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FOREWORD
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for Alleviating the Effect of Fretting on the Fatigue Life of Titanium Alloys,"
performed during the period 1970 July 1 through 1971 August 31. The report was
submitted by the author on 1971 September 15.

The contract was performed by the Materials and Process Technology Labora-
tories, Aircraft Engine Group, General Electric Company under Air Force Materials
Laboratory Project 7312, 'Metal Surface Deterioration and Protection", Task No.
731201, "Metal Surface Prot-ction". It was accomplished under the technical
direction of Mr. J. Jay Crosby of the Metals Branch (LLP), Metals and Ceramics
Division, Air Force Materials Laboratory, Wright-Patterson Air Force Base, Ohio.
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was tý'e program manager; and, Mr. R.K. Betts was in charge of tne tecanical effort.
This technical effort has been reviewed and is approved.
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ABSTRACT

Classic fretting fatigue p3rformed in an in-situ manner between surfaces
of shot-peened, forged Ti-6A1-4V was found not to affect the run-out stress
capability compared to nonfretted specimens in tests at room temperature.
However, at 4000 F, a slight decrease in the run-out stress was oboerved,
and at 6500 F a decrease of 30o resulted from severe surface interactiois,

At overstress levels of 10,000 psi above the nonfretted run-out Stress,
fretting reduced the cyclic life capability by two orders of magnitude at
room temperature, and 21 orders at the elevated temperatures.

At overstress conditions, a narrow threshold of inexorable fretting fa-
tigue damage occurred between l10 and 5 X l04 cycles. Fluorescent penetrant
inspection was capable of revealing cracks in specimens interrupted from fret-
ting after the threshold had been exceeded, which specimens were subsequently
tested to ft.tigue failure with no additional fretting.

Contact pressure from 5,000 to 75,000 psi in these in-situ fretting
fatigue tests produced fretting damage. Very low pressure of 500 psi reduced
frettizig fatigue propensity at room temperature.

Common fretting wear between sliding surfaces of shot-peened Ti-6A1-4V
was found not to affect the subsequent high cycle and low cycle fatigue prop-
erties of Ti below certaln contact pressures and sliding displacements. Wear
at a contact pressure of J.0,000 psi with 0.5 mil and 2.5 mils displacement for
1000 strokes did not reduce the high cycle fatigue strength, nor did wear at
1,000 psi with as much as 10 mils displacement for 1000 strokes affect the
strength. But, damage incurred at 10,000 and 50,000 psi with 5 mils dis-
placement for 1,000 strokes did affect the high cycle and low cycle fatigue
properties.
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SECTION I

INTRODUCTION

Titanium and its alloys present one of the most critical challenges in
materials engineering for modern gas turbine engines and aircraft structures.
While it offers excellent strength-to-weight advantages and other favorable
properties, its fatigue life is extremely sensitive to surface conditions,
particularly to damage from wear.

The purpose of the work performed under this Contract was to define and
establish conditions of fretting wear on uncoated, shot-peened Ti-6A1-4V under
which conditions fatigue e4!fects may be expected in aircraft gas turbine engine
compressor applicazions. The r3sults were expected to identify conditions of
engine design under whizh the fatigue effects of wear may be avoided and to
establish appropriate test conditions for subsequent evaluation of fretting-
preventive coatings. The test techniques used were based on studies of wear
and protective materials conducted by and for the Material and Process Tech-
nology Laboratories of the General Electric Company, Aircraft Engine Group.
The test methods had been developed in collaboration with Metcut Resealch
Associates, Inc., where specimen manufacture, wear, and fatigue testing were
performed for this contract.

The study was divided into two tasks, each concerning a specific wear
phenomenon and resulting fatigue effects. Task 1 involved classic fretting
fatigue between bol'-d surfaces relating to aircraft compressor disc assemblies.
Wear was generated by the fretting action of alternating strain at the surface
of fatigue specimens 4o which were bolted pairs of wear shoes. Variations in
shoe contact pressure were evaluated for their influence on the severity of
fretting as a function of changes in fatigue life at room and elevated tem-
perature. Task 1 also included a study of interrupted fretting, for the
purpose of nondestructive inspection for early detection of fretting damage.

Task 2 involved studies of wear simulating that between surfaces of
dovetails, in which ccntact pressure and displacement are related to dynamic
loads. Tests were conducted in two steps where the fatigue specimens were
first subjected to sliding wear under varied conditions of contact pressure
and stroke length. Worn specimens were then tested in high cycle and low
cycle fatigue to evaluate the severity of wear damage.

In both Tasks the visual appearance of vcrD surfaces was assessed for
possible correlation with fatigue effects. Specimens wer', also evaluated by
conventional me'callography ana 'y Scanning Electron Microscopy.



SECTION II

SUMMARY AND RESULTS

1. TASK I - STRAIN FRETTING FATIGUE

The purpose of this Task was to further the study of the effects of contact
pressure and specimen temperature on the fretting fatigue properties of forged,
shot-peened Ti-6AI-4V. The test procedure utilized flat, reduced-section speci-
mens subjected to high cycle fatigue (HCF) in bending under a mean tensile
stress. Ti wear shoes were clamped to the upper and lower gauge surfaces. The

4 fatigue bending stresses produced minute alternating strain motion of the Ti
specimen against the contacting wear shoes, under cer.ain conditions causing
in-situ fretting fatigue damage. The severity of fretting, as influenced by
the varied shoe contact pressure and metal temperature, was measured by the
change in fatigue life compared to nonfretted specimens.

The levels of contact pressure studied under this Task were 500, 5000, and
75,000 psi. These results were compared with previous Company-sponsored tests
at 25,000 and 50,000 psi.

A series of tests was also performed with specimens heated to 4000 F,
under 25,000 psi shoe contact pressure. These results were compared with pre-
vious Company-sponsored tests at 6500 F. Thus, data at five levels of contact
pressure and three conditions of temperature were compared under constant
fatigue conditions.

Figure I presents a summary of the results. These data indicate the fol-
lowing effects (at room temperature, unless noted):

1. There was no degradation of fatigue life of the specimens at the non-
fretted run-out stress levels of 40,000-50,000 psi (plus 20,000 psi
mean tension).

"2. There was a loss in fatigue life of nearly l1 orders of magnitude at
60,000 psi bending stress (overs" ess region) due to fretting at
5000 psi to 75,000 psi contact pressure, compared to nonfretted
data.

3. There was a loss of about i order of magnitude at 500 psi contact
pressure in the overstress region.

4. At 4000 F fretting reduced the runout stress by 5000-10,000 psi;
furthermore, the fatigue life in the overstress region was reduced
by nearly 2 orders of magnitude, compared to nonfretted data.

S. At 6500 F the specimen life at overstress conditions was similarly
reduced; but, more importantly, the run-out stress was reduced by
20,000 psi.

