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ABSTRACT 

/ 
The objective of this research program was to  investigate thn 

mechanism and consequences of the Tretting fatigue phenomenonJ*  The 
e:cperimental program was designed to explore the effectiveness  of 
shot-pecning and cold-rolling on fretting fatigue damage,  establish 
the Prot relationship for Ti-lhO-A titanium alloy,  compare the 
endurance limits  of tvm heats of titanium .-ith the same nominal > 
specifications,   investigate fretting speed effects,   perform microscopic 
studies of fretted specimens,   and survey the literature in the field 
of fretting fatigue. 

It was found tnat, while severe shot-peening is  an effective 
fretting fatigue-  inhibitor,   severe col:,-rolling is  a better way of 
inhibiting both fretting wear and fretting fatigue.    It '.vas found 
that the Frot method of endurance limit  determination is valid for 
Ti-ll-tO-A titanium alloy.    It was found that a significant difference 
in endurance limit existed between two heats  of titanium with the 
same nominal composition.    The  speed of fretting has  a oronounced 
effect on endurance limit.    Many minute fatigue cracks were observed 
in  the fretted area of a large number of specimens0     The mechanism 
of fretting nay be a combination of ;)it-di ;ging and asperity-contact 
fatigue.    Construction of a machine is  proposed to study the phenomenon 
of fretting to determine which of the two mechanisms  dominates under 
various conditions, 
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AN INVESTIGATION OF THE mTRA'.TSM OF 
THE FRETTING-GORROSION-FATIGUE ?HENO!-.!ENON 

SECTION I. 

INTRODUCTION 

1.1 SCOPE OF REPORT 

This report is the final technical report on Contract Ho. AF 33(616)- 
3306c    The rrjs:arcli prorjrajii for this contract has been coaipleted.    All 
data collected on this research orograia are presented in tabular form in 
the Matorials Data Section appended to this  report.    They arc also 
presented   •.raphically and arc discussed in Section IV, 

1.2 OBJECTIVES 

The broad objectives  of this research program were: 

1. To investigate the: mechanism and consequences of the frctting- 
c orrosion-fatigue phenomenon. 

2. To conduct experimental tests to define statistically the 
effects of certain combinations of variables in the frctting- 
corrosion-fatigue process« 

3o To explore the mechanism whereby surface treatments such as 
shot-pcening or cold-rolling tend to inhibit damage, 

U, To explore the feasibility of using wire as a frotting-fatiguo 
research tool. 

5. To employ mathematical analysis, comprehensive literature 
survey,   and experimental techniques to gain a better understanding 
of the basic mechanism of fretting fatigue. 

1.3 BACKGROUND 

A brief resume of the problems and conditions leading to this research 
program is presented in Appendix A of this report. This appendix also 
includes a summary of the research performed on the fret tin;]; problem prior 
to the beginning of the current program. It is suggested that, if the 
results presented in this report are to be fully understood, it would be 
advisable to read-Appendix A before continuing with the remaining sections 
of tiiis reoortc 
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l,k    WiTERIAI3 DATA 
'     SECTION 

Attached to this report,   and designated as Appendix B,   is a section 
entitled "Materials Data Section".    This Materials Data Section is included 
in compliance vfith Part I  of the Schedule to Contract No, AF 33(6l6)-3386, 
This section lists  in tabular form all data accumulated on this contract. 

SECTION II 

DESCRIPTION  OP  EXPERTf;L:iTAL APPARATUS 

2.1    IliTROEUCTION 

Several pieces  of experimental research equipment v;ere used in 
carrying out this research program.    Some 01  this equipment was modified 
commercially available equipment and some v.-as  specially designed and 
constructed as a part of the research project.    The following paragraphs 
describe the major units  of research equipment used in the experimental 
orogram. 

MID SHOE 
MEASURE'SIJT 

To reproduce closely the  fretting conditions Pro..; specimen to specimen, 
it was necessary to know and selectively control the size of the specimen 
and shoe at the fretting interface.    It was found that accuracy in moasuro- 
inent of the order of 0.0001 inch was  desirable on )oth specimens and shoes. 
To measure the specimens,   a precision mechanical comparator with specimen 
positioning dowels and flexure plate measuring probe "was constructed and 
coupled with a very accurate dial indicator to provide  the necessary 
precision in measurement.    This instrument is  shown in Eigure 2-1,    The 
fretting shoes wer.  measured with a self-centering probe type hole rage 
employing a precision dial  indicator.    This  instrument is shown in Figure 
2-2,    Together,  these two instruments    rovided the desired accuracy in 
measuring the  fret Lin,; specimens and shoes, 

2.3    SPECrilE-ERETTlEIG 
EQUIFKIEMT 

A  special fretting collet was  used to produce fretting action on the 
surfaces oi  the test specimens.    This collet,   shown in Figures 2-2 and 
2-3j was specially designed to be used with a standard Krouse 1^00 in-lb, 
rotating beam fatigue-testing machine,   replacing one of the original 
standard collets,    (Vith this special fretting collet in operation,  the 
specimen was  caused to press against  the fretting shoes while the entire 
system of specimen,  shoe,  and collet rotated as  a single- member,.    This 
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system,  shown schematically in Figure 2-[|.,   resulted in small amplitude 
cyclic relative motion between the shoe and the specimen because of 
differential strains of shoe and specimen as well as axial angularity 
of the specimen centerline with respect to the shoes.    This mechanism 
was used to produce the fretting treatment on all titanium specimens 
used in the experimental program, 

2.1;    PROT FATIGUE- 
TESTING 'EQUIPMENT 

Three 15'00 in-lb. Krouse rot at in 3-c an ti lever-be am fatigue-testing 
machines were used to perform all of the ?rot endurance tests in this 
research program.    A special Prot attachment consisting of a change 
gear box,   flexible cable,   and lead sere"// mechanism was  incorporated 
into each Krouse rotating beam machine.    This modification is shown 
schematically in Figure 2-5.   With this modification the Krouse machines 
were capable of continuously increasing the stress at a constant rate 
per cycle.    The rate at which the stress amplitude in the specimen is 
increased during each cycle is known as the Prot rate.    A large variety 
of Prot rates was made available by the Prot attachment described above 

2.5 SHOT-PSKNING 
EQUI PL-BIT 

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 translate the specimen through the shot 
blast,    Tiiis specimen transport unit is  shown  in Figure 2-6,    An overall 
view of the shot-peening facility is  shown in Figure 2-7.    All shot- 
peencd specimens were prepared with this special shot-peening facility, 

2.6 COLD-ROLLING 
EQUIPlvENT 

A special cold-rolling fixture to cold-roll the test sections  of 
fatigue specimens was designed and constructed.    As shewn schematically 
in Figure- 2-i,   this  fixture was basically a frame wiiich spring-loaded 
three toroidal rollers against the test section of a fatigue specimen. 
Figure-  2-9 is a photograph of this  fixture.    The cold-rolling apparatus 
was mounted on the saddle  of a large lathe  so that the specimen could be 
rotated between lathe centers while the cold—rolling fixture was trans- 
lated by the lathe carriage.    The load on  the rollers was controlled by 
a calibrated spring.    Extreme pressure lubricant was supplied to the 
specimen-roller contact area durin ; the entire rolling process. 

