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SUMMARY

The report describes an investigation into the fretting-fatigue and
V fretting wear’ of two materials: Ti-6A1-4V , of which there were two

supplies from different sources — IMI and ANHRC , and Incone]. 718 supplied
by AMMRC . Tests were carried out in normal air at temperatures up to
600 C in the case of the IMI Ti-6A1-4V , and up to 700 C in the case of
the Inconel 718.

The main findings are as follows:

( 1 )  The plain fatigue strength , the fretting—fatigue strength, and
fret t in~ wear of Ti-6A1-’4V (AMMRC ) are the same at room temperature
and 100 C.

(2 )  The plain fatigue strength of Ti—6Al—4V ( IMI 318) is reduced by a
factor of 3 • 3 on raising the temperature from room temperature to
600 C. The fatigue strength is reduced by a factor of 5.1 at
room temperature by the presence of fretting.

(3) The fretting—fatigue strength of Ti-6A1—4V (XMl 318) is reduced
slightly as the temperature is raised from room temperature to 600 C.
This reduction is thought to be due to the deterioration in the
fatigue strength rather than any specific effect on the fretting
behaviour.

(4) The fretting-wear behaviour of Ti-6A1-4V (IMI 318) does not change
significantly as the temperature is raised from room temperature to
600 C. No evidence of glaze formation is found.

(5) The plain fatigue strength of aced Inconel 7L3 rose by a factor of
1.2 as the tecperature was raised from room temperature to 540 C. 1~t 

V

700 C creep interfered with the tests. V

(6)  The fatigue strength of aged Inconel 718 was reduced by a factor of
2.3 at room temperature in the presence of fretting.

• (7) The frettint_f~tig~~ strength of aged InconeJ. 718 was not altered by
increasing t~cie temperature fro m room temperature to 280 C, but was
increased by a factor of 2.1 as the temperature ~as raised to 540 C.
At 700 C creep interfered with the tests.

(8) The lives of specimens of aged Inconel 718, tested in fretting—
fatigue at 280 C, were increased by a factor of ten at stresses above
the fatigue strength.

(9) The fretting wear of aged Inconel 718 showed a marked decrease at a
slip amplitude of 40 pin at 280 C and at all slIp amplitudes at 540 C
compared with the wear at room temperature and at 280 C at 10 pm

slip amplitude. The changes were mirrored in a reduced coefficient
of friction.

(10) The improvement in fretting-fatigue strength of aged Inconel 718 at V

540 C dnd the increased life in fretting-fatigue at 280 C, together
with the reduction in wear damage, are attributed to the formation
of a glaze oxide. ht 540 C the glaze oxide forms at all amplitudes

V 
of slip, but at 280 C the glaze oxide only forms at slip amplitudes
greater than 20 to 22 pm.
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1. Introduct ion

Complex machines comprise a large number of separate components i~ ou n-
tac t with each other. It  the machine is subject to vibration or if CeZ’tdifl
of the parts az’. cyclically stressed it is possible that periodic small
relative movem ent typ ical u~ ~-rett ing will  occur at areas of contact unless
this  has been foreseen and overcome in the d~sign . The result of f ret t ing
i ... the production o~ wear debris which i~ it escapes can lead to loss of
n t  and may also in i t i a te  wear in other parts of the machine . A more
serious consequence is the initiation of fatigue cracks which may propagate
causing fa ilure of one of the components . Fatigue strength reduction
factors of between 2 and 3 are comon where fretting is concerned , and the:,’
tend to be higher for the high strength materials. In the authors ’
experience with a wide variety of materials i rom high strength steels to
ti tanium alloys the fa t igu e strength at l0~ cycles at room temperature when
fretting is present is usually in the region oi 150 MN/n 2 although the UTS
n.~v be between 000 - m d  1~ X’ MN/rn 2 (1,2) .  In practice surface treatments
are applied to overcomt the problem if it cannot be dealt with at the dcsi gn
stage .

At 4ev~ ted temperature s in oxidisln~ atin~spheres oxide films ~r. m~ta1
surfaces grow to greater thicknesses and generally have good protective
properties where they are not und u1’~ stressed. The suggest ion has been
made tha t they may constitute ~tn e~ iective surface treatment in reducing
the effects o~ fretting (3) .  The re is some evidence that fretting wear i~
reduced on mild steel as the temperature is raised to 500 C (4 , 5,6) ,  but
there is l i t t le information on the fatigue behaviour of materials at high
temperatures in the presence of fretting.

~~~ most ir- ~”urtant components in a gas turbine engine are the rotor
discs and tht ’ turbine blades attached to their peri pheries w?~ich o~’e r:~te
at temperatures up to 600 C in an o~cidising •~tmosphere . The blades are
fixed to the disc by dove—tail or f i r  tree roots and therefore involve
contact in this region. Vib ration in a rotating disc is a commo n
experienc e and fretting in the fixings of turbine blades is not unknown.
In certain engine designs the disc is bolted to the main shaft via a
flange and fret t in~ is also possible under the bol t heads . Initiation of
fatigue cracks in th.~ disc at these areas can lead to catastrophic failur e e
the disc . With these considerations in mind and w i t h  the !. eneral absenc~’ cf  ~~~I-

formation cn hi~ h temperature fretting-iati . ue the f~’l1owing investi~aticn was
carried out o~ two al1oy~ , Incunel 710 and Ti— U A I— ’ .V , which are of interest in
these applications .
2. Plan of e~~ oriments
2 .1 Intr~~uction

As one oi the math objectives 01 the present investigation is to study
the offec t of fret t ing on the fatigu e rropert ie~ ui two alloys, i .e.
Ti-6A 1—4V and Inconel 718 , and how this cffect changes with teTnperature , ~
series of fret t ing ia t i~ue tests as well as plain fatigue tests have been
conducted to try and 4ucidate the mechanisms ui fretting fatigue . Also , V —
to obtain a. better understanding of the procossr~s occurring during f r,t tin~-.
atigu e it has been decided to ca rry out a f urther sLries of fretting wear

tests.

~ .2 Choice of varia~1es ~cr fret t ing fat i~’ue and plain fatigu e tests

There are two series of experiments , the first was performed to
constr~~ct f r e t t ing  ~~tigue curves , and the second was conducted to obtaifl
plain f a t i gue curves in the absence of fretting .

The expet ’imental schedele given in Fig. 1 summ ‘ises the pl~ in

- V V _ V ~~~~~~~~~~ —.— -- . .T Ciii~i



fatigue an~ the fret t ing fatigue tests carri~ d out . ~‘etails ef the
t~ sting conditiont are ~ivtm in Table 1.

Number of cycl. s to f- ’dlur. and amplitude of slip were chosen as
dependent variables , w hereas mean stress , alternating stresr , clamping
t~reesure , test temperature and micz~)str’uctur’e were chosen as independent
Vo.ri~iblos.

Materials

Two different batches a; Ti.GA 1- teV alloy have been used in this
series of tests, having two diffarent microstructures and mechanical P~~~perti~s. The first batch was supplied by ArIW Materials and Mechanies
Re search Center , U .S .A . ,  and the second or.e was supplied by Imperial Met~J. V

Industries , U.K.  The first will be referred to as AMMRC and th. latter as
XMl 318 in the present investigation.

One hatch of InconeJ. 718 alloy , supplied by Army Materials and
Mechanics Research Center , has been tested in the a~’ed condition , as this
is the usual condition used in practice , but some tests have been conducted
on the material in the annealed condition to study the effect of vary ing
the microstructure.

The mean stress for the fretting fati gue tests at all testing tempe-
ratures and for plain r~.ti~ue tests at 600 C conducted on XMl 313 alloy
was 2~ 1 MN/rn2 It was found impossible with the above conditions to
obtain fo.tigue curves in the absence of fretting at any of the temperatures
below 630 C. For this reason, the mean stress was increased to enable
~‘lain fati ,~ue curves to be obtained. An adjustment for the fatiguc
stren~’th h~i&~ been made to enable a comparison betwe~ n 2the fatigue anu
fretting fatigue results at ~i mean stress of 247 MN/rn .

The moan stress fur the plain fatigue and fretting fatigue tests con- ,,
ducted on Ti—6Al~4V alloy ( ?d4}~RC) at all testing temperatures was ~00 MN /m~ .

The mean stress for the plain fatigue and fretting fatigue tests
conducted on Inc nel 7~8 alloy at all testing ter9returos in the annealed
condition was 256 MN/rn , but increased to 550 MN/rn in the a~ ed conditicn.

Testing temperatures for Ti— Ml— ~V allo~.’ ( XMl 318) wwe varied from
room temperature t. 600 C . Four temnerature l~v~1~ were used. i.e • room
temperature , 200 , 400 and 600 C (273 , 4’s, 673 , 873 K ) .  Testing tonpera—
tures for Ti-6A1-4V ah oy (AM?IR C ) were r.. xr~ t emperature and 1.00 C (293 end
373 K ) .  Testing te peratures for b oon-el 718 alloy in the aced condition
were varied ~~~ r’c&~m temperature to 7C’O C. Tour temper~ture lovals ~erc
used in the prosent investigation , i.e. room temo.~rature, 2&’), 5~0 and
700 C ( 293 , 553 , 913 and ~73 K ) .  For Inconel 718 alloy in the annealed
condition tests have been conducted at room te~~erature and 600 C ( 293
and ~73 K ) .  It should be pointed out tha t 600 C for the titanium alloy
and 700 C for lnconcJ. 718 alloy are above the maxir.~u~ temperatures at
which they would normally be used. However , they were chosen to give
clear picture of the effects of raising the test temperature and to
magnify these effects .

The alternating stress was varied in order to give numbers of cycles
to f~ ilure in thin range of 1.~\” ,00~ to 10 million cycles .

The clamping pressure has beea chosen to be ~2 MN/in 2 for all the
fretting fati gue tests.



V

2.3 Choice of variables f ox ’ fretting weor teats

Many fretting wear tests have boe n conducted ucin~ such contact sur-
face configurations which gave very sr.~nll ialtial contcct area at the
start of the test compared to the f inal  contact area at the end of the
fret t ing test. Moreover , the normal contact loads applied in those tests
were snail . These two factors resulted in a very high ratio of the
initial nominal mean contact pressure at the start of the fretting test
to the final pressure at the end of the test . In s m e  cases this ratio
ranged betwden 250 and 750 . Consequently , a large portion of the test
duration , possibly more than 50% of the test duratio n , was run at very
low nominal moan contact pressure far away from the presumed value .

For this reason , and because it was decided to use such contact
surface configurations in the present investigation , i.e. hemispherical ended
rider on flat surface ; the fir st series of tests was carried out using
different radii for the hemispherical end of the rider and fixing all the
other variables. The objective of this series of tests was to determine
the optimum radius of the hemispherical rider which would give the minimum
ratio of the initial nominal mean contact pressure at the start of the
test to the final pressure at the end of the test and which would result
in a mean pressure throughout the test cis near as possible to the required
tuSt pressure . ~\ls~ ciS a result of these tests it was possible to determine
the normal hoOd to be used in the subsequent tests. These preliminary tests
have been co nducted on Ti-6A1-L V alloy ( XMl  3l8)t

The second series of tests is the fretting wear tests, details of which
are shown in Fit . 2 .

Duo to sherta~.e of material tests were only conducted on Ti-Mi-LW
alloy (M*~~C) in the as-received condItio n and Inconel 718 alloy ~n the
aged condition.

To correlate fretting wear results with those in fretting, fati~ uo
some of the variables in the fretting wear tests were chosen to be the sat.~eas those found in the fretting fati gue tests . So , the frequency in the
fretting wear tests was 50 Hz. As the slip amplitude value (pea k to peak )
in the fretting fatigue tests varied between 10 and 36 ~tm , Table 2 , it was
decided to use t~~ levels for the amplitude of slip , i.e. 10 and 40 i’m.
The testing tumpenitures for Ti-6~Al-4V (AMMRC ) was room temperature and
100 C (293 and 373 K) and for Inconel. 718 alloy room tempe rature , 280 and
540 C (293 , 553 and 813 K) , the same as in the fretting fatigue tests .

The shape of the fretting fatigue curves determined the number of
frett ing cycles chosen in the fretting wear tests . Two values for number
of cycles were chosen corresponding to the highest and lowest (knee point)
alternating stress levels in the fretting fatigue curves . According to
this base the nu~ber of fretting cycles chosen fur the titanium rJ.loy was
~~~ and 3.5 x 10 cycles and for Inconel 718 alloy was 8 x j Q4 and 1CC
cycles. To gain some knowledge about the processes involved in the early
stages of fret tin g tests , additional. tests have been conducted for 6000
cyclcs.un both materials.

Since the processes involved in the fretting mechanism such as
adhesion, cold welding at asperities , and debris accumulation shou1~ be
reflected in the coefficient of friction , it was decided to study
coefficient of friction under dynamic conditions as a function of number or
cycles.

2.4 Data collect ion

Data were obtained through experiments for the above mentioned

_________ 
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variables. Observations be tween the dependent variables and the indepen-
4ent ones were conditional , i.e. data were recorded for variations in oneindependent variable while other thdependent variables were kept con.~tant .

3. Experimental e~ uipmcnt and specLmens

3.1 Introduction

As it was d~ cidud to conduct t~~ di fferent  types of test in the pro~ ent
investi at ion , i.e. fretting fatigue and frett ing wear tests , two completely
d if fe rent arrangements were prepared.

~ .2 Fatigue and fretting fatigue tests arrangement

The principal elements of the arrangement are shown in Plate 1. These
elements include:

1. Fatigue testing machine and dynamomoter
2. Furnace
3 . Temperature measua~omar,t and control arrangement
4. Fretting fat~gue device
5. Sj ecimon and bridges .

The detail description of these elements is given below .

3.2.i Fatigue testing machine and dynamometur:

Tl~ fatigue testing ma chine used for this investi gation is the :~ver~Midget Pulsato r , a push—pul l machine .

— The coir~ ofleZits of the machine are assembled on a rigi d cant iron boac.
The machine is drive n by an ~‘loctric motor. Tho motor drives an eccentric
with an adjustable throw, linke d in turn by means of c connecting rod to ~inelastic leaf spring whi ch transfers , via a moving headstock the alternating
load produced to the specimen . The value of the alternating load can be
varied , according to requi rements, by adjusting the driving motor eccentric.

The specimen is secured by suitab le gri~ s -~t one end to the moving
headstock and at the other to the dynaniometer. The latter con~ rises an
elastic steel ring and a reading microscope. The ar~oun t of load being
ipplied at any tine i~ indicated by the amount t t  dyn amometer deflectIon.
The deflection is indicate d by a narrow band of ii~~ t which is superin~osed
on a magnifi.d graduated scale withiu the microscope. A calibration chart
supplied yith the machine allows the mi crosc’opo ye. ~Jing to be converted into
actual load units. A calibration curve h~s been d~ f lt ,  on a Mayes teS in~~machine and it w~s found that the difference bt tweer. t ~e obt~ ine d calibration
and that of the sup~’hier is only about 0.5%.

The dynamometer is secured to a crosshe td which can be displaced along
the machine base by r.*~cins of a screw and crank mechanism. This devIce
allows the application of a constant static pre-load , either tensile or
compressive , and furthermore , allows the accommo th~tion of specimens of
widely differing lengths . hAn automatic cut—off switch is incorpor~ted adjacent to the meving
hcadstock and this will operate if a specime n breaks.

The i~ dj c~ tj -,n of the number of reversals of load applie d to a specime r~

4 . 
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is indicated on a counter which ~s mounted on the driving mot~ r at the
rear of the mach ine .

the specifications of th~ machinc are a~ f~ Uows.

Maximum load 3000 N
Ma ximum pulsating l~-aU 1500 N
Minimun~ pulsating load ll~) N
Motor spe~ d 3000 rpm

3 .2 .2  Furnace :

A fu rnace has been constructed to surround fatigue specimens being
tested in the Avery push-pull fatigue testing machine with fretting brid~~ s
clamped to the specimen. The experiments have been conducted in ordinary
laboratory air , with no atmosphere control . The furnace is a cylindrical
one provided with a hole at its centre parallel tL its axis to accoimn -Jute
the specimen and bridges. The furnace is split longitudinally into two
halves. The furnace has a radial bole at the m~~ way of  its length which
is perpendicular to the first hole. The radial hole is used to acco ra.late
the prongs of the proving ring which hold the bridges against the specimen .

Figure 3 is a schematic d’~awinJ of the kurnace and Plate 2 is a ~hL tO-
graph .f the furnace assembly with the top half removec , showing the spec1-
men with the bri dges c.Iamped on to it by means of the proving ring.

The lirnace is heeited by means of two resistance elements in each half
of the furnace . The four heating elements are made of Ni-Cr alloy and aro
ccnnected in series to give an output power of 1. kW.

The two halves -~f the furnace are tightened to~g~ther with four
tightening screws. The outside dimensions of the furnace are~

110 mm diameter and 90 mm length

Initially , the furnace main outside boj v was mode from sindanyo (hcot
insulating material ) backed with  hea t insulating wool, while the inside
surface and the two f lat  faces of each half of the furna ce were made ~f
stainless steel sheet. Careful temperature surveys in both longitudinal
and radial directions revu a.lad that at 600 C there was a variation of 34 C
over the gauge length of the specimen. Relocation of the heating elements
and replacement of the two stainless steel panels by sindanyo panels has
reduced the temperature’ variation over the gauge length to within 3 C at
600 C. Figures 4 to 7 show th~ results of the ten;’erature surveys after
improvement.

The furnace is supported by an ad j ustable support which allows its
position with respect to the specimen when the latter is cl~~ped on the
ma chine to be adjusted in such a way that no contact exists between the
specimen or the proving ring prongs and the furna ce.

S . 2.3. Temperature measurement and control ctrran ;ement :

Initially the arran gement used was as shown in Fig. 9. The therer couple
is chrv mol—alumel whi ch is inserted in the furnace so that the hot j  -nOtion
is very near to the left— hand foot of the fretting bridge . The induced omf
from the thenuocoupi. is recorded by a temperature measuring recorder
(Speedomax) . The terninals of the thermocouple are also connected to a
control unit to cut off the electrical power sup~-liod to the heating elements
of the rurna ce when th. specimen reaches the test temperature. Also the re
is •i cut—off switch superiuposed over the automatic cut-off switch of the 
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fat igue testin~. machine and this will eptrate if a s; -ecimen breaks to cut
oft ’ the electrical p- wu r ~u ’ l i~ -~ to the he~ tin~ ~.len~ nts cf the furnace .

Unfortunately , this arrangement su fere d from a !lucturttion in the test
temperature . For example , ~hen the ccetr’ol ter~-erature was adjusted to 330 C ,
the recorded temperature ~ f the specimen fluctuatod between 250 and 35~.) C .

Accordingly , a mo dification has been introduced in the arrangement. The
r..~w arrangement Ls sho wn In Fi~ ure 9. Thu modification consists of:

1. Usir ., two ther ’mo couple~ - one for temperature control which is

located radially at the midway of the furnace length with the

hot j unction as near as possible to the heating element , while

the second thu rrzooo~jple records the temperature of  the specimen .

2. Using a variac which controls the input voltage to the furnace to

suit the testing temperature .

This modified arran~,ement reduced the fluctuation in the test tempera—
ture to ± 1 C for dif ferent  test temperatures rangin~ from room temperature
U;- to 400 C , and ± 2 C f~ r temperatures above 400 C.

The temperature recordin~ inst~ument was calibrated usin~, a millivolt
pote ntiome ter. ~n emf corr s~x ndin~’, to a certain temperature was applie d
to the SDeedorna x ari d the S~’eedc max readin~; was recorded. This step was
repeated at different  temperatures. The emf vs temperature table was taken
from the National Bureau of Standards , Circular Sol. gmf is expressed on
the international temperature scale of 1948. The table used is for refe-
rence junction 0 C , so a compensation for room temperature was made be fo re
starting the calibration. The calibration resulted in the following
relationship:

Recorde~ temperature 0.996384 x true temperature + 4.7
where the two ten~’eratures are in degrees centigra de .

