, enlarged. ILower view shows the
fracture face, the upper boundary being the sheet surface.
Straight section indicated by the arrow is the failure origin.
No inclusions are vigible.
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N63k2 6500%X N63L1 6500X

FIGURE 16. Electron Microfractographs of Short-Lived Ti-6A1-4V Specimen.
Specimen 1H12, 0.750-inch width, fpg,= 115 ksi, 27,000 cycles.
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N6381 6500X N6383 6500%X

e

N6L40O0 6500%X N6LO3 6500%

FIGURE 17. Electron Microfractographs of Iong-Lived Ti-6A1-4V Specimen.

Specimen 2H6, 0.250-inch width, Tmax= 115 ksi, 2,920,000 cycles.
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N6L482 6500% N6L63 6500X

At edge of specimen Near center of gpecimen

N6L8L 6500X N6LE9 6500X

In region of fracture origin In region of fracture origin

FIGURE 18. Electron Microfractographs of Ti-6A1-L4V Tested in Fatigue Under Vacuum.
Above, left and right, Specimen 2G1lh4; f 130 ksi; 19,800 cycles.

max
Below, left and right, Specimen 2D16; f, 125 ksi; 2,022,000 cycles.

max
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]
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fqu = 130 ksi
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2E4 _
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FIGURE 19. Inelastic Deformations in Ti-6A1l-LV Fatigue Tests.
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Figure 40. Distributions of Fatigue Life Data
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