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ABSTRACT

.

The objective of this research prozram was to 1nvost1~ate tho
ncchanism and consequences of the Iretting fatizue oncnorenon‘* The
experimental prosram was designed to explore thc effectivencss of
shot-pecning and cold-rollin: on fretting fatirue damage, establish
the Prot 1"ela’cnonsﬂp Tor ml—lhO-« titanium alloy, compare the
endurance limits ol two hcats of titanivii vith the same nominal '
specifications, investizate frett mb specd cffects, periorn uicroscopic
studies of irct ed specinmens, and survey the literature in the ficld
of fretting fatisue,

It was found tnat, while severe shot-pecning is an cifrective
fretting fatizuc inhibitor, severc coli-rollin; is a better way of
inhibiting both fretting wear and fretting fatigue. It was found
that the Prot mcthod of endurancc limit detcrmination is valid for
Ti~lli0-A titanium alloy, It was Lfowund that a signilicani difference
in endurancce limit existed betwecn iwe heats of titanium with the
same nominal compeosition, The speed of fretting has a oronounced
effect on endurancce limit. Many minute fatipue cracks vere observed
in the fretted area of a large nunber ol specimens. The mechanisn
of fretting may be a cormbination of »it-di--ing and asperity-contact
fatipue. Construction of a machine is orovosed to study the phenomenon
of fretting to determine which of the Wwio rnechanisms dominates under

various conditions,
\

\
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AN INVESTIGATION OF TH: MECHANISH OF
THE FRETTING-CORROSICN-FATIGUL PHENC!TNOH

SECTION I.

INTRCDUCTION

1.1 S3COPE CF RFPOX

This recort is the final tcchnical rcoort on Contract No. AF 33(619)-
3386, The reszarch progran for this contract has been completed. All
data collccted on this research nrozram are presented in tabular form in
the Materials Data Scction appended to this report. They are also
oresented —-rashically and are discussed in Section IV,

1.2 OBJECTIVES
The broad objectives oi this rosecarch program were:

1l. To investi:atc the mechanism and esnsequences of the frctting-
corrosion-ratisue phenomenon,

2. To conduct experinental tests to deiine statistically the
effcects of certein combinations ol varisbles in the fretting-
corrosion-fatisue orocess,

3e To cxvlore the mechanisn vherchy surface treatmuents such as
shot-peening or cold-rollin;: tend to inhibit damase,

e o explore the feasibility of usin; wire as & fretting-fatigue
resoarch tool,

5. To cmploy mathematical analysis, comprchensive literature
survey, and experimental teciinigues to ;ain a betier understanding
of the basic mechanism oi fretting fatisue.

1.3 BACKIROUND

A briefl resume of the >reblems and conZitions leading to this rescarch
procran is presented in Apoendix A of this report. This appendix: also
includes a sumuary oi the rcsearch performed on the Zrettiny uvrovlem prior
to the besinnins of the current »ro-ram, It is suzjested that, if the
results presented in this revort are to be fully understood, it would be
advisable Lo rcad-Appencii A before continuing with the remaining sections
of this renort,.




1.y MATERIALS DATA
SHECTION

Attached to this report, and designated as Appendix B, is a section
entitled "iuterials Data Sccticon", This llaterials Data Section is included
in compliance with Part I of the Scliedule to Contract No. AF 33(616)-3286.
This scction lists in tabular form all davta accurmlated on this contract,

STCTION IT

DESCRIPTION Cr XPRRIILNTAL APPATATUS

2.1 IUTROLUCTION

Several pieces of experimental rescarch cQuinment were used in
carrying out this research programn. Some of this equipment was modified
commercially available cquipment and somc was specially designed and
constructed as a nart oi the rescarch nroject. The followings paragraphs
des:ribe the major units of rosearch cquioment used in the experimental
nrograil,

To rcproduce closcly the Iratting ceaditions frow specimen te specimen,
it was neccessary to know aud sclectively control the size of the specimen
and save at the Iretting interface., It was found that accuracy in measurc-
~ment ol the order of U,0001 inch vwac desirable on hoth specimens and choes,

To measure the specincis, a precision mechanical comparator with specimen
positioning dovicls and {lexure plate measuring probe was constructed and
coupled with a very accurate dial indicator bo Jrovide the necessary
precision in ncasurcricat, This instrwaent is showm in Figure 2-1, The
fretting shocs wer. measurcd wili: a celf-centcering probe type hole gage
cmployin: @ orecision dial indicator. This instrument is shown in Figure
2-2., Topctier, tiese two iastruments rovided the desired accuracy in
aneasuring the frettia; soccimens and shoes,

2.3 SPUCT TII-rRETTING .
EQUIPLLNT

A special fretting collet was used to Hro.uce {rettin- action on the
surfaces oi tlic test speciicns. This collet, shovm in Ii-ures 2-2 and
2-3, was spoiially desined to be uscd with a standard Krousc 1500 in-1b,
rotatin; beam fatljuc-t-stin; rachine, rcnlacing one of the original
staadard collets, «#itnh this special ircttﬁna collct in oncration, the
specimen was caused to press against the freliing shoes while the entire
s;stem ol specimen, shoe, and collet rotaled as a sin~le menber, This




Y

system, shown schematically in Fipurc 2-l, resulted in small amplitude
cyclic relative motion betwecen the shoe and the spccimen because of
differential svrains of shoe and specimen as well as axial angularity
of the sprecimen centerline with respect to the shoes. This mechanism
was used to produce the fretting trcatment on all titanium specimens
used in the experimental program,

2.t PROT FATIGUE-

TESTING ‘EQUIPMENT

Three 1500 in-lb, Krouse rotating—cantilever-beam fatisue-testing
machines werc used to periorm all of the Prot endurance tests in this
research program, A specilal Prot attaciment consisting of a change
gear ovox, flexible cable, and lead screw mechanism was incornorated
into ecach Krouse rotating beam machine, This iwdification is shown
schematically in Fipure 2-5. With this modification the Krouse wachines
werc capable of continuously increasinz the stress at a constant rate
per cyclc, The rate at which the stress a:inlitude in the specimen is
increased during each cycle is known as the Prot rate. A large variety
of T'rot rates was made available by the Prot attachment described above,

2.5 SHOT-PE:NING
EQUTPLLNT

A commercially available shot-peening unit was purchased. To the
basic unit were added a fixture to position and hold the blast nozzle,
and a mechanism to rotate and translafe the specimen through the shot
blast. Tiiis specimen transvort unit is shovn in Figure 2-6. An overall
view of the shot-peening facility is shown in Figure 2-7, All shot-
pecned specinens were prepared with this svecial shot-peenin; facility,

2.6 COLD-ROLLING
EQUI PYENT '

A special cold-rolling fixture to cold-roll tne test sections of
fatigue speci.icns was designed and constricted, As shown schematically
in Fijgure 2-), this [ixture was basically a frame which spring-loaded
three toroical rollers acainst the test section of a fatigue specien.
Figure 2-9 is a photograph of this fixlurc., The cold-rollin: apparatus
was mounted on the saddle of a large lalun so that the specimen could be
rotated between luthe centors while the celd-rolling fixture was trans-
lated by the lathe carriage. The load on the rollers was controlled by
a calibrated spring, Lxtreme pressur lubricant was supplied to the
specimen-roller contact area durin- the entire rollin;g process,