3. 2.4 . Fretting ~atigue device :

The fretting fatigue device is shown in Plate 3. The fretting was pro-
duced ~y clamping a pair of bridge pieces 19 mm in len , -th and 3.5 mm wide ,
each having two feet of dimension 1.5 x 3.5 nun (Fi:- ’aire 10) which were
machined from the same material as the specimen and had the same heat treat—
n~ent condition, and were given the same surface finish on the gauge len~’th
of the s~-ecimen. The brid~~s were clammed on to the prepared flats of the
specimen by means of a r~roving ring . The clamp in. , load was a:’~lied by means
0f screwed pron~ s along one diameter of the rin~-’ and measured by the
t’es~j ltiri~ contraction of the perpendicular diameter. Steel balls pressed
into the outsi de of the rin 0 at either end of this perpendicular diameter
served as measuring ~cints for a micrometer. Plato 3 shows the proving ring
with the prings holding the bridges on to the s~ ecimen.

Since the proving ring was locate d outside the furnace it was made of
mild steel , but the prongs were inserted insido the furnace and therefo re
they were made of creep resistant material - Nimenic 90 alloy .

When the specimen was stressed by a suffiaie ntly high a1ternatin~- load ,
tdXi :.ontial movement between the bridge feet and the flat surfaces of the
specimen res~ilts , which produces the frettin~; action .

The proving ring was calibrated with dead weights and its diameter wa:~
measured. The rasults are shown in FL;ure U.. The calibr~ation showed a

6.
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linear relationship betwoer. applied lead and the proving ring di ameter
as follows.

D D + 0.00372 — 0 .0005789 P
0

where D~ ring diameter at room temperature and zero load in mm .

D rin:, diameter at load 2 , mm

P clamping loa d, N

3 e 2 . 5  S’)ecimOn and bridges

3 . 2 . 5 . 1 S~ccimcns :

The specimens are machined from 4 .76 nun diameter rod and they hc~ve a
length of 150 nun . The centre port ion of the specimen , as shown in Plate 3
and Figure 12, has two parallel flats machined on it of 28 mm minimum
length, reducing the thickness over this section to the following values : t

1.56 mm for all Ti—6A1--4V (XMl  318) frett ing fatigue specimens and
600 C fatigue specimens ,

0.7 mm for Tj —6A1—’+ V (IM I 318, fat igue specimens tested at room temperature ,
200 C and LeOO C ,

0.8 mm for Ti—6A 1—4V ( Iit*IRC) fati~’ue and fretting fatigue s:~ocimons ,

0.5 nun for all tests conducted en Inconol 718 alloy ( age d condition),

1.6 and 1 nun fur all tests conducted .‘n Inconul 718 alloy (annealed
condition) .

The ends of tho flats are given a 50 mm radius to avoid abrupt change
in section . The ends ~f the specimen are threaded to secure it in the
~rips of the machine.

Due to the shortaie in the materials some of the room teit~ erature
Inconel alloy 718 and Ti—6Al-L4 V alloy (AMMRC ) have been made with the flat
portion 12 m m  in 1en~.th and the overall length was 92 nun .

3 .2 .5 .2  Bridges:

A description of the bridges has been given in Section 3.2 .4 .

3.2.5.3 Specimens and bridces material :

It was deci dod to fret bridges agains t specimens of the same material .
Also the bridges had the same heat treatr .ient and the same surface finish
as those of the specimen.

The materials used in this investigation were Ti-6A1-4V and Incunul
alloy 718 ,

3.2.5.3.1 Ti—6A1—4 V

This a — B titanium alloy was supplied by two suppliers: 1) Imperial
Metal Industries (Ky noch ) Ltd. (Birmingham) , commercially known as XMl 318
2) Army Materials and Mechanics Research Center (At *U~C) ,  both of them in
the form of 9.5 mm and 4.7 mm diametor rods , the chemical analysis of
which is:
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Weig ht ~
Element 9.5 mm 4 .7 mm

~ .3 5 6 . 4 7
V 4. 24
Fe 0.08 ~J.0S
U 0.003 -

0 0.17 <0.2
Ti balance

IMI 313 was in the hot rolled and anneal,~d condition and Ti-6A1—4V
(AM~~ C) was in the ~ worked condition .

XMl 318 Ti-6A.1-4V (~ MMRC)

Ultimate tensile str ength * 1037 MN/rn 2 
1126 MN/rn 2

0.2% proof stress* 966 MN/rn 2 1015 MN/ rn 2

Elastic medulus 106 x ~~~ MN/m~ 106 x ~~~ MN/rn 2

Poisson’s r.ttiu 0.361 0.361

Hardness’~ 321 WIN 336 WIN
Density 4 .42 g/Cm 3 4 .4 2 g/cmn 3

Elongatun in 25 ral* 20.6% 20 .2%
Seduction in ar~ a ‘~ 47 .~ % 46%

NOTE : 5Ew’~orimenta11y determined.

Plates 4a-d show the micrustructure of the IMI 318 while Plates 5a-d show
micrustructure 0f Ti-61U— 1~V (AM~~C) in the as received condition .

3 .2.5.3.2 Inc~ ne1 alloy 718:

This is a nickel—base alloy which was supplied by Army Materials and
~1echanics Research Center , Watertown , Massachusetts , U.S. ,~., in the form of
~3 .5 mm and 4.7 mm diameter rods , the nominal chcr~ical analysis of which is:

Element Wei ght % ~1enent Wei ght %

Ni (plus Co) 50 — 55 Co 1.~ ~ax
Cr 17 - 21 C 0.08 max
Fe Balance Mn 0.35 max

Nb 4 .75 — 5.5 Si 0.35 max
140 2 .8 — 3.3 P 0.015 max
Ti 

- 0.65 — 1.15 S 0.015 max
aU 0 .2 - 0.8 8 0.006 max

The naterial was in the hot formed and annealed condition with the
following physical properties for 9.5 mm diameter rod :

Ultimate tensile strength* 968 MN/rn 2

0 .2% proof stress* 515 IIN/r’i 2

Hardness5 273 VUN
Density ~~~~ g/cxn 3

_ _ _ _ _ _ _  -~~~~~~~~~~~~~~~~~~~ 
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~longati0n iz~ 25 ivn~ ‘49 .9%
Reduction in area 5

NOTE: 5Experimen tally determined.

The majority of the two specimens were riven a heat treatment process
to develop the maximum mechanical roj ’ertie~~. The heat treatment was as
follows:

1. So1ut i~-n heat treatment at ~~~~‘. C for one h.’ur/air c.~~1.

2. Aged at 718 C for 8 h , furnace cooled at the rate of 15 C/h to
620 C, hold at this tomi>erature for total a~’eing time of 18 h ,
air cool.

This tre~t tment was carrftd out in a horizontal tube vacuum furnace .
Only a limited number of  spt”cimens could be treated at any time . f~ probe
was put with each ba tch and was soctiened and exanine.I f ci ’  internal
structure and hatxtness in ardor to check the heat treatment rr~ cess.

The same beet t rea t men t was used for both specimens and oridges . The
final physic~i1 propt rties of the heat treated 4 . 7 mm rod wore as follows :

Ultimate tensile strength* 1316 MN /mn 2

0 .2 % ~ro~~ struss* 1072 MN /n ~
Elastic madulus 200 x 10~ MN/rn

~ L’j SSOfl ~ S r atio 0 . 2~ 4

Hardness’~ 450 WIN
— Density 8.22 : /cm 3

Elongation in 25 mm5

Reduction in area5 40%

~0TE: *L’xporimentally determined.

Plates ~~~~ s~-~ow the mierostrueture of Inc~ne1 alloy 718 in the ~:~-c~
condition . P1atc~; 6c , i sho w the di i  ~erence in micr ’structuro between the
is received (annealed ) and the a~od condit ion when they wore etched to
reveal the precipit ates. It is noticeable th ~t Ni .C~’ , J , :ves CbC a:~d ~4oC
phases were preci 1 itatod at the gr~ tn ~\ un darie:~ ~~ inside the gl’ains in
the aged material .

3 . 2 . 5 . 4 Specimen and br idge prop.miticn

Thu br id : -es WUPO machined from the 9.5 mm diameter r ~d to the required
dimensions ~ivon In I’iguro LO.

The specimens were cut from the su; ’pliod r d: ; into t~ € require d lun~,th.
They were then threaded at th e. r ends and milled to ~‘ro U~ e the parallel
fla t surf aces according to the thicknesse s given in Soctio~ 3 . 2 . 5 . 1  but w~~’e
0. 3 nan ovo r~ ised ~ms a ~‘rindin 1; allowance. Must of th e Incon el 718 sped-
nwne were then tr eated (se e ~eet ion 2 . 2 )  accordin g to that heat treatment
~iv.n in Seøtion 3 .2 . 5 . 3 . 2 ~ Aft er heat tre ating the Inconel 718 specimens ,
the flat surf aces of L o th the T i—6A1—C V and the Incenel alloy 718 si ocimens
were ~rv und.

The sj ecimen flat surfaces and the feet surf aces of the bridge wore
then polished through a series of silicon car bide papers of successively
incroaainf~ fineness up to 6C~ gri d , 
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Final surface preparation was left until  specimens and brid~vs were
required for testing . This pre:aratien consists ui p~dish~ n ,. the surfaces
with 0 and 00 grade emery j ’:tpur . This stace af r~ parati~ n gaVe a
roughness of 0.1 ~im as C.L.A .  on surface roughness measuring instrument
(Thlysurf) . Care was taken to ensure that all visible scratches wore re-
moved so as not to ‘~rovide p~ ssib1e sources ~ f fat i  ue failure . a~ftei’
that both the specimen and bridges were thoroughly debreasud !.y washing in
trlchloroethylene .

3.3 Fretting wear test arrangement

The fretting rig was originally constructw~ by Ovo rs (7 )  ~~S 0 cress-
cylinder s frettin~ ri0, but was adapted for the present investi gation to
fret a spherical rider on a flat specimen . The modified a ’range rnent has
the facility of measuring and recording the friction force as well as the
no rmal contact load simultaneously. The principa l elements of the arrant ~
mont are shown in Plate 7 and schematically in t igure 13. Those el amontb
include :

1. Specimens

2. Oscillating movement system

3. Oscillating movement control and measuring arrangement

4. Normal contact force and friction force measuring and recording
arrangement

5. floating furnace .

6. Temperature control and recording arrangement.

i\ detailed descrip tion of these elements is civ -n ~clow .

3.3.1 Specimens

It was decided to fret  a spherical rider a~ o irw t a stationary flat
plate specimen of the same material , with the same boat tr~~ttmont cun d itLn .
and the same surface finish. The oscillatory mation of the rider was parallel
t0 the polishing direction of the flat specime n , i.e. p~ ra1le1 to the longi.-
tudinal direction of the flat specimen.

— The flat plate specimen was machined from 9.5 mm diameter rod and W~~8
50 mm long, 9 mm wide and 3 mum thick . It had two holes drilled in it to
f i x  it in the stainless steel support .

The rider was machined from 9.5 mm diameter rod with  a screw thread at
one end to fix it into the transmission shaft , and a opherical surface of
100 mm radius at the other end. Detailed drawings of the flat specime n and
the rider are shown in Figure 14.

The flats were polished through a series of silicon carbide abrasive
~a~’ers of successively increasing fineness up to ôOO grid. The final surface
preparation was left until they were required for tost ing. This preparation
consi~tod of polishing the surfaces with 0 and 00 ~r~ade emery paper. This
stare of preparation gave a surface roughness of 0.1 pm as C .L .A .  on a
surface roughness muasurin~ instrument (Talysurf) .  Car. was taken to ensure
that all visible scratches were removed. Finally the flat specimen woe
thoroughly degreased by washing in trichlore.thylene.