2.7 V/IRE FATIGUE- 

Commcrcial wire fatigue-testing machines were used in the wire 
testing phase of the project,    T.sese machines,  manufactured by the Krouse 
Testing Machine Company,   used the principle  of a rotating  column to 
provide cyclic stresses  in a wire.    These Mire fatigue-testing machines 
were used without  modification. 
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SECTION III 

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. Each of 
these tests is described briefly below. The results and conclusions 
from each test are presented in Section IV. 

3.2 TEST 1—LONG-RUNNING 
FRETTING TESTS 

This test involved an exploratory investigation of the effectiveness 
of various surface treatments,  such' as shot-peoning or cold-rolling,  in 
fretting-fatigue damage of Ti-lIiO-A titanium alloy.    These tests were 
conducted under conditions of mild,  medium,   and severe fretting for several 
millions of cycles "of fretting.    The results of this test are discussed 
in U.2. 

3.3 TEST 2--INVESTIGATI0N 
OF PROT RELATIONSHIP 
FOR Ti-lUO-A TITANIUM 

The purpose of this test was to establish the relationship between 
Prot failure stress and Prot loading rate for Ti-liiO-A titanium material. 
The tests involved four 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 discussed in U,3. 

3.U    TEST 3—COMPARISON OP 
ENDUitANCE LIMITS OF WO 
HEATS OF Ti-lUO-A TITANIUM 

The purpose of this test was to perform a statistically significant 
comparison between the simple endurance limits of two different heats of 
Ti-lUO-A titanium alloy with the same nominal composition«    The results 
of this  test are discussed in IuU» 

3.5    TEST li—COLLECTION 
OF SUPPLE;.{ENTARY DATA 

The purpose  of this test was to Provide statistically significant 
endurance limit data for Ti-lUO-A titanium specimens under four different 
test conditions'!     (1) polished Ti-lUO-A specimens subjected to no fretting, 
X2) polished Ti-luO-A specimens subjected to severe fretting,   (3)  severely 
siiot-peencd Ti-liiO-A specimens subjected to severe fretting,  and (U)  severely 
cola-rolled Ti-120-A specimens subjected to severe fretting.    The results 
of this test are discussed in h-^o 
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3.6 TEST 5—EFFECT OF 
CYCLIC FRETTING FREQUENCY 

The purpose of this test was to determine what effect^ if any3 the 
cyclic frequency of fretting has on the endurance limit of fretted Ti- 
lUO-A specimens^    Tests' were conducted over a speed range of 100 rpm 
to 7000 rpra under severe fretting conditions.    The results of this test 
are discussed in Lu6, 

3.7 TEST 6—STUDY OF 
MECHANIST,! OF FRETTING 
INHIBITION BY SURFACE 
TREATMENT 

The purpose of this test was to study the basic nechanisra by which 
surface treatucnts,  such as shot-peening and cold-rolling,  tend to 
inhibit fretting-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 hoi» 

3.8 TEST 7—DESIGN OF 
WIRE FRETTING MACHINE 

The purpose of this phase of the research v^as to design,  construct, 
and proof test a machine to subject wire specimens to controlled fretting 
in either of 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 U.8, 

3.9 TEST B-JtfIRE FRETTING- 

The purpose of this test was to perform fretting tests on wire 
specimens to compare the effects of fretting in the axial direction 
with fretting in the circumferential direction.    Such information would 
provide data useful in evaluating the relative contributions of the pit- 
digging action and the asperity-contact action to the total fretting 
damage.    Fretting damage was to be measured by reduction in endurance 
limit as determined statistically using up and down test methods.    This 
test is discussed in U,9. 

3.10 TEST 9—EXPLORATORY 
ANALYSIS OF FRETTING- 
FATIG'JE PHHiO-r.NON 

The purpose of this test was to maiutain an up-to-date literature 
file on frotting-fatigue and assccTated phenomena,   and to explore the 
possibilioy o? developing a fretting-fatigue design equation.    The 
rcsvlts of this investigation are  discussed in U-IO. 
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SECTION IV 

RESULTS AND CONCLUSIONS 

k.l    INTRODUCTION 

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

lu2    TEST 1—LONG-RUMl'ilNG 
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 prior to application of 100,000 cycles of fretting greatly 
improved the fatigue endurance properties of the fretted materials. 
Test 1 was designed to provide similar information for much larger 
numbers of fretting cycles. 

Two types of surface treatments -were used — shot-peening and cold- 
rolling.    After the surface treatment,   each specimen was subjected to a 
mild,  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-l,  B-2 and B-3 of Appendix Bo 

During the fretting process each test specimen was treated in one 
of two different ways.    Either it was  disassembled from the shoe, cleaned, 
measured,  and weighed each 5>00,000 cycles of fretting, -or it was permitted 
to run the entire specified test tirac without disassembly. 

Figures  1|-1 through U-10 and Table U-k of Appendix 3 show the trend 
appears to be uniform.    For both weight loss and diameter change,  the 
tendency is to a very low rate of change for the first one to two million 
cycles followed by an abrupt upswing in the rate after this early period. 
This abrupt upturn seems to occur when the motions between shoe and 
specimen become so large that debris is lost and the process degenerates 
into galling and severe wear action.    It is interesting to note that in 
many cases the fretting shoes actually decreas.. in internal diameter, 
which moans that metal transfer must occur from specimen to shoe. 

i'o illustrate the relative severity of fretting action.  Tables  U-l 
and 1.1-2 present specimen weight loss and diameter change data for various 
combinations of surface treatment and fretting action after one and one- 
half million cycles of fretting.    Both the octimated arithmetic mean and 
estimated unbiased standard deviation are presented for each set of 
conditions used. 

■'r See Ref.  26 
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Table k-1   Summary of Titanium Specimen I'eight Loss 
Data After 1,^ Million Fretting Cycles 

Surface 
Treatment 

Degree of 
Fretting 

Mean Weight 
Loss, gram 

Unbiased 
Standard 
Deviation 

Severely Shot- 
Severely Cold- 
Severely Shot- 
Severely C old- 
Severe ly Shot- 

•Peened Fdld 
•Rolled Medium 
Peened Medium 
Rolled Severe 
Peened Severe 

.00^ 

.0075 

.0106 

.0175 
o03U9 

o00332 
.00h3ii 
.06^20 
.OOitfii 
.00923 

Table U-2    Summary of Titanium Specimen Diameter 
Loss Data After 1»5 Mil"1'on Fretting Cycles 