2.7 WIRL FATTGUE-
TLETING tACHIMES

Commereial wire fallzue-testin: machines were used in the wire
testing; nnase ol the project. T.cse machines, mannfactured by the Krouse
Testing Machine Cemrany, uvsed the princinlc of a rotating column to
provide cyclic stresscs in a virc, These wire fatijuc-testing machines
werc us~d siitheut modiiication,
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SECTION IIT

EXPERIMENTAL TESTING PROGRAM

3.1 INTRODUCTION

'
For the purpose of clarity and conciseness in reporting results,

the testing program was divided into nine separate tests, ZHach of
these tests is described briefly below. The results and conclusions
from each test are presented in Sectien IV, N

3.2 TEST 1--LONG-RUNNING
FRETTING TESTS

This test involved an exploratory investigation of the cffectiveness
of various surface treatments, such as shot-pecning or cold-rolling, in

Tretting-fatigue damage ol Ti-1LO-A titanium alloy. These tests were
conducted under conditions of mild, mediwm, and severe fretting for several
millions of cycles of fretting. The results of this test arc discussed

n L.2,

3.3 TEST 2--INVESTIGATION
OF PROT RELATIONSHIP
FOR Ti-1LO-A TITANIUM

The purpose of this test was to establish the relationship between
Prot failure stress and Prot loading rate for Ti-lhO-A titanium material,

The tests involved Tour different Prot rates and the results were
validated by statistical up and down testing to verify the value of
endurance limit determined from the Prot data., The results of this test
arc discusscd in l.3. ‘

3.4 TEST 3-~COMPARISON OF
ENDUUANCE LIMITS OF TWO
HEATS OF Ti-140-A TITANIUM
VATERIAL

The purpose of this test was to perform a statistically significant
comparison betiween the simple endurance limits ol two aifferent heats of

Ti-10L0-A titanium alloy with tne same nominal composition. Thc results
of this test are discussed in li.le

3.5 TEST L4--COLLZCTION
OF SUPPLL.ENTARY DATA

The purpose of this test was to provide statistically significant
endurancc limit data for Ti-lLO-A titanium specimens under four diiferent

test conaitions: (1) polisned Ti-1LO-A specimens subjected to no Iretting,

(2) polishied TI-1L0-A specimens subjected to severc fretting, (3) severcly

siiob=peened Ti-140-A specimens subjected to severc fretting, and (L) scverely

colié-rolled Ti-120-A specimens subjected to severe fretting. The results
of this test are discussed in L-5,
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3.6 TEST 5—EFFECT OF
CYCLIC FRETTING FREQUENCY

The purnose of this test was to determine what effect, if any, the
cyclic frequency of fretting has on the endurance limit ol fretted Ti-
TI,0=K specimens, Tests were conducted over a speed rangz ol 100 rpm
to 7000 rpm under severe fretting conditions. The results of this test

are discussed in L.6.

3.7 TEST 6--STUDY OF
MECHANISY OF FRETTING
INHIBITION BY SURFACE
TREATMENT

The purposc of this test was to study the basic mechanism by which
surface treatmcnts, such as shot-peening and cold-rolling, tend to
inhibit Iretiing-fatigue failure., This study involved a microscopic
and macroscopic examination of specimens previously subject to various
combinations of surface treatment and fretting. The results of this

test are discussed in Uo.7.

3.8 TEST 7--DESIGN OF
WIRE FRETTING MACHINE

The ourvose of this phase of the research was to design, construct,
and proof test a machine to subject wire spccimens to controlled Iretting
in either ol two mutually perpendicular directions. One direction was to
be parallel to the wire axis and the other was to be in the circumferential

direction., This test is discussed in L.8.

3.9 TEST 8-¥IRE FRETTING-
FATIGUE TESTS

The purpose of this test was to perform fretting tests on wire
specimens to compare the effects ol fretting in the axial dircction
with Irefting in the circumferential direction. Such information would
provide data useful in cveluating the relative contributions of the pit-
digging action and the asperity-contact action to the total Iretting
damage. Fretting damage was to be measured by reduction in endurance
limit as determined statistically using up and cown test methods, This

test is discussed in L.9.

3.10 TEST 9—EXPLORATORY
ANALYSIS OF FRETTING-
FATIGUE PHENO} NON

The pursose of this test was to maintain an wp-to-date literature
file on f{retting-fatigue and asscciated pnenomena, and to exolore the
possibility ol developing a fretting-lfatigue cesizn cquation. The
resvlts ol this investigation are discussed in L-10.

-1 -
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SECTION IV

RESULTS AND CONCLUSIONS

L.l INTRODUCTION

For the purpose of orderly performance and clarity in reporting,
the research program was divided into nine separate parts as described
in Section III. The detailed results of cach test are discussed in
the following paragraphs and pertinent conclusions are presented,

L.,2 TEST 1--LONG-RUNNING
FRETTING TESTS _

Exploration of the effectiveness of surface treatment in controlling
fretting damage was of primary importance in this investigation. Former
studies™ had indicated that shot-peening and cold-rolling titanium
specimens pricr to application of 100,000 cycles of fretting greatly
improved the fatipgue cncdurance propertics oi the fretted materials,

Test 1 was designed to provide similar information for much larger

numoers ol fretting cycles,

Two types of surface treatucents were used —- shot-peening and cold-
rolling, After the surface trecatment, each specimen was subjected to a
rnild, medium, or severe fretting treatment for several million cycles,
The details of the shot-peening treatments, cold-rolling treatments, and
fretting treatments are shown in Tables B-1l, B-2 and B-3 of Appendix B,

During the fretting process each test specimen was treated in one
of two different ways, Either it was disassembled from the shoe, cleaned,
measurcd, and weished cach 500,000 cycles of fretting, or it was permitted
to run the cntire snecified test time without disassembly.

Firures -1 through L-10 and Table B-lL of Appendix B show the trend
appears to be uniform. Tor botn weight loss and diameter change, the
tendency is to a very low rate ol chanpge for the first one to two million
crecles followed by an abrupt upswing in the rate afver this carly period,
This abruot upturn seems to occur when the notions betireen shoe and
specimen become so large that cebris is loot ané the nrocess degenerates
into galling and severe wear action., It 1s interesting to note that in
many cases the fretting shoes actually decrcas. in internal diameter,
which mcans that retal transfer must occur from specimen to shoe,

lo illustrate the relative severity of fretting action, Tables L-1
and L-2 present snecimen weight loss and diaacter change data for various
corbinations of surface treatment and {rctting action aftor one and one-
half millien cycles of fretting., Both the cctimated arithmetic mean and
estimated unbiased standard deviation are presented for each sct of

conditions used,

* See Ref. 26




Table Lh-1 Summary of Titanium Specimen Weight Loss
Data After 1,5 ifillion Fretting Cycles

Surface Degree of Mean Weight Unbiased
Treatment Fretting Loss, gram Standard
Deviation
Severely Shot-Peened Mild . ,0055 00332
Severcly Cold-Rolled Medium - .0075 .00L3L
Severely Shot-Peened Medium .0106 .06420
Severely Cold-Rolled Severe ,0175 .00L9L
Severely Shot-Peencd Severe 20349 .00923

Table Lj-2 Suvmmary of Titanium Specimen Diamcter
Loss Data After 1,5 kill“on Fretting Cycles

Surface Degree of Mlean Diam, Unbiased
Treatment Fretting Loss, inch Standard
Deviation
Severcly Cold-Rolled Medium 00021 .00021L
Severely Cold-Rolled Severe .0002L .000133
Severely Shot-Peened Mild .,00133 000922
Severely Shot-Pecned ledium .00202 .00124L8
Severely Shot-Peened Severe »00559 .000522

Figures L-1l throu-~h L-22 and Table B-5 of Appendix B show weight
loss and diameter chianze data for specimens cleared of debris each
500,000 cycles cormpared with specimens not cleared of debris throughout
the test, A summary of these data is iven in Tables -3 and L-L shovring
the mean and standard deviation for clcared and uncleared specimens after
one and one-half million cycles of fretting,

-~
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Table lL~3. Weight Loss ol Severely Shot-Peecned Titenium

S Specimens after 1.5 i%illion Cycles of Fretting.

