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SUMMARY

Measurements of the fatigue behavior of 1100 aluminum in
vacuum environments have shown that a substantial increase in
fatigue resistance occurred at all stress levels. The increase
in fracture life, compared to similar tests in air, was attri-
buted to a decrease in the crack pfopagation rate in the absence
of oxygen or water vapor gas. A transition pressure of 10_2 -
10-3 torr was observed below which crack retardation was marked.
The critical pressure was attributed to the effect of molecular
adsorption rates on crack growth. The crack growth rate was
found to be dependent on the cyclic stress frequency as well as
pressure level in accordance with the adsorption mechanism.

In Phase II of the program, design and construction of a uni-
que fatigue apparatus for extremely high vacuum conditions was
initiated. The apparatus will test up to eight specimens simul-
taneously at fixed strain amplitudes in vacuums below 10—12 torr
utilizing the XHV (Extreme High Vacuum) system developed at
National Research Corporation. Preliminary tests in air have
shown that cyclic rates up to 200 cps will be feasible in the

vacuum unit.
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1.0 FOREWCRD

This is the Summary Report covering work performed in the
Research Division of National Research Corporation under
Contract No. NASw-962 for the Office of Advanced Research and
Technology, National Aeronautics and Space Administration dur-
ing the period July 1, 1964, to August 3, 1965,

The object of this investigation was to examine the fatigue
behavior of a representative structural material as a function
of applied stress, cyclic frequency and vacuum level, The com-
parison of fatigue properties at reduced pressures down to
10~ torr and at atmosphere would be expected to provide an
insight to the mechanisms of surface atmospheric interaction with
fatigue crack nucleation and growth process,

The program was divided into two major phases: Phase I, in-

vestigation of fatigue properties in pressure range 7.6 x 102

(unit atmosphere) to 10-7 torr; and Phase 11, supplementary

investigations at vacuum levels up to 10—12ytorr using the
Extreme High Vacuum (XHV) facilities developed at National
Research Corporation.

Major contributors to this program were Dr. M, J. Hordon, Dr.
J. L. Ham and M. E. Reced of the rcsearch staff of NRC and Professor
G. S. Reichenbach of Massachusctts Institute of Technology,

Some of the results of this work were presented at the Sixth

- H 3 o . (1)
Annual Symposium on Space Envivoomental Simulation, May, 1964.




2.0 INTRODUCTION

Interest in the effect of outer space environments on the
physical and mechanical properties of engineering materials
has substantially increased in recent years with the growing
pace of our satellite and lunar research effort. The need for
more precise and extensive information on the extra terrestrial
behavior of materials has developed in proportion to the
expanding reliability requirements as more complex vehicles
probe deeper into space for longer periods of time.

With respect to materials properties in space, the high
vacuum level, estimated at 10_12 torr above 2000 km height(z)'
is of major interest. The relative absence of oxygen or water
vapor molecules to react with metal surfaces as well as the
likely degredation of existing adsorbed films by mechanical
abrasion or cosmic erosion will strongly influence surface-
sensitive properties such as fatigue.

The influence of low pressure environment on the fatigue pro-
perties of metals and alloys has been well established since
the initial work of Gough and Sopwith in 1932.(3) Several in-
vestigations (4-7) have shown that the fatigue resistance of a
variety of materials including copper, aluminum, carbon steel,
and stainless steel improved substantially with pressures below

-3

10 torr. The increase in fatigue life ranged from 2 to 60 fold

depending on the applied stress, type of material, vacuum level




and the residual gas content. Generally, a much greater degree
of surface roughening or slip extrusion-intrusion steps were ob-
served in vacuum tested specimens which could be attributed to
an increase in planar slip in the absence of barrier oxide
films.

Prior investigations by Ham and Reichenbach(s) have
shown the presence of a critical pressure range affecting fatigue
behavior in aluminum. A substantial increase in fatigue 1life

compared to atmosphere was observed in the vacuum range 10—2 to

10"4 torr. Further increase in vacuum level produced relatively
little enhancement of the fracture life. It has been suggested
that these results reflect a critical pressure dependence of

mono-layer oxygen or hydrogen ion adsorption at the fatigue crack

surfaces.



3.0 PHASE 1

3.1 Introduction

In order to examine in greater detail the important effects
on fatigue properties at moderate vacuum levels, the initial phase
of the program was designed to investigate in the vacuum range
extending from unit atmosphere to 10_7 terr., A multi-station
fatigue testing unit was deSigned and constructed to test up to
eight samples simultaneously at the same vacuum level.

The fatigue properties of 1100 aluminum in reverse bending were
determined at four coastant strain amplitude levels and two cyclic
frequencies., During the tests, measurements were taken of the
number of cycles to initiate the fracture crack and the rate of
crack growth, For selected samples, measurements were also taken
of the moment force, corresponding to the change in fatigue stress

with cyclic life,



3.2 Apparatus

The apparatus used in the Phase I studies and hereafter denoted
as Unit I consists of a massive circular flange plate 27.5 in. in
diameter. Mounted under the flange plate, as shown in Fig. 1, is
an octogonal base plate which acts as a fixed central base for the
eight radially positioned samples. Four of the base plate pro-
jections, Stations 1, 2, 5 and 6 are furnished with electrical re-
sistance strain gage assemblies to determine the flexure of the
specimens through the related motion of the base plate projections.