Surface 
Treatment 

Degree of 
Fretting 

Mean Diam. 
Loss,   inch 

Unbiased 
Standard 
Deviation 

Severely Cold- 
Sever ely Cold- 
Severely Shot- 
Severely Shot- 
Severely Shot- 

•Rolled Medium 
Rolled Severe 
Peened Läld 
Peened Medium 
Peened Severe 

.00021 

.0002li 

.00133 

.00202 

.00559 

.00021U 

.000133 
,000922 
.0012U8 
.000522 

Figures U-ll through h-22 and Table B-5 of Appendix B show weight 
loss and diameter change data for specimens cleared of debris  each 
500,000 cycles compared with specimens not cleared of debris  throughout 
the test.    A sununary of these data is given in Tables k-3 and h-h showing 
the mean and standard deviation for cleared and uncleared specimens after 
one and one-half million cycles of fretting«, 
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i 

Table U-3»    Weight Loss ca Severely Shot-Peened Titanium 
Speciniens after 1,5 Million Cycles of Fretting, 
Comparison of Specimens Cleared of Debris Each 
500,000 Cycles with Specimens not Cleared during 
Entire Test 

Degree of Mean 7/eight Loss,  gm. 
Fretting Cleared Not Cleared 

Unbiased Standard Deviation 
Cleared -Not Cleared 

Mild 
Medium 
Severe 

.0055 

.0106 

.03ii9 

.0022 

.00732 

.022 

.00332 
.061x2 
.00923 

,00092 
.00^61 
.01506 

Table l.i-].u    Diameter Loss  of Severely Shot-Peened Titanium 
Specimens after 1,5 Million Cycles of Fretting, 
Comparison of S .ceimens Cleared of Debris Each 
500,000 Cycles with Specimens not Cleared during 
Entire Test 

Degree of 
Fretting 

Mean Diameter Loss 
Cleared     Not Cleared 

Unbiased Standard Deviation 
Cleared Not Cleared 

Mild 
Medium 
Severe 

.00133 

.00202 

.00559 

.0000273 

.00180 

.OOI43 

.000922 

.0012U8 

.000522 

,000339 
.001575 
,00239 

Fro::, these data, it is interesting to observe that both diameter 
changes and weight losses are more severe when the specimens arc cleaned 
periodically than when the debris is not cleared during the entire tosto 
Tiiis would seem to indicate that the accumulated debris provides a cushion 
which slows the fretting action. 

Figure h-23 shows the relative endurance limits of specimens 
subjected to various conbinations of surface preparation and fretting 
lor cove 
be made from these datac 

Sever • 1   -= mortant observations may 

1 

It may be noted that specimens subjecied to severe shot-peening 
bend to exuibib a decreasing endurance limit with increased severity of 
frettingo 
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It may be noted that specimens cleared of debris each ^00,000 
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 
specimens 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 U-l,  [|.-3s  k"^»  and h-J 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 
test series is that, whJle severe shot-pe 
fatigue inhibitor, severe cold-rolling is 
both fretting wear and fretting-fatigue f 
a high mean endurance limit with a small 
situations involving several million cycl 
is based on a relatively small sample siz 
care. Nevertheless, Figure h-23 presents 
conclusion. 

be drawn from this exploratory 
ening is an effective fretting- 
a better method of inhibiting 

rom the standpoint of maintaining 
amount of scatter for fretting 
es.    This conclusion,  of course, 
e and must be interpreted with 
a strong case for such a 

I h.3    TEST 2—INVESTIGATION 
OF PROT RELATIONSHIP 
FOR Ti-lliO-A TITANIUM 

To determine the endurance limit of a specimen by the Prot method, 
it is necessary to know the Prot rate  (rate of stress  increase per cycle), 
the Prot failure stn ss,  and the functional relationsliip between Prot 
rate and Prct failure stress  for any particular material.    It is then 
possible to calculate the fatigue endurance limit for each specimen» 
For steel the functional relationship between Prot rate and Prot failure 
stress has been established,  but for titanium it has not. 

Test No,  2 had as its objective the determination of a relationship 
between Prot rate and Prot failure stress  for Ti-lliO-A titanium alloy. 
Four different Prot rabes were used to establish this  relationship, 
These wore 0.0025 psi per cycle,  0.01 psi per cycle,  O.Oli psi per cycle, 
and 0.09 psi per cycle0    The  results  of these data are tabulated in 
Table B-6 of Appendix 3. 

Figure L1-2I4 displays the data from the Prot evaluation test.    Sixty 
specimens were tested to provide an accurate relationship between Prot 
rate and Prot failure stress.    This relationship is determined by drawing 
the line of least squares through  the data of Figure h~2h»    The intercept 
of the least squares line with the  '\/~^Z~   ■ 0 axis gives the endurance 
limit value of this material. 
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SURFACE    TREATMENT   8    DEGREE   OF  FRETTING 

o    SPECIMEN   CLEARED  OF DEBRIS   EVERY    500,000   CYCLES 

•     SPECIMEN   NOT   CLEARED   OF  DEBRIS 

FIGURE   4-23 COMPARISON  OF ENDURANCE   LIMITS    OF   Tl  140-A  TITANiUM 
SPECIMENS   SUBJECTED   TO    VARIOUS   COMBINATIONS    OF 

SURFACE   PREPARATION   AND   FRETTING 
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FIGURE 4-24   PROT FAILURE STRESS VERSUS THE SQUARE ROOT  OF THE 

PROT   RATE   USING   Tl   140-A   TITANIUM   SPECIMENS   AT  FOUR 

DIFFERENT    PROT   RATES. 
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For the Prot method of testing,  the endurance limit of the Ti-li;0-A 
alloy used was found to be G2,600 psi. 

To validate the Prot method of testing,  a standard up-and-down test 
was performed on the sane material.    The results of this test are 
tabulated in Table B-7 of Appendix B and shown graphically in Figure 
h-2$.    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 1790 psi.    Thus,  the up and down test checked the Prot 
method very closely and the Prot method is valid for the Ti-liiO-A 
titanium alloy used in this project, 

k.k    TEST 3—COMPARISON OF 
ENDU ANCE LIMITS OF WO 
HEATS OF Ti-lUO-A TITAMIUM 
mTEIAL 

Specimens for the revearch program were made from titanium material 
taken from two different neats of Ti-luO-A alloy.    To compare the endurance 
properties of the two heats, a Prot test was performed on polished, non- 
fretted,  titanium specimens taken from each heat.    Thirty specimens were 
tested from each heat to make this comparison. 

The resulting data are presented in Tables B-Ö and B-? of Appendix 
B,    The two heats are compared graphically in Figure U-26,    From these 
data it may be calculated that the estimated mean endurance limit for the 
first heat is 79,000 psi with a standard deviation of 3230 psi compared 
to an estiiaated /aean of 85,900 psi with a standard deviation of 3860 
for the second heat« 

The means of the two heats are significantly different at the 
.05 significance level and when data are compared between heats 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.g., A-l, while all specimens from the second heat have been 
designated by a number 1,  a letter,  and a nuiribor,  e.g.,  1A-1.    This 
method of specimen identification makes it easy to distinguish between 
specimens from the two different heats.    Chemical analyses and nominal 
physical properties are shown in Table B-10 of Appendix B for each heat, 

Iu5    TEST ii—COLLECTION 
OF SUP.-'LEIENTOKI DATA 

Fretting-fatigue rosearfch programs^'have been performed in which the 
effects of various surface treatments on fretting-fatigue damage were 
explored.    These investigations consisted of subjecting specimens to 
surface Lreatments such as shot-peening or cold-rolling,  and then to 
various degrees  of fretting damage. 