Comparison of Specimens Cleared of Debris Each
500,000 Cycles with Specimens not Cleared during
Entire Test

Degree of Mean Weight Loss, gm, Unbiased Standard Deviation
Tretting Cleared Not Cleared Cleared Hot Cleared
Mild .0055 .0022 ,00332 00092
Medium .0106 .00732 L0642 .00561
Severe .0349 .022 .00923 .01506

Table l-L, Diamcter Loss of Sevorely Shot-Peened Titanium
Spccimens after 1.5 [Hdllion Cycles of Fretting.
Comparison of S .ccimciis Cleared ol Debris Fach
500,000 Cycles with Snecimens not Cleared during
Entire Test

Degrec of }Yean Diameter Loss Unbiased Standard Deviation
Fretting Cleared Not Cleared Cleared Not Cleared
Mild .00133 .0000273 .000922 .000339
Medium .00202 .00180 .001248 .001575
Severe .00559 .0043 000522 .00239

Frox these data, it is intercsting to observe that both diamcter
chan res and weight losses are more scvere waeon the specimens are cleaned
periodically than when the debris is noi cleared during the entire teste
This weuld scem te indicatc that the accumulated debris provides a cushion
vinich slows the fretting action.

Ficure =23 shows the relative endurance limits of snecimens
suwojezted to various combinations of surface prenaration and fretting
for scveral millicns of cycles, Several imnortant observations may
be made frowm these data,

It may be noted that swvecimens subjec! ed to severe shot-pecenin:
tend to cxnibit a decreasing endurance limit with increased scverity of

Lfretting,
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It may be noted that specimens cleared of debris each 500,000
cycles do not show a marked difference in endurance limit from specimens
not cleared of debris during an entire test., The amount of scatter for
specinmens cleared of debris seems to be somewhat greater than for specimens

not so cleared,

The endurance limit of severely cold-rolled specimens is little
affected by fretting,. and the scatter is relatively low. This important
result, is also supplemented by Figures L~l, L4-3, -5, and L4-7 all of
which tend to indicate that weight loss and diameter loss of severely
cold-rolled specimens seem to be noticeably less than for shot-peened

specimens,

The important general conclusion to be drawn from this exploratory
test series is that, while severe shot-pecning is an effective fretting-
fatigue inhibitor, scvere cold-rolling is a better method of inhibiting
both fretting wear and fretting-fatigue from the standpoint of maintaining
a high mean endureance limit with 2 snall amount of scatter for fretting
situations invelving several million cycles. This conclusion, of course,
is based on a relatively small samnle size and must be interprcted with
care. Neverthcless, Figure L-23 presents a strong casc for such a
conclusion,

.3 TEST 2--INVESTIGATION
OF PROT RELATIONSHIP
FOR Ti-1LO-A TITANIUM

To determine the endurance limit of a specimen by the Prot method,
it is necessary to know the Prot rate (ratc of stress increase per cycle),
the Prot failure struss, and the functicnal relationship between Prot
rate and Prct failure stress for any narticular material. It is then
possible to calculatc the fatizue endurance limit for cach specimen,
Tor steel the functional relationship between Prot rate and Prot failurc
stress has becn cstablished, but for titanium it has not.

Test No. 2 had as its objective the determination of a rclationship
between Prot rate and Prot failure stress for Ti-1L0-A titanium alloy.
Four different Prot rates were used to establish this relationship.
These were 0.0025 psi per cycle, 0.0l psi per cycle, 0.,0L4 psi per cycle,
and 0,09 msi por cycle. The results of these date arc tabulated in
Table B~6 of Appendix B.

Fimure L-2Q displays the data from the Prot evaluation test. Sixty
specimens were tested to provide an accurate relationship betwcen Prot
rate and Prot failure stress. This relationship is determined by drawing
the line of least squares throu-h the data of Figure L-24. The intercept
of the least squares line with the 4/ ac = 0 axis gives the endurance
limit value of this material,

= @ =
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For the Prot method of testinz, the endurance limit of the Ti-1L0-A
alloy used was found to be §2,600 psi.

To validate the Prot method of testing, a standard up-and-down test
was pcriormed on the same material, The results of this test are
tabulated in Table B-7 of Appendix B and shown graphically in Figure
L-25. Using the usual method of analysis® for determining 95% confidence
limits on the mean endurance limit and the standard deviation, it was
found that the mean for the material was 83,200 psi and the standard
deviation was 179C psi. Thus, the up and down test checkcd the Prot
method very closeiy and thc Prot method is valid for the Ti-1L0O-A
titanium alloy used In this vroject.

Lholi TEST 3-~COMPARISON OF
ENDU ‘AMCE TIISITS OF TWO
HEATS OF Ti-1L0-A TITANIUM
MATE TAL

Specimens for the re'.earch program were made from titanium material
taken from two different ncats of Ti-li0-A alloy., To compare the endurance
oroperties of the two heats, a Prot test was performed on polished, non.
fretted, titanium specimens taken from cach heat., Thirty specimens were
tested from cach hcat to make this comparison,

The resulting data are presented in Tables B-8 and B-$ of Appendix
B. The two heats are compared gra.hically in Figure L-26. From these
data it may be calculatcd that the estimated mean endurance limit for the
first heat is 79,000 psi with a standard deviation of 3230 psi compared
to an estimated :mcan of 85,900 psi with a standard deviation of 3860
for thec second heat.

The mecans of the two heats are significantly different at the
.05 si_niiicance level and when data are compared between hecats these
differences must be taken into account. It should be noted that all
specimens from the first heat have been designated by a letter and a
number, e.y., A-l, while all specimens from tho second heat have been
designated by a number 1, a letter, and a numbor, e.g., 1A-l, This
method of specimen identification makes it easy to distinguish between
specimens from the two different heats., Chcemical analyses and nominal
physical propcrtics are shown in Table B-10 of Appendix B for each heat,

L.,5 TEST L--COLLTCTION
OF SUP/LEI™NTORY DATA

Fretting-fatigue researth programs**have Leen performed in which the
effects of various surface trcatucnts on fretting-fatigue damage were
explored., These investizations consisted of subjecting specimens to
surface treatments such as shot-pecning or cold-rolling, anc then to
various degreecs of Iretting damarge,

* "Proceedings Statical Methods in Materials Research", Peansylvania State
University.' Edited by Donald E. Hardenbergh., 1956,
#* See reference 1
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Fifteen specimens were fretted at most frequencies with samples of fiwve
fretted at the remaining test frequencies,

The results of these tests are shown in Table B-15 of Appendix B
and are depicted graphically in Figure L-28., These results are most
interesting. It appears from Figure L-28 that the endurance limit is
definitely a function of fretting speed, 1In fact, both the mean
endurance limit and the scatter appear to be affected by changes in

fretting frequency.