The spherical surface of the rider tia was give n the same :‘o1ishin~ andcleaning procedure as the flat specimen . The i’olishi n~ wa s dons by plac i nd
it in the chuck of a bonch drill and it was rotating at 2400 rpm whilst
carefully polishing it by hand , taking care not to u’.age its •‘rof ii.. .

~~~~~~~~~~~~~~~~~~~~~ 
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3.3.2 Oscillating u~,ven’.ent System

This system was constructed to produce oscillatory tangential relative
motion between the rider and the flat specimen . It close—up view of the
system is shown in Plate 8 while Figure 15 sho~.is a detailed drawing of i t .

The system consists of a bu n t  shatt holdinp at one end the rider and
rigidly connected at the other end to the driving spindle of a Goodman ’s
electromagnetic~d.bration generator , Model 390A . .‘~ power amplifier with a
built-in , ).ow distortion oscillator drives the vibration generator and so
produces the oscillatory motion of the driving s~ ind1e, which is transmitted
via the transmission shaft to the rider.

Eight strain gauges were fixed on the transmission shaft to measure the
frictional force as well as the nc rmal contact force . The shape of the
shaft enabled the point of application of the tan gential frictional force
between the rider and the flat specimen to be aligned with the main centre
line of the shaft and the driving spindle.

Th~ transmission shaft was hollow to all~ w cooling water to pass
throu~-h it so as to avoid overheating of the shaft and the strain gauges.
It reduced the shaft cross—sectional area in the strain gauged zone which
allowed measurement of very small forces. Because one end of the shaft
was inserted inside the furnace , it was made of stainless steel .

The vibrat ion c -:enerator was supported on a iiorizontal hin~ od sup; -ort
which could tilt it in a vertical plane to the required position via an
adjusting screw and nut mechanism. By this vertical movement the normal
contact load could be easily and accurately adj usted.

t’~ steel plat.~ was firmly attached to the transmission shaft to providt~
a gap be tween it and a fixed pr be .

3.3.3. Oscillatin ,- movement control and measuring arrangement

The vibration pencrator was driven by a Lin~ Altec 5 VA power oscilla-
tor which enabled two of the main variables in fretting wear tests to Pc
controlled, i.e. amplitude of relative motion and frequency. All the tests
were performed at 50 Hz , i.e. the same frequency us that proviously used
in the fretting fatigue tests , see Section 2.3. The frequency was checked
by means of a stroboscopic 1i~ ht. Two amplitudes of motion were used ,
10 pm and P0 pm , see Section 2.3.

A Wayne I’~err vibration meter model B73 1B was used for the measurement
of the slip amplitude.

A probe connected to the vibration meter was brought into proximity
with the steel plate attached to the transmission shaft and the capacitance
so fo rmed was displayed in terms of distance and peak to peak vibration
amplitude on the two meters of the instrument. The two measurements were
not interdependent , i.e. the accuracy of measurement of distance was un-
affected by variation in vibra tion amplitude , within limits, and vice versa.

A calibration was carried out to find the relation betweer . the meter
reading and the actual amplitude of motion at the rider. This was done ~y
measuring simultaneously the amplitudes at the steel plate , x u’~. and at
the end of the transmission shaft near the rid er , x pm when t?~e shaft was
oscillating. The cal ibration results showed a straight line relationship
as follows :

1.09 x

This difference has bean taken into consideration when adjusting the sl i.p
amplitude .

k 
— 
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3.3.4 Normal fore and friction forc e measuring and recording arrangement

In order’ to decide on a normal contact force and frictional fo rce
measuring method, the usual considerations of sensitivity and independent
ineasur’ements of both of them were oonsidered. Wire electrical strain
gauges offer a convenient means of meeting these requirements. Furthermore ,
electrical stra in gauges make it possible to record forces as a function
of time , which in addition to be ing convenient becomes a real necessity in
those instances where forces fluctuate. For these reasons eight electrical
resistance wire strain gauges were bonded to the outer cylindrical surface
of the transmission shaft at the part where it has a reduced cross-sectional
area as shown in Figure 15. The relative position of the strain gauge axi s
to the transmission shaft axis ( Figure 16), and the way in which they were
electrically connected in the bridge circuits (Figure 17), enable d them to
measure, simultaneously and independently , the frictional force and the
normal, contact load between the rider and the flat specimen. Further
detail of this is given in Appendix A.

As illustrated in Figure 13 the output signals of the strain gauge
io~asuring instrument were amplified using a multi-channel amplifier and fed
to a U-V recorder (direct recording Visicorder oscillograph Mo del 2106).
This arrangement provided a means for recording continuously and simultaneously
the friction force as well as che normal contact load.

Many calibrations end studies have been done to study the following:

1. The relatianshio between the normal contact force and the frictional
force and the recorder light spot displacement.

2. The effect of the normal force variation en the recorded frictional
force and vice versa.

3. The effect of raising the specimen temperature on the recorded normal and
frictional fo rces~

4 . The effect of the inertia force on the friction and normal forces.

Details of these calibrations and studies are given in Appendix B i1lustratini~the convenience of this measuring and recording arrangement for the present
work . Typ ical recorded charts for the friction force during a fretting test
are shown in Plates 9a ,b.

3.3.5 Heating furn ace

A furnace previously constructed by Overs (7)  was used to surround the
rider and the flat specimen during the high temperature frettin g wear tests .
The furnace was a vertical shaft type one closed fro m the top side as shown
~raphica1ly in Figure 26. A slit was cut into the furnace wall to accommo-
date the transmission shaft . Alumina cement was used to face the sides of
this slit and a coating of sodium silicate sealed the pores in the cement
preventing any contamination from dust particles. The inside of the furnace
was dome-shaped and constructed from a fused alumina tuho . This provided ~inexcellent dust—free enclave . A heating element (Py robar) of 3 kW capacity
was wound around the dome . The outer wall of the furnace was constructed
from aluminium sheet while the top and bottom sides of it were closed by
sindanyo heat insulating materiel. The inner space between the dome and
the outer surfaco was filled with heat insulating wool ( Triton Kac wool.
ceramic fibre).

To reduce heat transfer to the vibration ~enerator and the strain
~auges during high temperature tests , cooling water was passed through the
transmission shaft . At 540 C test temperature the temperature at the outer



wall of the furnace was 140 C and at the ~ tx~~in ~~~~~~~ Wa$ SO C.

3.3.6 Temperature control and recording arrangement

The modified temperature measuring and control arrangement described
before in Section 3.2.3 and shosrn graphically in Figure 9 was used in the
high temperature fretting wear tests • The control thermocouple wa~
located inside the frettin~, wear furnace with its hot junction as near as
possible to the heating element , while the recording ther’IwocouDle was
located with its hot junction as near as possible to the contact point
between the rider and the flat specimen.

‘4. Experimental results

4 .1 Introduction

The effect of fretting on Ti-6Al-4V and Inconel 718 alloys was
determined by its influence on the fatigue strength and wear of the surface .
Fatigue was studied by applying a fluctuating axial tensile stress while
wear was investigated by three means:

1. Measurement of wear volume.

2. Use of the scanning electron microscope as well as the optical
microscope which allowed study of fretting surf ace topography in
both the fretting fatigue and the frettin ,- wear specimens.

3. Surface profile measurements using the Talysurf.

Other techniques such as sectioning of the surface , micrchardness
t raverses , TEN , EBMA , X-ray dif fractometry , Auger spectroscopy , give some
information on the processes occurring in the surface layers of the fretting
parts.

4 .2 Fatigue and fretting fatigue results

4.2.1 Ti—6Al—I V (I~lI 318) alloy

4.2.1.1 Fretting fatigue results

Fretting fatigue tests on the identical Ti—6A1—4V alloy ( IMI 318) in
the mill annealed condition have previously been conducted by Wharton (8)
and r epetition of those tests was unnecessary and inadvisable due to
shortage of material.. Tests were therefore c9nducted only at 200 , 400 and
600 C. 2all specimens were tested at 247 MN/rn tensile mean stress and
32 MN/rn clamping pressure following the previously chosen values in the
room temperature tests (8) .  The results obtained are shown graphically in
Figure 27. Specimens tested at 600 C crept drastically but no creep was
observed in the specimens tested at 400 C. Consequently , it was found
impossible to run tests at 600 C for more than lOb cycles because of the
creep effect . In any case this temperature would be considered too hi gh
for this material .

The two specimens which were tested at 200 C with alternat ing stresses
more than 140 MN/rn 2 have sore cycles to failure than expected. This is due
to the gross slippage which occurred in the first few cycles as shown in
Plate 10.

The fretting fatigue strengths at lO~ cycles and the strength reduc-
tio~ factors ( based on the fretting fati~’ue strength of the alloy at room

13.
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temperature) are as follow.:

Temperature Fretting fatigue strength Strength reduction
factor

R.T. 247 ± 85 1.0
200 247 ± 77 1.1
400 247 ± 77 1.1

600 247 ± 70 1.2

Although the effect of temperature on the fatigue strength in the
presence of fretting is not particularly marked , the results reveal a signi-
f icant decrease in fatigue life at stresses above the fatigue limit as
the temperature is raised.

4 .2.1.2 Plain fatigue results

Ti—6Al-4V ( IMI 318) specic~ens in the mill annealed condition were
tested in the absence of fretting at room temperature, 200 , 400 and 600 C.
Un fortunately , it was found impossible to obtain plain fatigue curves at
any of the temperatures below 600 C a~ the same mean stress used in the
fretting fatigue tests , i.e. 247 MN/rn . For this reason the moan stress
was increased as the test temperature decreased to enable plain fatigue
curves to be obtained. The results ar’s shown in the table below.

To compare the f atigue and the fretting fatigue results, an adjust-
inent for the fatigue result s was made to determine the fatigue stresses
at 247 MN /rn 2 mean stress . This adjustment was made using the modifie d
Goodman ’s law (see Appendix C) and the results are given in the table. At
600 C , the fat igue tests were conducted at 247 MN/rn’ mean stress, so no
adj ustment was ne cessary at this test temperature. S-N fatigue curves in
the absence of fretting f~r the adjusted values of the strength at 247 MN/rn2
me an stress were produced as shown in Figure 28.

The plain fatij ~ue strengths at 1O7 cycles and the strength reduction
factors (based on the plain fatigue strength of the alloy at room tempera-
ture) ax’s as follows :

TempeSature Plain fatigu~ strength Strength reduction
C MN/rn factor

R.T . 247 ± 430 1.0

200 247 ± 380 1.13

400 247 ± 295 1.45

600 247 ± 130 3.3

It seems from the results that there is a significant decrease in the
plain fatigue strength as the temperature is rai sed. It should be pointed
out that the specimens tested at 400 C experienced a small amount of creep ,
while those tested at 600 C crept drastically and for this reason the run
out number of cycles was taken as 106 cycles for specimens tested at 600 C ,
otherwise the specimen would be subjected to compressive stress during part
of the stress cycle. The hi~~ value of the strength reduction factor at
400 and 600 C is due to creep . 

--~~~~~~ -— -~~~~~~~~~~~~~~~~~~~~~~ . --— - .~~~~-~~~ 
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4 .2. 2 Ti—6Al—4V (AMMRC )

4.2.2.1 Fretting fatigue results

Fretting fatigue tests have been conducted on Ti—6*1-4V (AMNRC ) in the
as received condition at room temperature and 100 ~~ All, specimens were
tested at 400 MN/rn2 tensile mean stress and 32 MN/rn’ clamping stress. The
obtained results are shown graphically in Figure 29 • AU the fretting
fatigue results were somewhat scattered but appeared to lie on one curve .
This leads to the conclusions that in the presence of fretting there is no
distinction between the behaviour of this alloy at the two testing tem~e—
ratures . The fretting fatigue strength at iO7 cycles is 400 ± 83 M~ /rn2 .
These results agree reasonably closely with those obtained for Ti-6A1-4V
( IMI 318), see Section 4.2. 1.1. - 

-

4 .2.2.2 Plain fatigue results

Plain fatigue tests have been conducted on Ti-6fJ.-4V alloy (AMI4RC ) in
the as received condition at rooa temoerature and 100 C. All specimens
were tested at 400 MN/rn2 tensile mean stress. The results obtained are shown
graphically in Figure 29. These results reveal that there is no significant
effect on the plain fatigue strengt h of the alloy as the temperature is
raised from room temperature to 100 C. The plain fatigue strength at io~cycles at the two testing temperatures is very similar, namely 400 ± 290
MN/rn2 at room temperature and 400 ± 283 MN/rn2 at 1.00 C. The strength
reduction factor at 100 C , based on the plain fatigue strength of the
alloy at room temperature is 1.02 , which is in comparatively good agreement
with the values obtained for IMI 318 alloy, see Section 4 .2. 1.2.

~ .2.3 Inconel alloy 718 (annealed)

4. 2. 3.1 Fretting fatigue results

i~ few fretting fatigue tests were carried out on the materiel in its
annealed condition at room temperature and 600 C as exploratory tests. The
stressing conditions were a tensile mean stress of 256 MN/rn2 and a clamping
stress of 32 MN/rn2. Few tests were conducted because this material is
usually used in practice in the aged condition and also there was a shortage
of material .

Figur e 30 shows the results obtained. These results show an improvement bin the fretting fatigue strength as the temperature is raised from room
temperature to 600 C , although at higher stresses the fretting fatigue
curve at 600 C7approaches the room temperature one . The fretting fatigue
strength at 10 cycles at 600 C seeme to be around 256 * 210 MN /rn2 .

4 .2.3.2 Plain fatigue results

No plain fatigue tests have been conducted on the material in the
annealed condition due to shortage of material and because the material is
usually- used in practice in the aged condition .

4 .2.4 Inconel 718 alloy ( aged )

The Inconel 718 alloy was supplied in the annealed condition. It was
decided to solution heat treat and age it to develop its maximum tensile
and fatigue strength as this is the condition of the alloy in most practi cal
cases. The heat treatment and the resulting properties are given in
Section 3.2.5.3.2.



4.2.4.1. Fretting fatigue results

Fretting fatigue tests were carried out on the aged specimens at roor~temperature, 280 , 540 and 700 C under the following stress conditions:

Tensile mean stress = 550 MN/rn2

Clamping stress 32 MN/tn 2

This high mean stress value was chosen so that the fatigue curves in
the absence of fretting could be obtained with the same conditions 1, and
consequently , comparison between the plain fatigue and the fretting
fatigue results could be made .

One specimen only was tested at 700 C as creep of the specimen
rendered determination of a complete curve impossible at this high tempera-
ture . - 

-

The results obtained are shown graphically in Figure 31. The cur vos
in this figure show that the f~tigue limit of aged In conei. 718 alloy in
the presence of fretting at 10 cycles endurance is 550 ± 120 M~ /m2 at
room temperature and 280 C. However, at stresses above this, the life at
280 C is approximately an order of magnitude gx’eater than the life at room
temperature. At 540 C, the fretting fatigue strength at lO~ cycles is
improved dra~~ticai,1y as it rises to 550 ± 250 MN/rn2, although at higher
stresses the curve approaches the room temperature curve. This behaviour
has the same tren’~ Previously found in th~ annealed alloy, see Section
4.2.3.1. The isolated result at 700 C lies between the 280 and 540 C curves.

4.2.4.1 Plain fatigue results

Plain fatigue tests have been carried out on the aged specirner1~ atroom temperature, 280, 540 and 700 C, under stress conditions the same as
that for fretting fatigue tests, see Section 4.2.4.1. Two tests only were
performed at 700 C because the specimens tended to creep at the higher
alternating stresses .

The results obtained are shown graphically in Figure 31. These results
show that all the plain fatigue results of tests carried out at elevated
temperatures were somewhat scat;ered but appeared to lie on one curve
giving a fat igue strength at 10 cycles of 550 ± 325 MN/m2 4 The room tern-’
~erature curve shows that the plain fatigue strength at 10’ cycles is
275 MN /n2 , i.e. somewhat lower than the fatigue strength at the higher
temperatures. The elevated temperatures curve shows 1on~er fatigue lives
at lower stresses than that of the room temperature one ; however , at the
hiLher stresses the fatigue lives of the zoom temperature specimens are
longer.

On comparing the fretting fatigue results with the plain ~atigue
results, it was found that the fretting fatigue strength at 10 at 540 C
( 250 MN/m~ ) approaches the room temperature plain fatigue strength at the
same nu,tg or of cycles ( 275 MN/rn2).

4.3 Fretting wear results

4 .3.]. Prel iminary frettin~: wear tests

As stated before in Section 2.3, preliminary fretting wear tests were
conducted at zoom temperature to find the optimum radius of the spherical
surface of the ri der tip. The material, used in these tests was Ti-6A1—4V
alloy (IMI 318) in the annealed condition. The rider and flat specimen
used are shown in Figure 14 but with the spheri cal radius for the rider
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tip 25, 50 and 100 me. The tests were conducted with slip amplitude
(peak to pea}~) 35 mm. The normal load was 2.5 N.

After conduetin~’ the fretting wear tests, the projected area of the
fretting scar was determined using an optical r1icrosco1~e. Thu results are
shown graphically in Figure 32.

The initial pressure at the start of the test , which is the mean
pressure calculated as given in Appendix D , has been considered in this
diagram as the pressure ~t 10 cyc1~s instead of at zero number of cycles .
A compensation for this has been taken into consideration when th~3 curves
were drawn.

The results show that the optimum radius of the spherical surface is
100 nm~ as it gave the sm~tllest ratio of initial pressure to final pressur~ .
This gave an average value for the pressure throughout the test ‘ 23 MN/rn
Consequently , it has been decided to increase the normal load from 2.5 N
to 2.75 N to get in average value for the pressure closer to the value used
in the fretting fatigue tests. Also it was decided to use a rider tip ~ith
spherical surface radius 100 mm in all the following tests. Obviously ,
larger radii appro~.ch the ideal case , i.e. flat on flat contact , but it was
found difficult to use ~i larger radius than 100 mm as this has the
following disadvantages:

1. It needs larger normal load to produce the same pressure, which
may overloae the vibration generator .

2. The location of th~ contact area is not guaranteed to be at the
centre of the spherical surface of the rider tip .

4.3.2. Calculations for fretting wear tests

The effect of fretting on the material has been determined by measuring
thu volume of material removed from the rider or the flat specimen which
was in the form of a spherical segment and assuming the wear scar to b~completely flat. This volume was calculated using the formula

V ~ h (h 2 + 3 r 2 )

and h :R_ 1R 2_ r 2

where V wear volume in mm3

r the scar radius in trun 
-

R the radius of thu spherical surface oi~ the rider tip 100 mm .

The scar radius r was measured by means of an optical microscope and
taking the mean value of four values of r, i.e.

r + r  + 2 rr l  2 3 mm
4

where r1 the rneasured radius of the scar of the rider perpendicular
to the slip direction

= the measured radius of the scar of the flat specimen perpen-
dicular to the sl ip direction

r3 = the measured radius of the sc~ir of the rider parallel to the
slip direction. 



- -

14 • 3 • 3 Fretting wear results of Ti-BAI-4’f alloy (AMMRC )

This series of tests was conducted on the material in the as received
condition at room temperature and 1OJ C at slip amplitudes of 10 and 40 Pm .
It has generally been noticed d~wing these tests that the amplitude of slip
was fluctuating in the first two minutes of the test. The amplitude value
was frequently readjusted to keep it as close as possible to the specified
value of the test . After the initial two minutcs the slip amplitude became
stable, but , durinc’ the test, as the number of cycles increased , the
amplitude of slip increased. Readjustments were frequently made to keep
the amplitude value constant.

The results obtained are shown ~~aph ica1ly in Figures 314 and 35 which
show the effect of the number of cycles and the amplitude of slip on the
fretting damage determined by the volume of material removed. Both of the
figures, at room temperature and 100 C , show that as the number of cycles
increased , the fretting damage increased. This is true for the two slip
amplitudes used in this series of tests. The series of plates ( 2 1—29 )
demonstrate this fact. These plates are optical pictures for the scars
found on the flat specimens , the slip direction being parallel to the hori-
zontal .

The small value for the amount of material removed from a specimen
tested at 100 C with 10 mm slip amplitude is , for 3 .5 x 106 cycles , due to
leaving the test running overnight without observation and the next ~~rning
the amplitude of slip was found to be zero due to adhesion between the
contact surfaces. It was difficult to determine when adhesion occurred .
In the specimen tested at room temperature with 10 pm slip amplitude and
for test duration of 6 000 cycles there were many tiny points of contact ,
as shown in Plate 21. This makes it difficult to calculate the voli.m~eof material removed , and accordingly, it has not been shown in Figure 34.

The results reveal that the slip amplitude has a significant effect
on the f retting damage . As the slip amplitude is increased , the f retting
damage increases. This is true for both testing temperatures , although
it is more remarkable at room temperature as shown in Plates 21-26.

To demonstrate the effect of temperature on the fretting damage , the
— 

results were redrawn as shown in Figures 36 and 37. It can be seen that
there is no significant effect on the fretting damage when th~ testingtemperature was raised from 20 C to 100 C. This is true for both of the
slip ampl itudes used in this series of tests. This is demonstrated by

= Plates 24—29 . The little difference observed at 10 pm slip amplitude,
(Figure 36) is within the scatter of results.

4.3.4 Fretting wear results ~ Inconel 716 (aged)

This series of tests was conducted on the material in the aged condi-
tion at room temperature, 280 and 5140 C using two slip amplitudes, 10 cn~40 pin . It was generally noticed during these tests that the anplitudo of
slip fluctuated in the first two minutes of the test. The slip amplitude
was frequently readjusted to keep it as close as possible to the specified
value of the test. After the initial two minutes slip amplitude became
stable , but , during the test , it was found, for all, the tests conducted
at room temperature and those conducted with 10 pm slip amplitude at
280 C , that as the number of cycles increased , the amplitude of slip
decreased. Readjustments were frequently made to keep the slip amplitude
constant.

The results obtained are shown graphically in Figures 38-40 . These
results reveal that as the number of cycles increases , the fretting damage

18.



increases. This is true for th~ frettin’ results at r~oo tel~lper~ture
with ooth Id ‘od 40 pm slip amplitude :.ni for the speciner~ tested at 280 C
with 10 pin sli~ amplitude . This can he seen in Plates 30—32 for tests
conducted .~t ro~ n t empcr ’tux~ with  4¼) pm slip amplituk. kit 290 C , as the

~unp1ituJu of slip w i ~ r :i~~~ i from 10 p0 t 40 ~~I.1 , there was a remarkable
decrease in the rate of metal removed per cycle , which decreased furthor
at 540 C at both .f the slip amplitucas. Plates 33 and 34 show this f~r the
specimens testee at 540 C with 40 pm slip amplituue . It was also found
th it the fretting damrisje in the early stages ~~i the fretting tests conduc-
ted at room temperature with the two slip amplitudes and those at 280 C
with 10 pm slir arnrlitude was very small comp ared wi th  the large values
found in the cas.~ of 280 C with 40 pm ~1ip -~t~ litud.e and tiie 5140 C ~ fleS
with the two slip amplitudes .

The results in Figures 38—LeO show that the slip amplitude has a c~-
siderable effect on the fretting damage. At 540 C (Figure 40) there is a
sli:ht increase in the fretting damage as the slip amplitude is increased
from 10 to LeO pm , whilt.~ the rate 0f metal removal per cycle is the same.
At 280 C, as the slip amplitude increased from 10 to 40 pm , there is a
marked increase in the fretting damage in the early stages of fretting,