I 
"Proceedings Statical Methods  in Materials Research",   Pennsylvania State 
University,'   Edited by Donald E.  Hardenbergh.  1956, 
See reference 1 
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FIGURE   4-25 RESULTS    OF   "UP Ö DOWN"   TEST   USED  TO    VERIFY 
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Fifteen specimens were fretted at most frequencies with samples of five 
fretted at the remaining test frequencies. 

The results of these tests are shown in Table B-13> of Appendix B 
and are depicted graphically in Figure i;-28.    These results are most 
interesting.    It appears from Figure h-23 that the endurance limit is 
definitely a function of fretting speed.    In fact, both the mean 
endurance limit and the scatter appear to be affected by changes in 
fretting frequency. 

Table h-6   Summary of Data for Polished,  Severely 
Fretted Specimens Fretted at Various 
Speeds, 

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

100 15 79,850 2,960 
500 5 79,900 6,070 
750 5 76,OJ40 7,670 
1000 5 76,3140 l6,2i|0 
1600 15 63,10-0 17,136 

3000 15 60,330 15,U40 
ItOOO 15 U9,810 17,012 
5500 15 63,U60 22,790 
7200 15 67,060 10,910 

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

h,7    TEST 6—STUDY OF MECHANISM 
OF FRETTING INHIBITION BY 
SURFACE TRFATLENT 

During the course of tills exploratory tost,  the original 'lurpose of 
studying the mechanism of fretting inhibition by surface treatment has 
been broadened to a basic study of the fundamental fretting mechanism« 
The exploration took two general paths,  one macroscopic  and ths other 
microscopic, 
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The purpose of this test was to select the most promising results 
from the prior fretting-fatigue exploratory research program and supple- 
ment these results with additional data to lend statistical significance 
to them.    The collection of these additionaJ. data was limited to four 
of the most important sets of conditions used in previous tests.    These 
four conditions were defined by the following combinations:    (1) polished 
Ti-lliO-A titanium specimens subjected to no fretting action,   (2) polished 
Tl-liiO-A titanium specimens subjected to severe fretting,   (3) severely 
shot-peened Ti-lüO-A titanium specimens subjected to severe fretting, and 
(U)  severely cold-rolled Ti-lliO-A titanium specimens subjected to severe 
fretting.    These data are presented in Table B-ll, B-12, B-13 and B-lh 
of Appendix B and are shown graphically in Figure h-27»    The results of 
these tests are summarized in Table k~%* 

Table k-S   Summary of Data for Ti-lijO-A Titanium Specimens 
Subjected to Various Combinations of Fretting 
and Surface Preparation. 

9 

No.  of Surface Degree of Mean Endurance S tandard 
Specimens Preparation Frottir Lg Limit, psi Deviation, 

psi 

30 Polished None 79,030 3,280 

30 Polished Severe hh,060 19,870 

30 . Severely 
Shot-Peened Severe 05,380 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. 
These treatments  increase the mean endurance limit and decrease scatter 
significantly.    This has b.ien shown at the  .0T significance level by use 
of the F-test and t-best using the usual procedures, 

U£    TEST ^—EFFECT OF 
CYCLIC FRETTING 
FRE.,,UE?iCy 

\ 

The objective of tiiis  test v;as to determine the effect of the 
frequency of fretting (cycles per minute) on the endurance limit of Ti- 
lliO-A titanium specimens.    Specimens were fretted at speeds  of 100, 
500,  7?ö,  1000, 1600,  3000,  IiOOO, 5500 and 7200 cycles per minute. 
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The ciacroscopic 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 3-17 of Appendix B,    Unfortunately, no significant correlation 
among any of the measured parameters could be discovered. 

The microscopic study,  en the other hand, did yield some veiy 
interesting information.    Specimens were 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 fretüing 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 layer of compressive residual stresses is  generated and the fatigue 
cracks arc arrested in growth,  causing a great enhancement of endurance 
properties.    This hypothesis is compatible with the results tabulated in 
Appendix B, 

lu8    TEST  7—DESIGN 
OF WIRE-FRETTING 
MACHINE 

During the exploratory research performed under this contract an 
hypothesis of fretting action has been developed.    This hypothesis 
postulates that fretting progresses by cither or both of two actions — 
pit digging or asperity contact. 

In the pit-digging mechanism,  minute debris pockets are formed 
which load 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 their 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. 
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A machine to produce fretting in either the longitudinal or 
circumferential direction was partially designed as shown in Figure U-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 serve1 to provide longitudinal 
fretting, but the details have not been complebed because the time and 
funds allotted to this exploratory phase of the program ran out, 

14.9    TEST 8—;;iRE FRETTINu- 
FATlGUi; TESTS 

Because the wire fretting machine described in U,8 was not 
completed,  this test could not be completed either,.    Progress  on this 
test was limited to the selection of a sample of .107 gauge steel wire 
specimens which were faced to length in a lathe.    The che;aical analysis 
of the wire material was C-.65,  »-.90,  P-.010,  S-.027,  and Si-,28. 
The wire was tempered to give an ultimate tensile strength of 221,000. 
psi,    A sample of 21 specimens was tested in Krouse rotating column 
wire fatigue-testing machines to provide up-and-down data for väre 
specimens in the non-fretted condition.    These control data shown in 
Figure lj.-20 and Table D-l6 of Appendix B were necessary to provide a 
comparison with fretted wire specimens.    The up and down data were 
analysed 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 
selected wire material.    Unfortunately, the time and fund limitations 
prevented completion of this phase of t-he testing program, 

U.10 TEST 9—EXPLORATORY 
A1IALYSIS OF FRETTING- 
FATIGUE PHENOMENA 

This  exploration of fretting-fatigue phenomena took two general 
di roc t ions. 

One v/as a continuous search of the literature, which resulted in 
the file of o2 acticles pertinent to the fretting phenomenon listed 
in the Bibliography of this  report.    This was a necessary step to keep 
abreast of other investigations in the field of fretting GO that the 
work under this contract could proceed without duplication in the most 
fruitful path. 

The second direction of exploration,  a development of mathematical 
fretting analysis, was lied ted by time, and unfortunately,   could not be 
carried to an immediately useful conclusion.    However, the results are 
presented in the hope tha'b the interest of others may be stimulated to 
proceed with tills work. 
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FIGURE 4-23     SCHEMATIC   VIEW OF WIRE FRETTING  MACHINE. 
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The first step in the development of a design equation of this type 
is to list all variables which might be important in the fretting situation. 
This list must be combined and modified to yield a shorter list of important 
variables. Next, the relationships among the variables must be established 
for "simple" situations and related somehow to easily definable independent 
variables. Once this has been accomplished, the more complex design 
situations may be handled by empirical extrapolations based on experiment 
and superposition. Refinement of the equations based on experience and 
new research results inust then follov;. 