3 Preceding page blank
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A series of interrupted fretting fatigue tests were performed at 25,000
psi shoe-contact pressure and 60,000 psi fatigue stress (overstress region).
Specimens were subjected to fretting fatigue for preselected numbers of cycles
prior t6 expected failure, inspected, then continued to failure after removal
of the fretting shoes. The purpose was to determine at what cyclic life ter-
minal fretting damage was incurred and whether the damage could be assessed
by nondestructive fluorescent penetrant inspection. The fattgue results are
shown in Figure 2, compared to the general data curves. They indicate a narrow
threshold between 104 and 5 X 104 fretting fatigue cycles within which inexor-
able fatigue damage developed. Fluorescent penetrant revealed cracks in the
short-lived specimens (none in the unaffected specimen) before each was sub-
sequently tested to failure with no additional fretting.

2. TASK 2 - SLIDING WEAR FATIGUE

The purpose of this Task was to further the study of the effects of contact
pressure and sliding wear displacement, using a two-step test in which the wear
test was independent of the subsequent fatigue test. Shot-peened, forged
Ti-6A1-4V fatigue specimens were first rubbed by Ti wear shoes under controlled
levels of contact pressure and stroke length at a rate of one fully reversed
stroke cycle per second. Worn specimens were ther. subjected to high cycle
bending fatigue under constant mean tension or to low cycle bending fatigue
at A = 1 in both series. All tests in this Task were at room temperature.

The levels of contact pressure studied were 1000 and 10,000 psi in com-
bination with stroke lengths of 0.5-1, 2.5, 5, and 10 mils (stroke length given
is one-half *he stroke cycle or the displacement in one direction of travel).
The number of strokes of prior wear was 1000 for all tests. These results were
compared with previous Company-sponsored tests at 50,000 psi and a 5-mil stroke.

Figure 3 presents a summary of the high cycle fatigue test results against
the background data curves. Under these high cycle fatigue test conditions, it
had been shown previously that wear at 50,000 psi pressure with a 5-mil stroke
drastically reduced the high cycle fatigue life of the Ti at the nonworn run-out
s~ress level of 40,000 psi (plus 40,000 psi mean tension). Furthermore, it
depressed the run-out stress level about 307. It was shown in Task 2 that:

1. Reducing the contact pressure (from the 50,000 psi of background
tests) to 10,000 psi with a 5-mil stroke produced scattered results

from severe to no effect, relative to fatigue life at 40,000 psi
alternating stress.

2. With a stroke length of 5 mils, the 10,000 psi contact pressure ap-
peared to be a threshold level for wear damage, because at 1000 psi
contact, 5 mils of stroke produced no fatigue loss.

3. Furthermore, at a contact pressure of 10,000 psi, it was shown that
a 2.5-mil stroke did not cause damaging wear.

4. Finally, under a constant pressure of 1000 psi, stroke lengths up to

10 mils could be tolerated.
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Figure 4 summarized these results in a nomograph form. Connecting lines depict
the specific test conditions of contact pressure and stroke length for which
fatigue-affecting wear damage did or did not occur within 1000 wear strokes.

Low cycle fatigue tests in bending at A = 1 were performed on specimens
subjected to wear under 50,000 psi and a 5-mil stroke. The results are shown
in Figure 5. The imposed wear damage reduced the fatigue life by about 1 order
of magnitude at the bending stress level equivalent to 10 cycles for nonworn
specimens.



Stroke Length, Mils (Log Scale)

0.1 0.5 1.0 2.5 5 10 100

-- No Fatigue Effect

Fatigue Ef.fect

\

\.

0.1 1.0 10 50 100

Wear Shoe Contact Pressure, KSI (Log Scale)

Figure 4. Summary of Wear Test Conditions for 1000 Strokes, Indicating
the Effect on High Cycle Fatigue-Properties of Shot-Peened
Ti-6A1-4V.
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SECTION III

CONCLUSIONS

1. TASK 1 - STRAIN FRETTING FATIGUE

Shot-peened, forged Ti-6AI-4V subjected to fretting fatigue against itself
should not be affected during operations at normal design stresses and below
4000 F. At 4000 F a slight fretting effect should be expected, and at 6500 F
the effect should be as much as 30% decrease in stress capability under the
test conditions of this contractual study. A substantial reduction in fatigue
life should be expected due to fretting during overstress conditions.

Increasing the interface contact pressure should not be expected to inhibit
fretting during overstress fatigue conditions. In these cases fretting appears
to persist at the edge of the contact area between the static member and the
dynamic member regardless of the nominal interface contact pressure.

Decreasing the interface contact pressure to 500 psi may diminish the
effect of fretting, but this pressure may be too low for normal component
assembly practice.

Surface appearance of fretting damage may be misleading and should not be
relied upon for assessing the severity; however', fluorescent penetrant in-
spection should be effective in detecting fretting fatigue cracks which pre-
clude fatigue failure under continued overstress fatigue conditions.

2. TASK 2 SLIDING WEAR FATIGUE

Surface damage from sliding wear after 1000 strokes at contact pressure
of 10,000 psi and 50,000 psi with wear displacement of at least 5 mils should
be expected to degrade by 407o the high cycle fatigue strength of shot-peened,
forged Ti-6AI-4V. Severe, visible surface damage should he apparent.

Sliding wear at 10,000 psi pressure with 2.5 mils or less displacement

should not be expected t-) affect the high cycle fatigue strength. Only mild
surface effect shculd be tpparent.

At 1000 psi contact pressure, no fatigue effect should be expected with
Swear displacement up to 10 mils for 1000 strokes, although substantiated visi-
ble wear effects may be apparent.

The low cycle fatigue life at bending stress equivalent to 5 X 105 cycles
should be expected to be reduced by one order of magnitude due to wear damage
at a conb.ct pressure of 50,000 psi with 5 mils strike.

11



SECTION 11

TECHNICAL PiOGRAY

1. BACKGROUND

Modern aircraft gas turbine engines represent an extensive commitment to
Ti alloys, whereby their effective performance depends on methods to protect
the metal from wear damage. The technical program plan for this contract is
based on a background of continuing studies at the General Electric Company,
concerning wear phenomena and the development of protection methods for struc-
tural materials such as Ti alloys (References 1 through 8). The subject of
Ti wear has been extensively treated in the scientific journals, and several
comprehensive binliographies are referenced (9 through 14). Very little of
the published information deals directly with aircraft turbomachinery. How-

ever, there are basic wear processes common to all machinery. These are dis-
cussed in the following section, with particular emphasis on fretting fatigue.

2. DISCUSSION OF WEAR PHENOMENA

a. General Wear Processes

Wear has been defined as the progressive loss of material from rubbing
surfaces. The -ate and effect of this removal depend upon the characteristics
of the materials involved and the environmental conditions. For purposes of
lurthering this definition, four main types of wear are commonly recognized.

* Adhesive Wear - the most common and difficult to control. It results
from the welding or adhesion and subsequent rupturing of contacting
asperities on a surface. It is particularly severe between sliding
pairs of metals which are chemically similar and/or mutually soluble.
Adhesive wear is closely related to surface friction in such a way
that an incriase in frictional forces generally causes a large in-
crease in resulting wear.