Table lj~6 Summary of Data for Polished, Severely
.Fretted Specimens Fretted at Various

Speeds,

Fretting Ho, of Mean Endurance Standard
Speed, Specimens Limit, psi Deviation,
gl psi

100 15 79,850 2,960
500 5 79,900 6,070
750 5 76,040 7,670
1000 ) 76,38L0 16,240
1600 15 63,110 17,136
3000 _ 15 60,330 15,Lh0
L00Oo 15 49,810 17,012
5500 15 63,460 22,790
7200 15 67,060 10,940

Employing F-tests and t~tcsts at the .05 level of significance to
compare the standard deviations and meas,one may conclude that fretting
specd has a definite effect on endurance limit of these titanium specimens,
Further, it may be postulated that at spceds above 7200 rpm the fretting
condition may be much less severe than in the 1000-7000 rpm rangc.
Unfortunately, time and equipment limitations prevented further investiga-
tions at higher specds., The problem of speed cffect on fretting invites
further study and might yield important and useful design information.

ko7 TLST 6--STUDY OF LVECHANISM
OF FRETTING INHIBITICH BY
SURFACT TRFATIZNT

During; the course of this exploratory test, the original 'wurposc of
studying thc mechanism of fretting inhibition by surface treatment has
veen broadened to a basic study of the fundamental fretting mechanisn,
The exploration tock two general paths, one macroscopic and the other

microscopic,

- L7 -
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The purpose of this test was to select the most proumising results
from the prior fretting-fatizue exploratory research program and supple-
ment these results with additional data to lend statistical significance
to them. The collection of thesc additional data was limited to four
o' the most irportant sets of conditions used in orevious tests, These
four conditions were defined by the following combinations: (1) polished
Ti-1L0-A titanium specimens subjected to no fretting action, (2) polished
Ti-1L0-A titanium specimens subjected to severe fretting, (3) severely
shot-peened Ti-1L0-A titanium specimens subjected to severe fretting, and
(4) severely cold-rolled Ti-1L0O-A titanium specimens subjected to severe
fretting. These data are presented in Table B-11l, B-12, B-13 and B-1l
of Appendix B and are shovm graphically in Figure L-27. The results of
these tests are summarized in Table L-5.

Table -5 Summary of Data for Ti-140-A Titanium Specimens
Subjected to Various Combinations of TI'retting
and Suriace Preparation. :

No. of Surface Degree of Mean Endurance Standard
Specimens Preparation Fretting Limit, psi Deviation,
' psi
30 Polished None 79,030 3,280
30 Polished Severe Ly, 060 19,870
30 . Severely
Shot-Pecned Severe 85,380 2,820
30 Severely
Cold-Rolled Severe 90,720 2,720

From these data, it may be concluded that both severe shot-peening
and severe cold-rolling are very beneficial in preventing fretting.,
Thesc treatments incrcase the mean endurance limit and decrease scatter
siznificantly. This has been shown at the .05 sicnificance level by use
of the FF-test and t-test usin: the usual nrocedures,

L6 TEST S--EFFECT OF
CYCLIC FRETTING
FRE.ULNLCY

The objective of thie test was to determine the effect of the
frequency of fretitins (cycles per minute) on the endurance lim’t of Ti-
1)0-A titanium specimens. Specimens werc Iretted at speeds of 100,
500, 750, 1000, 1600, 3000, L000, 5500 and 7200 cycles per rinute,

~ L6 -
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The macroscopic study involved inspecting and recording certain
vital bits of information about each fractured fretting~fatigue specimen.
This information included a sketch of the fretted region, classification,
size, shape, and orientation of fretted spots related to the fatigue
crack causing rupture, These data are all included in this report as
Table B-17 of Appendix B. Unfortunately, no significant correlation
among any of the measured parameters could be discovered,

The microscopic study, cn the other hand, did yield some very
interesting information., Specinens werc prepared by mechanically
polishing the fretted area and making microscopic observations inter-
mittently during the polishing process. Many -fatigue cracks were found
in the fretted area, From the photomicrographs and the microscopic
scanning it was not possible to decide whether fatigue cracks were
always initiated in fretted spots, but this was the usual case.

It may be postulated that fretting produces fatigue cracks which
initiate in the fretsing spots. If the surface of the material is stressed
critically, the cracks propagate and ultimately one or more of the cracks
result in failure, If the surface layer is shot-peened or cold-rolled,

a layver of compressive residual stresses is generated and the fatigue
cracks are arrested in growth, causing a great enhancement of endurance
properties. This hypothesis is compatible with the results tabulated in

Appendix B,

4.8 TEST 7--DESIGN
OF VWIRE-FRETTING
MACHINE

During the exploratory research performed under this contract an
h;oothesis of fretting action has been developed. This hyoothesis
nostulates that fretving progresses by either or both oi two actions -—
pit digging or asperiiy contact.

In the pit-digzing mechanism, minute debris pockets are formed
which lead to pits caused by small oscillatory motion of the abrasive
pockets of fretting debris under high local pressure, Pit-digging
action probably induces stress concentrations which have thcir largest
dimension parallel to the direction of fretting motion.

In the asperity contact mechanism it is postulated that asperities
or protuberances of two mating surfaces in oscillatory contact are caused
to strike each other cyclically, This action causes fatigue cracks to
initiate at the base of these tiny asperities. These cracks act as
stress concentrations which probably have their largest dimensions
perpendicular to the direction of fretting motion,

A wire-fretting machine was conceived which would fret wire specimens
in .two different directions. If the hypothesis described above be true,
the wire specimens fretted in the two different directions should exhibit
different endurance limits as a result of the difference in orientation
of stress concentrations.