The outer ends of the specimens are fastened to crank rods
through flexible spring steel cornectors which absorb the eccen-
tricity of the rod motion. The rcds are carried through the flange
plate by means of bellcws seals capable of + 0.10 in. motion with
design cyclic lifetime above 108 oscillations.

As shown in Fig. 2, the crank rods are bolted to eccentric
bearing assemblies in turn connected to 1/15 H.P. motors concen-
trically positioned on the flange plate. To vary the vertical
thrust of the rod and, hence, the bending moment of the sample,
complete eccentric units varying from 0.025 to 0.040 in., can be
installed in the bhearing housing. The motor drives for each
station are individually controlled allowing a range of bending
frequencies varying froem 2 to 33 ¢ps. Each station is provided with
A glass viewing port, a control relay stop switch and a cycle

counter connected to the motor drive.
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The flange and base plate assembly and a cylindrical component
which forms the body of the vacuum chamber are coupled to a
standard Varian Vac Ion unit. The entire assembly is shown in
Fig. 3. The unit can provide a vacuum of 2 x 10'-7 torr with all
eight specimens without thermal outgassing. The Vac Ion pump has
the great advantage of avoiding the use of diffusion pump oil,
thus eliminating the possibility of hydrocarbon contamination
during long fatigue tests,

For use in the fatigue testing unit, a fixed end cantilever -
type specimen was selected with the dimensions shown in Fig. 4.
The specimen geometry was closely similar to the s&#andard ASTM
design for constant stress along the gage length. With the
aluminum samples used in the present investigation (1100-H14 Al,
BHN = 32), a design thickness of 0.185 in. required a force of
about 20 1lbs. to achieve the maximum bending amplitude of 0.040 in.
The strain amplitudes in reversed bending were chosen to produce

fatigue fractures in the range 5 x 104 to 107 cycles.




any e bt s b s .

47Uf BuTisa] oNFIYed WINOBA ¢ MINOTA

Temeg ToX3u0D URTA

i i e B s




OUTLINE

SPECIMEN

Ve

2.0

FIGURE 4



3.3 Test Procedure

Fatigue test specimens were carefully machined from 1100 - H14
aluminum sheet stock. After final grinding, the gage section sur-
faces were polished on successively finer lapping paper until a
smooth, nick-free contour was obtained. Dimensional tolerances
for all specimens were held to + 0.002 in. in width and + 0.001 in.
in thickness.

Fatigue tests were run at selected vacuum levels according to
the following procedures:

1. Specimens were selected at random and checked for dimen-
sions.

2. After pumpdoWn to a stable vacuum, simultaneous fatigue
tests were run at cyclic frequencies of 25 and 50 cps.

3. For each constant strain amplitude and vacuum level, four
stations each were operated at the two frequencies. The stations
were alternated in successive pumpdowns to average the results
of individual amplitudes.

4., Eight individual tests were run for each strain amplitude
and frequency to obtain a high degree of confidence in the fatigue
life data.

5. Additional tests were performed if excessive deviations were
observed in the data.

6. During the fatigue tests, visual observations of crack forma-

tron and growth were recorded as a function of the cyclic life.



Selected samples were monitored for moment force measurements
using a recorder to indicate changes in specimen stress level.
7. The total fatigue life was taken as 100 pct crack

extension across the sample gage section.



3.4 RESULTS

Pressure Dependence of the Fatigue S-N Curve

Measurements of the fracture life in reverse bending
fatigue for 1100-H14 aluminum were conducted at constant strain
amplitudes in the range 0.001 to 0.002 corresponding to maxi-
mum tensile and bend stresses in the range 8,000 to 14,000 psi.
The tests were made at pressure levels varying from 1 x 10"7
to 1 x 10—3 torr and were compared with equivalent atmospheric
data. The fatigue tests were run at two constant bending rates
of 25 and 50 cps.

Comparative fatigue data in the form of fatigue stress
vs. cyclic life plots (S-N curves) are shown in Fig. 5 for
2 X 10-7 torr and unit atmosphere ( 7.6 x 102 torr). The
experimental points comprise the mean value for a minimum of
five experimental tests, in most cases, eight tests were made
for each pressure, frequency and stress condition.

It is evident that the evacuation of air resulted in a
substantial increase in total fatigue life. Particularly for
the lower stress levels, the fatigue improvement factor was as
high as ten-fold. Doubling the cyclic frequency, however,
resulted in only a 75 pct enhancement of the fracture 1life,

The S-N curve comparative data for pressure levels of
1 x 10°° and 1 x 10_3 torr are shown in Figs. 6 and 7. Sub-
stantial increases in fatigue resistance were noted similar

to the results obtained at lower pressure.