but in the long run the fretting Jai~a~e is the same. It was also found
that , at 280 C , the rQte ~f metal remov~’J. creased as the amplitude
increased. The b~~ aviour at room temperature is completely d if f e r e n t  in
contrast with that at 2~3O C .  In the ~.arly stages cf fretting at rouritemeerature , it was feund that as the slip al u litude increased th~. fret t ing
damag e increased, becor.~ing more pronounced as the test continued .

The results were redrawn as shown in Figure s 141 and ‘~2 to demonstrate
the effect of testinr temperature on the irettin- . damage. At 10 pm sli
arn~1itude , (Fidurt 141) it was fo und that there is nc- significant differenc.c
between the fretting damage produced at r’o~o~ temperature or’ 280 C, while
th~rc is a marked ..iifterence at 54~ C where the rate of material, removed
is much lower than in the ether two cases. ~lse the amount of material
r’en~.~v~ d in the e~rly stage of the fretting test is much higher at 540 C
than at 20 and 280 C but approachin~ each ether in the long run. At 40 pm
slip amplitude (F igure 42) it was found that , as the temperature increased.
the fretting Jama~~ in the ear~.y stages of the test increased while the
rate of material removed decreased. It a~’~ears ~roI:~ Figure 42 that the —

fretting
14

damage5at the three test tem~eratures hecones similar
after 10 to 10 frett ing cycles .

4.3.5 Friction measurements

Friction force has frequently been recorded durim~ the fretting weartests , and typical L~SCil1ograph traces are shown in Plates 9a,b at high
and low recording speeds respectively . The friction force and the coefficient
of friction have been calculated as given in A~’pendix E.

14.3.6 Friction results for Ti-BA 1—4V alloy (AM ~RC)

Variation in coefficient of friction with number of cycles in ti~stsperformed at room temperature and 1.00 C is shown ~raphica.l1y in Figures
44 and 45. The friction rest~i.ts at r’eori temperature (Fi~’ure 14 14 ) indicate
no increase in the coefficient of friction in the f irst 500 cycles and then
it increases ~radaa11y until it becomes steady at 10~ cycles, hut starts to
drop slightly at 105 cycles. At 100 C (Figure 45), the ce~fficient offriction remains approximat.~ly constant in the first 1400 cycles and thei.
raj idly increases t a maximum value followed by a rapid fail and tdam
rapid increase a~ am to reach another rclximum value at 3 000 to 6 000
cycles , after which a ~radual fall again occurs which continues thro ughout

~iL~ 
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tbe rest of the test at 140 urn slip amplitude , but starts t~ increase
~radually again at I.O~ cycles at 10 pm sli7 an~.litude.

It seems that the slip amplitude has s ac .~ffect on too coefficient
cf friction . In th~. early stage ~f toe frettin;’ test , the coefficien t
of friction is hi her at 140 pm slip ampi~tude , with a sli ght decrease in
the coefficient ef ~rictien as the number of cycles increases. The 10 ~mn
slip amplitude curves always have the lowest an-I the lri~ iest values for
the coefficient of friction. All these ubservatior .s apply for both the
room temperature and 100 C results.

T. - investic~~te the ~ffuct of temperature en the coefficient of
friction the previ~.us results have been redrawr. as sho wn in I’igures 146
and 1~7• At 10 pr .~ slip am~litude (Figure 46) the 100 C curve fluctuatos
While the room temperature cne does not. Furthermore , the room temperature
curve has the lowest value for the coefficient of friction in the early
stage of the frettin test as well as the highest value throughout the
test. In additiL n, there is a significant difference in the coefficient
Ci friction throughout the test as the temperature increases. These oh—
st~rvaticns also a~ pl” in the case cf 40 pm slip amplitude (Fidure 47) hut
en a much smaller scale.

~ .3.7 Friction results for Inconel 718 alloy (~~‘t~d )

Variation in coefficient of friction with the number of cycles is
sN~ in  :.ra~ hically in Figures 48—50 . There is little effect  of the number
of frettin~ cycles on the coeff icient of friction except , .~~ncral1y
speaking , that the coefficient of friction remains approxima tely constant
in the early stage of the fretting test , followed by a sta~e charactc-riscd
oy an inc rease, decrease, or fluctuation of the coefficient of frictio n
between maximum and minimum . The onset cf the second stage and its
duration depends on the slip amplitude and the test temperature . F-ollowind
the second stage , in the third or final stage the coefficient of
friction becomes ap0roximately steady again , except at room temlerature
with 10 pm slip amplitude where it increases with  number of cycles, with a
different value from that in the first ata~e.

One of the effects of the slip aninlitude on the coefficient of
friction is the existence of the fluctuation in th~ coefficient of fr i ct i~r.
in the second stC 1, e in the tests carried out at 1¼) pm , while this fluctuu—
ticn is cosent at 40 ptc . Also it was found that the value of the coeffici1 nt
of friction in the first sta~’e is always lower at 10 pm than at 40 pm.
Thes e observations apply at all test t ..n;’~ i’atures.

The effect of tem~erature on the coefficient of friction is shown in
Figures 51 and 52. It was fo und that, generally speaking, the mean value
of the coefficient of friction in the first stage, the maximum value in
the second stage , and the mean value in the third stage , decreased at both
slip amplitudes as the temperature was increased. It was also fcund that
the coefficient of friction attained a ste.~dy value after about 6 000 cycles
in the tests performed at 280 and 540 C at 140 pm cnd at 540 C at 10 pm
(see Pi~ures 50 arid 52) .

4.4 Optical microscopy in plan

I
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4.4.1 Fretting fatigue specimens

In all the pictures in this section the direction of sliding is ap-
proximately parallel to the vertical direction , otherwise the sliding
direction is indicated by an arrow.

Fretting scars on the Ti—61~l-4V alloy ( IMI 318) showed deep ridges
and valleys due to roughening of the surface . They also showed evidence
of material transferred between the specimen and the bridge feet. The
optical examination revealed that the amount and the size of individual
particles of the transferred material increased as the testing temperature
was raised. This is shown in Plate 11 for a specimen tested at 1400 C at
247 * 93 MN/rn 2 which failed after 759 000 cycles .

In contrast with the features found on titanium alloy ( IMI 318),
Ti—6Al— 4V alloy (AMMRC ) showed mild fretting damage of shallow ridges
and valleys uniformly distributed aLl over the scar surrounded by compac-
ted debris. This is shown in Plate 12 and at higher magnification in
Plate 13 for a specimen tested at 100 C at 1400 ± 91 MN/rn2 which failed
after 81 000 cycles .

Examination of the Inconel alley 718 ( aged) specimens tested at room
temperature at all stress levels and those tested at 280 C tested at
alternating stresses below ± 260 MN/rn 2 showed features different from
those tested at 280 C at alternating stresses aLo~e ~~ MN/rn2 and all the
5140 C and 703 C specimens . In the former the scars have the same
features as the titanium alloys, i.e. transferred material and ridges
and valleys surrounded by compact~ d debris. Plate 114 for a specimen
tested at 280 C at 550 ± 1114 MN/rn~ which endured 12.6 x 10

6 cycles
revealed at higher magnification exactly the sann features as those shown
in Plate 13. The latter case did not show the ridges and valleys
structuze previously observed , but showed large smooth , slightly
furrowed , grey areas . These grey areas are moderately light-reflecting - -

and are at a hioher elevation than the surrounding areas, which suggests
that they were load bearing areas. These areas were observed previously
by Stctt et al (9) and have been referred to as glazes. Plate 15 shows
one of t~ese glaze areas formed on a specimen tested at 540 C at 550 ±
260 MN/rn which failed after 981 000 cycles. It also reveals a set of
parallel cracks within the glaze area running at right angles to the
fretting direction. It seems that there is no relation between the area
covered by this glaze and the level of the alternating stress or the
number of fretting cycles.

Generally the fretting scars on the three alloys tested are elliptical
in shape as shown in Plate 14 and the fractura always occurred at the
boundary between the slip and non-slip regicns as shown in Plate 12.

6.14.2 FrettinL wear specimens

In all the pictures in this section the direction of sliding is
approximately parallel to the horizontal direction , otherwise the ~lidin~
direction is indicated by an arrow .

Examination of the scar r~roducecI on the rider showed that it is
identical in shape and features to that forme d on the mating surface, i.e.
the flat specimen , as shown in Plates 16 and 23 for rider and flat speci-
men respectively of Ti-6Al—4V alloy (A~ MRC) tested at room temperature
with 10 pm slip amplitude for 3.5 x 10 fretting cycles. For thi s reason
it was decided to examine the flat specimens in the optical microscc~ e ~s
well as in the scanning electron microscope.

All the flat specimens were examined directly after stopping the
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fretting test ar.d before doing any cleaning operation on them , taking care
not to disturb any loose debris which may exist in the scar . The observa-
tions under the optical microscope revealed generally the production of
fine loose debris , black in colour , distributed all over the scar and on
the unfretted area surrounding the scar as shown in Plate 17 fur an
Incone). alloy 718 specimen tested at room temperature at 140 pm slip
amplitude for 6 000 fretting cycles. This debris could easily be removed
by brushing the specimen with a soft camel-hair brush as shown in 2].ate 30.
Plate 30 is actually of the specimen after ultrasonic cleaning but there
was no significant difference after brushing and after ultrasonic cleaning . LThis suggests that the adherent debris , if any exists , strongly adheres to —

the surface and is not removed by ultrasonic cleaning.

Examination of the Ti-6A1—L4 V alloy (AMtIRC ) showed that the scar has
mottled dark grey areas of compacted debris and black areas of uncompac-
ted debris. As the number of fretting cycles increases the area covered r
by the compacted debris increases. This applies for specimens tested at L
room temperature and 100 C at both 10 and 140 pm slip amplitudes . This is
demonstrated by the series of Plates 21—29. Also it is found that this
compacted debris , i.e. the mottled dark grey areas , forsa in the early
stages of the fr etting test at the outer edge of the scar,progressing
towards the centre of the scar as the number of fretting cycles is increascd ,
as shown in Plates 24-26 . The mott 1~d grey areas are the load bearing areas
as they are at higher elevation than the surrounding areas . Generally , the
scar size increases as the number of cycles increases, as shown in Plates
21-23 for specimens tested at room temperature and at 10 pm slip amplitude.

- 
- This also applies at 40 pm slip amplitude as shown in Plates 2 14-26 and

also at 100 C as shown in Plates 27-29. The observations reveal that as
- - the slip amplitude is raised from 10 pm to 1+0 pm, the scar size increases ,

as is demonstrated by Plates 21-23 at 10 pm and Plates 2 14—26 at 140 pm
slip amplitudes. There is no significant change in the scar size as the
temperature is raised from room teinperature ,(Plate s 24—26~ to 100 C (Plates
27—2 9) .

Comparing Plates 18 and 125 for Incone]. alloy 718 ~~ecimens suggests
that the mottled dark grey area is compacted debris and the shiny , highly
light-reflecting white area is metallic surface . f

Optical observation of Ir~cone1 alloy 718 specimens tested at room Itemperature at 10 and 140 pm slip amplitudes shows that the scar has mottled
dark grey areas of compacted debris and black areas of not fully compacted
debris as well as some white metallic areas . As the number of frettinc-
cycles increases the area covered by the compacted debris increases. These
features are shown in Plates 30—32 for Inconel 718 specimens tested at
40 p m slip amplitude . Plate 19 is a higher magnification of Plate 32 and
shows the mottled dark grey area of compacted debris which is raised above
the original surface and the breaking up of this compacted layer to reveal
the white high light-reflecting metallic area underneath it (see also
Plate 131a). This suggests that the mottled grey areas are load bearing
areas since they are at a higher elevation than the surrounding areas .
Also when this layer breaks up it takes a lone; time to re-build itself ,
and this is why the surface underneath it has a metallic appearance.

The Incone]. 718 alloy specimens tested at 280 C at 10 pin slip ampli-
tude show the same features and behaviour as those tested at room
temperature .

Comparison between Plates 20 and 1.41 for Inconel alloy 718 specimens
tested at 280 C at 40 pm slip amplitude leads to the suggestion that the
slightly furrowed smooth grey are a is the glaze while the black areas are
the surface after removal of the glaze . This grey glaze area is quite
different in appearance from the mottled grey area mentioned above and 



shown in Plate 19. This suggests that they have different properties.
Also the areas revealed after removal of the glaze are black in colour
instead of being white and metallic as found at room temperature . This
is probably due to the surface oxidising rapidly in contact with the
atmosphere. It shoul d be mentioned here that the specimens tested at
280 C at 10 pm s].i~ amplitude show these black areas but no grey glaze
areas .

The specimens tested at 5440 C at both 10 and 40 pm slip amplitude
show the same features as those tested at 280 C at 40 pin slip amplitude .
The area covered with the glaze increases as the number of cycles
increases (see Plates 33 and 34). It is also concentrated at the centre
of the scar which may be due to the fact that the high pressure at the
centre of the scar facilitates the formation of the compacted layer !1~ re
rapidly than at the outer edge of the scar.

4 • 5 Scanning electron micros copy

All the specimens were examined in the Cambridge Stereoscan 600
scanning electron microscope to study the surface morpho1o~y of the scars .
The procedure for preparing the specimens consisted of washing them care-
fully ultrasonically with trichloroethylene and then drying in hot air.
Each pair of bridges, having two feet , when clamped onto the specimen
produced four separate fretting damage areas , two on each side of the
specimen gauge length. Failure of the specimens in every case was found
to occur at one of these fretted areas.

In all the pictures of the fretting fatigue specimens and bridges
the direction of sliding is approximately parallel to the vertical direc-
tion of while for the fretting wear tests it is parallel to the horizontal
direction; otherwise the sliding direction is indicated by an arrow .
Also the tilt angle was approximately 1+5° from the normal. to the surface
unless specified.

4.5.1 Examination of fretting fatigue damage to Ti—6Al-4V alloy ( 1141 318)

The general impression obtained of the damaged surfaces was of trans-
far of material from one surface to the other , this becoming much greater
in volume as the temperature was raised . Plates 35-37 show the mating
areas on a specimen and bridge foot from a test conducted at 600 C with
2147 ± 62 MN/m which survived 10b cycles without failure. Plate 35 shows
material, transferred to the specimen from the bridge foot. This is visible
in Plate 36 at the bct toni right hand corner . Previously developed cracks
are found in the vicinity, which in Places are covered by the transferred
material. Plate 37 is a picture of the bridge foot and shows the re~’ion
from which transference occurred to the specimen surface .

It was found from the scanning electron microscope observations that
the material had been removed and transferred from one of the surfaces to
the other by one or more of the following processes:

1. Formation of ridges which may be caused by the ploughing action of
the asperities or weldinL and breaking of the welds. For example at
200 C the process begins by the formation of ridges on the specimen
surface as shown in Plate 38 for a specimen tested at 247 ± 139 :‘a4/m 2
which failed after 210 000 cycles . As the temperature was raised , the
ridge formation was enhanced . This can be seen in smeared material
on the specimen tested at 400 C at 247 ± 93 MN/rn2 which failed after
750 000 cycles , Plate 39 , and on a bridge foot fretted against a
specimen tested at 600 C at 2147 ± 124 MN/rn2 which failed after
119 000 cycles , Plate 40.
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2. Removal of 1ar~o thick particles caused by surface fatigue or
and breaking of welds . Plate 41 shows a large particle which has h~ en
1’ushe d backwards and forwards in the transferred material and will
eventually become dotachod , on a specimen testea at 400 C at 2447 ± 108 MN/n2
which failed after 222 000 cycles. Plate 42 , of a specimen tested at
247 ± 154 MN/rn 2 which failed af ter 137 000 cycles , shows a deep
depression made by the reciprocating motion of a large ~article wh ich
has eventually become detached (see also Plate 41) . The removal of
material by adhesion mi~’~ht result in severe crackin~ cf the underlyin~
surface. Plate 43 , of a specimen tested (~t 400 C at 2447 ± 170 MN/rn2
which failed after 118 000 cycles , reveals a large crack in material
transferred from the bridge foot to the specimen , which was runnin..:
perpendicular to the fretting direction and propa, ;ated out of the
fretting scar. The bottom of Plate 44 reveals a crack in the under—
lying surface due to material removal in a specimen tested at 400 C ~t
2447 ± 124 MN/rn2 which failed after 183 000 cycles.

3. Delamination. Plates 45—47 demonstrate the removal of material by de-
lamination. Plates 45 and 146 for a brid~e foot fretted against a
specimen tested at 600 C at 247 * 154 MN/rn 2 which failed after 97 000
cycles showing in the first plate delamination of smeared , transferred
material , and in the sccond plate the progress of delamination process
and how a plate-like particle will eventually become detached by dela-
mination. The complete break-up and detachment of this plate-like
particle from the surface resulted in that form of surface darna~e
shown in ~‘late 47 for a specimen tested at 1+00 C at 247 ± 77 which
failed after 11 x l0~ cycles.

It seems that the relative frequency of the above three processes
depends on the testing conditions. Further reciprocatin ,~ motion between
the fre tting surfaces causes:

1. in the first process, i.e. formation of ridges, smearin ; of those
ridges as demcnstrated in Plate 39. This could lead to the development of
a layered structure as shown in Plato 40, for a specimen tested at 200 C
at 247 ± 93 MN/rn2 and failed after 9440 000 cycles , which reveals the layer
structure in the vicinity of the site of fatigue fracture ;

2. in the second process reattacbment of the 1ar~e separated particles
again to the surface ao shown in Plate 35 , and occasionally actind as a
b~.irrj er . to the movement of transferred material , especially the delrnnina-
ted platelets;

3. in the third process the delaminatod sheets or platelets to be:

a) ruattached again tc the surface as shown in Plate 49 for a spocime n
tested at 400 C at 247 ± 93 MN/rn 2 , which failed after 8 811+ 000
cycles. Repetition of this process in the same site resulted in
the pilin ,; -up of ~ilate1ets and led to the layered structure asshown in Plate 48. As the tetm~erature was raised to 1400 C, th.’se
piles of platelets became more marked (Plates 50 and 51). Plato
50 is an oblique view of transferred material1 found on a surface
of specimen tested at 400 C at 21+7 ± lOY MN/rn’ which failed af ter
222 000 cycles, revealing its layered structure and the :~i1ed-u~
platelets. Plate 5]. shows a later stage with the development of
a large protuberance on the surface of a specimen tested also at
1400 C at 247 * 93 MN/rn 2 which failed after 749 000 cycles.
Further increase in the temperature to 600 C encouraged this be-
haviour. In some cases, where there was a large particle actin .

_  _  __  
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as a barrier for the movement of the transferred platelets ,
these piles of ~lat e1et s grew to large 1 rop’Drtions , sometimes
having the appearance of an e].e;;hant ’ s trunk • This is shown in
Plates 52-55 which are far material transferred ti. the bridde
foot frorr a specimen tested at 600 C at 247 ± 170 MN/ni2 which
failed after 24 000 cycles. i late 52 shows elephant’s trunk
~‘rowths at sites i~ and B. Plate 53 shows the formation at sit~a i~.
This is shown at hi ;her magnification in Plate 54, where it can
be seen that the individual platelets have a very re~roducib1e
shape. Plate 55 showu a less organised build-up of platelets in
the neighbourhood of the elephant’s trunk.

b) Occasionally, at the highest temperature where these platelets
were plastic enough to be rolled up by the action of the frettin
movement, lath or rod-like particles were formed, as shown in
Plate 56 for a specimen tested at 600 C at 247 ± 139 MN/rn2 which
failed after 45 000 cycles. This is shown at higher magnifica-
tion in Plate 57, which reveals that they show signs of bein~
transparent to electrons and are thought to be largely oxide.
The specimen has been ultrasonically cleaned and so the rods are
not loose debris. The underlying material shows regular
striations in directions at right angles to each other which are
not thought to be scratches.

14.5.2 Examination of fretting fatigue damage to Ti-6A1-1+V alloy (AMMRC)

Plate 58 is a general. view of the impression made by one 9f the bridge
feet on a specimen tested at room temperature at 1+00 * 84 ~1N/m which was
unbroken after 20 x 10b cycles. A regiz~n of com .acted debris is visible
around the major part of the edde of the scar, with a rougher area. in the
centre. Plate 59 is a close up of the former and Plate 60 of the latter.
This applies for both the scars on the specimen or the bridge foot, at room
temperature or 100 C and at low alternating stresses as well as higher One S ,
except that at higher alternating stress the damage is more severe as shown
in Plate 61 for a specimen tested at room temperature at 400 ± 176 MN/rn2
which failed after 81 000 cycles. Although the damage is more severe in
this plate than in Plate 58, the same areas are still distinguishable.

Plate 62 is of a specimen tested at 100 C at 400 ± 83 MN/rn2 which did
not fail after 12 x 10~ cycles. Comparison between it and Plate 58 gives
an indication that there is no difference between the damage produced at
room temperature and that at 100 C.

• It seems that the material was removed in one or more of the fcllowin~ways:

1. largely by we1dinj~ and breaking of welds from all, over the scar
• area , resulting in the production of loose debris as shown in

I’late 60;

2. occasionally by break-up of the compacted debris into small flakes
as shown in Plate 63 which is a close-up of the compacted debris
at the bottom left corner of Plate 61. Another example at higher
magnification is ~hcwn in Plate 644 for a specimen tested at 100 C
at 400 ± 151 MN/rn which failed after 141 000 cycles. This is
shown at a higher magnification in Plate 66, where it appears
that the underlyin c material reveals the microstructure of the
alloy. Although there were a few isolated cases of delamination,
this series of specimens showed no evidence of the p i1ed~u~>
platelets and the layered structures which were seen in the
Ti-6A1-14V alloy (IMI 318).

_ _ _ _ _ _ _ _  
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Once the material was detached, it was pushed out of t~e scar area due
to the relative movement between the fretting surfacos, to accumulate with
some wx’inklinE at thc edges , as shown in the series ‘f Plates 67—70 , f~r a
specimen tested at 100 C at 400 * 152 MN/rn 2 which failed after 122 000 cycles.
Plate 67 shows that the fat irue fracture lies at the edge of the scar,
while the other plates :t larger ma~j~ification show the debris found at the
top left corner.

44.5.3 Examination of fretting fatigue ciama c to Inconel 718 alloy (aged)

Examination of soecimens tested at room temperature revealed that re-
moval of material by disruption of the surface due to adhesion was the
damaging feature on short life specimens, i.e. at high stresses. Plate 71,
for a specimen tested at room temperature at 550 ± 260 MN /rn2 which failed
after 131 000 cycles shows a large particle which has been pulled out of
the surface by adhesion forces which is likely to become detached leavin.~
a deep depression similar to the one alongside it. Plate 72, for a spec!-
men tested also at room temperature at 550 ± 300 MN/tn2 which failed after
83 000 cycles, shows how the removal of metal by adhesion progresses.
Plate 73, for the same specimen, shows areas of roughening and a fatigue
crack .

As the stress is decreased, i.e. long life specimens, the disruption
of the surface is caused by ath~esion and delamination. Plate 7L4~ at the 

2fracture site oi~ a specimen tested at room temperature at 550 * 120 MN/rn
with a life of iO~ cyclt~s, shows a large particle of material about to be

~u1led from the surface by adhesion , resulting in a secondary fatigue crack
running perpendicular to the fretting direction. The rest of the area
shows evidence of delar~ination with the material that is about to be
removed rid~lled with fine parallel cracks at right angles to the diracti~nof movement, Plate 75. Only one case of piled-up platelets has been found
as shown in Plate 76 for a specimen tested at room temperature at 550 ±