- 50 -




A machine to produce fretting in either the longitudinal or
circumferential direction was partially designed as shown jin Figure L-29,
The sketch shows the mechanism for producing circumferential fretting
motion., Use is made of a hydraulic loading mechanism pressing two wire
shoes against the wire specimen to produce fretting. The wire specimen
is flexure plate supported and eccentrically driven. This system permits
independent variation of fretting pressure, amplitude of motion, and
speed., The same general scheme would serve to provide longitudinal
fretting, but the details have not been completed because the time and
funds allotted to this exploratory nhase of the program ran out,

L.9 TEST 8-—iIRE FRETTING=-
FATIGUL TESTS

Because the wire fretting machine described in L3 was not
completed, this test could not be completed eithers Progress on this
test was limited to the selection of a sample of ,187 gauge steel wire
specimens which were faced to length in a lathe. The chemical analysis
of the wire material was C-,05, in-.90, P-,010, S-.027, and Si-.20,

The wire was tempered to give an ultimate tensile strength of 221,000,
psi, A sample of 21 specimens was tested in Krouse rotating colwum
wire fatigue-testing machines to provide up-and-down data for wire
specimens in the non-fretted condition. These control data shown in
Figure L-20 and Table B-16 of Appendix B were necessary to provide a
comparison withi fretted wire specimens, The up and dovm data were
analyzed in the usual way to yield estimates of 70,000 psi for the mean
endurance limit and 2,260 psi for the standard deviation of the
gelected wire material, Unfortunately, the time and fund limitations
prevented completion of this phasec of the testing program,

L10 TEST 9-<EXPLORATORY
ANALYSIS OF FRETTING-
FATIGUZ PHEHOMENA

This exploration of fretting-fatigue phenomena took two general
directions,

One was a continuous search ol the literature, which resulted in
the file ol (2 acticles pertinent to the frcttinz phenomenon listed
in the Bibliography of this report. This was a necessary step to keep
abreast of other investigations in the field of fretting so that the
work under this contract could proceed without duplication in the most

fruitful path.

The second direction of exploration, a develo ment of mathematical
Iretting analysis, was limited by timc, and unfortunately, could not be
carried to an immediately useful conclusion, However, the results are
presenced in the hope that the intcrest of others may be stimulated to
proceed vith tnis work,
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The {irst step in the devclopment of a design cquation of this type
is to list all variables which might be imsortant in the fretting situation.
This 1list must be combincd and modified to yicld a shorter list of important
variables, Hext, the relationships among the variables must be cstablished
for "simple" situations and rclated somehow to easily definable independent
variables, Once this has been accomplished, the more complex design
situations may be handled by cmpirical citrapolations based on experiment
and superposition, RNefinement of thc cquations based on expcrience and
new research results must then follow,

In beginning this analysis, the variables which may be important
arc as follows:

1. llaterials of the mating parts,
2, Hecat treatnent of materials.
3. Hardness ol materials,
lie Normal and tangential load distribution.
5. Cocflicient of friction.
6. Thermal conductivity.
7. Pressurc distribution.
8. Tagmitude and position of maximum pressurc.
9+ Helative nosition of mating parts in the electromotive scries,
10, Chemical recactivity and combinativity,
11, Ambient atrospheric composition,
12, Hymidity,
13, Ambicnt te:perature,
1L, Intorface tcnperature,
15, Ability of materials to form oxides,
16, Size of oxide particles.
17. Shape of oxide particlcs,
13, ilardness of oxide particles,
19, VWeldability of the combination of naterlalu.
20, ‘lelting termeraturcs of materials.
21, Recrystallizatior. temperaturcs of materials,
22, nccovery rates of materials,
23, Amplitude of motion,
2lie Direction of notion, cspecially with reopect to stress ficld.
25 Cyelic form of motion nattern.
26, ‘lagaitude, dircction, and type oi applicd stress ficld.
27. Mamivude, direction, and type of residual stress ficld due to
heat trecatment, shot-pecning, cold-rolling, or other trcatment,
28. Surfacc roughness or waviness,
29. tloten sensitivity,
30, Fracture strengths of mat riads.
31, Ilov stress or yleld stress,
326 indurance lirdit stress,
3¢ lodulii oi clasticity of materials.,
3k, Vywe of forming or machining process used to faoricate narts.
35. Directions and typcs of surface markings.
36, Stability of the oxide,
37 ‘icar oropcrtics
306 Geonmetry of the mating parts,
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39. Size of the contact area,

L0, Type of fit at contact area, i.e., press fit, looses fit, ctc,
I, Speed of oscillation.

42, Continuous or interuittent service,

I3s Dry, lubrieasted, or contaiinated matin: surfaces,

L, Vieizht change or rate of weight change durinc Irelting.

Ii5, Dimensional change or rate of dimensional chanse during fretting,

6, Change or rate of change of contact arca,

7. Damping capacity of materials,

i3, Natural vibration characteristics of parts involved,
L9, Self excited wvibration due to stick-sliv action,

50, Hominal contact strcss,

51, Poisson's ratio effecis.,

52¢ Ductility and mallcability ol materials involved,
53+ Tinc or duration of frettin: contact,

Shs Lepth of residual stress field,

55. Crystal lattice structure of matcrials,

This list may not exhaust all wnossibilities Qut most ol the variables

known today are included., The job of developini desipn equations from
this beginnin; has not been undertaken becausc of time limitations,
Future research along these lines would orovide a real contribution to
the solution of the fretting problem, .
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APPTHDIX A

BACKGROUND

Serious conditions of cyclic loading frequently exist at the hubs
of aircraft-propeller assemblies, It is also true that some parts of
the hub are assembled with interference fits between mating surfaces,
For examle, the fit between the propeller shank and the bearing race
with which it mates is an intcrference fit. Because of the geometry of
the mating parts and the loads to which they are subjected, differential
strains often occur. These differential strains manifest themselves as
relative motions betwecn tightly fitting mating surfaces, This coubination
of conditions results in thc simultaneous occurrence of biaxial cyclic

stressing and surface fretting.

When two solid bodies are Iorced together under normal pressure, only
the high spots, often called asperitics, actually come into contact. The
actual area of contact is sufficicntly small that strcsses exceeding the
yield point of one or both substances are induced at the contacting
asperities by small nominal surface pressure. If fretting conditions are
present, tangential forces will cause tan ential slip which will also cause
yiclding at contacting asperities. If the fretting is occurring in air, the
surfaces of the asperitics will probably be coated with chemical compounds
involving the constitucnts of the metal and the constitucnts of air, usually
metallic o:xides., If, in addition, contaminants, including lubricants, are
interposcd betiipen the surfaces, it is likcly that chemical compounds
involving the constitucnts of thic contaminants will also be present, Ag the
normal and tangential forces causc the asnerities and the associated chemical
coatings to be forced together under high local stresscs in the early stages
of fretting, onc or a combination of several mechanical, chemical, thermal,

and probably other phenomena result,

1. Contacting asperities plow through cach othcr to cause »nlastic
deformation, possibly producing rough-edged furrows, loose
particlcs, or particlcs still attached but ncarly dislodged

as loose particles.,

2. Contactinz asperities plastically deform cach other and form a
mechanical interlock by the production of matin: jagged surfaces
through slin at corresponding slip planes of the two surfaces,

3. Contacting asperities weld togzether throush the influcnce of
hi;h pressure and raised tenperature accompanying plastic
de ormation,

L. Asperities dislodge free metallic particles by further deforming
the furrows of previous »lowing,

5. Asperitics produce frec metallic particles by shearing off the
roots of precviously mechanically interlocked asperities,

6. Asperitics produce free metallic particles by rupturing previously
vielded aspcrities,
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Te Free or incipiently dislodged metallic particles are reattached
> by welding to ocme or the other surface under the influence of
4 pressure and temperature,

Chemical reactions involving particles, surfaces, contaminantis,
or atmosphere are catalyzed through the influence of pressure,
temperature, and stress,

[we)
)

9. Chepical reactions involving particles, surfaces, contaminants
or atmospherc are permitied to occur sportaneously by mechanical
renoval of chemically protective coatings.

10, Chemical reactions are induced by forming fine particles or .
Jagped edped furrows having a large ratio of surface to volume, !