- 10 -
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The composite pressure dependence of the fatigue behavior
of 1100 aluminum can be represented by a P-N curve similar to
the standard S-N plots. Fig. 8 shows the variation of fracture
life with pressure at four constant strain amplitudes as a
function of cyclic rate. Additional fatigue data for the lowest

strain value, & = 0.,0012 (ov;na = 8,300 psi), were taken at the

intermediate pressure levels of 0.1 and 0.01 torr in order to
complete the P-N curve.

The P-N plots show that there is a major step in fatigue re-
sistance at approximately 10_2 torr. The discontinuity is found
at all strain levels and frequencies examined. At pressures
above 0.01 torr, the fracture life was only slightly increased
above the standard atmospheric value. At pressures below 10"4
torr, the fatigue enhancement remained relatively stable,
Further reduction of pressure below 10_5 torr resulted in a dim-

inishing rate of fatigue improvement.

Pressure Dependence Of Crack Nucleation

The fatigue process can generally be separated into two major
components: Stage 1, comprising that portion of the fracture 1life
requivred to nucleate or initiate a dominant crack, and Stage 2,
the number of stress cycles to propagate the crack through the
specimen to final fracture. Recently, it has been proposed that
the crack through the specimen to final fracture. Recently, it

has been proposed that the crack propagation phase itself may be



*XAONZNDIYA DITOAD ANV HANLITINY NIVHLS

HLIM WANINQTY 0 FJIT ANDILVA FHL J0 ADNIANIAHA JUNSSIUd
ABZV FUALOVYA OL SHTOAD A0 YIHNAN TV.IOL

FIGURE 8

@OH MOH wCaKm
_ T 1T 1 ] ] 1 ! ] _“ IR I | | ﬁ_ Voo
/ \ N\ AN
ﬁ X X
NN ~x N
N N N\
W A\
\ \!
) J \
\ ,
\ | | ]
| |
| | “
sdo og - @ 2100 0=3 Eoo.ouw, LT00°0=3 —,mﬁAvc.A_vnw_
sdo gz - O _ _ —
[ i Aﬁ_:___m_ _ k _;ﬁ,

15

(YYOL) THATT KNANADVA




divided into two substages, the initial portion consisting
of the slow growth of individual microcracks followed by
the more rapid catastrophic propagation of a macrocrack in

(9)

the terminal phase. The fatigue behavior may then be

denoted:

p + NP) (1)

where NT is the total fracture 1life, NI is the number of
cycles to nucleate microcracks, Nlp is the number of cycles
required to enlarge the microcracks to the critical growth
size and Np and is the number of cycles required to propa-

gate the dominant crack across the specimen.

In the current investigation, optical measurements of
crack formation and subsequent growth were made during fatigue
tests. The minimum detectable crack length under testing

conditions was about 1072 cm. Hence, the experimental

nucleation phase included (NI + Nlp). In the Np phase,
measurements of the crack propagation rate were made as a

function of stress, pressure and cyclic frequency.




The variation of the experimental nucieation stage with fatigue
stress as a function of vacuum level and cycle rate is shown in
Fig. 9. It is evident that the number of fatigue cycles fo ini-
tiate a measureable crack was only slightly sensitive to the
vacuum environment. The small increase in fatigue resistance may
be attributed to the dependence of NlP on the surface gas density.
It is apparent that fatigue crack nucleation was relatively insensi-

tive to the surface vacuum environment, indicating that crack forma-

tion was largely an internal process.

Pressure Dependence of Crack Propagation

Fig. 10 presents the P—NP family of curves after subtracting the
initial stage from the fracture life. Comparison with Fig. 8 shows
that the fracture retardation in vacuum appeared to be the mechanism
controlling fatigue behavior in aluminum,

The influence of surface vacuum environment on the rate of crack
growth under repeated loading is indicated in Fig. 11 for the series
of fatigue tests at the constant strain of 0.0012 (0= 8,300 psi) and
50 cps bending frequency. The average major crack was first detected
under these conditions after about 2 x 105 cycles in air. Fracture
occurred at less than 9 x 105 cycles requiring approximately 13,000
sec for extension of the crack across the specimen. Under vacuum
conditions, the time required for crack propagation increased sub-
stantially reaching a maximum of 240,000 sec at 2 x 10_7 torr,

corresponding to a propagation life of about 11 x 106 cycles. As
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FIGURE 10
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shown in the P-N curves, the major increase in crack retardation
occurred in the pressure interval between 1072 and 1073 torr.

The effect of plastic strain level on the fatigue crack growth
is illustrated in Fig. 12 for the data obtained at 1 x 10_5 torr
with a cyclic rate of 50 cps, It is apparent that the vacuum
retardation effect increased considerably at the lower stress -
strain levels. Fig. 13 indicates the effect of cyclic frequency
on crack propagation time as a function of pressure for the series
of tests with€ = 0.0012. The time required for unit crack extension
at 50 cps was less than at 25 cps, but more than half the 25 cps
values, indicating that the fatigue resistance increased with cycle
frequency.