In beginning this analysis, the variables vrhich may be important 
are as followsj 

# 

I 

1« üaterials of the mating parts, 
2, Heat treatment of materials, 
3. Hardness of materials, 
ho  Mormal and tangential load distribution, 
5, Coefficient of friction, 
6, Thermal conductivity, 
7, Pressure distribution. 
8, Magnitude and position of maximum pressure, 
9, Relative position of mating parts in the electromotive series, 

10, Chemical reactivity and combinativity. 
11, Ambient atmospheric composition, 
12, Humidity, 
13, Ambient temperature, 
ill. Interface temperature, 
15, Ability of materials  to form oxides, 
16, Size of oxide particles, 
17, Shape of oxide particles, 
13, Hardness of oxide particles, 
19» Vi'eldability of the combination of materials, 
20, Melting temperatures of materials, 
21, RocryGtallizatior. temperatures of materials, 
22, Recovery rates of materials, 
23, Amplitude of motion, 
2)4, .Direction of noiiion,   especially vrith respect to stress field. 
2!?«  Cyclic form of motion pattern, 
26, Magnitude,  direction,  and type of  applied stress field, 
27. magnitude,   direction,  and type of residual stress field due to 

heat treatment,  shot-poening,  cold-rolling,   or other treatment, 
20. Surface roughness or vmviness, 
29, notch sensitivity, 
30, Fracture strengths of mat.rials, 
31, Flow stress or yield stress, 
32, Fndurance limit stress. 
33, IJodulii of elasticity of materials, 
3^. Type of forming or machining process used to fabricate parts, 
3P.  Directions  and types of surface markings, 
36, Stability of the oxide, 
7. '.Tear properties. 

Geometry of the mating parts, 
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39» Size of the contact area, 
UO, Typo of fit at contact area, i.e.,  press fit,  loose fit,  etc, 
ill. Speed of oscillation, 
li2. Continuous or intermittent service, 
U3« Dry, lubrio&tecl, or contaminated mating surfaces, 
\lUm Yileight change or rate of weight change during frettiiig, 
lip. Dimensional change or rate of diineaPional change during fretting, 
Li.6, Change or rate of change of contact    area, 
U7, Dai wing capacity of inate rials, 
U3, Natural vibration characteristics of parts involved, 
h9o Self excited vibration due to stick-slip action, 
50, Moiainal contact stress, 
51. Poisson's ratio effects, 
3'2o Ductility and malleability of materials involved, 
53« ^inc or duration of fretting contact,, 
5h» Depth of residual stress field, 
55» Crystal lattice structure of materials„ 

This list my not exhaust all possibilities  qfut most of the variables 
known today are included.    The job of developing design equations fron 
this beginning has not been undertaken because of time limitations. 
Future research along these lines would provide a real contribution to 
the solution of the fretting problem. 

Investigator k-^£ & (3i&**s   Dale s~^€~jrr_ 

Supervisor.,,/ / : .-. s...    ,  Date    ' A  

For The Ohio State University Research Foundation 

xecutive Director Xi^t^^,    &        ^^^^QU^& Dale    X^-y^^ 
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APPENDIX 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 example, the fit between the propeller shank and the bearing race 
with which it mates is an interference fit. Because of the geometry of 
the mating parts and the loads to which they are subjected, differential 
strains often occar. Those differential strains manifest themselves as 
relative motions between tightly fitting mating surfaces. This combination 
of conditions results in the simultaneous occurrence of biaxial cyclic 
stressing and surface fretting. 

When two solid bodies are forced together under normal pressure, only 
the high spots, often called asperities, actually come into contact. The 
actual area of contact ?.5 sufficiently small that stresses 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 tangential slip which will also cause 
yielding at contacting asperities. If the fretting is occurring in air, the 
surfaces of the asperities will probably be coated with chemical compounds 
involving the constituents of the metal and the constituents of air, usually 
metallic oxides. If, in addition, contaminants, including lubricants, are 
interposed between the surfaces, it is likely that chemical compounds 
involving the constituents of the contar.iincunts will also be present. As the 
normal and tangential forces cause the asperities and the associated chemical 
coatings to be forced together under high local stresses in the early stages 
of fretting, one or a combination of several mechanical, chemical, thermal, 
and probably other phenomena result, 

1. Contacting asperities plow through each other to cause plastic 
deformation, possibly producing rough-edged furrows, loose 
particles, or particles still attached but nearly dislodged 
as loose particles, 

2. Contacting asperities plastically deform each other and form a 
mechanical interlock by the production of mating jagged surfaces 
through slip at corresponding slip planes of the two surfaces, 

3. Contacting asperities weld together through the influence of 
high pressure and raised temperature accompanying plastic 
deformation, 

U. Asperities dislodge free metallic particles by further deforming 
the furrows of previous plowing. 

5. Asperities produce free metallic particles by shearing off the 
roots of previously mechanically interlocked asperities, 

6. Asperities produce free metallic particles by rupturing previously 
welded asperities, 
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7. Free or incipiently dislodged metallic particles are reattached 
by welding to one or the other surface under the influence of 
pressure and temperature, 

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

9»    Cheipical reactions involving particles,  surfaces,  contaminants 
or atmosphere are permitted to occur spontaneously by mechanical 
removal of chemically protective coatings, 

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

11, Adsorption of atmosphere or contaminant by particles or surface 
occurs. 

r 

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

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

Which of the above phenomena predominate depends upon the conditions of 
fretting and the substances involved. Unless the action is entirely metal 
transfer or is self-limiting through the production of protective coatings^, 
the surfaces will be damaged by such fretting corrosion or fretting wear. 

As fretting proceeds beyond the initial stage, additional mechanisms 
become important. 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, 0A the other hand, if they are hard and abrasive, and especially 
if their volume is greater than that of the pure metal from which they were 
formed, they will begin to dig pits into the surface of the parent metals. 
Under fretting conditions much of the debris is trapped in the valleys below 
the asperities. If some debris does escape it must do so in accordance with 
the laws governing the flow of a granular mass which suggests that high flow 
pressures arc induced 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-forming abrasive action. Such pits add to 
the surface damage and contribute to corrosion and wear. In addition, such 
pits undoubtedly act as stress raisers and tend to initiate fatigue cracks. 

Also as fretting proceeds another significant phenomenon is probably 
active. The state of stress induced in an asperity, and in the region 
around the aspnrrity, "..'hen contact occurs with an asperity of the opposite 
surface, undoubtedly involves principal str sses of high value. If a 
particular asperity continues to survive under repeated contacts with one 
or more mating asperities of the opposite surface, it is apparent that it 
and its surrounding metallic support arc subjected to high-level fatigue 
stressing. Indeed, Corten has submitted evidence which seems to indicate 
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that such stresses may. be much larger than the nondnal stresses ill machine 
parts under typical conditions of fretting.    This high local stress of a 
cyclic nature may be largely responsible for the fact that under fretting 
conditions  fatigue cracks mil be initiated at extremely low nominal 
stresses. 