• Abrasive Wear - caused by the cutti.;g or plowing of one surface by a
harder surface. The harder material may simply be a harder alloy or
it may also be an oxide, carbide, work-hardened particle, or other
foreign material. Erosion may be considered a form of abrasive wear.

* Fatigue Wear or Surface Fatigue Wear - commonly encountered 4ia rolling
or sliding contact, where high localized forces are cyclically imposed
on a small contact area. Thi.s type of wear occurs most commonly in
gears and bearings.

Preceding page blank
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9 Corrosive Wear - results from some type of chemical reaction with the
environment. It may be due to general oxidation, chemical fumes,
humidity or combustion products, and may also be inadvertently caused
by ingredients in lubricants. Corrosive wear usually exists in combi-

nation with one of the types of mechanical wear noted above, encour-
aged by frictional heating and the continuous removal of natural

protective oxide.

b. Friction and Wear

Friction is not a form of wear. Furthermore the frictional forces and
calculated friction coefficients (p) of sliding surfaces have not been shown
to have a consistent relationship to wear processes or rates. In some situa-
tions high p relates to the occurrence of adhesive wear or other interference

to sliding caused by accumulation of debris. Ti is such a case. Tungsten car-
bide, on the other hand, slides with high L but usually has a very low wear rate.
Lubrication produces low friction generally, but this relates to wear only in
the sense that the wet or dry film separates the two surfaces, thereby prohi-
biting wear. Friction may increase when wear is in progress, but, in general,
the absolute value of • does not relate to the wear process or its severity.

c. Forms of Wear

The forms of wear are those names given in practice to describe the ap-
pearance of a particular worn surface. There are several common forms includ-
ing fretting, sliding, galling, and others. Fretting is the term most often
used to characterize the form of wear observed in Ti components. It describes
the cosmetic result of wear caused by and limited to the smaller amplitudes of

cyclic displacement of contacting surfaces. This differentiates it from large-
* displacement oscillatory or undirectional sliding wear. There are two definite

forms of fretting wear associated with aircraft engine components. They are:

a Classic Fretting - the form of wear limited to contacting surfaces
not intended to have relative motions (e.g., bolted compressor di~c
flanges). The displacement therein is extremely minute, resulting
mainly from alternation of mechanical strain in one or both surfaces
subjected to operational vibratory stresses. Classic fretting is
often termed fretting corrosion because tee wear mechanism is chiefly
the conversion of basis metal to an oxide. With Ti, the rutile
specie of Ti oxide is produced. This reaction is fostered by the

high temperatures that asperities attain when subjected to friction.
Pits acting as fatigue stress raisers are formed as the result of
corrosion. Adhesion is an additional factor, and abrasion from the
debris trapped in the interface promotes further wear in many
materials. The corrosion product may compound the stress situation
due to the volume increase associated with the phase change. Classic
fretting is insidious by reason of its covert existence and may pro-
duce unexpected fretting fatigue in components operating within
normally safe design stress limits.
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* Common Fretting - a form of wear charoterized by less restricted
surface motion than classic fretting, a motion that can include
periodic separation. Debris and foreign matter may contribute to
abrasive wear but are not necessarily entrapped. Blade dovetails
and disc groove pressure faces are specific areas of occurrence.
The mechanism of common fretting is usually more mechanical than
chemical and may produce galling. Fatigue failures may result from
the stress concentrations produced by fretting damage in applications
where only moderate vibratory stresses are present. In other appli-
cations, loss of dimensional fit may be the critical result.

d. Results o.f Wear

While the mechanisms and forms of wear are important in understanding
the phenomenon (and there are many other factors including material properties,
states of stress, and ei.virenmental conditions), it is the final results of
wear that are of immediate concern. The principal result of wear is loss of
mechanical functionality by:

"* Dimensional changes

"* Fatigue failure

The gross result of fretting is normally fatigue failure brought about by sur-
face damage in conjunction with normal or transient high stresses in a compo-
nent. Visual assessment of fretting mildness or severity is at present incon-
clusive by itself, in that the presence of more cr less fretting debris on a
macroscopic examination is not necessarily relevant to the loss of surface
integrity. It is the state of stress acting in conjunction with stress raisers
(pits, tears, cracks) which may be microscopic, that determines the actual
fatigue propensity.

This program was based on a study of the fretting wear r~gime where fatigue
life was the absolute measure of wear severity, but where evaluations included
nondestructive examination of surfaces for clues to severity other than visual
assessment. Fatigue loss being the major concern, two specillized tests have
been used for evaluation of fretting and the merits of surface protection
methods. The methods were developed to evaluate classic fretting and common
fretting as separate entities under conditions closely simulating engine service.
Each is ultimately a fatigue test with the fretting produced in the classic form
(in situ) or by prior fretting independent of the subsequent fatigue test.

3. WEAR AND FATIGUE TEST METHODS

a. Requirements

Utilizing meaningful test procedures is of prime importance in aircraft
engine application because past experience has shown that generalized friction
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and wear testing do not adequately simulate the complexities of engine operation.
Furthermore, a key factor in the test technique is the means by which wear is
measured. While the quantitative measurement of surface effects and material
loss can be obtained by several techni*ues ranging from visual assessment of
damage to holographic comparison of dimensional changes (and may include pro-
filometric tracing, area and volume measurement, weight change, radioactive
traces, friction changes, and others), the primary objective in wear studies
must be to assess wear qualitatively by measuring its effect on tangible pro-
perties, mechanical or physical, which most seriously affect the functiona]ity
of a particular engine component. Flange and dovetail fretting both consti-
tute fatigue-limiting situations, so that the paramount measure of wear is its
effect on fatigue life.

b. High Cycle Strain-Fretting Fatigue

This test technique was developed for evaluating the fatigue of Ti-6AI-4V
in the presence of fretting around the flange bý,lt holes of compressor discs.
The state of stress existent in a bolted rotor jLint consists principally of
(1) a mean hoop stress, (2) high cycle bending stress, and (3) contact stress.

The test is performed in a modified four-point bending fixture, in con-
junction with a mechanical fatigue shake table, as shown in Figure 6. A
characteristic of the fixture is that it provides a constant bending moment
across the specimen gauge section, allowing natural stress concentracion to
be effective. The horizontal load spring applies the mean tensile stress,
while the alternating strain is induced by high cycle fatigue bending. The
third stress component, from zhe bolted shoes, is monitored by the use of
strain-gauged bolts.

In the test, the fatigue benaing stresses produce minute alternating
strain motion of the Ti specimen against a mating wear shoe. This causes
fretting, the severity of which is measured by the change in fatigue life of
the specimen.

c. Sliding Wear and Fatigue

Centrifugal forces in fan and compressor discs, combined with the contact
stress on the dovetail pressure faces, produce a low cycle weur and fatigue
situation related to engine power excursions. Two major changes in engine
power which occur during a normal mission are takeoff and thrust reverse.
Wilh each increase in engine rotational velocity, hoop stresses cause the
diuc to enlarge circumferentially. The resultant spreading of the slots a!-
lows the blades to slip outward in response to centrifugal force, creating
cyclic sliding wear under high contact loads in the dovetail pressure faces.