Measurements of the initial crack growth rate in cm/cycle were
obtained from the slopes of the crack propagation curves. Fig. 14
illustrates the data obtained in air, 10™2 and at 2 x 10”7 torr as
a function of plastic strain amplitude and cycle rate in the range
O - 10 pct crack extension. It is evident that the vacuum environ-
ment substantially retarded the growth rate at all strain levels.

At pressure levels below 10—3 torr, the fatigue tests run at the
higher reverse bending rate (50 cps) showed a uniform decrease in

the rate of crack extension per cycle compared to the tests run at

25 ¢cps. The slower propagation rate may be attributed to the greater
extension per unit time at the higher cyclic rate, enabling the crack
Lo progress faster than the rate of gas adsorption to contaminate the

newly created crack surtfaces,
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Fatigue Stress-Strain Measurements

In the course of the fatigue experiments, selected specimens
were monitored for the moment force required for maximum de-
flection as a function of fatigue life. The cantilever moment
force was measured using a four resistance strain gauge bridge
cemented to each of four of the specimen base supports. The
bridge recorded the deflection of the base upon application of
the drive force to the cantilever-beam specimen. The recorder
strain was calibrated with fixed weights attached to the speci-
men, so that the deflection could be interpreted in terms of a
moment force.

A representative force vs. cyclic life curve is shown in Fig. 15
for aluminum in air. It is apparent that the moment force changed
very little throughout the major portion of the fracture life,
although a small amount of strain softening, shown as a decrease in
the recorder amplitude, was detected during the first 10,000
cycles. However, after 50,000 cycles, corresponding to the forma-
tion of the major crack, the moment force began to dropp off
sharply. After 90,000 cycles or 25 pct extension of the crack,
the force decreased to zero indicating that the crack had penetrated
through the outer stress elements to the center of the specimen.
The strain recorder response may be compared to the rate of crack

extension as determined optically.




FRACTIONAL CRACK EXTENSION
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Similar curves were obtained in vacuum with negligible strain
softening obtained in the crack initiation phase of the fracfure
life. The small change in force with fatigue loading may be
attributed to the pre-hardened condition of the 1100 -~ H14

aluminum samples.
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3.5 DISCUSSION

The effect of the surface vacuum environment in sharply in-
creasing the fatigue resistance has been attributed generally
to the removal of oxygen from the vicinity of the fatigue

crack. (10)

The proposed mechanism is the dissociation and
adsorption of oxygen molecules on the freshly formed crack
surfaces to form the metal oxide, thus inhibiting the reversal

of slip along the fatigue glide bands and preventing rewelding

of the cracks.

In the case of aluminum, a second mechanism comprising of
dissociation of water vapor molecules and subsequent adsorption
of hydrogen (H") ions on the crack surfaces has been advanced
in order to explain the accelerated effect of water vapor in
the atmosphere in promotion crack formation and growth, (5)

Since aluminum is a reactive metal, it is likely that both

mechanisms may operate during fatigue stressing.

The data presented in the present work cannot clearly dis-
tinguish the controlling mechanism. However, both processes
must account for the well defined transition pressure (~410_2

torr) below which the crack propagation was substantially re-

tarded.
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The effect of a reactive gaseous environment on crack growth
may be attributed to the kinetics of molecular transport from
the outer surface to the root of the advancing crack.(ll) Assum-
ing that the desorption rate at the newly created crack surfaces
is negligible, the arrival rate of molecules at the crack base
may be expressed as:

22
R - _3:5x10° PA (2)

a G (MT)1/2

where P is' the partial pressure of the gas in mm Hg, A is the cross-
sectional area of the gas molecule, M is the molecular weight, T
is absolute temperature and G is a geometrical factor expressing
the crack configuration.

Alternatively, Eq. (2) may be expressed as the time required to
adsorb a monolayer of adatoms on to the fresh metal surface per unit

surface area:

G (MT) 1/2
20

3.5 x 10 PA

(3)

For the usual fatigue crack configuration, G may be approximated as
G~ 3/8 12/ r2 where 1 is the crack depth and r is the average width
of the narrow slit.

Eq. (3) may be used to estimate the rate of gas adsorption down
the fatigue crack for comparison with the measured crack growth

rates obtained as a function of pressure. Assuming that the crack

advances into the specimen depth (half-depth = 0.24 cm) at the same




rate as it propagates across the gauge section surface, we may cale

culate the time required to adsorb a monolayer of oxygen or water

vapor after 10 pct of the crack extension for comparison with the

measured times for the initial 10 pct of the fatigue crack extension.

Taking the values: 1 = 0.024 cm, r~10"° cm, T = 300°K, M = 32
15 2

for 02 and 18 for H20 and A= 1.0 x 10~ cm® for O2 and 1.7 x 10~

2
cm for H20, respectively, the following expressions can be derived:

15

t ~s 6.1/P sec. (4)
~ 2.7/P sec.