It may be conjectured that the stress raisers due to pit-digging, 
the high,  local,  cyclic stresses due to asperity contacts, and the cyclic 
nominal stresses in the part,,  all combine their influences to initiate and 
propagate fatigue cracks,    V.'hich particular influence predominates probably 
also depends upon the condition of fretting and the substances involved, 

A research project was initiated to simulate 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-liiO-A titanium alloy specimens,   (2) to study the fatigue character- 
istics of fretted h3h0 steel specimens  (these tests were to provide data 
with which to compare the results of the titanium tests),   and (3) to 
apply various surface treatments or combinations of surface treatments 
to groups  of titanium specimens to determine the effects of such treat- 
ments on the fretting-fatigue characteristics of the alloy tested,    A 
series of tests was designed to fulfill each of the objectives, 

I.iore than twenty different sets of test conditions were used.    These 
conditions embraced two different mate "ials,   three different degress of 
fretting,  various ratios of fretting pressure to ap lied bending stress, 
three  different types of specimen surface preparation,  and combinations of 
these conditio.s.    The two materials were SAE h3h0 steel and Ti-lUO-A 
titanium alloy.    The three types of surface preparation consisted of 
polished,  shot-pcenod,  and cold-rolled surfaces.    The three degrees of 
fretting — mild,  medium and severe — were a function of the fretting 
pressures used» 

It was found that the titanium alloy tested was more sensitive to 
fretting-fatigue damage than the steel alloy tested.    For both materials 
it was shown that as the severity of fretting is increased,   the mean 
endurance limit is lowered and the scatter increased greatly.    It was 
further noted that a decrease in endurance limit occurs 'when either the 
fretting pressure or number of fretting cycles is  increased,    With the 
fretting pressure and number of fretting cycles held constant,  it was 
observed that on increase in cyclic stress  amplitude during the fretting 
process resulted in a«marked decrease in the endurance limit.    Both shot- 
peening and cold-rolling are eff ctive  as fretting fatigue inhibitors. 
At a testing speed of h,000 rpm it was  found that changes in relative 
humidity had little effect on  the fretted endurance limit;  thus, at this 
speed the fretting action would appear to be primarily mechanical in 
nature with, the chor.dcal action contributing only a small part of the 
damage. 

The results of the testing program described above led to many 
interesting questions.    To answer some of these questions  the current 
research program was  initiated.    A sum .ary of test result.0  of the current 
program is given in Section   IV   in the body of this report, 

i 
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APPENDIX B 

MATERIALS DATA SECTION 

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

E 

M 

Me 

MCR 

JSP 

Nfr 

P 

S 

SCR 

SSP 

W/L 

p 

L ]N{ ) 

[ ,.]s(   ) 

G 

endurance limit, psi, 

laild treatment, 

medium treatment, 

mild cold-rolling. 

mild shot-peening, 

number of cycles of fretting« 

polished surface, 

severe treatment. 

severe cold-rolling. ( 

severe shot-peening„ 

Prot failure stress, psi, 

ratio of widthto length of the fretting spot in which the 
fatigue fracture appeared to initiate« 

Prot loading rate, psi/cycle. 

angle between ma.ior axis of fretting snot in which fatigue 
fracture initiated and the longitudinal specimen axis, 
degrees, 

angle between plane of fracture at position where fatigue 
fracture initiated and the longitudinal specimen axis, 
degrees, 

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

fretting treatment modified by altering the fretting 
speed to (  ) rpm, 

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

PARAMETER MILD 
SHOT-PEENING 

SEVERE 
SHOT-PEENING 

0,25 
20.00 
6.00 
0.033 
8,12 

0.25 
iiO.OO 
2,00 
0,033 
9.09 

100+ 100+ 

1.00 
8.00 

1.00 
16.00 

0.0188 0.0295 

0,1050 0.0075 

Nozzle diameter, in. 
Nozzle air pressure, pax. 
Nozzle gap, in. 
Shot size diam,, in. 
Weight rate of shot flow, Ib/nin, 

Per cent of coverage 
Velocity of nozzle relative to 

specimen, dn/e'ec, 
dumber of passes 
-.imen "A" strip intensity 

height, in, 
Almen "C" strip intensity 

height, in. 

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

PARAMETER MILD 
COLD-ROLLING 

SEVERE 
COLD-ROLLING 

Spring load, lb. 
Roller load, lb. 
Number' of passes 

Specimen rotative speed,   RP;,! 
Translational feed of cold- 

rolling fixture,   in/rev. 

Maximum roller diam,,   in. 
Contour radius  of roller,   in. 

Spring Dimensions,   in. 
Spring scale,  lb./in. 
Minimum specimen diameter,  in. 
Lubrication 

35 100 
525 1500 

One (toward One (toward 
head of stock head of stock 
of lathe of lathe) 

9 9 

0.009 0.009 

2.00 2.00 
0.750 0.750 
2.02 0,  D. 2.02 0.  D. 
1.2    I, D. 1.2    I.  D. 

112 112 
0.375 (nominal) 0.375 (nominal) 

Constant flow of Constant flow 
BardaW of Bardahl 
E,  P.  Lubricant E.  P. Lubricant 
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Table B-3.    Values of Parameters Defining Three Degrees of Fretting 

PARAMETER MILD MEDIUM 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.U68 2.ii68 2.a68 

Nominal fretting shoe 
contour,  radius,  in, 0.3755 0.3755 0.3755 

Range of permissible clearance 
between raaxiraum 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~6o    Statistical Definition of Relationship Between Prot Rate and 

Failure Stress for Polished,  Non-fretted Ti IhO-A Titanium 
Specimens from Second Heat Using Prot Rates of ^ =• 0,0025, 

•^ = OoOl,   <*■ = O.OU,  and   <=< = 0.09 psi par cycle. 

Spec« S a*. 

x 10 -^ 

.0025 l-H-13 77.U 
,0025 l-G-10 83.8 
,0025 1-3-22 89.7 
,0025 l-E-13 82„3 
.0025 l-E-10 95.3 

,0025 l-E-lU 90.1 
.0025 l-E-5 89.U 
,0025 l-E-12 88.U 
.0025 l-E-9 79,7 
,0025 1~E-19 81.1 

,0025 1-E-ll 90,1 
.0025 l-E-U 89.0 
.0025 l-E-6 93.9 
.0025 1-G-ll 85.8 
.0025 l-G-21 81.5 

oOl 1-A-l 87.1* 
,01 l-A-2 OLG 
.01 l^A-3 81.5 
.01 1-A-ii 83.2 
.01 l-A-5 87.3 

.01 l-A-6 83.U 

.01 l-A-7 35.5 
,01 i-A-8 83.5 
.01 l-A-9 87,5 
,01 l-A-10 80.6 

.01 l-A-U 86.2 

.01 l-A-12 85.6 

.01 l-A-13 87.5 

.01 1-A-lU 8U.2 

.01 i-A-15 85 oO 

.Oli l-G-6 83.8 
oOU l-G-12 86.2 
.01 1-0-13 85.8 
.OU l-G-16 87.9 
.Oli UG-l? 82,7 