A test to simulate this condition is a two-step method involving (1)
the wear of a fatigue specimen under high contact pressure, followed by (2)
fatigue of the worn specimen. The wear apparatus is showr in Figures 7 and 8.
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The test specimen is mounted in the carriage fixture which is hydrauli-
cally actuated. The shoe is held in the fixed base block of the apparatus.
Pressures to 80,000 psi on a 1/4 X 1-inch contact area are possible. The
subsequent fatigue test is four-point bending in either the HCF or LCF mode.

4. CONTRACTUAL WORK STATEMENT

a. Abstract

The contractor shall establish conditions which produce fretting fatigue

damage of titanium alloys in AGT engines.

b. Detailed Description

1. Purpose - The purpose of this effort is to define and establish
conditions under which fretting fatigue of titanium alloys should

be expected in aircraft gas turbine engine compressor applications,
in order to permit establishment of appropriate test conditions
for subsequent evraluation of fretting-preventive coatings for

titanium.

2. §s - The contractor shall conduct the investigation discussed
below for the purpose of defining and establishing a range of
environmental conditions that produce fretting-fatigue damage in
titanium engine applications and define appropriate levels of
the variables involved. Appropriate tests for evaluating fretting-
preventive coatings shall be recommended and verified.

3. Effort - The forms of fretting associated with engine components
are (l) classic fretting, limited to contact surfaces not intended
to have relative motion, e.g., bolted compressor disc flanges; and
(2) common fretting, generally found on less restricted surfaces
that may undergo periodic separation, e.g., blade and disc dove-
tail pressure faces. Appropriate fretting fatigue methods for
evaluating classic and common fretting are strain-fretting fatigue
and sliding wear/fatigue, respectively. Therefore, the effort

shall be organized into two appropriate tasks, with all tests
employing uncoated, shot-peened, forged Ti-6A1-4V alloy specimens.

(1) Task I - Strain-Fretting Fatigue

The parameters of contact pressure, tensile load, relative motion, and
metal temperature shall be evaluated in strain-fretting fatigue. The following
contact pressures shall be applied, using strain-gauged shoe assembly bolts:
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1. 75,000 psi shoe contact pressure at room temperature

2. 5000 psi shoe contact pressure at room temperature

3. Spring-loaded shoe contacting the specimen er, a 1-pound load,

at room temperature

4. 25,000 psi shoe contact pressure at 4000 F

The specimens shall be subjected to tension-bending fatigue at 20,000

psi mean tensile stress and 60,000 psi alternating stress, with relative
motion calculated from strain relationships.

Rating of visual and metallographic appearance shall be recorded to estab-
lish any correlation of visually observable fretting effects with absolute

effect on fatigue. Radioactive Krypton methods and other techniques as appro-

priate may be employed to aid inspection and correlation.

The scope of these tests may be extended to include other temperatures
and stress levels as appropriate, if indicated by results above and within the

limits of time and funds available, upon approval by the AFML Project Engineer
and AF Contracting Officer.

(2) Task 2 - Sliding Wear/Fatigue

This task shall include a two-step test method, evaluating the effects

of contact pressure and relative-motion wear on subsequent bending fatigue,

under the following conditions of wear:

1. First, employing a 0.005-inch stroke under 10,000 psi contact
pressure for 1000 wear cycles, followed by high cycle bending fatigue

tests, then:

2a. If fatigue loss is observed in 1., less severe conditions including:

Wi) 0.0005-inch stroke under 10,000 psi contact pressure for
1000 wear cycles, and

(ii) 0.005-inch stroke under 1000 psi contact pressure for 1000

wear cycles, followed by high cycle fatigue tests; or

2b. If no fatigue loss occurs in 1., more severe conditions including:

(i) 0.005-inch stroke under 20,000 contact pressure for 1000
wear cycles, and

(ii) 0.0005-inch stroke under 20,000 psi contact pressure for 1000

wear cycles, followed by high cycle fatigue tests

3. In addition, the effect of a 0.005-inch stroke under 50,000 psi con-
tact pressure for 1000 wear cycles shall be evaluated by subsequent

low cycle bending fatigue. (It will be necessary to first establish

a baseline of low cycle fatigue.)
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Items 1 and 2 above shall be conducted in high cycle bending fatigue under
40,000 psi mean tensile stress at 40,000 psi alternating stress. Item 3 shall
include baseline low cycle bending fatigue test data to be determined at
A = 1.0, then evaluation of fretted specimens at an appropriately selected
stress level. Surface and metallographic appearance of fretting shall be
rated for comparison with fatigue results.

(3) Task 2 - Amendment

Additional tests under Task 2 shall be conducted as follows:

1. Employing a 0.002- to 0.003-inch stroke under 10,000 psi contact
pressure wear cycles, followed by high cycle bending fatigue

2. Employing a 0.008- to 0.010-inch stroke under 1000 psi contact pres-
sure for 1000 strokes, followed by high cycle bending fatigue
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SECTION V

EXPERIMENTAL WORK AND RESULTS

1. SPECIMEN PREPARATION

Figures 9 and 10 illustrate respectively the specimens for high cycle and
low cycle fatigue. Figures 11 and 12 show the two types of specimens with
their respective wear shoes used in conjunction with the fatigue specimens.
All specimens were prepared from annealed a-S processed TF39 flade forgings
having mechanical property requirements of 130,000 psi minimum ultimate tensile
strength and 120,000 psi yield strength. Low-stress grinding techniques were
utilized for primary surface finishing; then, the fatigue specimen gauge section
edges were hand radiused to 0.050 - 0.060 inch. Finally the specimens were shot
peened to 0.006 - 0.008 A2 Alman intensity using size 110 steel shot (S110) with
120% coverage. Specimens were rotated during peening for gradual, uniform
buildup of stress to prevent warpage.

The fretting and wear shoes were also prepared from flade forgings. The

shoes were shot peened only on the wear test surfaces.

2. TASK 1 - STRAIN-FRETTING FATIGUE TESTS

a. High Cycle Fatigue Apparatus Calibration

The HCF apparatus previously shown in Figure 6 consisted of a modified four-
point constant moment bending fatigue fixture mounted on a S'nntag SF-lU Uni-
versal Fatigue Machine. The fixture performed bending fatigue combined with a
mean tensile stress.

A calibration specimen was instrumented with six foil-type strain gauges
as shown in Figure 13. The specimen was aligned in the fixture by monitoring
strain gauge deflection under application of static axial preload. The axial
force was monitored through the precalibrated pull bar load cell and with
spring deflection constant. Specimen preload was applied on the basis of P/A
stress desired.

Data relating specimen bending stress versus fixture displacement (ampli-
tude) under dynamic conditions wire obtained and a master calLbration curve pre-
pared. A light-beam type recording system was used to record dynamic strain.
True stresses were calculated from the 900 rosette formula using 15.95 X 106
psi dynamic modul= of elasticity and 0.34 Poisson's ratio.