The theoretical crack adsorption times given in Eq. (4) are plotted
in Fig, 16 as a function of pressure. The actual fatigue crack growth
rates for &€ = 0.0012 for aluminum at 25 and 50 cps are presented for
comparison. It is evident that at pressure levels above 10—3 torr,
the growth rate was faster than the adsorption rate. Thus, the transi-
tion pressure 1072 - 1073 torr observed in Fig, 8 can be tentatively
accounted for by the kinetics of molecular adsorption.

It may be noted from Fig. 16, that increases in the crack propaga-
tion rate (decrease in propagation time) due to increased fatigue
stress or cycle frequency can raise the transition pressure to the
atmospheric level, thus eliminating the vacuum enhancement of fatigue
resistance. The small vacuum effects noted in static tensile defor-
mation may be attributed to this cause. In the same way, lowering thec

adsorption rate (eg. a non-reactive metal such as gold) will have a

simjlar effect.
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4.0 PHASE 11

4.1 Introduction

In order to examine the fatigue behavior of aluminum at extremely
low pressures simulating the space environmment, it was decided to
design and construct a fatigue testing apparatus to be incorporated
into the Extreme High Vacuum (XHV) facility developed at National
Research Corporation. The XHV system, with an effective working
chamber of about 4 cubic feet, can reproducibly provide vacuum
levels down to 10~ 13 torr.

After consideration of several widely differing design concepts
for an XHV fatigue device, it was decided to utilize a sealed
electromagnetic vibration exciter to drive a number of specimens '
mounted concentrically to a cantilever base. The entire fatigue
unit was conceived to be placed inside fhe XHV vacuum system in
order to minimize the severe mechanical, thermal and vacuum design
constrictions. In turn, however, this concept necessitated careful
design ofva novel bellows seal assembly to transfer the driving
force from the sealed exciter at unit atmosphere inside the vacuum

chamber to the specimens.

4.2 Basic Design Considerations

Stress and Materials

The existing XHV apparatus, shown schematically in Fig. 17,
generates pressures as low as 10_13 torr by means of a liquid
helium cooled jacket around the working volume. In order to mini-

mize thermal leakage, mechanical and electrical connections must be
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fed through secondary guard vacuums over a distance of up to six
feet. 1In view of this, a mechanical power source to provide
rapid alternating motion up to 200 cps positioned over 6 feet from
the specimens was deemed impracticable. A survey of compact power
sources capable of being positioned inside the vacuum system led
to the choice of an electromagnetic vibrator capable of providing
up to 50 1lbs. thrust through an amplitude of + 0.10 in. at frequen-
cies up to 200 cps. Within these limitations, calculations were
made to determine the size, stroke, and number of specimens which
could be tested at one time. Aluminum types 1100 and 7075, 6 Al -
4V - titanium alloy and AM 350 steel were investigated. It quickly
became apparent that materials such as AM 350 required considerably
more energy than aluminum to fracture in fatigue. The specimen
size was, therefore, reduced to what was considered a practical,
economical minimum size while maintaining the same proportions and
shape as the specimens used in Phase 1. The nominal two inch stress
length was reduced to one inch.

The number of specimens which could be fatigued at various ampli-
tudes and frequencies was derived as follows:
Assuming:

50 1lbs. total available magnetic force, 20 to 200 cps
Shaft and shaker moving mass (m) = 0.75 1b.

Spring rate of bellows seal = 100 1b/in.
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Spring rate of strain gauge springs = 20 1lb./in.
Spring rate of vibrator spiders = 30 1lb./in.

Let y = single amplitude, inches; f = frequency, cps

Then the inertia force = my(ZTYf)z - 09.75 y (2ﬂ“f)2, or
386
F = 0.0766 (y fz) 1lbs. (5)

The net available force to deflect specimens is:

_ 2
F net — 50 - 150 y - 0.0766 y f~ 1lbs. (6)
The results are plotted in Fig. 18,
The number of specimens which can be fatigued to fracture with
the energy available from the exciter depends on the amplitude

at which the specimens are run. The formula used below is derived

from a derivation given in Timoshenko and McCullough(lz):
6 u

where: b = width of base of specimen, inches

h = thickness of specimen, inches

E = Young's modulus for the specimen material, psi.
y = Deflection of specimen, inches

u = length of specimen, inches

For aluminum type 1100-H14:
3
_ 7 . _ . F _bh E _
E=1x 10" psi; take h = 0.060 inches. Then, v —E—;—g—

90.0 1lb/in per specimen.
For eight specimens, the spring rate = 8 x 90 = 720 1lb/in. This

is shown on Fig. 18 as a dashed straight line.




The specimen stress which corresponds to these deflections is

calculated as follows:

ST @8)
where S = bending stress, psi and the other symbols are as shown
above,

For the specimen configuration selected; h = 0,060 in, u = 1.0
in. and S = 60 x 10-3 y. The corresponding maximum bend stress
vs. deflection is shown in Fig; 19.