- 02 - 



Table B-6, continued« 

ex. 
Spec, 

No. x 10"3 

.Oii 

.oh 

.oh 

.oU 

.oh 

.oU 

.Oh 

.oh 

.oh 

.Oh 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

.09 

l-G-18 
l-H-3 
l-H-h 
l-H-9 
1-H-ll 

l-H-15 
l-H-16 
l-n-19 
l-H-2h 
l-H-23 

1-0-3 
1-G-h 
l-G-5 
l-G-7 
l-G-8 

l-G-9 
1-G-lh 
l-G-15 
l-G-22 
l-G-23 

1-H-l 
l-H-2 
l-H-5 
l-H-10 
l-II-lh 

88.1 
85.8 
8h.0 
85.h 
86.h 

8h.6 
86.h 
83.h 
83.9 
8h.h 

88.5 
89.6 
90.3 
88.h 
86.8 

86oU 
88.7 
89. h 
87.1 
85.8 

88.2 
87.2 
90.8 
91.0 
89.7 

- 83 - 



• 
,. m    +  f^ iro-p-ification of Prot Endurance Limit of B-7,    "Up and Dovjp" Test for Verxixcax-iwi ux 

Ti-lhO-A Titanium Specimens, 

Spec, 
No, 

l-K-18 
1-J-U 
i-K-n 
l-K-17 
l-K-20 

1-K-l 
l-Ii-6 
1-L5-1 
l-K-8 
l-M-12 

l-M-7 
l-K-21 
1-P-10 
1-P-lU 
l-P-16 

l-F-6 
l-P-12 
l-P-13 
l-N-17 
l-N-21 

Spec. 
Sequence 

Failure 
Stress, 
psi 

1 
2 
3 
h 
S 

83,000 

83,000 

6 
7 
8 
9 

10 

8 7,-.000 
83,000 

11 
12 
13 
Hi 
15 

87,000 

87,000 

16 
17 
18 
19 
20 

87,000 
83,000 

87,000 

Run out 
Stress, 
psi 

75,000 
79,000 

79,000 

79,000 
83,000 

79,000 

83,000 

83,000 

83,000 

79,000 
83,000 

8U - 



Table B-8,    Statistical Definition of Endurance Limit for Polished, 
Non-fretted Ti-lltO-A Titanium Specimens from First Heat 
of Material, 
Prot Rate ■■ 0,01 psi per cycle. 

Spec, Sex. E 
No, x lo"3 x lo""'3 

I 

(Approx.) 

A-ll 78.li                                        69,9 
A-l) 80.9                                       72oh 
A-9 77.2 68.7 
A-10 80;l                                         71.6 
A-8 76,0 67.5 

A-12 81.1 72,6 
A-6 78.Ii 69,9 
A-17 7Uo5 66,0 
A-13 73*7 65.2 
A-7 78.2 69.7 

A-15 81,1 72.6 
A-3 79.0 70.5 
A-16 77.3 68.8 
A-20 77.6 69ol 
A-21 7li.l 65,6 

Q-15 33.9 75.U 
Q-21 80.5 72.0 
Q-27 85.0 76.5 
0-28 78.3 69.8 
'-2-30 82.3 73.8 

Q-32 82.1 73o6 
Q-33 83.8 75.3 
Q-3Ü 85.0 76,5 
R-29 78.2 69.7 
P-30 79.5 71.0 

n-3h 71.3 62.8 
n-35 78.6 70.1 
R-36 79.8 71.3 
R-37 77.6 69.1 
R-38 77.5 69,0 

35 - 



Table B-9.    Statistical Definition of Endurance Limit for Polished, 
Non-fretted Ti-lhO-A Titanium Specimens from Second Heat 
of Material, 
Prot Rate = 0,01 psi per cycle. 

Spec, 
No, 

S^ 

10-3 

E 
x icT3 

(Approx,) 

1~A-1 
l-A-2 
l-A-3 
1-k-h 
1-A-^ 

87.U 
8U.0 
81.^ 
83.2 
87.3 

78.9 
75.5' 
73.0 
7h,7 
78.8 

l-A-6 
1^-7 
l-A-8 
l-A-9 
l-A-10 

83.a 
85.5 
83.5 
87.5 
80,6 

7h.9 
77.0 
75.0 
79.0 
72.1 

• 
l-A-ll 
l-A-12 
I-A-13 
1-A-1U 
l-A-15 

86.2 
85o6 
87.5 
8h.2 
85.0 

77.7 
77.1 
79.0 
75.7 
76.5 

l-E-21 
i-E-8 
1--E-20 
l-r-16 
l-E-2 

92.h 
88.0 
90.5 
85.7 
9a.9 

83.9 
79.5 
82.0 
77.2 
86.U 

l-E-3 
l-E-7 
l-D-22 
l-H-21 
l-G-2 

80.7 
9107 
82.3 
81.9 
8^,3 

72.2 
83.2 
73.8 
73.U 
75.8 

1-1-2 
l-D-18 
l-D-20 
l-F-6 
l-J-21 

83 o 8 
8U.2 
79.7 
88.6 
92n3 

75 o 3 
75o7 
71.2 
30.1 
83.8 

-   ÜO   - 



Table B-10. Chemical and Physical Properties of Two Heats of Ti-lUO-A 
Titanium Alloy Specimen Material, 

Heat 
No. 

Fe Cr Mo   H, 
Yield  Tensile Red. 
psi    psi^   Elong. in Area 

% % x icr3     x icr3 

First      ,0%      .023    2.01      1*95 

Second    .02?      .02h    2.16      1.93 

1.714     —       119.5       132 16 2h 

1.99    .00U     130.1       1U0.2 2h h6,h 

All properties and compositions in the above table were supplied 
by the manufacturer and the results are certified by the Titanium 
Metals Corporation of America, 

• 

7 - 



Table B-ll.    Statistical Definition of Endurance Limit for Polished, Non- 
fretted Ti-lhO-A Titanium Specimens from First Heat» ■ 
Prot Piate = 0,01 psi per cycle. 

Spec, 
Wo. S o<. 

x 10-3 

E 
x 10-3 

(Approx.) 

Q-l^ 
0-21 
Q-27 
Q-28 
Q-30 

Q-32 
Q-33 
Q-3U 
R-29 
R-30 

R-3U 
R-35 
R-36 
R-37 
R-38 

83.9 
30.5 
85.0 
78.3 
82.3 

82.1 
83.8 
85.0 
78.2 
79.5 

71.3 
78.6 
79.8 
77.6 
77.5 

75.U 
72.0 
76.5 
69.8 
73.8 

73o6 
75.3 
76.5 
69.7 
71.0 

62.8 
70.1 
71.3 
69.1 
69.0 



Table 13-12, Statistical Definition of Endurance Limit for Polished, 
Severely Fretted Ti-lUO-A Titanium Specimens from First 
Heat. 