The specimen geometry was shown to have an edge stress concentration of
zero in bending, and a concentration of Kt = 1.1 in tension. Therefore, under
normal surface conditions, the specimens would be expected to fail at one of

the four corners of the minimum cross section, unless predisposed to locations
on the major surfaces of the specimen gauge section by greater Kt induced from
wear damage.
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lFigure 12. Specimen and Shoe Combination for High
Pressure Sliding Wear Test
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b. High Cycle Fatigue Test Results - Room Temperature

In this test, the fatigue bending stresses produce minute alternating

strain motion of the Ti specimen surface against the mating wear shoes. This
results in classic fretting, the severity of which is measured by the change
in fatigue life of the specimen. The variable in this test series is the
shoe contact pressure which might be expected to influence the severity of
fretting under (1) very high surface contact pressure therby restricting the
bending and resultant strain motion at the interface, or (2) such low surface

pressure that significant fretting might not occur. Figure 11 illustrated an
instrumented specimen, a set of wear shoes, and the pair of internally strain-

gauged clamping bolts. Specimen strain gauges were attached withir 1/32 inch
of the shoe contact edge where reported bending stress was monitored. The
fretting fatigue apparatus containing a specimen with bolted-on wear shoes for
high contact force was shown in Figure 6. Figure 14 illustrates the specimen
assembly with precalibrated springs holding the wear shoes for 500 psi contact
pressure.

Tests under 75,000, 5000, and 500 psi shoe contact pressure were performed.
The results are compiled in Table I and plotted in Figure 15. The S-N curves
are presented in conjunction with baseline nonfretting and fretting fatigue
data for 50,000 and 25,000 psi shoe pressures from background tests conducted
by the General Electric Company.

Several effects are evident from these data. Specimens tested with no
fretting define a 107 cycles run-out stress of 50,000 psi alternating (70,000
psi total including the mean tensile stress). Specimens with fretting shoes
clamped at 25,000 and 50,000 psi nominal surface contact pressure, and tested
at stresses in the vicinity of the baseline run'out stress, showed no loss in
cyclic life capability. Fretting wear was apparent in the contact area, but
failures occurred adjacent to the fretting bands. Failure always occurred out-

side the area of contact, and 8-15 mils subsurface, presumably below the ef-
fective shot-peened surface layer.

However, at slightly higher alternating stresses represeating possible
overstress conditions, a substantial loss in cyclic life capability occurred
due to fretting. The effect was clearly fretting fatigue in that all specimens
failed within the narrow fretting band found at the edge of the shoe contact
area. All such failures originated at the surface in the area damaged by
fretting.

In the original Company-sponsored studies, there was no significant differ-
ence observed as the result of varying the shoe contact pressure from 25,000
to 50,000 psi. The current tests under 5000 and 75,000 psi shoe contact pres-

sure likewise produced no difference. The fretting fatigue loss wis dependent
upon the magnitude of relative strain motion at the specimen/shoe interface and
independvnt of the nominal interface contact pressure in the range studied.

Figures 16, 17, and 18 illustrate the typical surface appearance of fretting
fatigue specimens tested under 500, 5000, and 75,000 psi, respectively. Visually
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FigiVre 14. View of tile Fretting Fatigue Test Fixture Illustrating thle Method
of Shoe Assembly for Low Contact Pressure (500 PSI). The Springs
were Precalibrated to Provide Approximately 90 Lb of Contact Force
(500 PSI).
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Neg 4787

1-IT-

Neg 4788

Figure 16. Fretting Fatigue Specimen 56 Tested. Under 500 PSI Shoe Contact
Pressure at 20,000 PSi Mean Tensioii and 60,000 PSI Al~ternating
Bending Stress to 6 x 10ý Cycles. The Shoe Contact Area' Shows
Fretting Debris Along the Edges and Pits at the Ends. The Failure
Initiated from a Single Origin Visible on the P * acture Face,.
Corresponding to Fretting Damage Along the Edge 'of the Shoe Con-
tact Area.' MG)
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SHOE CONTACT AREA

Neg 4783

4Neg 4784

Figure 17. Fretting Fatigue Specimen, 48 Tested Under 5,000 PSI Shoe Contact

Pressure at 20,000 PSI tMean Tension and 60,000 PSI Alternating

Bending Stress to 9.4 x 0"I Cycles. Upper Phot'ograph Illustrates
the Fretted Area where the Shoe was in Contact. Origins Visible

in the Lower Photograph Show the Initiation of Failure from Surface

Damage at the Edge of the Shoe Contact Area. (6X)
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Shoe
Contact
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Neg 4789

I.

,*j. , ..- q.....Vv,;

Neg 1790

Figure 18. Specimen 60 Tested Under 75,000 PSI Shoe Contact Pressure. Upper
Photograph Illustrates the Mild Appearing Fretted Area where the

Shoe was in Contact. Origins Visible in the Fracture Face Show

the Initiation of Failure from Surface Damage. Detail of the Wear

Damage is Shown in Figure 20. (6X)
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the fretting was more evident on the lower-pressure specimens, and it extended
over more area under the shoes. Lesser restraint of specimen bending under
the lower-pressure shoes apparently permitted more relative motion from bending
strain and Poisson effect throughout the interface. Butz at 75,000 psi contact
pressure, bending restraint prohibited large strain motion except in a finite
band along the edge of each shoe contact area. It is this fretted band at the
edge of contact where fretting-related failures always occur on test specimens.
No specimen failed under a shoe between the fretted bands, and no fatigue crack
propagated into the contact area.

Except for a moderate increase in the life of the specimens fretted under
500 psi contact pressure (and regardless of the appearance of more apparent
fretting at 500 and 5000 psi), the combination of strain -:otion, fatigue stress,
and mean stress produced fretting damage of significant magnitude in terms of
fatigue life reduction under the five levels of contact pressure which have
been investigated.

Figure 19 (Specimen 52) illustrates what was found to be the typical metal-
lographic appearance of the fretted specimens. Figure 19A shows the mild-
appearing fretting wear surface. Figure 19D shows the lip of the fracture face
and a fretted depression on the adjacent wear surface. At the end of the fretted
depression there is a shear crack. The depression contains wear debris. Figure
19C is a section through the fretted area at the other edge of the contact area.
Fretting debris prevented good adherence of the Ni-plate applied for metallo-
graphic preparation, but the fretted depression is evident. Surface shear cracks
are visible as is an incipient fatigue crack, characterized by its nearly verti-
cal direction. Note the fatigue crack propagated from a more oblique shear
crack. In the metallography of fretted specimens, the oblique shear cracks
from which fatigue fracture initiates were only observed in the locations shown,
i.e., corresponding to the fretted bands described previously. None occurred
any farther under the shoes.