As shown in Fig. 18, it is evident that for an amplitude of
0.035 inches, a force of 25 pounds is required to deflect the
specimens as shown on the spring rate curve for 8 specimens each
0.060 inches thick. Fig. 18 shows that at 100 cps and .035 inches
deflection, 34 pounds are available from the exciter. Therefore,
8 aluminum specimens can be run at somewhat over 100 c¢cps at a
stress of 21,000 psi. Similarly at 200 cps, 8 specimens can be
run at 12,000 psi sufficient to cause failure in approximately
4 x 10° cycles in vacuum of 1077 torr,

A material such as AM 350 has an elastic modulus approximately
2.9 times higher than aluminum. The vibrator could drive 8 speci-
mens to a stress of approximately 40,000 psi at 20 cps. This is
well below the endurance stress of AM 350. To obtain the higher
desired stress, specimens thicker than 0,060 inches will be required.
Otherwise, excessively high amplitudes would be required.

Other materials such as titanium with a modulus of approximately

1.5 x 106psi and a lower endurance limit would come between the




net
(1bs.)

Stress -3
1b/in.2 x 10

50

40

20

10

40

30

20

10

VIBRATING FORCE AVAILABLE (FNET)

AND SPECIMEN SPRING LOAD VS.

AMPLITUDE
FIGURE 18

20 cps
50 cps

100 cps

8 specimens .060" thick aluminum

200 cps

1 | | |

10 20 30 40 50 60 70

SINGLE AMPLITUDE (INCHES x 103)

FICURY 19

SPECIMEN BENDING STRESS VS. DEFLECTION
(0.060 Inch Thickness)

| | [ I |
0 10 20 30 40 50 60

SINGLE AMPLITUDE SPECIMEN DEFLECTION
(INCHES x 109)

- 36 -




extremes of aluminum and AM 350. PFour titanium specimens could
be tested at one time at a frequency of approximately 50 cps.
Amplitudes and frequencies compatible with the exciter capacity
can be determined by drawing the appropriate spring rate for the
desired specimens on Fig..18. Specimens would be slightly thicker
than .060 in., for optimum operating amplitude at the required

stresses.

Typical material characteristics are shown below for convenience.

TABLE I
MECHANICAL PROPERTIES
Endurance Limit Young's Modulus Test Stress Range

Material (psi x 10-3) (psi x 10_6) (psi x 10_3)

Al 1100 H14 7 10.0 12 - 19

Al 7075 To 10 10.4 18 - 27

Ti 6 - 4 26 14.5 -19 40 - 66

AM 350 CRT 70 29 120 - 190

*x kX

Gold "Q" Ring Seal Design

National Research Corporation has had successful experience with
gold seals using 0.040 inch diameter gold wire rings clamped be-
tween flat highly polished surfaces. The design of the gold seal
flanges is described below.

The yield strength of the gold was estimated at 30,000 psi. It

was assumed that the ring would be compressed to 0.020 inches
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thickness. The compression area, therefore, becomes:

a2

vy d = (width) (thickness)
width = 0,0628 inches.

The compression force per 1linear inch of seal = 30,000 x 0.0628
= 1900 1lb/inch., Bolts are spaced 0.9 inches apart requiring 1700
1b per bolt.

High strength stainless steel bolts of the standard Pressed Steel
Company Unbrako KS812 series were selected to prevent bolt creep
at the high temperatures of bakeout of the vacuum system. Bolts
5/16 inch diameter with fine thread were selected for maximum
strength. These bolts are rated at approximately 3800 1lbs each
induced load when torqued to 200 in. - 1lb,with '"no additional
lubrication'. The bolts can be torqued to 245 in.- 1lb. With the
1700 1b. load on each bolt, the resulting tensile stress is 32,000
psi. The vendor provided data showing stress relaxation from 65,000
to 55,000 psi after 50 hours at 800°F, Since the temperatures and
stresses to which the bolts will be subjected are less than these
values, the design is considered conservative and no significant
creep should occur,

The shear stress in the 304 stainless steel flange is based on
the pitch diameter of the threads and a thread engagement of 1,5
X bolt diameter:

force 2

S = Shear—area ~ 8,900 1b./in. (®)
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This is well below the creep strength of 304 stainless steel
at 750°F and the creep in the flange should be negligible.

The thermal expansion of 304 stainless steel according to
handbook data is slightly greater than that for gold. The elonga-~

tion of the bolts, however, Su= 0.0011 inches is greater than

E
the difference in expansion between the gold and the 304 stainless

steel:

-6 |
“ (7(304 - ﬂfgold) A T =14.0 x 10 ~ inches (10)

where A is the thermal expansion coefficient. Therefore, the
seals will remain tight throughout the temperature cycling.

The deflection of flanges between bolts was calculated according

to the expression:

3
1 W u -6
Yo = 384 E T = 1.5 x 107° inches (11)
ax’
where y = deflection in inches, w = load on one bolt in lbs., u =

distance between bolts, I = moment of inertia of flange, and E =
Young's modulus of flange material. This deflection is several
orders of magnitude below the '"0" ring compression or the bolt
stretch and is, therefore, considered safe.