11, Adscrption of atmosphere or contaninant by particles or surface
OCCUrs, '

12, Products of chemical reactions are mechanically embedded in one l
or the other surface by pressure,

13, Products of chemical reactions attached to one or the other sur-
face are removed to form chemically combined particles either by
plowing or by mechanical interlock mechanisms,

Vihich of the above phenomena predorinate depends upon the conditions of
fretting and the substances involved, Unless the action is entirely metal
%é transfer or is self-limiting through the production of protective coabtingsj,
{ the suwrfaces will be damaged by such fretting corrosion or fretting wear,

As fretting proceeds beyond the initial stage, additional mechanisms
become inportant. In practical applications, fretting usually proceeds in
the presence of air and the primary particles produced are metallic oxides,
If these oxides are soft and have low shear resistance they may act as solid
lubricants, On the other hand, &f they arc hard and abrasive, and especially
if their veolume is greater than that of the pure metal from which they were
formed, they will bugin to di; pits into the surface of the parent metals,
Under fretting conditions ruch of' the debris is trajped in the valleys below
the aspcrities., If some debris does cucape it must do so in accordance with
the laws govcrning; the flow of a granular mass which suggests that nigh flow
pressures arc indiced as the high volume debris is generated., All of these
conditions, together with the cyclic relative motion of the bounding surfaces,
manifestly are conducive to pit-foruing abrasive action., Such pite add to
the surface damage and cont.ibute to corrosion and wcar. In addivion, such
rits undouvtedly act as stress raiseps and tend to initiate fatirue cracks,

Also as [retting nroceeds another signiiicant phenomenon is probably
active., The state ol stress induced in an aspcrity, and in the region
around the asprritr, when contact occurs with an asperity oif the opoosite
curface, ‘ndoubtedly involves principal st: sses of high value. If a
pa-ticular asoority continuces to survive under repeated contacts with one
or more mating asperities of the op)osite surface, it is apparent that it
and its surrounding metallic support are subjected to high-level fatigue
stressing, TIndeed, Corten has submitted evidence which seems to indicate

- 63 -




=t
P

N

that such stresses may. be much larger than the nominal stresses in machine
parts under typical conditions of fretting. This high local stress of a
cyclic nature may be largely rcsponsible for the fact that under fretting
conditions fatigue cracks will be initiated at extremely low nominal

stresses,

It may be conjcctured that the stress raisers due to pit-digging,
the high, locel, cyclic stresses due to asperity contacts, and the cyclic
nominal stresses in the part, all combine their influences to initiate and
propagate fatigue cracks, Vhich particular influence predominates »robably
also depends w»on the condition of fretting and the substaices involved.

A research project was initiated to sirmulate in the laboratory the
conditions of cyclic stressing and surface fretting described above. It
was the purpose of this project to discover the effects of fretting on
the fatigue characteristics of the material involved, To this end, an
experimental testing program was planned. The broad objectives of the
testing program were (1) to study the fatigue characteristics of fretted
Ti-1L0-A titanium alloy svecimens, (2) to study the fatigue character-
istics of fretted 4310 steel specimens (these tests were to provide data
vith which to comparc the results of the titanium tests), and (3) to
apnly various surface trcatments or combinations of surfacc treatments
to groups of titanium specimens to detemine the effects of such treat-
ments on the fretting-fatigue charac.eristics of the alloy tested., A
series of tests was designed to fulfill each of the objectives,

l'ore than twenty different scts of test conditions were used. These
conditions embraccd two differciit mate 'ials, three different degress of
fretting, various ratios of fretting pressurc to ap lied bending stress,
three different types of specimen surface preparation, and combinations of
these conditio..s., The two materials were SAE L340 steel and Ti-1L0-A
titanium alloy. The three tynes of surface preparation consisted of
polished, shot-pcened, and cold-rolled surfoces. The three degrecs of
fretting -- mild, medium and severec — were a Iunction of the fretting
pressures used,

It was found that the titanium alloy tested was more sensitive to
fretting-fatigue damage than the stecl alloy tested. For both materials
it was shown that as the scverity of fretting is increased, the ncan
cndurance linit is lowercd and the scatter increased greatly. It was
further noted that a decrcase in endurancc limit occurs when cither the
{retting pressure or number of fretting cycles is increased, With the
[retting pressurc and number of fretting cycles held constant, it was
observed that oan increase in cyclic stress arplitude during the fretting
process reswlted in a-marked decreasc in the endurance limit. Both shot—
peening and cold-rolling are eff.ctive as fretting fatigue inhibitors,
At a test’n; speed of 4,000 rpm it was found that changes in rclative
hunidity had little effect on the fretted endurance limit; thus, at this
spced the iretiing action would appcar to be wrimarily mechanical in
nature with the chenical action contributing on.y a small part of the
danage.,

The results of the testing program described above led to many
‘nteresting quecstisns, To answer some of these questions the current
research orogran was initiated, A sum ary of test results of the current
progran is ;iven in Section IV in the body of this roevort,
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APPENDIX B
MATERTALS DATA SECTION

This section includes all data accumulated on the project. Symbols
used in the table headings are defined as follows:

B
M
Me

}\'ic R

[ ,]S( )

endurance linmit, psi,
mild treatment,
medium treatment.

mild cold-rolling,

mild shot-peening.

nunber of cycles of fretting,
polished surface,

severc treatrnent,

severe cold-rolling.

severe shot-peening,

Prot failure stress, psi,

ratio of widthto lenzth of the fretting spot in which the
fatigue fracture appeared to initiate,

Prot loading rate, psi/cycle.

anzle between majior axis ol fretting sopot in which fatigue
fracture initiated and the longitudinal specimen axis,
degrees,

anzle betwecen plane of fracture at position where fatigue
fracture initiated anc the longitudinal specimen axis,
degrecs,

fretting treatment modified by altering the number of
fretting cycles to ().

fretting treatnent modified by altering the fretting
speed to ( ) rpm.

pesition of the region in which fatigue fracture initiated,
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Table B-l, Values of Parameters Defining Two Degrees of Shot-Peening

PARAKETER MLLD SEVERE
SHOT-PEENING SHOT~PEENING
Nozzle diameter, in, 0.25 0.25
Nozzle air pressurc, psi. 20,00 40.00
Nozzle gap, in. 6,00 2,00
Shot size diam,., in, 0.033 0.033
Weight rate of shot flow, 1b/min, 8.12 9.09
Per cent of coverage 100+ 100+
Velocity of nozzle relative to
specimen, 4n/sec, 1.00 1,00
Mymber of passes 8.00 16,00
nlmen "AM strip intensity
height, in, 0.0188 0.0295
Almen "C" strip intensity
0,1050 0.0075

height, in,

Table B-2, Values of Parameters Defining Two Degrees of Cold-Rolling

PARALETER MLLD SLVERE
COLD-ROLLING COLD-ROLLING
Spring load, lb, 35 100
Roller load, 1b, 525 1500
liumber of passes One (toward One (toward
head of stock head of stock
of lathe of lathe)
Soecimen rotative speed, RPU 9 2
Translational feed of cold-
rolling fixture, in/rev, 0.009 0.009
liaximum roller diam., in. 2.00 2,00
Contour radius of roller, in. 0.750 0,750
2.02 0, D, 2,02 0, D.
Spring Dimensions, in. 1.2 1. D. 1.2 I. D,
Spring scale, 1b./in. 112 112