132 MN/rn2 which failed after 566 000 cycles.

~t 280 C, there is already evidence of the formation of a glaze on
the specimens tested at stresses of 550 ± 260 MN/rn 2 or greater . Such a
glaze is ch3racteriseL1,accordin~ to Stott et al. (10) ,  by many distinct,
well—formed , small abrasion grooves, parallel to the dIrection of sliding.
Plates 77 and 78, fur a specimen tested at 550 ± 350 MN/rn2 which failed
after 212 000 cycles , show such glaze formation , a1thou~h this is hreakin~down by delamination. Also, a layered structure has been found in this H
specimen as shown in Plate 79.

At 280 C, with intermediate stress, i.e. 550 ± 260 MN/rn 2 , which failed
after 1 780 000 cycles , the ~1aze has also been found as in Plates 80 and
81, which broke down by delamination, sometimes resultin ,~ in the initiation
of fatigue cracks perpendicular t~ the direction of movement. Also there
is evidence of adhesion resulting in plastic deformation as shown in h ate
82. This is shown in hi gher magnification in Plate 83 , which reveals
signs of plastic defo rmation by rotating blocks in a particular crystal
with evidence of mechanical twinning below the glaze. Plate 844 , for the
same specimen , shows smaller regular accreticns of transferred material .
The sL’nilarity between this transferred material and the structure of A late
83 suggests that the former may be individually transferred blocks of rotated
material

The low—stress , lunç—life specimens tested at 280 C showed no sign of
glaze formation , but on1.~ adhesion. The genera’ appearance of a specimen
tested at 550 * 1.114 MN/rn’ which endured 12 x 10 cycles is shown in Plate
85. Plates 86 and 87 at the site of the fatigue fracture of a specimen
tested at 550 1143 MN/rn2 which failed after 14 600 000 cycles , show
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secondary cracks i~er~ent~icular t~ the direction of fretting . and rougher~ dareas due to surfacc disrupt ic n by adhuoion with son~. ~aarticles just aboutto be detache d fro m the sur face.

At 5440 C , at all stress lt vels , the itrneral features were the forma-
tion of glaze disru; ted ~v delamination ~r adhesion , the damage being more
severe at hi ;her stresses. Thi s severe danu go to the glaze by adhesion or
creep of underlying n~ terial ~~ shown in Plates 3~ and 8~ for a specimen
tested at 55 * 350 MN/rn 2 which failed after 56 ~~O cycles, wh ile i’l3te ~U ,
fcr a brid~.o f~~t fretted a ains t this specimen , shows how the :-~.aZe was
disrupted by deluminatL’n , resulting in fine debris shown at the top of the
:icture or in the ft r ’motion of ‘d.atelets as shown in Plate il. Further
trettin~ results in g iii n~ up of those ~)1ate1ets (Plates 92 and 93) to
~orin such structures as the elephant’s trunk one uescribed before . This is
shown at higher magnification in i lates ‘J4 and 95. At low stress levels ,
the dama ge to the 1az~ layer is less severe, mainly caused by delamina-
tion , although there is some dama - ’e caused by adhesion . Plate 96 sh~ws one
of t~o largo areas ~.f ~laze oxide foun d on a sgecinen tested at 550 - 2&4Q

MN/rn and endured 2 650 000 cycles, while Plate 97 shows how this ~lazc
oxide was disrupted ~-y delami nation . Plate 98 is a higher magnification of
the previous one reveaiin~ the multi—layer nature of the surf ace film , ~~ch
layer ahout 5 pm thick. Plate 99 , for a brid Le foot fretted agains t the
previous 3~ ocimen , shows lar be are.~~ of glaze oxide , while Plate 100 shows
how the delarninated platelets can pile up, growing to large proportions
and having the appearance of a ‘oose ’ s neck . This is shown at higher mag-
nification in Plate iPX , where it can be seen thot the inlivi dual platelets
are glaze oxide havinf a very reproducible shape.

A 1ar~’e glaze area has been found on ~ specimen t~stud at 73P C at
55d ± 228 MN/rn2 and failed after 4 lOP u00 cycles (Plate 102). Also some
smooth areas were found but theso contained systems of parallel cracks at
right angles to ~~~ direction cf  movement (Plate 1~ 3) . In other areas
severe surface breakdown had occurred (Plate l0~+ ) .  Thi s is shown at
higher magnification in Plate loS , which reveals cleavage facets .

4.5.4 Examinati0n of frett ing fatigue damage to Inconel 718 alloy (annealed)

Examination of the annealed specimens showed that at roorn temperature
there was no glaze formation and the surface was disrupted by delamination
or adhesion; Plate 1CS s~ ws a specimen tested at 255 ± 170 MN/rn

2 which
failed after 673 00~ cycles.

At 6~.X) C , there is evidence of glaze fo rmation which was disrupted
mainly by delamination and sometimes by adhesion; Plates 107 and IOJ show
a specimen tested at 256 ± 170 MN/rn2 which endured 24Y OOL cycles and broke
~t the grips.

4.5.5 Examination of the fretting wear dcunagt to Ti-GiU—4 V alloy (A?Q4RC)

The general feature observed in the fretting scar produced at room
temperature at 40 pm slip am plitude is the production of fine loose : ris
in the early stage of fretting, i.e. after 6 0)0 fretting cycles (Plate 109).
Thi s fine loose debris might be produced by the action of abrasion or
adhesion , leaving roughened areas full, of this looae debris (Plato h o),
while same of it was pushed oat around the scar, (Plate l~-9). Plate lii
shows the oonfigur ’ation of that debris foun d outside the scar and it scorns
that it has irregular shape with particle size ran es bt.tween 1 and 7 pm.
Plates 109—ill show the fretting scar before cleaning . After cleaning it
u.LtrasonicaUy , altheugh the loose debris outside and inside th. scar has
been removed (Plates 112 and 113), there is still some fine adherent debris.
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Further fretting, i.e. after 10~ cycles , produces a layer of compacted
debris due to sintering of the fresh loose debris , as shown in Plate 114 ,
which is breaking ck~wri at some places . As fretting continued, the
processes of building up ane breaking down of the compacted debris
are repeated , as shown in Plates 115 and 116 for the flat specimen tested
at room temperature at 40 pm slip amplitude for 3 x 106 cycles . The light
areas indicate that these compacted layers are. charging up either because
they are becoming detached from the surface or because they are composed
of particles of metal covered with a thin oxide film.

At room temperature , if the slip amplitude was decreased from LeO to
10 pm , the same type of damage was still observed but not as severe a~ in
the first case. This can be seen by comparing Plates 112 and 113 with
Plates 117—119 for a flat specimen tested at room temperature at 10 pin slip
amplitude for 6 000 cycles. This series of plates shows very light damage
to the surface and demonstrates how the fretting damage started by the
production of fine debris from pits on the surface . The charging up of
this adherent debris indicates that it is composed of either fully oxidised
particles or metallic particles covered with a thin oxide film.

Rai sing the temperature to 100 C produced few changes except for the
feature shown in Plates 120 and 121, which is similar in appearance to the
glaze oxide film previously observed in the Iriconel 718 alloy . These are of
a flat specimen tested at 100 C at 40 pm slip amplitude which fretted for
3.5 x 100 cycles. Distinct , well—formed, parallel tracks can be observed
on the compacted layer which has a thickness of about 5 pin . Another example
is sho~n in Plate 122 for a specimen tested at 100 C at 10 pm slip -amplitude
for 10 cycles . It should be mentioned that these glaze-like layers have
only been observed on those specimens tested at 100 C for more than 6 000
cycles at both 3.0 and 40 pm slip atiplitudes .

4 .5.6 Examination of the fretting wear damage to Inconel 718 alloy (aged )

Examination of the fretting scars produced at room temperature on flat
specimens tested at 10 ~m slip amplitude reveals that the process starts
with the production of fine debris which rapidly becomes compacted to cover
the whole scar with a thin compacted layer as shown in Plates 123 and 124 .
This compacted layer starts to break up, mainly, by delamination. Continued

• fretting causes further removal of the compacted layer , leaving areas of
the scar free from it as shown in Plates 125 and 126 for 8 x ~~~ fretting
cycles. The areas free from this layer start again to produce debris, as
can be seen in the centre of the scar in Plate 125. Further fretting
produces more debris , reforming the compacted layer , followed by removal ,
the process cont inually repeating itself. Plates 127 and 128 , after IO~cycles , show the process in the stage of break—up and reconstitution of
compacted debris into small flakes. The thicknoss of the compacted debris
appears to be 1-2 pm .

The same processes occur ~n the same sequence when the amplitud e of
slip is increased from 10 to 40 pm but they proceed faster. Comparison
between Plate 123 and Plate 129 of specimens tested at 10 and ‘10 pin slip
amplitudes respectively for 6 000 cycles reveals in the latter the early
formation of compacted debris with large areas of it removed, while the
former is approximately completely undamaged. This is also confirmed by
Plate 1.30, of a s~ecimen tested at room temperature at 40 pm slip amplitude
and fretted for 8 x l0~ cycles . Comparison between this plate and the
corresponding plate (Plate 125) shows that in the former the compacted
layer has been reformed , while the latter has not yet started. Plate 131,
of a specimen tested at room temperature at 40 pm slip amplitude for 106
cycles , shows the same feature as the corresponding one tested at 10 pm
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slip amplitude (see Plate 128) . It has also been fo~~d that the compacted
layer thickness is somewhat larger with the 40 pm slip amplitude than with
the 10 ~m , ranging between 2-4 pm. In general , the glaze film has not ~ecn
observed in the spec imens tested at room temperature whether at low or
high amplitude of slip, or at short or long test duration. The fine debris
produced was spheroidal in shape with particle size ranging between 1-2 pm
as sho~n in Plate 132 of a specimen tested at 40 pm slip amplitude far
B x 10 cycles.

At 280 C , the specimens tested at 10 pm slip amplitude show that the
same processes as at roc m temperature were involved but they proceeded
faster at 280 C , resulting in thicker compacted layer or occasionally in
the accunulat i~r. of compacted. layers one above the other. Plate 1~3 of aspecimen fretted 6 000 cycles shows the formation of the compacted layer
rust of which has brn disrupted , while Plate 134 shows an inter ed~ate
stage , after 8 x 10 cycles , where the compacted debris has reformed again .
This is shown at higher magnificati~n in Plate 135 to deim.~nstrate the
multi—compact layers stacked one ove r the otner. I’late 136 shows a 1~tez’f retting stage , i.e. after io6 f retting cycles. It has been noticed that
removal of material occurred both by delamination , as shown in Plates 135
and 136, and by adhesion , as shown in Plate 136, which is shown at larger
magnifications in Plates 137 and 138 . The glaze film is &asent on this
group of spec imens .

Examination of the specimen s tested at 280 C with 40 pm amplitude of
slip reveals the following facts:

1. the process starts with tht~ production of fine debris , followed
by sinteri n~’ of this debris to fo rm a compacted layur , break-ui’
of this layer , rebuilding-up of a new layer and the repetition
of this process as the fretting ccnt i~uos. This is demonstrated
by Plates 139—141 after 6 000, 8 x 10 and 106 fretting cycles
respectively;

2. the compacted debris always has the glaze cha racteristics of
distinct , well—formed , small ~thrasion grooves , parallel to the
direct~cn of s~iding. This is shown in Plates 1L~2~l44 after 6 000,
8 x 10 and 10 cycles respectively. The latter is shown at
higher magnifi cation in Plate 145 ;

3. the fine debri s produced is ~ heroida1 and has a particle size of
l t o 2 pm ;

4. this compacted gla ze layer breaks up and is rer~ ved by delarnina—
tion as is clear in Plate 143 , and results in the fo rmation of
plate—like frag ments, see Plates 139— 142;

5. the glaze f ilm has a thickness of about 5 pm and is composed of
fine compacted debris of 1—2 pin grain size • This is shown clearly
in Plate 142 , where one of the delaminated fragments of the glaze
layer has been turned over by the frettin~ action;

6. in the lom; run , the glaze layers may be accumulated one ever the
other as shown in Plate 146 after l0~ fretting cycles, which
reveals the stacked layers;

7. it seems that the glaze layer has forme d in less than 6 000 frettin~’.
cycles.

These features on the 280 C specimens tested at 40 urn slip amplitude
have also been observed in tests at 540 C with 10 and 40 pm slip amplitudes .
Plato 147 of a specimen tested at 10 pm slip amplitude for C’ 000 fretting
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cycles, confirms that the glaze has formed in less than 6 000 cycles , that
it is being removed by Ue1aminati~n and that its thickness is about 5 pm .
Plates 148 and 149 , of a spe~imen tested at 10 pm slip amplitude for l0~fretting cycles , show the glaze layer together with some adherent turne d—
over delaininated fra~iment revealing the nature of this layer . This
fragment at the ri~’ht of Plate 149 shows that it has been passed over by
the mat ing fretting surface , revealing that the parallel abI’asion grooves
on the substrate are extended over the fragment . ~1ates 150-152, of a
specimen tested at 40 pm slip amplitude for 8 x 10 cycles , show the
glaze layer and how it has been removed by delamination . Its thickness is
about 5 pm. -

5. Discussion of results

5.1 Introduction

The fretting fatigue strength was determined on specimens which were
continuously fretted by the bridges clamped on the specimen for -the whole
duration ~f the test . This procedure aJJ.ow8 full play for any conjoint
action that there may be between fretting and the fatigue process itself
and can be likened to a corrosion fatigue test . It has the advantage of
more closely resei~~ling the condition in which fretting- fatigue occurs in
practice but has the disadvantage that as the alternating stress is
varie~i , so is the alternating strain , which causes variation of the ampli-
tuc~e of movement at each stress level.

5.2 Ti—6Al—4V (IM I 318) results

5.2.1 Discussion of the plain fatigue results

From the results obtained in this investigation and shown in Figure
28 , it can be stated that as the temperature increases , the plain fatigue
strength decreases . This is shown graphically in Fic ure 53 for the fati~;ue
strengths at io~ cycles.

The present results have been calculated from the actual result s
• obtained using the modified Goodman relationship (see Appendix C) .  Frost

et al (11) gave a general equation:

± a a (1— (1) 
1

where ± a is the fatigue limit (or strength at a given endurance )
when a tensile mean stress a

~ 
is present ,

± a is the fatigue limit (or strength at the same endurance) H
at zero mean stress ,

is the tensile strength

n is constant

It seems from this relationship that n depends on the material , test
temperature and maybe many other factors . When n equals 1 this equation
tends to the modified Goodman relationship, and when n equals 2 it gives
the Gerber relationship.

In the present investi~;ation n was considered to be 1 but for more
accurate results the value of n would have to be determined , which would
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need a large n~~ber of apucimecs. A. there was a shertas~o of material
availaLi.e fur this series of tests, n was cons idered ~s 1. Nevertheless,
it was found tha t the present resulte wore in •~od :~‘re wnent with :nany
other published data.

~oed and Favor (12) hove reportoU a value of 247 ± £400 MN/rn 2 az room
temperature f~r Ti-~A1—4V alloy havin~ tensile strongth of 980 MN/ms.

Syors (13) ~~~ ~~~ortc~ a vaiu~ of 350 ± 350 Mh/m 2 at room te per’atur L
which was reduced t~. .~70 ~ 270 MN /rn as the temperature was increased to
350 C. These values were for sheet specimens 1.5 ~.m thick tested in a
re,~oated tensile ~od~ (R 0) .  Usin~, the rnSdifie~ Goodman rolationshit’ —

these values cer respon~eC to 247 * 409 MN /rn and 247 ± 27~ MN/n 2 at ro~ m
temperature and 350 C res~ective1y. The T i— € ~Al-4V alloy possessed the
following mechanical properties :

0.2% çroof stress 865 MN/rn ’

Tensile strenLth 970 MN/rn 2

E1ong~tion 8%

Although the above quoted values ~.iffer slightly to the present results
(see Figure 53) it was found that the latter were in good a~reomant with
those of Hoei’pner and Goss ( 14) . They found that the fatigue strength of
annealed Ti-GAl—4V , l .2~ r~~i thick at room temperature, in direct stress
tests, is 417 ~ 341 MN/mA which corresponCs to 247 ± 4 344 Mfl /m 2 after
adjust ment using the modified Goodman rulationshi~’.

Partlo (15) taund a value of 570 t~.N/m~ at room temperature in rotat in~
bending tests f~r spec.ixnuns annealed at 925 C followed by air coo1i~~’ and
havin~; an ultimate tensile stren gth of 1010 MN/nT’, yield strength of 880
MN/rn 2 and 17’~ e1ongat~on. This was a specinon of 6.9 mm diameter. His
value corresponds to 247 ± 434 MN/rn 2 which is approximately the some as
the present results .

Also }crsimo (16 ) found in r~’tat in. bendin’~ tests on a,sv’ecimen ~ f
13 mm ~auge diameter that the fatigue strength was 538 MN/rn’ at room ter. ’~-rature , reduced t~’ 490 at 2OL~ C. This means that his results at 247 MN/r.~

2
mean stress aro Le~~ and 373 at ro-~~ temperature and 204 C respectively.
These values are very cL.~se to the present results , see Fi~:ure 5~~.

Althou~th the present results and the quoted ones are in good agree—
mont the sli ht difference between them may be attributed to (11):

1. the effec t of usin~; spec imens of different shape and size ;

2. surface fi:iish effo~t;

3. the efr ~ ct of usir .p diff erent typos ~f tests , i.e. rotatin :
bending and direc t stress fat i - uo tosts;

£ 4 .  the effect of usln ~ifferent batches with different mechanical
i~r~~’crties ;

5 • the error arising f r o m  calculating the adjusted fatigue strength
in the present investi~atio n and in the quoted one by taking
n equals 1 in equation ( 1) .

5.2.2 Discussi~ n of fretting fatigue results

The result~ shown in Figures 27 and 2U show a dramatic reduction in
the fatigue strength at room temperature due to fretting. The strength
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reduction factor is about 5 based on the plain fatigue strength at room
temperature. The Already low fretting—fatigue strength at room temperature
decreases fur ther , but not dramatically , as the tern~erature is successively
raised to 200 , 400 and 600 C. The similarity between the values of the
strength reJucti~ n factor at different tenperatures in the case of plain
fatigue , see Section 4 .2. 1.2 , and the corresponding values in the case cr
frettin~ fatigue , see Section 4.2.1.1, suC?ests that this further
deterioration is due to the reduction in fatigue properties rather than
any specific aggravation of the fretting damage . The big d~fference between
the values obtained at 600 C is attributed to the very low value of the
plain fatigue strength at 600 C. However, it was pointed out that this
temperature w uld be considered too high for this material .

Although the effect of temperature on the fatigue strength in the
presence of fretting is not particularly mar4 ed , there is a significant
decrease in fatigue life at stresses above the fatip ue limit as the teinpe-
rature is ra ised. This is no doubt due to the dramatic decrease in the
plain fatigue life at higher temperatures as shown in Figure 28.

Syers (13) reported a fretting fatigue strength value of 115 ~ 115
MN/rn2 at room temperature corresponding tc.~ a reduction of 67% based on the
pla in fatigue strength . As the temperature was raised to 350 C the
fretting fatigue strength reduced to 95 ± 95 MN/rn , corresponding to a
reduction of 65%. The reduction in fretting fatigue strength due to a
temperature rise from room temperature to 350 C was 17% . His tests were
condu cted on 1.5 nmi thick sheet material with 93 i~’JJ/m2 clamring pressure .
Whe n the clamping pressure decreased to 46 MN/rn2, the fretting, fatigue
strength at room temperature was 80 * 80 MN/rn2 .

Hoeppner and Gross (14) have found that the fretting fatigue strength
of 1.5 n~n thick sheet of annealed Ti-6Al-4V alloy when tested at room
temperature with a clamping pressure of 21 MN/rn 2 in direct stress tests
is 133 * 109 MN/rn2 (extrapolated). Although there is a slight difference
between the quoted results and the present results, they are ~enera1ly in
good agreement as shown in Figure 53.

5.2.3 Examination of fretting fatigue damage and the mechanism of
fretting fatigue failure.

Fretting damage on titanium alloys at room temperature has previously
been studied by Wharton (8) .  He foi.md that the mechanism of fretting
fat igu. failure involves the formation of adhesive welds at the early
stages of fretting which are then subjected to a high strain fatigue action.
As a result cracks can be initiated in the welds and may propagate away
from the surface under the influence of combined stresses and will even-
tually cause failure. In later stages surface damage and debris production - -

may be the result of a delamination process .

Syers (13) also reported that fretting fatigue damage is essentially
of the delamination type .

Although the nature of the surface damage caused by frettin~, at
— 

elevated temperatures does, however , display features which are not soen
at room temperature, it seems that there is not much difference between the
mechanism of fretting fatigue at room temperature and that at elevated tern-
peratures.

The present observations of the fretting damage suggest that welding
may occur in the very early stage of fretting. As the temperature is
increased, the probability of occurrence of these welds decreases . In the
later stag.s material removal. may be by surface fatigue, see Plates 41 and
42 , or by del~ nination (Plates 45 , 46 , 47 and 49) . These results are in 
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a~rleement wit~’ th~ae at room temperature (8 ,13).

The present ~~servot~~. as sug~t~~t tha t the layered structure or the
piled—up platelets are always as&Sciated with delamination and that de-
lamination is cLserve d even at the shortest lifo , i.e. at the highest
alternating stress level (see Plates 44—4L3 , 5b and 57).

One of the main differences in the surfaces fretted at higher ten-c-
ratux’es has been the comparative aLsence of cr~’cks and the evidence of
greater plasticity. This is inayLe due , os ment ioned above , to the welding
mechanism being less active as the temperature is increased, and the
shorter the fretting stage associated with this mechanism. The cracks
shown in Plates 43 and 44 may have been produced in tha t early stat e  and
propagated as the test continued . Thi s is based on the well-established
fact that a fat igue crack is initiated at about the some moment that
maxir~:urn adhesion is developed between the fret t ing surfaces ( 17) . Also
Waterhouse (17) pointed out that there is no evidence that the subsurfaco
cracks which result in plate—like particles l ift in,- : from the surface sub-
sequently develop into fatigue crocks propagating into the bc-dy of the
material . So , the proposed mechanism of frett in~ fatigue at high tempera-
tur’es involves:

1. a very short sta --e of fretting associate d with the for .natior and
breaking up welds and results in the production of loOSe
particles and crack initiation. The duration ~f this stage
decreases as the temperature increases. It also depends ‘on the
nature of the material and the environment , ~nd the reactivity
of the material to the environment and the leading conditL’ns ;

2. t1~e continuous reciprocating movement causing a rise in the ten—
terature of the surface and the loose particles of several
hundred deLrees , which me~-.ns tha t plastic ity is increased. Tb’
deformation caused by the fretting action is s.~ great that the
material is welded back on to tho original surface ,

3. further frettin : action causing the removal of material by delami-
nation , as suggested by Suh (18, 19), resulting in the formation
of loose platelets. The delamination process is enhanced in the
transferred material as the isolated oxide particles entrapped in
the interface act as the dislocation obstacles postulated in
Sub ’s delaT~ination theory of wear. This is also the reason why
it is more marked us the temperature increases~

4 . the previously initiated cracks , if any exist , propagating duo tL
the stresses.

Due to the nature f this series of tests it was difficult  to determine
the dura tion of the first stage and if delamination process is effective
also in this stage or not.

5.3 T1-6A1-4V (AMMRC )

5.3.1 Plain fatigue results

Although the strength reduction factor is approximately the same for
this alloy aud IMI 318 as the temperature was raised from room temperature
to 100 C (see Sections 4.2.1.2 and 4.2.2,2) there is a significant difference
betwo~~ the fatigue strengths at ~~~ cycles , as shown in Figure 53. This
may be attributed to two main reasons:

1. the effect of using two different batches with different

33.
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mechanical. propert ies ~rd different microetr.uctures ;

2. as discussed in Section 5.2. 1, the error arising from calculating —

the adjusted fatigu e strength due to considering n 1 in
equation C i) ,

However , it seems tha t the results obtained comparatively agree with those
quoted in Figure ~~~~.

The suggestion which can 5e put forwa rd from thcse results is that
there is no significant difference between the fatigue strength at roor.: tem-
perature and at 100 C. Also there is no significant difference in the