Electrical Control Circuit Design

A block diagram shown in Fig. 20 outlines the arrangement of
electrical components which will be experimentally utilized to develop

the control system. The system is intended to provide constant
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amplitude even though the spring rate of the specimens changes
due to material changes from repeated strains and as the speci-
mens fracture,

The feedback voltage will be provided by strain gauges mounted
on spring stock which flexes as the specimens deflect. As shown
in Fig. 21, the strain recorded by the gauges is proportional to

the specimen deflection given by the expression:

E=6(5-x hoy/ (12)

where u is the spring length, h is the spring thickness, x is a
fixed cantilever distance and y is the bend deflection. Taking
the design values u = 1,438 in., h = 0,010 in,, x = 0.50 in.,
then £ will be 220. x 10"6 in/in.for the maximum deflection y =
0.050 in.

The strain gauges selected have a limitation of approximately
200 micro in./in, for a life of 107 cycles according to the
vendor. Therefore, the exciter will be limited to amplitudes of
less than + 0.050 inches in vacuum. This is due to the non-organic
ceramic bonding material used on the strain gauge to minimize out-
gassing. The Sanborn recorder-amplifer has a basic sensitivity
of 20 to 50 g in./in. per cm of scale deflection. With proper
gain settings, the Sanborn unit will put out signals from the
strain gauges which can be fed through a variable gain control

circuit to vary the oscillator amplification. As amplitude changes
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very slightly due to specimen weakening and breaking, the gain
control will hold the specimen amplitude essentially constant.

Vacuum Limitations

It is possible to make some approximations of the level of
pressure which the vacuum system will attain, It has been es-
timated that aluminum with a number 4 finish will have an out-

gassing rate of 1 x 10'9 torr liters/sec per cmz after 4 hours

(13)

of pumping. For a specimen surface area of approximately

) cmz, the gas load from the 8 specimens alone will become

4,0 x 10-8 torr - lit/sec.

The open area of the liquid nitrogen baffle equals 445 cmz
which provides a maximum pumping speed for air of S = 4900
liters/sec. The system pressure will then be given by:
p-3 - 8x107'% torr (13)
The outgassing rate after 9 hours will drop to about 5 x 10_ll
torr liter/sec cm2. The pressure would then drop to approximately
4 x 10_13 torr. The above estimates are extremely crude, but
serve to illustrate that without bakeout of the specimens, the

specimens themselves present a gas load to the system which

will limit attainable pressures.
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4.3 XHV Fatigue Apparatus

General Description

A conceptual schematic shown in Fig. 22 indicates several of
the major elements of the horizontal vibrating system within
the vacuum environment. The principle difficulty in obtaining
really high vacuum while prcducing mechanical specimen oscilla-
tion lies in the means of transferring the energy to the speci-
men without also introducing a serious gas load to the system.
Flexible bellows which expose no organic material to the
vacuum are one attractive means of accomplishing this goal.

Another of the difficulties in designing a vibration system
is the mechanical coupling between the exciter and the specimens,
It would be desirable to locate the vibrator completely externally
to the vacuum system and introduce the motion by a relatively long
rod or tube., However, the tube must be stiff enough to transmit
the force from the exciter to the specimens without lost motion,
and the weight of the rod causes a significant energy loss at
higher frequencies {abonve 200 c¢ps). This design is based on a
short connecting tube htetween the exciter and the specimens.

Other features include aan air ccoled electromechanical vibra-
tion exciter enclosed ir a vacuum tight container within the vacuum
system, slender column type of connecting members between the

drive shaft and individual specimens, a liquid nitrogen cooled
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shield between the warm room temperature specimens and the
helium cooled vacuum system and the necessary thermal con-
trol and mechanical supports to complete the system.

Vibrator Exciter

This is a standard electromechanical vibrator generator
manufactured by Pye Ling, Ltd. and distributed by LTV Ling
Electronics Division, The Model V50 mk 1 has a nominal 50 1b.
excitation rating at frequencies between 20 and approximately
100 cycles when it is 1loaded. It requires air cooling.

Bellows Seal Assembly

The driving shaft extending from the exciter moves horizon-
tally through the bellows seal. The three flexible bellows
are concentric as shown in Fig. 22, One end of the bellows
moves with the vibrating shaft. The other end is fixed inte-~
grally with the vacuum tight enclosure. When the vacuum system
is pumped down, there is a differential pressure across the
bellows which is compensated by a partial pressure between the
outer two bellows and the spring resistance of the bellows. The
innermost one allows a vacuum toc be maintained on both sides of it.
This assures minimum leakage into the vacuum system and provides
a safety factor against catastrophic damage if one of the bellows

should fail in fatigue. The triple seal also allows the system
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A water cooling coil is located around the specimen mounting
bracket to allow specimen temperature to be controlled as a
variable and during bakeout of the vacuum system.

Specimen Positioner and Shaker Sub-Assembly

During pumpdown of the vacuum system it is necessary to hold the
driving shaft in a fixed zero-displacement position to prevent the
changing pressure across the bellows from putting excessive strain
on the specimens. The specimen positioner is a cylinder assembly
concentric with the driving shaft. Its purpose is to accurately
position the drive shaft during pumpdown. After bellows pressures
have been adjusted, the positioning cylinder is withdrawn beyond
the normal range of amplitude.