Note that the direction of the shear cracks is toward the contact area and
away from the applied bending stress. This pattern has also been consistent in
the fretted areas observed. The cracks allude to the shear stresses resulting
from relative sliding motion of the surfaces. The cracks develop in tension,
i.e., when the specimen is bending away from the shoe. The benefit of shot
peening as a deterrent to fretting, relates to the formation of a compressive
surface layer which tends to offset a portion of the tensile shear stress.
Lubricants would also act to deter fretting by reducing the friction coeffi-
cient, thus lowering the shear stress.

Figure 20 is a series of SEM photographs of Specimen 60 illustrated pre-
viously in Figure 18. Figure 20A shows a macrophoto of the single major origin.
Figure 20B shows the origin in perspective with the fracture edge and the dimpled
peened texture of the specimen surface (part of the shoe contact area during
test). Successively detailed views of the origin in Figures 20C and 20D reveal
no readily discernable primary site of failure. Nonetheless, they show the
fretted band from shoe contact along the fracture edge. In the center view it
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Figure 19. Composite M~acro- and M~icrophotographs of Specimen 52 After Frettl
The Metallographic Sections Reveal Oblique Shear Cracks and Weari
Shoe Edges. An Incipient Fatigue Crack is Visible in View (1,1
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is seen that severe fretting is confined to a narrow surface area along the edge.
The undulating shot-peened surface is visible in the background.

The detail at 1250X (Figure 20D) shows several basic features typical of
the fretted specimens examined during this program. In the upper field of view
is a plateau of original peened surface. The escarpment was formed by the
shearing away of metal flakes such as seen at the nose or promontory of the
plateau. On each side are flakes of fretted metal scraped back from the fret-
ting band area in the foreground, The wear mechanism of adhesion and abrasion
may be clearly imagined from this view. The plateau was protected from wear by
perhaps being lower than the general original topography or having been kept
separated by accumulated debris in the shoe interface.

The fretted band appears to be free of debris but exhibits a pattern of in-
terconnecting cracks and shear lips. A metallurgical cross section would appear
like that for Specimen 52 shown previously in Figure 19. Similar failure mecha-
nisws have been reported in fretting studies for brass and aluminum(18) No
single site of failure origination was discernable. It is apparent that the
many cracks in the damaged surface combined to form the visible macro-origin.

Figure 20E is an SEM view of the shot-peened surface of Specimen 60 in an
area beyond the shoe contact zone. Metallographic sections of many specimens
examined showed that peened surfaces were not faultless, but included occasional
flaky overlays of surface metal amid the general undulations from peening. The
reason is evident in the SEM view, where it is seen that the surface does indeed
contain many overlaps and seams. As surface integrity features, they are
minutely shallow and their detriment, if any, is unknown. However, they are
suspected as possible sites for the initiation of fretting fatigue cracks.

c. Interrupted Fretting Fatigue

The object of this study was twofold: (1) to determine a threshold fatigue
life for specimens at one set of fretting pressure and stress conditions, and
(2) to determine the effectiveness of fluorescent inspection to preempt specimen
failure by early detection of cracks. Radioactive Krypton was shown in back-
ground studies to delineate effectively the fretted areas of fatigued specimens,
as shown in Figure 21. The more common fluorescent penetrant method was shown
to be very effective in detecting cracks.

The fretting fatigue test method consisted of subjecting the specimens to the
usual fretting exposure for a preselected number of fatigue cycles. Then the
test was stopped, the shoes removed, and the specimen inspected by hot fluores-
cent penetrant technique. Specimens were then continued in fatigue without the
fretting shoes. Fretting was to be interrupted as close to impending failure
as possible. Under the conditions of 25,000 psi shoe pressure and 60,000 psi
alternating stress, failure was expected to occur in the vicinity of 105 cycles.
Describing the tests chronologically, the first specimen tested in the group
failed short of the intended interruption goal of 105 cycles, as was shown in
Figure 2. An end point of 5 X 104 cycles was then selected to terminate fret-
ting and inspect the specimens.
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Figure 21. Autoradiograph Exposures of Kryptonized Fretted Specimens.
The Fretted Bands were Effectively Outlined by the Method,
but Crack Detection was Difficult. (Industrial Nucleonics)

40



The next test was interrupted at 5 X 10 4 cycles, and fatigue testing con-
tinued to failure without the fretting shoes. This specimen was not removed
from the fixture (no axial load cycle) nor was it given the penetrant inspec-
tion, to be certain that such operations did not affect the remaining fatigue
life. The specimen failed after an additional 6000 fatigue cycles in the
absence of continued fretting.

The next specimen was removed from-the fixture after 5 X 100 fretting
fatigue cycles and processed through a hot penetrant inspection. The treatment
included first a mild etching in dilute HNQ3 -HF and then immersion while heated
to 1800 F into the penetra,-t solution. Fluorescent inspection distinctly re-
vealed the fretting pattern along the edges of shoe contact on tho top and
bottom surfaces, as illustrated by the "black light" photograph in Figure 22.
In addition, cracks were in evidence along the center one-third of each of the
four fretting lines. (These'cracks were also clearly visible at lOX stero-
magnification without the penetrant inspection.) The specimen, returned to
fatigue testing without shoes, failed in 16,000 additional cycles. Figure 23
illustrates the specimen after failure, photographed under normal lighting,
showing the origins to have been present on both'fretted surfaces.

Because the previous specimens were terminally damaged by fretting before
they had accumulated 5 X 104 cycles, the final specimen of the series was in-
terrupted at 1 X 104 cycles. Neither visual nor fluorescent penetrant inspec-
tion revealed any cracking, although a slight fretting condition was visible
along the edges of the shoe-contact areas. This specimen was then tested with-
out shoes to a total endurance of 1.27 X 106 cycles. The specimen life was
equal to nonfretted baseline conditions; and, confirming this, it failed out-
side the fretting bands.

Figure 24 shows an SEM view of Specimen 61, interrupted from fretting,
then fatigued to early failure. Both photographs illustrate fretting fatigue
cracks which were enlarged and blunted by the HNOj-HF chemical cleaning prior
to penetrant inspection. Figure 24 also shows a metallographic cross section
of such a crack. Acid pitting of the general surface is also evident in the
SEM photographs. The upper Photograph illustrates the f,.etted band at the
edge of fracture.