Minimun specimen diameter, in.
Lubrication

0,375 (nominal)
Constant flow of
Bardahl
E. P. Lubricant

0.375 (nominal)
Constant flow
of Bardahl
E. P. Lubricant
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Table B-3, Values of Paremeters Defining Three Degrees of Fretting

PARAMETER MELD MEDI UM SEVERE
FRETTING FRETTING FRETTING
Fretting moment, in-lb, 50 100 150
Specimen sweep radius, in. 2.868 2,868 2.868
Nominal specimen contours
~ radius, in, 0.3750 0.3750 0.3750
Fretting shoe sweep
radius, in. 2.L68 2,468 2,468
Nominal fretting shoe
contour. radius, in, 0.3755 0.3755 0.3755

Range of permissible clearance
between maximum specimen
contour diameter and mini-
mum fretting shoe contour
diameter, in,

0.0005-0,0010 0,0005~-0,0010 0,0005-0,0010
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Table B-b,

Statistical Definition of Relationship Between Prot Rate and
Failure Stress for Polished, Non-fretted Ti 1LO-A Titanium
Specimens from Second Heat Using Prot Rates of -~ = 0,0025,

= = 0,01, o~= 0,0k, and =

= 0,09 psi per cycle,

< Spec, S ea
NOo o 10—3

.0025 1-H-13 771
.0025 1-G-10 83.8
.0025 1-5-22 89,7
.0025 1-E-13 82,3
.,0025 1-E-10 95.3
.0025 1-E-1L 90,1
.0025 1-E-5 89,4
.0025 1-E-12 88.4
.0025 1-E-9 79.7
.0025 1-E=19 61,1
.0025 1-E-11 90.1
.0025 1-E-l 89,0
.0025 1-E-6 93.9
.0025 1-G-11 85.8
.0025 1-0-21 81,5
.01 1-A-1 87.k
.01 1-A=2 8L.0
.01 1-4-3 81,5
.01 1-4-h 83,2
Noil 1-A-5 8743
Noxk 1-A-5 83.4
L0l T 85.5
.01 1-A-8 83.5
.01 1-A-9 87.5
.01 1-A-10 30.6
.01 1-A-11 86,2
.01 1-A-12 85,6
.0l 1-A-13 87.5
.01 1-A-1l 8h.2
.01 1~A-15 85,0
.ol 1-G-6 83.8
.0l =GR 86,2
Noll 1-0-13 85.8
.0l 1-G6-16 87.9
.0l leG-17 82,7

- 82 -
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Table B-6, continued,

Spece Sac

< Noo 10—3
0L 1-G-18 88.1
Ol 1-H-3 85.8
.0l 1-H-1 8L1.0
.0l 1-H-9 85.L
Kol 1-H-11 86.4
.0l 1-H-15 Bl.6
Nol 1-H-16 86.4
o 1-H-19 83.4
.ol 1-H-2L 83.9
.oL 1-H-23 8Lk
.09 1-G-3 88.5
® 09 l"‘G-S 90 . 3
.09 1-G~7 88.4
. 09 1"'3-8 86 I} 8
. 09 l"‘G"9 86 oh
W9 1-G-1l; 88.7
.09 1-G-15 89.h
.09 1-G-22 87.1
.09 1-6-23 85.8
.09 1-H-1 8842
.09 1-H-2 87.2
.09 1-H-5 90.8
.09 1-H~10 91.0
.09 1-i1-14 39.7

- 83 =
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Ti-1L0-A Titanium Specimens.,

"Up and Down" Test for Verification of Prot Endurance Limit of

Spec. Spec, Failure Run out
No, Sequence Stress, Stress,
psi psi

1-K-18 1 75,000
1-J-L 2 79,000
1-K-11 3 83,000

1-K-17 L ’ 79,000
1-x-20 5 83,000

l"K—l 6 7 9 5 OOO
1-1-8 7 83,000
1-M-1 8 87,000

1-X-8 9 83,000

1-M-12 10 79,000
1-M-7 11 83,000
1-X-21 12 87,000

1-P-10 ‘ 13 83,000
1-P-1L 1 87,000

1-pP-16 15 83,000
1-P-6 15 87,000

1-p-12 17 83,000

1-P-13 18 79,000
1-N-17 19 83,000
1-N-21 20 87,000

-8l -




Table B-8, Statistical Definition of Endurance Limit for Polished,
Non-fretted Ti-1L0-A Titanium Specimens from First Heat
of Material., -

Prot Rate = 0.0l psi per cycle.

Spec, S o E

No, x 10 3 x 10 3
(Approx.)
A-11 , 78.L 69.9
A-!J, 80:9 720)4
A"9 7702 6807
A-10 80.1 71.6
A-8 7640 6745
A-12 81.1 72.6
A= 78.4 T 69,9
A-17 Tho 6640
A-13 73.7 65.2
A7 78.2 69.7
A"ls 8101 72.6
A=-3 - 7960 70.5
A-16 77.3 63.8
A=20 776 69,1
A-21 7h.1 65.6
Q-15 83.9 75.4
Q"Zl 80:5 72.0
Q"27 85.0 76.5
Q-28 78.3 59.8
3=30 82.3 73.8
0=32 82.1 73.6
Q-33 83.8 75¢3
0-3L 85.0 76.5
R=29 78,2 69.7
P__BO 7905 7100
F-3L 71.3 62.8
R-35 78.6 70.1
R-36 79.8 71.3
R=37 77.6 69.1
R“38 7705 6900
-85 -
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Table B-9.

Statistical Definition of Endurance Limit for Polished,
Non-fretted Ti-1L0O-A Titanium Specimens from Second Heat
of Material,

Prot Rate = 0,01l psi per cycle,

S E 3

Spece =3 x 10
No. x 10 (Approx. )
1-A-1 87.4 78.9
1-A-2 8L.0 75.5
1-A=3 , 81.5 73.0
1-A-l 83.2 Tha7
1-A-5 87.3 78.8
1-‘A—-6 83 oh 7&09
1-A-7 85.5 77.0
1-A-8 83.5 75.0
1-A-9 87.5 79.0
1-A-10 80,6 72,1
1-A-11 86.2 77.7
1-A-12 85,6 77.1
I=A-13 B7. 79.0
1-A-1l 8L.2 e
]."A"ls 85.0 76.;
1-E—21 92 . h 8 3 o 9
2--E-8 88.0 79.5
1--E-20 90.5 82.0
1-L-16 85.7 772
l"'E"z 9ho 9 860h
1-E-3 80,7 72,2
1-‘E"7 91 o 7 83 L] 2
1-D-22 \ 82.3 73.8
1-H-21 81.9 73.4
1-G-2 88.3 75.8
1-1-2 83,08 7543
1-D-18 8lL.2 75.7
1-D-20 79.7 71.2
1-F-56 88.5 80.1
el 92.3 83.8
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Table B-10. Chemical and Physical Properties of Two Heats of Ti-1L0-A