fatigue life at all alternating stress levels in both cases .

5.3.2 Fretting fat igu~. results

Although the results obtained were for tests conducted at a mean stress
much larger than that used for IMI 318, they agree together as sho~rn in
Figure 53. This lea ds to the conclusion that the mean stress has a very
slight effect, if any, on the fretting fatigue strength . This agrees with
the findings of Wharto n ( 8) .  Also the results agree reasonably wel l with
the quoted ones n*ntioed before in Section 5.2.2.

The final conclus ion is that there is no distinction between the fatigue
behaviour of this alloy at the two testing temperatures in the presence of
fretting. This confirms the previously mentione d suggestion , see Section
5.2.2, that any deterioration in the fretting fatigue properties is attribu-
ted to the reduct ion in fati gue  properties rather than any speci fic a~ grava-
tion ~~ the fretting dama ge , as there is no significant difference het~een
the plain fatigue strengths at the two testing temperatures . This also leads
to the suggestIon that the operating fretting fatigue mech anism may b~ the
same at both temperatures.

5. 3.3 Examination of fretting fatigue damage and the me chanism of
fretting fatigue failures

Although the fretting fati gue strength of this alloy is approximately
the same as that of XMl 318 , it seems that their fretting fatigue mechanisms
are somewhat ctifferent , which leads to a di fference in appearance of the
fretting damage.

In contrast ~-iith the observations on I~ I 318, adhesion is the most
predominant cause for metal removal rather than delamination. Also it
seems that it is effective throughout the teot as it wa~; found Ia the short
lif e specimens as well as the long lif e ones.

Bethune and Waterho use (20 ) found that the adhesion developed between
Tnatal surfaces in fretting initially increases linearl y with amplitude of
slip, passing through maxiniun at 40 u rn. As the resultant slip amplitudes
in the present series of tests are always less than L~Q ~j m , and as adhesion
is the predominant mechanism , so , raising the a1ternatia~ stress should
result in increasing the adhesion. Thi . was true from the observations of
the fretting damage at low stress , Plate 58 , and at high stress , Plate 61.

The suggestion, which has previously been put forwar d in Section 5.3.~T ,
that the fretting fatigue mechanism involved may be the same at both testin~temperatures, has been confirmed by the observations of the fretting fati~dama ge , see Plates 58 and 62.

The fretting fatigue mechanism which can hc deduced is as follows:
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1. formation of local welds at isolated areas and breaking of these
welds resulting in the production of loose debris and in roughenir~
of the surface. This process seems to be effective fro m the start
of the fretting action until the end of the test ;

2. sintering of the loose debri s to produce a compacted layer;

3. breaking of the compacted layer to produce interconnected cracks~ 
- 

-

Plate 64 , of crazy paving and resulting in the removal of this
layer;

4. material. may occasionally be removed by delamination process
especially fro m transferred material and compacted layers . Due to
the nature of this series of tests it was difficult to determine
when the delamination process started to be effective . However ,
from the observations it was found to occur in the present range
of test durations;

5. the fine debris produced by processes 1, 3 and 4 may be pushed out
of the fretting area due to the relative reciprocating motion
between the fretting surfaces to accumulate with some wrinkling j

at the edges of the scar.

5.3.4 Fretting wear results

The results shown in Figures 34 and 35 reveal the linear relationship
between the volume of material removed and the number of fretting cycles at
both testing temperatures and slip amplitudes. (Jhlig (21) proposed a a uan-
titative expression for fretting damage which predicts that the fretting
damage , measured as weight loss, is linear with number of cycles. The pre-
sent results seem to verify his equation. His equation also predicts a
linear relationship between fretting damage and amplitude of slip . Alt hough
the present results cannot show whether this linear relationship exists or
not because only two slip ampl itudes have been used in this series of tests ,
the general trend is verified , i.e. as the slip amplitude increases the
fretting damage increases. There is agreement between this finding and that
of the fretting fatigue results, see Section 5.3.3 , in that the frettin~.;
fat igue damage increases as the alternating stress increases . Also ~t was
found that raising the test temperature from room temperature to 100 C had
no significant effect on the fretting damage as shown in Figures 36 and 37.
Again this agrees with the previous finding in Section 5.3.2 for the
fretting fatigue strength and in Section 5.3.3 for the fretting fatigue
damage . These findings lead to the conc .usion that :

1. the fretting wear mechanism is the same at both testing temperatures~.

2. the fretting wear mechanism seems to be similar to that of the
fretting fatigue mechanism pioposed earlier in Section 5.3.3.

5.3.5 Friction measurement results

The frictiona l force between fretting surfaces is one of the non-
controllable parameters which has been considered in fretting wear studies.
Studying the variation in frictional force during fretting tests is a useful
means of studying the mechanism of fretting and fretting-induced damafe .
For example , the formation of glaze layer is associated with a drop in the
coefficient of friction (9) .  Also , Milestone (22 )  attributed the initial.
increase in the coefficient of friction to removal of the original surface
oxide film, and the further increase was due to welding of the asperities
and interlocking of the roughened surfaces. For this reason, it was decided
to study the frictional force variations during the fretting wear test.
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The present results shown in Fi~ ures 44 and 45 ~ivu the general fo rm
for the coefficient of friction versus number of fretting cycle curvea .
The coefficient of friction , generally, starts with low value which increases
suddenly after a certain number of frettin~ cycles to reach an approximately
steady state. Further fretting causes a sl ight f].uctuation of the coefficient
of friction below and abo ve the steady state value . Thw starting value of
the coefficient of friction ~:as about 0 .2— 0.4 while the fina l value after
3.5 x 106 cycles was about 0.7—0.9. Milestone (22 )  found correspondin~i
values of 0.2—0.3 and 1.1-1.2 respectively in tests conducted or. the same
material, which are in reasonable agreement with the present results.

From the shape ~~ the curve can be suggested a general idea o~ the
mechanism involved during fretting:

1. the first state: the relative reciprocating motion results in
smearing the asperities present on the surface , resulting in
snoothin - , of the surface and consequently a slight reduction in the
coefficient of friction. This process is more effective and :~o~’o
noticeabl e at higher amplitudes rather than at lower ; notice the
slight decrease in the coefficient of tr iction between the start f
the test and 400 fretting cycles at 40 pm slip amplitude , Figures
44 and 45 . During this stage also the fretting action results in
breakin~ of the original surface—oxide film and causes its removal
from the surface and the production of loose debris , leaving clean
metal surfaces in contact. As this process is more severe in the
case of 40 pm slip amplitude, a hi~ her coeffic ient of friction is
to be expected.

2. the second stage : once there are two clean metal surfaces in contact
after stage 1, welding of the asperities c-n the fretting surfaces

- will occur , followed by broakin~ of these welds , resulting in
roughening of the surfaces and interlocking of the roughened surfaces .
These events result in the production of debris and in the sudden
and dramatic increase in the coefficient of friction. It seems that
this sta t e  starts after about 500 to 1 000 fretting cycles dependin~
on the fretting conditions . As the processes involved in stage 1
are more effective at ~ho higher amplitude , the number of cycles re-
quired to remove the original oxide layer , and consequently to st.-tr ’t
the second stage , will. be smaller. This is true at the two testin~,
temperatures as shown in Figures 44 and 45. This is also the reason
for the earlier start of stag~ 2 at 100 C rather than at room tompe-
roture as shown in Figures 46 and 47 fur both slip amplitudes .

3. third sta~ c: which is the steady stag e and starts by debris
produced fron~ the previous stages i oin ,. compacted by the combine l
effects of pressure and fretting action and results in the formation
of a smooth dense layer . Further fretting causes the disruptLn and
removal of this layer with the producticu of fine debris. The pro-
c~ ss of formation and removal of this compacted layer is repeated as
fretting continues. The presence of the smooth compacted layer
lowers the coefficient of friction which rise s when it is rcmovod.
This is why the coefficient of friction fluctuates around a stea dy
state value during this stage. As the amplitude of slip increases.
the fretting dan~ige increaseses, see Section 5.3.4, and more debris
is produced. Consequently, the thicker the compacted layer the
thicker will be the layer of loose debris. As both of these layers
increase in thickness , the coefficient of friction decreases. This
is why the c~ cfficiont of friction at 40 pm slip amplitude is lower
than that at 10 pm at this stage , see Fi~’ures 60 and 61, and why
this stage starts earlier in the 40 pm tests. Also , this is the

I
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reason for the lower coefficient of fr iction at 100 C , see
Figures ‘46 r.nd 47.

It is obvious from the analysis given above that study of the variations
in the frictional force during tne fretting tests provides information which
canrx t be obtain.d by, for example , study of the volume of metal removal or
scanning electron microscope observations . The following facts emerge:

1. the adhesion starts as early as 500 fretting cycles ;

2. the compacted layer forms as early as 3 000 cycles;

3. from the number of fluctuations of the coefficient of friction in
the early stage . can be determined how often the compacted layer
is refo rmed.

However , the study of the frictional force alone cannot provide infor-
mation such as bow in the third staCe the compacted layer is removed. This
questIo n can be answered by examination of the fretting damage in the
scanning electron microscope .

5.3.6 Examination of fretting wear damage and the mechanism of frettinc~
wear

The three—stage fretting mechanism mentioned above , see Section 5.3.5 ,
has been confirmed by observations of the frettin~ dama~e in the scanning
electron microscope . Although the first stage usually ends before 6 000
cycles, it was possible, by chance , to get a unique and clear example of
it at room temperature at 10 pm slip amplitude at 6 000 fretting cycles as
shown in Plates 117—119. The different processes mentioned in this
mechanism can be seen clearly in Plates 109-122 . ~ clear example of
adhesion and production of debris is shown in Plates 118 ang 119. An
example of the lar~e quantity of fine lo~ s~ debris which will later h~
compacted is shown in Plates 109 and 110 before cleaning the specimen ;
this should be compared with Plates 112 and 113 aft~~’cle aning. An examp1.a
of the compacted layer is sho wn in Plate ll4,partially removed , revealing
that the underlying, material is rough and possibly composed of the
compacted debris . The process of formation and removal of the compacted
debris is demonstrated by Plates 112, 114 and 115 for spocimens tested at
room temperature at 40 pm after 6 000 , iO5 and 3 x 106 cycles respectively .

The debris produced has irregular shape with particle size rang ing
between 1 and 7 um , as shown in Plates 110 and ill. The charging up of
this debris indicates that it is either wholly oxide particles or metallic
particles covered with a thin oxide film. However , Plate 119, which shows
fine debris partially detached from the surf ace, and its bottom part
uncharged, leads to the suggestion that they are more likely to be metallic
particles covered with a thin oxide film.

5.4 Inconel 718 alloy (aged)

5.4.1 Plain fatigue results

Although the fatigue results at elevated temperatures in the absence
of fretting show considerable scatter it appears that they belon~. to one
population giving a fatigue strength at 10~ cycles of 550 ± 325 MN/rn2 re-
duced to 550 * 275 MN/rn2 at room temperature .

The results of rotating beam tests (23) on bar specimens given the
same heat treatment are as follows:
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Fatigue strength at Adjusted fati~ua strength at
Test temperature ~~~ cycles 

~°m = ~~ cycles 
~°rn ~ 550 MN/rn 2 )

MN/rn 2 MN/rn2

20 63’e 389

316 758 452
538 655 382

649 606 321

Although there is some difference between the present results and the
qu oted ones for the reasons mentioned before in Section 5.2.1, they are
still comparable. For example, Brown et a]. (24) fouz~d that the ~~‘ain size - 

-

has a pronounced effect on the fatigue properties of the alloy when they
conducted fatigue tests at 45L4 C. It should be pointed out that the
average gra in size of their alloy was 20 pm while that the present inves-
tigation wa~ 11 pm.

Only two specimens have been tested at 700 C due to interference from
creep at the higher alternating stresses • This temçerature in any case
would be considered too high for this material .

The elevated temperature curve shows longer fatigue lives at lower
stresses than that of the room temperature one , which may be attributed
to the ageing effect at such elevated temperatures and long tests • At
higher stresses the fatigue lives of the elevated temperature specimens
are shorter due to the creep of the material, at tha t level of stress.

5.4.2 Fretting fatigue result s

In contrast with the fretting fatigue behaviour of Ti—6A1—4V alloy
at elevated temperatures, it seems that the Inconel. 718 alloy behaves
differently. Figure 54 shows the effect of raising the temperature on
the fretting fatigue strength at constant number of cycles. The following
observations require explanation:

1 • the improved fretting fatigue strength at 1O7 cycles at 540 C;

2. the improved fretting fatigue strength at ~~~ cycles at 280 C;

3. the longer fatigue life at higher stresses at 280 C compared with
20 C;

4. tne longer fatigue life at stresses above 260 MN/rn2 at 280 C corn-
.pared with 540 C.

The observations of the fretting damage in the scanning electron
microscope, see Sections 4 .4 .3 and 4.4.6 , reveal the formation of a
protective thermally softened oxide layer (termed a glaze) . Such glazes
have been observed in the sliding wear of nickel-based alloys of the
Nimonic and Inooloy types in the temperature region 150 to 800 C by Stott
et a). (1.0) and also in nickel-chromium alloys (9) .  Its appearance in the
scanning electron microscope is described as showing”many distinct , well—
formed , small abrasion grooves, parallel to the direction of sliding” .
The formation of this glaze oxide film is characterised by a reduction in
coefficient of friction and a corresponding reduction in the wear rate .

In the present investigation the observations revealed that r,~ glaze
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formed at any of the specimens tested at room temperature. As the t empe-
rature was raised to 280 and 540 C the glaze fo rmed . This is in good
agreem.~nt with the results of Stott et a], (9 ,10) who found a transition
temperature above which the glose formed . This conclusion from the
present results is that the observations of Stctt et a]. are not only
applicable to the case of sliding wear , but also to fretting wear . The
more important additional finding in th. case of frettin~’ is that there
is a transition slip amplitude, as well as a transition temperature,
above which the ~laze forms . It seems that the value of the transition
slip amplitude depends on the material and the testing corudtions , but
this needs more investigation and should be the subj ect of future work.

The present results reveal that at 280 C the specimens tested ~tstresses >550 ± 260 tIN/rn 2 , correspondin~ to 24 pm slip amplitude , ha ve
evid9nce -of glaze formation , while those tested at stresses <550 * 215
MN/rn , corresponding to 20 urn slip amplitude , have no evidence of ~lcu ze
formation. AU the spec imens tested at 540 and 700 C have evi dence of
glaze formation. The above observations were confirmed by results
obtained from the fretting wear tests. From the above mentioned obsor-’
vation it is possible to explain the four observations mentioned above

- in this section , as follows:

1 • it is ap-r arent from the present study that not only is the glaze
oxide capable of reducing friction and wear but also of preventing
the type of surface damage which leads to the initiation of fati~ ue
cracks in the presence of fretting;

2. for the glaze to give effective protect ion it must:

a) form rapidly with the onset of fretting since it is known that
fati~ uL cracks are initiated in the early stag es of the process
(17, 25) ;

b) be stable ~nd not break down easily or if it ~~es ,
c) be capable of repairing itsel f rapidly .

At room temperature these conditions are not met , although Plates
74 and 75 show that smooth areas , which have undoubtedly been load
bearing, are formed but they are fuLl. of fine cracks which lead to their
breakdown , possibly by a delamination process , and the reformation
process , if occurring at all , is not rapid enough to maintain the smooth
layer. It is doubtful whether this smooth layer has the same properties
as the true glaze layer since it does not show the parallel abrasion
mar4cs of the lattor . As there is no glaze formed at room temperature ,
it is expected that the fretting fatigue strength ,as well as the frettin~:fati, ue lives , is drenatically reduced.

At 280 C the glaze layer is formed above the transition slip
amplitude, but below it there is an oxi de layer which is not a glaze.
This is why the fretting fatigue strength at iO~ cycles is improved .
This is also the reason i~or the longer fatigue life at higher Stresses
at 280 C compared with 20 C.

At 540 C the glaze layer is formed at all stress levels. This is
why the fretting fatigue strength at l0~ cycles is impro ved . At high
stresses creep of the bulk material led to cracking of the surface
layers, see Plate 89 , and this is possibly the reason for the shorter
fatigue lives at high stresses at 540 C compared with 280 C.

At 700 C the glaze layer is also formed, but the effect of the
fati~’ue action and the increa sed shear stresses in the fretting region
has caused creep of the bulk material leading to crack ing of the surface
layer. This is why the ~-ui nt at 700 C lies between 280 and 540 C curves.
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5.4 • 3 Observations of th. fretting fatigue damage and the frett ing
fatigue mechanism

It is clear from the observations mentioned in Section 4.4.3 that
-: there are many mecha~isrns involved in the fretting fatigue of this a1l~ y
- de~endin~ not only on the test temperature but also on the slip amplitude .

At room tempera ture , there is no glaze forme d , and the classical
mechanism of metal removal by adhesion is involved in the early stages of
the fretting fatigue combined with delamination in the later stages . It
seems that this mechanism is also involved at 280 C below a certain slip
amplitude, the transition amplitude of about 22 urn , where there was no
evidence of glaze formation.

Where glaze is formed , as in the case of 280 C above the transition
slip amplitude , and at 540 and 700 C , the metal was removed mainly by de-
lamination with few isolated, if any, cases by adhesion , but at the hi :h
temp era tures and stresses, i.e. 540 and 700 C , it seems that the effect
of the fatigue action and the increased shear stresses in the fretting
region have caused creep of the hulk material leading to cracking of the
glaze layer .

5.4 .4 Fretting wear results

The results shown ir. Figures 38-40 reveal the linear relationshi:.
between the volume of material, removed and the number of fretting cycles
at all test conditions. This a~rees with the pro~c~sed equation of Uhlig
(21). His equation also predicts a linear relationship between fretting
damage and amplitude of slip . Although the present results cannot say - -

whether the linear relationship exists or not because only two slip
amplitudes have been used in this series of tests , the general trend is
verified , i.e. as the slip amplitude increases the volume of material re—
moved increases.

At room temperature and 280 C at 10 urn slip amplitude , the rate of
material removed is larger con~ ared with that of 280 C at 40 urn slip ampli-
tud.a and 540 C. This is because in the latter case a ‘rotective adherent
glaze oxide layer has been formed which did not exist in the former case.
The fact that at 280 C at 40 urn s1i~ amplitude the rate of mater ial removal
is large compared with that at 540 C is because when the glaze formed at
280 C breaks down by delamination it is unable to reform rapidly enough
to kee r pace with the fretting action.

The 8irnh larity in the behaviour at room temperature and 2’~0 C with
low slir amplitude , see Figure 41, and also the same behaviour at 280 C with
40 u rn slip amplitude and 51+0 C , see Figure 42 , sup~:ort the proposed fretting
mechanisms ~ivon in Sectien 5.4 ,3. Also it is confirme d by the fact that ,
during the tests conducted at room temperature and 280 C at 10 urn slir
amplitude, as the number’ of cycles increases the amp litude of slip
decreases (due to roughening of the surface), and readjustments have
f re juently been made to kee;’ the slip amplitude constant.

The big difference in the rate of material removal at 10 urn and 40 urn
slip amplitudes in the 280 C tests confirms the existence of a transitic n
slip amplitude above which glaze forms and below which it does not. Al-
though the value of this transition slip amplitude could not be determined
accurately as only t~~ test amplitudes have been used, it appears to be
around 22 urn from the fretting fatigue results.

One of the features revealed from Figures 41 and 42 is that in the
early stages of the fretting tests as the temperature was raised, the volume
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of material removed increased , This is attributed to th. fact tha t the
higher the temperature the greater the thickness of the oxide film, and
consequently the larger the amount oi material removed when this oxide
layer is disrupted .

Bill. (2 C~) conducted fr.ttin’~ tests on a nickel base alloy (N~ -20 Cr-
2Al ) at temperatures up to 816 C. He foumd that fretting wear was reduced
with incroaso in temperature up to 544.) C. At higher temperatures an
increase in the volume of material removed was observed , as shown in
Figure 55. These results are in good agreement with the present results
at 40 urn slip amplitudes after’ about 550 000 cycles , corresponding to
44 m total path length.

Hurrick s (6 ,27 ,27) in his fretting studies of mild steel at elevated
temperatures found that a thick oxide layer formed at temperatures above
11+0 C which had a protective and lubricant effect thereby reducing the
fretting damage.

Stott et al (9 )  found from their sliding wear tests on nicke~chromium
alloys at temperatures from 20 to 800 C tha t above a certain transition
temperature relatively low wear was observed after a time but below which
it remained relat ively high throughout . They attr ibut ed this behaviour
to the formation of thc glaze layer above the transition temperature.
They stated also that enco the glaze is formed , very little further weal’
occurred for the high chromium content alloys . Their results are in goo~.~agreement with the present on~aa.

5.4 • 5. Frictional force neasuroment results

It appears from th~ stu ..ty of the friction results shown in Figures
4 8—52 that there are principally two different mechanisms involved in the
fretting wear of this alloy , one at room temperature and the other at
elevated temperatures.

At room temnerature , see Figure 48 , the coefiicient of friction starts
in the first stag€ with a moderate vilue of about 0. which incr’eas~ s
suddenly in the second stage after ~i certain number ol fretting cycles to
reach approximately a steady value of about 0.9. Further fretting causes
a slight fluctuation of the coefficient of friction around the steady
value . These values are comparabl e with those of ~tott et al (9)  on a
nickel-chromium alloy having 20% chromium. The room temperature fretting
wear mechanism consists ~~ three stages. The fi rs t  stage is c aracteris d
by smearing of the asperities present on the surface resultiag in smooth ing
of the surface and consequantly the ece~ ficiertt of friction is reduced
slightly. This process is more effective and more noticeable at the higher
amplitude rather than at the lower one . The sligh t decrease in the
coefficient of friction in the first stage at 40 urn slip amplitude in
Figure 48 should be noted .

Also in this stage the fretting action results in brea)dng up of th~original surface oxide film and causes its removal :rom the ~urfac .~ and
the production of loose debris , leaving clean metal surfaces in contact.
As this process is more active at £40 urn slip amplitude , it is expected to
result in a higher ooefficiunt of friction in this stage at this ampl itude ,
see Figure £48.