The results of these tests showed that under the conditions where fret-
ting failure can be expected there was a narrow threshold between 104 and
5 X 104 cycles where irrevocable iretting damage was done. Those specimens
fretted for 5 X 104 cycles failed in a few thousand additional fatigue
cycles after fretting shoes were removed. Furthermore, under the test condi-
tions used the incipient failure was clearly evidenced by cracks, highlighted
by fluorescent penetrant, but visible at 10 - 15X unaided by the treatment.
Similar tests were reported in(18) for brass having such a short crack propaga-
tion time that cracks could not be detected, whereas they were easily seen in
an Al alloy.
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Wear
Area

Figure 23. Fretting Fatigue Specimen 61 Tested Under 25,000 PSI Shoe Contact
Pressure at 20,000 PSI MIean Tension and 60,000 PSI Alternating
Bending Stress. Fretting was Interrupted at 5 x lO01 Cycles for
Fluorescent Penetrant Inspection Shown in Figure 22. Fatigue was
Continued, Without Fretting, to Failure at 6.6 x 10a Cycles.
Fracture Originated from Bo'th Surfaces where Cracks were Dis-
closed at Inspection.
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The test also revealed that if fretting were interrupted before the thres-
hold, no cracks were detected in the fretted bands, nor was the specimen life
shortened. Relative to this, it has been observed in previous~tests arid, in
this program that "run-out" specimens have not exhibited cracks in metallographic
sections of the fretted bands., This'not only i6, further evidence, of a narrow
threshold to failure, but also may indicate a futility in attempts :toward pre-
ventive inspection for cracks to forestall problems undgr suspected severe,
fretting conditions.

d. Elevated.Temperature Tests

The same test fixture and specimen design used fQr room temperature high
cycle fatigue was modified for 4000 F' combined stress testing. Dynamic stress.
calibration was performed at 4000 F using theisame procedure used for room tem-
perature calibration. A new calibration specimenwas instrumented with high-
temperature strain gauges and a stress-versus-amplitude curve developed dt
400 0 F.

Figure 25 illustrates theltest fixture fitted with r. heat chamber'that was
purged with preheated airas a heat source. Hoi air was chosen because of the,
limited space around the specimen in the fixture and the better temperature
uniformity provided by a dynamic heat source versus radiation heat. This is
especially beneficial when heating the irregulai masses that are encountered
with the large fretting shoes clamped to the flat fatigue specimens. In.
Figure 25, the temperature calibration specimen is visible with thermocouples
attached to the sides of the gauge section along the neutral axis. Temperature
calibration was performed with four 28-gauge chromel-alumel thermocouples welded
to a dunmy test specimen. Temperature distribution around the test section was
± 50 F. The fatigue test specimens were instrumented with two thermocouples
welded on the neutral bending axis on both sides of thd spedimený !One thermo-
couple was for control, the other for continuous recording during test. The,
specimen was allowed to stabilize'4t temperature fdr a minimum of 1/2 hour
prior to testing.

The results of tests conducted at 4000 F are compiled in Table I.' Fretting
fatigue test results at 4000 F are shown iniFigure 26. The spedimens tested-at
40 ksi included one run-out and two long-lived results. The two failed speci-
mens had corner origins indicating no fretting effect. HoweVer specimens
tested at 60 ksi failed in short times and exhibitedifretting-related fatigue
origins.

The results are compared in Figure 27 with General E~ectric Company test
results at 6500 F. The tests at 65C° P at the higher stress levels resulted
in the same substantial reduction in fatigue life as occurred at 4000 F and
at room temperature. However, thbre wps a significant difference in the effect
of temperature in tests at lower stresses., Figure 27 shows that at 6500 F
there was greater loss of fatigue life due to fretting at the run-out stzess
level. This effect appeared to be related to m6re severe damage incurred by
the specimens, damage as severe as that occasioned by galling during sliding
wear tests to be discussed in Task 2.
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Figure 28A is a macrophotograph of 4000 F Specimen 75 prepared for SFM
viewing. Note the presence of deeply scoured wear pits and of raised, attached
debris. This gross pitting and adhesive buildup of debris was characteristic
of the elevated temperature tests and was more severe at 6500 F. Figures 28B
and C are SEM views of Specimen 75, respectively, illustrating areas of galled
Ti buildup and scoured pits in a portion of the wear band.

Pits corresponding tq specimen lumps, and vice versa were present on the
wear shoe surfaces. This is clearly illustrated in Figure 29. There the
center photograph is a portion of the specimen surface at one end of the shoe
contact area. The fracture surface extends along the lower edge of the photo-
graph, having originated in that fretted band. The corresr-:nding photograph
of the gauge section of the fretting shoe has been cut in half and the halves
placed adjacent to the corresponding fretted band of the specimen as mirror
images. Surface illumination was from below and slightly left for each view.
Study of the surface relief shows the matching patterns of pits and attached
lumps of debris.

Figure 30 illustrates a lump of debris on Specimen 75. Like the room
temperature tests the debris is largely titanium oxide with bits of unoxidized
metal. Other investigations have identified the debris as rutile, the tetra-
gonal form of TiO2 . The wear mechanism of fretting corrosion which produces
oxide debris even at room temperature testing is no doubt favored by higher
local Jpecimen temperature as evidenced by the greater accumulations noted.

Figure 30 also illustrates the oxidation of a shear crack in Specimen 75.
The fretted band adjacent to the fracture lip displays the same oblique shear
cracks as at room temperature, but they were extensively oxidized. The fret-
ting corrosion pits observed did not exhibit cracks, being located generally
farther into the shoe contact area where bending fatigue stresses are minimal.

Figure 31 is a SEM photograph of two pits and a detail of the larger
showing the scoured metal and some debris. Note that around these pits there
is only slight indication of wear striations. This is evidence that the conver-
sion of metal to lower-density oxide creates debris which is more voluminous
than the metal particles which it replaces. Accumulation of this wear product
causes the metal surfaces to separate. Wear then intensifies at the remaining
areas of contact forming the observed pits and contributes to locally severe
surface damage.

3. TASK 2 - SLIDING WEAR/FATIGUE

a. High Cycle Fatigue Effects from Sliding Wear

Task 2 studies were conducted under a two-step test method with specimens
first subjected to high pressure sliding wear and then tested in high or low
cycle fatigue. The wear test apparatus was shown previously in Figures !ý and
3 and the specimen in Figure 7. As for Task 1, all specimens and shoes were
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prepared from a-0 processed Ti-6A1-4V airfoil forgings and shot peened to 6-8
A2 intensity as described in Section V, paragraph 1.

During backgroand studies sliding wear was performed under 50,000 psi
contact pressure with a 5-mil stroke. Severe surface damage resulted in as
few as 1000 wear strokes and the fatigue life was substantially degraded.
These test results are shown in Figure 32. Whereas nonworn (or coating-
protected) specimens exhibited a baseline strength of 40,000 psi alternating
stress under 40,000 psi mean tension, the effect of wear damage was nearly a
40% decrease in the run-out stress. Furthermore, the life capability at
40,000 psi alternating stress was reduced by 2j orders of magnitude.

In Task 2 other levels of contact pressure and stroke lengths were investi-
gated for their relative effect. Data are compiled in Table II and plotted as
S-N curves in Figure 3. The overall results are summarized in Figure 4 as a
nomograph for a constant .1000 wear strokes.

In Task 2 other levels of contact pressure and stroke lengths were investi-
gated for their relative effect. Data are compiled in Table II and plotted as
S-N curves in Figure 3. The overall results are summarized in Figure 4 as a
nomograph for a constant 1000 wear strokes.

Selecting a 5-mil stroke for reference, it is seen that wear damage from
contact pressures of 50,000 psi and 10,000 psi produce fatigue loss, whereas
1000 psi did not. At 1000 psi contact pressure, a stroke of 10 mils could be
tolerated. At 10,000 psi, the maximum stroke length was at least 2.5 but less
than 5 mils. These results are for high cycle bending fatigue with a constant
mean tensile stress of 40,000 psi and A = 1.