Titanium Alloy Spccimen Material,

Yield Tensile Red.
H;at C N Fe Cr Mo H2 psi psi Elong. in Area
0. x 1073 x 103 4 %
First  ,05L .023 2.01 1,95 l1.7h - 119.5 132 16 2k
Second .027 .024 2,16 1.93 1.99 .00Lh 130.1 150.2 2l L6.L

All properties and compositions in the above table were supplied
oy the manufacturer and the results are certified by the Titanium

Metals Corporation of America,

—
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Table B“llo

Statistical Definition of Endurance Limit for Polished, Non-

fretted Ti-1L0-A Titanium Speciiens from First Heat, -
Prot Rate = 0,01l psi per cycle,

Spec, x 13_3
o §513 (Ap:rox. )
Q-15 83.9 75¢4
N=21 80.5 72.0
Q=27 85. 76.5
=28 7843 69.8
Q"BO 82.3 73.8
Q=32 82.1 73,6
Q-33 83.8 7543
Q"Bh 85.0 7605
R-29 78.2 69,7
R-30 79.5 71.0
R-3L 71.3 62.8
R-35 78,6 70.1
R*36 7908 7103
R-37 77.6 69.1
R-38 77.5 69.0




Table B-12,

Statistical Definition of Endurance Limit for Polished,
Severely Fretted Ti-1L0-A Titanium Specimens from First

Heat,

Prot Raté = 0,01 psi per cycle,
No. of Fretting Cycles = 100,000,
Fretting Speed = L, 000 cycles per min,

Sl = ( psi.

Spec, Sex E
50. x 10~3 x 1073

(Approx.)

O."z 67.5 5900
Q-3 . 25,2 16,7
=l S5 L6609
Q"S 7000 6105
Q-7 L5.9 37.L
Q"9 1900 1005
Q"lo 52103 11509
Q-12 2.8 3L.3
Q"]-B * )-l3°2 3’407
(=15 81.0 7245
Q=17 51.L L2.9
Q-18 31,8 23.3
Q=20 56.5 L8.0
Q=25 21,1 12,6




'

Table B-13, Statistical Definition of Endurance Limit for Severely Shot-
Peenied, Severely Fretted, Ti-1LO-A Titanium Specimens from

First Heat, !

- Prot Rate = 0,01 psi per cycle,
Fretting Speed = LOOO cycles per min,
No. of Fretting Cycles = 100,000,

5, = 50,000 psi,

Spec. S¢*3 x 13_3
No. % 10~ (Approx. )
R-8 88.L 79.9
R-1lL 89.0 80.5
R"lé 88.1 79.6
R-18 86.4 779
R-19 . 89.9 81.L
R-23 87.4 78.9
R-2L 89.9 81.L
R-26 88.3 79.8
R-27 87.5 79.0
R=-25 89.2 80.7
R"ZB 89.6 81.1
R-31 8lL.6 76.1
R-33 85.9 77.4
R-21 83.0 7h.5
R-26 87.k 78.9




e

Table B-1l.

Statistical Definition of Endurance Limit for Severely Cold-
Rolled, Severely Fretted Ti-1LO-A Titanium Svecimens from

First Heat.

Prot Rate = 0.01 psi per cycle,
Fretting Speed = LOOO cycles per min.
No, of Fretting Cycles = 100,000

Sl = 25,000 psi.

E
Spec., S o§ x 103
Nos x 107 (Approx.)
R-1 87.7 7962
F"} 88.h 79.9
R-ly 90.1 81,6
R~5 88.4 7949
b -7 89.9 Bl.h
R"‘9 88.3 7908
=10 88.3 79,8
R-11 8745 79.0
R-12 87.7 79.2
R=-17 8743 78.8
R=22 87.9 79.h
=2 88.7 80.2
R-13 86,5 78,0
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Effects of Fretting Speed Variation on Indurance Limit of
Ti=lL0-A Titanium Specimens Subjected to Severe Fretting
Conditions,

Speed Spec. Prot Failure
No. Stress, S x 10-3 psi
7200 1-1-17 85.1
Tt 78.0
1-N-3 7800
1-M=16 72,5
1-N-2 71.9
l-M"lB ' 71 ° 6
1-N-1 71.2 '
1-I-1l 69.h
1-1-6 68,8
1-M-1l 65,6
1-K-15 6246
124-15 60.4
119 51,2
11411 42,8
5500 1-L~12 83,0
1-M-3 82.1
1-M=2 81.3
1-1~-23 79.6
1-1-11 79.5
1K=l 7745
1-K=-5 7549
1-L=2 7h.2
1Ml 7347
1-K~2 6641
l"L“IB 570 7
1-K-3 52,7
1-K-7 26,9
1-M-5 23.3
N3t 18,4
1,000 . 1-1-.22 82.3
1-L~6 71.3
1-I-1 65,6
1-1-16 1846
1-I~9 L6,
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Table B-15, continued.

s

Speed Spec. Prot Failure
: No, Stress, Secx 1073 psi
000 11,29 L5.8
1-L-17 L0. 7
et 31,0
1-1-15 25.5
1-1-19 20,3
1-D~10 63¢3
l“D"S 510 7
I"D"lh hloh
P& 56,0y
1-D=9 57.2
3000 1-D-2L 56.1
1-I-13 57.3
1-F-18 Lbk.7
1-F-2 31,1
1-r-10 59.7
- 1-F-3 19,5
1-r-1) 6043
1-F-8 57.5
1-F-7 82,3
1-7-20 81,5
1-7-16 30,2
1-F-21 780
1-7F-12 67.8
' 1-F-19 57.5
1"1"—15 h—lol
1600 1-F-22 82.9
1-J-1 3L.9
1-r-2k 7543
l"F"23 52 . 7
1-F-2 7 38 . 7
l—F-—3O 77057
1-F-28 78,0
1-F-132 51.8
1-J-5 779
1-J-2 8L.5
1-F-26 57 2
1-J=3 39,0
1-J-5 76.1
1-r-31 57.2
1-F-29 67.5
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Table B-15, continued.

Speed Spec, Prot Failure

No. Stress, Sex 1073 psi

1000 1-J=16 8L.9

1-J-18 83.9

1-J-1l 83.9

e §11(0) 83.7

1-J-8 47.8

750 1-I-3 - 80.9

1-K-12 79.0

1-K=10 7746

1-K-9 62,5

500 1-J-9 8647

l"J'J-S 8 3 ') 7

1-J=19 82,0

Y 1-g-20 The5

2 1-D-17 72,6

1-B-7 78.1

1-B-25 81.6

1-B-5 7440

1-D-3 78.1

1-D-6 79.5

1-D-L 8Le5

1-D-13 .81,2

1-D-12 78.5

1-D-1 78.5

1-D-8 78.2

1-D-7 77.6

1-D-11 85 .4

l“'D"23 79 ° JJ

1-D=21 79.7
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Table B-16,

"Up and Down" Endurance Data for 0,187 Gauge Tempered Wire

Specimens, ;
Spec, Failure Runout
. Sequence Stress, Stress,
psi psi
1 70,000
2 75,000
3 70,000
L 75,000
5 70,000
6 75,000
7 70,000
8 75,000
9 70,000
10 75,000
11 70,000
12 65,000
13 70,000 :
pol 65,000
15 70,000
16 65,000
17 70,000
18 65,000
19 70,000
20 65,000
21 70,000
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