In the second stage , once there are two clean metal surfa ces in contact
together from stage 1, welding of the asperities on the fretti ng surf ~c~.occurs followed by breaking of those welds resulting in roughening of the
surfaces and interlocking of the roughened surfaces. These events are



associated with a sudden and dxxamotic increase in the coefficient of
friction as well, as the production or debris . The start of thi s stage
depends on the fretting conditions .

The third sto ’e , the stea dy sta,~e, starts by compactim~ the debris
produced from the previous stage under the cont~ined effects of pressure
and the fretting actio n a~-id results in the formation of a smooth compacted
layer. Further fretting causes the dIsrt~~tion and ralElval of this layer
with the production of fine debris. The process of fort~ation and removal
of this compacted layer is repeated se the fretting continues . The
presence of thq i smooth compacted layer results in a decrease in the
c~. efficient of fricti~n while its absence results in an increase. This
is why the coefficient of friction fluctuates around a particular value
during this stage . The high temperature mechanism at 540 C also comprises
three stages . It seems that the first stage is the same as that described
above for the room temperature mechanism. In this stage the coefficient
of friction is about 0.3 , rather lower than tha t found by Stott et a). (9)
which is abcut 1.5. This may be attributed to the large difference in the
starting surface finish in the present i~~rk , i.e. 0.1 urn c.i.a., and their —

work , i.e. 25 pm c.i .a. and also the much h1~her amplit ude . The only
diff erence in this stage between the room temperature and the high temp.-
nature mechanism is that clean metal. is never exposed as new oxide layers
form rapidly on the surfaces ot this high temperature.

In the second stage the glaze starts to furm at some isolated areas
of the fretting surfaces by one of the mechanisms proposed by Stott et a).
(~) ,l0) . These~~olat~ d areas grow with further frt t t in~ until they cover
the majority of the fretting surfaces • As these ar eas crow , the coefficient
of friction decreases. —

The third stage is the same at both room temperature and high te.’apera-
tur’e except that the compacted debris in the latter is of the glaze type
which is associated with a drop ii~ the coefficient of friction, i.e. about
0.~ at room temperature while at 540 C it is about 0.15 .

At intermediate temperatures, 1.. 280 C, the alloy exhibited two
completely different behaviours at the two testing amplitudes, i.e. 10 and
LeO urn. At the ).ower amplitude the alloy behaves as at room temperature ,
which suggests that the ioom temperature mechanism is involved in this
case • At the higher amplitude the alloy behaves as at 540 C which su.ggusts
that the high temperature mechanism is involved in this case . The scanning
electron microscope observations , see Section 4 .4 .6 , confirm this idea.

One of the clear observations when studying the effect of temperature
on the frict ional behaviour of the alloy is as the temperature is raised
the coeff icient of friction decreases , see Figures 51 and 52. This is
true for the two amplitudes and for all the stages . This is because as
the temperature increases the thickness o~T the compacted layer as well as
the thicJ~ness of the layer e.~ loose debris increases. Consequently , the
coeff icient of frict ion decreases.

Another important observation is that as the temperature increases ,
see Figure 52 , or’ as the slip amplitude increases , see Figure 50 , thu
transition from a high coefficient of friction to a low value , i.e. the
second stage of the hi~ h temperature mechanism, begins and ends earlier .
This observation reveals the role of slip amplit ude as well as temperature
in glaze format ion. Also the role of temperature is consistent with the
observations of Stott et a). (9) who suggest that the transition from a
high coefficient of friction to a low value occurs within the period when
glaze is first observed . Their data showed that as the temperature in-
creased the time at which the glaze was first observed decreased. This I ,  
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shows the similarity J~etwe.n sliding wear and th, fretting wear in this
respect .

5.4 .6 Observdtion of the frettin~ wear damage and the fretting wear
mechanisms

It is clear from the observations mentioned in Section 4. 4 .6 that
there are two mechanisms involved in the fretting wear of this alloy , i .e.
the low temperature mechanism and the high temperature. Details of these
mechanisms are given in Section 5.4 .5 which are conf irmed by th .~ fretting
wear damage study and the friction measurement study, Sect ions 5.4.4 and
5.4.5. respectively. It was also found that the fretting wear and the
fretting fatigue mechanisms are consistent. Althou,~”h the fretting wear
results could not give a value for the transition slip amplitude at 280 C .
the frett ing fat igue results were able to. The fretting wear results
revealed when the second stage of the high temperature mechanism which is
associated with the formation of the glaze occurred , whereas the fretting
fatigue results could not , showing bow these two types of tests are coiuple-
inentary to each other.

One of the inportdnt pieces of evidence which cannot be obtained from
the wear or friction studies is how the material is removed . The scanning
electron microscope observations seow that it is mainly removed by delami-
nation in the high temperature mechanisms , i.e. delamination of the glaze
layers, while in the low temperature mechanism it occurs by delamination
and crazing of the compacted layer.

One of the most interesting features observed also is that shown in
Plates 142, 148 and 149 , which support s the previous suggestion (9 ,10)
that the glaze is actually a layer of compacted debris.

5.5 Inconel 718 alloy (annealed)

Since it is not usual to use this alloy in practice in the annealed
condit ion , only an exploratory test has been conducted to study the effect
of the nticx’ostructure on the fretting fat igue behaviour of this alloy .
Although there are not enough results, it seems that the alloy has the 

- 
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same behaviour under fretting fatigue condition as in the aged and the
annealed condition , except that in the former it t~xhibited higher frettinj
fatigue strengths, see Figures 30 and 31. The dramatic increase in the
frett ing fatigue stren~th as the temperature was raised was also found in
the annealed as well as in the aged condition .

The similarity in behaviour between the annealed and the aged condi-
tion suggests that the fretting fatigue mechanisms involved in the former
are the same as that of the latter. The scanning electron microscop~observations confirm this fact , Plates 106-108 . This also leads to the
conclusion that glaze formation is independent of the heat treatment condi-
tion or the microstructure. More information is needed to clarif y this
point and requires further study . 
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CONCLUS ION

The major findIngs in this research project are given in the summary
at the beginning of the report and will not be repeated here. The most
si~~iificant piece of information to come out of this work is that the
glaze oxide , which had been observad in recip rocating sliding experiment s
by Wood and his colleagues on nickel based alloys , is also formed during
fretting where the amplitude of movement is much sma11~r • The formation
of the glaze in fretting is , however , a function of the amplitude of slip
at lower temperatures. This is illustrated by the observatio n that at
280 C the glaze only forms at amplitud es above 22 ~m, whereas at 540 C
the glaze forms at all amplitudes. Where the glaze forms there is a
marked improvement in both fretting-fatigue and fretting wear performance .
Glaze form ation does not occur on the titanium alloy and consequently no
improvement in properties occurs on raising the temperature.

In the original proposal it was hoped to prepare thin sections from
fretted areas for examination in the transmission electron microscope.
Although some progress was being made in this direction the work was un-
fortunately far from complete at the end of the contract . It is never-
theless hoped that this aspect will be continued in the department since
it has implications for other high temperature fretting work which is at
present under investigation. However , the conclusions reported above
suggest that surface reactions under the influen ce of sliding contribute
much more to the fretting fatigue behaviour than sub-surface interactions
between dislocations and second phase particles.
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APPENDIX A

Strain Gauges ~rranj ement

It was decided to use a normal c~ntact load of 2. 75 N. Assuming that
the coefficient of friction ranges between 0.2 and 1.2 (22 , 29) , then the
expected friction force will be bet’.reen 0.55 and 3 • 3 N.

Let the normal force = Y
the friction force X

The arrangement is that of a simple cantilever , i.e. the transmission
shaft , fixed at one end by being rigidly connected to the driving spindle
of the electromagnetic vibration generator , which is subjected to two per-
pendicu lar forces X and Y actin g at the other end of the shaft , i.e. the
point of contact of the rider with the flat specimen as illustrated in
Figure 16.

Eight strain gauges were attached to the outer cylindrical surface of
the shaft at the part which has a reduced cross-sectional area as shown in
Figures 15 and 16.

The measurement of X and Y simultaneously and independently is based
on the well established following rule (30).

When four strain gauges R1, R , R and R4 individually measure a —

strain value €1~ 
C

2~ 
c 3 and ~ res~ecdveiy connected together in a circuit

as shown in Figure 18, then ti’e net strain value, £ 
~~
‘ 

measured by this
circuit is given by ne

C = — c  + c  — c  + e  H
net 1 2 3 4

Suppose that the force X causes a longitudinal strain and a
lateral strain = - vc~, while the force Y causes a longitudinal strain
and a lateral strain ~ — vcy where v is the Poisson ’s ratio, then Table 3
gives the strains experienced by each strain gauge separ ately accordin g to
its position on the transmissio n shaft as shown in Figure 16.

So , usin~, the previous rule and the data in Table 3 and connecting the
strain gauges to the strain gauge measuring instrum ent as shown in Figure
17 , two separate circuits were obtained , one for measuring X and the other
for measuring ‘I independently of each other .

This arrangement of strain gauges increases the sensitivity of the
circuits as well as compensates for any variation in results due to a
change in temperature.

The strain gauges used were foil strain gauges type Nll-FA-5 manufac-
tured by Showa Measuring Instru ments Co. Ltd., Tokyo , Japan , with gaure
length 5 nun, resistance 120 ~2 , and gauge factor 2.1.

The strain gauge circuits were connected to a universal multi-channel
amplifier system , type SE 4000 manufactured by S.F . Laboratories (Engineerin ’)
Ltd., North Feitham Trading Estate , Feltham, Middlesex.

_ _ _ _ _ _ _ _ _ _ _



i~PPENDIX B

Normal ani friction forces arrangement calibrations
and studies -

1. Introductior.

The calibrations were carried out using a simple pulley and string
arrangement for lifting the rider off the flat specimen and for pulling
the rider to introduce an axial force in the direction of the transmission
shaft axis • This was done with the aid of dead weights . Figure 19 shows
the arrangement .

Before startinE the calibrations both the normal force and the
frictional forc e measuring arran gements were set at predetermined settings
as given below in Sections 2 and 3.

2. Normal load setting

till the adjustments in this section have been conducted under the
tra nsmission shaft ’s own weight with the cooling water running. Channel
No. 2 in the 4 000-system, channel No. 1 in the amplifier , and channel No. 4
in the recorder with galvanometer model MM 400-120 input were used for the
normal load mea suring arran,~ement.

The first step is to balance the L.rid re circuit with the shaft under
its own weight , i.e. Y weight of shaft , X 0.

The calibration knob was adjusted to give the following readings :

Meter deflection in 4 000-system 90 divisions
Light spot displacement in the LJ.V. recorder 90 mm

3. Frictional force sett ing

All the ad justme nt s in this section have been conducted with Y = 275 N
and with the cooling water running . Channel No. 4 in the 4 000-system ,
channel No. 1. in the amplifier , and channel No. 4 in the recorder with
galvanometer model MM 400-120 input were used for the fr ictional force
measuring arrangeme nt .

The first step is to balance the bridge circuit with Y = 275 N and
X = 0.

The calibration knob was adjust ed to give the following readings:

Meter deflection in 4 000—system = 80 divisions
Light spot displacement in the U .V. recorder 120 mm

4 • The relat ionship between the normal contact force and the light spot
displacement in the U.V. recorder

The calibration was carri ed out by changing the dead wei:ght Y ( repr e-
senting the normal load) keeping X constant, as shown in Figure 19 , and
recording the cc~rrespo nding light spot displacement in the U.V. record er .
The results of the cal ibration are shown graphically in Figure 20 for three
different values of X (representing the frictiona l force). These tests
indicate that:

1. the sensitivity at X 0 is 0.0340715 N/mm

Bl
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the sensitivity at x = 3 N is 0.034632 N/mm
the sensitivity at x = 2.5 N is 0.035555 N/mm

2. there is about 4% variatio n in the sensiti vity when the friction
force changes from 0 to 2.5 N which is accept able ;

3. since the adjustment of the normal contact force in the actual
fretting wear tests would be with zero frictional force , calibr e-
tion results with X 0 should he used ;

4, for norm al contact load 2.75 N , the corresponding light spot
displacement 80 mm.

5. The relationship between the frictional force and the light spot
displacement in the U.V.  recorder

The calibratio n was carried out by chan ging the dead weight X (repre-
senting the frictional forc e) as shown in Figure 19, and recording the
corresponding light spot displac ement in the U.V. recorder . The results
of the calibration are shown graphically in Figure 21 for two different
values of Y (repres enting the normal contact load). These results show
that:

1. the sensitivity at Y = 1.5 N is 0.080314 N/nun
the sensitivity at I = 2.5 N is 0.0686270 N/mm

2. variation in sensitivity due to change of normal contact load by —

40% is about 18% . This means that for a change in the normal
load of 10% , the corresponding change in the sensitivity will, be
about 4.5% , which is acceptable ;

3 • the final conclusion is the acceptance of the calibration results
of the frictional force at Y 2.5 N.

6. The effect of testing temperature on the recorded normal force

When a normal force 2.75 N is applied to the transmission shaft at
the point of contact between the rider and the flat specimen , the re sultant
light spot displacement in the tJ.V. recorder is 80 mm. This is according
to the previou8 ly mentioned settin gs and calibrations , see Sections 2 and
4. Accordingly, a normal force Y was applied to the sha ft using a simple
pulley and string arrangement at a point outside the furnac e , as shown in
Figure 22 with X 0. The value of Y was chosen to give 80 mm light spot
displacement in the tJ .V. recorder when the furnace was at room temperature .
Then the furnace temperature was incr eased and the light spot displacement
was recorded . The results are shown in Table 4. It can be concluded from
these results tha t there is no significant effect of the testing tempera-
ture on the recorded normal force value represented by the light spot dis-
placeme nt . The scatter in the readin gs was withi n the accuracy of the
arrangement .

7. Effec t of tempera ture on the recorded frictio n forc e

The arrangement used in this study is shown in Figure 22. After
setting the normal load and friction force measuring arrangements to the
required settin g as given in Sections 2 and 3 , a nornal force Y and a
frictiona l force X were applied to the transmission shaft usin&. a simple
pulley and string arran gement . The value s of Y and X wore chosen to give
80 and 44 nun light spot displacements in the recorder respective ly . The
chosen values corresp ond to a normal force and a friction t~orce at the

_ _ __ _



rider—fl at specime n interface of 2.5 ~.nd 3.1 N respectively . The furnace
was heated and the frictional force was recorded. The rLsults arc giVuI ~
in Table 5 . It can bo concluded from these results that there is no Si . —

nificant effect of temperature on the recorded friction force .

8~ Effect of the inertlo force on the r ordud n-. rmol and friction forces

Since the frettin.. woai ’ tests were conducte ’ ot test frequency of
50 Hz , the inertia forc e has to be taken into consideration. To study the
effect of inertia force on the recorded normal load and frictional force
the arrangement shown in Figure 1~J was used with Y 2.5 N and X 0 , after

— setting the normal load and the frictional force measuring arran~emunts to
the specified settings , see Sections 2 and 3. Then by operatin .~ the ri~
to oscillato the transmission shaft at 25 , 50 , 75 and 100 Hz and recording
the light spot displacement in the U .V .  recorder , the ~ffects  of the inerti.~
force were obtained. The results are shown ~ ‘aphica1ly in Fi ures 23—25 ,
40 and 41. From these results it can be o..mcluded that:

1. it 40 ~tm amplitude and 50 Hz the inertia force caused o fluctue—
tion in the normal load of ± 0.1 N which is less than 14% of tha
normal load used in the actua l tests , i.e. the effect ol the

• inertia force on the normal force is negli~ ible ;

2. for a frequency of 50 Hz , a normal load ~.f 2 ,5  N , and amplitude
oscillation of 40 ~m, the resultant noise + inertia curve

(representing the recorded friction force) showed maximum amplitude
(peak to ~cok ) of 16 mm and minimum one ~ f Y. 7  mm. ~then the
~~~ 1itude was decreased tc 10 ~m these values change l to 9 mm and
4 .5 mm res~ectivc 1y . These values are too hi ? ’h t( be neglecte~..
So the effect at  the inertia force on th~ rec~rded friction forc e
has to be taken into consideration when calculating the friction
force. The ~ctu~:l curve J~to izied for th~ l ’rictional force ~ur iny
a frett inm- , wear test i~ in fac t a resultant of the interference
between two curves, the noise inert ia curve , ~~ the pure frictional
force curve . The resul tant curve is obtained ~‘v the nrincinle ol
superposition by simply adding the dig . Licoments caused by tho
individua l curvu~ ot every point . Thus , t .  o!’tain the actual
amplitud e of the frictional force the noise + inertia curve
amplitude should L-e subtracted from the amplitude of the recird&
friction iorc c curve .

~~~~~~~~~~~~~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ _ _ _ _ _ _ _ _ _ _



APPENDIX C

Adjustment of plain fatigu e strengths

The plain fati L uc strengths obtained from the results were at mean
stresses different from the mean stress at which the fretting fatigue
tests were conducted , i.e. 2147 MN /rn2 . To compare the fatigue result s with
the fretting fatigue results, an adjustment was made to the plain fatigue
results to get the plain fatigue strength at 2147 MN/ rn2 mean stress. This
adjustment was done using the m dified Goodman law :

S_ = S (l —~~~) (1)

where
Sa the alternating stress associated with mean stress Sm for

endurance N.

S the alternating fatigue strength (with zero mean stress)
for endurance N.

Su the ultimate tensile strength.

It was impossible to carry out alternating fatigue tests at zero mean
stress with the type of specimen used in the present investigation
because the compressive load would cause buckling, so an experimental
value of S is not available. To solve this problem a series of tests in
plain fatigue was conducted at each test temperature with different mean
stress levels . If at Sm mean stress and Sa alternating fatigue stress
the life is N cycles , thin at Sm2 mean stres~ the life will be N cycles ,
at an alternatin.~ fatigue stress Sa2 which is calculated as follows:

Substituting in equation (1)
Sm1Sa1 S (1 — (2 )

Sm
Sa 2 S(l  — ra) (3)

Sa1 - 

Su - Srn1
• ~~~ - Su — Sm 2

rSu - Sm21
or Sa 2 Sa1 LSU 

- sm1J 
(4)

• Cl.L ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - .~~~~~~~ 
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APPENDIX D

Calculation of maxinum~~nd mean c~ ntact pressures
botw~en the s~.’hericai. surface rid-~r t i~ and flat

sI ec~~ en (31)

When two spheres are 1~~ld in contact tog.~ther Ly a force W as shown
in Figure 33 , there is a local deformation near the point of contact
which produces a small circular contact reg ion . If the radii of curvatur e
R 1 and R 2 of the two spheres are larg e in comparison with a , the radius
o~ the circular contact region , then the results for semi-infinite bodies
may be applied. The value of the maximum pressure , P , can be obtained by
equating the sum 0f the pressures over the contact ar~ a to the compressive
force , W. For a hemispherical pressure distribution this L~ives (3 2 ) :

C 21Ta~
3 ~~

- :

. 3W
o 2~ra2

For ~~~ spheres having identicil elastic prepertias
1

l10~ 
r WR1R~2 1/ ~a -  Lt(R1~~~2)J

• where E is the modulus of *ulasticity of the materials in cintact. The
maximum pressure P is u-iven by:

3W IWE 2(R 1 + R 2
) 2 1/3

P 0.388o 2 2 22Ws R . R 2 -

For the present case of a~~ heric~-il sur face of rider tip pressed into
a plane surface havin~ ~~, the maximum contact pressure is given Ly:

• 
WE 2 1/3

P :0.308o
~~2 /

ar,d a 1.109 1 2 1

The mean contact pressure, k~~, is given by:
w

In the present investigation R 2 100 mm

W :2 . 7 5 N

This gives the values shown in Table 7 .

Dl.
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APPENDIX E

Calculation of the frictional force

As mentioned in Appendix B the noise and the inertia force have a
significant effect on the recorded values of the frictional force. The
pure frictional force curve has the shape shown in Figure 43a with
constant amplitude = Af.  Figure 43b shows the noise + inertia force
curve with variable amplitude A~ 

varying between ~~~~~~~ and Aif m •
The recorded frictional force curve is actually th~ ~‘es(iltant o~ +~~~

interference between curves a and b. The recorded curve is obtained
from the rrinciple of superposition by simply adding the displacements
caused by the individual curves at every point to get the resultant
curve shown in Figure 43c, and in Plates 9a ,b which has a variable
amplitude A from A + A to Af + A . . . By measuring the maximum
and the minimum vacues ~~TTI~X~ the reco~~~~ ’~~hart such as that shown in - —

Plate 9b , the frictional force can be calculated as follows:

A : A + A .max f 1(max)

A .  : A + A .mm f i(mmn )

or A A - A .f max i(max) (1)
• A A . — A .  . ( 2 )f ruin m (mm n )

adding (1) and (2 ).. A A + A . - A . - A.  • mmf max mm m(nax) i (mmn )

where A~ is the amplitude of the frictional force curve (peak to p eok) .
Since tIi~ maximum frictional force corresponds to half the value of

.~~ . Thu frictional force = max + ruin - A i(max ) - A . ( .~~ x S N

w1i~re S is the sensitivity in N/mm .

—~
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Tabl e 1

Testing conditions for fatigue and fretting fatigue tests

Material ~~at treatment Type of Test temperature Mean tensile stress 1
condition test C HN/m2 j

IMI 318* 200 =
as received Fatigue 400 401 — 463

1 600 247

200
Fretting 400 247fatigue

L_ _ _  

600

- 
20 400 

-

Fatigue 100AMMRC** 
_____ ________________ ____________________

as received - Fretting f 20 1400fatigue 100 J
Annealed Fretting 20 256I fatigue 600

20

Fatigue 280

5140

700 -

- Aged 
__________ _____________________________________

8 
20

Fretting 280 550fatigue 540

700
L~~~~~ .

Notes : * Ti—6Al—4V supplied by Imperial Metal Industries

** Ti-6Al-4V supplied by Army Materials and Mechanics Research
Center

The clamping pressure for all the fretting fatigue tests was
32 MN/rn 2.
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Table 3

The strains experienced by each strain gauge separately

Strain gauge Strains

1 _c
X , _C

Y
2 

~ x ’ ~y

14 -E

S 
~
)C

X
6 vc >~
7 v~~~~ ve~
8 vc , —vc yX

Tabl e 4

Effect of teurperatt~re on the recorde d normal force

Testing temperature Light spot displacement
0

- C

2).. 82

96 78

188 83

I 
82

1465 78
593 78.5
532 80.5
1494 

- 
80.5

-~

Table 5

Effect of temperature on the recorded frictional force

Testing temperature Light spot displacement
°C nun

22 414

143 48
288 46

‘457 46

523 ‘4) .
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Table 6

The plain fatigue results of Ti-6A1-4V ( IMI 318) at room temperature ,
200 and 400 C before adjustment (obtained from S—N curves before
adjustment) and after adj ustment obtained by calculating method given

in Appendix C 
—

Note: The calculation adjusted for Sm1 = 247.1 MN/rn 2

1

Tem
~
erature Number~~f Sa

2 
Sm2 Su 

2 

Sa1
C — 

N MN/rn MN/rn MN/rn MN / rn Remarks

12 333 800 339 .77 370.66 ‘402.8 
- 

-

5 900 443.16 467.88 615.1
21 900 417 1463.33 574 .2

0. N I
60 700 386.11 417 491.9

4-’ -4
1148 900 355.22 1+17 452.6

U. 370 400 339.77 417 432.9

12 1487 000 293.144 3214.33 338 Unbroken

1€~ 000 370.66 401.55 503.3

22 900 339.77 370.66 ‘430.6
U. 279 000 293. 144 370 .66 371.8 Unbroken

8 32 100 308.89 370.66 ~ 391.4(N
41 800 324.33 370.66 411

3 468 500 308.89 370.66 391.14

14 300 296 .34 1496 .69 516.3

12 0147 100 123.55 463.32 225.2 Unbroken

13 900 247.1 463.32 ‘450.5
11 587 200 185.33 463.32 ! 