(1) 10,000 PSI Contact Pressure, 5-Mil Stroke

The effect of wear under 10,000 psi contact pressure and a 5-mil stroke
produced a large scatter in fatigue results, although visually there was no dis-
cernible difference among the specimen wear patterns. Each appeared severely
worn, with extensive galling and debris visible on specimen and shoe surfaces.
However, the high cycle fatigue tests produced varied results, indicating an
apparent threshold situation of wear damage incurred under these particular
conditions. For example, with Specimen 35 of this series, the reductions in
fatigue life was as much as for the background specimens tested under 50,000
psi pressure. But, for Specimen 43, there was no reduction in fatigue life.
This specimen failed from a corncr origin opposite the worn surface. The other
two specimens of the series exhibited intermediate fatigue lives, but failed
from sites in the wear areas.

4 Figure 33 illustrates Specimen 38, its wear shoe and fracture face. It
was tested in the 10,000 psi contact pressure series with a 5-mil stroke. The
shoe exhibits many scoured-out pits while the specimen wear surface shows an
accumulation of debris. A detail of Specimen 39 in Figure 34 shows that it
consists mainly of pits, smeared debris, and isolated areas of original peened
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Figure 33. Specimen 38 Illustrating the Galling Wear and Fatigue
Fracture Pattern After Testing Under 10,000 PSI Con-
tact Pressure and 5-Mil Stroke.
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Figure 34. Specimen 39 Showing Detail of Galled Surf acp After Wear
Under 10,000 PSI Contact Pressure and 5-Mul Strokb.
(M7081728, 13X)
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surface. SEM views of the surface of Specimen 38 in Figure 35 illustrate the
wear striations in fresh metal adjacent to a peened area. In the lower photo-
graph d detail is shown of the smeared layer of wear debris. Figure 36 is a
metallographic section of the debris layer. It consists of a churned and strati-
fied mixture of oxides and metallic particles. The upper flat surface is the
wear interface. Beneath the debris the scoured metal forms a pit about 0.002
inch deep. The right-hand portion of the debris/metal interface reveals fresh
debris fractured and ready to be dislodged. To the left there is evidence
of distortion in the interface metal grain structure.

SShowh previously in Figure 33, the fracture face of Specimen 38 displayed

a' single major origin. Like the Task I fretting fatigue tests previously dis-
cussed, Task 2 specimens tested in fatigue after sliding wear displayed multiple
drigins as well as single sites. Unlike the fretted fatigue specimens in Task

I,1where failures were confined to the edges of shoe contact, the prior-worn
specimens in Task 2 exhibit failures anywhere in worn areas that sufficient
damage develops. Multiple origins sometimes lined up to form a single fracture
plane; in other instances, they were in such random locations on the wear
surface that a stepped fracture face resulted. Specimen 48 in Figure 12 is
an example of the latter. No trend toward greater or lesser fatigue life was
determined for the occurrence of single or multiple origins.

(2) 10,000 PSI Contact Pressure, 0.5-1 Mil Stroke

Because of the strength loss which occurred under the initial conditions
selected in Task 2 (10,000 psi, 5-mil stroke), the contractural optiins of
lower pressure and stroke rate were investigated. It was found thal decreasing

the stroke to 0.5-1 mil under 10,000 psi pressure did not produce damaging
wear. In fact, visually, the effect of sliding was barely discernible, and
no fatigue loss resulted as shown in Figure 3. The specimens failed in corner
sites at cyclic lives comparable to nonworn baseline specimens. Figure 37
illustrates the very mild wear pattern on Specimen 41.

(3) 1000 PSI Contact Pressure, 5-Mil Stroke

In the second option to bracket the fatigue-affecting wear parameters,
decreasing the contact pressure to 1000 psi and retaining the 5-mil stroke
resulted in no loss of fatigue properties. Although considerably more visible
wear debris (oxide powder) occurred in the low-stroke variation, the surfaces
did not exhibit the extensive galling that the high-pressure, high-stroke test
parameters produced. The high cycle fatigue results are shown in Figure 3.
Each specimen failed from a corner origin, in each case opposite the worn
surface. Figure 38 illustrates Specimen 45 of this series. These results
indicate that the conditions of 10,000 psi pressure and a 5-mil stroke comprise
an apparent lower limit of fatigue-affecting parameters for 1000 cycles of
wear.

61



:;t

SEM 66B-1, 265X, 450 x 00

~t

Arr

.~ 45

* ~ ; ' ~.n

it
f A~k-tM

SEJA 66B-3, 1380X, 450 x00)

Figure 35. Specimen 38 Showing Wear Striations and
Detail of Debris Layer After Galling Wear.
Under 10,000 PSI Contact Pressure and
5-Mil Stroke.

02



Figure 36. Metallographic Section of Specimen 38
Showing Wear Debris Layer in Substrate
Pit. (Mount 1917, Neg G6305, 1000X)
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(4) 10 000 PSI Contact Pressure, 2.5-Mil Stroke

As part of the amended contract, an intermediate level of 2.5 mils stroke
was evaluated under 10,000 psi contact pressure. The specimens exhibited only
very slight visual wear effect. No fatigue strength loss was encountered.

(5) 1000 PSI Contact Pressure, 10-Mil Stroke

The amended contract included a further evaluation of 1000 psi contact
pressure at a stroke length extended to 10 mils. The longer stroke produced
the most extensive visible surface debris of any of the wear conditions;
however, there was no effect on the fatigue properties of the substrate.

b. Low Cycle Fatigue Effects from Sliding Wear

Specimens were subjected to the baseline wear condition of 50,000 psi pres-
sure and a 5-mil stroke for 1000 wear cycles. Extensive, visually-severe wear
damage occurred. As was shown in Figure 5, all specimens failed with an order
of magnitude loss of low cycle fatigue life under 138,000 psi bending stress
at A = 1.0.

Figure 39 illustrates the surface appearance of Specimen 27 and its fracture
face. SEM observations of the specimen and its shoe shown in Figure 40 reveal
the typical presence of galled metallic-appearing flakes on the specimen and the
accumulation of debris on the shoe. Metallographic sections of the specimen and
wear shoe ae shown in Figure 41. The shoe is seen to have not only an accumu-
lation of debris, but also a shear crack indicating the mode of surface break-
down which has been described for the specimens themselves. Shown below the
shoe is the fracture edge of Specimen 27, showing the characteristic shear
cracks, debris-filled pockets, and disturbed metal at the surface.
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Figure 39. Specimen 27 Showing Wear anct Fracture Pattern After Low-
Cycle Fatigue Weal' Testing Under 50,000 PSI Contact Pressure
and 5-Mil Stroke. (Aletcut, GX)
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Figure 40. Specimen 27 Showing Wear D~ebris of Shoe
(Upper Photograph) and Galled Mletal Flakes
on Specimen (Lower' Photograph) After Test-
ing Under 50,000 PSI Contact Pressure and
5-Mul Stroke.
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