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

I 

Spec, S 
No, x 10-3 

o< 

- 39 - 

E 
x 10-3 
(Approx.) 

0-2 67.5 59.0 
Q-3 25.2 16,7 
Q-i; 55 Ji U6o9 
0-5 70oO 61.5 
Q-7 U5.9 37oU 

Q-9 19.0 10o5 
Q-10 5U.3 ii5.9 
Q-ll 76,8 68.3 
Q.-12 142,8 3U.3 
Q-13                   . U3o2 3U.7 

Q-16 81.0 72.5 
Q-17 51.U U2.9 
Q-18 31.6 23.3 
Q-20 56.5 U8,0 
Q-25 21.1 12,6 



Table B-13,    Statistical Definition of Endurance Limit for Severely Shot- 
Peened,  Severely Fretted,  Ti-lUO-A Titanium Specimens from 
First Heat. 

Prot Rate «0.01 psi per cycle., 
Fretting Speed » ItOOO cycles per min. 
No. of Fretting Cycles " 100,000, 
S-j^ = ^0,000 psi. 

Spec. 
No, x 10-3 

x 10-3 
(Approx.) 

R-8 
R-lU 
R-16 
R-18 
R-19 

88.U 
89.0 
88.1 
86.U 
89.9 

79,9 
80.^ 
79.6 
77.9 
Öl.U 

R-23 
R-2k 
R-26 
R-27 
R-25 

87.14 
89.9 
88.3 
87.5 
89.2 

78.9 
81.li 
79.8 
79.0 
80.7 

R-28 
R-31 
R-33 
R-21 
R-26 

89.6 
81u6 
85.9 
83.0 
87.h 

81,1 
76.1 
77.U 

78.9 

- 90 - 



Table B-lIu    Statistical Definition of Endurance Limit for Severely Cold- 
Rolled, Severely Fretted Ti-lUO-A Titanium Specimens from 
First Heat. 

Prot Rate = 0.01 psi per cycle. 
Fretting Speed = UOOO cycles per min. 
No,  of Fretting Cycles " 100,000 
S1   " 25,000 psi. 

Spec, 
No, 

S  «XL 

x 10-3 

E 
x 10-3 
(Approx.) 

R-l 
R-3 
R-il 
R-5 
R-7 

87.7 
08,U 
90,1 
88,U 
89.9 

79.2 
79.9 
01.6 
79.9 
81.14 

R-9 
H-10 
R-ll 
R-12 
R-15 

80.3 
88.3 
87.5 
87.7 
89.1 

79.8 
79.8 
79.0 
79.2 
80.6 

R-17 
R-22 
R-2 
R-6 
R-13 

87.3 
87.9 
88.7 
88.6 
06,5 

78,8 
79.1; 
80.2 
80,1 
70,0 

- 91 - 



Table B-l^. Effects of Fretting Speed Variation on Endurance Limit of 
Ti-XltO-A Titanium Specimens Subjected to Severe Fretting 
Conditions. 

Speed 

7200 

5^00 

UOOO 

Spec. Prot Failure 
No, Stress, Sc< x 10-3 psi 

l-M-17 8^.1 
l-L-h 78.0                                       1 
l-N-3 78.0                                       ' 
1-^16 72.5                                       1 
l-N-2 71.9 

1-M-.13 71.6 
1-N-l 71.2 
l-Ir-lil 69.it 
l-M-6 68.8                                      i 
l-M-lli 6^.6                                     j 

1-K-l^ 62.6 
i-j*.l5 60.I4 
1-K-.16 56.8 
1-0-9 51.2 
1-Ji-ll U2,8 

X-L-12 83.0 
l-M-3 82.1 
l-IA-2 81.3 
l-L-23 79.6 
1-L-ll 79.5 

l-K-h 77.5 
1-K^ 75.9 
l-L-2 7h.2 
i~mh 73.7 
l-K-2 66.1 

l-L-13 57.7 
l-K-3 52.7 
l-K-7 26.9 
l-M-5 23.3 
l-Ir-21; 18.U 

1-L»22 82.3 
l-L-6 71.3 
1-L-l 65.6 
l-L-16 U8.6 
l-L-9 U6.0 
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Table B-15,  continued. 

Speed 

liOOO 

3000 

1600 

I 

Spec. Prot Failure 
No. Stress,  S=<x icr3 psi 

l-L-29 U5.8 
l-L-l? U0.7 
l-L-7 31.0 
1-.L-15 25.5 
l-L-19 20.3 

1-IKL0 63.3 
l-D-5 51.7 
I-D-II4 hi.h 
1-D-.16 $6.h 
1-D-.9 $1.2 

l-D-214 56.1 
l-F-13 57.3 
l-F-18 kh.l 
l-F-2 31,1 
l-F-10 59.7 

l-F-3 U9.5 
l-F-lU 60.3 
l-F-8 57.5 
l-F-7 82.3 
l-F-20 81.5 

l-F-16 30.2 
l-F-21 73.h 
l-F-12 67.3 
l-F-19 57.5 
l-y-l^ iil.l 

l-F-22 82.9 
1-J-l 3U.9 
l-F-21 75.3 
l-F-23 52.7 
l-F-27 38.7 

l-F-30 77.5 
l-F-28 78.0 
l-F-32 51.8 
l-J-5 77.9 
l-J-2 8U.5 

l-F-26 57.2 
l-J-3 39.0 
l-J-6 76.1 
l-F-31 57.2 
l-F-29 67.5 
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Table B-lS, continued. 

Speed                                      Spec« Prot Failure 
No, Stress, Sc^x ICT-' psi 

1000                                      L-JÄL6 8U.9 
1~J-18 83.9 
1-J-lU 83.9 
l-J-10 83.7 
1-J.^ U7.8 

1 
750                                      l-L-3 80.9 

I-K-IU 80.2 
l-K-12 79.0 
l-K-10 77,6 
l-K-9 62.5 

500                                      l-J-9 86.7                                     i 
l-J-15 83.7                                     l 
l^J-19 82.0 
l-J-20 7)4.5 
l-D-17 72.6 

100 l-B-6 83.5 
l-B-7 78.1 
l-B-25 81.6 
l-B-5 7U.0 
l-D-3 78.1 

l-D-6 79.5 
1-D-U 81i.5 
l-D-13 -81.2 
l-r)-12 78.5 
1-D-l 78.5 

l-D-8 78.2 
l-D-7 77.6 
1-D-ll 85.U 
l-D-23 79.U 
l-D-21 79.7 

- 9li- 



Table B-l6,    "Up and Down" Endurance Data for O.lP.y Gauge Tempered lire 
Specimens, 

Spec, Failure                                  Runout 
Sequence Stres^                                   Stres^ 

 psi psi 

1 70,000 
2 75,000 
3 70,000 
k 75,000 
$ 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 

; 11 
15 70,000 

65,000 

16 65,000 
17 70,000 
18 '        65,000 
19 70,000 
20 65,000 
21 70,000 

95 
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