~~~~~~~~~~~ Unbroken

u 35 000 231.86 463.32 ~ I ~~~~~
17 600 211. 99 401.55 N 312. 9

‘41 300 200.78 401.55 296 . 4

12 1487 300 169.89 1401.55 I 250 .8 Unbroken

11 702 700 185.33 40 1.55 273. 5 Unbroken

13 602 000 193.05 284. 9 Unbroken

I
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Table 7

The initial values of the radius of the contact
area , the maximum pressure and the mean pressure

before starting the fretting wear tests

Mat ~~~ial 
Temperature Modulus of elasticity I a 

2 ~m 2°C MN/rn2 nun MN/rn MN7rn

Ti—6Al—4V 26’ 106 000 0 .152 56.55 37.70

100 102 000 0.154 55.11 36.74

20 200 000 0.123 86 .34  57 .56

Inconel 71.8 280 1.86 000 0.126 82.26 514.34
5140 171 000 0.130 77.78 51.85
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Plate 75 10 p I Plate 76 I

Same as plate 74 but at higher S.E.M. of Inconel 718, :q t d
magnification . 20 C, 550 ± 132 MN/el

566 000 cyc les .

_ 
IL

~r_
Plate 77 10 p Plate 78 I - 0 p

- S.C .M . of Inconel  718 , aged Same as p la te  77 bu t  at  a n o t h e r
280°C , 550 ~ 350 MN/rn 2 area.

- 

212 000 cycles.

- 

~~~~ ~~~~~~~~~a/*~~~~~~
i! 

_ _ _ _ _ _ _ _ _

J 

Plate 79 I 20 
~ i P la t c  80 : - 

-

Same as plate 77 but at another S.C
6
M. of Inconol 7 1t , gee

- - -r n - . 280 C, 550 ± ~- 6 0  MN/rn -

j  1 780 000 cycles. 
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7 P l at e  81 I 100 p j  P~~~tc 6. - 0 
~

Same as plate 80 but for another S e - u  :5 11 t i  sO I - u t .  - t r
ar c :  • rLa.

~~~~ ~~~~~— 

— 

—

- 
Plate 83 1 ~ P 1 Pla te  84 10 U

• Same as plate 82 but at higher Same as plate 80 but for not~-cr
magnification . area.

- 
— ~~~0 • ~~~~~~I. . - - -

- 
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•: - -4~~ - 

— - • .
~ - -.%L.J’ ‘-
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H

I P l a te  hI  L ’° Pj  P la te  86 4 0  5

S . C . M .  of Incon e l  718 aged S.C~ M. of I nc o nc i  711’, n d
160 °C , 550 ± 114 MN/m~ 2~~0 C , 550 ± 142 MN/i-

1 12 ~ l0~ cyc les  (unbroken specimen ). 4 600 000 r y c 1 - ~~.

I
_ _ _ _ _ _ _ _ _ _ _ _ _ _
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Plate 87 20 ~J J Plate 6 100

Som e as plate 86 but for another S.C.M. of Incon il 71L . r~ d
540°C , ILO ~ 22 0 r-i /~
l u 000 cyc1 r~~.

Pla te  89 I 40 p P l a t e  00 I

Same as plate 88 bu t  f o r  ano the r  Same as p 1~- t r  81 ~u t  f o r  U s
area. bridg e foot.
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Pl• itr 01 40 
~ I P1 i t t  1 

______

I ~nr . -s. p1- -t n -0 but f o r  -n o t ~:r r  5 r n -  -s p 1~~t -  - - 6 u~ o r u t ’

_ _ _ _  _ _ _  _ _ _ _  _ _- _ _
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P 1 . t t t - 104 1 11(1 ~ I ( 1  i t t -  t ill I • I
j

S i l t -  Is- pi tt  10. hut Pot i i -  t b  : S~~l : t  — - - I  - U -  i L l - i  L_ t  t i i ? ’
C -  - - i • 11. t~ l i  I I i i  - - I i 1111 .

Pl a t s  106 1 ~~ I P l a L t  1( 17 I LU

S . C . M .  of In c o n r l  ‘t i L l , n n i - a l t - u J 11 .1 .11. of I n t - o n u - l  7 1 t • l i i -  I :  u l
:1- t i ~ 170 MN/er II00~~6 , - It ! 170 NN- ’ - 

-

~72 000 u - y c l t - r .  li 1 1 (1110 -v 1, - , : (_ tjnlirukt -ii - i - I n

~~~~~~~~~~~~~~
I

Plate  1 OIl I 11 ~ P I - ‘ 1 I i  L lii

Same u 1  pl ate 107 hut I t - i -  not  ~
- - •~ • r. . i i  I ;  — 

- 
i\  Il l  - l~ I I

t ri- - u . . 
1 

- i 1 i • 11111 (1 

~~~~~~—------ - - - —-----
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• P l 1 u t n  110 I 100 511 l i I ~ t~ 111  I I~

Sates as p l at e  1011 but u t  1 1 1 1 ( 1 1  r *I I ; l t  i .  p 1  .1 111 ~~ut I t I  t

: ; i i n i f l c u t i O f l . of 1~I i i  ~: 1 r  u t  i l L l h t  I) u ) l  - L I .

—

PIs-ite 11. .00 P1 - t i  11~ 
1 011 a

51I :I i- .1:- p Ui t i ’  l0~ but aft u r  l i n t ’ I t  
~

l - . I  I i i .  b u t  _ t  1 1 1 1
ultr asonic clu - ining. i I i . flfl I i  t i’i t .

P1- L u -  11/4 -‘u i  0
~~ 

t I u f t  11 111

I l .[.M. of T i —  I l u t y  (AFIMfl[) ~~~~~ L I I  T i —  i l I & ~~- ~ -\ - Mil~ 
I

(1 , - iD  L i i  : 1 t~~~ , lU ) ’ i y i - ! t -  . • __ t t  i i a  l i i i . ~ I’ - ~ I.

I
_ _  
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Plate 116 L 1O0~~~~~ Pl ate 117 L ~0 P

Same as plate 115 but  at hi gher S.C.M. of’ Ti- Il L i y (At’IMRC )
magnification. 10 C , 10 ~jni :- li p, u000 iy cls:-.

U — -.•-
~~~

-——- —- — — — - -
~~~~ •. — - — -

_ _ _ _  

-

Plate  118 20 P la t e  110 10 
~ I

- Same as plate 117 but at higher Same as p11 te 1113 but at hiqht- r
magnification. magnification .

Plate 120 1 100 p P1 aLt I. I L 
11 -

I S.C~ M. of T i—a l loy  (AMI’lRC) 
6 

l u n Iu - as p1 at t  1. 0 b u t  t - i  uh r
100 C , 40 pm s- l i p, 3.5 x 10 i -y i ~1t - s .  m a g n i i x u - t ion.

II
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I 110 1 L ,  1 (1 phI  sI ip, 10 1 

~ v i i  i S .  Li~ 6 , 1 ( 1  II :: 1 u ~ i, -6 (1 (1
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1’1~ u t c  1. -i lii p 
~i 0 1 . u t t  LI  

( lii

u s  il l u  I ~ hut t fu uL1 t i I~ .1 .t~~. ~i t lo t t i l l 7 1 : -
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Plat e 1:13 1 Pl1i tt ’ i. 1 16 
~ I

Same as p la te  117 but at higher I.E.M. ~ I hn son t -1 ~I6
aaq ni f ica tiofl. - 0 C ,  - u P  ii - l ip ,  1-11 011 I - it - : - .

Pla te  130 400 p 
Plato I 31a -i Pi l  i

S.C.M. of Inconcl 718 S . C .M .  of  int ent-i 7 111
• o • 4 a20 C , 40 pm s lip ,  S x 10 cycles. l~O C,  i D  p m 1 1 1 1 , 10 c~-~~1~’s.

: ..

Plat e  13th 
40 

~~ P1 - it t ’  I 32 I 111 ii

I Same as- plate 131a but lit higher  S.C .M . of lnsent-l 711’
magnification. l.umt- as pl itt- ~ 111 but  a t t i

i 
of the ir at hj( It lu -r ehi u(n i I i t  t li’il. 
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Pl ati - 133 
100 p 

Plu to 1:4 

(1

S.C. M. of Incon el 7113 S . C . M .  of lnsont-1 7 11- 
-

:50°C , 10 ~irn slip, 6000 i-ycies. .~130°C , I D  iii s l i ; .  I - • I~~~
•

_ _

Pla te  135 I •0  
~U 

P l at e  13u I 100

Same as plate  134 but iit hi gher  S . C . M .  u’i m oon ,  1 715
mag n i f i c a t i o n . - 00 °C , 10 ~u n : 1  i t ’ , 10 -

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Plate 137 
_______ 

P10t ,  V t -  16

Same as plate 126 but at higher Sue t - as pI t t - 137 t u t  - t  t l ’. ul l l  I

magni f i cat ion. is - lii i  i i  i oi ti  si,.

-—-5-— - - --- - - -- - -~~ ~~~~~~~ - - - -~~- - —~~~~~~~~~~~~ - - - - - -  — __
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Plate 139 200 
~ Plate 140 I ~~~

S.Câ
M. of Inconci 718 S.C.M. of Iru c on e l  7113

280 C, 40 pm slip, 6000 cycles. 2800C, 40 pm slip, 8 x 10 cy - l -

• T~:~
_
~- _ _ -~

_

Plate 141 I ~ J Plate 142 I I

S.E~~M. of Inconel 718
5 

Same as plate 130 but at hi gher
• 280 C, 40 pm slip, 10 cycles, magnification.

• .~~~~ ‘ - 
- 

... . -

- 
* - - - -- . ‘~~~~~~~~~~~~~~‘~~~- - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

1 Plate 143 40 I~ Plate 144 I- -

Same as plate 140 but at  h i g h er  S me as- p1- ti 111 ¶ ut - , 
h :  - :

magnification. ,s~ r i n i f i 1  t i o n . 
- 

-

_ _ _  - A.
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P la tu . 145 I 10 ~ Plato 1 - ~iu ‘ , I
S as- p late 144 but at hiqhc- r 5 c r  as fli Is i-,i ut I I i : - j i -

- ,n ift c-t io n . C ,~ ni I ~i~~t u o n .

1
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Plate 147 L 40 ~~~~ Pl i t i  I , , i i  
______

S.C.M. of Inconcl 718 S.[;L~. of lnCC’fl , 1 7 1~
140°C, 10 ~m slip, 6000 cycles. 4 ( 1

1 I . I C  p’s i i ; .  I t S  i 1 :

P1 - I , - 15 1  i I !  t -  1 - 0  
______I S~~r - us 1 - t  141- ‘ut at itot h, - r  .1 .‘ . ot i t t  so u l

- 01 ti 1 - I  r — - - i  p — -~ L~ ~~~
- 

~1 i • : L  
- -

I
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Plate 151 L ° I

- 
Same as plate 150 but at higher magnification.
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P 1 u t r  11-:

I Same - is- p I t  r 1 10 1 u t t i t  C 5 . .  11 th  I I

~1
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