Within this positioner assembly a mechanical stop is provided
to limit the extremes of motion of the exciter which might othef-
wise be damaged by overdriving.

The entire exciter is mounted in a vacuum tight enclosure sealed
with gold "Q" rings. Electrical leads, cooling tubes, and control
tubes are brought out through a long 1-1/2 inch diameter tube to
the end of the system opposite from the specimens. The exciter
itself is mounted on a ring which is water cooled and isolated
thermally from the vacuum tight enclosures by four studs. The

same enclosure is supported on a large horizontal stainless steel

16 -



to operate in air with the outer annulus completely evacuated and

the inner annulus partially evacuated to compress the bellows
to the normal working length,

Specimen Mounting Sub-Assembly

Eight specimens may be arranged radially in a vertical plane
(see Figs. 23 and 25) with the smaller ends of the specimens lo-
cated in line with the driving shaft hub. Since the end of each
specimen describes an arc as it deflects from the flat condition,
a flexible column is placed between the driving shaft hub and
each specimen. This moving hub is centrally positioned by four
radial springs in such a way that the fracture of any or all the
specimens can put no moment loading back into the exciter.

Strain gauges are attached to two of the radial springs tc pro-
vide a direct signal to measure and control specimen vibration
amplitude, These strain gauges are attached to the springs with
Rokide flame sprayed ceramic which presents less gas load to the
vacuum system than an organic bond.

The specimen mounting sub-assembly may be loaded with new speci-
mens while on the bench and then it may be placed into the vacuum
systeﬁ and attached to the vibrator with 5 screws. An adjustment
on the drive shaft hub allows the specimens to have zero mechani-
cal strain at the same time the electrical signal indicates zero

displacement.
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tube which thermally isolates the room temperature enclosure
from the liquid nitrogen cooled support surface.

Liquid Nitrogen Cooled Shield

The warm vacuum tight exciter enclosure and the warm specimens
would present an excessive heat load to the helium refrigerator
system if allowed line-of-sight radiation to the helium cooled
surface. Therefore, an optically dense liquid nitrogen shield
is provided to surround the entire assembly within the helium
cooled cylindér. The nitrogen cooled shield, however, must have
passages for the gases not condensed onto the liquid nitrogen
cooled surfaces to escape. Hence, a double wall with staggered
holes and an end baffle is provided.

The end baffle serves as a support for the cold cathode magne-
tron gauge whose opening will be directed into the volume of the
specimens. In this way the vacuum reading will indicate most
accurately the specimen eunvironment.

4.4 Experimental Tests

The earliest experimental work in Phase II of this contract was
done with the electromagnetic vibrator exciter to determine its
performance. It performed according to vendor specifications in
the range of frequencies tested.

A bench test assembly was built to simulate the dynamic charac-

teristics of the actual XHV test device so that the electrical



control system could be developed and tested. Having the unit
accessible in air will expedite the assembly and allow direct
observation during tests. This development and test work is
essehtially coﬁplete.

Fig. 23 shows 8 dummy specimens on the mounting bracket. The
flexible push rods extend back from the small ends of the speci-
mens. The four radially arranged guide springs are visible in
the background with white strain gauge areas showing on two of
them,

In Fig. 24 shows the flat spring across the drive shaft. This
spring simulates the spring effect of the bellows assembly which
will be used in the actual vacuum unit.

An overall view of the major electronic instruments and the
bench test unit is shown in Fig. 25. Air and water connections
will be added later,

Strain gages will provide a signal for specimen amplitude
measurement and control. The components and circuits shown in
Fig. 20 have been designed, constructed and tested. Control
settings will be determined for various operating conditions.
The amplitude stability will be measured at several frequencies,

and amplitudes.
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Later when the vacuum system components have been constructed
additional test will be required. One such test will be made to
check the performance of the gold seals in the vacuum tight exciter
enclosure. The enclosure will be placed in the vacuum system and
baked to ascertain what bolt loading is actually required to keep

the vessel tight during these temperature excursions.



5.0 FUTURE WORK

It is planned to extend the investigation covered in this
report to include the effects of temperature and residual gas
content in order to determine the mechanism of atmospheric gas
embrittlement on fatigue resistance. The following additional
tests have been scheduled:

1. Measurements of the vacuum effect on fatigue of 1100 -
H14 aluminum at + 100°C and - 50°C.

2, Determination of the P-N curve for aluminum with pure
oxygen and water vapor residual gas environments.

3. Interrupted fatigue tests to determine the effect of
vacuum on the crack nucleation and propagation stages of fracture,

4, Extension of vacuum testing to additional materials in-
cluding age hardened aluminum 7075-T6, 17-4PH stainless steel
and 6A1-4V - titanium alloys.

5. Extension of P-N curve data to extremely low pressures

using the XHV (Extreme High Vacuum)facility.
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